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I have been working in the lab "Dynamic and Plasticity of Synthetases" for four years, studying the dynamic of the methionyl-ARNt synthetase (MetRS) in the yeast S. cerevisiae. The MetRS belongs to the aminoacyl-tRNA synthetases (aaRS) family, ubiquitous enzymes essential for cell life and catalyzing the aminoacylation of tRNAs. Despite its well known function in protein synthesis, I have studied the potential non-canonical features and functions of the yeast MetRS. To present my work during the last four years, this manuscript contains:

-a general introduction, starting with a description of the eukaryotic translation to introduce all molecular actors, and essentially the tRNA molecules. Then the aaRSs family will be described in more details, before focusing on the methionine system and its complexity in the third part. For this introduction, all figures and tables have been created during my PhD to illustrate and supplement the text blocks.

-The results of my research, subdivided in three parts. Each part contains a detailed presentation of the results and a discussion about the results and the perspectives.

-The material and the methods used in the laboratory. The primers used and all the plasmids and yeast strains engineered are listed in this section.

-The scientific productions made in the laboratory, including scientific reviews and posters.

-The bibliography subdivided in two categories: the references found in the text blocks (sorted by alphabetical order) and the references found in the figures and/or tables (sorted by numbers).

Results and discussion

Material & Methods
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T ranslation, such as replication and transcription, is an essential process and represents the final step of protein synthesis. Several steps are required to decode mRNA codons (triplets of nucleotides) into their corresponding amino acids (aa), leading to the synthesis of a protein chain composed of a mixture of the 20 classical aa residues, if the organism uses the standard genetic code. However, in addition to these 20 classical aa, two additional aa can be incorporated during protein synthesis: selenocysteine (Sec) and pyrrolysine (Pyl) known as the 21 st and 22 nd geneticallyencoded aa, respectively [START_REF] Böck | Selenocysteine: the 21st amino acid[END_REF][START_REF] Hao | A new UAGencoded residue in the structure of a methanogen methyltransferase[END_REF]. Since Sec is only incorporated in a specific subset of proteins (25 selenoproteins in human proteome, but no selenoprotein in Fungi)

and Pyl is used in only methanogenic archaea and few bacteria [START_REF] Zhang | High content of proteins containing 21st and 22nd amino acids, selenocysteine and pyrrolysine, in a symbiotic deltaproteobacterium of gutless worm Olavius algarvensis[END_REF][START_REF] Prat | Carbon sourcedependent expansion of the genetic code in bacteria[END_REF], I will mainly focus on the 20 classical ones in this chapter, but Sec and Pyl incorporation will be discussed later ( § II.4.1, page 57). Since translation is evolutionary well conserved and has extensively been studied in yeast, the next sections will essentially focus on translation-related mechanisms in the yeast model S. cerevisiae.

i.1. genetic code

For each organism, the genetic code describes the connection between the information contained into the mRNA molecule (encoded in nucleotide triplets called codons) and the composition of proteins (build from amino acid residues during protein synthesis). This genetic code is roughly universal among living species, so that the vast majority of organisms associates the same aa to the same corresponding codon or set of codons. This genetic code is represented in its classical codon table view in figure i-1. With the 4 bases present in the mRNA molecule (A, U, G and C), there are 64 (= 4 3 ) codons for only 20 common proteogenic aa, meaning that some aa are encoded by several synonymous codons, a feature of the genetic code also know as the genetic code degeneracy. Among Aminoacyl-tRNAs (aa-tRNAs) are synthetized by aminoacyl-tRNA-synthetases (aaRSs) by attaching an amino acid (aa) to its cognate transfer RNA (tRNA).

Intron splicing

The major actors of protein synthesis 25 assignment was thought to be universal in all three kingdoms of life, but studies have shown that some deviations were present in some bacterial, eukaryotic nuclear or organellar genomes. For example, mitochondria of vertebrate code Met from AUA codon (instead of AUG) and Trp from UGA (usually a stop codon). All reassignments referenced in the literature are noted in figure i-1: majority of deviations are found for the stop codons since only one such codon is found per gene, so their reassignment would not cause too many troubles to the proteome [START_REF] Mukai | Rewriting the Genetic Code[END_REF].

Within the nuclear genome of S. cerevisiae, the genetic code does not deviate from the standard code, although there are some deviations among fungi [START_REF] Krassowski | Evolutionary instability of CUG-Leu in the genetic code of budding yeasts[END_REF].

i.2. The major actors of protein synthesis

Cells need to synthetize a large amount of proteins in a short time lapse to be able adapt their metabolism to the changing environment. For example, on rich medium, yeast cells are rapidly dividing and require the synthesis of ≈ 13,000 proteins per second (von der [START_REF] Von Der Haar | A quantitative estimation of the global translational activity in logarithmically growing yeast cells[END_REF]. The fact that a single yeast cell needs nearly 200,000 ribosomes to translate 60,000 mRNA molecules [START_REF] Zenklusen | Single-RNA counting reveals alternative modes of gene expression in yeast[END_REF][START_REF] Firczuk | An in vivo control map for the eukaryotic mRNA translation machinery[END_REF] and almost 10 6 translation elongation factors molecules (making them the most abundant proteins in a cell) illustrates the essentiality of protein synthesis. This part will describe the major components of translation which are summarized in figure i-2.

i.2.1. The eukaryotic ribosomal particle

The ribosome represents a platform for the binding of other partners, like aminoacylated tRNAs and the mRNA, and is responsible for the translation of mRNA into proteins. Indeed, the production of proteins in logarithmically growing yeast cells would only be limited by the availability of free ribosomes [START_REF] Shah | Rate-limiting steps in yeast protein translation[END_REF]. A ribosome is a large ribonucleoparticle (RNP) (around 4 MDa in eukaryotes, about 40% larger than bacterial ribosome, with a sedimentation coefficient of 80S consisting of two unequal subunits, a large (60S) and a small (40S), with distinct compositions [START_REF] Wilson | The structure and function of the eukaryotic ribosome[END_REF]. The small 40S subunit of the yeast consists of 33 ribosomal proteins and only one rRNA called 18S rRNA, whereas the large 60S subunit contains 46 proteins and three rRNAs called 28S, 5.8S and 5S. This structurally complex RNP exerts multiple functions:

-binding of the mRNA and aminoacyl-tRNA (aa) or tRNA molecules, -decoding of mRNA codons (small subunit),
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-interaction with nonribosomal protein factors, -catalysis of peptide bond formation (large subunit),

-sliding through the mRNA molecule to translate continuously the open reading frame.

-translocation inside endoplasmic reticulum (through Signal Recognition Particle; for synthesis of membrane proteins),

The rRNAs are more than essential, they not only have a scaffolding role, but they also carry the ribosomal catalytic activity. Indeed, the peptidyl transferase activity necessitates the correct positioning of the A-site aa-tRNA and P-site peptidyl-tRNA that solely depends on 28S rRNA, making the ribosome a ribozyme. These rRNAs are first transcribed as a 35S pre-rRNA within the nucleolus by the RNA polymerase prior to processing that yield 5.8S, 18S and 25S rRNAs. The last rRNA, 5S rRNA, is transcribed by RNA polymerase III.

i.2.2. The messenger RnA

Messenger RNAs, also called "coding RNAs", are single stranded ribonucleic acids composed of the succession of ribonucleotides linked by phosphodiester bonds, and transcribed by RNA polymerase II within the nucleoplasm. Discovered in 1961 by Jacob and Monod while studying the lactose operon of Escherichia coli [START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF], these ubiquitous molecules serve as templates to encode the aa sequence in protein. In eukaryotes, once co-or post-transcriptionally modified (5' capped, 3' polyadenylated and spliced for intron-containing genes), mature mRNAs are exported through the nuclear pores and participate to the translation as a substrate for the ribosomal machinery. One can note that splicing in yeast is a rare event, since the genome of S. cerevisiae only contains 296 introns spanned in 283 genes (about 5% of the yeast genes) [START_REF] Parenteau | Deletion of many yeast introns reveals a minority of genes that require splicing for function[END_REF], with a vast majority of intron-containing genes coding for ribosomal proteins [START_REF] Ares | A handful of intron-containing genes produces the lion's share of yeast mRNA[END_REF].

Surprisingly, one-third of these introns are not essential for growth, and the majority of introns can be removed without major consequences on growth [START_REF] Parenteau | Deletion of many yeast introns reveals a minority of genes that require splicing for function[END_REF]. Another type of post-transcriptional modification found in all domain of life, called RNA editing, consists of base substitutions and short insertions or deletions within an mRNA, leading to proteome diversification (mostly when the base edition occurs within the mRNA coding region). However, this process has only recently been revealed in fungi, and no such modifications have been described, so far, in S. cerevisiae [START_REF] Teichert | Adenosine to inosine mRNA editing in fungi and how it may relate to fungal pathogenesis[END_REF]. Once exported in the cytosol, this mature mRNA binds several translation initiation factors, allowing physical communication between the 5' cap structure and the The major actors of protein synthesis 29 3' poly(A) tail and enhancing the mRNA translation by circularization of the mature transcript [START_REF] Iizuka | Cap-dependent and cap-independent translation by internal initiation of mRNAs in cell extracts prepared from Saccharomyces cerevisiae[END_REF][START_REF] Tarun | A common function for mRNA 5' and 3' ends in translation initiation in yeast[END_REF][START_REF] Wells | Circularization of mRNA by Eukaryotic Translation Initiation Factors[END_REF]. This mature mRNA carries information from DNA in a three-letter genetic code and represents the matrix that is decoded by the ribosome, one codon representing one aa after decoding.

GENERAL INTRODUCTION • Eukaryotic cytosolic translation

i.2.3. Protein translation factors

Translation, like transcription, can be divided into three phases: initiation, elongation and termination. Each phase of translation requires specific protein factors. Initiation Factors (IF) will be used during initiation, Elongation Factors (EF) during elongation and Release Factors (RF) during termination. These factors display multiple functions like:

-bringing substrates to the ribosome in the right place,

-switching from one state to another by cycling between a GTP-bound form and a GDP-bound form,

-translocation of the mRNA and of the aa-or peptidyl-tRNAs within the ribosome, -release of the neosynthesized protein, of the mRNA and recycling of the ribosome For each phase, specific factors are involved: 11 translation IFs encoded by 24 independent genes, 6 EFs (11 genes) and 3 RFs (3 genes). All the factors and their specific role are listed in Table i-1. The contribution of each translation factor will be detailed in the next section.

i.2.4. Amino acids

Amino acids are essential for life since they are the building blocks of proteins and have a central role in general metabolism. Amino acids metabolism is relatively complex but well known in yeast:

as catabolic substrates, they constitute a broad source of carbon and nitrogen, and they participate to anabolic reactions such as biosynthesis of nucleotides. Yeast differs from mammals in aa biosynthesis, since mammals are not able to synthetize de novo the complete pool of proteinogenic aa: mammals must obtain some aa (called essential aa) from their diet. The yeast S. cerevisiae is able to grow on a medium with ammonium as the sole nitrogen source, meaning that all the aa are synthetized de novo in yeast anabolism. All aa carbon skeletons (α-keto acids) derive from the glucose catabolic pathway, and the α-amino group usually comes from the glutamate or glutamine, the two amino acids that constitute a storage form of free ammonia through two anabolic reactions: 

Pyruvate family

Aromatic family

The major actors of protein synthesis 31 synthesis of Glu from ammonium and α-ketoglutarate by the NADPH-dependent glutamate dehydrogenase (GDH1), and synthesis of Gln from ammonium and glutamate by the glutamine synthetase (GLN1) (see figure i-3). In their natural environment, yeast cells need to adapt their nitrogen assimilation according to the nitrogen content, by controlling both the uptake of ammonia and its metabolism. In addition to assimilate free ammonia, they can grow on different media with only one aa as sole source of nitrogen (with the exception of Lys, His and Cys). However, the growth rate is highly dependent on the nature of aa as nitrogen source, leading to aa classified as preferred or non-preferred [START_REF] Watson | Amino-acid Pool Composition of Saccharomyces cerevisiae as a Function of Growth Rate and Amino-acid Nitrogen Source[END_REF] Once the pool of all aa is generated within the cell, free aa can be found in several compartments: the cytosolic fraction, mitochondria (to sustain the mitochondrial translation), the nucleus and the vacuole. The latter, similar to mammalian lysosome, is not only a turgor organelle nor a simple detoxifying compartment, but is also the major storage compartment for aa, phosphate, Ca 2+ , and metal ions [START_REF] Klionsky | The fungal vacuole: composition, function, and biogenesis[END_REF]; [START_REF] Li | The yeast lysosome-like vacuole: endpoint and crossroads[END_REF]). Among the aa families, the basic and neutral aa are the most representative families stored in the vacuole, and the acidic ones are mostly cytosolic [START_REF] Wiemken | Characterization of amino acid pools in the vacuolar compartment of Saccharomyces cerevisiae[END_REF][START_REF] Messenguy | Regulation of Compartmentation of Amino Acid Pools in Saccharomyces cerevisiae and Its Effects on Metabolic Control[END_REF][START_REF] Kitamoto | Dynamic aspects of vacuolar and cytosolic amino acid pools of Saccharomyces cerevisiae[END_REF].

Storage of basic aa is actually a strategy to improve the storage of nitrogen, since basic aa have one or two more nitrogen atom in their chemical structure, making them a powerful nitrogen source.

All these aa need to cross the vacuolar membrane through membrane transport systems, among which a lot are using the proton-driving force (energized by the V 0 V 1 H + -ATPase) through antiport or symport system (reviewed in Li and Kane, 2009; Ljungdahl and Daignan-Fornier, 2012). Upon nitrogen starvation, expression of all these aa transporters needs to be upregulate to adequately maintain the amount of free nitrogen source, and same is true for expression of plasma membranelocalized transporters to facilitate the uptake of aa into the cell [START_REF] Ljungdahl | Amino-acid-induced signalling via the SPS-sensing pathway in yeast[END_REF] and to allow assimilation of nitrogen and incorporation of all these aa during translation. However, even if we know that aa are known regulators of cellular signalling, little is known about how they are sensed directly within the cell. The indirect signal of aa (or nitrogen) starvation is the sensing of uncharged tRNA molecules by Gcn2 pathway that prevents initiation of translation [START_REF] Dong | Uncharged tRNA activates GCN2 by displacing the protein kinase moiety from a bipartite tRNA-binding domain[END_REF].

i.2.5. tRnAs : the "adaptor" molecules

The last (but not least!) actor of protein synthesis listed in this manuscript is the tRNA molecule:

this small RNA (54 to 100 nucleotides across organisms and depending on tRNA species) is the key to deciphering the codons in mRNA since it allows the cell to convert ribonucleotide sequence language into the corresponding aa sequence language (polypeptides) [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF][START_REF] Nirenberg | An intermediate in the biosynthesis of polyphenylalanine directed by synthetic template RNA[END_REF]. Indeed, each aa is carried to elongating ribosomes by a specific subset of isoaccepting cognate tRNAs . They are brought to the growing end of the polypeptide chain within the ribosome in the form of aminoacyl-tRNA (aa-tRNA) which correspond to tRNA-attached aa that are generated by the aaRS family of enzymes. In S. cerevisiae, there are 43 tRNA species (or isodecoders families) encoded by 274 genes. All these tRNA genes are dispersed throughout the genome (composed of 16 chromosomes (see Appendix 2, page 107), and each tRNA isodecoder consists of 1 to 16 copies (see Table i-2). These tRNA genes are transcribed by the RNA polymerase III in the nucleolus, a nuclear subcompartment not envelopped by a membrane and containing dense DNA regions [START_REF] Thompson | Nucleolar clustering of dispersed tRNA genes[END_REF].

i.2.5.1. tRnAs structure

This ubiquitous RNA molecule folds into a specific secondary structure that was determined for the first time in 1965 for the 77 nt-long yeast tRNA Ala [START_REF] Holley | Structure of a Ribonucleic Acid[END_REF]. Within three years, twelve different tRNAs had been sequenced, and they all could be folded into the same secondary structure termed "cloverleaf structure". Watson-Crick base pairing enables the sequence to fold into a structure containing four hairpin helices (or stem) and four major loops (figure i-4):

-the acceptor stem, a 7-base pair helix prolonged at the 3'end by a single stranded nucleotide called the discriminator base (position 73) followed by the strictly conserved CCA sequence which is added by the tRNA nucleotidyl transferase in eukaryotes [START_REF] Chen | Purification and properties of yeast ATP (CTP):tRNA nucleotidyltransferase from wild type and overproducing cells[END_REF]). This stem is called "acceptor" because the aa will covalently be attached to the 3'-or 2'-OH group of the terminal adenine (position 76).

-The D-arm containing a 4-bp stem and a 6-to 11-bp loop with usually a dihydrouridine (D), explaining the name D-arm for this element.

-The anticodon arm, with a 5-bp stem ending in a 7-bp loop that contains the central triplet of nucleotides called anticodon that will base pair with the corresponding mRNA codon in The major actors of protein synthesis 35

ribosomes.

-The TΨC arm (or T arm) with a 5-bp stem and a 7-bp loop usually containing the TΨC sequence.

An extra fourth loop called the variable loop or variable region (V-loop) is present between the anticodon and the TΨC stems and is made of 3 to 15 nucleotides in S. cerevisiae tRNAs. The size of this variable loop specifies the class of tRNA: class 1 tRNAs present a small variable loop, whereas class 2 tRNAs have a longer variable region that usually folds into a hairpin structure (tRNAs Ser and tRNAs Leu since tRNAs Tyr is a class 1 tRNA in Sce and there is no tRNAs Sec ) (Table i-2, page 32). For tRNA His species, an extra 5' nucleotide is present in the position -1 (G -1 ) (see Table i-2) that base pairs the discriminatory base. Even if this cloverleaf secondary structure is simple to understand and to draw on paper, this is not the actual three-dimensional structure. In the early 70's, the first 3D-structure of a tRNA has been solved at 4 Å resolution, once more on a yeast tRNA: tRNA Phe [START_REF] Kim | Three-Dimensional Structure of Yeast Phenylalanine Transfer RNA: Folding of the Polynucleotide Chain[END_REF].

This crystal structure revealed an L-shaped folding composed of two perpendicular helices: one formed by the acceptor stem and the TΨC hairpin stacking together (called the acceptor domain)

and the second by the D-arm and the anticodon hairpin (called the anticodon domain) (figure i-4).

This remarkable folding is stabilized by non-Watson-Crick interactions, especially between the D and T loops, allowing the formation of the elbow region. This L-shaped folding is extremely important since it allows more than 70 Å distance between the 3'-terminal acceptor residue and the anticodon sequence, these two regions present in opposite corners of the molecule. This distance is adequate with mRNA codons interacting with the tRNA anticodon in the small ribosomal subunit, and binding of the 3'-aminoacylated CCA end of the tRNA in the peptidyl transferase located in the large ribosomal subunit. All these characteristics make tRNA the bridging molecule between the nucleotidic and the peptidic language.

i.2.5.2. Maturation of pre-tRnAs

After transcription by the RNA polymerase III, tRNA genes give rise to non-mature tRNAs called pri-tRNAs ("pri" stands for primary). These pri-tRNAs possess a 5' leader and a 3' trailer sequence (of about 12 nt) that are removed in the mature tRNAs sequence (figure i-5). Also, unlike prokaryotic tRNA genes the eukaryotic tRNA genes do not encode the 3' terminal CCA sequence (unlike prokaryotes). Therefore, these larger precursors need to be processed to yield pre-tRNAs that will be further maturated. For almost all organisms, the tRNA 5' leader is removed in one step by the ribonuclease P (RNase P), an ubiquitous endoribonuclease composed of nine protein subunits The major actors of protein synthesis 37 and one catalytic RNA in eukaryotes [START_REF] Evans | RNase P: interface of the RNA and protein worlds[END_REF]. It has been shown that before 5' processing, tRNAs can harbour methylguanosine cap structure at their 5' terminus and be protected from 5'-exonucleolytic degradation during the tRNA maturation process [START_REF] Ohira | Precursors of tRNAs are stabilized by methylguanosine cap structures[END_REF]. For tRNA His , the addition of the extra 5'G is catalyzed by Thg1, adding the 5'G in the 3' to 5' direction [START_REF] Gu | tRNA His maturation: an essential yeast protein catalyzes addition of a guanine nucleotide to the 5' end of tRNA His[END_REF]. The 3' end maturation is more complex and involves both endoand exonucleolytic activities, with the addition of the terminal CCA [START_REF] Mörl | The final cut. The importance of tRNA 3'-processing[END_REF].

In S. cerevisiae, 3' trailer is removed by the tRNase Z endonuclease, called Trz1, and 3' trimming is carried out by the 3'-5' Rex1 exoribonuclease, in association with the nuclear-specific Rrp6 exosome component [START_REF] Skowronek | tRNA 3' processing in yeast involves tRNase Z, Rex1, and Rrp6[END_REF]. Despite a well characterisation of all these maturation events, the temporality of each step is still unclear. The post-transcriptional addition of the 3' terminal CCA sequence is catalyzed by the yeast tRNA nucleotidyl transferase Cca1 [START_REF] Chen | Purification and properties of yeast ATP (CTP):tRNA nucleotidyltransferase from wild type and overproducing cells[END_REF]).

Among the 274 tRNA genes in S. cerevisiae, 59 genes (20 %) code for intron-containing tRNA [START_REF] Chan | GtRNAdb: a database of transfer RNA genes detected in genomic sequence[END_REF]. In yeast, there is only one intron per tRNA between positions 37 and 38 in the anticodon loop, with size varying from 14 bp for tRNA Trp(CCA) to 60 bp for tRNA Ile(UAU) (see Table i-2, page 32). All these intron-containing tRNAs have to be processed to excise the intron and form pre-tRNA. The yeast tRNA splicing endonuclease was the first tRNA splicing complex identified and is composed of four subunits Sen2, Sen15, Sen34 and Sen54 [START_REF] Rauhut | Yeast tRNA-splicing endonuclease is a heterotrimeric enzyme[END_REF][START_REF] Trotta | The yeast tRNA splicing endonuclease: a tetrameric enzyme with two active site subunits homologous to the archaeal tRNA endonucleases[END_REF]. It allows the cleavage of both 5'-and 3'-splice sites of the intron by phosphoester transfer, and the two subsequent tRNA exons are joined by the yeast tRNA ligase TrlI, the first 5'-phosphate ligase identified [START_REF] Phizicky | Saccharomyces cerevisiae tRNA ligase. Purification of the protein and isolation of the structural gene[END_REF]. This yeast splicing complex is localized on the mitochondrial outer membrane, leading to tRNA splicing in the cytosol and sometimes retrograde transport into the nucleus to complete the maturation process (figure i-5).

During post-transcriptional maturation, pre-tRNAs undergo various base modifications within their sequence at different stages of tRNA biogenesis [START_REF] Phizicky | tRNA biology charges to the front[END_REF]. In the yeast S. cerevisiae, 26 chemically distinct modifications have been identified within the sequenced cytoplasmic tRNAs, with an average of 12-13 modifications per tRNA [START_REF] Limbach | Summary: the modified nucleosides of RNA[END_REF][START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF] Furthermore, several modifications are found in the AC-loop containing the anticodon triplet, with the majority of modifications found in positions 34 and 37 (and figure i-6). The N 34 nucleotide pairs with the third mRNA codon base, and is called the 'wobble' position. Most of the time, the first two base-pairs between tRNA(N 36 )-codon(N 1 ) and tRNA(N 35 )-codon(N 2 ) are canonical (Watson-Crick type), but the third base-pair at the wobble position can be canonical as well as nonstandard, allowing either the expansion or the restriction of the repertoire of codons that a single tRNA can recognize during protein synthesis [START_REF] Crick | Codon-anticodon pairing: The wobble hypothesis[END_REF][START_REF] Lim | Analysis of codon:anticodon interactions within the ribosome provides new insights into codon reading and the genetic code structure[END_REF]; Jackman and Alfonzo, 2013).

These non-Watson-Crick interactions often involve a modified N 34 within the tRNA sequence [START_REF] Yarian | Accurate translation of the genetic code depends on tRNA modified nucleosides[END_REF]. The most characterized N 34 modification is the A 34 to I 34 by N6-deamination by the yeast Tad2/3 complex (Appendix 3 and 4, page 108). This modification allows I34 to base-pair with A, U and C, according to Crick's wobble hypothesis [START_REF] Crick | Codon-anticodon pairing: The wobble hypothesis[END_REF], and figure i-7). This modification allows I34-containing tRNAs to base pair with 3 codons instead of 2. We can notice on Table i-2 and i-3 that all yeast tRNAs containing A 34 possess the I 34 modification.

i.3. The three (or four) steps translation process

Protein synthesis can be divided into three (or four) major steps: the initiation, elongation, termination, and the ribosome recycling. This process relies on accurate incorporation, from the N-terminus to the C-terminus, of aa during peptide chain elongation [START_REF] Dintziz | Assembly of the peptide chains of hemoglobin[END_REF] catalyzed by the ribosome reading the messenger RNA from its 5' to 3'-end direction. All the actors listed previously play an important role for each step of ribosomal translation. The initiation relies on pre-formation of the ternary complex that binds to the small ribosomal subunit and its associated initiation factors (eIFs) to form the 43S PIC complex. 4 This complex binds to mRNA (gray) complexed with initiation factors complex eIF4F (purple) to form the 48S initiation complex. 5 6 and 7 After AUG recognition and GTP hydrolysis, the ribosomal 60S large subunit joins the mRNA complex to form the elongating complex. GDP, GTP. The three (or four) steps translation process 41 i. 3

.1. The initiation: search for the AUg start codon

Translation initiation is the most complex step of protein synthesis and has undergone massive changes during evolution since bacterial initiation requires only three initiation factors IF1/2/3 [START_REF] Laursen | Initiation of protein synthesis in bacteria[END_REF] compared to 11 initiation factors (and 24 independent genes) in yeast (Table i-1, page 28). The initiation starts with the formation of the 43S Pre-Initiation Complex (PIC) and is completed when the 40S small ribosomal subunit stalls at the start codon and the 60S large ribosomal subunit joins it to form the 80S elongating ribosome particle. This 43S PIC is composed of the small ribosomal subunit bound to the methionylated initiator tRNA i Met(AUG) (Met-tRNA i Met(AUG)

)

and to eIF1/1A/2/3/5 initiation factors (Figure I-8). The Met-tRNA i Met(AUG) binds the small ribosomal subunit as a ternary complex involving GTP-bound eIF2 [START_REF] Algire | Development and characterization of a reconstituted yeast translation initiation system[END_REF]. This ternary complex is then binding to the 40S ribosome together with eIF1/1A/3 and eIF5 that facilitate this interaction [START_REF] Majumdar | Mammalian translation initiation factor eIF1 functions with eIF1A and eIF3 in the formation of a stable 40 S preinitiation complex[END_REF]. Once formed, the 43S complex is competent to interact with the mRNA molecule which is circularized through the interaction between the cap-binding complex eIF4F (made by eIF4A/B/E/G bound to the capped 5'-end) and the polyA-binding protein Pab1 bound to mRNA 3'-end polyA tail [START_REF] Tarun | A common function for mRNA 5' and 3' ends in translation initiation in yeast[END_REF]. The next step is the recruitment of the 43S PIC near the 5'-end of the mRNA complex mediated by the interaction between eIF4G and eIF5 [START_REF] Asano | Multiple roles for the C-terminal domain of eIF5 in translation initiation complex assembly and GTPase activation[END_REF] and the helicase activity of eIF4A that unwinding secondary structure elements on the mRNA sequence on which the 43S PIC will bind. The 43S PIC in an open, scanningcompetent state moves along the mRNA leader in 3' direction searching for a AUG start codon in a suitable sequence context called the Kozak sequence [START_REF] Kozak | Point mutations define a sequence flanking the AUG initiator codon that modulates translation by eukaryotic ribosomes[END_REF]. This Kozak sequence varies across organisms both in length and sequence [START_REF] Cavener | Comparison of the consensus sequence flanking translational start sites in Drosophila and vertebrates[END_REF], but the consensus Kozak sequence in yeast is rich in adenine and poor in guanine, and was determined to be (A 50 /U 50 )A(A 50 /C 50 )A 100 (A 50 / C 33 )A 89 AUgU 38 C 52 (U 50 /C) (Hamilton, Watanabe and de [START_REF] Hamilton | Compilation and comparison of the sequence context around the AUG startcodons in Saccharomyces cerevisiae mRNAs[END_REF].

The anticodon of the Met-tRNA i Met (which is located into the 40S ribosomal P site) scans the mRNA and select the AUG start codon by Watson-Crick base interaction [START_REF] Cigan | tRNA i (met) functions in directing the scanning ribosome to the start site of translation[END_REF].

This codon-anticodon base pairing triggers conformational changes of several initiation factors and eIF2-mediated GTP to GDP + P i hydrolysis inducing its release together with eIF1 (Algire, Maag and Lorsch, 2005). Binding of Met-tRNA i Met(AUG) to eIF2•GDP is much weaker than to eIF2•GTP (K d of 150 nM and 10 nM, respectively), allowing release of eIF2•GDP from the P site after start codon selection [START_REF] Kapp | GTP-dependent recognition of the methionine moiety on initiator tRNA by translation factor eIF2[END_REF]. Further dissociation of eIF2•GDP complex, eIF5 and eIF3 induce the PIC conformational change to a closed, scanning-arrested state. At this stage, eIF5B•GTP The three (or four) steps translation process 43 promotes binding of the 60S ribosomal subunit and formation of the 80S ribosome [START_REF] Pestova | The joining of ribosomal subunits in eukaryotes requires eIF5B[END_REF]. In the 80S particle, eIF1A is bound in the A site but hydrolysis of the GTP molecule of eIF5B•GTP through its GTPase activity will promote its release from the 80S ribosome together with eIF1A [START_REF] Acker | Kinetic Analysis of Late Steps of Eukaryotic Translation Initiation[END_REF]. The initiation ends when the 80S ribosome only contains the Met-tRNA i Met in its P site and an empty A site free to accept an elongator aa-tRNA.

i.3.2. Elongation: synthesis of the peptide chain

Translation elongation is well conserved between eukaryotes and bacteria and consists in polymerization of aa in the N-terminus to C-terminus direction [START_REF] Rodnina | Recent mechanistic insights into eukaryotic ribosomes[END_REF].

Similar to eIF2, the eEF1A•GTP binary elongator factor complex binds to an elongator aminoacyl-tRNA (aa-tRNA) to form a ternary complex that will deliver its aa-tRNA cargo to the A site of the elongating 80S ribosome (Mateyak and Kinzy, 2010, figure i-9). GTP hydrolysis and release of eEF1A•GDP is induced by the codon-anticodon base pairing. Binding of eEF3 and eEF5A to the ribosome induces a conformation rearrangement of the aa-tRNA within the A-site, moving the aa carried by the A-site tRNA closer to the aa or peptide carried by the P-site tRNA, and facilitating the transpeptidase reaction. eEF3 has been proposed to promote the release of the deacylated tRNA from the E site (Triana-Alonso, Chakraburtty and Nierhaus, 1995; [START_REF] Andersen | Structure of eEF3 and the mechanism of transfer RNA release from the E-site[END_REF].

After peptide bond formation, eEF2•GTP binds to the 80S ribosome, and subsequent GTP hydrolysis induces translocation of the mRNA and shift of the peptidyl-tRNA from the A-to P-site (Ling and Ermolenko, 2016), leaving the A-site free to accept a new aa-tRNA molecule.

i.3.3. Termination and recycling

Termination begins when, after translocation, one of the three stop codons (UGA, UAA or UAG) is located in the A-site of an elongating 80S ribosome. Each of these 3 stop codons will be recognized by the N-terminal domain of the eRF1 release factor that binds in the A-site occupied by a stop codon. Binding of eRF1 in the A-site is made possible because this factor adopts a three dimensional structure that mimics the L-shaped structure of a tRNA [START_REF] Bertram | Terminating eukaryote translation: domain 1 of release factor eRF1 functions in stop codon recognition[END_REF]. Then, eRF3•GTP binds tightly to eRF1 and promotes stop codon recognition and discrimination [START_REF] Wada | A genetic approach for analyzing the co-operative function of the tRNA mimicry complex, eRF1/eRF3, in translation termination on the ribosome[END_REF]. Upon The three (or four) steps translation process 45

The last step of translation, ribosome recycling, is crucial for ribosomal subunit dissociation prior to their participation in a new round of translation initiation. At this stage, the 80S ribosome is bound to the mRNA, the deacylated tRNA is in the P-site and eRF1•GTP•Rli1 complex is located in the A-site. The ATPase activity of Rli1 is iwmportant for this recycling since it promotes 80S ribosome dissociation into 60S and 40S subunits complexed with the deacylated tRNA and the mRNA (Pisarev A minoacyl-tRNA synthetases (aaRSs) constitute an ancient family of ubiquitous enzymes essential for life since they catalyse aminoacylation (or charging) of tRNAs [START_REF] Fournier | Molecular Evolution of Aminoacyl tRNA Synthetase Proteins in the Early History of Life[END_REF]. This reaction involves the attachment of an aa to its cognate tRNA in two sequential steps: the activation of the aa followed by its attachment onto an hydroxyl group of the terminal adenosine of the CCA sequence found at the 3' end of all tRNAs (figure i-11). Activation of the aa requires ATP (stabilized with Mg 2+ cation) to form an enzyme-bound intermediate: the 5'-aminoacyl adenylate or aminoacyl-AMP (aa-AMP) by formation of the mixed anhydride linkage between the aa carboxylic group and the α-phosphate of ATP (figure i-11A). This reaction can occur in the absence of the cognate tRNA for all aaRSs except for ArgRS [START_REF] Mitra | The Role of Transfer Ribonucleic Acid in the Pyrophosphate Exchange Reaction of Argiuine-Transfer Ribonucleic Acid Synthetase[END_REF][START_REF] Mehler | The Activation of Arginyl Transfer Ribonucleic Acid Synthetase by Transfer Ribonucleic Acid[END_REF], GluRS (Wen Lee, Ravel and Shive, 1967; [START_REF] Kern | Glutamyl transfer ribonucleic acid synthetase of Escherichia coli. Study of the interactions with its substrates[END_REF][START_REF] Sekine | Structural Bases of Transfer RNA-Dependent Amino Acid Recognition and Activation by Glutamyl-tRNA Synthetase[END_REF], GlnRS [START_REF] Ravel | Glutamyl and Glutaminyl Ribonucleic Acid Synthetases of Escherichia coli W[END_REF][START_REF] Hong | Transfer RNA-dependent cognate amino acid recognition by an aminoacyl-tRNA synthetase[END_REF] and class I LysRS [START_REF] Ibba | Substrate recognition by class I lysyl-tRNA synthetases: a molecular basis for gene displacement[END_REF]. The mixed anhydride aa-AMP product then reacts with tRNA to form the aminoacyl-tRNA (aa-tRNA). The tRNA can be charged either on its 2'-OH of the terminal A 76 by the class I enzymes or the 3'-OH of its terminal A 76 by class II aaRSs (Arnez and Moras, 1997) (figure i-11B). Since the final form of aa-tRNA bound to eEF1A is the one for which its terminal 3'-OH is esterified by the aa carboxylic group, and that the 3'-aminoacyl isomer is thermodynamically more stable than the 2'-isomer, a rapid trans-esterification occurs to charge tRNA in 3'-OH [START_REF] Taiji | Transacylation rates of (aminoacyl)adenosine moiety at the 3'-terminus of aminoacyl transfer ribonucleic acid[END_REF]. The overall aminoacylation reaction is thermodynamically driven to completion by the hydrolysis of the pyrophosphate (PP i ) formed and released during the aa activation step. The final aa-tRNA product is suitable for aa incorporation during protein synthesis.

ii.2. aaRSs are divided into two classes

Most cells possess one cytosolic aaRS specific for each of the 20 standard proteinogenic aa. They all catalyse the same aminoacylation reaction using Mg 2+ and ATP, an L-shaped tRNA and an aa.

All these common features would suggest a common ancestor for these aaRSs, and the entire set of these enzymes should be structurally related. However, the analysis of aaRSs sequences, 3D structures and oligomerization states shows large differences within this family of enzymes [START_REF] Eriani | Partition of tRNA synthetases into two classes based on mutually exclusive sets of sequence motifs[END_REF][START_REF] Ibba | Aminoacyl-tRNA synthesis: divergent routes to a common goal[END_REF]. Actually, aaRSs do not show vertical inheritance from a 48 GENERAL INTRODUCTION • The aminoacyl-tRNA synthetases (aaRSs) family 
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ii.2.1. class i aaRSs

The aa for which the class I aaRSs are specific tend to be larger and more hydrophobic than those of the other class II. Class I aaRSs are subdivided in three subclasses. These enzymes are mostly monomeric, except for the two Ic aaRS subclasses, TyrRS and TrpRS, which are catalytically active only as homodimer [START_REF] Beikirch | Tyrosyl-tRNA synthetase from baker's yeast. Isolation and some properties[END_REF][START_REF] Hossain | Purification and subunit structure of tryptophanyl tRNA synthetase (TRS) from baker's yeast[END_REF]. All eleven class I aaRSs share two conserved sequence motifs for which the consensus sequence is HIGH and KMSKS and possess a catalytic domain based on the Rossmann nucleotide-binding fold.

These two HIGH and KMSKS motifs form the ATP-binding site, essential for aa activation, that binds ATP in an extended conformation [START_REF] Rould | Structure of E. coli glutaminyl-tRNA synthetase complexed with tRNA Gln and ATP at 2.8 A resolution[END_REF]. This catalytic domain is split in two halves by 

ii.2.2. class ii aaRSs

This class contains ten aaRSs for the standard aa, but recently 2 additional aaRSs that structurally belong to class II enzymes were added to the subclass IIc: the O-phosphoserylRS (SepRS) and the pyrolysylRS (PylRS) that are mostly found in methanogenic archaea. All class II aaRSs are either homodimers (α 2 or α 4 ) or heterotetramer ((αß) 2 for PheRS). Class II enzymes share three consensus sequence motifs in their catalytic domain called motif 1, 2 and 3 [START_REF] Cusack | A second class of synthetase structure revealed by X-ray analysis of Escherichia coli seryl-tRNA synthetase at 2.5 Å[END_REF], see detailed

sequences in Table i-3).
Most of the time, the dimer interface includes motif 1, and motifs 2 and 3 

Add1

Translational fidelity and quality control 51 are both part of the catalytic site. These aaRSs bind ATP in a bent conformation and bind the tRNA acceptor-stem via the major groove side resulting in 3'-OH charging, except for PheRS (2'-OH) and AsnRS (both 2'-OH and 3'-OH) [START_REF] Sprinzl | Accepting Site for Aminoacylation of tRNA Phe from Yeast[END_REF][START_REF] Sprinzl | Chemistry of aminoacylation and peptide bond formation on the 3'terminus of tRNA[END_REF]. Differential binding of tRNA by the two aaRS classes has consequences on the solvent exposition of the tRNA domains: variable loop of tRNA recognized by class I aaRSs is exposed to the solvent, whereas it faces the enzyme for class II aaRSs (figure i-12). Class II aaRSs are also subdivided in three subclasses. aaRSs from subclass IIa are specific for hydrophobic and small polar aa ( and Lys) and present a N-terminally-located ABD adopting an OB-fold (figure i-13). The PheRS is the "standard" aaRS present in the subclass IIc and is active as a (αß) 2 heterotetramer. The α subunit catalyses the two-step aminoacylation reaction, and the tRNA binding site is located across both α and ß subunits. Two other aaRSs (PylRS and SepRS) belong to this subclass IIc but are present only in methanogens and few bacteria [START_REF] Kavran | Structure of pyrrolysyl-tRNA synthetase, an archaeal enzyme for genetic code innovation[END_REF][START_REF] Hauenstein | The homotetrameric phosphoseryl-tRNA synthetase from Methanosarcina mazei exhibits half-of-the-sites activity[END_REF]. The PylRS charges pyrrolysine onto a suppressor tRNA Pyl to incorporate this aa at UAG stop codon [START_REF] Srinivasan | Pyrrolysine Encoded by UAG in Archaea: Charging of a UAG-Decoding Specialized tRNA[END_REF], whereas the SepRS incorporates the nonstandard aa phosphoserine onto tRNA Cys to generate the Cys-tRNA Cys by a two-step tRNA-dependent aa modifying pathway.

ii.3. Translational fidelity and quality control

The fidelity of translation relies on several steps, from the association between an aa and its cognate tRNA to the accurate base pairing of the aa-tRNA anticodon with the mRNA codon. Even though normal cellular functions would need absolute accuracy, translation appears to be the most error prone process with 10 -4 error rate, compared to replication (10 -8 ) and transcription (10 -5 ) [START_REF] Rosenberger | The frequency of transcriptional and translational errors at nonsense codons in the lacZ gene of Escherichia coli[END_REF][START_REF] Kunkel | DNA Replication Fidelity[END_REF]. A big part of the translation fidelity relies on the accuracy of the aminoacylation reaction: charging the wrong aa onto a tRNA (or the right aa on the wrong tRNA) would result in aa misincorporation inside proteins, even if there is a perfectly accurate codon-anticodon pairing inside the ribosome A-site. Thus, aminoacylation is of first importance for maintenance of the genetic code integrity and relies on quality control steps made by aaRSs that target both the aa activation step and the aa-tRNA prior its release from the enzyme. Some of these modifications can play an important role in tRNA recognition to prevent misselection and would represent stress-sensitive determinants for aminoacylation accuracy.

ii.3.2. aaRS proofreading of misacylated tRnAs

Even though tRNA mischarging is mostly prevented by tRNA identity signals and the diversity of tRNA sequences, it is more difficult for an aaRS to select its cognate aa from the 19 remaining ones (in standard genetic code) since 2 different aa can differ by only one methyl group (Cys and Met) or one hydroxyl group (Phe and Tyr). Thus, aa misactivation is a not rare and needs to be corrected. AaRSs that have a tendency to misactivate near-cognate aa have editing domains that will proofread the mischarged tRNA formed after aa misactivation [START_REF] Ling | Aminoacyl-tRNA Synthesis and Translational Quality Control[END_REF].

The first sieve preventing non-cognate aa binding is the active site structure and size that enables binding of cognate and smaller aa, but excludes the larger ones. However, if a non-cognate aa is 

ii.3.3. Beneficial misacylation

Despite all these editing process, mischarging of tRNAs can occur inside cells. In some cases and some organisms, misacylation is even beneficial for cells because the mischarged tRNA is an obligatory intermediate in the formation of an aa-tRNA. Indeed the synthesis of some aa-tRNA species is made by a two steps pathway that requires first misacylation of a non-cognate tRNA by a non-discriminating aaRS and then tRNA-dependent conversion of the aa moiety a (see §II.4). Besides this particular case, misacylation leads to challenging of the genetic code integrity during ribosomal translation that results in the so-called mistranslation. These errors of mRNA decoding were though to be highly disadvantageous for cells, and that highly accurate proteome was required to support life [START_REF] Orgel | The maintenance of the accuracy of protein synthesis and its relevance to ageing[END_REF][START_REF] Crick | The origin of the genetic code[END_REF] [START_REF] Hao | A new UAGencoded residue in the structure of a methanogen methyltransferase[END_REF][START_REF] Zhang | High content of proteins containing 21st and 22nd amino acids, selenocysteine and pyrrolysine, in a symbiotic deltaproteobacterium of gutless worm Olavius algarvensis[END_REF]. In these methanogenic archaea, genes encoding methylamine methyltransferases (enzymes essential to generate methane) contain an in-frame UAG amber stop codon that is read through by the ribosome and translated by pyrrolysyl residue.

This residue appears to be crucial for the enzyme activity. Pyrrolysyl-tRNA Pyl is made by direct attachment of Pyl to this amber suppressor tRNA Pyl(CUA) by the class IIc PylRS [START_REF] Blight | Direct charging of tRNA CUA with pyrrolysine in vitro and in vivo[END_REF]. The structure of tRNA Pyl differs from the classical tRNA structure since it displays a D-loop with only 5

nucleotides, an AC-stem with 6 bp, and a TΨC-loop without these three residues sequence. The mRNA sequence context is also important for Pyl insertion since a specific PYL InSertion (PYLIS) element next to the UAG Pyl codon of the mRNAs of methylamine methyltransferases has been shown to promote Pyl insertion (Théobald-Dietrich, [START_REF] Théobald-Dietrich | Evidence for the existence in mRNAs of a hairpin element responsible for ribosome dependent pyrrolysine insertion into proteins[END_REF]. Pyl incorporation has become the first known example so far, of direct aminoacylation of a tRNA with a nonstandard aa. Indeed, incorporation of the 21 st aa, Sec, discovered in 1986 both in mammals and bacteria [START_REF] Chambers | The structure of the mouse glutathione peroxidase gene: the selenocysteine in the active site is encoded by the "termination" codon, TGA[END_REF][START_REF] Zinoni | Nucleotide sequence and expression of the selenocysteine-containing polypeptide of formate dehydrogenase (formate-hydrogen-lyaselinked) from Escherichia coli[END_REF] has been shown to proceed via two consecutive steps [START_REF] Lee | e ca a Selenocysteyl-tRNA Ser in Mammalian Cells That Recognizes the Nonsense Codon, UGA[END_REF]) (figure i-15B). Sec residue can be found in the active sites of selenoproteins (25 genes encoding selenoproteins in mammals, none in fungi and higher plant) mostly to perform catalytic redox reactions [START_REF] Arnér | Selenoproteins-What unique properties can arise with selenocysteine in place of cysteine?[END_REF]. This aa is generated by tRNA-dependent modification of a precursor aa attached to the opal suppressor tRNA Sec . First tRNA Sec is charged with Ser by the SerRS to form Ser-tRNA Sec . This is possible because tRNA Sec resembles tRNA Ser in such an extent that it can be recognized by SerRS. However, since tRNA Sec presents a longer acceptor stem and D-stem, a long variable arm and usually a shorter TΨC-loop, the misacylated Ser-tRNA Sec is not able to bind EF-Tu, preventing the misincorporation of Ser [START_REF] Hubert | The 9/4 secondary structure of eukaryotic selenocysteine tRNA: More pieces of evidence[END_REF]. After serylation of tRNA Sec , the seryl residue is either (i) directly selenylated by SelA to form Sec-tRNA Sec like in bacteria [START_REF] Leinfelder | Gene for a novel tRNA species that accepts L-serine and cotranslationally inserts selenocysteine[END_REF], or (ii) is phosphorylated by O-phosphoseryl-tRNA-kinase (PSTK) to form O-phosphoseryl-tRNA Sec (Sep-tRNA Sec ) and subsequently selenylated by the SepSecS enzyme in eukaryotes and archaea [START_REF] Yuan | RNA-dependent conversion of phosphoserine forms selenocysteine in eukaryotes and archaea[END_REF]. Both SelA and SepSecS are PLP-dependent enzymes and use selenophosphate as selenium donor (figure i-15B). The subsequent Sec-tRNA Sec is then brought to elongating ribosomes by specific elongation factors: SelB in bacteria and the eEFSec•SBP2 complex in eukaryotes [START_REF] Forchhammer | Identification of a novel translation factor necessary for the incorporation of selenocysteine into protein[END_REF][START_REF] Copeland | A novel RNA binding protein, SBP2, is required for the translation of mammalian selenoprotein mRNAs[END_REF][START_REF] Fagegaltier | Characterization of mSelB, a novel mammalian elongation factor for selenoprotein translation[END_REF]. These factors bring the aminoacyl-tRNA to the ribosome to recode the UGA "opal" stop codon present in a cis-acting stem loop structure called SECIS usually found in the 3'-UTR of selenoprotein complex mRNAs [START_REF] Low | Knowing when not to stop: selenocysteine incorporation in eukaryotes[END_REF].

ii.4.2. indirect pathways of aa-tRnA biosynthesis

We have seen that Sec incorporation required more steps than the classical aminoacylation mechanism used for the standard aa. However, for some organisms this indirect pathway is also needed to aminoacylate tRNAs with standard aa. For the majority of eukaryotes and very few bacterial species, the 20 different types of standard aa-tRNA are catalyzed by a full and unique set of the 20 different aaRSs. But in the majority of bacteria and all archaea, one or more aaRSs genes are missing, suggesting that aminoacylation of the corresponding orphan tRNAs is made by a non-conventional route. The best example to illustrate this case is the genome of the archaeon Methanocaldococcus jannaschii sequenced in 1996 and lacking three expected aaRS genes: those encoding CysRS, AsnRS and GlnRS [START_REF] Bult | Complete genome sequence of the methanogenic archaeon, Methanococcus jannaschii[END_REF]. It was shown that in these archaea, the lack of CysRS is compensated by a tRNA Cys -dependent two-step pathway analogue to Sec-tRNA Sec formation in bacteria (figure i-16A). In this pathway, tRNA Cys is first mischarged by the SepRS with Sep, then the Sep moiety is tRNA-dependently converted into Cys by the SepCysS enzyme [START_REF] Sauerwald | RNA-Dependent Cysteine Biosynthesis in Archaea[END_REF]. AsnRS and GlnRS specific for amide aa (Gln and Asn) are also often missing in archaea (all are missing GlnRS), most bacteria, and organelles (only for GlnRS), meaning that classical tRNA charging with these two aa cannot been made directly. Instead, the metabolic precursors of Gln and Asn, Glu and Asp, are first attached to the non-cognate tRNA Gln/Asn by a non-discriminating (ND) aaRS (ND-GluRS/ND-AspRS) [START_REF] Lapointe | A single glutamyl-tRNA synthetase aminoacylates tRNA Glu and tRNA Gln in Bacillus subtilis and efficiently misacylates Escherichia coli tRNA Gln1 in vitro[END_REF][START_REF] Becker | Existence of Two Distinct Aspartyl-tRNA Synthetases in Thermus thermophilus . Structural and Biochemical Properties of the Two Enzymes †[END_REF] 

figure i-16B).
The misacylated Glu/Asp-tRNA Gln/Asn is then amidated into the correct amide aa-tRNA by a tRNAdependent amidotransferase (AdT) called GatCAB (bacteria, archaea and organelles) or GatDE Acquisition of new appended domains and formation of multi-synthetase complexes 61 (only archaea) [START_REF] Curnow | Glu-tRNA Gln amidotransferase: A novel heterotrimeric enzyme required for correct decoding of glutamine codons during translation[END_REF][START_REF] Becker | Thermus thermophilus: a link in evolution of the tRNA-dependent amino acid amidation pathways[END_REF]. So far, four types of tRNA-dependant amidotransferases are known: the heterotrimeric GatCAB and GatFAB, and the heterodimeric GatDE and GatAB. The GatCAB has been found in both archaea and bacteria, but functions as an Asp-AdT in archaea, and also as a dual Asp-AdT and/or Glu-AdT in bacteria [START_REF] Sheppard | From one amino acid to another: tRNA-dependent amino acid biosynthesis[END_REF]

; Table i-6).
The heterodimeric GatDE is archaea-specific and is a specific Glu-AdT [START_REF] Tumbula | Domain-specific recruitment of amide amino acids for protein synthesis[END_REF]. In eukaryotic organelles such as mitochondria and chloroplasts, the organellar GlnRS is absent and the indirect pathway involving the GatCAB Glu-AdT enzyme generates the organellar Gln-tRNA Gln [START_REF] Pujol | Dual-targeted tRNA-dependent amidotransferase ensures both mitochondrial and chloroplastic Gln-tRNA Gln synthesis in plants[END_REF][START_REF] Nagao | Biogenesis of glutaminyl-mt tRNA Gln in human mitochondria[END_REF]. More recently, the new homodimeric GatAB complex has been found in the apicoplast of the human parasite Plasmodium falciparum with a Glu-AdT activity [START_REF] Mailu | Plasmodium Apicoplast Gln-tRNA Gln Biosynthesis Utilizes a Unique GatAB Amidotransferase Essential for Erythrocytic Stage Parasites[END_REF]. The last heterotrimeric Gat complex has been found in the yeast mitochondria for the formation of the mitochondrial Glnm tRNA Gln . In yeast, the ND-GluRS appears to be the cytosolic GluRS, which is imported into mitochondria to mischarge the m tRNA Gln [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]. The subsequent amidation of the Glu moiety of Glum tRNA Gln is performed by the heterotrimer GatFAB.

The only difference between GatCAB and GatFAB is the GatF subunit which is homolog to the GatC but possesses an additional N-terminal extension that plays a role in catalysis [START_REF] Araiso | Crystal structure of Saccharomyces cerevisiae mitochondrial GatFAB reveals a novel subunit assembly in tRNA-dependent amidotransferases[END_REF].

ii.5. Acquisition of new appended domains and formation of multisynthetase complexes

During evolution, aaRSs acquired additional nontranslational activities through recruitment of new structural domains while preserving their essential aminoacylation activity. From prokaryotes to higher eukaryotes, most of the aaRSs acquired specific domains that allow them to interact with new protein or nucleic acid partners, to enhance the aminoacylation activity, to regulate their subcellular localization and to carry new non-canonical functions.

ii.5.1. Acquisition of new aaRSs domains throughout evolution

When we compare the protein sequences of eukaryotic cytoplasmic aaRSs with their prokaryotic counterparts, we clearly see that the protein size has increased during evolution, except for AlaRS Leu ip.
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GST GST The smallest appended domain of aaRSs is a single N-terminal α-helix which is found in the eukaryotic subclass IIb aaRSs AspRS, LysRS and AsnRS. These aaRSs acquired a 30-50 aa-long helix in their N-terminal domain, next to the OB-fold ABD (Figure I-18). These three aaRSs have never been crystallized with this N-terminal extension, but NMR spectroscopy studies confirmed the single α-helix conformation [START_REF] Cheong | Structure of the N-terminal extension of human aspartyl-tRNA synthetase: implications for its biological function[END_REF][START_REF] Crepin | A Hybrid Structural Model of the Complete Brugia malayi Cytoplasmic Asparaginyl-tRNA Synthetase[END_REF]. This helix appears to be amphiphilic, with positively charged residues allowing the binding to charged nucleic acids like tRNAs. Indeed, these N-terminal helices enhance the tRNA binding affinities of these aaRSs, and most of the time these interactions are not specific for the cognate tRNA, but for several tRNAs [START_REF] Frugier | A domain in the N-terminal extension of class IIb eukaryotic aminoacyl-tRNA synthetases is important for tRNA binding[END_REF][START_REF] Francin | The N-terminal domain of mammalian Lysyl-tRNA synthetase is a functional tRNA-binding domain[END_REF][START_REF] Ryckelynck | Yeast tRNA Asp charging accuracy is threatened by the N-terminal extension of aspartyl-tRNA synthetase[END_REF]).
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An original motif only found in the aaRS family is a domain highly homologous to a cytokine called Two other common protein domains found in the aaRS family and which act as protein-protein interaction modules for higher eukaryotes mostly are the GST and LZ domains. As a consequence, the aaRSs and aaRS interacting proteins that display these domains will form MSCs. The GST-like domain, found only in N-terminus of aaRSs, is formed by α-helices bundle that allows formation of a dimeric interface which mediate higher-order interactions between aaRSs and their interacting proteins (Figure I-18(bis)). This domain is found in two mammalian aaRS complex-interacting multifunctional protein (AIMPs) p38/AIMP2 and p18/AIMP3 that interact with several GST domaincontaining aaRSs of the MSC (figure i-17). More interestingly, GST-like domains are also found in eukaryotic elongation factors eEF-1γ and eEF-1ß, suggesting possible interactions between these factors and aaRSs to provide tRNA channelling during protein synthesis [START_REF] Koonin | Eukaryotic translation elongation factor 1 gamma contains a glutathione transferase domain--study of a diverse, ancient protein superfamily usinvg motif search and structural modeling[END_REF][START_REF] Negrutskii | Functional interaction of mammalian valyl-tRNA synthetase with elongation factor eEF1Alpha in the complex with EF-1H[END_REF]Kaminska, Shalak and Mirande, 2001). In addition to higher eukaryote aaRSs, the GST-like domain is also found in yeast MetRS, GluRS and Arc1p that, accordingly, form the unique yeast MSC called AME (see next section). Similarly, the helical motif LZ domain found in ArgRS of higher eukaryotes allows interaction with p43/AIMP1 in the MSC by hydrophobic interaction between the two LZ domains [START_REF] Fu | Structure of the ArgRS-GlnRS-AIMP1 complex and its implications for mammalian translation[END_REF].

Endothelial

The unique appended domains found in single aaRS are less well characterized but present a plurality of functions, including tRNA binding for UNE-F [START_REF] Finarov | Structure of Human Cytosolic Phenylalanyl-tRNA Synthetase: Evidence for Kingdom-Specific Design of the Active Sites and tRNA Binding Patterns[END_REF], protein interaction for UNE-I2 

ii.5.2. Multi-aminoacyl-tRnA synthetase complexes (MScs) formation and evolution

As mentioned in the previous section, the recruitment of new appended domains in the aaRS scaffold often enables interaction with new partners (figure i-17). This new interaction network appears to be essential for higher eukaryotes, since it has been established for several years that cellular and organismal complexity did not always correlate with the expansion of protein-coding genes number. Instead of increasing the number of genes, organism evolved to expand macromolecular 
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[137] [131,132] [ [133][134][START_REF] Durá | Glutaminolysis activates rag-mTORC1 signaling[END_REF] Acquisition of new appended domains and formation of multi-synthetase complexes 69 interactions, and this phenomenon is clearly observed within the aaRS family. Even though these enzymes are essential and ubiquitous, their potential to assemble into MSCs has been mostly shown in higher organisms and are admitted to provide a role of dynamical platforms for subcellularly relocating aaRSs. Since the vast majority of prokaryotes present a single compartment, the absence of well characterized MSCs correlates with the absence of aaRSs relocation, with the exception of cyanobacteria and their subcellular compartimentalization. The only potential bacterial MSC has been reported in E. coli as a ~ 400-1000 kDa complex with extremely weak interactions between the protein partners (Harris, 1987). The existence of this complex is still under debate since this study is the only one reporting such bacterial MSC.

In archaea, small MSCs have been characterized in different organisms and are often interacting with translation factors such as eEF1A or directly with the ribosome through interaction with L7/L12 shows that archaeal MSCs contains often more class II aaRSs (purple) than class I (blue), whereas in eukaryotes class I aaRSs are the most abundant and the assembly is mediate by additional specific

AIMPs.

The smallest MSC found in eukaryotes is the yeast AME complex, containing the anchor protein Arc1p and the two aaRSs MetRS and GluRS (figure i-19). This complex is one of the most studied MSC and will be analysed into more detailed in the next section §III. The MSC from vertebrates has been the first one that was isolated from rat liver in the 70's [START_REF] Bandyopadhyay | Complex of aminoacyl-transfer RNA synthetases[END_REF], and observed in several subsequent studies in different type of cells such as rabbit reticulocytes, human placenta cells or mammalian cells in culture, but also in the arthropod Drosophilia melanogaster that contains a similar MSC composition [START_REF] Kerjan | The multienzyme complex containing nine aminoacyl-tRNA synthetases is ubiquitous from Drosophila to mammals[END_REF]. This high molecular weight complex of ~1.5 MDa contains nine aaRS activities and the three AIMP1/2/3 auxiliary proteins (figure i-19). The class II aaRSs are present as dimers (LysRS, AspRS and bi-functional GluProRS). The five other class I aaRSs are monomeric but present in two copies within the complex [START_REF] Cho | Assembly of Multi-tRNA Synthetase Complex via Heterotetrameric Glutathione Transferase-homology Domains[END_REF], as well as the three AIMPs that constitute an anchoring platform to retain all these aaRSs in the MSC. The central AIMP2/p38 scaffold protein that has no homologs in bacteria, archaea and lower eukaryotes, stably maintains this symmetrical and long complex, and allows the association in two subcomplexes 

(figure i-19).

ii.7. The yeast AME complex

The smallest MSC known so far is composed of the two class I cytosolic aaRSs MetRS and GluRS in complex with a single AIMP protein called Arc1 (or Arc1p). This minimal MSC called AME (for

Arc1•MRS•ERS)
is found in all fungi studied so far, and the yeast S. cerevisiae has been the best model to understand the role of this trimeric complex. This section will describe into details the structure and dynamics of yeast AME complex, with an analysis of the new functions exerted by yeast MetRS and GluRS.

ii.7.1. Structure and organization of the AME complex

The Arc1 anchor protein is a 42 kDa protein (376 aa) that binds tightly the yeast MetRS and GluRS, thereby ensuring their cytosolic localization [START_REF] Simos | The yeast protein Arc1p binds to tRNA and functions as a cofactor for the methionyl-and glutamyl-tRNA synthetases[END_REF][START_REF] Galani | The intracellular location of two aminoacyl-tRNA synthetases depends on complex formation with Arc1p[END_REF]. This protein, first discovered for binding to G4 nucleic acids (or G-quadruplex) found in guanine-rich nucleic The sequence of each protein is shown below the modular structure, with residues belonging to helix or strand colored in orange (MetRS), purple (GluRS) or red (Arc1). The residues involved in protein interaction are highlighted in the corresponding color. For Arc1 sequence, residues highlighted in orange and purple are involved in interaction with MetRS and GluRS, respectively. Mutations that have been shown to disrupt the interaction with the corresponding protein are indicated below the residue [START_REF] Karanasios | Molecular Determinants of the Yeast Arc1p-Aminoacyl-tRNA Synthetase Complex Assembly[END_REF].
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The yeast AME complex 73 acids was called G4p1 or p42 [START_REF] Frantz | A novel yeast gene product, G4p1, with a specific affinity for quadruplex nucleic acids[END_REF] and is the platform protein homologous to the mammalian AIMP1/p43. The GST-like domain located in N-terminus of all the three partners mediates interactions between Arc1 and the two aaRSs. Crystallographic structures of the two binary complexes of the N-terminal GST-like domains of Arc1 complexed to GluRS (pdb 2HRK) and to MetRS (pdb 2HSN) have been solved [START_REF] Simader | Structural basis of yeast aminoacyl-tRNA synthetase complex formation revealed by crystal structures of two binary sub-complexes[END_REF]. N-terminal domains of the two aaRSs share a common secondary structure with three small ß-strands and seven α-helices, whereas

Arc1 N-terminus is composed of five α helices only. The yeast AME complex 75 tRNA-binding domain (TRBD) of Arc1 (figure i-22A). This TRBD, containing an OB-fold motif found in some aaRSs [START_REF] Swairjo | Crystal structure of trbp111: a structure-specific tRNA-binding protein[END_REF], is able to non-specifically bind RNAs like 5S RNA and several tRNAs, among which tRNA Glu , the elongator and initiator tRNAs Met and other different tRNA species (Phe, Lys, Arg…) (Deinert et al., 2000; figure i-22B). Interestingly, when Arc1 is engaged into the AME complex, the tRNA binding is more specific and only tRNA Glu 

ii.7.2.2. An anchoring platform for the cytosolic aaRSs

Besides its role as cofactor for aminoacylation, Arc1 is also a structural platform that maintains the two aaRSs into the cytosol. Indeed, Arc1 fused to the fluorescent protein GFP is found exclusively in the cytosol and excluded from nucleus [START_REF] Galani | The intracellular location of two aminoacyl-tRNA synthetases depends on complex formation with Arc1p[END_REF]. Nuclear exclusion of Arc1p is mediated by a strong nuclear export signal (NES) present in its sequence and recognize by the nuclear exportin Xpo1 (homologous to the mammalian Crm1) [START_REF] Galani | The tRNA aminoacylation co-factor Arc1p is excluded from the nucleus by an Xpo1p-dependent mechanism[END_REF]. However, intermittent nuclear localisation of Arc1 would be essential for its participation to tRNA nuclear export that needs binding of Arc1 to non-aminoacylated tRNAs, mediated by its TRBD domain, inside the nucleus [START_REF] Simos | The yeast protein Arc1p binds to tRNA and functions as a cofactor for the methionyl-and glutamyl-tRNA synthetases[END_REF][START_REF] Grosshans | An aminoacylation-dependent nuclear tRNA export pathway in yeast[END_REF]. The cytosolic location of Arc1 allows the two associated aaRSs to be anchored into the cytosol through interactions of their GST-domain.

As a consequence, interactions with the two aaRSs are lost when N-terminal domain of Arc1 is partially or totally deleted (figure i-23A; [START_REF] Galani | The intracellular location of two aminoacyl-tRNA synthetases depends on complex formation with Arc1p[END_REF]. Same results are obtained with point The yeast AME complex 77 mutations on Arc1 residues that contact residues of the GST-like domains of the aaRSs (figure i-23A; [START_REF] Karanasios | Molecular Determinants of the Yeast Arc1p-Aminoacyl-tRNA Synthetase Complex Assembly[END_REF]. Along the same line, MetRS appears to be both cytosolic and nuclear when released from the AME complex by deletion of its N-terminus or point mutations, whereas the GluRS was never found in the nucleus even when dissociated from the AME complex (except for the ∆9-131 mutant where a weaker nuclear signal was observed by fluorescence and confocal microscopy (figure i-23A, [START_REF] Galani | The intracellular location of two aminoacyl-tRNA synthetases depends on complex formation with Arc1p[END_REF]). Recent studies, achieved in the lab, have shown a more complex dynamics for the yeast MSC: during the transition between fermentation to respiration (called the diauxic shift), the release of the two aaRSs from the AME complex allows the synchronization of the nuclear transcription and the mitochondrial translation through aaRSs relocation (Frechin et al., 2014). Indeed, the Snf1/4 glucose-sensing pathway is activated upon respiration (low glucose concentration) and downregulates transcription of ARC1. The subsequent decrease of Arc1 leads to the release of both aaRSs and their relocation to nucleus (for MetRS) and to mitochondria (for GluRS). The released cytosolic GluRS has been shown to relocate into mitochondria to regulate translation of one subunit of the F 1 F O ATP synthase through the synthesis of Glu-tRNA Gln , essential for the formation of mitochondrial Gln-tRNA Gln by the indirect transamidation pathway (Frechin et al., 2009). On the other hand, nuclear relocation of the cytosolic MetRS regulates transcription of another subunit of the F 1 F O ATP synthase and also of other genes of the mitochondrial electron transport chain (ETC) that encode subunits of complex III [START_REF] Frechin | Expression of Nuclear and Mitochondrial Genes Encoding ATP Synthase Is Synchronized by Disassembly of a Multisynthetase Complex[END_REF] figure i-23B).

In addition to this cytosolic anchoring platform, surprising features have been discovered about Arc1.

First, it has been shown that Arc1 is able to bind phospholipids, and essentially the phosphatidylinositol molecules PI3P and PI(3,5)P 2 [START_REF] Fernández-Murray | Identification of novel phospholipid binding proteins in Saccharomyces cerevisiae[END_REF]. This interaction with lipids would suggest some sort of affinity of Arc1 to membranes, and more specifically the vacuolar membrane since these types of phospholipids are enriched in this membrane [START_REF] Obara | Transport of phosphatidylinositol 3-phosphate into the vacuole via autophagic membranes in Saccharomyces cerevisiae[END_REF][START_REF] Takatori | A novel imaging method revealed phosphatidylinositol 3,5-bisphosphate-rich domains in the endosome/lysosome membrane[END_REF]. The AME complex would then relocalize to the surface of the vacuole and might represent a sensor for Met stored inside this compartment (figure i-23B). Finally, Arc1 also is post-translationally modified by Bpl1, the biotin protein ligase that adds a biotin group to the ε-amino group of Lys86 located in the N-terminal domain that binds both aaRSs (K86, figure i-23B; [START_REF] Kim | Identification of the tRNA-binding protein Arc1p as a novel target of in vivo biotinylation in Saccharomyces cerevisiae[END_REF]. Even if this modification is present in the region in close contact with GluRS (figure i-21, page 72), it does not interfere with aaRS interaction, but seems to have a crucial role for thermal adaptation [START_REF] Chang | Modulating the structure and function of an aminoacyl-tRNA synthetase cofactor by biotinylation[END_REF]. iii. The methionine system and complexity
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T he Met molecule (or 2-amino-4-(methylthio)butanoic acid) is an essential non polar sulfur- containing aa incorporated into protein chains through the enzymatic action of the MetRS and the ribosome. This aa is the first aa incorporated into the polypeptide chain at an initiator AUG codon, but is also incorporated during the elongation at elongator AUG codons. The specificity of the MetRS and the two tRNAs substrates will be discussed in this section after an introduction about the Met metabolism and its role in yeast cell.

iii. Methionine metabolism and redox functions 81 entry point for the production of glutathione (GSH), a cysteine-containing tripeptide playing a role in redox signalling and acting as a general antioxidant. Thus, Met metabolism is involved in wide range of cellular sulfide processes, and more generally the sulfur metabolism is of great importance since Met, cysteine and their derivatives play critical roles in cell metabolism beyond their primary role in protein synthesis.

iii.1.2. Redox system and methionine as antioxidant iii.1.

Definition of oxidative stress

An oxidation-reduction (redox) reaction is a chemical reaction that involves electron transfer from a reducer (electron donor) to an oxidizer (electron acceptor). Thus, during this reaction, the reducer is oxidized and the oxidizer is reduced. This type of reaction is present in a variety of functions including respiration, photosynthesis in plants and photosynthetic microorganisms, and metabolic reactions such as ß-oxidation. Even if all these cellular reactions are tightly regulated, they can generate highly reactive by-products that can have deleterious effects on cells. The most commonly studied cellular oxidants are the reactive oxygen species (ROS) or the nitrogen reactive species (RNS). All these reactive agents contain oxygen, a highly electronegative atom found in cell in its O 2 form called molecular oxygen. In the O 2 molecule, oxygen has two unpaired electrons in two different orbitals and is susceptible to free radical formation through reduction with one or three electrons to form superoxide (O 2 •-) or the extremely reactive hydroxyl radical (HO • ), respectively. Production of superoxide is not spontaneous (endergonic) since the redox potential of O 2 / O 2 •-is negative (-0.36 V, figure i-25) and the required energy mostly comes from enzymatic activities.

However, the following single-electron reduction into hydrogen peroxide (H 2 O 2 ) is spontaneous (exergonic), thus the half-life of superoxide is extremely short (2 to 4 µs) and highly reactive. On the other hand, hydrogen peroxide is relatively long-living (1 ms) and more stable, so it is able to diffuse across cellular membranes and reach distant molecules. The most harmful ROS is the hydroxyl radical HO • produced by the Haber-Weiss reaction (1) 
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Hydroxyl radical is thus highly reactive (half-life of 1 ns) and deleterious for cells. These free radicals are more reactive due to their single unpaired electron (they do not follow the octet rule) and can further oxidize lipids, proteins or nucleic acids and cause damages (figure i-25). The imbalance between oxidants and reducing agent levels in favour of pro-oxidant activity is called oxidative stress. This stress can arise from antioxidants deficiency and/or increased levels of oxidants through exogenous routes like ionizing radiation, UV exposure and environmental toxins or endogenous cellular activity like by-products of peroxisomal metabolism or mitochondrial activity; the latter being considered as the major source of ROS production [START_REF] Finkel | Oxidants, oxidative stress and the biology of ageing[END_REF]. Oxidative stress has been extensively studied for its implication in human diseases like inflammatory diseases, neurodegenerative diseases (Parkinson, ALS, Alzheimer…) and in aging [START_REF] Berlett | Protein oxidation in aging, disease, and oxidative stress[END_REF][START_REF] Finkel | Oxidants, oxidative stress and the biology of ageing[END_REF][START_REF] Muller | The nature and mechanism of superoxide production by the electron transport chain: its relevance to aging[END_REF].

iii.1.2.2. Mitochondria as major source of RoS

Within mitochondria, the electron transport chain is the place of oxidative ATP phosphorylation through electrons transport from electron donors (NADH, H+, succinate or Glycerol-3-phosphate) to molecular oxygen reduced by two electrons into a water molecule (figure i-26). However, since the transport of the two electrons is sequential, molecular oxygen is prone to single electron reduction by radical by-products, leading to superoxide formation [START_REF] Inoue | Mitochondrial generation of reactive oxygen species and its role in aerobic life[END_REF][START_REF] Turrens | Mitochondrial formation of reactive oxygen species[END_REF]. Indeed, 2 to 5 % of the total molecular oxygen is not totally reduced into water during respiration but is reduced by only one electron diverted from the flow to form superoxide and further reduced forms. Whereas there are up to eleven potential mitochondrial sources of superoxide identified so far, respiratory chain complex I (Ndi1 for yeast) and complex III are considered to be major contributors [START_REF] Starkov | The role of mitochondria in reactive oxygen species metabolism and signaling[END_REF][START_REF] Wong | Production of superoxide and hydrogen peroxide from specific mitochondrial sites under different bioenergetic conditions[END_REF]. Indeed, reverse electron transport at complex I due to a highly reduced coenzyme Q (QH2) or electron transfer from the free radical semiquinone anion Q •-generated in complex III are the major sources of molecular oxygen reduction into superoxide (figure i-26; [START_REF] Robb | Control of mitochondrial superoxide production by reverse electron transport at complex I[END_REF]. effective concentration for eight Met residues within the protein sequence [START_REF] Levine | Methionine residues as endogenous antioxidants in proteins[END_REF].
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This aspect is found in mitochondria, the major cellular ROS source, where it has been observed that increase of Met residues in mitochondrial proteins correlates with the mass-specific metabolic rates. For this reason, there is an accumulation of surface exposed Met residues in animals with high metabolic rate that, consequently, produce higher levels of ROS [START_REF] Schindeldecker | Protein-borne methionine residues as structural antioxidants in mitochondria[END_REF]. Another striking evidence for Met residue as antioxidant is the evolution of the mitochondrial genetic code in some organisms where AUA codon specifies Met instead of leucine [START_REF] Bender | Adaptive antioxidant methionine accumulation in respiratory chain complexes explains the use of a deviant genetic code in mitochondria[END_REF]. In such mitochondria the average Met content reaches 6 % in protein sequence, 3 times more than in non-recoded mitochondria, and these additional Met residues appear to be also surface exposed in mitochondrial proteins.

iii.2. The tRnA substrates for MetRS

Methionine incorporation is crucial for protein synthesis since it is the first aa incorporated in the polypeptide chain during eukaryotic translation (Figure I-8, page 40). Moreover, Met can also be incorporated later on during elongation. Thus it appears that the Met-tRNA Met is the only aminoacyl-tRNA to be recognized by both initiation and elongation factors. To specify each step of translation, cells have developed two tRNAs Met , each one dedicated for a translation step. In this section, we will analyse the tRNAs determinants for the yeast MetRS, then compare the two tRNAs Met sequences.

iii.2.1. The tRnA Met identity determinants for the yeast MetRS

To discriminate the two tRNAs Met from the other non-specific tRNA species, the MetRS needs to recognize specific determinants present on its cognate tRNAs. As seen in Concentrations of these two tRNA need to be finely tuned in the cell. A two-fold decrease in tRNA i Met expression in yeast increases significantly the doubling time [START_REF] Francis | Expression and function of a human initiator tRNA gene in the yeast Saccharomyces cerevisiae[END_REF]).
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The sequence of tRNA i Met gene is the most conserved among those of all tRNA species, in all three kingdoms of life [START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF][START_REF] Marck | tRNomics: analysis of tRNA genes from 50 genomes of Eukarya, Archaea, and Bacteria reveals anticodon-sparing strategies and domain-specific features[END_REF]. Since these two tRNA Met have to fulfil different functions during translation, each displays specific attributes that helps the translation machinery to distinguish them (reviewed in [START_REF] Kolitz | Eukaryotic initiator tRNA: finely tuned and ready for action[END_REF]. To identify critical determinants for each tRNA Met , swapping nucleotides between the two tRNAs has been used and 
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The tRNA substrates for MetRS 91 tested in cells deleted in all initiator/elongator tRNA genes.

-The elongator is longer by one more base pair and has an additional A 17 in its D-loop (figure i-30).

-The base pair 1:72 in the acceptor stem is different between the two tRNAs Met Sixty polypeptide sequences of MetRS in eucaryotic and procaryotic organisms,as well as organellar MetRSs sequences have been aligned and a phylogenic tree has been established from this protein alignment. The S. cerevisiae TrpRS is used as an outgroup to place the root of the tree. MAFFT online service was used for protein sequence alignement; and phylogenetic tree was generated with IQ-TREE web server and visualized with FigTree. The modular organizations of those MetRSs according to their phylogenetic origins are displayed in the inset. 
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iii.3. Modular organization of the yeast MetRS iii.3.1. conservation and evolution of MetRS sequences

The MetRSs from the three kingdoms of life have distinct structural feature but share a common minimal core enzyme essential for the enzymatic activity (catalytic core and anticodon binding domain (ABD), dark orange and red in figure i-31). Sequence alignments of several MetRS belonging to organisms from different kingdoms, show that MetRSs can be divided into four modular groups (figure i-31):

-The minimal catalytic (catalytic core and ABD) core found mostly in Crenarcheota.

-The minimal core and an additional N-terminal domain for MetRS from Fungi and Trypanosomatidae. As seen previously, this N-terminal extension mediates association with Arc1 in S. cerevisiae.

-The minimal core and an additional C-terminal domain in MetRSs from Plants, Euryarcheota, bacteria and the mitochondrial counterpart of cytosolic eukaryotic MetRSs. This domain is essential for E. coli MetRS' dimerization and binds non-specifically to tRNAs [START_REF] Mellot | Identification of an amino acid region supporting specific methionyl-tRNA synthetase: tRNA recognition[END_REF].

-Metazoan and Apicomplexa possess both an additional C-and N-terminal domains, allowing plethora of new interactions [START_REF] Yakobov | Cytosolic aminoacyl-tRNA synthetases: Unanticipated relocations for unexpected functions[END_REF].

iii.3.2. Sequence and structure of the yeast MetRS

Cytosolic MetRS is a class I aaRS belonging to the subclass Ia and contains a Rossmann fold catalytic core with the HLGN and KFSKS signature motifs essential for its aminoacylation activity [START_REF] Schmitt | Methionyl-tRNA Synthetase Needs an Intact and Mobile 332KMSKS336 Motif in Catalysis of Methionyl Adenylate Formation[END_REF] figure i-32A and32c). Inside this catalytic core, a connective polypeptide CP1 is inserted and contains a zinc-binding site between residues 337-353 (called Cys4 box). This domain has been shown to bind zinc ions (1:1 stoichiometry) and to participate to tRNA-independent homocysteine editing [START_REF] Senger | Yeast cytoplasmic and mitochondrial methionyl-tRNA synthetases: two structural frameworks for identical functions[END_REF]; figure i-32A). A difficulty in MetRS analysis is the lack of available three-dimensional structures in the databases. Even if the structure of the full-length bacterial MetRS has been solved almost 30 years ago [START_REF] Brunie | Crystallographic study at 2•5 Å resolution of the interaction of methionyl-tRNA synthetase from Escherichia coli with ATP[END_REF]), it took a long time for resolving the first eukaryotic MetRS structure and, still, the eukaryotic MetRS structures that were solved are those of the parasite Leishmania major and of the human enzymes (Larson This reveals that this Cys4 box domain is important for the maintenance of the active site and might position the tRNA correctly due to its position above the catalytic center through structural flexibility.

In contrast to its bacterial counterpart, eukaryotic MetRS is a monomeric enzyme since it lacks the Trbp111-like C-terminal domain that mediates dimerization of the bacterial enzyme (figure i-17, page 62). This 133 aa-long C-terminal extension appeared to be essential for dimerization but not for aminoacylation [START_REF] Cassio | Modification of Methionyl-tRNA Synthetase by Proteolytic Cleavage and Properties of the Trypsin-Modified Enzyme[END_REF]). However, an N-terminal GST-like domain extension of 192 aa residues is found in S. cerevisiae MetRS [START_REF] Walter | Primary structure of the Saccharomyces cerevisiae gene for methionyl-tRNA synthetase[END_REF]. It appeared that this domain is not entirely essential for the aminoacylation efficiency [START_REF] Walter | Deletion analysis in the amino-terminal extension of methionyl-tRNA synthetase from Saccharomyces cerevisiae shows that a small region is important for the activity and stability of the enzyme[END_REF]. Truncation of the first 185 aa residues did not affect drastically neither the activity nor the stability of the mutants since they were well expressed (western blot analysis) in yeast cells and showed almost unmodified aminoacylation activity in vitro (figure i-32E). However, deletion of additional five residues resulted in drastic loss of activity for tRNA aminoacylation due mainly to an impact on the V max since K m for each substrate are not really impaired, except K m for tRNA which increases three-fold (figure i-32f).

Thus, this eukaryote-specific N-terminal domain is dispensable for aminoacylation, but remains important for alternative functions like interaction within an MSC (AME for yeast and MARS for human) (figure i-17, page 62).
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iii.4. features of MetRSs across the tree of life

As we have seen in the previous sections, aaRSs carry out additional nontranslational functions. The MetRS does not escape to this rule, since this synthetase displays several features in vivo found in bacteria and eukaryotes. All these new characteristics have been studied during my thesis. 
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Features of MetRSs across the tree of life 99 and tRNA Arg(CCU) have been found to be misacylated in a first tRNA microarray experiment (Jones, Alexander and Pan, 2011) and even confirmed in vitro by aminoacylation assay, but these exact same bacterial tRNAs were then not found to be mismethionylated in a second tRNA microarray, even in anaerobic conditions that are supposed to enhance Met misacylation [START_REF] Schwartz | Global tRNA misacylation induced by anaerobiosis and antibiotic exposure broadly increases stress resistance in Escherichia coli[END_REF] figure i-34). Usually, these tRNA microarrays enable detection of lots of misacylated tRNAs which, if used for protein synthesis, would result in high proteome variation even in basal conditions (figure i-34). One might remember that this misacylated tRNAs are not used equally in protein elongation since eEF1A (or bacterial EF-Tu) binds poorly some misacylated tRNA and thus does not 

iii.4.1.2. Misacylation properties of MetRS and consequences of mismethionylation

All previous studies on mismethionylation have found lots of misacylated tRNA in various organisms (Table I- A modified promiscuous MetRS has been found in human cells (Lee et al., 2014). During oxidative stress, ERK1/2 phosphorylates the human MetRS at position S209 and S825 located in the GST-like domain and in the anticodon-binding domain, respectively. These two phosphorylated residues enhance the mischarging of Met on non-methionyl tRNAs (tRNA Lys has been used in this study). This Met mischarging was shown to reduce intracellular ROS levels and protect cells from oxidative damages (Lee et al., 2014). In yeast, no protein modifications are known to enhance mismethionylation, though we know that binding of MetRS to Arc1 should increase fidelity of aminoacylation since Arc1 binds tightly the tRNA e Met inside the AME complex. However, no differences of mismethionylated tRNAs were found in an arc1∆ strain compare to the wild-type [START_REF] Wiltrout | Misacylation of tRNA with methionine in Saccharomyces cerevisiae[END_REF]. With our fluorescent reporter we have been able to see differences between these two strains, highlighting the role of Arc1 in MetRS accuracy (see Results Project i, page 115).

iii.4.2. nuclear relocation and additional function

The majority of the MetRS localizes in the cytosol which is the compartment in eukaryotes where translational machinery resides. However, some studies have shown that this aaRS could be imported into the nucleus both in yeast and in human cells. Indeed, we bioinformatically identified a putative NLS in the cytosolic human and yeast MetRS sequences [START_REF] Debard | Nonconventional localizations of cytosolic aminoacyl-tRNA synthetases in yeast and human cells[END_REF]. In general, nuclear aaRSs are thought to aminoacylate tRNAs inside the nucleus and this nuclear aminoacylation serves as a proofreading step that ensures that tRNA was correctly processed prior to its export (Lund and Dahlberg, 1998; Sarkar, Azad and Hopper, 1999; Grosshans, Hurt and Simos, 2000). Moreover, nuclear aminoacylation might provide aa-tRNA to the nuclear ribosomal machinery since nuclear protein synthesis has been reported in some studies [START_REF] Mcleod | Recent studies implicate the nucleolus as the major site of nuclear translation[END_REF]. In addition to these potential roles, the human MetRS was found in nucleolus of cells treated with mitogenic signals like EGF, PDGF and insulin [START_REF] Ko | Nucleolar localization of human methionyl-tRNA synthetase and its role in ribosomal RNA synthesis[END_REF]Gunasekera et al., 2004). This nucleolar relocation may 
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the nucleus and how it interacts with RNA polymerase I remains unclear. The associated protein AIMP3/p18 is also translocated into the nucleus to mediate DNA damage repair caused by UVs. This translocation event is activated through GCN2-mediated phosphorylation of MetRS on its Ser662 residue, destabilizing the interaction with p18 and causing its dissociation from the human MSC also The last study described in this manuscript is the characterisation of a new mitochondrial role for Arc1. Indeed, I observed a respiratory growth deficiency for strains deleted for ARC1 gene. Such a phenotype had never been described in the literature, and I wanted to understand more the role of the pool of Arc1 capable of relocating to the mitochondria. Results have shown that Arc1 is actually a dual localized protein present in both the cytosol and mitochondria, which plays an important role for the viability of S. cerevisiae in respiratory conditions (Project III, page 183). Growth rate (%)
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Appendix 2: Chromosomal organization of the S. cerevisiae genome. The 16 yeast chromosomes are illustrated with lentgh proportional to their nucleotides size. Number of tRNA genes is indicated below each chromosomes. Position of each aaRS genes is indicated with an horizontal bar (black for cytosolic aaRSs genes, orange for mitochondrial aaRSs genes). aaRSs underlined are synthetases without known mitochondrial gene. Chromosomal localization of ARC1 and PEP4 genes are also displayed. The results obtained with this method are somewhat unusual since plenty of tRNA species are found misacylated in each study (figure i-34, page 98), and it is difficult to conceive that such high mischarging is compatible with cell survival, especially in basal condition. An explanation could be that majority of these tRNAs won't be used by the ribosomal machinery since eEF1A should not bind these misacylated tRNAs (LaRiviere, Wolfson and Uhlenbeck, 2001). Therefore, we wanted to create a strategy allowing us to determine and ideally quantify tRNA mismethionylation and Met misincorporation level in the yeast S. cerevisiae. We needed to design a protein reporter that would tells us if a methionine has been misincorporated instead of another aa at a specific position.

Among these reporters, the protein should have in its sequence a methionine residue essential for its activity, either enzymatic, colorimetric or fluorescent. Finally, the protein activity has to be detected easily with a standard assay.

i.2. Use of fluorescence to assess Met misincorporation

As discussed in the introduction, several studies developed colorimetric or fluorescent tools to monitor mistranslation. No enzyme with colorimetric activity (like luciferase) was found with a known essential Met residue. However, some fluorescent proteins (FPs) harbour a Met residue crucial for their fluorescence capacity. The GFP protein from Aequorea victoria and its derivatives are popular but do not possess an essential Met residue (Table S1 and Table S1, page 196). This protein presents faster maturation and reduced oligomerization tendency compared to DsRed [START_REF] Wiedenmann | A far-red fluorescent protein with fast maturation and reduced oligomerization tendency from Entacmaea quadricolor (Anthozoa, Actinaria)[END_REF]. Engineering from this protein sequence allowed design of mRuby2, a monomeric RFP with improved brightness and photostability (Table S1; [START_REF] Lam | Improving FRET dynamic range with bright green and red fluorescent proteins[END_REF]. Since Met mismethionylation and misincorporation is a relatively rare event in cells, I needed enough brightness to be able to detect Met misincorporation. All these fluorescent properties for mRuby2 (mRuby3 has been engineered later during my PhD) led me to choose this red fluorescent protein to visualize and quantify Met misincorporation.

Library of 60 codons mutants --GGG-TAC-GGT--

EGFP

i.3. Design of the bifluorescent protein reporter

We wanted to use this fluorescent protein in a way similar to the one used in a previous work to Observing rare event like Met misincorporation raises several questions about the yeast promoter that should be used to have enough protein expression, and about the nature of the expression system. Yeast vectors usually contain standard promoters: some are constitutively active, whereas others can be activated by metabolic changes or metabolites. In the same way, some promoting sequences are considered strong promoters and allow high gene expression. For our bifluorescent protein reporter, I have used the promoter of the TDH3 gene (also called GAPDH or GPD) coding for the glyceraldehyde-3-phosphate dehydrogenase involved in glycolysis. This pGPD is considered as a strong promoter and is constitutively expressed in cells [START_REF] Bitter | Expression of heterologous genes in Saccharomyces cerevisiae from vectors utilizing the glyceraldehyde-3-phosphate dehydrogenase gene promoter[END_REF]. Another aspect of the plasmid that was used, was the choice of the origin of replication determining the plasmid copy number. In yeast, commonly used vectors are either high copy number (episomal or 2µ plasmid, p42x series) or low copy number (centromere or CEN/ARS plasmid, p41x series). Quantification of the number of copies for these plasmids showed that 2µ plasmid copy number varied between 15 and 35 copies per cell, and CEN/ARS plasmids ranged from 2 to 5 copies [START_REF] Karim | Characterization of plasmid burden and copy number in Saccharomyces cerevisiae for optimization of metabolic engineering applications[END_REF]. This heterogeneity in copy number for the same cell population would have been a problem for microscopy analyses since some single cells will have a strong fluorescent signal compare to others with weak or no signal at all (figure R-4). More surprisingly, some cells were heterogeneous for green and red fluorescence with these types of vectors, which should not be the case since After yeast transformation, the pRS304-BFP vector allows selection of positive clones on selective minimal medium lacking tryptophan (see Mat&Met, page 228). Clones growing on this medium were collected and analysed both by Western blotting of total cell extract and by epifluorescence microscopy. For the same plasmid used, positive clones (supposed to carry single copy of the BFP reporter and the TRP1 marker) expressed the reporter with high heterogeneity among the clones that were selected (figure R-6). This was surprising since all clones should have expressed the BFP reporter under control of the strong and constitutive pGPD promoter. Thus, the reporter integration at TRP1 locus might interfere with protein expression in some cases. For microscopic quantification of fluorescence, I needed suitable expression of the reporter (signal between clone 5 and 7, figure R-6). Thus, selection of each positive clone from the whole bank of plasmids was required before fluorescence quantification and further analyses. After each yeast transformation, several clones had to be analysed by epifluorescence microscopy to select one clone with suitable EGFP expression and was kept to build the FBP reporter yeast strain library (figure R-7 and Supplemental S1).

i.5. Proof of concept for BfP reporter

Once the yeast strains harbouring the whole plasmid library were obtained, it was necessary to confirm the loss of red fluorescence for each BFP mutant to ensure that Met misincorporation by actually lost for all BFP mutants, except for BFP(Gln CAA and Gln CAG ) for which the red fluorescence is closely equivalent to native BFP(Met ATG ) with, however, some heterogeneity in the red signal among cells from the same clone. This strong and heterogeneous red signal is unlikely reflecting the Met misincorporation, which should constitute a rare event, suggesting that the Gln67 substitution might be able to form an active fluorophore. Such fluorophore (Gln67, Tyr68 and Gly69) is actually present in other RFP like DsRed and mRFP1 (Table S1, page 196), and this substitution reconstitutes the red fluorescence in BFP(Gln). Thus, using our BFP reporter, we could identify and quantify of Met misincorporation at all coding codons with the exception of the CAA and CAG codons coding for Gln.

For quantification of Met misincorporation, we wanted to normalize the red signal with the expression level of each BFP reporter. As seen in 

. Design and optimization of the quantification protocol

The method used to quantify Met misincorporation was really important step to ascertain that there was no bias that was introducing in the imaging and calculation. Selecting strains with similar BFP expression was the first restricting criteria we imposed to be sure that all green fluorescent images had similar intensities. This was crucial, since high intensity can saturate the camera sensor, with some pixels exceeding the dynamic range of the camera and resulting in distorted results.

In the same way, it allows working with the same excitation exposure for all samples, so that the fluorescent intensity (green and red) is proportional to protein amounts. After setting up these Leu CTC Leu CTG Leu CTT Leu CTA Leu TTA Leu TTG Arg CGG Met ATG Leu CTC Leu CTG Leu CTT Leu CTA Leu TTA Leu TTG Arg CGG Met ATG 

i.7. Deletion of Arc1 enhances global Met misincorporation

As I mentioned in the introduction, Arc1 is a major cofactor of yeast MetRS and GluRS that enhances the catalytic efficiency of the enzyme mainly by increasing their binding efficiency to tRNA All arc1∆ spores present typical slow growth and small colonies on agar plates (figure R-13B).

U C A G U C A G U G C A U G C A U G C A U G C A Met misincorporation (%)
G U C A G U G C A U G C A U G C A U G C A Met misincorporation (%)
Analysis of the nRS for each individual colony shows that deletion of ARC1 induces higher signal for all six arc1∆ spores compared to WT (figure R-13c, left part). I obtained the same result with the BFP(Leu TGG ) strains (figure R-13c, right part). Thus, the higher misincorporation signal observed in the arc1∆ is not due to difference in genomic background but is correlated with the absence of the Arc1 cofactor.

I.8. Development of the BfP system for use in oxidative conditions

As discussed in the introduction, tRNA mismethionylation by yeast MetRS and subsequent Met misincorporation into proteins might prevent oxidative damages through reversible redox reactions.

Hence it was necessary to adapt the tandem fluorescent probe for use in oxidative conditions and to compare our results with the ones obtained in previous studies of yeast mismethionylation [START_REF] Wiltrout | Misacylation of tRNA with methionine in Saccharomyces cerevisiae[END_REF].

I.8.1. Setting oxidative stress conditions

In the literature, oxidants and their working concentrations are extremely diverse, and depend on the yeast strain used in the study and the growth conditions (rich or minimal medium, in liquid or solid medium). In a first attempt to assess oxidative stress effects on mismethionylation, we wanted to grow the BFP strains in rich liquid medium (no nutritional deficiency) with oxidant added at a -Methyl MethaneSulfonate (MMS), a DNA alkylating reagent that enhances ROS production [START_REF] Salmon | Biological consequences of oxidative stress-induced DNA damage in Saccharomyces cerevisiae[END_REF].

These oxidative chemicals were added to the rich liquid growth medium and yeast growth was monitored (figure R-14A). Surprisingly, the effects on yeast growth were different according to the oxidizing chemical used. For some oxidants, increased concentrations did affect the growth rate, switching from exponential to linear growth with higher generation time (figure R-14A, growth curves with Paraquat, diamide and MMS), but for both H 2 O 2 and arsenite no effects on growth rates were observed. Instead of reducing the yeast growth rate, increased amount of these two chemicals induced a delay in the logarithmic growth, but once the cells started to divide no growth lowering was observed. This longer lag phase might be due to oxidative cell adaptation for a certain time, or might reflect the time needed for yeast to detoxify all the amount of oxidant. These first growth assays allowed us to monitor the working concentrations in liquid medium of paraquat (5 mM), diamide (2 mM) and MMS (2 mM). For H 2 O 2 and arsenite these results did not enable to estimate the non-lethal concentrations.

Following these oxidative growth assays, more adjustments were needed. Indeed, we wanted to read mismethionylation after a specific time of incubation with the oxidant (from 1 h to several hours). This condition supposed adding the oxidant while the BFP strain was in logarithmic growth phase. Thus we started culture of the strain, and added H 2 O 2 after around 6 hours (OD 600nm While adding 1 mM H 2 O 2 on cells did not significantly affect the growth rate, 2 mM H 2 O 2 seemed to stop cell division for a while (around 2 hours) and lost its inhibitory effect thereafter. We assumed this lag effect might be due to ROS-dependent inhibition of protein synthesis, since such translational effect had previously been described [START_REF] Shenton | Global translational responses to oxidative stress impact upon multiple levels of protein synthesis[END_REF].

Inhibition of translation by oxidants was an issue for our BFP system since production of the tandem fluorescent probe relies on protein synthesis to monitor mismethionylation. We tested the effect of H 

I.8.2. Adapting the BfP system to oxidative stress

Since action of ROS had a general impact on translation, it was crucial to adapt our BFP system to be well expressed under oxidative conditions. Since the GPD promoter (pGPD) upstream the BFP coding sequence is a constitutive promoter, we wanted to use a promoter specifically activated under oxidative stress. We took advantage of previous studies performed on yeast to identify Obviously, the majority of the proteins up-regulated in response to ROS exposure were identified as protective enzymes involved in ROS primary and secondary defences (figure i-27, page 84).

Among these genes, we selected the promoters of the two Msrs enzymes Mxr1/Mxr2, the catalase Ctt1, the peroxiredoxin Tsa2, the glutathione peroxidase Gpx2 and the thioredoxin Trx2. We thus amplified these associated promoters (1,000 bp upstream the coding sequence) by PCR and cloned each promoting sequence upstream the BFP(Met ATG ) reporter by removing pGPD in parallel First observations show that all three oxidants used in this assay gave significant global increase in mismethionylation after 1 h or 3 h of treatment, with lower effects for diamide that might be due to a low working concentration (1 mM used, whereas 2 mM seemed more appropriate according to figure R-14A, page 130). Interestingly, the three BFP(Leu CTC, CTT and TTG ) strains used show high impact of H 2 O 2 or arsenite on Met misincorporation, with a 2-to 3-fold increase after 3 h treatment for BFP(Leu CTC ) and BFP(Leu CTT ), and to a lesser extent for BFP(Leu TTG ). Again, this study revealed strong mismethionylation at Leu codons induced by oxidative stress, but also at additional codon positions in a lesser extent. Hence, this preliminary result suggests that Met misincorporation might constitute a specific defence against oxidative stress, with a preference for mismethionylation at Leu codons. i.9. Discussion i.9.1.

(figure R-15A

Confirmation of mismethionylation by mass spectrometry

Results of mismethionylation obtained in rich medium gave us unexpectedly results since the potentially mismethionylated tRNAs by the MetRS appeared to be essentially the tRNA Leu species.

These tRNAs were not found particularly mismethionylated in yeast, except maybe for tRNA Leu (UUC) all coding codon positions, we needed to confirm these results by mass spectrometry as a proof of concept. Indeed, the remaining red fluorescence found for the six BFP(Leu) strains could either be (i) a signal caused by few mismethionylation events at Leu codons in yeast or (ii) a faint signal caused by the leucyl residue accurately incorporated in position 67 of the mRuby2 sequence, without any mismethionylation event. This latter assumption could be explained by a similar size and properties shared by leucine and methionine (figure R-17A) residues. Therefore, the conformation of leucyl residue in the mRuby2 fluorophore could partly restore red fluorescence signal without any Met misincorporation event. To confirm our microscopic observation, we designed the mRuby2 sequence to be analysed by mass spectrometry (MS). In its present sequence, after trypsic digestion (required for MS analysis), the mRuby2 fluorophore is located in a 23 residues-long peptide with a spectrum not detectable by MS (figure R-17B). Hence, we created the complete collection of mRuby2 F59K ( F59K BFP) mutants with a 12 residues-long peptide suitable for MS analysis. Unfortunately the F59K mutant lost its red fluorescence properties (data not shown) and cannot be used for microscopic quantifications. We sent total protein extracts from strains expressing the F59K BFP constructs ( F59K BFP(Met,Leu, Arg, Lys and Gln)) to MS analysis, but no peptide corresponding to misincorporation events have been observed in the samples we submitted to MS analyses. Absence of detection might be explained by a two weak sensitivity of the technique. Since there are only few events of Met misincorporation, the number of peptides with Met67 is too small to be detected in a total protein extract. To increase our chances to observe misincorporation events, we will prepare pure BFP protein extract by co-immunoprecipitation of the tandem fluorescent reporter with anti-GFP antibodies and purification on magnetic beads.

and

i.9.2. Met misincorporation at leu position

Our results are divergent from previous studies and can be explained by the fact that we are using a different method. All studies aiming at identifying mismethionylated tRNAs were done using found as highly mismethionylated in yeast [START_REF] Wiltrout | Misacylation of tRNA with methionine in Saccharomyces cerevisiae[END_REF], our BFP system also identified the entire set of Leu codons and with high rate of Met misincorporation. Replacement of Leu by Met seems a logical strategy at first sight since (i) Leu is one of the most abundant aa found in proteins, representing 32 % of all aa residues along with Ser, Lys and Glu, and is present in all proteins [START_REF] Wu | Amino acids : biochemistry and nutrition[END_REF]. Hence mismethionylation can occur at multiple positions in the proteome. Moreover, (ii)

Leu is a hydrophobic residue with a neutral lateral chain, and is nearly isosteric with Met, meaning that replacement by Met would not alter drastically the protein structure. However, Leu is found preferentially buried in low accessibility regions into proteins (Mer and Andrade-Navarro, 2013), so

Met misincorporation in such locations would limit encounters with ROS for further detoxification.

Comparisons between tRNAs Met and tRNAs Leu also show that (iii) tRNAs Leu are sharing most of the identity elements essential for MetRS recognition ( 

i.9.3. Multiple use for the BfP system

Now that the collection of the 61 BFP plasmids is available, the system can be expressed in various strains to analyse the effects of some genes that could be involved in Met mistranslation.

We already have the whole collection in the WT RS453, BY4742 and W303 yeast backgrounds, Discussion 141 observed for yeast MetRS. Even expressed in a heterologous system, our BFP system might be attractive to study the whole Met misincorporation pattern of orthologous MetRSs. We can also test myriads of conditions in which Met misincorporation could be either enhanced or reduces.

and
I have started to analyse BFP strains grown in glycerol, a respiratory medium where mitochondria are highly active and supposed to produce high quantity of ROS (figure i-26, page 82), but preliminary results did not show significant enhancement of Met incorporation.

All the Met misincorporation results shown in this thesis have been obtained by imaging cells with an epifluorescence microscope. It allows analysis of single cells but imaging several cells might be time consuming if one wants to be statistically relevant. Indeed, imaging more than hundreds of cells cannot be performed in a reasonable time. Therefore, during my time in the lab, I tried to analyse BFP strains using flow cytometry. This technique allows the analysis of thousands of cells in less than a minute. By using flow cytometry, we were able to see the increase of Met misincorporation for BFP(Leu CTC ) strain after treatment with 5 mM paraquat (Supplemental S3, page 199). In the future, both microscopy and flow cytometry could be complementary methods to monitor Met misincorporation.

i.9.4. Met misincorporation and surface exposed defence

The Met misincorporation in proteins is thought to play an important role in ROS scavenging, since deletion of the methionine sulfoxide reductases (Msrs) is deleterious for cells surviving (Table i-9, page 86). However, this system might be robust only if these misincorporated Met residues were accessible by the ROS and the Msrs enzymes, meaning that they are surface-exposed in the protein structures [START_REF] Levine | Methionine residues as endogenous antioxidants in proteins[END_REF][START_REF] Tarrago | Methionine Sulfoxide Reductases Preferentially Reduce Unfolded Oxidized Proteins and Protect Cells from Oxidative Protein Unfolding[END_REF]. If such a system exists, the translation machinery should misincorporate Met in precise position along the mRNA sequence. Our hypothesis was as followed: we assumed that the tRNAs that are the most mismethionylated (or the most mismethionylated tRNA isoacceptors) would translate an mRNA codon coding for an aa often found exposed at the surface of protein structures. With such a system, the Met misincorporation would not be a random mechanism and the additional Met residues would statistically be more present on protein surface. Hence, we were interested in the correlation between position of an aa residue in the protein structure and its corresponding codon in the mRNA sequence to see if there was some sort of codon usage bias for surface-exposed residues. We started a bioinformatics study in collaboration with Dr. Olivier Poch and Dr. Luc Moulinier (ICube, UMR CNRS 7357, Strasbourg). The aim Discussion 143 of this work was to download all existing yeast protein structures, dissociate the surface exposed residues from the buried residues, and recover their corresponding coding codon in the mRNA sequence. At the end, we should have a list of each 61 coding codon sorted by their exposed/buried ratio of the associated corresponding aa residue. With this study, we wanted to know whether some codons (Leu codons?) are more prone to code for surface-exposed residues. It would also be interesting to analyse this result with respect to synonymous codons since we found different Met misincorporation rates depending on the synonymous codon analysed.

i.9.5. concluding remarks

This project still needs improvements in the methodology. To study more precisely the effects of oxidative stress, we need to find an adequate promoter strongly induced by oxidants. Moreover, if we want to study Met misincorporation in a shorter time lapse, we would need to change the red fluorescent protein, since maturation time of mRuby2 is too long for observation after shorter times (150 min for mRuby2, 40 min for mCherry). Despite some adjustments in the technique, we already have plenty of constructs to efficiently study Met misincorporation in yeast. The first data have already shown interesting results, with Met misincorporation at some codon that had never been identified before, and for the first time we have seen the impact of Arc1 in MetRS accuracy.

Altogether, the results from this project will allow us to elucidate some of the molecular aspects of the adaptative translation in yeast. 

ii.2. general characterization of the proteolytic cleavage ii.2.1. Design of ex vivo cleavage protocol and role of Rim13 protease

To go further into details about the production of this truncated MetRS, we wanted to prove this shorter form was produced by endoproteolytic cleavage. We had previous evidence that this shorter form was not generated by translation at an alternative start codon but rather mediated by protease-specific cleavage (Laporte, thesis, 2016). However, no data were obtained concerning ). Yet incubation of the recombinant MetRS∆142 isoform with r m1 ∆ extract did not show an additional degradation even after 30 min incubation, showing that this cleavage is really specific for the full-length yeast MetRS. However, the recombinant MetRS∆142 isoform seems to be shorter since the molecular weight (MW) of the band before incubation is slightly bigger than after 5 min incubation with the extract, suggesting that the truncated form is shorter than the MetRS∆142 isoform (lane 5 and 6).

ii.2.2. chemical and physical properties of the MetRS processing protease

The protease Rim13 might play a major role in regulating MetRS cleavage but is not the protease that cleaves MetRS. To go further in trying to identify the MetRS processing protease, the cleavage assay was performed using different protease inhibitors or divalent-cations chelators. Results So far, I haven't elucidated the presence of this additional band at acidic pH. However, the specific proteolytic activity for low pH strongly suggests that the unknown protease might be present in acidic compartment such as the vacuole or endosomes.

in

ii.3. The Arc1 protein acts as MetRS protector from proteolytic cleavage

The cleavage site was predicted to be located between residue 

DEAE

Bed volume: At first sight, the region around these residues is mainly hydrophobic. This is consistent with a Pep4-mediated cleavage since early studies have shown that Pep4 preferentially cleaves substrates between two hydrophobic residues: Phe, Leu or Glu at P1 site (aa on the N-terminal side of the hydrolysed peptide) and Phe, Ile, Leu or Ala at P1' site (aa on the C-terminal side) [START_REF] Dreyer | Substrate specificity of proteinase yscA from Saccharomyces cerevisiae[END_REF][START_REF] Kondo | Substrate Specificities and Kinetic Properties of Proteinase A from the Yeast Saccharomyces cerevisiae and the Development of a Novel Substrate[END_REF]. This last result was surprising, and to be sure that no recombination occurred during plasmid transformation, I sequenced the MetRS-V5 sequence in each yeast genomes. Sequencing results

showed the expected MetRS-V5 sequences for these mutants, with only the three mutated residues.

In an attempt to find a cleavage MetRS mutant, I designed other mutants for the cleavage site.

Knowing that Pep4 (if Pep4 is really the protease acting in vivo) had preferences for hydrophobic residues, I made substitutions with positively charged residues (Y132R, Y132D or Y132D/A133R).

Results in Figure R-28F

shows the same cleavage effect of these mutations than for 3A mutant, with a high yield of cleavage, sometimes either higher than in an arc1∆ background. MetRS was quantified, not the absolute quantity: indeed this large increase at 42 °C is also due to apparent decrease of total MetRS, with the full-length form decreasing in higher proportion than the MetRS(∆132) isoform. This massive decreasing was not observed neither for the WT nor for the 

ii.7.4. cleavage of MetRS prevents its precipitation at high temperature

Since the proportion of cleaved MetRS increases during heat stress, we needed to understand the function of the MetRS(∆132) during temperature increase. A recent study showed that aggregation of endogenous proteins occurred after a heat shock of 8 min at 46 °C in S. cerevisiae [START_REF] Wallace | Reversible, Specific, Active Aggregates of Endogenous Proteins Assemble upon Heat Stress[END_REF]. This study particularly showed that yeast MetRS (as well as GluRS) formed cytosolic aggregates after heat stress, and in vitro reconstitution of AME complex aggregates revealed that the pelletable material was, surprisingly, still active for aminoacylation. Interestingly, in their SDS PAGE analysis the authors report presence of an additional band that they called "a minor soluble degradation product" which might correspond to the MetRS truncated form. This product appeared to be more soluble at 46 °C than the MetRS(WT). These in vivo and in vitro results strongly suggested that the MetRS(∆132) might be more soluble than the WT form at higher temperatures. To test this hypothesis, mes1∆ strains expressing either the WT or MetRS(∆132) fused to GFP were analysed by showed that the truncated MetRS(∆132) is more stable at higher temperatures than its full-length counterpart.

Knowing the higher thermal stability of the cleaved MetRS, I was wondering if its solubility was intrinsic or due to the absence of Arc1. Indeed, the MetRS(WT) precipitation could be induced by Arc1 thermal denaturation and subsequent aggregation, and loss of Arc1 interaction might rescue the cleaved MetRS from aggregation. To test this possibility, the MetRS-GFP expressing strains were deleted for ARC1 gene and observed as described above. Microscopy analyses of these strains showed that absence of Arc1 did not prevent aggregation of the MetRS(WT)-GFP (Supplemental S4, page 201). Thus, the higher solubility of the MetRS(∆132) is only due to the absence of its N-terminal part, and not because of its it loss of interaction with Arc1.

II.8. Discussion and preliminary results

II.8.1. MetRS cleavage and cellular compartimentalization

Using the ex vivo cleavage assay led me to the identification of the Pep4 vacuolar protease, and deletion of PEP4 gene totally abolished MetRS cleavage in this assay. However, in vivo observation showed that cleavage still occurred in a pep4∆ strain, and revealed a complex regulation in the yeast cell with very likely another (or several) protease(s) involved in the cleavage. One of the possible drawbacks of the experiments I did could originate from the way I prepare f my yeast extract samples used in the ex vivo assay. Indeed, the extract used (and supposed to contain the protease) is obtained by cell breakage and sequential centrifugations at 5,000 and 13,000 × g of the extract to get rid of cellular debris and heavy membranes (soluble fraction called S13). These centrifugations were also required to avoid clogging of the tubing during HPLC system chromatography. By using a 

II.8.2. cleavage complexity and other proteases

The cleavage of MetRS appears to be more complex since lower form of cleaved MetRS have been observed in Immunoblotting of membranous fractions (figure R-34B, blue star). Other form of truncated MetRS appeared also when I was searching for other potential proteases implied in the cleavage (figure R-34c). Since deletion of the PEP4 gene was not enough to prevent cleavage in vivo, I tested with the ex vivo assay strains deleted for proteases known to be processed and matured by Pep4, or other vacuolar aspartic proteases. Note that the Cps1 protease (carboxypeptidase S) was identified to be a MetRS(∆132) interactant in the co-IP experiments (figure R-31D, page 166).

I have used a highly purified recombinant MetRS for this ex vivo assay, and slightly decreased the pH for the reaction to mimic the vacuolar environment (from 7.2 to 6.5). In addition to the MetRS(∆132) form already identified, a second lower form appeared in this assay, and deletion of Pep4 did not abolish completely the formation of this proteolytic product. When examining deletion of other proteases, it appears that (i) cps1∆ deletion mutant exhibits less cleavage than for WT strain, and (ii) ps1∆ strain shows less production of the additional lower form (figure R-34c). It would be interesting to delete these two genes in the pep4∆ strain expressing MetRS-V5 to see if the cleavage is decreased or abolished.

II.8.3. Cleavage of MetRS is fluctuant depending on yeast clones

When 

II.8.4. clarifying the role of the truncated MetRS

I have identified heat shock as the major trigger of MetRS cleavage, and we have seen that the truncated MetRS(∆132) was more soluble than its WT counterpart at high temperatures (figure R-33, page 170). However, I did not find a precise functionally different role for this truncated form.

I made an intriguing observation while dissecting diploid cells expressing the MetRS(∆132)-V5. The truncated MetRS can sustain cell viability without presence of the full-length, but the majority of the spores expressing the shorter form was growing slower than the other clones (figure R-36A, red arrows). Yet this slow growth was not systematic since some tetrads were composed of four spores with similar size. After growing these small colonies in liquid medium overnight (O/N) and plating on a rich medium, it appeared that majority of plated cells formed small colonies but some were forming larger clones (figure R-36B). Spontaneous apparition of these larger clones (still expressing only the shorter form) was intriguing and meant that a certain adaptation was necessary for cells to normally grow. Indeed, these larger clones (called MetRS(∆132) SUP) are growing similarly to the WT strain (figure R-36c). As expected, the small clone MetRS(∆132) started to grow slowly but reached a higher dividing speed after 10 hours, time needed for apparition of a SUP phenotype. We thought that these SUP clones originated from mutations in the genome (called suppressor mutation) allowing the cell to adapt its growth with only the MetRS(∆132) isoform. Discussion and preliminary results 179
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Thus I prepared genomic DNA of these strains (small MetRS(∆132) clones and their associated SUP clones) and sent them to high throughput DNA sequencing platform to identify potential mutation.

Despite high quality of sequencing, the SNP profiles were identical, but some differences in the gene Copy Number Variant (CNV) were identified for some genes (listed in Table S3, page 202).

Among these genes, apart from retrotransposons and genes with unknown functions, most of the genes are localized in the plasma membrane or the cell wall.

In the meantime, I tried to find particular conditions in which strains expressing only the truncated MetRS would present a growth phenotype different from the MetRS(WT) strains. Thus I followed the growth of these strains on solid medium (drop tests) in different conditions including thermal and nutritional stresses, since the cleavage was more present for these conditions (figure R-36E

and Supplemental S7A, page 203). In all conditions tested the SUP strains expressing MetRS(∆132) displayed a similar growth than WT strains. In contrast, and as expected, the MetRS(∆132) strains with no suppressive mutation exhibited a slow growth for all conditions, with some SUP clones growing faster. However, it appears that these strains have more difficulties to grow at lower temperatures, since tiny clones were observed at 25 °C compared to 30 °C (figure R-36E). Maybe, this truncated form is more adapted to higher temperature, and would explain a higher cleavage during heat stress. However, first preliminary results have shown no better survival for the MetRS(∆132) strain compared to the WT strains during heat stress (Supplemental S7B, page 203), and comparison of in vitro aminoacylation activities between the two recombinant MetRSs did not show significant differences when temperature was raising (Supplemental S8, page 204).

II.8.5. Truncated MetRS and mismethionylation

For a long time we presumed that the shorter MetRS would be the major form for mismethionylation.

Indeed, since loss of its N-terminal domain prevents its binding to Arc1, MetRS(∆132) is more prone to tRNA mismethionylation. First aminoacylation assays have shown that the K m of the MetRS(∆132)

for the tRNA Met transcripts was similar than for the MetRS(WT) (Table R-3). Taking advantage of my work on the first project and the development of the dual-fluorescent reporter, I expressed some of my BFP reporters into the mes1∆ strain expressing only the MetRS(∆132)-V5 form (this strain appeared to be a SUP strain). As seen in figure R-37, the MetRS(∆132) strain seems to yield more Met misincorporation events than the WT strain. Indeed, positive signals are observed for BFP(Lys AAG ), BFP(Ile ATT ) and BFP(Ala GCG ), whereas no Met misincorporation event was observed for these three codons in a WT strain. This result correlates with a truncated MetRS(∆132) more error 

II.8.6. concluding remarks

Studying the dynamic of the MetRS(∆132) appeared to be more complex than expected. The Pep4mediated proteolytic cleavage was observed ex vivo but not in vivo, showing a higher complexity in cells, probably due to MetRS post-translational modifications or cell compartimentalization. Finding a non-cleavable form of MetRS was also challenging, and the overproduction of MetRS(∆132) observed in several mutants of the N-ter domain indicates a finely tuned regulation of the MetRS cleavage. This MetRS N-terminal domain seems to be highly regulated in terms of structure and posttranslational modifications and might be intrinsically disordered since the full-length MetRS has never been crystallized. Our data suggest that the MetRS(∆132) produced in response to heat stress but its exact role still needs to be clarified. The bottleneck in the identification of the role of MetRS(∆132) resides in the extreme difficulty if not the impossibility to a non-cleavable MetRS mutant. If we could obtain such a mutant MetRS, we would be able to see whether this MetRS(∆132) is essential or not and if this essentiality is related to heat stress or to another physiological condition. Another possibility is that the role of MetRS(∆132) is to regulate transcription of a subset of genes (involved or not in the heat response) since MetRS(∆132) is the isoform that is found inside the nucleus. In summary, all the results I have accumulated during my study of the MetRS system unambiguously show the presence of a new truncated isoform of MetRS that potentially has a role in the response of yeast to stress whether heat-, oxidative-or some other kind of stress. Growth of this deletion strain was never tested on respiratory medium since the level of the Arc1 protein decreases during respiration suggesting that the two aaRSs might be constitutively present in their respective organelle, leading to synchronous expression of ATPase subunits and growth on respiratory medium. When I was testing strains for growth phenotype associated with MetRS(∆132), I also tested the growth of arc1∆ strains in different media, including the respiratory medium. Depending on the genetic background, the growth efficiency was different, but most of the time, absence of Arc1 correlated with an absence of growth in respiratory medium. This "petite" phenotype, associated with a blockage in the aerobic respiratory chain pathway, had never been described in the literature. Hence, I started to analyse into more details this phenotype to try to understand the role of Arc1 in respiration.

iii.2. Arc1 is dual-localized in the cytosol and mitochondria

The arc1∆ strain available in the lab was derived from a BY4742 strain. It appeared that this genetic background was not suitable for respiratory growth since growth onto glycerol (a non-fermentable carbon source) was impaired even for the WT strain (figure R-39A). Thus, it was difficult to compare the effect of ARC1 deletion in such strain. During my PhD I engineered an arc1∆ deletion strain in the RS453 genetic background. The WT RS453 strain displayed an efficient respiratory growth, and subsequent deletion of ARC1 induced a loss of growth on glycerol medium, but not on galactose medium, a fermentable substrate that does not elicit repression of mitochondrial 

iii.3. Respiratory deficiency can be suppressed spontaneously

We found that absence of ARC1 gene correlated with a strong growth deficiency in respiratory rich medium. However, I noticed that after 5 days of growth on non-fermentable carbon source, Respiratory deficiency can be suppressed spontaneously 187 the observation from the yeast drop test, I spread a freshly grown (in glucose medium) arc1∆ strain onto a glycerol plate (YPGly). After seven days of incubation at 30 °C, several suppressor clones were observed (figure R-40A, white circles) and called arc1 SUP. Some of them were isolated and tested again for respiratory growth on a new drop test (figure R-40B, arc1 SUP1 and SUP2, and Supplemental S10, page 205). These two SUP strains displayed a respiratory growth that appears slightly slower than the WT strain and the arc1∆ strain overexpressing Arc1-HA. Thus, spontaneous mutation(s) in the arc1∆ genome can restore almost completely the WT growth phenotype under respiratory growth.

In the meantime, I was engineering some haploid stains by yeast crossing. I generated a diploid strain arc1∆ 1 expressing two MetRSs: one controlled by its endogenous promoter pMES1 and the other by the constitutive and strong GPD promoter (pGPD) (Supplemental S11A, page 206). Sporulation of this diploid strain produced ARC1 clones and arc1∆ haploids with either the endogenous MetRS (red circles) or the ectopic MetRS controlled by the GPD promoter (yellow circles). As shown in Supplemental S11A, all arc1∆ spores with the ectopic MetRS were able to grow under respiratory condition (2 % glycerol), whereas all the arc1∆ clones with the endogenous MetRS presented a "petite" phenotype. The only difference between them was the promoter, and pGPD appeared to be stronger both in fermentative (YPD) and respiratory (YPGly) conditions (Supplemental S11B). This observation led me to engineer arc1∆ strains that overexpressed the components of the AME complex (figure R-40B). As a positive control, overexpression of Arc1 did restore the growth in respiration.

In the same way, overexpression of the MetRS had the same impact, whereas overexpressing the GluRS was not beneficial for the growth in respiratory media. Interestingly, overexpression of the catalytic null MetRS had positive effect on the respiratory growth, but with a lower effect than the active WT MetRS (figure R-40B). The overexpression of the MetRS had an effect on respiratory growth, but not on fermentative growth, since arc1∆ spores overexpressing the MetRS had the same size on the dissection plate (YPD medium) (figure R-40c and 40D). I also try to determine if the mitochondrial localization of Arc1 was essential for respiratory growth: I engineered a strain where Arc1 is fused to the Vph1 protein, a vacuolar ATPase embedded in the vacuolar membrane with both its N-and C-termini facing the cytosol. After sporulation and dissection of the diploid expressing this Vph1-Arc1 fusion protein, the arc1∆ spores with vacuolar Arc1 were slightly larger than the arc1∆ strains (figure R-40D) and were able to grow on respiratory medium (not shown).

Thus, mitochondrial localization of Arc1 is not essential for growth in respiratory conditions. 
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iii.4. Identification of the suppressive mutation in ∆ SUP genome

After finding that arc1∆ SUP clones were able to grow in respiration, we wanted to localize the mutation(s) leading to this suppression phenotypes. Since overexpression of the MetRS appeared to recover the growth phenotype, MES1 gene has been sequenced in both arc1∆ and arc1 SUP, but no differences in sequences have been observed (data not shown). First, we wanted to know if only one or several gene were mutated in the arc1 SUP genome. To answer this question, I crossed an arc1∆ strain with an arc1 SUP strain, and I analysed the phenotype of each spore from a tetrad after sporulation (figure R-41A). It appears that all tetrad were composed of two spores growing on glycerol (respiratory medium), and two with a "petite" phenotype, meaning that the suppression phenotype arises from only one mutation in one gene (or at least few mutations on a single locus) (figure R-41B). To identify the mutated gene, the genome of arc1∆ strain as well as of arc1 SUP Discussion: Arc1 as a co-folding partner for mitochondrial relocalization 191 two cytosolic aaRSs was thought to be essential for accurate growth upon respiration. However, deletion of ARC1 gene, equivalent to a continuous release of the two aaRSs, was not viable on nonfermentable carbon sources, and revealed a more complex role for Arc1. Note that growth deficiency in respiratory medium for arc1∆ strain might be dependent on the genetic background tested, since a BY4742 arc1∆ strain can slowly grow on glycerol (figure R-39A and personal observations).

For the first time we have shown that Arc1 is actually a dual-localized protein in both the cytosol and mitochondria, partly explaining the respiratory deficiency in an arc1∆ strain. However, according to our results, accurate growth can be restored by overexpressing the MetRS, but not the GluRS (figure R41-B). This was really surprising, since no mitochondrial connections have been found

for the yeast cytosolic MetRS in the literature. One of our hypotheses was that the cytosolic GluRS was not able to reach mitochondria by its own, and that interaction with Arc1 was essential to carry the aaRS for mitochondrial translocation. To go further into details, I used arc1∆ strain to overexpress several mutants of Arc1 (figure R-42): either the N-terminal domain of Arc1, some deletion mutants (∆N, ∆M or ∆C), or Arc1 mutants unable to interact with either the MetRS (MRSØ);

the GluRS (ERSØ), or both (ERSØ MRSØ). Figure R-42 shows that the N-terminal domain of Arc1, the ∆M and ∆C mutants are able to completely restore respiratory growth, showing that the N-ter of Arc1 is important for yeast respiration. Indeed, the ∆N mutant did not fully restore the growth on respiratory media, showing that loss of interaction with the GluRS by its N-ter domain was important. Similarly, loss of interaction with the MetRS, and in a lesser extent with the GluRS, did not fully restore the respiratory growth. These preliminary results need to be confirmed, especially by showing the loss of interaction in vivo between the different Arc1 mutants and both the GluRS and MetRS. However, this last observation led us to think about a carrier role for Arc1 that could bring the GluRS into mitochondria. This assumption was in agreement with results showing that the three components of the AME complex were co-translationally interacting with each other through their respective N-terminal domains [START_REF] Shiber | Cotranslational assembly of protein complexes in eukaryotes revealed by ribosome profiling[END_REF]. More interestingly, the two aaRss can engage each other co-translationally, confirming the impact of MetRS overexpression on respiratory growth by interacting and folding properly the GluRS to be targeted to mitochondria. This is also in agreement with the vacuolar localization of the AME complex identified in the lab. Indeed, vacuole and mitochondria form several membrane contact sites (or vCLAMPs for vacuolar and mitochondrial patches), meaning that vacuolar AME complex is in close proximity to mitochondria and could favour M y PhD work was essentially focusing on the study of the dynamics of the AME complex and more precisely on the potential additional functions for the yeast MetRS. These four years allowed me to gain knowledge about yeast adaptation to different environmental conditions.

Yeast cells are found in a plethora of niches (soil, water, associated with plants or animals) and face a myriad of constantly changing environmental conditions (daylight, seasons…) that drive their metabolic activities. During environmental stresses, expression of stress response genes is regulated, and cellular proteome is highly dynamic. In our case, it appeared that the AME complex (and its individual components) is extremely dynamic when facing physico-chemical stress. We knew before my PhD that the source of carbon (which determines the habitat specificity for yeast cells) was crucial for the AME complex's dynamic and the subcellular relocation of its aaRSs (Frechin et al., 2014). My work brought even more complexity to this system by adding regulation mechanisms during oxidative and heat stresses (figure R-43). An interesting fact is the link between these two stresses: the truncated MetRS(∆132) was found to be highly produced during heat shock and might be a misacylating MetRS isoform. Moreover, the Pep4 protease was found to relocate from the vacuole to the cytosol during both oxidative and heat conditions. Despite the absence of link between Met misincorporation and heat stress, these preliminary results are in agreement with the yeast MetRS having a role during such environmental condition changes.

Localization of the AME complex components was also a huge issue during my PhD. In addition to the cytosolic and nuclear dual localization of the MetRS(∆132), we also found that the whole AME The dynamics and various roles of the yeast AME complex are far from being completely understood.

Even if it represents one of the simplest eukaryotic multisynthetase complexes, its additional cellular roles are still to be discovered, and having data about the whole AME complex structure would greatly help our understanding of its structure-function relationship. The present work has unravelled part of this complexity, and further analyses will certainly highlight new essential functions for the yeast MetRS and its human ortholog. 
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Supplemental figures and tables 197 -----------------------F Supplemental S12: Chromosomes segragation during sporulation and spores vability. The diploid mes1/mes1 strain is transformed with MES1(mutant) gene associated with TRP1 to provide Trp auxotrophy. After DNA replication and chromosome segregation, viability of each spores is observed, and gene content is assessed by aa auxotrophy upon growth on minimal media. Only one combination of chromosome segregation is represented here, with two MES1(WT) spores and two MES1(mutant) spores.
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About dissection tables:

The diploid used for sporulation and dissection is a mes1 mes1 strain expressing an ectopic MES1(WT)-HA at the TRP1 locus. Dissection of tetrads from this diploid gives rise to a 2:2 segregation (Table dissection 1). To test the viability of a MES1(mutant) gene, this diploid is transformed with MES1(mutant) gene (at LEU2 or URA3 locus), and tetrads are analysed after dissection. If more than 2 viable spores are obtained on the dissection plate (YPD), the MES1(mutant) gene can supply the absence of the MES1(WT) gene. They carry genomic and/or plasmid mutations that allow high plasmid yield.
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i.2. Bacterial growth media

For bacterial growth, the common medium used is LB-Miller medium, a rich medium containing peptone, yeast extract and NaCl (composition detailed in 

i.3. calcium chloride competent cell protocol

A single colony is inoculated in LB medium and incubated overnight (O/N) at 37 °C. Cells are diluted in 200-300 mL in the morning at OD 600 nm = 0.2 and grow at 18 °C until they reach OD 600 nm = 0.6. All the subsequent steps need to be realized at 4 °C, which includes cooling of the materials and solutions.

After 10 min on ice, cells are centrifuged 10 min at 2,500 × g. Pellet is gently resuspended in 80 mL cold TBjap buffer (10 mM Na-PIPES, pH 6.7, 15 mM CaCl 

I.8. PcR DnA clean up and gel extraction

To purify DNA from a protein-containing solution (restriction enzyme, kinase or phosphatase), the sample is either directly purified on columns with NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) or loaded on an agarose gel for electrophoresis then purified on gel with the same clean-up kit, following manufacturer's instructions. 

i.10.2. gateway™ cloning

Gene of interest (GOI) is amplified by PCR with primers flanked by attB1 (for the forward primer) or attB2 (for the reverse primer). After cleaning-up, the insert is ligated into the linearized pJET1. 

i.11. Plasmid sequence verification

To first verify the integrity of the plasmid, restriction digestion with specific restriction enzymes is performed and visualization of plasmid digestion is carried out to confirm the digestion profile.

The positive plasmid clones are then sent for Sanger DNA sequencing with a specific primer (SupremeRun, GATC Biotech, Eurofins Genomics). The sequence results are analysed with ApE plasmid editor software. Specific primers used for sequencing are listed in 

ii.2. yeast growth phases and oD monitoring

In most of the experiments with yeast, cells need to be collected when they reach the mid-logarithmic (or exponential) growth phase (mid-og phase) (figure MM-2). With our in house spectrophotometer (DU ® 730, Beckman Coulter), this phase is corresponding to an OD 600 nm = 0.5 -1.5. On average, the doubling time (DT) of wild-type yeast strains is 90 min. To dilute yeast suspension at the right initial OD 600 nm to be in the log phase (OD t ) after a certain time (t), the calculation is made as follow:

To verify the OD 600 nm , 1 ml of the culture is added to a polystyrene spectrophotometer cuvette and the OD 600 nm is measured with the spectrophotometer DU ® 730, Beckman Coulter. If the OD 600 nm is over 1, a 1/10 dilution is measured to be more accurate.

For growth phenotyping assay, yeast cells are diluted at initial OD 600 nm = 0.05 and inoculated into a final volume of 100 µL in a 96-well microplate. This plate is then shaken in a thermostated microplate reader (SAFAS Xenius XMA) for 48 h of orbital shaking (600 rpm) in cycle of 30 min followed by OD 600 nm measurement. Yeast transformation 231

ii.3. yeast transformation

We used the lithium method for yeast transformation adapted from [START_REF] Gietz | Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyethylene glycol method[END_REF]. All steps need to be performed in a sterile environment and all buffers are sterile/sterilized. Cells are collected when the OD 600 nm has reached the stationary phase, centrifuged at 4,500 × g for 5 min, 

ii.4. Serial dilution spotting assay

Drop tests are performed with fresh cells (OD 600 nm = 0.5 -1.5) of each tested strain resuspended in sterile distilled water and adjusted to the same initial OD 600 nm = 0.5. Ten-fold serial dilutions are prepared in water (10, 100, 1,000 and 10,000; see figure MM-3), and 8 µL aliquots of each dilution are spotted on appropriate agar plate vmedium. Plates are incubated at 30 °C for several days and photographed daily.

ii.5. yeast mating procedure

Yeast mating has been used to create diploids and to determine the essentiality of a gene by using yeast sporulation. It is also convenient to introduce two different plasmids or mutations into the same host cell and can be used as an alternative to yeast co-transformation. The procedure relies on the mating of two haploids strains with different mating type (a and α).

ii.5.1. Mating on agar plate

Mating on solid medium is performed when selection by at least one auxotrophic marker is possible.

The two mating type strains are grown on appropriate agar medium, and then mixed on an YPD agar plate, with very small amount of the strain with the selectable marker compared to the other one. Yeast mating procedure 233 majority of the clones should be diploids. Diploids are then selected by double mating with control strains PT1 and PT2 on agar plates.

ii.5.2. Mating in liquid medium

When no different markers are available for the diploid selection, mating can be realized in liquid medium. The two mating type strains are grown in YPD until they reach the mid-log phase.

Equivalent quantities of both strains are then mixed into a single glass tube and incubated at 30 °C under shaking. Every hour, shaking is stopped and the tube is left one minute on bench without any shaking to allow sedimentation of heavy particles, essentially diploids or shmoos (see figure MM-4). Then 10 μL are collected from the bottom of the tube, which should be enriched in diploids, diluted 1,000 times and spread on YPD agar plate medium. After 3-5 days of incubation at 30 °C, diploids are then selected by double mating with control strains PT1 and PT2 on agar plates.

ii.5.3. Selection of diploids and/or mating type selection

To determine the mating type of a clone, or to select a diploid, we used the strains PT1 (MATa, ile, hom3) and PT2 (MATα, ile, hom3). These two strains are universal tester strains that can be used to determine the mating type of strains that are auxotrophic for at least one of the commonly used markers. These two strains are auxotrophic for Met, Thr and Ile only, whereas our experimental strains are prototrophic for these aa and auxotrophic for at least one different aa. Thus, none of the haploid strains are able to grow onto SD medium without any aa, but the diploid resulting from the mating between PT1/PT2 and the experimental strain is therefore auxotrophic for all aa and can grow on SD medium. Thus, the tested strain is crossed with both PT1 and PT2, incubated O/N at 30 °C on YPD and then streaked onto SD medium. Then three results can be observed on SD medium:

-growth of the strain crossed with PT1: the strain is mating type MATα -growth of the strain crossed with PT2: the strain is mating type MATa See the text for lysis buffer composition. 

II.8.2. Soluble protein extract

Preparation of soluble protein extract was performed to remove membranous contaminants (figure MM-6B). This was necessary before any chromatography column purification or before the ex vivo cleavage assay. 50 OD 600 nm unit of cells were harvested by a 4,500 × g centrifugation for 5 min in a 50 mL Falcon™. Cells were lysed in 600 µL lysis buffer (50 mM Na-Hepes pH 7.2, 140 mM NaCl, 1 % (w/v) Triton X100, 0.1 % (w/v) deoxycholate, 0.3 % (w/v) NP40) with protease inhibitors tablet (Roche), transferred in a 2 mL tube with screw cap with 600 µL glass beads (Ø 0.25-0.5 mm, Roth), and broken using FastPrep®-24 homogenizer (6 × 30 s breakage at 6.5 m/s speed, with 3 min on ice between each cycle). The extract is centrifuged once at 500 × g for 5 min at 4 °C to remove cell debris, then the supernatant is centrifuged again at 13,000 × g for 10 min at 4 °C. The supernatant (S13) is used for the ex vivo cleavage assay. An additional centrifugation at 100,000 × g for 1 h at 4 °C was performed before using the soluble extract (S100) in the HPLC system for column chromatography. Acrylamide gels are prepared as followed:

II.8.3. Subcellular fractionation

-the lower layer (separating gel) is composed of acrylamide:bisacrylamide (30 % 37,5:1) diluted in 375 mM Tris-HCl pH 8.8, 0.1 % (w/v) SDS. Acrylamide concentration is adjusted according to the sample to be run (common values between 8 % (v/v) and 16 % (v/v)).

-the top-most gel (stacking gel) is composed of 5 % (v/v) acrylamide:bisacrylamide (30 % 37. -8). Detection was carried out using HRP-conjugated anti-rabbit or anti-mouse goat antibodies (BioRad), at a concentration of 1:3,000 (Table MM-8). ECL-plus reagents (Amersham) was used according to the manufacturer's instructions, and chemiluminescence detection was carried out using ChemiDoc™ imaging system (BioRad).

iii.2. tRnA synthesis by in vitro transcription

In vitro transcription of tRNA genes allows production of high amount (µg to mg quantities) of unmodified tRNA transcripts. This protocol needs production and purification of T7 RNA polymerase (RNAP), in vitro transcription from DNA template, purification of tRNA by gel electrophoresis and tRNA elution from polyacrylamide gel using electrophoresis cells.

iii.2.1. Purification of recombinant T7 RNA polymerase

The T7 RNAP is a single subunit of 100 kDa derived from the T7 phage of E. coli and highly specific for its promoter sequence. The recombinant T7 RNA polymerase used for tRNA in vitro transcription has been purified using vector pT7-911Q (Ichetovkin, Abramochkin and Shrader, 1997) expressing a 6×His N-terminally-tagged T7 RNA polymerase. The bacterial strain (LabCol 476) is inoculated in 3 L of LB + Amp medium at OD 600 nm = 0.01 and incubated at 37 °C until OD 600 nm reaches 0.6, then T7 overexpression is induced by adding 100 µM final IPTG and cells are incubated 4 h at 30 °C. Cells are collected by centrifugation at 5,000 × g for 10 min at 4 °C, then stored at -20 °C if the fraction will be used to check the overexpression by SDS-PAGE. The pellet is then thawed and dissolved in 

iii.2.2. Design of the DnA template used for transcription

Synthesis of tRNA by T7 RNAP transcription requires a DNA template ending with a 3' CCA triplet and a 5' upstream T7 promoter. The polymerase is much more efficient with sequence templates beginning with G's at +1, +2 and +3, with the first two G's critical for a good transcription yield. The presence of 5'-guanosines as crucial prerequisite for effective transcription by T7 RNA polymerase limits use of in vitro synthetized tRNAs. However, when a tRNA sequence starts with nucleotide different from G, a cis-acting self-cleaving ribozyme sequence can be added in 5' that will enhance These two methods produce linear DNA templates ending with 3' end CCA. Thus, termination of transcription by T7 RNAP always occurs after CCA synthesis.
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III.2.3. In vitro transcription of tRnAs

Standard amounts of DNA template used for T7 transcription is typically either 50 µg of plasmid linearized with BstNI (or isoschizomer MvaI Fast Digest) or 20 µg of purified PCR product with 3' end CCA. RiboNucleotides Tri Phosphates (rNTPs) must be prepared at 50 mM each, pH adjusted to 8.0.

GMP is added in excess to the mix to obtain 5'-monophosphate ended tRNAs. In vitro transcription is performed in TMSDT buffer 1 × (40 mM Tris-HCl pH 8.0, 30 mM MgCl 2 , 0.01 % (v/v) Triton X100, 0.2 mM spermidine, 1 mM DTT) with 4 mM each rNTP (ATP, UTP, GTP and CTP) and 16 mM GMP in a total volume of 500 µL. Around 5 µg of T7 RNA polymerase is added to each vial and reactions are incubated at 37 °C for at least 3 h. After about 1 h, a white precipitate of magnesium pyrophosphate might appear in solution and shows T7 RNA pol activity. This precipitate can be removed by addition of 10 units of inorganic pyrophosphatase. Average rate of T7 in vitro transcription is 200-260 nt/s with frequency error about 6.10 -6 [START_REF] Brakmann | An Error-Prone T7 RNA Polymerase Mutant Generated by Directed Evolution[END_REF]. Aliquots of each reaction can be analysed by running a 2 % (w/v) agarose gel to see presence of a smear around 100-200 bp.

Alternatively, a 12 % (w/v) polyacrylamide gel with 8 M urea can be ran to observe more precisely the final products.

If tRNA sequence is fused to transzyme (5' self-cleaving ribozyme), 5 volumes of transzyme buffer (20 mM MgCl 2 , 50 mM Tris-HCl pH 8.0) is added to the reaction and incubated for 1 h in a water bath at 50 °C. 

iii.2.4. Purification of in vitro transcripts by gel electrophoresis

iii.3. Purification of MBP-MetRS enzymes

I used an E. coli strain harbouring a pMALc2 plasmid with MES1 gene tagged with the sequence of Maltose Binding Protein (MBP) at the 5' end. Yeast MetRS purification protocol was designed previously in the lab and consists in a single step purification with amylose beads which is enough to get MetRS pure enough to be used for ex-vivo cleavage assay. However additional purification steps were necessary to prepare highly purified MetRS to perform aminoacylation assay.

iii.3.1. overexpression and enrichment of MBP-MetRS with amylose beads

Bacterial strain Rosetta™ 2 carrying the pMALc2 vector (Table MM-9) with MBP-MetRS construct is grown in 10 mL liquid LB + 100 mg.L -1 Amp medium O/N at 37 °C under constant shaking. The culture is then diluted at OD 600 nm = 0.05 in 1 L LB + 100 mg.L -1 Amp, and induction is initiated with 0.3 mM isopropyl ß-D-1-thiogalactopyranoside (IPTG) added to the medium when OD 600 nm = 0.5. After 3.5 h at 30 °C, bacterial cells are centrifuged at 6,000 × g for 5 min and washed once with PBS buffer.

The pellet is suspended in ice-cold lysis buffer (250 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.25 % (v/v) 
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iii.3.2. cleavage of MBP with factor Xa

The 

iii.3.3. FPLC purification of MetRS for enzymatic characterisation

Further purification of MetRS was performed on ÄKTA™ pure chromatography system and analysed with UNICORN™ software (figure MM-10). Fractions were collected in 96 deep-well plates using flexible fraction collector F9-C. All steps were performed in cold-room at 4 °C.

iii.3.3.1. Heparin chromatography

The pooled fractions eluted from amylose resin in atmospheric chromatography were dialysed in 2 L buffer 1 (20 mM Tris-HCl pH 7.5, 5 % (v/v) glycerol). After dialysis, the sample is then loaded onto 5 mL HiTrap Heparin HP affinity column (GE Healthcare) previously equilibrated with buffer 1. Heparin functions as a cation exchanger due to its anionic sulfate groups. After sample 

iii.3.4. Sample dialysis and determination of protein concentration

The dialysis tubing I used has a 10 kDa MW cut-off. Dried dialysis tubing needs boiling preparation for 10 min in a large beaker filled with 10 mM EDTA, 10 mM sodium bicarbonate. This boiling step removes heavy metals and preservatives from the tubing. Tubing is rinsed thoroughly with water then with distilled water and stored in 50 % ethanol, 1 mM EDTA at 4 °C. Tubing is rinsed with distilled water before use to remove any trace of ethanol and soaked in dialysis buffer for 10 min.

Bottom of the dialysis bag is clipped with plastic clip (Thermo Fisher) and sample is poured into the tubing. The other end of the bag is also clipped with plastic clip and length of the tubing is adjusted by cutting. Dialysis bag is suspended in ice-cold dialysis buffer under constant agitation with a stirring magnetic bar. The volume of the dialysis buffer should be at least 100 times the sample volume, and dialysis is performed for 3 h minimum.

To concentrate protein sample after dialysis, the dialysis membrane is placed in a box and covered 

iii.4. Aminoacylation assay

To determine the aminoacylation activity of purified recombinant MetRS(WT) and MetRS(∆132), I employed the following procedure: different concentrations of each enzyme (usually 1, 5 or 10 nM) were added to a 50 µL reaction mixture containing 100 mM Hepes-Na (pH 7.2), 10 mM 

iii.5. MetRS immunoprecipitation

The yeast MetRS (WT or ∆132) was tagged at its C-terminus with either cMyc or V5 epitopes. Yeast protein extracts were prepared as in §II.8.2. For immunoprecipitation, the µMACS™ Epitope Tag Protein Isolation Kits were used (Miltenyi Biotec). Equivalent of 2 mg proteins from the soluble extract were incubated with 50 µL microbeads in 1 mL final volume at 4 °C for 30 min. Two washes were performed using the Lysis buffer (50 mM Na-Hepes pH 7.2, 140 mM NaCl, 1 % (w/v) Triton X100, 0.1 % (w/v) deoxycholate, 0.3 % (w/v) NP40), then two washes with 20 mM Tris-HCl pH 7.5.

Elution was performed using 50 µL pre-heated 1× Laemmli buffer (125 mM Tris-HCl pH 6.8, 2 % (w/v) SDS, 10 % (w/v) glycerol, 2 % (v/v) ß-mercaptoethanol, 0.0125 % (p/v) bromophenol blue).

Eluate was analysed by SDS-PAGE and by mass spectrometry analysis.

iii.6. Mass spectrometry analyses iii.6.1. Procedure for co-immunoprecipitated MetRS interactants

Protein extracts were prepared as described in a previous study [START_REF] Chicher | Purification of mRNA-programmed translation initiation complexes suitable for mass spectrometry analysis[END_REF]. Briefly, each sample was precipitated with 0.1 M ammonium acetate in 100 % methanol, and proteins were suspended in 50 mM ammonium bicarbonate, pH 7. 

iii.6.2.2. lc-MS/MS and data analysis

For the first investigation (from ex vivo assay), nanoLC-MS/MS analyses were performed on a NanoAcquity UPLC device (Waters, Milford, MA) coupled with a QToF mass spectrometer (Q-Exactive
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Plus, Thermo Fisher Scientific, Bremen, Germany). The UPLC system was equipped with a Symmetry C18 precolumn (0.18 × 20 mm, 5 µm particle size, Waters) and an ACQUITY UPLC BEH130 C18 separation column (75 µm × 250 mm, 1.7 µm particle size, Waters). The solvent system consisted of 0.1 % (v/v) FA in water (solvent A) and 0.1 % (v/v) FA in acetonitrile (solvent B). Of each sample 4 µL was injected. Peptides were trapped during 3 min at 5 µL/min with 99 % A and 1 % B. Elution was performed at a flow rate of 450 nL/min, using the following gradient of solvent B: from 1 % to 6 % in 2 min, from 6 % to 50 % in 28 min, and from 50 % to 90 % in 1 min. The Q-Exactive Plus was operated in data-dependent acquisition mode by automatically switching between full MS and consecutive MS/MS acquisitions. Full-scan MS spectra were collected from 300-1,800 m/z at a resolution of 70,000 at 200 m/z with an automatic gain control target fixed at 3.10 6 ions and a maximum injection time of 50 ms. The top 10 precursor ions with an intensity exceeding 1.5.10 5 ions were selected from each MS spectrum for fragmentation by higher-energy collisional dissociation, excluding unassigned and monocharged ions. Spectra were collected at a resolution of 17,500 at 200 m/z with a fixed first mass of 100 m/z, an automatic gain control target fixed at 1.10 5 ions and a maximum injection time of 100 ms. Dynamic exclusion time was set to 10 s.

For the validation study, nanoLC-MS/MS analyses were performed on a NanoAcquity UPLC device (Waters) coupled with a QToF mass spectrometer (Q-Exactive HF-X, Thermo Fisher Scientific, Bremen, Germany). The same chromatographic conditions as previously described were used (except the flow rate at 0.4 µL/min and the injected sample volume of 1 µL). The Q-Exactive HF-X was operated in data-dependent acquisition mode by automatically switching between full MS and consecutive MS/MS acquisitions. Full-scan MS spectra were collected from 300-1,800 m/z at a resolution of 60,000 at 200 m/z with an automatic gain control target fixed at 3.10 6 ions and a maximum injection time of 50 ms. The top 10 precursor ions with an intensity exceeding 2.10 4 ions were selected from each MS spectrum for fragmentation by higher-energy collisional dissociation, excluding unassigned, 1+-and ≥ 7+-charged ions. Spectra were collected at a resolution of 15,000 at 200 m/z, an automatic gain control target fixed at 1. For the validation in a in vivo context, peak lists were searched using Mascot against an in-house database containing all S. cerevisiae entries extracted from UniProtKB-SwissProt (release of 05/2017, 7 903 entries), trypsin, common contaminants (35 entries) and the corresponding 7,939 reverse entries, generated using the database toolbox from MSDA, and identifications were validated using Proline, both with the same parameters as above. Since only the light TMPP isotope was used for labelling, the previously identified N-terminal peptide was confirmed by evidencing the presence of the b1 ion on the validated MS/MS spectrum.
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lists of primers, plasmids and yeast strains (5' 3')

i.1. Tables of primers

Only primers used for gene amplification on yeast genome and for plasmid sequencing of listed. The primers used for sequence mutagenesis and plasmid construction are not listed.

iv. --GCTTTCGATATCTTGGCAACTTCTTTT(XXX) TACGGTTCAAGAACTTTTATTAAGTACCC GGGTACTTAATAAAAGTTCTTGAACCGTA(YYY) AAAAGAAGTTGCCAAGATATCGAAAGC (XXX) : one of the 60 coding codon of the standard genetic code coding for the aa in position 67 in the mRUby2 sequence (YYY) : reverse complementary sequence from (XXX) 67

MATERIAL & METHODS • Lists of primers, plasmids and yeast strains

Introduction

Aminoacyl-tRNA synthetases (aaRSs) constitute a family of ubiquitous enzymes present in the three kingdoms of life and essentially known for transfer RNA (tRNA) aminoacylation. Indeed, they are required for the ligation of the 20 standard proteinogenic amino acids (aa) to their cognate tRNAs [1]. tRNA aminoacylation and protein synthesis occur in the cytosol of all organisms but unlike bacteria, eukaryotes have membrane-enclosed structures compartmentalizing their cytosol. Among these compartments, mitochondria in all eukaryotes and also chloroplasts in plants synthesize proteins by translating organellar mRNAs [2]. Hence, a compartmentalized set of the 20 aaRSs is expected in each translationally-active compartment. Since no gene encoding mitochondrial aaRSs was found in any of the mitochondrial DNA sequenced so far, the nuclear genome has to encode both full sets of cytosolic and organellar aaRSs. However, while this is true for the set of 20 cytosolic aaRSs, a full set of 20 additional separate genes encoding organellar aaRSs has never been found in any of the nuclear genomes sequenced so far [3][4][5]. Both sets of genes can usually be easily distinguished based on phylogenetic analyses. These studies show that a majority of the mitochondrial aaRSs are of bacterial descent but that the a-proteobacterial endosymbiotic origin of the mitochondrial aaRSs has largely been lost because of gene replacements, intranuclear gene duplications and divergence or horizontal gene transfers [6,7].

In plants, the evolution of the different aaRSs seems more complicated. Monocot and dicot have either at least 1 gene encoding a given aaRS for each protein-synthesizing compartment or 2 genes with one gene encoding the cytosolic and the second both the mitochondrial and the chloroplastic aaRS [8]. Surprisingly, both have one instance where only one gene seems to encode all 3 activities: isoleucyl-tRNA synthetase (IleRS) for monocot and glutaminyl-tRNA synthetase (GlnRS) for dicot [5,8,9]. The same is true for diatoms and brown algae in which a single gene seems to encode all 3 arginyl-tRNA synthetases (ArgRSs) [5]. In many instances, the mechanism that allows expression of the organellar aaRS from a gene that also encodes the cytosolic isoform is unknown or ill defined [10,11]. For the sake of brevity, from now on we will use the three letters code for each amino acid mentioned.

Genes encoding several mitochondrial aaRSs are also missing in metazoan and fungal genomes and various strategies are used by these organisms to produce the mitochondrial aaRS from an apparently missing gene. Many of them are encoded by the same exact gene that encodes the cytosolic form, except that the mRNA that will be translated into the mitochondrial isoform contains an additional 5 0 -extension for the mitochondrial targeting sequence (MTS). The synthesis of these 2 proteins from the same gene is achieved through different mechanisms: (i) alternative transcription start as shown for the yeast ValRS and HisRS mRNAs [12,13]; (ii) alternative splicing as shown for example for the human LysRS [14]; (iii) alternative translation initiation at two different AUG start codons within the same mRNA such as for the human GlyRS [15]; or (iv) alternative transcription start at a noncanonical start codon such as for the yeast AlaRS [16]. The complete list of cytosolic and organellar aaRSs generated from a single gene is presented in Table 1.

Eukaryotes, with the exception of a few parasites that possess a mitochondrial GlnRS encoded by the same gene as the cytosolic GlnRS, use a different strategy to compensate for the ubiquitous absence of the gene encoding mitochondrial GlnRS [41]. This widespread absence of a mitochondrial GlnRS is an illustration of the evolutionary origin of mitochondria that very likely originated from an a-proteobacterial endosymbiont that was generating glutaminyl-tRNA Gln (Gln-tRNA Gln ) not by direct charging of tRNA Gln by a GlnRS but by a tRNA-dependent transamidation pathway, metazoans and fungi kept the endosymbiont's route for mitochondrial Gln-tRNA Gln formation [42]. This tRNA-dependent transamidation pathway requires first glutamylation of mitochondrially-encoded tRNA Gln ( mt tRNA Gln ) by a mitochondrial non-discriminating GluRS and subsequent transamidation of the charged glutamate into glutamine by a mitochondrial tRNA-dependent amidotransferase (AdT) [9,28,43,44]. However, the two enzymes that sustain this pathway seem to have species-specific features. In human cells, it is the mitochondrial GluRS that charges both the mt tRNA Glu and the mt tRNA Gln [44], whereas in the yeast Saccharomyces cerevisiae a pool of the cytosolic GluRS is imported into the mitochondria to carry out glutamylation of mt tRNA Gln [28]. Even if metazoans and fungi both belong to the opisthokonta group, their trimeric mitochondrial AdTs differ by one subunit, the classical bacteriallike GatC subunit found in metazoan AdTs is replaced by a fungispecific GatF subunit [45].

In yeast, there is only one CysRS gene (Supp. Table 1) suggesting that it encodes both the cytosolic and mitochondrial isoforms. However, the mitochondrial CysRS has yet not been experimentally characterized. Along the same line, S. cerevisiae genome has two genes, AIM10 and YHR020W that encode for proteins showing similarities to prokaryotic (AIM10) and eukaryotic (YHR020W) ProRSs (Supp. Table 1). While there are no experimental proofs that AIM10 encodes a protein with ProRS activity, its deletion leads to a respiratory-deficient yeast cell showing that it required for PUBLICATION 1 • Debard et al., 2017 279 mitochondria function [46]. The protein encoded by the YHR020W gene has been shown to retain ProRS activity, in vitro, and to be essential for cell survival, suggesting that it might be the cytosolic ProRS [47]. The mitoproteome done on purified S. cerevisiae mitochondria (performed as described in Section 5; Fig. 1A) shows that cytosolic CysRS is found in the mitoproteome, suggesting that the missing mitochondrial CysRS could be compensated by mitochondrial import of the cytosolic ortholog (Fig. 1C). The AIM10 gene product was found in the different mass-spectrometry analyses (Fig. 1C and Supp. Table 2), confirming its mitochondrial localization, but further experimental proofs that this protein is a functional ProRS are still needed. Interestingly, the YHR020W gene product was also found in one of the mass-spectrometry data set we obtained (Fig. 1C and Supp. Table 2), suggesting that the cytosolic ProRS might be dual-localized. In addition, depending on the sample injection time used prior to mass spectrometry, 6-8 additional other cytosolic aaRSs were found in the mitoproteome. Interestingly, each of these mitochondria-imported cytosolic aaRSs has a mitochondrial ortholog encoded by a separate gene. Nonetheless, the deletion of any of these genes encoding the bona fide mitochondrial aaRS leads to a respiratory deficiency (SGD website source). This means that the cytosolic aaRS orthologs, imported into mitochondria, cannot compensate for the loss of the mitochondrial ones and thus suggests that they have other roles than cognate mt tRNA aminoacylation. Relocalization of cytosolic aaRSs is not restricted to compartments in which their presence is required to supply protein synthesis with aa-tRNAs. Indeed, some cytosolic aaRSs have been localized in the nucleus both in human and S. cerevisiae (Table 1). These and other proteins of the translation machinery were first observed while analyzing the protein content of Xenopus oocytes and has since also been observed in mammalian and yeast cells [20,29,[49][50][51]. Their proposed function in the nucleus is that by charging only the mature tRNAs, these aaRSs are in charge of a quality-control step of the tRNA maturation process prior to their export to the cytoplasm [49,50]. More recent reports show other functions for these nuclear pools of human and yeast aaRSs that do not require their tRNA-charging capacities. For example, under oxidative stress a portion of the human TyrRS relocalizes to the nucleus where it activates E2F1, a transcription factor that upregulates the expression of DNA damage repair genes [26]. Likewise, a pool of the human MetRS relocalizes into the nucleoli of proliferating cells to regulate rRNA biogenesis [20]. In the yeast S. cerevisiae, a pool of MetRS relocalizes into the nucleus to regulate transcription of genes encoding subunits of respiratory complexes [29]. More broadly, a previous bioinformatics analysis identified 16 yeast cytosolic aaRSs as harboring a putative nuclear localization signal (NLS) suggesting that these enzymes could enter the nucleus to ensure additional functions other than translation [52]. However the MetRS, experimentally shown to relocalize into the nucleus was not identified by this bioinformatics study. This highlights the limits of the bioinformatics prediction algorithms to identify targeting sequences, hence the difficulties to predict in which additional compartments these aaRSs could eventually relocalize. However, the scientific community that studies these enzymes has come to the consensus that any cytosolic aaRSs could potentially be multi-localized.

Defining what we mean by multi-localized aaRSs is not an easy task given the variety of strategies that organisms use to relocalize the same protein in several compartments. In the present review, we will define a multi-localized aaRS as a cytosolic aaRS that is found in at least 2 different compartments and for which the organellar isoform is produced from the same gene as the cytosolic one through the various strategies that have been detailed in the previous paragraphs (see also Table 1).

The mechanisms regulating these multi-localizations have been mostly studied for aaRSs that belong to multi-synthetase complexes (MSCs) found in all eukaryotic species studied so far. They are composed of 2-9 cytosolic aaRSs interacting with 1-3 cytosolic anchors called aminoacyl-tRNA synthetase-interacting multifunctional proteins (AIMPs) [53][54][55][56][57][58][59]. It has been proposed and experimentally verified for some of the MSC-interacting cytosolic aaRSs that these MSCs are reservoirs for releasable aaRSs that can relocalize to other subcellular compartments to exert nonconventional functions [29,60,61].

In this review, we gather the various methods and procedures that have been used to address the localization of individual cytosolic aaRSs (Fig. 2). Some are biochemical (organelle purification), genetic (isolation of mutations preventing mitochondrial import, not described in this review) and others are from cell biology (immunofluorescence on fixed cells or GFP-tagged proteins on living cells). The localization of each aaRS in various organisms together with the techniques that were used to localize them are described in Table 1. We also mention the predicted organellar import signals (MTS and NLS) that we found in yeast and human aaRSs. All the methods described in this review have their advantages and drawbacks, and the purpose of this review is to help researchers defining which techniques or procedures should be used to localize a given cytosolic aaRSs. We have focused mainly on techniques used on yeast and human cells although we mention work done on other organisms.

Antibodies: A fundamental tool for aaRSs localization

To ascertain the hitherto unreported localization of pools of cytosolic aaRSs pool in a compartment can be done by various methods, but immunodetection will be almost inevitable. Apart from genetics and tagging one's favorite aaRS with a fluorescent protein, all techniques rely on the use of antibodies because of their high degree of specificity and sensitivity. The key step in confirming the localization of a cytosolic aaRS in a compartment with accuracy and reproducibility is to choose the specific antibodies against the marker protein of the compartment of interest. The number of antibodies currently available has expanded in the last years, however published articles often do not report critical parameters (such as the origin of antibodies, the immunogen used to raise the antibodies. . .), which sometimes compromises the reproducibility of the results. Hence there is a push to require for at least, minimal reporting standards about the use of antibodies [62,63]. In Table 2, we provide an exhaustive list of proteins that were used as compartment markers for both immunofluorescence and Western blot, in studies that report the subcellular localization of an aaRS. More controls used for yeast cells can be found in the Current Protocols in Cell Biology paper by Rieder and Emr [64]. Immunodetection of aaRSs, like for any other protein, has so far been done on either native and unmodified aaRS or on tagged enzymes. Table 3 lists the few antibodies that were raised against native aaRSs and that have been used to determine their subcellular localizations. Since antibodies directed against native aaRSs can unpredictably cross-react with other proteins and be less sensitive than expected, most of the immunodetections of aaRSs where performed on tagged-proteins using anti-tag antibodies that usually are highly specific and sensitive. The main limit of this approach is that adding a tag at one extremity of the aaRS can potentially influence the intracellular localization of the chimeric enzyme [65]. Table 4 lists all the tags that have been fused so far to specific aaRSs of different organisms, which extremity of the protein was tagged, which antibody and what approach were used to detect the tagged aaRSs. 

Prediction and analysis of aaRSs with organellar import signal

Among the many bioinformatic predictors of protein localizations, we chose 3 to predict the presence of an MTS and 3 to predict NLSs [68]. We used these predictors regardless of the organismal origin of the aaRSs analyzed. Moreover, to gather as much information as possible we tried the ''Euk-mPloc2.0" website (http://www. csbio.sjtu.edu.cn/bioinf/euk-multi-2/) which predicts whether an aaRS might be localized to the mitochondria, the nucleus, the cytosol or extracellularly without predicting any targeting sequence of any kind [69].

Mitochondrial targeting sequence prediction

MTS were predicted using TPpred2.0 (http://tppred2.biocomp. unibo.it/tppred2) [70], TargetP1.1 (http://cbs.dtu.dk/services/Tar-getP/) [71,72] and MitoFates (http://mitf.cbrc.jp/MitoFates/cgibin/top.cgi) [73]. Query sequences should be given in the FASTA format, and depending on the MTS predictor, between 1 and 20 sequences can be analyzed at once. These predictors give back a mitochondrial probability score, the MTS sequence, the putative cleavage site that follows the MTS and the N-terminal peptide resulting from the cleavage. Additionally, MitoFates gives the mitochondrial processing enzymes responsible for maturation of the imported proteins. (Supp. Tables 3a and3b). The MitoFates predictor was used for fungal, metazoan and plant proteins, while Tar-getP1.1 was used for non-plant organisms with no cut-off and with cleavage site prediction.

Submitting the yeast cytosolic aaRSs sequences to these predictors resulted in the HisRS having a strong probability of harbouring an MTS, the Cys-, Glu-and Val-RS a good probability and the Arg-, Leu-and Thr-RS only a low probability (Table 5). The predictions have been partially validated since the relocalization of cytosolic His-, Glu-and Val-RS has been experimentally described (Table 1). The good probability of CysRS of having an MTS suggests that it is the cytosolic CysRS that aminoacylates the mitochondrial-encoded tRNA Cys since there is no gene encoding a mitochondrial CysRS.

For human aaRSs, only the mitochondrial LysRS and GlyRS are encoded by the same gene as the cytosolic form. Mitochondrial LysRS originates from alternative splicing [14], and the mitochondrial GlyRS via an alternative start site [15,17]. Analyzing the remaining human aaRSs by the predictors shows that only the CysRS might contain an MTS, however, this cytosolic aaRS has never been described to localize to mitochondria (Table 5).

Nuclear localization signal prediction

To identify NLS, we used NLStradamus (http://www.moseslab. csb.utoronto.ca/NLStradamus/) [74], SeqNLS (http://mleg.cse.sc. edu/seqNLS/) [75], and NLS-Mapper (http://nls-mapper.iab.keio. ac.jp/cgi-bin/NLS_Mapper_form.cgi) [76] predictors. For all predictors, we used default settings. We added a 60 amino-acids N-or Cterminal cut-off for the predictions by NLS-Mapper since it is the only one able to predict bipartite NLSs which are usually found in the 60 first or last amino acids of a sequence. We therefore only kept bipartite NLSs of aaRSs fitting this criteria This program is better suited for prediction purposes since instead of a simple ''nuclear or not nuclear" output, it ranks protein localization on a scale from exclusively nuclear (8)(9)(10), partially nuclear (7)(8), dual-localized cytosol-nucleus (3)(4)(5) or exclusively cytosolic (1À2). Supplemental Tables 3a and 3b list the results obtained with these 3 predictors for human and yeast aaRSs.

Schimmel and Wang, in their first attempt at identifying NLSs in the 20 yeast cytosolic aaRSs using the programm PSORT II, showed that Ala-, Gly-, Pro-, Asn-, Asp-, Gln-, Glu-, His-, Ile-, Leu-, Lys-, Pheb-, Ser-, Tyrand Val-RS harbor at least one SV40 T-antigen-like NLS or bipartite NLS (aaRSs in bold type have been found both in our study and by Schimmel and Wang) [49,77].

Using the aforementioned websites, we could classify the yeast aaRSs in three groups, those with a strongly probability of having an NLS (Asn-, Asp-, Cys-, Gln-, Glu-, His-, Ile-, Leu-, Lys-, Pheb-, Ser-, Trp-and Tyr-RS), those likely to have one (Ala-, Met-, Thrand Val-RS) and those unlikely to have one (Arg-, Gly-, Pheaand Pro-RS) (Table 5). We see a high overlap between the published results and our own suggesting the robustness of the methods used. It is noteworthy that the MetRS missing from the original list was predicted by NLS-Mapper and then by SeqNLS. Despite the fact that these bioinformatics studies highlight the presence of NLSs in many cytosolic aaRSs, only 2 have been experimentally confirmed: the MetRS [29] and the TyrRS (3 bioinformatically found NLSs and one confirmed [35]). This emphasizes the need to use different algorithms to identify NLSs and that they are not yet sufficiently accurate to not require experimental confirmation. Similar NLS prediction analysis has been done on human cells (Table 5). Using the aforementioned websites, we could classify the human aaRSs in three groups, those with a strong probability of having an NLS (Cys-, GluPro-, Leu-, Lys-, Met-, Pheb-, Ser-, Thr-and Val-RS), those likely to have one (Ala-, Arg-, Asn-, Asp-, Gln-, Gly-, Ile-, Phea-, Pheb, Trp-and Tyr-RS) and the ones unlikely to have an NLS (HisRS).

The fact that NLS predictions for yeast and human aaRSs converge seem to reinforce the hypothesis that this localization is true and not artifactual. The one notable exception is HisRS which is most likely nuclear in yeast and most unlikely in human. Since the nuclear localizations of the MetRS, TyrRS and IleRS have been determined experimentally, we can speculate that either some of their functions are shared and would have been present in their common ancestor, or that they exert different roles suggesting that the functions were acquired after the opisthokonta splitting (Table 5).

Subcellular fractionation

Subcellular fractionation can be divided into 3 different techniques according to the precision of the separation and the organelle that one wants to purify: crude membranes fractionation, nuclear purification and mitochondrial purification.

Crude membranes fractionation from yeast cells

This technique allows the separation of membranes from the cytosol (S100) and yields 2 separate membrane fractions (P13 and P100). To analyze the subcellular distribution of yeast aaRSs we performed a subcellular fractionation adapted from the protocol published by Bonangelino and collaborators [78].

-Yeast cells are inoculated in the morning or the previous evening depending on the generation time in the appropriate medium (YPD or SC dropout) on a rotary shaker at 200 rpm at 30 °C. -In the evening, the cells are diluted in 100 mL of the same medium to reach an OD 600nm of about 0.5 in the morning. 40 -The lysat is transferred to a 1.5 mL microfuge tube and centrifuged at 4 °C for 5 min at 500g in a fixed-angle rotor to clarify it. -The S5 supernatant is carefully transferred to a fresh microfuge tube and centrifuged at 4 °C for 10 min at 13,000g in a fixedangle rotor. -The pellet (P13), which mainly contains the plasma membrane, the endoplasmic reticulum, the nucleus, the vacuole and mitochondria, is kept on ice until the end of the experiment. -The supernatant (S13) is transferred in a 1.5 mL ultracentrifugation microfuge tube (Beckman Coulter Ò ref. 357448) for further centrifugation at 4 °C for 1 h at 100,000g in an ultracentrifuge using a fixed rotor. -The supernatant (S100), which contains cytosol and vesicles, is carefully transferred to a fresh 1.5 mL microfuge tube. The pellet (P100) contains Golgi and endosomes. -P13 and P100 are subsequently resuspended in fractionation buffer in the same volume as the S100 fraction.

Purification of nuclei and preparation of nuclear protein extracts

Purification of nuclei needs to be performed quickly to avoid passive diffusion of small proteins through nuclear pores. Moreover, the composition of buffers is critical for maintaining osmotic balance to prevent nuclear proteins from leaving the nucleoplasm fraction.

Purification of nuclei from yeast cells

This method is an adaptation from the original protocol of Stephanie E. Rieder and Scott D. Emr [79].

-Yeast cells from 2 L of culture in rich or synthetic medium, depending on auxotrophic markers or studied conditions, are harvested at 0.7 OD 600 and washed once with water to ensure that all traces of medium are eliminated. -The wet pellet is weighed (approximately 7 g/2 L of culture).

Pellet is resuspended in 100 mM Tris H 2 SO 4 , 10 mM DTT in a volume of 2 mL/g of wet cells and incubated 20 min at 30 °C with gentle agitation. The purpose of this step is to weaken the cell wall. -The mixture is centrifuged 4 min at 3500g and the pellet is washed with 1.1 M sorbitol to keep osmotic pressure, 100 mM K 2 HPO 4 /KH 2 PO 4 , pH 7.4 using 7 mL of buffer per g of cells and resuspended with the same buffer. -Zymolase 20T is added to the mixture (5 mg/g of pellet) and incubated during 45 min at 30 °C with gentle agitation (80 rpm), to digest the cell wall.

All following steps are performed at 4 °C, to avoid protein degradation. Approximately 3.5 g of wet cells should be settled by falcon 50 (two falcons 50 for 2 L of culture at 0.7 OD 600nm ). Note that all the subsequent steps are detailed for the treatment of 1 falcon 50 out of the two necessary to treat the whole 2 L culture.

-The spheroplasts (cells without their wall) are centrifuged 4 min at 3500g, gently resuspended in 1. 

Purification of nuclei from human cells

This protocol is adapted from Jason M. Dahlman and Denis C. Guttridge [80]. Perform all steps at room temperature unless otherwise specified. Volumes are determined for the preparation of 10 samples. All centrifugation was performed in a bench top microfuge. A minimum of 1 Â 10 6 cultured cells are used for this protocol.

-Cell culture media is removed from the plates. -Cells are gently washed twice with 1 mL of PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ). -After the addition of 1 mL of PBS, cells are removed from the polystyrene tissue culture dish using a cell scraper. -Scraped cells (1 mL) are removed with a 1 mL pipette and placed in a 1. 

. Purification of mitochondria from yeast cells

To analyze the mitochondrial localization of aaRSs, we performed a mitochondria purification (described below) adapted from the protocol published by Meisinger and collaborators [48].

-All steps are perform at 4 °C unless otherwise specified. To get enough mitochondria it is recommended to use at least 2-3 L of yeast cells grown to log-phase. -Yeast cells are pelleted by centrifugation at 3000g for 5 min and resuspended in distilled water. -Cells are pelleted again as for nuclei preparation, the wet weight is measured and the pellet is resuspended at a concentration of 2 mL/g of pellet in prewarmed at -Samples are then 2-fold diluted with ice-cold homogenization buffer and the lysate is cleared by centrifugation at 1500g for 5 min to remove cell debris and nuclei. -The supernatant is centrifuged at 4000g for 5 min, the pellet is discarded and the supernatant is centrifuged again at 12,000g for 15 min to isolate the mitochondrial fraction. -The supernatant is discarded and the mitochondrial pellet is resuspended in 0.5 to 1 mL of SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH, pH 7.2) and the protein concentration is measured using the Bradford method and adjusted to 5 mg/mL.

In order to obtain highly purified mitochondria, firstly prepare sucrose step gradients in Beckman centrifuge tubes ( 

Obtention of mitoplasts from yeast mitochondria

For generation of mitoplasts, digitonin is used to permeabilize the outer mitochondrial membrane of yeast mitochondria.

-Mitochondria are suspended at a concentration of 1 mg/ml in SEM buffer.

-250 lg of mitochondria are incubated for 25 min on ice in 250 ll of SEM buffer containing 0.05% to 0.2% digitonin.

-The resulting mitoplasts are harvested by spinning at 14,000 rpm for 10 min and the supernatant is saved for further analysis. -The mitoplast containing pellet is washed once again with SEM buffer.

-To determine the efficiency of digitonin treatment, 100 lg of mitochondria are treated as above with digitonin, centrifuged, and the pellet and supernatant fractions separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Immobilon P, Millipore). Immunoblots are performed using antibodies specific for cytochrome c peroxidase (CCPO) (intermembrane space), TIM23 (inner membrane), delta-1pyrroline-5-carboxylate dehydrogenase (Put2p) (matrix) and porin (outer membrane).

Purification of mitochondria from human cells

This protocol is adapted from Jason M. Dahlman and Denis C. Guttridge [80] and has been designed to extract mitochondria from HeLa cells. Volumes are adapted to cells grown in 5 flasks of 58 cm 2 . All steps are performed on ice or at 4 °C.

-Cell culture growth media from desired cells is removed.

-Cells are gently washed twice with 5 mL of PBS (see Section 4.2.2). -Cells are removed from the polystyrene tissue culture dish by adding 1 mL of PBS and the cells are scraped gently with a cell scraper. -Cells are centrifuged for 5 min at 250g at room temperature -The pellet is resuspended in 1 mL of BSA buffer (0.6 M sorbitol, 1 mM EDTA, 20 mM Hepes-KOH, pH 7.6, 300 mM NaCl, Complete protease inhibitor cocktail, EDTA-free (Roche) and 0.3% (v/v) of BSA (1 mg/mL)). -Cells are then mechanically broken on ice by repeated (at least 80 times) aspiration/backflow using a 1 mL syringe with a G23 needle. -The lysate is centrifuged twice at 1200g for 6 min at 4 °C.

-The supernatant is then centrifuged at 16,000g for 40 min at 4 °C. -Pellet can be frozen at À80 °C.

Obtention of mitoplasts from human mitochondria

For generation of mitoplasts, digitonin is used to permeabilize the outer mitochondrial membrane of human mitochondria.

-Mitochondria-containing pellet is resuspended in 300 lL BSA buffer (0.6 M sorbitol, 1 mM EDTA, 10 mM Hepes-KOH, pH 6.7 and 0.3% (v/v) of BSA (1 mg/mL)) containing 0.2% digitonin (50 lL of a 1 mg/mL stock solution) and incubated 15 min at room temperature. -1 mL of BSA buffer is added and the mixture is centrifuged 20 min at 16,000g at 4 °C. -The resulting pellet is washed two times with 1 mL BSA buffer without resuspending the mitoplasts. -The final mitoplasts-containing pellet can be resuspended in various types of buffers depending on the subsequent analyses that will be performed (TRIzol (Invitrogen) for RNA extraction, Laemmli for SDS-PAGE analysis. . .) or stored at À80 °C as a wet pellet.

Mass spectrometry analysis and identification of cytosolic aaRSs in yeast mitochondrial extracts

We performed yeast mitochondria purification as explained in the Section 4.3.1 and recovered pure mitochondria at the 32-60% interphase from a cushions gradient (Fig. 1A). In order to identify mitochondrial proteins, mitochondria were disrupted (see Section 4.3.1) and soluble proteins were subjected to mass spectrometry (see protocol below). For analysis, we carried out 3 different injections, two of 90 min (one regular and one using restricted mass ranges of 400-800 m/z and 800-1250 m/z, termed Frac.) and one of 120 min. These features allowed us to identify 905 (90 min.), 982 (90 min. Frac.) and 926 (120. min) mitochondrial proteins respectively (Fig. 1B). We describe here the detailed procedure for protein digestion and mass spectrometry analysis as well as data analysis. A discovery ''Top20" method is used: up to 20 of the most intense multiply-charged ions (2+ to 5+) are selected for CID fragmentation, with a cycle time of 3.3 s.

Database search and data analysis

Raw data are first converted to Mascot Generic File format (.mgf) and searched against the yeast S. cerevisiae database supplemented by a decoy database (reverse sequences). The database search algorithm used is Mascot (version 2.2, Matrix Science, London, UK) through the ProteinScape 3.1 package (Bruker Daltonics, Leipzig, Germany). Peptide modifications allowed during the search are: N-acetyl (protein), carbamidomethylation(C) and oxidation (M). Mass tolerances in MS and MS/MS is set to 20 ppm and 0.5 Da, respectively. Two trypsin missed cleavages sites is allowed. Peptide identifications obtained from Mascot is validated with a protein FDR < 1%, using the Protein Assessment tool from ProteinScape. Identified proteins are assessed by spectral count.

The aaRSs identified in the mitochondrial extract analyzed by three different injections methods are presented in Fig. 1C and Supp. Table 2. Excepting the Arg-, Met-and Thr-RS (note that there are no genes encoding the mitochondrial CysRS and GlnRS in yeast), we found all the mitochondrial aaRSs in our assay. The absence of these three mitochondrial aaRSs could be due to a strong binding to the mitochondrial membrane that resulted in their loss during the protein extract preparation. Indeed, it has previously been shown that a functional aaRS could be membraneanchored [81]. In addition to the mitochondrial aaRSs, we identified 10 cytosolic ones (Asp-, Glu-, Ile-, Leu-, Lys-, Phe-, Pro, Ser-, Thr-and Tyr-RS) of which only the cytosolic GluRS has been shown experimentally to be dual-localized [28,29]. Since there is no gene identified for the yeast mitochondrial CysRS, we assume PUBLICATION 1 • Debard et al., 2017 287 that the cytosolic form would also be mitochondrial; and we, indeed, found it in the mitochondrial fraction we analyzed. It is now important to confirm the mitochondrial localization of these cytosolic aaRSs and then determine their function in this other compartment.

Microscopy analysis and single cell localization

Unlike subcellular fractionation, microscopic analysis allows the study of aaRSs localization at the single cell scale. For more precision, a confocal microscope is needed to set only one focal plan and prevent accumulation of cytosolic fluorescence around the organelle. If the aaRS is fused to GFP, analysis can be performed directly on living cells, and aaRSs used with a GFP-tag are listed in Table 4. To control the aaRS localization on living cells, the need of compartment markers is essential, like DAPI and Mitotracker for nuclear and mitochondrial compartment, respectively. For yeast cells, some additional fluorescent dyes can also be used for fluorescent microscopy on living cells, as CellTracker Blue CMAC (ThermoFischer Scientific, ref. C2110) that is specific for vacuolar lumen (DAPI filter), or FM4-64 (ThermoFischer Scientific, ref. T3166) used in time lapse experiments to stain the plasma membrane, the endosomes and the vacuolar membrane (RFP filter) [82]. For more precision, protein markers can be targeted by specific antibodies: frequently used markers for mammalian intracellular compartments are listed in Table 6. As GFP can possibly perturb the aaRS localization due to its large size, smaller tags (listed in Table 4) have been used for immunofluorescence (IF) study. For IF, a fixation step is essential to allow antibodies penetration in the sample. Next sections present immunofluorescence protocols for both yeast and human cells.

Immunofluorescence on yeast cells

This technique allows the observation by fluorescent microscopy of the aaRSs of interest on fixed yeast cells.

Fixation steps

-Cells are grown overnight in 20 mL of either complete or synthetic medium (YPD or SC dropout medium) to about 1 Â 10 7 cells/mL (OD 600nm = 0.4-0.6); 10 mL culture gives 6 samples. -1.25 mL of 1 M K 2 HPO 4 /KH 2 PO 4 , pH 6.5 and 1.25 mL of 37% (v/v) formaldehyde are added to 10 mL of overnight culture (10 Â 10 7 cells) and incubated for 2 h at room temperature with gentle shaking every 30 min. -Cells are centrifuged for 5 min at 3000g, washed 3 times with 10 mL SP buffer (1.2 M sorbitol, 0.1 M KPO 4 , pH 6.5) and resuspended in 1 mL SP/ME (SP, 20 mM b-mercaptoethanol).

-10 lL Zymolyase 20T (5 mg/mL) is added and the mixture is incubated 45 min at 30 °C (gentle shacking every 10 min); the amount of Zymolyase needed depends on the strain. -Cells are centrifuged for 5 min at 2000g, washed 3 times with 3 mL SP buffer and resuspended in 0.1 mL SP; after the digestion of the cell wall, the resuspension has to be very gentle to avoid lysis. -Cells are stored at 4 °C (can be kept for 1-2 weeks).

Incubation with antibodies

The following steps are done on a slide for immunofluorescence (HTC or epoxy, single use slides, diameter 6 mm) at room temperature.

-Slides are washed with ethanol 96% (v/v). -Optional: Nuclei can be stained with 15 lL of DAPI (10 lg/mL) and incubated 5 min in the dark. 5 washes with PBS are needed to avoid non-specific background fluorescence.

-Finally, 3 lL of Vectashield Ò (Vector laboratories) are added and slides are covered with coverslip; fix coverslip on all ends with nail polish. -Slides can be stored at 4 °C in the dark (can be kept for months)

or directly observed by fluorescence microscopy.

Immunofluorescence on human cells

This technique allows observing the subcellular localization of the aaRSs of interest in fixed mammalian cells on a single cell scale with a fluorescence microscope.

-Cells are grown in complete medium, mostly DMEM (D5796 Sigma) or MEM (M2279 Sigma), supplemented with 10% (v/v) Fetal Calf Serum (FCS). -On day one of the experiment, the medium of the culture flask is removed, cells are washed with PBS (see Section 4.2.2.) and detached using trypsin (T4049 Sigma). -Cells are then spotted on 10-well spotslides (Marienfeld Superior, #1216650) to a 70% confluency (for most cell types 4000-5000 cells per spot), let to attach and grown overnight in a cell culture incubator at 37 °C, 5% CO 2 . 

Concluding remarks

Localizing multi-compartmental aaRSs cannot be done using a one-for-all technique. For example, using fluorescence microscopy to simultaneously visualize in a single cell, the organellar and cytosolic fractions of the same aaRS (or protein in general) is complicated since the fluorescence of the organellar pool will be masked by the fluorescence of the cytosolic portion which is usually more abundant. So far no tools have been developed to overcome this difficulty and the use of confocal microscopy is usually not sufficient when one wants to ascertain the localization of a minor organellar pool of a cytosolic aaRS. Moreover, like for any other protein putatively organellar, it is currently very difficult to distinguish between a lumenal localization of an aaRS and a peripheral localization of the protein on the cytosolic side of the organelle. Being able to make these distinctions is extremely important to be able to study the nonconventional roles of these multi-localized aaRSs and identify the cellular processes to which the organellar pools of these cytosolic aaRSs participate. Also, the possibility that several cytosolic aaRSs could be peripherally associated to membrane compartments other than the mitochondria and the nucleus by interacting either with membrane proteins or directly to lipids has been overlooked so far. For all these reasons, one still has to turn to the isolation of membranes and afterwards to organelle purification to be able to ascertain the relocation inside a given compartment of a fraction of a cytosolic aaRS (summarized in Table 1).

Another difficulty to overcome when working with duallocalized aaRSs is that the cytosolic pool of these proteins is always essential for viability, rendering the study of the functions of the organellar pools of the same aaRS very difficult. In this respect, yeast is a very convenient model especially when one wants to analyze the mitochondrial activity of a cytosolic aaRSs. Since these organelles are only essential for the respiratory metabolism and not when yeast is fermenting, mutations of the cytosolic aaRS gene that lead to only a respiratory deficiency (fermentative growth is unaffected) are targeting residues essential for the mitochondrial activity of the dual-localized aaRS without affecting its cytosolic role. This simple phenotypic screen was successfully used to identify the cryptic and nonconventional MTS of yeast cytosolic GluRS which participates to the mitochondrial transamidation pathway upon mitochondrial import [28]. It was also used to show that mitochondrial forms of His-, Val-and GlyRSs are generated through an alternative translational start [13,31,32].

If confirming that a pool of a cytosolic aaRS can relocate inside an organelle is difficult with the current technologies, identifying the import signals to study the dynamics of these proteins is even more arduous. Import signal predictors still have a low consensual predictive accuracy for these dual-localized aaRSs, mainly because they often contain nonconventional import signals. Identifying the organellar roles of dual-localized aaRSs will necessitate the reinterpretation of previous yeast mutant screens as well as establishing new mutant screens. In humans, the systematic sequencing of genes encoding cytosolic aaRSs of patients with mitochondrialrelated diseases and in depth analysis of the localization, protein interactants and activity of the mutant aaRS is essential for identifying the organellar functions of dual-localized aaRSs. By doing so, it was recently shown that the mutation in the cytosolic GlyRS gene that causes type 2D Charcot-Marie-Tooth disease changes the protein binding activity of GlyRS that interferes with a signaling pathway essential for motor neuron survival [83].

These findings also raise many questions, the most important being how cells regulate the distribution of multi-compartmental cytosolic aaRS between the cytosol and the different organelles. One mechanism by which cells manage the subcellular distribution of the various pools of a cytosolic aaRS is by forming the MSCs and triggering release of each cytosolically-anchored aaRS by posttranslational modification of the aaRS. Since so far, a maximum of 9 cytosolic aaRSs were found participating to MSCs, there are probably others posttranslational modifications, or other mechanisms that participate in regulating the dynamic compartmentalization of the remaining 11 potentially multi-localized aaRSs. Another important issue concerning the dynamical relocalization of these aaRSs is whether a portion of an existing pool is redistributed or a fraction of the neosynthesized proteins will specifically be deviated on demand towards the organelle? Finally, while in this review we focused on the relocalization of cytosolic aaRSs within the cell, it has to be noted that several human aaRSs can be secreted in the extracellular medium where they also accomplish nonconventional functions [84,85].

Introduction

Aminoacyl-tRNA synthetases (aaRSs) belong to a family of ubiquitous and essential enzymes. Their primary task is to supply the protein synthesis machineries (cytosolic and organellar) with the full set of aminoacyl-tRNAs (aa-tRNAs) necessary to translate all messenger RNA codons into their corresponding amino acids (aa) [1]. In theory, a given organism has to encode at least one aaRS for each genetically-encoded aa, which means that a prokaryotic species that uses for protein synthesis the standard genetic code composed of 20 aa, would need 20 genes encoding the 20 required aaRSs. However, depending on the organism's origin and genetic code repertoire, the number of aaRSs that can be found in a given organism ranges from 18 to 23 in prokaryotes [2] to nearly 45 in eukaryotes [3]. Despite their essential biochemical function the majority of prokaryotes and all eukaryotic organelles have less unique aaRSs than genetically-encoded aa, because these organisms (or compartments) can compensate the lack of an essential aaRS by alternative routes to generate the aa-tRNA species corresponding to the orphan tRNA/codon pair ( [4][5][6] and reviewed in [7,8]). Paradoxically, prokaryotes and mainly bacteria also quasi-systematically encode more aaRSs than the necessary set for decoding the genetic code repertoire because the majority of bacterial genomes harbor more than one gene for a given aaRS [2]. Although the majority of the bacteria present one or several duplicated aaRSs (and even triplicated ones), the reason for the presence of 2 aaRSs of the same aa and tRNA-charging specificity in a given species has rarely been studied. However, in the few cases that were studied, it was found that one of the two forms is usually expressed under specific environmental or stress conditions and that this stress-induced aaRS possesses specific catalytic traits allowing formation of the cognate aa-tRNA in these particular physiological conditions [9][10][11][12][13][14].

In eukaryotes, the presence of at least 2 different translationallyactive and membrane-separated compartments, the cytosol and mitochondria, makes already the situation more complex with respect to the number of aaRSs that these organisms have to possess; and becomes even more complicated if the organism possesses additional organelles besides the mitochondria. Because the organellar and cytosolic translation machineries are of different phylogenetic origins, each eukaryote carries several compartment-specific pools of aaRSs, one for cytosolic translation and one for each organelle (reviewed in [15]). While both sets of genes are encoded by the nuclear genome and translated by the cytosolic protein synthesis machinery, the organellar pools are easily distinguishable from the cytosolic one because they are of prokaryotic origins and because these aaRSs possess, usually in the N-terminus, an organelle-specific targeting sequence that directs their import into the corresponding compartment (reviewed in [15]). However, even if in theory, a eukaryotic species using the standard 20 aa-containing genetic code and that possesses mitochondria would have to encode 40 genes, there is not a single eukaryotic species that has been proposed so far to encode 2 complete and unique compartment-specific sets of 20 aaRSs [5,15]. Depending on the species that was studied, up to 17 mitochondria-specific aaRS genes can be missing (reviewed in [15]) from the nuclear genome in certain species. To compensate this apparent lack of mitochondrial aaRSs, eukaryotes essentially utilize two different strategies: i) they use an alternate two-steps route to generate the aa-tRNA species for which the cognate aaRS is missing [6,16,17] or ii) they import the corresponding cytosolic aaRS making this enzyme a dual-localized aaRS both cytosolic and mitochondrial (reviewed in [15,18]). When both the cytosolic and mitochondrial aaRS are encoded by a single gene, both forms are either translated from two mRNAs of different length generated through different processes (see below). While using a dual-localized aaRS encoded from a single gene makes perfect sense when the gene encoding the mitochondria-specific aaRS is missing, there are examples in higher plants and S. cerevisiae (Sce), where a cytosolic aaRS can be targeted to mitochondria even if the corresponding mitochondrial ortholog encoded by a separate gene already exists (reviewed in [15]). The rational for having duplicated mitochondrial aaRS (one strictly organellar and one dual-localized) has been clarified in yeast [6] but has so far not been ruled out in higher plants. However, it was shown that some of these plant dual-localized aaRSs are not able to charge tRNA inside the mitochondria [19], suggesting that they might have a nonconventional role inside this compartment that has yet to be identified. Interestingly, in plants the cytosolic aaRSs that are dual-localized are strictly shared with the mitochondria and never with the chloroplast, however the majority of the mitochondrial aaRSs are dual-targeted both in the mitochondria and the chloroplasts because they harbor an ambiguous organellar targeting sequence [20].

The other common trait of eukaryotic cytosolic aaRSs that influences their subcellular localization is the capacity of some of them to form so-called Multi-Synthetase Complexes (MSCs). These complexes were found in all species studied so far ranging from fungi to mammals ( [21][22][23][24] and reviewed in [25]). They are all composed of cytosolic aaRS and 1 to 3 auxiliary assembly factors also called Aminoacyl-tRNA synthetase Interacting Multifunctional Proteins (AIMPs). The number of aaRSs and AIMPs that build up these MSCs varies from 2 aaRSs and 1 AIMP in the S. cerevisiae AME complex to 9 aaRSs and 3 AIMPs (AIMP1, AIMP2 AIMP3 also called p43, p38 and p18 respectively) in the human, MARS complex. With the exception of the yeast AME MSC (reviewed in [26]), the association of cytosolic aaRSs into MSC does not impact the catalytic efficiency of the participating aaRSs but rather regulates the alternative subcellular localization and non-conventional function that some of them have been shown to display. The studies that have been published over the past 2 decades uniformly show that these MSCs can be considered as cytosolic retention platforms for aaRSs that can be released from these complexes under specific physiological or stress conditions to relocate into other subcellular compartments in which they can exert nonconventional functions (reviewed in [27][28][29][30]). Additionally, the AIMPs can also be released from MSCs to be targeted to other compartments (reviewed in [31]). The additional compartments that these MSC-released cytosolic aaRSs or AIMPs can reach and the repertoire of atypical physiological processes to which these proteins can participate is in constant expansion ( [29], reviewed in [32]). Studies show that MSCs-released aaRSs can i) stay in the cytosol by building other non-MSC complexes, ii) be imported into mitochondria or nuclei, iii) bind to membranes or even iv) be secreted (reviewed in [18]). Once relocated, they can exert a myriad of regulatory or signaling functions that impact processes among which gene expression, angiogenesis, apoptosis, inflammation, adiposity, nutrient signaling, cell-to-cell crosstalk or even resveratrol-mediated poly(ADP-ribose) polymerase 1 (PARP1) activation (reviewed in [28][29][30][31], [33]). Their involvement in these processes is far from being trivial since in human, malfunctioning of these aaRSs' additional roles, inevitably leads to diseases [31,34].

At the molecular level, the release of an aaRS or AIMP from the MSC is usually mediated by posttranslational modification of the protein that includes chemical modification or proteolytic cleavage of the aaRSs at a specific residue [35]. More rarely, the release of an aaRS can be initiated by decreasing the quantity of the AIMP binding the aaRS [36]. There are 2 types of molecular mechanism by which these aaRSs exert their atypical function, either they bind to one or several new protein partners that deviates the aaRS from aa-tRNA formation or they accumulate a by-product or intermediate of the tRNA aminoacylation reaction (reviewed in [27][28][29][30]) or both. Note that in human and yeast some of the cytosolic aaRSs that do not belong to the MSCs have also been shown or predicted to be able to relocate to other subcellular compartments and, in some cases, their atypical role has been characterized.

In the present review we give a detailed overview of all the subcellular compartments that free-standing or MSC-participating cytosolic aaRSs can reach. We mention the mechanisms, strategies and and physiological or stress conditions that trigger their relocation and the unexpected cellular processes to which relocated cytosolic aaRSs participate. We have subdivided relocating aaRSs into two categories: those who keep their canonical function in their new subcellular destination, meaning formation of an aa-tRNA intermediate or end-product that supplies the translation machinery and those who exert a nonconventional function that does not require formation of an aa-tRNA species.

Membrane-localized aaRSs in bacteria

Prokaryotic cells are composed of distinct compartments that differ according to their phylogenetic origin. In all cases, the cytoplasm, in which transcription and translation of genetic information occur, is engulfed by a negatively charged plasma membrane made up of various lipid species, ranging from phospholipids to hopanoids [37,38]. The structure of the outer shell of prokaryotes differs between Gram-positive [39] and Gram-negative [40] bacteria, and between phylogenetical groups of archaea [41], but to date, no aaRS has been detected outside the cytoplasm, where the 20 enzymes find their substrates (ATP, aa, tRNAs) and perform their canonical aminoacylation function. Several studies, however, have shown that aaRS can sometimes be localized at membranous structures (see below).

Central and essential biological functions depend on the integrity of plasma membranes, such as respiration, electron transport, proton translocation, mechanical stresses resistance, nutrients and exogenous molecules selection and transport, interaction with the environment or host macromolecules, etc. [37][38][39][40][41]. Because of their relatively uniform negative charge, bacterial membranes are targeted by and sensitive to cationic antimicrobial peptides (CAMPs) synthesized and secreted by other bacteria or fungi, or by immune cells within a host [42]. Various CAMPs exist, but they often target bacteria through charge interaction, leading to membrane disruption and ultimately to bacterial death [42]. Bacteria possess CAMPs resistance factors of various types [43,44], and among them, aminoacyl-phosphatidylglycerol synthases (aaPGSs) [45,46]. AaPGSs are composed of two separated domains, an integral membrane N-terminal domain with 2 to 14 transmembrane helices, with a phospholipid flippase activity, and a C-terminal soluble domain of the DUF2156 family that has an aa-tRNA transferase activity. AaPGSs catalyze the transfer of an aa from an aa-tRNA to a second substrate, phosphatidylglycerol (PG) or cardiolipin (CL) [45]. For example, LysPGS transfers Lys from K-tRNA K to PG, leading to a lysylated PG (K-PG), whose overall charge is + 1, in comparison to PG (-1). AaPGSs can be specific of one aa (KPGS, APGS), bispecific (A/KPGS) or multispecific (R/A/KPGS) and transfer corresponding amino acids onto PG or CL, providing aminoacylated phospholipids with modified charge properties. Such modifications change the overall properties of membranes such as permeability to various compounds (metals, antimicrobials, etc.), rigidity and, of course, global charge. AaPGSs have [45,46].

In Mycobacterium tuberculosis and numerous Actinobacteria [45], two KRS genes are detected. One of them (lysS, Rv3598c) encodes a canonical KRS with an N-terminal anticodon-binding domain (ABD) and a C-terminal catalytic core, while the second (lysX, Rv1640c) is composed of an N-terminal MprF-like domain (flippase and DUF2156 domains) followed by a KRS domain (ABD and catalytic domains) ( [47], Fig. 1 and Table 1).

This KRS localizes at the plasma membrane, through the flippaselike domain, and has been shown to be a bona fide KPGS [47,49]. Interestingly, the "classical" MprF part of the protein cannot scavenge K-tRNA K synthesized by the second, canonical KRS, when deprived of the KRS appended domain, in contrast to other "classical" aaPGS. The KRS domain thus specifically synthesizes K-tRNA K for use in membrane modification. The LysX protein is, like other aaPGSs, involved in membrane remodeling, CAMPs resistance and virulence [47].

In cyanobacteria, specialized membrane structures separated from the plasma membrane, called thylakoids, are involved in oxygenic photosynthesis, in particular in the assembly and functioning of photosystems. Proteins and protein complexes can be targeted within the thylakoid lumen, or at the surface of the organelle-like compartment, and perform various functions related to oxygenic photosynthesis. For example, F 1 F 0 ATP synthase is assembled and functions at the surface of thylakoids [50,51]. Recent work highlighted that among 279 sequenced cyanobacteria, 102 contain one or several aaRSs that are anchored to the outer leaflet of thylakoid membranes [52]. Thylakoid-specific targeting of aaRSs depends on the presence of a CAAD (for Cyanobacterial Aminoacyl-tRNA synthetases Appended Domain) domain that has been detected in 7 different aaRSs (ERS, VRS, LRS, IRS, CRS, MRS, RRS) at various positions within the protein sequences. CAAD is found at the very C-terminus of ERS, but in a C-terminal internal region in other aaRSs [52]. In all cases, no other paralogs of CAAD-containing aaRSs is found in proteomes, which suggested that they are all active in spite of unusual membrane localization [52][53][54]. Phylogenetic studies suggest that only cyanobacteria contain aaRSs with a CAAD domain, and that insertion of this module in aaRSs corresponds to several independent evolutionary events [52,53]. The CAAD domain shares homology with the CURT1/TMP14/PSI-P-family proteins, found in chloroplasts of plants. They are all membrane proteins involved in the organization of thylakoids and grana in chloroplasts, by influencing curvature of lipid bilayers [53]. AaRS-CAAD domains have not been shown to be involved in modulating thylakoid curvature and/or ultrastructure, but have been experimentally demonstrated to anchor aaRSs in thylakoid membranes [52,54]. It is to be noted that VRS-CAAD, that is thylakoid-bound, relocates at cell poles of mature heterocysts (specialized and differentiated cyanobacterial cells) upon nitrogen starvation [52]. A combination of in vivo and in vitro experiments showed that VRS-CAAD is active and found only in membrane fractions of cyanobacteria, while Fig. 1. Aminoacyl-phosphatidylglycerol synthases. "Classical" aaPGS, like the LysPGS from S. aureus is composed of an N-terminal integral membrane domain with 14 transmembrane helices (TMH, black), that targets the enzyme to the plasma membrane, and a C-terminal soluble domain, facing the cytoplasm (red), which belongs to the DUF2156 family of aa-tRNA transferases. The DUF2156 domain utilizes K-tRNA K , produced independently by a "canonical" KRS (green), and catalyzes the transfer of K (green cicle) from tRNA K to a hydroxyl group of phosphatidylglycerol (PG). Resulting K-PG can then be transferred to the outer leaflet of the plasma membrane by the N-terminal membrane domain that displays a phospholipid flippase activity. Changes in membrane charge properties participate in resistance against CAMPs. In M. tuberculosis, the LysX gene product is a LysPGS-KRS fusion protein, with the Nterminal flippase/membrane (black) and middle DUF2156 (red) domains of classical aaPGSs, followed by a KRS C-terminal domain (green). This domain is responsible for the synthesis of K-tRNA K that is subsequently used by the DUF2156 and flippase domains to produce surface exposed K-PG molecules. The aaPGS part of the protein cannot scavenge K-tRNA K produced by the second "canonical" KRS in M. tuberculosis. The right panel presents structures of PG and K-PG. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) deletion of the CAAD domain renders the protein soluble without impacting its kinetic activity. Importantly, a series of pull-down experiments coupled with LC-MS/MS characterizations conducted in Anabaena sp. PCC 7120 strongly support that VRS-CAAD directly interacts with the F 1 F 0 -ATP synthase in thylakoid membranes in a CAAD-dependent manner. Interaction between VRS-CAAD and F 1 F 0 -ATP synthase does not influence aminoacylation activity, and no impact on the overall ATP production, used as a proxy of ATP synthase activity, could be evidenced. However, authors propose several hypotheses relating CAAD-containing aaRSs and nutrient sensing (in particular nitrogen through aa sensing), or possible moonlighting functions that have yet still to be experimentally addressed [52].

Eukaryotic relocating aaRSs with conventional functions

The intracellular space of eukaryotic cells has a complex organization and displays more than one translationally active compartment. It is therefore questionable to ask if there is a specific aaRS for each compartment or if a single polypeptide chain can be found at multiple localizations within a cell. In this section, we examine how each translationally-active compartment is supplied with a complete set of aa-tRNA synthesizing activities and how cytosolic aaRS are distributed throughout the cell. The latter are generally considered as soluble enzymes but it is known for decades that they may be associated with ribosomes, organelles or lipids ( [55] and references therein) and nowadays a growing number of publications lead to the conclusion that cytosolic aaRSs exert their canonical functions at multiple locations within the cell.

Nuclear translocation of aaRS and tRNA nuclear export

Eukaryotic precursors tRNAs are transcribed in the nucleus and undergo several maturation steps before being fully functional for aminoacylation in the form of L-shaped and fully modified tRNAs. Those include 5′ and 3′ processing, CCA addition and post-transcriptional base modifications [56]. A majority of maturation steps take place within the nucleus. Classically, all tRNAs are then transported through nuclear pores to reach the cytosol where they are aminoacylated by cognate cytosolic aaRSs, and participate in ribosomal protein synthesis [57,58]. Experiments conducted in the mid-eighties surprisingly showed that a fraction of the Phenylalanyl-tRNA-synthetase pool (FRS) relocalizes into the nucleus, although its function inside the Non-canonical functions and relocalizations of aaRS: AaRSs that exert nontranslational functions are grouped as a function of the subcellular compartment to which they relocate: (C, cytoplasm; N, nucleus; M, mitochondria; C. mb, cytoplasmic membrane; L, lysosome; V, vacuole), or when they are extracellularly secreted (HIV, human immunodeficiency virus; RSV, Rous sarcoma virus; Exo, exosomes; EC, extracellular (secreted); S, (host) serum). Organisms or groups of organisms in which the aaRS relocalizations where reported in this review are abbreviated as follows: Mam, mammalian; Vert, vertebrates; High. Euk, higher eukaryotes; Hsa, Homo sapiens; Sce, Saccharomyces cerevisiae; Zf, zebrafish; Bma, Brugia malayi; Mtu, Mycobacterium tuberculosis. The schematized structural organization of each aaRS was designed based on pfam 31.0 (http://pfam.xfam.org/), NCBI blastp, recent reviews [29,48] and the cited references (domains are not at scale). Orange and blue boxes correspond to anticodon/tRNA binding domains and catalytic core respectively, gray boxes correspond to additional domains and green boxes to WHEP domains. Red marks indicate the position of the residue that is post-translationally modified and/or domains involved in relocalization. p, phosphorylation; ac, acetylation; n.d., not determined; Nt ext., N-terminal extension; Ct, C-terminal; Transmb, transmembrane domain; cat, Catalytic; tRNA bd, tRNA binding domain.

N. Yakobov et al. PUBLICATION 2 • Yakobov et al., 2018 297 organelle was not clearly understood [59]. The presence of an aaRS in the nucleus, where tRNAs are synthesized and processed led to the attractive hypothesis that aminoacylation of nuclear tRNAs by aaRSs could be a quality control step to assess their structural and functional integrity prior to export [60,61]. In correlation to that, aminoacylation has been experimentally demonstrated for tRNA Y and initiator tRNA M (tRNA i M ) in X. laevis oocytes [60]. However, for a putative quality control mechanism involving aminoacylation to occur in the nucleus for all tRNAs, the corresponding aaRSs should be all able to enter the nucleus as well. This hypothesis was reinforced by the detection of nuclear localization sequences (NLS) in most of these enzymes [18,62]. Incidentally, results obtained in the yeast S. cerevisiae showed nuclear tRNA aminoacylation activity for MRS, IRS and YRS [61,63]; and more recently 19 tRNA species have been detected in the form of aa-tRNAs in the nucleus [64]. Most of aa-tRNA are exported [65] to fuel cytosolic protein synthesis, but it has been demonstrated that 30% are retained inside the nucleus, where they might be involved in protein modification, especially in the case of R-tRNA R , that participates in the N-end rule degradation pathway [66]. Several authors also suggested that nuclear pools of cytosolic aaRSs might assemble into molecular complexes [67,68]. Finally, nuclear relocalization of many cytosolic aaRSs seems to be a frequent feature across organisms and translocation of cytosolic aaRSs through the nuclear pores is accomplished by the classical import machinery (NLS/importins), although various other strategies to reach the nucleus [69]. Finally, their canonical function is only one of the many roles they exhibit inside this compartment.

Addressing cytosolic aaRS to mitochondria through MTS acquisition

In all organisms studied so far, no gene encoding mitochondrial aaRSs was found in any of the mitochondrial genomic DNAs. All mitochondrial aaRSs are nuclear-encoded [70,71], aside the 20 cytosolic aaRS genes. Importantly, the full set of the 20 mitochondrial aaRS genes has never been detected in any nuclear genomes so far [15,72,73]. Indeed, some aaRSs genes originating from mitochondria (or plastids in photosynthetic organisms and apicomplexans) have been lost during evolution. Consequently, mitochondrial aminoacylation activities have to be fulfilled by other aaRS, namely the cytosolic aaRSs. In this case, mitochondrial targeting sequences (MTS) are found at the N-terminus of the mitochondrial-targeted cytosolic aaRSs (Fig. 2). Addition of MTS can be achieved through different mechanisms such as alternative splicing of the aaRS transcript (human KRS) [74] or from an alternative translation start (AUG) site within the same transcript (human GRS) [75]. Moreover, both forms can be translated from mRNA transcripts that differ only in the 5′ regions. For example, the yeast HTS1 gene, coding for the sole HRS, has two in-frame translational starts separated by an alternative transcriptional start leading, upon translation, to two isoforms of HRS, a longer (mitochondrial) and a shorter (cytosolic) one [76]. A similar strategy has been evidenced for yeast VRS [77]. Alternatively, experiments showed that the gene encoding the two isoforms of yeast ARS is translated from a single mRNA, where the mitochondrial isoform is initiated from an upstream atypical ACG start codon, and the cytoplasmic isoform from a classical AUG start codon [78]. This dualtargeting mechanism, that involves synthesis of two protein isoforms from a single mRNA seems to be the rule in multi organellar organisms like A. thaliana [3,79] or apicomplexan parasites [80].

Mitochondrial-cytosolic dual-localization of a single aaRS

Apart from synthesizing two protein isoforms (one with and one without an MTS) from expression of a single gene, another strategy to generate a cytosolic/mitochondrial dual-localized protein is to produce a mitochondrial protein (harboring an MTS) and to retain it within the cytosol through interaction with an anchoring protein. For example, the yeast cytosolic ERS is imported into the mitochondria even if it does not harbor an identifiable targeting signal [6]. Experiments demonstrated that mitochondrial import of cytosolic ERS compensates the absence of mitochondrial QRS. Indeed, mitochondrial Q-tRNA Q cannot be synthesized directly, but via the indirect transamidation route. In this pathway, aminoacylation of mt-tRNA Q is specifically performed by the mitochondria-localized cytosolic ERS, which produces a physiologically misacylated Emt tRNA Q . This intermediate is further converted to Qmt tRNA Q by the tRNA-dependent GatFAB amidotransferase in yeast [6]. In A. thaliana and mammals [16,17], a bona fide mitochondrial ERS, called non-specific, produces Emt tRNA Q in addition to the cognate Emt tRNA E , and the misacylated intermediate is converted to Qmt tRNA Q by the mitochondrial GatCAB amidotransferase. Mitochondrial translocation of cytosolic ERS is triggered by a non-canonical MTS located after the first 190 residues [6]. Yeast cytosolic ERS is essential in both the cytosol and mitochondria, and regulation of its localization has been proven to be crucial during diauxic shift (transition from fermentation to respiration). Both yeast ERS and MRS are associated to the cytosolic anchoring protein Arc1p [22], preventing nuclear accumulation of the two aaRSs [81]. Upon diauxic shift, levels of soluble Arc1p decrease significantly, which triggers simultaneous release of both MRS and ERS [36]. While cytosolic MRS relocates into the nucleus (see Section 4.2.7), cytosolic ERS translocates into mitochondria, where it generates Q-tRNA Q and controls the overall rate of mitochondrial protein synthesis.

Eukaryotic relocating cytosolic aaRSs with nonconventional functions

As mentioned in the introduction, the primary function of an aaRS is to aminoacylate its cognate isoacceptor tRNAs in the translationally active compartment where the aaRS is supposed to be localized. In eukaryotes, where several organelles and compartments are found, defining the exact subcellular localization of a given aaRS is not an easy task, since some aaRSs are free-standing enzymes while other are found in an MSC (Multi-"Synthetase" Complex), i.e. the human MARS-complex or the yeast AME complex. Furthermore, MSC-associated aaRSs can be released from the complex under specific physiological or stress conditions, and/or upon posttranslational modification. One of the remarkable feature of aaRSs is that they are modular enzymes. Some of them inherited additional domains, that are sometimes only be found in aaRSs, upon various evolutionary events, [29]. Some of those additional domains are necessary to ensure the specificity of the tRNA aminoacylation ("conventional") reaction (i.e. Connective Peptide of the editing domains), whereas other domains are involved in "non-canonical" (and sometimes non-translational) functions that these enzymes can carry out. Interestingly, some additional domains are required for both conventional and non-canonical functions in a single aaRS.

In this context, the additional domain can harbor the non-canonical function by itself or can be the target of a post-translational modification, required for aaRS relocalization. Indeed, to fulfil their non-canonical function(s), aaRSs often have to relocate from the cytoplasm (that is, their "canonical" localization) towards a new compartment. Alternatively, an MSC-associated aaRS can stay within the cytosol but be released from the MSC. In this section, we sorted the cytosolic aaRSs as a function of the subcellular compartment in which they exert their non-canonical functions. All the aaRS relocalizations reported in this section are summarized in Table 1 and Fig. In higher eukaryotes and notably human, ERS is fused to PRS by a non-catalytic linker that contains 3 so-called WHEP repeats. The phylogenetic origins of these WHEP domains (present in tryptophanyl-(W) histidinyl-(H) glycyl-(G) and glutamyl-prolyl-tRNA synthetase (EP) where explored by Ray et al. [82] who focused their work on this unique case of fused bi-functional aaRSs called EPRS. In the human MARS complex these WHEP repeats interact with AIMP3 and lysyl-tRNAsynthetase (KRS). However, EPRS can be released from the MARS complex upon sequential bi-phosphorylation of serine residues within the WHEP domain. For instance, in myeloid cells Serine 886 (S886) is phosphorylated by the Cyclin-dependent kinase Cdk5/p35 kinase [83] and Serine 999 (S999) is phosphorylated by the mammalian Target Of Rapamycin 1 (mTORC1) activated p70 ribosomal protein S6 kinase 1 (S6K1) [32]. These phosphorylations occur upon interferon gamma (IFNγ) stimulation and trigger the release of EPRS. The phosphorylated WHEP repeats then sequentially interact with NSAP1, GAPDH, phosphorylated ribosomal L13a and the Gamma Interferon Inhibitor of Translation (GAIT) elements that can be found in the 3′-end of some mRNAs leading to the assembly of the so-called GAIT complex. This cytoplasmic GAIT complex then interacts with the translation initiation factor eIF4G, which inhibits translation of the mRNAs targeted by the GAIT complex [35,[83][84][85][86].

Because, this translation inhibition was shown to be suppressed 14-16 h after IFNγ stimulation, Yao and coworkers [87] investigated the mechanism underlying the recovery of the translation of the mRNAs targeted by the GAIT complex. They discovered an alternative route which allows mRNAs that display GAIT-elements to be basally translated even after GAIT-complex assembly. This mechanism involves an EPRS isoform called EPRS N1 which is translated from a truncated EPRS mRNA. This shorter EPRS mRNA is generated through an alternative polyadenylation pathway that changes an UAU (encoding tyrosine 864) to a stop codon (UAA). This EPRS N1 isoform is composed of the ERS core followed by approximatively two WHEP domains. Consequently, the region of the WHEP domain that can be biphosphorylated is missing in EPRS N1 , preventing association of this EPRS variant to the GAIT complex. However, EPRS N1 being still able to bind to the mRNA GAITelements, it competes with the GAIT-complex for binding to these mRNAs, leading to a basal expression of pro-inflammatory mRNA.

Human glutamyl-prolyl tRNA-synthetase (EPRS) in response to viral infection

The mitochondrial antiviral signaling protein (MAVS) is considered as a central regulator of responses to viral infections through its capacity to block virus replication. MAVS is inhibited by poly(rC)-binding protein 2 (PCBP2)-dependent ubiquitination and is activated through viral RNA genome sensors such as RIG-I and MDA5. Lee and coworkers [88] showed that following viral infection, EPRS is phosphorylated at S990 which triggers its release from the MSC and promotes its interaction with PCBP2. This interaction prevents MAVS ubiquitination and sustains in this way antiviral immunity. Thus, EPRS is also an important factor of antiviral immunity.

Human glutaminyl-tRNA-synthetase (QRS)

The human QRS, which participates to the MARS MSC by binding to AIMP1 and arginyl-tRNA-synthetase (RRS) has been shown to possess an anti-apoptotic action. Apoptosis can be triggered by different factors (i.e. Tumor Necrosis Factor (TNF), Fasl, Reactive Oxygen Species (ROS)) and different pathways (i.e. c-Jun N-terminal kinase (JNK) and p38), and an essential factor for apoptosis is the Apoptosis Signal-regulating Kinase 1 (ASK1). To prevent apoptosis and to enhance cell survival, the QRS catalytic domain interacts directly with the ASK1 catalytic domain, in a glutamine-dependent manner. The QRS unique N-terminal domain (UNE-Q) does not seem to be involved in this aaRS-dependent antiapoptotic pathway. Furthermore, because QRS can be released from the MARS MSC [89], Ko et al. [90] proposed that there is an equilibrium between the interaction of QRS with the MARS complex and with ASK1. On the opposite, Hwang et al. [91] showed that the translocation of ASK1 into the nucleus through its interaction with the Apoptosis-Linked Gene 2 (ALG2), also prevents apoptosis. However, no functional link between the QRS-and ALG2-dependent anti-apoptotic pathways was further revealed so far. Finally, Shao et al. [92] demonstrated that the microRNA miR-US4-1 encoded by the Human Cytomegalovirus (CMV) genome targets human QRS and induces cell apoptosis. zippers in their N-terminal extension, and like for other aaRSs, these leucine-zippers were shown to be involved in binding with AIMPs or other aaRSs in order to participate to the MARS complex. However, beside the full-length RRS, an alternative AUG translation start allows synthesis of a 74-residues shorter RRS isoform, in which the leucine zippers are missing [93][94][95]. Consequently, this isoform cannot bind to the MSC and is found in free form in the cytoplasm [96][97][98]. Both RRS isoforms present similar aminoacylation activities [99] but it was suggested that R-tRNA R s produced by the shorter isoform are rerouted from protein synthesis to provide activated arginyl moiety for the Argdependent protein degradation pathway ("N-end rule") [100][101][102].

4.2. Cytosolic aaRSs translocating to the nucleus 4.2.1. Human lysyl-tRNA-synthetase KRS (Mast Cells) Many non-canonical functions were discovered for cytosolic KRS this past decade. For example, mast cells are known to be implicated in allergenic and anaphylaxis responses and also in some immune disorders. Through allergen recognition by the immunoglobulin E high affinity receptor, IgE-FcεRI, activated mast cells accumulate diadenosine tetraphosphate (Ap4A) also called "alarmone" or "second messenger". This second messenger binds to Histidine triad nucleotidebinding protein 1 (Hint1) which in turn releases the Microphthalmiaassociated Transcription Factor (MITF) leading to its activation and the subsequent upregulation of the transcription of subset of genes (i.e. tryptophan hydroxylase and mast-cell protease 5) [103][START_REF] Ray | Evolution of function of a fused metazoan tRNA synthetase[END_REF][START_REF] Jia | WHEP domains direct noncanonical function of glutamyl-Prolyl tRNA synthetase in translational control of gene expression[END_REF][106]. Recent structural investigations revealed that the pathway that activates MITF involves the phosphorylation of KRS at S207 (located at the ABD) by the MAPK/ERK kinase which is itself activated after allergen stimulation. The subsequent KRS conformational change induces i) its dissociation from the MARS complex (AIMP2) ii) inhibition of its aminoacylation capacity and iii) its translocation into the nucleus. Inside the nucleus, the exposed C-terminal domain of KRS interacts with the MITF which in turn dissociates from Hint1. Furthermore, KRS synthetizes Ap4A (KRS is responsible for the synthesis of about 70-80% of cellular Ap4A) which inhibits Hint1, leading to MITF-KRS-dependent upregulation of gene transcription under allergenic stimulation [107,108]. Interestingly, a very recent study reported that HIV1 infection in human cells induces similar LysRS translocation into the nucleus (see below Section 4.5.1).

Zebrafish and mammalian tyrosyl-tRNA-synthetase (YRS)

Such an aaRS-dependent transcription-regulation was also shown for mammalian and zebrafish YRS. Angiogenin, nicotinamide and oxidative stress were shown to trigger YRS translocation into the nucleus. This relocalization occurs trough a hexapeptide NLS which is located into a tRNA binding domain which is not the Anticodon Binding Domaine (ABD) of YRS [START_REF] Fu | tRNA-controlled nuclear import of a human tRNA synthetase[END_REF]. Under stress conditions, resveratrol fits into the YRS active site by mimicking tyrosine and triggers i) inhibition of YRS's capacity to aminoacylate tRNA Y (YRS null mutant like) [110] and ii) an increase in acetylation of YRS's lysine 244 (K244) by the p300/CBP-associated factor (PCAF acetylase vs. SIRT1 deacetylase) [111]. This acetylation induces a conformational change that exposes YRS's NLS and triggers its nuclear translocation. Interestingly, Fu et al., [START_REF] Fu | tRNA-controlled nuclear import of a human tRNA synthetase[END_REF] showed that binding of tRNA Y prevents nuclear relocation of YRS, which is in agreement with the fact that early acetylation occurs into the YRS tRNA-binding domain (K244). Following nuclear import, YRS binds to TRIM28 (which notably represses the transcription factor E2F1) and to its associated Histone Deacetylase 1 (HDAC1) [112]. Trough acetylation, E2F1 is activated and improves expression of genes involved in DNA damage repair (i.e. Breast Cancer 1 BRCA1 and the recombinase RAD51). Furthermore, two studies showed that YRS is able to stimulate NAD + -dependent PARP1 activity which is well known for its participation to the DNA damage response [110,112]. Taken altogether, nuclear YRS seems to be an important factor to prevent DNA damages.

Vertebrate tryptophanyl-tRNA-synthetase (WRS)

Liu and coworkers [113] showed, in 2004, the presence of 5 WRS mRNA splice variants in human cells which are translated into 2 different WRS isoforms: the full length (residues 1 to 471) and the mini-WRS (residues 48-471). Both, WRS and mini-WRS can be further processed by extracellular elastases to produce T1-WRS (residues 71-471) and T2-WRS (residues 94-471). For instance, the full-length WRS (component of the MARS complex) harbors an additional N-terminal WHEP domain which is either in a "locked" conformation (presence of Trp ~AMP into the active site) or "open" conformation (absence of W ~AMP into the active site). Furthermore, WRS is a class 1 aaRS that homodimerizes (α2) and harbors a C-terminal NLS. WRS was already shown in 1993 [114] to be imported into the nucleus and later studies [115] showed that nuclear WRS increases upon IFN-γ treatment (antiangiogenic and anti-proliferative). Upon IFN-γ stimulation, the WHEP domain from the nuclear WRS homodimer "opens" and serves as a bridge between PARP1 and DNA-dependent protein kinase (DNA-PKc), which is essential for DNA-PKc-ADP-ribosylation by PARP1 and p53 phosphorylation (Ser15). Consequently, phosphorylated p53 triggers cell death.

Vertebrate seryl-tRNA-synthetase (SRS)

SRS, that belongs to class 2 aaRSs, was also shown to be imported into the nucleus [116]. This import requires a robust NLS located into a unique C-terminal domain called UNE-S [28,117] which is conserved in all vertebrate SRSs from fish to human. In human cells (HUVE-C = endothelial cells, HEK293T cells), the amount of nuclear SRS was estimated to be 10% of the total SRS content [116]. In 2009, two studies [118,119] identified different SRS mutations that could lead to deletion or sequestration of the NLS (into the UNE-S domain). These mutants have deficiencies in SRS nuclear import and anomalies in angiogenesis. This phenotype was explained by an original "Yin-Yang" mechanism whereby nuclear SRS competes with c-Myc for binding to the promoter of Vascular Endothelial Growth Factor (VEGFa); c-Myc binds to the promoter of VEGFa and recruits a histone acetyltransferase which increases chromatin decondensation at VEGFa locus and its expression. Contrariwise, nuclear SRS binding to the VEGFa promoter can recruit Sirtuin 2 (SIRT2) which deacetylates histones at the VEGFa locus and represses its expression [120]. Beside this Yin-Yang mechanism that acts on the proximal cis regulation element (CRE) which avoids abnormal vascularization, a recent study proposed the existence of a distal CRE regulation mechanism. Notably, they demonstrated that nuclear SRS binds a transcription factor Yin-Yang1 (YY1), building a complex that represses VEGFa expression. As described for the SRS-SIRT2 complex, the recently identified SRS-YY1 complex competes with the Nuclear Factor kappa B (NFκB) which binds the same distal CRE to enhance VEGFa expression [121].

Vertebrates from zebrafish to human threonyl-tRNA-synthetase (TRS)

Recently Cao and coworkers [122] reported the capacity of human (HUVEC) and zebrafish TRSs to relocate to the nucleus. Based on a newly identified taARS cq16 mutant in zebrafish, they show that TRS down-regulates VEGFa expression to prevent abnormal vascular development. Interestingly, this regulatory function resembles that of the human SRS described in the previous section. The fact that taARS cq16 mutant phenotype could not be abolished by SRS mRNA injection suggests that TRS-mediated regulation of angiogenesis proceeds through a different mechanism. However, there were able to swap the Zebrafish TRS by its human ortholog, indicating that this new non-canonical regulatory function is conserved in human.

Human methionyl-tRNA synthetase (MRS)

MRS is another MSC-participating aaRS capable of relocating to the nucleus and more precisely to the nucleolus where ribosomal RNA (rRNA) are transcribed. Compared to prokaryotic MRSs, human MRS possesses an N-(267 amino-acids) and a C-terminal extension, in the latter of which a NLS was found. Ko and coworkers [123] showed that nucleolar translocation of human MRS requires rRNA and RNA polymerase I activity and that this relocation upregulates rRNA biogenesis when cells are proliferating upon treatment with growth factors like insulin, Platelet-Derived Growth Factor (PDGF) or Epidermal Growth Factor (EGF). Finally, the mechanism that triggers release of MRS from the MARS complex remains unclear but Ko and coworkers anticipated that phosphorylation of the MRS N-terminal extension through casein kinase II could be the event initiating nucleolar relocation of MRS. This hypothesis is supported by the fact that this kinase is involved in cell growth and rRNA biogenesis. However, to our knowledge the exact pathway and mechanism of MRS nucleolar relocation still needs to be verified experimentally.

S. cerevisiae MRS

As mentioned above, the yeast AME composed of Arc1 ERS and MRS has been shown to constitute a cytosolic retention platform for the two participating aaRSs. In fermenting yeast cells (high glucose concentration), the majority of MRS and ERS are found bound onto Arc1 that enhances their cognate tRNA aminoacylation efficiency [22]. However, upon switch to the respiratory metabolism (low glucose concentration), ARC1 transcription is downregulated by the Snf1/4 kinase pathway (glucose-sensing pathway), which leads to synchronous release of MRS and ERS from Arc1. Released ERS then relocates to the mitochondria and indirectly controls accumulation of the Atp9 subunit of the F O domain of the mitochondrial ATP synthase (ATPase). Simultaneously, dissociation of MRS from the AME complex unmasks a bipartite NLS located in the MRS N-terminus and its subsequent nuclear translocation. Nuclear MRS then regulates transcription of Atp1 subunit of the F 1 domain of ATPase. Taken together the AME complex dissociation allows a synchronous synthesis and assembly of a functional ATPase and thus mitochondrial ATP synthesis [36].

S. cerevisiae aspartyl-tRNA-synthetase (DRS)

It was first suggested that, in vivo, DRS could interact with its own mRNA (mRNA DRS ) through the 70-amino-acid N-terminal extension that contains a lysine-rich RNA binding motif [124]. A second study by Frugier and coworkers [125] confirmed the nuclear translocation of DRS through a NLS that was shown to be located in this N-terminal extension. They proposed a mechanism by which the superfluous amount of DRS that is produced by yeast cells, enters into the nucleus and bind its own mRNA thereby inhibiting its expression and stopping further accumulation of the enzyme. In most human organs, laminin is found as an extracellular matrix support for surrounding cells, which interact with laminin through membranous integrins. However, in cancer cells, laminin bound to integrin induces p38-MAPK (Mitogen Activated Protein Kinase) activation which in turn phosphorylates the threonine 52 (T52) located in the N-terminal extension of KRS. T52 phosphorylation induces a conformational change of this part of KRS that triggers its release from the MARS complex and allows its interaction with the membranous 67LR laminin receptor. This interaction occurs between the KRS N-terminal domain composed of the ABD and N-terminal extension (1-72) and the C-terminal domain of the 67LR. By doing so, KRS inhibits Nedd4mediated ubiquitination of 67LR, enhancing laminin-dependent cell migration and cell dissemination which is considered as a marker of metastasis [126]. Kim and coworkers [127] also identified a compound (BC-KYH16899) that inhibits the KRS-dependent 67LR-mediated cell migration without affecting the aminoacylation capacity of KRS. This BC-KYH16899 compound is thus a promising molecule that could selectively inhibit cancer cells dissemination without affecting the proteinogenic role of KRS. Finally, Nam and coworkers [128] investigated the molecular steps occurring downstream this KRS -67LR interaction and showed that KRS-dependent cell-dissemination is done through cell-cell and cell-extracellular matrix interactions.

Mouse and human EPRS

In higher eukaryotes, ERS is fused to PRS by a non-catalytical linker that contains 3 WHEP repeats. This bifunctional EPRS was well characterized notably in human cells in which it participates to the MARS complex by interacting with AIMP2, KRS and DRS [30,129,130]. We already described in a preceding section the non-canonical function that EPRS exhibits in myeloid cells. However, Arif et al. [32] recently reported another relocation for MARS-released EPRS and a new nontranslational function of this aaRS. In contrast to myeloid cells in which EPRS WHEP repeats are phosphorylated at S886 by Cdk5/p35 kinase, and at S999 by S6 kinase 1 (S6K1), in adipocytes EPRS was only shown to be phosphorylated at S999 making unclear whether S886 phosphorylation is also required in this cell type. Furthermore, contrary to mast cells, in adipocytes, the mTORC1-dependent S6K1 kinase that belongs to AGC kinases, is activated under insulin stimulation (mTORC1: mammalian Target Of Rapamycin Complex 1). Phosphorylated EPRS (at S999) interacts then with the cytoplasmic Fatty Acid Transport Protein 1 (FATP1). Formation of the EPRS-FATP1 complex is followed by its relocation to plasma membrane where it induces Long Chain Fatty Acid (LCFA) uptake. Thus, in adipocytes (but not in myeloid cells), and under insulin stimulation (but not under IFNγ stimulation), EPRS regulates adiposity and lifespan in a S6K1-dependent manner. In eukaryotes, TOR complexes (TORC) were shown to be involved in many processes such as cell growth, differentiation and metabolism, but increasing evidences suggest that its regulation is far from being fully understood. Indeed, different studies showed that amino acids and especially leucine [131][132][133], glutamine [133][134][START_REF] Durá | Glutaminolysis activates rag-mTORC1 signaling[END_REF] and arginine [131] participate to activation of mTORC1. To be activated, mTORC1 requires a combination of Rag GTPases (component of the RAGULATOR complex) that are themselves regulated by a set of Guanine nucleotide Exchange Factors (GEFs) and GTPase-Activating Proteins (GAPs). It was suggested that LRS serves as a GAP for one of these Rag GTPases [136,137]. Beside these combinations of Rag-GTPases, mTORC1 activation at the lysosomes requires phosphatidic acid which is obtained by phospholipase D1-dependent (PLD1) hydrolysis of phosphatidylcholine. PLD1 recruitment to the lysosome is done by direct interaction with phosphatidylinositol-3P (PI3P) which is synthetized at the lysosome through the vacuolar protein sorting 34 (VPS34), a class 3 PI3-kinase which phosphorylates phosphatidylinositol and which is known to be involved in autophagy [138]. Yoon and coworkers [137] demonstrated that LRS interacts directly via its catalytic domain with VPS34 and activates it via its unique C-terminal extension called UNE-L. Furthermore, leucine binding but not tRNA binging nor tRNA aminoacylation is required for mTORC1 activation. Finally, Yoon and coworkers performed immunoprecipitation assays which suggest that this non canonical role of LRS requires the release of the enzyme from the MARS complex and its relocation at the lysosomal surface.

S. cerevisiae leucyl-tRNA synthetase (LRS)

In the Yeast S. cerevisiae two TOR complexes (TORC1 and TORC2) are also found and TORC1 is regulated by GTPases. Like for mammals, LRS was shown to be involved in vacuolar TORC1 regulation but this regulation is achieved through a different mechanism than the one detailed in the previous section. In yeast, LRS interacts with one of the GTPases (Gtr1) from the EGO complex (corresponding to the N. Yakobov et al. PUBLICATION 2 • Yakobov et al., 2018 301 mammalian RAGULATOR) via its non-essential connective peptide that corresponds to the editing domain (a domain involved in non-cognate aa-tRNA hydrolysis). When a non-canonical amino-acid is charged on tRNA L , a conformational change occurs that disrupts the LRS-Gtr1 interaction and inhibits vacuolar TORC1. Bonfils and coworkers [139] proposed that in S.cerevisiae, LRS serves as GAP for Gtr1 GTPase and thus participates to the inactivation of TORC1. 4.5. Cytoplasmic aaRS that are targeted outside the cell Many aaRSs were reported to be targeted/secreted outside the intracellular space. In the present section we decided to describe aaRSs that are either incorporated into viruses or secreted. For secreted aaRSs, we describe those which are secreted to the intercellular space via the Multi Vesicular Body MVB/exosome pathway, via the Endoplasmic Reticulum RE/Golgi pathway or via a yet unidentified pathway. Finally, we mention the aaRSs that have been found in the human serum.

Human KRS is encapsidated into HIV virions

During HIV1 infection, a key step for viral replication is the reverse transcription (RT) of the genomic RNA. This step requires a primer which has been shown to be the human tRNA Lys3 (tRK3). Cen and coworkers [140] showed that, in addition to tRK3, the human KRS is also encapsidated into HIV1 particles by interacting with the viral Gag precursor. Whereas other studies [141][142][143] brought evidences that tRK3 incorporation is regulated by KRS, Liu and coworkers [Anticodonlike binding of the HIV-1 tRNA-like element to human lysyl-tRNA synthetase] investigated the interaction of LysRS with the viral genome. Furthermore Dewan et al. [144] demonstrated that the H7 helix located in the class II motif 1of human KRS, and which is responsible for KRS dimerization, is also responsible for the interaction with HIV1 Gag protein.

As mentioned in a previous section (Section 4.2.1), a very recent study [145] investigated further the implication of KRS after HIV1 infection in human cells. This study shows that following HIV1 infection, phosphorylated KRS (S207P) is released from the MSC and translocates into the nucleus. Like in mast cells, phosphorylated KRS is deprived of its capacity to aminoacylate its cognate tRNA but retains its ability to bind the tRNA. Although nuclear LysRS function was not yet clearly established, this study strongly suggests that translocation into the nucleus of the phosphorylated LysRS-tRK3 complex i) occurs before the reverse transcription of HIV1 genome and ii) is important for tRK3 packaging and for HIV1 infectivity. Finally, in agreement with the previously described EPRS antiviral function (Section 4.1.2), Duchon and coworkers could detect a low amount of released EPRS upon HIV1 infection.

Human WRS is encapsidated into Rous sarcoma virus (RSV)

In the previous paragraph, we reported that KRS and the tRK3 are incorporated into HIV1 particles. Cen and coworkers [146] described a similar situation concerning the Rous sarcoma virus, except that tRNA W is used as primer for reverse transcription of the viral genomic RNA. Like for HIV1 the aaRS homologous to the tRNA species used as a primer, in this case human WRS, is also encapsidated. Interestingly, the Moloney Murine Leukemia Virus that uses tRNA P as primer for reverse transcription of its genomic RNA, does not encapsidate the cognate PRS into the viral particles. The reason why certain viruses encapsidate a given aaRS alone or together with its cognate tRNA, has so far, not been ruled out.

Human KRS is secreted via exosomes

Park and coworkers [147] showed that under starvation and stimulation by Tumor Necrosis Factor α (TNFα), the human KRS can be secreted from human cells and interacts with macrophages to induce their TNFα secretion and cell migration. However, the KRS secretion pathway and its detailed molecular steps remained unclear until recently. Kim and coworkers [148] showed that, during evolution human KRS inherited a unique N-terminal extension which harbors a Caspase 8-specific cleavage site, and a C-terminal PDZ-binding domain. Whereas many proteins that harbor a localization signal are secreted by the ER-Golgi pathway, the human KRS interacts via its PDZ-binding domain to syntenin which guides KRS from de MARS complex into exosomes and more precisely in their lumen, prior to its release from the cell. Note that this KRS-syntenin interaction had already been suggested previously by Meershaert and coworkers [149] and Baietti and coworkers [150]. Kim and coworkers also showed the importance of the N-terminal caspase 8-specific cleavage site in this KRS secretion pathway and proposed a mechanism in agreement with the published 3D structure of KRS [107]; KRS is a class II aaRS that forms homodimers in which the caspase 8 cleavage site that is located in the N-terminal extension of one of the monomers masks the syntenin interaction site located in the C-terminal domain from the second monomer, thus inhibiting exosomal KRS secretion. Under starvation conditions, Caspase 8 cleaves the KRS N-terminal domain which allows KRS-syntenin interaction and subsequent incorporation of the enzyme into exosomes.

From insect to vertebrates, the balance between mini-YRS and -WRS regulates angiogenesis

We already reported in the previous sections that nuclear imported WRS, SRS and TRS are important angiogenesis regulators. However, secreted forms of YRS and WRS are also key players of angiogenesis regulation. In comparison to prokaryotic YRS, insect and vertebrates YRS have inherited an C-terminal Endothelial-monocyte-activating polypeptide II (EMAPII) like domain that can be cleaved by extracellular proteases (elastases) from the remaining core of YRS called "mini-YRS" [151]. This mini-YRS has similarities with the CXC chemotactic factor interleukin 8 (IL8), in particular with the ELR motif (Glu-Leu-Arg) harbored by pro-angiogenic chemokines. The evolutionary close WRS can similarly be cleaved into a "mini-WRS" (where translation starts at M48 due to alternative splicing or extracellular cleavage inside the WHEP domain) but the cleaved product doesn't harbor the ELR motif. As such, it was shown that in endothelial cells (HUVEC) and in polymorphonuclear leukocytes (PMN), extracellular mini-YRS induces cell migration and angiogenesis [152], whereas extracellular WRS has opposite effects [153,154]. Extracellular mini-YRS is increased through TNFα secretion and in endothelial cells mini YRS induces phosphorylation of Src, Akt, ERK (Extracellular Signal Regulated Kinase), and VEGF-receptor 2, required for angiogenesis [155,156]. Because IL8 is known to act on the CXCR1/2 receptor, My-Nuong Vo et al., [157] verified whether this is also the case for mini-YRS. This study showed, that under low mini-YRS secreted concentrations, mini-YRS is monomeric and induces cell migration via CXCR1/2 whereas under high mini-YRS secreted concentrations, mini-YRS is dimeric and inhibits cell migration (antagonistic effect). On the other hand, mini-WRS exerts its angiostatic activity by binding the first extracellular (EC1) domain of VE-cadherin (vascular endothelial cadherin). Recent studies [158,159] showed that mini-WRS K153 residue binds VE-cadherin and that VE-cadherin residues W2 and W4 are docked into the empty W-AMP pocket. Through this interaction, i) VEcadherin interaction with activated VEGF receptor 2 (VEGFR2) is disrupted and ii) the subsequent activation of Akt that, in the absence of mini-WRS leads to angiogenesis, is inhibited [160,161]. However, the mechanism by which VEGFR2 is activated by mini-YRS remains unclear and Zeng et al. [162] in human umbilical vein endothelial cells in hypoxia suggested a yet unknown trans-activation mechanism. Thus, mini-WRS and mini-YRS cytokine-like antagonistic effects belongs to a pathway that fine tunes cell migration and angiogenesis.

From insect to vertebrates, YRS EMAPII-like domain

Compared to their prokaryotic homologs, insects and vertebrates YRSs inherited a additional C-terminal EMAPII-like domain. When YRS is secreted, this domain is cleaved by extracellular elastases from the remaining "mini-YRS". This cleavage occurs during the apoptotic state and the EMAPII-like peptide will exert 2 different functions i) it carries chemo-attractive capacities which allows the recruitment of phagocytes to the apoptotic site and phagocytosis in order to prevent damages for surrounding cells; and ii) it induces TNFα secretion by leucocytes [151,153,163]. Finally, it was suggested that in the full-length YRS, EMAPII-like blocks IL-8 proangiogenic activity by preventing it recognition by IL8 receptor. 4.5.6. Secreted human full-length WRS (but not the mini-WRS) induces early innate immune response Human WRS contains a unique 154 aa-long N-terminal domain that includes a WHEP domain (residues 8-64). Recently Ahn and coworkers [164] discovered a new function for the full-length WRS (FL-WRS) but not for the mini-WRS that we described previously. They showed that early after infection by pathogens, FL-WRS is secreted from monocytes and interacts with macrophages to induce innate immune stimulation (phagocytosis and cytokine production). Based on the available WRS crystal structure, Ahn et al. showed that in order to activate this type of immune response, FL-WRS binds to Toll-Like-Receptor 4 (TLR4) -MD2 complexes and probably also to TLR2 via its N-terminal extension. Finally, binding and activation was also showed with the 154 aa-long Nterminal domain alone.

Secreted human TRS regulates also angiogenesis

Similar to the above-mentioned mini-YRS angiogenic function, human TRS is also secreted under TNFα or VEGF stimulation and induces endothelial cell migration. However, it has not been elucidated if TRS cleavage or posttranslational modification is necessary for this noncanonical function [165]. Furthermore, Wellman and coworkers [166] found a link between stress-induced overexpression of TRS, angiogenesis and ovarian cancer.

Brugia malayi asparaginyl-tRNA-synthetase (NRS)

Brugia malayi is a filarial nematode which is a human parasite responsible for filariasis that causes chronic infections and elephantiasis. Brugia malayi NRS (BmNRS) is secreted from this intravascular worm parasite into patient's serum [167,168] and acts as immunodominant antigen. BmNRS presents a 110 aa-long N-terminal extension (compared to prokaryotic NRSs) that harbors a 80-long IL8-like domain. Different studies demonstrated that BmNRS induces several physiological responses via binding to 2 different types of receptors: IL8 CXCR1/ 2 receptors and purine receptors [168][169][170][171][172]. Recently Jothi and coworkers added to this list: endothelial cell proliferation, migration, ring and tube formation, vasodilation and angiogenesis which are also usually induced by VEGF.

Mouse and human glycyl-tRNA-synthetase GRS

Concerning GRS, Park and coworkers [173] recently showed that Fas-ligand secreted from cancer cells induces GRS secretion which can then circulate in the serum. Normally, phosphatase 2 (PP2A)-dependent ERK inhibition is blocked by its interaction to the membrane protein cadherin 6 (CDH6). However, binding of GRS to CDH6 via its extracellular domain, releases PP2A which inhibits ERK and provokes tumor cell death. Furthermore, this study provides in vivo data (mouse models) on GRS-mediated antitumor effects and suggests that this aaRS, by having this cytokine-like function, is a key player in an endogenous tumor surveillance mechanism. Finally, the mechanism by which GRS is secreted remains so far unknown, but He and coworkers [174] suggested that GRS is secreted by the exosomal pathway.

Concluding remarks

As described herein, the functional plasticity of relocating cytosolic aaRS is really remarkable for enzymes once considered to be restricted to the production of the ribosomes' aa-tRNA substrates. However, the repertoire of nontranslational functions carried by these enzymes is probably even greater, especially in human, if one considers all the possible isoforms that that have been predicted to be produced by alternative splicing or initiation of translation [175]. The majority of these splice variants are catalytic nulls meaning that the alternative splicing event partially or entirely removed the functional parts responsible for aa-tRNA synthesis, leaving, usually, only domains that were added to the aaRS core in the course of evolution. These pieces of aaRSs have been found to have a tissue-specific expression profile and do not contribute or participate to the aminoacylation reaction. However, a strong selection pressure led to their conservation throughout evolution most probably because they exert a specific biological function that has nothing to do with protein synthesis but nevertheless equally essential. When tested in cell-based assay designed to check their involvement in cytoprotection, immunomodulation, acute inflammatory response, transcriptional regulation, regenerative responses, cell differentiation and cholesterol transport, almost 90% of these catalytically null pieces of aaRSs where shown to exert at least one specific biological activity. Given the type of physiological role they might be playing and their tissue-specific expression one can easily imagine that malfunctioning of their functions or a change in their expression will very likely be associated with diseases. Indeed, it has already been shown that malfunctioning of the nontranslational functions that cytosolic relocating aaRSs exert, triggers a wide spectrum of diseases in human [31,34]. The pathologies to which these aaRSs have been connected to, include for example i) neuronal syndromes like type-2 Charcot Mary Tooth [174,[176][177][178] and Amyotrophic Lateral Sclerosis [179], ii) susceptibility to cancers [180][181][182], diabetes [183,184] or other abnormal metabolic conditions [32] and iii) autoimmune disorders [185][186][187][188][189]. The latter example is particularly interesting since auto-antibodies against 9 cytosolic aaRSs have been found in patients with autoimmune disorders among which inflammatory myopathies, interstitial lung diseases and rheumatoic arthritis [190,191]. Despite a growing number of reports describing the clinical features of these subtypes of autoimmune diseases also called the "antisynthetase syndrome" the physiological conditions and molecular mechanism by which these aaRSs become an antigen are still unknown.

Transparency document

The http://dx.doi.org/10.1016/j.bbagrm.2017.11.004 associated with this article can be found, in online version. So far, the AME complex was considered to be only soluble but recently it was shown that Arc1 binds phosphoinositides in vitro such as PI3P and PI(3,5)P 2 [2]. Both are involved in protein sorting at endosomes and the vacuole/lysosome. Hence, we have started the analysis of the membrane-bound Arc1 and the role of this uncharacterized pool of AME complex using biochemichal approaches and a split-GFP tool for localizing specifically membrane-anchored aminoacyl-tRNA synthetases (aaRSs).

Modular organization of Arc1

Arc1

Subcellular fractionation confirms binding of Arc1 and ERS to membranes

Identification of the phosphoinositid-binding domain of Arc1

Membrane-anchored Arc1 level does not participate to the metabolic switch from fermentation to respiration Coordinating nuclear, cytoplasmic and mitochondrial functions is essential to ensure optimal respiration. In yeast Saccharomyces cerevisiae, this coordination relies in part on the equilibrium between pools of cytoplasmic methionyl-(MRS) and glutamyl-(ERS) tRNA synthetases bound to Arc1 (forming the AME complex) and free MRS and ERS. Free MRS is translocated into the nucleus to regulate the expression of nuclear genes encoding subunits of F1 domain of ATP synthase (Complex V of the respiratory chain). Free ERS is imported in the mitochondrial matrix to ensure the proper translation of mitochondrial-encoded Atp9 subunit, essential component of the FO domain of ATP synthase [1] .

1.

What are the residues of the GST-like N-terminal domain of Arc1 involved in recognition and binding of PI ? 2.

Is vacuolar-bound AME complex activating amino acids and aminoacylating tRNAs ? 3. Is vacuolar-bound AME complex relaying methionine availability to the translation machinery ? 4. What pathway regulates vacuolar-bound AME complex ?

We have previously reported the decrease of soluble Arc1 during the metabolic shift from fermentation to respiration (right). This decrease of cytosolic Arc1 allows the organellar relocalisation of MRS and ERS [1].

We verified whether vacuolar-bound Arc1 is also varying under various metabolic conditions: fermentation/respiration, and nitrogen sources (below). As expected, Arc1 and MRS generate a vacuolar signal with this system (upper pannel). This fraction is not visible through standard GFP tagging (lower pannel).

Surprinsingly, pools of several other aaRSs are also found at the surface of the vacuolar membrane. Cell fractionation procedure separates membranebound proteins from soluble ones. Although Arc1 is soluble (S100) the majority of the protein is recovered in membrane fractions (P13 and P100). Being a component of the AME complex and tightly bound to Arc1, ERS is also retained in the membrane fraction.

To identify which domain of Arc1 is responsible for the anchoring to the membrane, we designed troncated mutants of 

Methionine misincorporation

Cells must be able to maintain their intracellular homeostasis when confronted to environmental stresses. The oxidative stress results in an excess of electrons carried by oxidants such as Reactive Oxygen Species (ROS) and is deleterious for the cell through protein and lipid oxidation, RNA modification and DNA damage. Misincorporation of the sulphur-containing amino acid methionine has been proposed to constitute an important antioxidant defence mechanism (Figure 1). However, methionine mischarging would be relevant only if this misincorporation is not random and does not alter protein functions. It has been shown by tRNA microarrays that methionylation to non-cognate tRNAs by methionyl-tRNA synthetase (MetRS) increased under oxidative stress in human [1] and yeast [2] cells, and that some tRNAs are more likely mischarged by MetRS than others.

To confirm these results we developed a bi-fluorescent reporter system to monitor methionine misincorporation directed by the full set of codons in the yeast Saccharomyces cerevisiae. Using yeast as a model, we will be able to test methionine misincorporation for each codon in several growth conditions including physiological and chemically-induced oxidative stress, and to identify which of the four naturally occurring MetRS isoforms present in S. cerevisiae is responsible for this adaptative mismethionylation. 

Quantification of the mismethionylation according to the mRuby2 intensity

Growth effects of oxidants

In standard conditions (top), each of the 20 cytsolic aaRSs transfer the corresponding amino acid onto its cognate tRNA. However in oxidative conditions (bottom), the methionyl-tRNA synthtase (MetRS) transfers methionine onto non-cognate tRNAs, leading to the misincorporation of methionine at specific non-AUG codons. This misincorporation would constitute a fast and general defense against ROS and oxidative stress. To avoid fluorescence biaises due to different expression level of EGFP in cells, clones with similar EGFP intensity were selected.

EGFP (WT) mRuby2

Figure 4A shows a significant variation of EGFP expression among clones obtained from the same transformation. We thus selected clones with a EGFP signal compatible with quantification of fluorescence intensity signal.

A library of 61 different clones was selected. Each clone carries a mRuby2 gene in which the ATG 67 codon of chromophore was replaced by one of the 60 other combinations. The variability in GFP intensity will be normalized as described in section 4.

Depending on the oxidant used for the drop test, yeast stains do not respond equally to each oxidative molecules (3A).

Because the dual fluorescent reporter needs to be translate, the oxidant that triggers enough oxidative stress without excessively impacting growth and protein synthesis (3B), will be used . Cells must be able to maintain their intracellular homeostasis when confronted to environmental stresses. The oxidative stress results in an excess of electrons carried by oxidants such as Reactive Oxygen Species (ROS) and is deleterious for the cell through protein and lipid oxidation, RNA modification and DNA damage. Misincorporation of the sulphur-containing amino acid methionine has been proposed to constitute an important antioxidant defence mechanism (Figure 1). However, methionine mischarging would be relevant only if this misincorporation is not random and does not alter protein functions. It has been shown by tRNA microarrays that methionylation to non-cognate tRNAs by methionyl-tRNA synthetase (MetRS) increased under oxidative stress in human [1] and yeast [2] cells, and that some tRNAs are more likely mischarged by MetRS than others.

To confirm these results we developed a bi-fluorescent reporter system to monitor methionine misincorporation directed by the full set of codons in the yeast Saccharomyces cerevisiae. Using yeast as a model, we will be able to test methionine misincorporation for each codon in several growth conditions including physiological and chemically-induced oxidative stress, and to identify which of the naturally occurring MetRS isoforms present in S. cerevisiae is responsible for this adaptative mismethionylation. Thus these tRNAs Leu are likely to be misaminoacylated by the MetRS, which is in correlation with our bifluorescent reporter assay. We used H 2 O 2 as oxydative molecule to measure the impact of oxydative stress on yeast translation fidelity and methionine mischarging. Determining the correct H 2 O 2 concentration to use in our assay without inhibiting yeast cell growth onto solid (A) or liquid (B) medium, we quantified Met mischarging for some codons (C). We observed more than a two-fold increase in mismethionylation for CTC and CTT Leu codons, and a moderate effect on the others. We used our bi-fluorescent system on two different yeast strains : the WT strain (purple) expressing the whole AME (Arc1-MRS-ERS) complex, and the arc1∆ strain (orange) where the AME complex is disturbed and the MetRS is not complexed to Arc1 protein. Microsopic observation and Met misincorporation quantification show preferential misincorporation of Met at Leu codons (≈ 1 %) in WT context, but deletion of Arc1 protein induces misincorporation at a large subset of different codons, and an increase misincorporation at Leu codons (≈ 3 %). Thus Arc1 protein would have a major role in MetRS fidelity for its cognate tRNAs. 
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Introduction

Une fonction commune des enzymes Methionyl-ARNt-synthétase cytoplasmiques (cMRS) Humaine et de Levure est leur participation au mécanisme de défense contre les dommages créés par les espèces réactives de l'oxygène (ROS). En effet, chez ces 2 organismes, il a été observé une mésincorporation élevée de méthionines dans les protéines en réponse au stress oxydatif. Cet accroissement du contenu en méthionines dans les protéines est dû à une augmentation de l'activité de "mischarging" de la cMRS ; c'est-à-dire la charge additionnelle d'espèces d'ARNt autres que l'ARNt Met par cette enzyme. Cette mésincorporation encore appelée "traduction adaptative" permet de dégénérer le protéome de l'organisme face à une condition de stress afin de modifier les propriétés des protéines traduites et leur permettre d'assurer leurs fonctions ou de nouvelles dans les conditions de stress. Dans le cas du stress oxydatif, la mésincorporation de méthionines à la surface des protéines permettrait de lutter contre les espèces oxydantes car son atome de souffre, pouvant être oxydé par un mécanisme réversible, "pompe" les ROS formés et permet la diminution du stress oxydatif. Chez la Levure et l'Homme il semblerait que seules certaines espèces bien précises d'ARNt puissent être mischargées pour alimenter ce phénomène de traduction adaptative. Néanmoins, quelle forme de cMRS, nucléaire, cytosolique, nucléaire entière ou tronquée de son domaine N-terminal, est responsable de ce "mischarging" antioxydant reste encore à être élucidé. De plus, aucun système n'a été créé pour suivre la mésincorporation de Met dans les protéines de façon systématique pour chaque espèce d'ARNt mésacylée. L'objectif de ce projet été de construire un outil qui permette la quantification de mésincorporation de Met chez la levure S. cerevisiae au niveau de l'ensemble des codons codants du code génétique.

Outil développé et résultats

La stratégie utilisée pendant ma thèse pour observer la mésincorporation de Met repose sur la conception d'un nouvel outil de biologie : la protéine fluorescente mRuby2 (dérivée de la RFP) présente une méthionine indispensable dans son fluorophore Cette méthionine (M67) est incorporée dans la séquence sauvage par le codon AUG en position 67. La substitution de ce codon en position 67 permet de générer une protéine mRuby2 mutante possédant un autre acide aminé en position 67 et dont la fluorescence rouge est abolie. S'il y a effectivement mésincorporation de méthionine en position 67, la fluorescence rouge de cette protéine mutante est rétablie. Afin de normaliser et quantifier cette fluorescence rouge émise par la protéine mRuby2 suite à la mésincorporation de Met, le gène sauvage de la protéine EGFP a été cloné en 3' du gène de la mRuby2. Le gène mRuby2 sauvage (contenant le codon ATG67) a été obtenu par synthèse de gène GenScript, flanqué par les séquences attB1/attB2 dans le vecteur pUC57. Par clonage Gateway, la séquence du gène a été clonée dans un vecteur pRS304-ccdB-EGFP qui permet l'expression de la protéine de fusion (ou rapporteur bifluorescent) de façon homogène dans toutes les cellules puisque le gène est intégré au génome. Le promoteur choisi pour l'expression de ce rapporteur bifluorescent est le promoteur du gène TDH3, promoteur constitutif et fort permettant une expression suffisante du rapporteur pour détecter de faibles signaux de fluorescence.

Afin d'obtenir toutes les constructions mutantes pour le codon 67 (soit 61 différentes constructions pour les 61 codons testés), une mutagenèse par PCR a été effectuée et m'a permis l'obtention d'une banque de 61 plasmides. Des constructions contrôles ont également été réalisées afin de normaliser la fluorescence : un contrôle EGFP seul en mutant les trois résidus du fluorophore de mRuby2 ; un contrôle mRuby2 en mutant la triade du fluorophore de l'EGFP, et le double mutant négatif en mutant les deux fluorophores. L'ensemble de ces constructions ont été exprimées dans plusieurs souches de S. cerevisiae et la quantification de cette mésincorporation de Met a été réalisée en microscopie à épifluorescence, et pour une partie des souches en cytométrie de flux. L'étude systématique des 61 codons sur différentes souches de S. cerevisiae (souche de levure RS453 et W303 adaptées à la respiration, ou BY4742 dont la croissance est ralentie en milieu respiratoire et qui peut présenter un déficit de défense en milieu oxydatif) a permis d'identifier une mésincorporation de Met en conditions basales (milieu riche) essentiellement en lieu et place du résidu leucine à hauteur de 2-3 % de mésincorporation.

La protéine Arc1 joue un rôle majeur de plateforme et de cofacteur enzymatique pour la cMRS en augmentant considérablement son activité catalytique. La souche RS453 arc1Δ a été transformée par la banque de plasmides et présente un taux de mésincorporation de Met plus important à la place du résidu leucine (5-6 %) mais aussi à la place de plusieurs autres résidus d'aa, ce qui constitue une preuve élégante du rôle d'Arc1 dans la fidélité d'aminoacylation de la cMRS.

L'observation microscopique sera validée par une analyse de spectrométrie de masse en collaboration avec le laboratoire du Dr. Christine Carapito à l'IPHC Cronenbourg (UMR 7178) en cours de réalisation. J'ai également mené une étude bioinformatique en collaboration avec le département iCube (Dr. Poch et L. Moulinier) afin de trouver une correspondance entre la position d'un acide aminé dans une structure protéique (en surface ou enfoui) et le codon codant pour cet acide aminé.

Caractérisation d'une forme clivée de la cMRS 2.1 Introduction

J'ai également mené une étude sur le rôle potentiel du clivage de la cMRS. En effet, il a été trouvé par le laboratoire une forme tronquée de la cMRS d'environ 70 kDa (la protéine entière présente une masse de 100 kDa) dans les levures en fermentation qui n'avait jusqu'alors jamais été caractérisée. La présence d'une forme clivée de la cMRS révèle un rôle potentiel diffèrent de celui de la cMRS entière. Il est important de connaître le mécanisme de clivage de la cMRS afin de trouver ce rôle.

Résultats et discussion

Les expériences menées sur des mutants de clivage pour la cMRS ont montré :

que ce clivage est effectivement post traductionnel et donc protéolytique. J'ai mis au point un test de clivage ex vivo de la cMRS par addition d'un extrait de levure sur la protéine cMRS recombinante purifiée d'E. coli. Après fractionnement d'un extrait total de levure par chromatographies successives, chaque fraction a été testée pour identifier une activité de clivage et les fractions positives ont été analysées en spectrométrie de masse (collaboration Dr. Carapito, UMR7178). la protéase identifiée est une aspartyl-protéase codée par le gène PEP4. Il s'agit de l'homologue de la cathepsine D humaine, présente au niveau vacuolaire. La délétion du gène PEP4 dans une souche de levure supprime l'activité de clivage de la cMRS dans le test ex vivo.

-Ce clivage est inhibé par l'interaction de la cMRS avec Arc1p (ajout de Arc1 recombinant purifié au test de clivage in vitro). De plus, la délétion du gène ARC1 dans une souche de levure augmente considérablement le clivage de la cMRS in vivo, passant de 2-3 % de forme clivée dans une souche sauvage à 15 % pour une souche Arc1Δ.

-La purification de la forme tronquée de cMRS puis l'analyse de son extrémité N-terminale par spectrométrie de masse ont permis d'identifier le site de clivage entre le résidu tyrosyl en position 132 et le résidu alanyl en position 133.

-La levure est capable de survivre en présence de la seule forme tronquée de cMRS.

Cependant la croissance de l'organisme est ralentie.

Des études pour comprendre le rôle de la cMRS-Δ132 ont été menées chez la levure. J'ai pu montrer par microscopie à épifluorescence que cette forme clivée était présente dans le noyau alors que la cMRS sauvage est exclue de cet organite en grande majorité. De plus, des premières analyses de co-immunoprécipitation suivies par spectrométrie de masse ont permis d'identifier des interactants nucléaires seulement avec la cMRS-Δ132.

Cette forme clivée est générée rapidement dans les cellules suite à un choc thermique principalement, mais peut également apparaître suite à un stress nutritionnel (passage d'un milieu riche à un milieu pauvre en nutriments) ou métabolique (passage de glucose à glycérol comme source de carbone). L'observation des souches de cMRS étiquetées avec la GFP a révélé que la cMRS sauvage forme des agrégats cellulaires pour de hautes températures à partir de 40 °C, tandis que la forme clivée ne présente aucune agrégation cellulaire pour ces hautes températures. Il semblerait donc que la délétion du domaine N-terminal de la cMRS permette une meilleure stabilité de la protéine lors d'un stress thermique.

Projet annexe:

La protéine Arc1 joue un rôle majeur de plateforme pour la cMRS et la cERS, et augmente considérablement les activités catalytiques de ces dernières. En plus d'un rôle structural et enzymatique, cette protéine est également impliquée dans l'export nucléaire des ARNt aminoacylés. Au laboratoire nous avons découvert que la protéine Arc1 était présente également dans les mitochondries en respiration, et semble donc importante pour la fonction respiratoire. J'ai confirmé cette observation par un test phénotypique en milieu respiratoire (YPGlycérol) qui révèle l'absence de croissance de souches délétées pour le gène ARC1. Cependant, après plusieurs jours sur milieu respiratoire, la souche arc1Δ présente des clones capables à nouveau de se diviser sur YPGlycérol, appelés clones suppresseurs. Ces clones ont effectivement retrouvés la capacité de croissance en milieu respiratoire. Des mutants ont été caractérisés et séquencés pour comprendre le rôle de Arc1 au niveau mitochondrial. Un gène responsable de la suppression du phénotype de déficience respiratoire a été identifié et reste à être confirmer.
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Figure I- 2 :

 2 Figure I-2: Ma or actors of protein synthesis and importance of RNA molecules. Protein synthesis requires a large diversity of molecules and macromolecules. RNAs are essential, from the template messenger RNA (mRNA) transcribed by the RNA polymerase II (pol ll) to the ribosomal RNAs (rRNAs) transcribed by the pol I and III.Aminoacyl-tRNAs (aa-tRNAs) are synthetized by aminoacyl-tRNA-synthetases (aaRSs) by attaching an amino acid (aa) to its cognate transfer RNA (tRNA).

Figure I- 3 :

 3 Figure I-3: Biosynthesis of amino acids from glucose and ammonia in S. cerevisiae (inspired from L ungdahl and Daignan-Fornier, 2012). The amino acids are grouped by family according to their origin or their chemical properties, and are colored according to the class of their associated aaRS: blue for class I and purple for class II. G6P: Glucose-6-phosphate; F6P: fructose-6-phosphate; F1,6BP: fructose-1,6-biphosphate; DHAP: dihydroxyacetone phosphate; GA3P: glyceraldéhyde-3-phosphate; 1,3diPG: 1,3-diphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: phosphoenolpyruvate; CoA: coenzyme A.

Figure I- 4 :

 4 Figure I-4: tRNA structures (inspired from En ler, 2014). A. The class 1 tRNA cloverleaf structure and the consensus sequence of tRNAs from S. cerevisiae (from Marck et al, 2002). B. Same secondary structure with L-shape folding to minimize distance for non-Watson-Crick interactions. C. Three-dimensionnal structure of yeast tRNA Phe (pdb 1TRA).

Figure I- 6 :

 6 Figure I-6: east tRNA nucleotide modifications pattern. All tRNA nucleoside modifications known in yeast are depicted with their position in the tRNA sequence. Their name and functions are listed in Appendix 3, and chemical representation of each modification is found in Appendix 4. Frequency of modification comes from Mohler and Ibba, 2017.
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 7 Figure I-7: Modifications of the wobble position in yeast tRNAs. A. Representation of the anticodon arm facing the mRNA sequence. tRNA residue N 34 , called wooble residue, faces the residue N 3 of the mRNA codon. B. Modification of N 34 residue allows recognition of specific N 3 codon residue.
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 8 Figure I-8: The initiation steps of yeast translation and recycling of initiation factors. 1 2 and 3The initiation relies on pre-formation of the ternary complex that binds to the small ribosomal subunit and its associated initiation factors (eIFs) to form the 43S PIC complex. 4 This complex binds to mRNA (gray) complexed with initiation factors complex eIF4F (purple) to form the 48S initiation complex. 5 6 and 7 After AUG recognition and GTP hydrolysis, the ribosomal 60S large subunit joins the mRNA complex to form the elongating complex. GDP, GTP.

Figure I- 9 :

 9 Figure I-9: Elongation steps of translation. 1 The aa-tRNA cargo in complex with eEF1A•GTP is delivered to the A site of the elongating 80S ribosome. Codon-anticodon base pairing induces GTP hydrolysis and the release of eIF1A•GDP and subsequent binding of eEF5A and eEF3. 2 Peptide bond formation is catalysed by the ribosome, and GTP hydrolysis by eEF2 induces the release of eEF5A and eEF3, and 3 the translocation of the mRNA and shift of the peptidyll-tRNA from A-to P-site. The A site is free to accept a new aa-tRNA to pursue elongation 4 or a termination factor, if a stop codon is postionned in the A-site 4' .

Figure I- 10 :

 10 Figure I-10: Termination and recycling steps. 1 The release factor eRF1 binds to eRF3•GTP and recognizes the stop codon in the A-site. 2 GTP hydrolysis by eRF3 induces its release and the binding of Rli1 to eRF1, promoting hydrolysis of the ester bond and subsequent release of the neo-synthetized protein 3 . ATPase activity of Rli1 promotes 80S ribosome dissociation and release of the deacylated tRNA and mRNA 4 . These molecules can be recycled for another round of initiation.

  et al., 2010; Young et al., 2015). The separated subunits are then bound by free initiation factors that can initiate translation on the same AUG start codon facilitated by the mRNA circularization, or on a different mRNA molecule. In few cases, reinitiation can occur significantly at a downstream start site of uORF of up to 35 codons (Rajkowitsch et al., 2004).
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 111 Figure I-11:The aminoacylation reaction proceeds through two steps. A. First step is the aa activation with ATP (stabilized with Mg 2+ ) to form the 5'-aminoacyl adenylate (aa-AMP). B. Second step is the aa attachment onto the 3' end of tRNA. According to the class of the aaRS, tRNA can be charged either on its 3'-OH end (class II) or on its 2'-OH end (class I). For the latter case, rapid trans-esterification occurs to charge tRNA in 3'-OH end.
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 12 Figure I-12: Crystal structure and organization of aaRSs and their interaction with tRNA and ATP. Class I aaRSs (left) recognize tRNA via the minor groove, and bent the terminal CCA end, whereas class II aaRSs (right) bind the major groove side of tRNA. Class I aaRS structure: E. coli GlnRS (pdb 1GTR); Class II aaRS structure: E. coli ThrRS (pdb 1QF6).

  an inserted domain called CP1 (Connective Polypeptide 1), which binds the tRNA 3'-single stranded end (containing the CCA) in a bent conformation. However, for the homodimeric TrpRS and TyrRS, this inserted domain constitutes the dimer interface (Doublié et al., 1995) and for LeuRS, IleRS and ValRS the CP1 domain is a hydrolytic editing domain that ensures aa fidelity (Betha, Williams and Martinis, 2007). Class I aaRSs bind the tRNA acceptor-stem via the minor groove side through their C-terminal anticodon-binding domain (ABD), orienting the terminal A 76 2'-OH group for attachment of aa (Sprinzl and Cramer, 1975)(figure i-12).

Figure I- 13 :

 13 Figure I-13: General modular organization of the aaRSs from the two classes and subclasses. (adapted from Perona and add, 2012). Principal domains found in aaRSs of all three domains of life. The additional appended domains are not depicted. Add1: D-loop recognition in the tRNA core. CP1: Connective Polypeptide 1, ABD: Anticodon Binding Domain. tRNA binding domain of SerRS binds the tRNA core region. For PheRS, B1 and B5 are DNA binding-like domains.
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 14 Figure I-14: aaRS editing process (inspired from Ling, Reynolds and Ibba, 2009). The editing aaRSs with their corresponding edited aa are listed in the lower panel, as well as trans-editing factors with their associated edited aa-tRNA.
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 15 Figure I-15: The 21 st and 22 nd genetically encoded amino acids. A. Chemical structure of pyrrolysine (Pyl) and selenocysteine (Sec). B. Two-step pathway of Sec-tRNA Sec synthesis in bacteria and three step pathway in eukarya (Euk.) and archaea (Arch.). Se-P , selenophosphate; Sep, O-phosphoseryl. Adapted from Yuan et al, 2008.
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 16 Figure I-16: Indirect pathways of aa-tRNA biosynthesis (Adapted from Yuan et al, 2008). A. Lack of CysRS in some archaea is counterbalanced by a two-step pathway. B. Two-step pathway for amide aa-tRNA synthesis in some archaea and in eukaryotic organelles.
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 17 Figure I-17: Modular composition of the E. coli (Ec), S. cerevisiae (Sc) and human ( s) 20 aaRSs and of the yeast and metazoan aaRS-associated protein. The aaRSs are listed by their appended domain composition. Core domain (catalytic and tRNA-binding domains) is colored in blue for class I aaRSs and in purple for class II aaRSs. New appended domains are in yellow. Adapted from Guo and Yang, 2014; Guo et al, 2009; Mirande, 2017
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  • The aminoacyl-tRNA synthetases (aaRSs) family

Figure I- 18 :

 18 Figure I-18: nown structures of additional aaRS domains. Core of the aaRS is colored in blue, and additionnal domains are in orange/yellow. For human AsnRS and TyrRS, structures combine two different pdb format, and the domain assembly has been done manually and does not represent the natural 3D structure.

Figure I- 18 (

 18 Figure I-18(bis): nown structures of additional aaRS domains. Core of the aaRS is colored in blue, and additionnal domains are in orange/yellow.

Figure I- 20 :

 20 Figure I-20: The yeast AME complex: composition and structure. A. The three proteins interact through their N-terminal GST-like domains. B. Superimposition model of the two binary complexes Arc1•GluRS (pdb 2HRK) and Arc1•MetRS (pdb 2HSN). C. Affinities of MetRS (orange), GluRS (purple) and their respective N-terminal domains for Arc1, determined by SPR (from Karanasios et al, 2007).

Figure I- 21 :

 21 Figure I-21:Secondary structure organization of the N-termini of the three AME proteins . The sequence of each protein is shown below the modular structure, with residues belonging to helix or strand colored in orange (MetRS), purple (GluRS) or red (Arc1). The residues involved in protein interaction are highlighted in the corresponding color. For Arc1 sequence, residues highlighted in orange and purple are involved in interaction with MetRS and GluRS, respectively. Mutations that have been shown to disrupt the interaction with the corresponding protein are indicated below the residue[START_REF] Karanasios | Molecular Determinants of the Yeast Arc1p-Aminoacyl-tRNA Synthetase Complex Assembly[END_REF].

Figure I- 23 :

 23 Figure I-23: Subcellular relocation of AME components. A. Analysis of in vitro interactions and subcellular localization of several mutants of Arc1 (red), MetRS (orange) and GluRS (purple). C: cytosolic; C+N: cytosolic and nuclear. Data from Deinert et al, 2001; Galani et al, 2001; Karanasios et al, 2007. B. Summary of AME complex dynamic and protein relocation according to the cellular metabolism.

Figure I- 24 :

 24 Figure I-24: General sulfur metabolism in yeast and generation of the two sulfur-containing aa Met and Cys. All yeast enzymes known in this metabolism are indicated in purple. Inorganic sulfur molecules are written in red, with the sulfur oxidation state when known. The most common transporters are indicated.

Figure I- 26 :

 26 Figure I-26: Mitochondria and formation of superoxide in yeast. Formation of superoxide (in red) occurs mainly on Ndi1 protein and complex III (blue). Electron flow along the inner membrane is shown in green. Complex identification: OM protein (pink, pdb 2K4T), Ndi1 (green, pdb 4G9K), complex II (dark orange, 3AE1), complex III (blue, pdb 3CXH), cytochrome c (dark pink, pdb 1HRC), complex IV (orange, pdb 3X2Q), ATP synthase (purple, pdb 4B2Q). OM: Outter membrane; IM: Inner membrane.

Figure I- 27 :

 27 Figure I-27: Cellular defences against R S . Primary defenses act directly on inorganic ROS, whereas secondary defenses modify oxidized proteins. Names of yeast enzymes are colored in red.

Figure I- 28 :

 28 Figure I-28: Methionine oxidation by R S and recycling by Msr enzymes. The methionine sulfide group can be oxidized by ROS forming either S-or R-methionine oxide epimers. These molecules can be either reduced back to methionine sulfide by Msr enzymes or be irreversibly further oxidized into methionine sulfone.
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  Figure I-29: tRNA i Met transcript mutants and determination of identity elements (from Senger et al, 1996; Despons et al, 1992). A. Sequence of the tRNA i Met transcript used for aminoacylation assay (upper), and results of the assay with different tRNA mutants (lower). B. Structure and composition of minihelices designed in the study (upper) and results of catalytic analyses for the minihelices or substitution and deletion mutants (lower). n.m. not measurable

Figure I- 30 :

 30 Figure I-30: Secondary structures of yeast initiator (left) and elongator (right) tRNA Met .Positions with numbers are nucleotides previously found to be important to distinguish the initiator from the elongator (identity elements). Red nucleotides are those differing between the two tRNAs. Corresponding names and structures of post-transcriptionnally modified nucleotides are found in Appendix 3 and Appendix 4, respectively. Enzymes responsible for these modifications are also found in Appendix 3.

Figure I- 31 :

 31 Figure I-31:Structures of MetRS enzymes in the tree of life. Sixty polypeptide sequences of MetRS in eucaryotic and procaryotic organisms,as well as organellar MetRSs sequences have been aligned and a phylogenic tree has been established from this protein alignment. The S. cerevisiae TrpRS is used as an outgroup to place the root of the tree. MAFFT online service was used for protein sequence alignement; and phylogenetic tree was generated with IQ-TREE web server and visualized with FigTree. The modular organizations of those MetRSs according to their phylogenetic origins are displayed in the inset.

Figure I- 32 :

 32 Figure I-32: Structural features of yeast MetRS and localization of essential residues. A. Modular organization of the yeast MetRS sequence. LZ: Leucine Zipper, ZF: Zinc Finger. B. Three-dimensional structure of yeast MetRS. Since no structure for yeast MetRS has been resolved so far, here is shown the crystal structure of human MetRS (pdb 5GOY) with Met (spheres in purple) and Zn 2+ . Residues in red have been mutated in yeast MetRS to analyse their importance in catalysis in D. C. Structure of the L. major MetRS catalytic center with the two signature motifs (pdb 3KFL). D. Kinetic properties for aminoacylation of various yeast MetRS mutants. n.m.: not measurable (Senger et al, 2001, Despons et al, 1992, Despons et al, 1991). E. Enzymatic parameters of WT and N-terminally truncated MetRSs, in percentage relative to the WT (Results summarized from Walter et al, 1989). F. Kinetic parameters of the mutant ∆2-190 displaying a severe loss of activity.

  Modular organization of the yeast MetRS 95 et al., 2011 (pdb 3KFL); Lee, Cho and Kang, to be published (pdb 5GOY)) correspond to N-terminally truncated forms. In addition, the structure of yeast N-terminal GST-like domain of yeast MetRS part complexed to the corresponding Arc1 domain has been solved[START_REF] Simader | Structural basis of yeast aminoacyl-tRNA synthetase complex formation revealed by crystal structures of two binary sub-complexes[END_REF]; figure i-20B, page 72) but not the core of the yeast MetRS. As shown in figure i-32B, the sequence of the human MetRS crystallized starts at residue A226, and the L. major MetRS at K206 even if many attempts to crystallize the full-length protein were unsuccessfully made[START_REF] Larson | Structure of Leishmania major methionyl-tRNA synthetase in complex with intermediate products methionyladenylate and pyrophosphate[END_REF]. Even if the structure of yeast MetRS is still not available, we can easily predict that its structure would be similar to the human and parasite homologues, since they share 36.5 % and 22 % identity (50 % and 36 % similarity) respectively. Besides, the superimposition of the two solved protein structures shows high structural similarities (see Appendix 5A, page 110). Same is true with the superimposition of bacterial MetRS with the human MetRS (Appendix 5B, page 110). Based on structural models, several residues have been shown to be important for aminoacylation: some residues (N584, R588 and L658) within the anticodon binding domain and the cysteine residues forming the zinc-binding site (figure i-32B and 32D,[START_REF] Despons | Identification of potential amino acid residues supporting anticodon recognition in yeast methionyl-tRNA synthetase[END_REF][START_REF] Senger | Yeast cytoplasmic and mitochondrial methionyl-tRNA synthetases: two structural frameworks for identical functions[END_REF].

Figure I- 33 :

 33 Figure I-33: Met misincorporation during protein synthesis and oxidative stress response. MetRS is able to misacylate non-cognate tRNAs with Met, resulting in Met misincorporation at non-Met position during translation elongation. These additionnal Met residues are expecting to buffer ROS through oxidation of the reactive sulphur group into sulfoxide and subsequent catalytic reduction of sulfoxide with sulfur by Msr enzymes.

iii. 4 . 1 . 4 . 1 . 1 .

 41411 Methionine mischarging and adaptative translation iii.Methods used for detection of Met mistranslation We have seen in previous sections that Met can play a major role in oxidative stress response by reducing harmful oxidants in a reversible way, catalyzed by Msr reductase enzymes. Cells are able to temporarily increase the content of Met residues in proteins during oxidative stress to enhance ROS remediation (Wang and Pan, 2016). They do so by misacylation of non-methionyl-tRNAs by the MetRS: the result is a misacylated Met-tRNA that can be used during elongation and direct incorporation of Met residues at non-Met position (figure i-33). Since tRNA misacylation can rapidly be induced (no transcription factors and new gene expression needed), this mechanism would constitute an immediate extra-genetic system providing protection against oxidative damages without gene expression requirement. Such phenomenon has been shown in bacteria, archaea, yeast and mammalian cells and several techniques are used to reveal this tRNA mismethionylation and subsequent misincorporation of Met (

  deliver them to ribosome which improves translation accuracy (LaRiviere, Wolfson and Uhlenbeck, 2001; Asahara and Uhlenbeck, 2005). To assess mistranslation level in proteins, mass spectrometry can be used to detect low frequency aa substitutions in purified protein of interest or in the whole proteome. Other method relies on quantification of Met incorporation using a fluorescent reporter that has a Met residue critical for fluorescence emission. The codon of this essential Met is mutated but the reporter can still emit a fluorescent signal if the mutated codon is mistranslated by Met, in other words if a mismethionylated tRNA is used during translation (Lee et al., 2014; Gomes et al., 2016; Table i-10). This fluorescence-based approach relies on a case-by-case analysis of each codon and is often used as confirmation of previous result obtained by the tRNA microarray techniques. During my PhD, I developed such a fluorescent reporter device to analyse Met misincorporation for almost all coding codons in yeast.

8 and figure i- 34 ).Figure I- 35 :

 3435 Figure I-35: Growth conditions and MetRS features that enhance tRNA mismethionylation in E. coli, S. cerevisiae and in human cells. In E. coli, mutations of MetRS have been shown either to increase (red) or decrease (blue) tRNA charging accuracy. In human, ERK kinase is responible of MetRS phosphorylation which decreases its fidelity during oxidative stress or innate immune repsonse.

Figure I- 37 :

 37 Figure I-37: Localisation of protease cleavage sites identified on human (left) and bacterial (right) MetRS. The proteases involved are indicated above the MetRS modular organization, and are colored according to their catalytic residues (caption).

Figure I- 36 :

 36 Figure I-36: Nuclear relocation mechanisms of human (left) and yeast (right) MetRS.In human, nuclear relocation of MetRS is trigerred during mitogenic signal causing dissociation from the MARS complex. p18 protein relocates into the nucleus through UV treatment and subsequent phosphorylation of MetRS by Gcn2, inducing p18 translocation. In yeast, the diauxic shift induces arc1 downregulation and subsequent release of MetRS from the AME complex.

  called the MARS complex (figure i-36). In yeast, relocation has been seen in respiration after the diauxic shift that triggers decrease of Arc1 concentration and thus release of MetRS[START_REF] Frechin | Expression of Nuclear and Mitochondrial Genes Encoding ATP Synthase Is Synchronized by Disassembly of a Multisynthetase Complex[END_REF]; figure i-23B, page 76). This relocation is Arc1-dependent since deletion of the N-terminal Arc1-binding domain of MetRS enables translocation of the enzyme into the nucleus[START_REF] Galani | The intracellular location of two aminoacyl-tRNA synthetases depends on complex formation with Arc1p[END_REF]; figure i-23A, page 76). Yeast nuclear MetRS was shown essential for synchronous expression of proteins from the respiratory chain complex and growth of yeast cells in respiratory medium[START_REF] Frechin | Expression of Nuclear and Mitochondrial Genes Encoding ATP Synthase Is Synchronized by Disassembly of a Multisynthetase Complex[END_REF]. However, like in human cells, the molecular mechanism of nuclear MetRS regulation is not fully understood.iii.4.3. cleavage of bacterial and human MetRS orthologsDuring evolution, we have seen that extra domains were added to the MetRS protein essentially at the N-terminus part (figure i-31, page 92). Additional domains are not always essential for aminoacylation activity. Indeed, studies show that yeast MetRS was still active after deletion of the 185 first residues (figure i-32E, page 94). Several aaRSs were found cleaved in cells and truncated forms can harbour different functions. For example, IFN-γ induces N-terminus removal of TrpRS in vertebrates, generating a shorter form called mini-TrpRS that exerts an anti-angiogenic action through secretion in the extracellular matrix and new interaction with VE-cadherin(Zeng et al., 2011). Interestingly, naturally occurred truncated forms of MetRS have been found in both bacteria and human[START_REF] Cassio | Modification of Methionyl-tRNA Synthetase by Proteolytic Cleavage and Properties of the Trypsin-Modified Enzyme[END_REF][START_REF] Lei | Calpain Cleaves Most Components in the Multiple Aminoacyl-tRNA Synthetase Complex and Affects Their Functions[END_REF]. First observation was conducted in E. coli where purified bacterial MetRS showed time-dependent proteolytic cleavage after addition of trypsin, pronase P, protease S, papain or subtilisin A (figure i-37). These endopeptidases have different catalytic types and show similar pattern for MetRS cleavage[START_REF] Cassio | Modification of Methionyl-tRNA Synthetase by Proteolytic Cleavage and Properties of the Trypsin-Modified Enzyme[END_REF]).The newly characterized truncated form showed similar enzymatic activity but increased stability against heat inactivation compared to the native enzyme. Thus, removal of approximately quarter of its size allows the bacterial MetRS to be more resistant on thermal stress. This bacterial truncated form might be the result of C-terminal domain removal since the essential catalytic HIGH signature motif is present close to the N-terminus and its removal would have resulted in loss of enzymatic activity. Same observation has been conducted in human cells with cleavage of purified aaRSs 104 GENERAL INTRODUCTION • The methionine system and complexity from the MSC component. It has been shown that several MARS complex components were cleaved by calpain protease added on purified aaRSs (Lys-, Asp-, Gln-, Arg-, Met-, GluPro-, Leu-and IleRS).Identification of the cleavage sites for human GlnRS and ArgRS has been validated by N-terminal protein sequencing (Thr199 and Ala64, respectively)[START_REF] Lei | Calpain Cleaves Most Components in the Multiple Aminoacyl-tRNA Synthetase Complex and Affects Their Functions[END_REF], but the N-terminal of the truncated MetRS was not identified. Calpain digestion of MetRS produced deletion fragment of about 20 kDa and was predicted to be the removal of the N-terminal GST domain since the C-terminal hexahistidine tag was still present in the truncated form (figure i-37). Since this GST-like domain is supposed to interact with the MSC component p18, removal of this N-terminal domain should release the human MetRS from the MSC, but this has never been demonstrated.These cleavages were all found in vitro with addition of a purified protease or of a cytosolic extract to the purified MetRS. However, it has not been established if these truncated forms of MetRS were actually present in vivo and if they had a significant role in the cells.Purpose of my thesis work 105 iv. Purpose of my thesis work I n the team "Dynamics and plasticity of synthetases", I mainly worked on the molecular dynamics of the AME complex by focusing on the yeast MetRS functions. I started my PhD in 2015 working on tRNA mismethionylation events and subsequent Met misincorporation into proteins. Indeed, a lot of data were available concerning the mismethionylated tRNA species found in bacteria(Jones, Alexander and Pan, 2011; Schwartz and Pan, 2016), yeast (Wiltrout et al., 2012) or human cells (Netzer et al., 2009; Gomes et al., 2016) (figure i-35, page 100), but we had no information about the real incorporation of these mischarged Met residue into protein synthesis. Hence the objective was to engineer and use a molecular tool to determine and also quantify Met misincorporation using yeast as a model organism (Project I, page 115). I initiated this project, and several Master students I supervised during my PhD were also involved (Anne-Marie Lobstein, Master 1; Marion Wendenbaum, Master 2).In addition to this project, a previous PhD student in the lab, Dr. Daphné Laporte, had observed the presence of a truncated MetRS in yeast. This observation was the first in vivo discovery of a shorter MetRS isoform in S. cerevisiae, since shorter form of MetRS were always obtained by in vitro cleavage on purified MetRS in both E. coli and human cells[START_REF] Cassio | Modification of Methionyl-tRNA Synthetase by Proteolytic Cleavage and Properties of the Trypsin-Modified Enzyme[END_REF][START_REF] Lei | Calpain Cleaves Most Components in the Multiple Aminoacyl-tRNA Synthetase Complex and Affects Their Functions[END_REF]. A better characterisation of this truncated MetRS, along with the regulation of the cleavage were the objectives for this second project that I started during my second year of PhD (Project II, page 145).

Appendix 4 :

 4 Chemical structures of yeast nucleotide modifications found in tRNAs. Chemical structures of modified adenosines, guanosines, cytidines and uridines are respectively on orange, purple, green and red backgrounds. Each modification is added in red (and blue for s2U) and are abbreviated by their short name according to the nomenclature[START_REF] Boccaletto | MODOMICS: a database of RNA modification pathways. 2017 update[END_REF].

Appendix 5 :114Figure R- 2 :

 52 Figure R-2: Structures of the mRuby and EGFP fluorescent proteins . aa residues constituting the fluorophores are highlighted in squares. The tyrosyl residue orientation defines the trans-or cis-fluorophore conformation: mRuby2 fluorophore M 67 Y 68 G 69 is in trans-conformation, whereas the EGFP fluorophore T 65 Y 66 G 67 presents a cis-conformation.

Figure R- 1 :

 1 Figure R-1: Method used to identify misacylated tRNAs with Met. Yeast cells are cultured with [ 35 S]-Met in the medium, total aa-tRNAs are extracted and incubated on a tRNA microarray spotted with oligonucleotides complementary and specific to all tRNA species. Radioactive signal is then observed and the associated misacylated tRNAs are identified because each oligo is spotted at a particular location on the microarray.
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 35 Development of a fluorescent reporter to monitor Met misincorporation in S. cerevisiae i.1. context of the study S everal studies have been working on mistranslation into the proteome (see

,Figure R- 3 :

 3 Figure R-3: Design of the dual fluorescent reporter used in this study. The tandem fluorescent reporter relies on the fusion of the mRuby2 (fluorophore M 67 Y 68 G 69 ) to the EGFP (fluorophore T 65 Y 66 G 67 ) called Bifluorescent reporter (BFP). Cells expressing the wild-type variant BFP(Met ATG ) are both red (100 % signal for quantification) and green fluorescent. The red negative control BFP(GF) has a degenerated mRuby2 fluorophore and represents the 0 % of red signal. EGFP fluorophore is degenerated in the green negative control BFP(RF), and both fluorophores are mutated in the BFP(NF). Library of the 60 codon mutants (M67 substitution) for mRuby2 has been engineered, and each mutant is called BFP(aa XXX ), with aa corresponding to the residue that substitutes M67, and XXX the codon coding for this residue. Cells expressing each BFP variant might present a faint red signal due to Met misincorporation at position 67 in the mRuby2 sequence.

Design of the bifluorescent protein reporter 117 known

 117 DsRed, with the fluorophore sequence QYG, and present slow maturation of the fluorophore, tetrameric oligomerization and tendency to aggregate. Screening of new naturally occurring RFPs led to the discovery of eqFP611 from Entacmaea quadricolor with MYG fluorophore (figure R-2

Figure R- 4 :Figure R- 5 :

 45 Figure R-4: Choice of yeast vectors for bifluorescent reporter expression. Observation by epifluorescence microscopy of yeast cells carrying episomal (pAG424), centromeric (pAG414) or integrated (pAG304) plasmids expressing BFP(Met ATG ). High fluorescent heterogeneity (white arrowheads) is observed for episomal and centromeric vectors, but not for integrating plasmid.

Figure R- 6 : 2 Figure R- 7 : 121 i. 4 .

 6271214 Figure R-6: eterogeneity in BFP expression for clones derived from same transformation experiment. BY4742 cells have been transformed with a BFP plasmid and grown on selective medium. Individual clones were analysed by western blotting (left) and epifluorescence microscopy (right). Scale bar, 10 μm.

Figure R- 8 :

 8 Figure R-8: Loss of red fluorescence for all BFP mutants but BFP(Gln). The whole BFP yeast strain library has been analysed by epifluorescence microscopy to observe the loss of red fluorescence due to mRuby2 Met67 substitution. Only one codon for each BFP mutant is shown. Red fluorescence is lost for all BFP construct except BFP(Gln CAA ). The BFP(Gln CAG ) mutant shows also remaining red fluorescence (not shown). Scale bar, 10 µm.

Figure R- 8 ,i. 6 .

 86 there are some variations in EGFP signal for the different BFP reporters that were analysed, and these variations should be proportional to the expression level for all BFP reporters. A second possibility would be that substitution of Met67 on mRuby2 sequence results in perturbation in EGFP emission. To assess that BFP expression level correlates with green signal, we chose eight different yeast strains carrying BFP reporters and assess in parallel BFP expression level by western blotting using anti-GFP antibodies, and the EGFP green signal by microscopy (figure R-9). Overall, there is a good correlation between BFP expression and EGFP emission (figure R-9B). Quantification of Met misincorporation in basal condition i.6.1

Figure R- 9 :

 9 Figure R-9: Correlation between expression and green fluorescence emission of the BFP reporters. Eight different BFP reporters strains have been chosen to assess in parallel (A) the expression level of BFP proteins by western blotting and (B) the EGFP fluorescent signal by microscopy. The relative expression level of BFP (white bars) and EGFP signal (green bars) are compared in B (n = 2).

Figure R- 10 :

 10 Figure R-10: Quantification of Met misincorporation through Correlated Total Cell Fluorescence (CTCF). A. The program used to quantify Met misincorporation analyses each green positive cells (A, B and C) and extracts the backgroung (Bg). Area and fluorescence intensity means are calculated for each component (cells and background) and the CTCF is obtained in the two fluorescent canals (green and red). B. CTCF reveals total fluorescence of the cells without any fluorescence noise due to the background. C. Finally, the CTCFr/CTCFg ratio normalizes the red fluorescent signal with protein expression (nRS), and Met misincorporation is obtained by subtraction of the negative control BFP(RF) and divided by the positive BFP(Met ATG ) to get the percentage of misincorporation.

  (XXX)) -nRS(BFP(RF)) nRS(BFP(Met ATG )) × 100 Deletion of Arc1 enhances global Met misincorporation 125 of Met is a rare event, the red signal is more often faint and not observable by eyes). After object selection in both fluorescent canals, the correlated total cell fluorescence (CTCF) is obtained for red and green fluorescence signals (figure R-10A). This CTCF parameter reflects the fluorescent intensity with background signal subtraction (figure R-10B). The ratio between the two CTCF values results in the normalized red signal (nRS) for each image, and the Met incorporation for a strain is obtained by deducting the nRS of the red negative control (BFP(RF), to set the 0 % of Met misincorporation) subdivided by the positive control nRS (BFP(Met ATG ) which is set to 100 % Met "misincorporation") (figure R-10c

Figure R- 11 :

 11 Figure R-11: Met misincorporation for all 61 BFP variants expressed in T strain grown in rich medium. The entire BFP library in WT RS453 genetic background was analysed by epifluorescence microscopy. Yeast cells were grown in rich YPD medium and harvested in logarithmic phase before observation under the microscope. Quantification is performed as described in Figure R-10. A. Results for BFP(Gln) and BFP(Met) are indicative since they do not represent actual misincorporation (light purple with % indicated in white). Means and standard deviations are obtained on more than 100 cells analysed (n=1). B. Misincorporation of Met is analysed according to the EGFP expression.

127 Figure R- 12 :

 12712 Figure R-12: Met misincorporation increases in arc1∆ bac ground. The BFP library was generated in a arc1∆ RS453 genetic background and was analysed by epifluorescence microscopy. Cells were grown in rich YPD medium and harvested in logarithmic phase before observation under the microscope. Quantification is performed as described in Figure R-10. A.Results for BFP(Gln) and BFP(Met) are indicative since they do not represent actual misincorporation (light orange with % indicated in white). Means and standard deviations are obtained on more than 100 cells analysed (n=1). B. Misincorporation of Met is analysed according to the EGFP expression.

  Figure R-13: alidation of the implication of Arc1 in Met misincorporation. A. The two BFP(Leu) WT and arc1∆ strains were crossed. Sporulation of the diplo de generates tetrades with four spores: two WT and two arc1∆. B.Result of the dissection showing arc1∆ spores with slow growth (small colonies) and WT phenotype with no impact on growth. C. Several spores have been observed by epifluorescence microscopy and the normalized red signal (nRS) was quantified for each colony. For both BFP(Leu) strains, deletion of ARC1 results in higher Met misincorporation than in WT strains.
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  RESULTS & DISCUSSION • Development of a fluorescent reporter to monitor Met misincorporation

Figure R- 14 :

 14 Figure R-14: Effects of oxidants on yeast cell growth and protein synthesis. A. Growth curves of RS453 strain grown in YPD rich medium at 30 °C with indicated concentration of oxidants. B. Growth curves of RS453 strain grown in YPD rich medium at 30 °C suplemented with H 2 O 2 at the indicated concentration after 6h30 of incubation. C. Monitoring of the rate of protein synthesis by [ 35 S]-Met incorporation. Yeast cells are grown at 30 °C until mid-log phase is reached, then H 2 O 2 is added together with [ 35 S]-Met. Cells are incubated at 30 °C and collected after 5, 10 and 15 min, and total protein extract are prepared. Incorporation of [ 35 S]-Met is quantified by liquid scintillation counting. D. Yeast spotting assay of WT or arc1∆ strains on YPD rich agar plate in absence or presence of H 2 O 2 and N-acetylcystein (NAC) as reductant.

2

 2 Development of the BFP system for use in oxidative conditions 131 non-lethal dose. To improve our chances to observe mismethionylation, I tested several classical ROS-generating chemicals used in oxidative stress assay: -hydrogen peroxide (H 2 O 2 ), a physiological oxidant relatively unreactive as is but acts as a superoxide precursor (figure i-25, page 80), -sodium arsenite (AsO 3 3-), a toxic metalloid with high toxicity associated with elevated levels of intracellular ROS (Wu, Yi and Zhang, 2013), -diamide, a sulfhydryl reagent which oxidizes thiols in proteins into disulfides[START_REF] Kosower | Diamide: An oxidant probe for thiols[END_REF], -paraquat dichloride (methyl viologen), a redox-cycling xenobiotic that stimulates superoxide production by accepting electrons from the NADPH coenzyme[START_REF] Bus | Paraquat: model for oxidant-initiated toxicity[END_REF].

Figure R- 15 :

 15 Figure R-15: Engineering of BFP constructs under the control of promoters of genes whose expressions are induced by oxidative stress. A. Description of the cloning method used to switch the GDP promoter (pGPD) by a specific promoter (promX). B. Quantification of the green fluorescent signal of cells expressing BFP(Met ATG ) under control of the indicated promoter. Cells were cultured at 30 °C in YPD rich medium, or in YPD with H 2 O 2 (orange) or arsenite (NaAS, purple) at the indicated concentration. Cells were harvested after 1 h (upper panel) or 3 h (lower) incubation at 30 °C. C. Imaging of cells expressing the BFP(Met ATG ) under the control of the pGPX2 after 3 h treatment with 1 mM H 2 O 2 (left panel). Imaging of the BFP(Met ATG ) strain with pGPD promoter grown in rich medum is shown on the right for comparison. Scale bar, 10 µm.

  genes up-regulated by ROS (Shenton et al., 2006; Morano, Grant and Moye-Rowley, 2012).

[ 35 SGFigure R- 18 :

 3518 Figure R-18: Sequence comparison of tRNA eMet with tRNA Leu (CUU,CUC) and tRNA Leu (UUA). Nucleotides in bold circles are identity elements for tRNAe Met reviewed in Figure27and 28. Blue nucleotides are those differing for Leu tRNAs compared to tRNA e Met . Red arrowheads highlight the identity element for LeuRS aminoacylation (A 34 , G 37 and A 73 ).

  their respective arc1∆ strains. To get more information about Met misincorporation across species, we could consider the possibility to perform heterologous expression of the human MetRS in S. cerevisiae. Indeed, the yeast mes1∆ strain is rescued by a plasmid overexpressing the human MetRS (figure R-19A). Thus, I engineered a yeast strain expressing only the human ortholog MetRS-cMyc (figure R-19B) and I tested this strain for Met misincorporation on some BFP constructs (figure R-19c). It appeared that the humanized S. cerevisiae strain presents a different Met misincorporation profile, with a significant signal for BFP(Ile ATT ) and BFP(Ala GCG ) that is never

Figure R- 19 :

 19 Figure R-19: east strain expressing human MetRS presents a different Met misincorporation profile. A. Sporulation and dissection of a diploid strain expressing one copy of the yeast MetRS gene (MES1) and one copy of the human MetRS gene cDNA (MARS, tagged with cMyc) . Genotype of each spores was determined, and analysed in B. B. Immunoblotting of total protein extracts from spores obtained in A. Some clones expressed only the yeast MetRS (recognized by the ScMetRS antibody), whereas others where living with the sole human MetRS-cMyc (in bold). C. Yeast BFP strains (RS453 genetic background) were analysed by epifluorescence microscopy. Cells expressing yeast MetRS (Sc MetRS)or human ortholog (Hs MetRS) were grown in rich YPD medium and harvested in logarithmic phase before observation under microscope. Quantification is performed as described in Figure R-10. Means and standard deviations are obtained on more than 100 cells analysed.

144Figure R- 20 :

 20 Figure R-20: Summary of results found on cleavage of yeast MetRS (Results B, C, E, F and G from D. Laporte thesis, 2016). A. Sequence of yeast MetRS shows two NLSs confirmed by mutagenesis and EGFP-tagged MetRS localization. B. Truncated form of MetRS (arrow) is observed by anti-EGFP immunoblotting in fermentation condition. C. Immunoprecipitation of MetRS-HA reveals co-IP of the AME complex component (Arc1 and GluRS) and IP of the truncated MetRS. D. Mass spectrometry analysis of the immunoprecipitated truncated MetRS-HA identified the cleavage site between residues 114 and 132, within the α5 helix (blue). E. Analysis of different NLS mutants for MetRS shows absence of cleavage for K11A and S10D mutants. F. Expression of mutants in diploides strains carrying endogenous MetRS and tagged mutants. G. Spores distribution of the dissected tetrads of sporulated diploides shown in F. Coexpression of both constructs restaures cell vibility.

FewFigure R- 21 :

 21 Figure R-21: Ex vivo cleavage of recombinant purified yeast MetRS. A. Schematic protocol of ex vivo cleavage experiment. Soluble yeast extract is obtained by yeast cell breakage and centrifugation of the lysate at 13.000 × g to remove cell debris and heavy membranes. In parallel, recombinant yeast MetRS is purified from an E. coli overexpressing strain after removal of the N-terminal MBP-tag by factor Xa digestion. Both the yeast extract and the recombinant purified MetRS are incubated at 30 °C for 60 min and cleavage is observed by SDS-PAGE. B. Ex vivo cleavage of yeast MetRS after addition of yeast extract from WT strain or from strains deleted from given protease genes and 60 min incubation at 30 °C. Position of truncated MetRS is indicated by a black arrow. FL: full length, ∆N: MetRS(∆1-142). C. Kinetic of MetRS clivage by yeast extract deleted for the from the Rim13 protease. Position of truncated MetRS is indicated by a black arrow. FL: full length, ∆N: MRS(∆1-142)

Figure R- 22 :

 22 figure R-21B illustrates the result of such assay using recombinant MetRS and a yeast extract from WT BY4742 strain (Lanes 1-4). Incubation of the yeast extract with the recombinant MetRS for 60 min at 30 °C shows appearance of a 70 kDa protein band that was absent in both the yeast extract and the purified recombinant protein separately. This band has the same electrophoretic mobility in SDS-PAGE as the purified recombinant yeast MetRS(∆142), strongly suggesting that this band is likely the truncated form of yeast MetRS that can be isolated from fermenting yeast cells (figure R-21B, lanes 2 and 4). Thus, this assay is suitable to observe the ex vivo truncation of the recombinant yeast MetRS, with a simple SDS-PAGE and gel staining analysis.

  General characterization of the proteolytic cleavage 149Since the homologous human MetRS was found to be cleaved by calpain, a Ca 2+ -dependent cysteine protease, I decided to test three different yeast strains deleted for such protease in an attempt to see abolition of MetRS cleavage. The deleted strain extracts I use were those of strains deleted from the yeast calpain-like Rim13, the penta EF-Hand protein Pef1 and the metacaspase Mca1 (figure R-21B, lanes 5-7). After incubation of these extracts with recombinant MetRS, both mca1∆ and pe 1∆ extracts still showed a proteolytic activity similar to WT strain, but r m1 ∆ strain showed a complete digestion of the FL-MetRS (lane 5). To be certain that the proteolytic cleavage mediated by the extracrt was specifically targeting MetRS, the activity of the r m1 ∆ extract was analysed with shorter incubation times, showing again almost fully cleavage of recombinant MetRS after 5 min (figure R-21c, lane 1-4

Figure R- 23 : 10 %

 2310 Figure R-23: Arc1 protein inhibits MetRS cleavage both ex vivo and in vivo. A. Ex vivo cleavage assay with increasing Arc1 quantities using BY4742 yeast strain as source of the yeast extract. B. Ex vivo cleavage assay using different yeast strains as source of yeast extract, with or without presence of recombinant Arc1. C. Western blotting of MetRS-V5 expressed in RS453 WT or arc1∆ yeast strain . D. Proportion of truncated MetRS(∆132) in % of total MetRS (MetRS(WT) + MetRS(∆132)) quantified from blotted membranes as in C (n=3). E. Modular organisation of WT Arc1 protein and the different deletion mutants designed and used in F. F. Western blotting of MetRS-V5 expressed in arc1∆ strain and complemented with Arc1-HA mutants described in E. The N mutant is not observed on the immunoblot due to its low molecular weight.

  121 and 132 in the N-terminal part of yeast MetRS. As seen before, the N-terminus of MetRS interacts with the N-terminal domain of Arc1 (figure R-20D, page 144). Binding of Arc1 to the N-terminal part of MetRS might protect from cleavage through steric hindrance. To test this hypothesis, I added to the cleavage assay increasing concentrations of recombinant Arc1 protein. As the quantity of Arc1 increased, the cleavage was highly suppressed even after 30 min incubation (figure R-23A). Same result was observed for the four yeast genetic backgrounds tested with or without presence of Arc1 (figure R-23B). The RS453 strain still showed the strongest proteolytic activity, which was highly inhibited by addition of equimolar amounts of Arc1. To show the importance of such interaction with Arc1 in vivo, it was 152 RESULTS & DISCUSSION • Study of a newly characterized truncated form of yeast MetRS

Figure R- 24 :

 24 Figure R-24: Purification of the yeast MetRS protease by sequential chromatographies. A. Detailed chromatography conditions for all matrices is shown as well as the corresponding chromatograms. The grey zone on each chromatogram corresponds to the fractions presenting proteolytic activity on MetRS tested by ex vivo assay. These fractions were pooled and used as loading sample for the next column chromatography. B. Ex vivo cleavage assay of the fractions corresponding to peaks A to L from the size-exclusion chromatography (Superdex 200). S100 corresponds to the initial soluble yeast extract, and Load fraction is the sample loaded onto the superdex 200 column (= positive fractions pooled after hydroxyapatite column).

4 .Figure R- 25 : 1 : 1 .Figure R- 26 :Figure R- 27 : 2 : 159 ii. 5 .

 42511262721595 Figure R-25: Proteins found in the active Superdex 200 fractions analysed by 14 % SDS-PAGE and silver staining.Fractions of Superdex 200 chromatography were analysed by SDS-PAGE followed by silver staining. Crude extract before chromatography (Total), sample after DEAE column (DEAE) and after hydroxyapatite column (Hydroxy) were also analysed on gel.

160Figure R- 28 :Finding a non-cleavable mutant of MetRS 161 ii. 6 . 6 . 1 .

 28161661 Figure R-28: Inhibiting proteolytic cleavage by mutating the MetRS. A. Ex vivo cleavage assay using different recombinant MetRS mutants. According to previous results obtained by Dr. D. laporte, these mutations were supposed to hinder cleavage. B. Western blotting of yeast protein total extract expressing MetRS-V5 (WT or mutated in the corresponding residues) with (WT) or without (arc1∆) Arc1. C. Ex vivo assay cleavage of WT MetRS or the Y132A mutant with 60 min incubation at 30 °C. Pepstatin was used to totally inhibit the proteolytic activity. D. Ex vivo cleavage assay of WT MetRS or of the 3A mutant (N130A V131A Y132A) with 60 min incubation at 30 °C. Pepstatin was used to totally inhibit the proteolytic activity. E. Western blotting of yeast protein total extract expressing MetRS-V5 WT or 3A. PCR products of MES1 gene amplification sent for sequencing are shown in the lower panel. F. Western blotting of yeast protein total extract expressing MetRS-V5 (WT or mutated in the corresponding residues) with (WT) or without (arc1) the presence of Arc1.

162Figure R- 29 :Finding a non-cleavable mutant of MetRS 163 ii. 6 . 2 . 165 ii. 7 . 7 . 1 .

 2916362165771 Figure R-29: Chimeric mutant of MetRS fused to N-ter of GluRS are still cleaved. A. Modular organization of the different chimeric mutant designed for the study. B. Western blotting of yeast protein total extract expressing MetRS-V5 (WT or chimeric mutants) with (WT) or without (arc1∆) Arc1. C. Tetrad dissection plate of MES1/mes1 diploids expressing either the mutant ERS(30-195)MRS∆135 or ERS(30-195)MRS∆195. D. Western blotting of WT yeast protein total extract expressing MetRS-V5 (WT or N-terminus truncated mutants).

Figure R- 31 : 169 ii. 7 . 3 .

 3116973 Figure R-31: The cleaved MetRS(∆132) is dual-localized in nucleus and cytosol. A. mes1∆ strain expressing ectopic MetRS-GFP shows exclusion of the protein from nucleus (Hoechst foci, white arrows). Scale bar, 5 μm. B. mes1 strains expressing either MetRS or MetRS(∆132) fused to GFP shows different localization patterns: while MetRS(WT) is highly excluded from the nucleus, the truncated form seems to be more present in the nuclear compartment. White arrows indicate position of the nucleus. Scale bars, 5 μm. C. Result from D. Laporte, 2016. Purified nucleus from strain expressing MetRS-GFP blotted with anti-GFP, anti-Pgk (cytosolic control) and anti-Nop1 (nuclear control) antibodies. Sample from total or nuclear extract are visualized for two independent strains. D. Volcano plot showing proteins identified during the MetRS-V5 co-immunoprecipitation on mes1∆ yeast extracts with strains expressing the MetRS(WT)-V5 or the MetRS(∆132)-V5. Hits found in the gray zone (light blue round) are not statistically significant to confirm enrichment in one IP. Hits with negative and positive logFC are enriched in the Met(∆132) IP and MetRS(WT) IP, respectively. Red: nuclear protein, Green: mitochondrial protein.

Figure R- 33 :

 33 Figure R-33: MetRS(∆132) is more stable at higher temperature than the MetRS( T). A. Haploid mes1∆ strains expressing ectopic MetRS-GFP (WT or ∆132) were imaged at 30 °C and after 9 min heat shock at different temperatures indicated on the left. Cytosolic foci are observed for MetRS(WT) from 37 °C to 50 °C (white arrowheads), whereas MetRS(∆132) remains soluble. Scale bar, 5 μm. B and C. Number of GFP foci quantification per cell at 37 °C (B) and 40 °C (C) for each strain (n= 200 cells).

Discussion and preliminary results 171 fluorescence microscopy after a 9

 1719 min of heat shocks at different temperatures (figure R-33A). As in Wallace et al., the MetRS(WT) formed cytosolic aggregates as temperature was raising. The GFP foci were observed from 37 °C to 50 °C and higher temperatures were damaging cells and compromised GFP localization. Formation of aggregates started at 37 °C, with on average 1 GFP foci per cell (figure R-33B). Interestingly, deletion of the N-terminal domain of MetRS prevented the enzyme to precipitate even for the highest temperatures (figure R-33A, MetRS(∆132)-GFP). When cells expressing MetRS(WT)-GFP presented two GFP foci per cell at 40 °C, almost all cells expressing MetRS(∆132)-GFP had no visible aggregates (figure R-33c). Taken together, these observations

Figure R- 34 :

 34 Figure R-34: Complexity of the MetRS cleavage. A. Ex vivo cleavage assay using different fractions of yeast extract: soluble fraction after 13,000 × g (S13), 100,000 × g (S100), and the respective pellet fractions (P13 and P100). Black arrowhead indicates position of the truncated MetRS(∆132), and red star indicates a protein from E. coli no specifically recognized by the antibodies. B. Western blotting of yeast total extract (Tot.) or of subcellular fractions (soluble S100, and pellets P13 and P100). Black arrowhead indicates position of the MetRS(∆132), and the blue star highlights a lower form of truncated MetRS. C. Ex vivo cleavage assay using extracts from several strains deleted from genes encoding proteases: either proteases known to be processed by Pep4 (left part) or other aspartic proteases (right part). Cleavage was performed at pH 6.5.

Discussion and preliminary results 173 soluble

 173 protein extract, I inevitably exclude all integral membrane proteins and other membraneassociated proteins. Since Pep4 is localized in the vacuolar lumen, it is likely that a protease anchored to vacuolar membrane might play an additional role in MetRS cleavage. I have tried to use the yeast pellet fraction in the ex vivo cleavage assay. Interestingly, the S100 fraction (soluble fraction after centrifugation at 100,000 × g) displayed lower cleavage properties than the S13 fractions, showing that the protease activity I'm interested in might be present in membrane fractions that can be separated after centrifugation (figure R-34A). However, protease activity was not recovered in the pelleted fractions (P13 and P100) compared to the S13 fraction. The activity might be lost when the protease is embedded into the pellet fraction. The fact that vacuolar Pep4 was identified was correlating with the potential vacuolar location of the MetRS. Indeed, the AME complex was found highly bound to the vacuolar membrane as shown by subcellular fractionation and immunoblotting (figure R-34B, Poster 1 page 308). High amount of MetRS is bound to membranes (more than 50 %), so does Arc1 that was shown to interact with vacuolar membrane (PhD work of M. Hemmerlé; Fernández-Murray and McMaster, 2006). Interestingly, the truncated form of MetRS was highly soluble since large majority of the protein is present in the soluble (S100) fraction (figure R-34B). Proteolytic cleavage in the vicinity of the vacuole by Pep4 (and other protease) and subsequent loss of interaction with Arc1 might release the MetRS(∆132) from the vacuolar membrane to the cytosol. Formation of MetRS(∆132) by the protease Pep4 is somewhat a novel concept since no such aspartic protease were found in E. coli or in human cells. The lysosomal Pep4 human ortholog cathepsin D (CatD) is involved in a number of neurodegenerative diseases when mutated since many proteins involved in pathologic disorders are substrates of this protease (Vidoni et al., 2016; Aufschnaiter et al., 2017). Pep4 was described in the literature as enhancing H 2 O 2 resistance and extending life span by anti-apoptotic and anti-necrotic actions (Marques et al., 2006; Carmona-Gutiérrez et al., 2011),and is essential for vacuolar protein degradation. Indeed, deletion of Pep4 triggers accumulation of autophagic bodies in the vacuole[START_REF] Takeshige | Autophagy in yeast demonstrated with proteinase-deficient mutants and conditions for its induction[END_REF]. Since the yeast vacuole is a reservoir for neutral and sulfur-containing aa, Met concentration could be sensed by the vacuolar MetRS (through AME complex interaction) and cleavage of the MetRS would be a signal of Met (or nitrogen) starvation, and would explain the increase of MetRS cleavage with nutritional stress (culture in H 2 0 or minimal medium without nitrogen).

Figure R- 35 :

 35 Figure R-35: Isolation of a genetic mutant exhibiting low level of MetRS(∆132). A. Cross between two strains expressing MetRS-V5 and displaying either a high or low cleavage yield. Sporulation of the resulting diploid gave rise to 4 spores with cleavage yield determined in C. B. Dissection plate obtained from dissection of tetrads from the diploid from A. C. Western blotting of the spores from B, all expressing MetRS-V5 with variable cleavage rates. MATa and MATα strains are the parental strains crossed to form the diploid. D. The two parental strains were incubated at 42 °C for the indicated time and total protein extracts were immunoblotted to observe MetRS-V5 cleavage.
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  Immunoblotting the MetRS-V5 expressed in yeast cells, I was surprised by the diversity of cleavage intensities found in WT strains: some clones yielded 2-3 % of MetRS(∆132), and I isolated a clone where the cleavage was almost absent, even at high exposure (Lane 2 in Figure R-28B and R-28F, page 160). It was interesting to study this clone since this lack of cleavage could be the result of a mutation in the protease sequence or in a regulator of this cleavage. To assess the genetic causality of this phenotype, I crossed a strain presenting a high cleavage rate with the clone containing less MetRS(∆132) quantity (figure R-35A). If the phenotype is indeed caused by a genetic mutation, the spores resulting from the diploid should present a 2:2 distribution for the cleavage (two spores with high cleavage and two with lower cleavage). I analysed nine different tetrads obtained after diploid dissection (figure R-35B) by Immunoblotting total extract from each spore.The western blot globally shows an expected 2:2 distribution for each tetrad (figure R-35c). Thus a gene mutation might be the cause of the deficit of MetRS cleavage, even if the cleavage is not totally abolished since a heat shock on this strain induces increase in the MetRS(∆132) proportion,

Figure R- 36 :

 36 Figure R-36: Clones expressing MetRS(∆132)-5 as the sole MetRS isoform displayed slow growth phenotype. A. Dissection plates of tetrads from mes1/MES1 diploids expressing either the MetRS(WT)-V5 or the MetRS(∆132)-V5 shorter form. Majority of the spores expressing the sole MetRS(∆132) isoform (red arrows) grows slower than WT spores. B. A small colony from A was cultured O/N at 30 °C in liquid rich medium (YPD) and spread onto an agar plate rich medium (YPD). After 4 days incubation at 30 °C, large colonies were observed among majority of small colonies. C. Growth curves of strains grown in YPD rich medium at 30 °C (n = 3). D. Dissection plates of tetrads from the mes1/MES1 diploids expressing MetRS(∆132)-V5 with or without coexpression of the N-terminal domain of MetRS. E. Yeast spotting assay of the strains expressing the sole MetRS(WT) or MetRS(∆132) isoform, and suppressor clones (SUP) expressing MetRS(∆132). Yeast cells are spotted onto a YPD medium and incubated at either 30 °C, 37 °C or 25 °C for 3-5 days, or onto YPGly medium at 30 °C for 5 days. Other conditions have been tested in Supplemental S7A.

Figure R- 37 :

 37 Figure R-37: Strains expressing MetRS(∆132) presents higher Met misincorporation levels than the T strains. Eight strains of the BFP library generated in the RS453 WT background (MetRS(WT)) or overexpressing MetRS(∆132) were analysed by epifluorescence microscopy. Cells were grown in rich YPD medium and harvested in logarithmic phase before observation under the microscope. Quantification is performed as described in Figure R-10. Means and standard deviations are obtained on more than 100 cells analysed.

182Context of the study 183 iii.

 183 Figure R-38: The∆ strain displays a growth phenotype. Growth curves of WT and arc1∆ strains grown in YPD rich medium at 30 °C.

184Figure R- 39 :

 39 Figure R-39: Dual-localization of Arc1 both in cytosol and mitochondria. A. Yeast spotting assay for BY4742 and RS453 strains (WT and arc1∆) in fermentative (glucose and galactose) or respiratory (glycerol) rich media. B. Yeast spotting assay of RS453 strains on fermentative (glucose) or respiratory media. C. The split-GFP system relies on physical interaction between the two non-fluorescent peptides ß1-10 barrel and ß11 strand. D. The ß11 tag protein of interest (POI) is nuclear-encoded, whereas the GFP ß1-10 is encoded into the mitochondrial genome. The green fluorescence is restored by translocation of the ß11-POI into the mitochondria. E. Observation by epifluorescence of a strain expressing the Arc1-ß11 fusion protein. The GFP signal colocalizes with MitoTracker, a specific dye for mitochondria staining (from Bader et al, 2019 in submission).

  Respiratory deficiency can be suppressed spontaneously 185 function (figure R-39A, lanes 3 and 4). The "petite" phenotype observed in the RS453 arc1∆ strain was confirmed for several clones and respiratory media (figure R-39B). The overexpression of Arc1 restored the respiratory growth and confirmed the role of Arc1 in mitochondrial functions (figure R-39B, lane 2). Despite a reduced growth rate observed for the arc1∆ strain compared to WT, in fermentable medium (glucose), incubation on a respiratory medium totally impaired the growth since no clones were visible after several days of culture. This was the first evidence of a mitochondrial role for Arc1, different from the synchronous aaRSs release previously demonstrated. This was surprising since Arc1 was described as a cytosolic protein with nuclear relocalization and was never observed inside mitochondria. In the meantime, another PhD student in the lab (Dr. Gaétan Bader) was engineering a fluorescent molecular tool used to assess the mitochondrial localization of proteins previously described as cytosolic (Bader et al., 2019 (in submission)). This technique relies on the use of the split-GFP molecule, with the ß1-10 GFP barrel encoded in the mitochondrial genome, and the missing ß11 strand of the GFP fused to the nuclear-encoded protein of interest (figure R-39c and R-39D). Each part of the GFP molecule is not fluorescent, and reconstitution of the full-GFP by protein interaction restores the green fluorescence. Since the ß1-10 fragment is encoded by the mitochondrial genome, green fluorescence is only observed when the ß11-tag protein relocates into this organelle without any green cytosolic background (figure R-39D). Intracellular localization of Arc1 using fluorescence microscopy with conventional GFP tagging had always shown cytosolic localization, even with confocal microscopy (Galani et al., 2001). When Arc1 was fused to ß11-tag, a green fluorescent signal was observed, and colocalized with the mitochondria specific dye MitoTracker (figure R-39E, from Bader et al., 2019 (in submission)). Hence this observation confirmed for the first time the role of Arc1 in mitochondrial activity.

someFigure R- 40 :

 40 Figure R-40: Spontaneous growth of ∆ on respiratory medium. A. An arc1∆ strain (ARC1 gene replaced by KanMX4 cassette) was spread onto a glycerol agar plate and incubated at 30 °C for 7 days. Spontaneous growth of clones (called arc1∆ SUP) was observed (white circles). B. Yeast spotting assay of RS453 strains on fermentative (glucose and galactose) or respiratory media. MES1null: catalytic null MetRS. C. Gene insertion in the arc1∆ arc1∆ diploid strain genome of either ARC1, MES1(WT) or VPH1-ARC1 gene by yeast transformation (upper panel). Dissection plate for all three diploid strains is shown (lower panel). D. Quantification of colonies size on each dissection plate shown in D. Size for arc1∆ spores was set to 1 for each diploid. n = 30 spores minimum.

Figure R- 41 :

 41 Figure R-41: The arc1 SUP strain contains a single substitution in HAS1 gene. A. Growth phenotype on glycerol plate of the cross between arc1∆ and arc1 SUP strains. B. Dissection plate of the tetrads generated from the cross shown in A (upper panel). Growth of each spore in glycerol medium (middle) and YPD + geneticin (lower) is shown. All spores grow on YPD + geneticin, showing that all clones are deleted for ARC1 gene (gene disruption with KanMX4 sequence). C. Position of the HAS1 gene in chromosome XIII and R276I substitution identified in Has1 protein from arc1 SUP strain.

Figure R- 42 :

 42 Figure R-42: Loss of interaction with GluRS and MetRS induces deficient respiratory growth. Yeast spotting assay of arc1∆ strain (Ø) overexpressing full length (FL) or truncated Arc1 isoforms in rich media with glucose or respiratory carbon sources. Nter: Arc1 N-terminal domain, ∆N: Arc1(∆N-terminal domain), ∆M: Arc1(∆Middle domain), ∆C: Arc1(∆C-terminal domain), MRSØ : A26R S33A mutant (loss of MetRS interaction), ERSØ : T55R R100A Y104A mutant (loss of GluRS interaction), ERSØ MRSØ : A26R S33A T55R R100A Y104A mutant (loss of both MetRS and GluRS interaction).

Figure R- 43 :

 43 Figure R-43: Summary of results found in my thesis pro ects. Major regulatory events implying the MetRS and the AME complex in different growth conditions and environmental stresses. Since deletion of PEP4 does not entirely prevent MetRS cleavage, a potential additional is shown (light blue). : protection from proteolytic cleavage.

Figure R- 44 :

 44 Figure R-44: acuolar anchored MetRS( T) and yeast growth deficiency. A. Dissection plate of tetrads from mes1/MES1 diploids expressing Vph1-MetRS(WT) fusion protein anchored to the vacuolar membrane. Majority of the spores expressing the sole Vph1-MetRS(WT) isoform (red arrows) grows slower than WT spores. B. Yeast spotting assay of strain expressing either the MetRS(WT) or the Vph1-MetRS(WT) fusion protein on several rich media.

Supplemental S1 :H 2 O 2 Supplemental figures and tables 199 Supplemental S3 :

 S122199S3 Selection of BFP clones to create the BFP strain library. BFP library in WT BY4742 genetic background was generated by selection of clones with similar BFP expression. Selection was performed by imaging cells for green fluorescence. Stop codons were not tested with the BFP reporter (black squares). A representative picture of each BFP codon strain is shown, organized in the standard genetic code table. Bar scale, 10 µm. DISCUSSION • Supplemental figures and tables Supplemental S2: Effect of oxidants on yeast growth on solid medium. Yeast spotting assays of several WT strains (different genetic background) or RS453 arc1∆ strain, on YPD rich agar plate (glucose), on respiratory medium (Glycerol), or on YPD plate supplemented with the indicated oxidant. Using flow cytometry to monitor Met misincorporation with the BFP system. Flow cytometry dot-plots using EGFP and mRuby2 fluorescence. Cells are anlyzed at mid-log phase in YPD (left) or after 24 h treatment with 5 mM paraquat in YPD medium.For each dot plot, the two controls BFP(Met ATG ) and BFP(GF) are shown forward, and either BFP(Lys AAG ) cells (green, middle) or BFP(Leu CTC ) cells (red, lower) are shown backward. Each strain is analysed on 100.000 cells.

  DISCUSSION • Supplemental figures and tables

Supplemental S4 :

 S4 Absence of Arc1 does not prevent MetRS aggregation. Haploid mes1∆ strains expressing ectopic MetRS-GFP (WT or ∆132) deleted (arc1∆) or not (WT) of ARC1 gene were imaged after 9 min heat shock at 48 °C. Cytosolic foci are observed for MetRS(WT)-GFP even in the absence of Arc1. Scale bar, 5 μm.arc1 WT Supplemental S5: Sequence comparison of N-terminal domains of the yeast MetRS and GluRS. The N-terminal domain (1-162) of the yeast MetRS (orange) is compared with the N-terminal domain (1-178) of the yeast GluRS (purple). A pairwise sequence alignment gave only 3.6 % identity and 7.2 % similarity (EMBOSS Needle tool). 202 RESULTS & DISCUSSION • Supplemental figures and tables MetRS(∆132) does not interact with Arc1. Immunoprecipitation of MetRS-V5 with V5 antibody expressed in WT or arc1∆ strain and co-immunuprecipitation of Arc1 for MetRS(WT). Input: input of total proteins loaded for the IP (5 % loaded on the gel). Ø: elution with IgG beads. IP:V5: elution with V5 antibody beads. The IP fractions were immunoblotted with V5, Arc1 and Pep4 antibodies.

  DISCUSSION • Supplemental figures and tables Supplemental S8: Time course of aminoacylation of yeast tRNA by the recombinant yeast MetRS( T) and MetRS(∆132). A. Reactions were conducted at the indicated température for 10 min with 10 nM enzymes and 80 µM yeast total tRNA. B. The enzymes were treated at the indicated temperature for 15 min before aminoacylation reaction at 30 °C with 10 nM enzymes and 80 µM yeast total tRNA. indicated temperature: Pre-treatment of 15 min at the indicated temperature, then reaction at 30 °C: Supplemental figures and tables 205 Supplemental S9: Confirmation of the deletion of ARC1 gene in the arc1 SUP strains. Western blotting of arc1∆ strain and the corresponding arc1 SUP strains obtained by growth on respiratory medium (YPGly). of several ∆ strains (SUP strains) on various respiratory media. Yeast spotting assay of arc1∆ strain and three arc1∆ SUP strains in rich media with fermentative carbon source (2 % glucose) or various respiratory carbon sources. MES1 genomic /mes1 ura3/URA3:pGPD-MES1 plasmid 10 % SDS-PAGE 10 % SDS-PAGE Supplemental S11: Overexpression of MetRS in ∆ strain restores growth in respiratory medium. A. Sporulation and dissection of a diploid strain 1 arc1 expressing both genomic MES1 (with its endogenous promoter) and plasmidic MES1 (under control GPD promoter). Genotype of each spores was determined, and arc1∆ spores with genomic MES1 (red circles) or overexpressed plasimidic MES1 (yellow circles). Each spore was grown on YPGly medium (glycerol, lower panel) and observed after 5 days at 30 °C. B. Western blotting of total protein extracts from RS453 strains expressing either the endogenous MetRS or the ectopic MetRS under control of the pGPD promoter. Yeast cells where grown in YPD rich medium. At t=0, cells were harvested and grown either in the same YPD medium (left panel) or in respiratory YPGly rich medium (right panel).

  To verify the 2:2 segregation of the diploid used for further transformations. Supplemental figures and tables 209 mes1/mes1 MES1(WT)-HA:TRP1/trp1 MES1(WT)-cMyc:Positive control to verify that the MetRS(WT)-cMyc sustains cell viability.

  To verify if MetRS(S10D)-cMyc mutant can sustain cell viability. Supplemental figures and tables 211 mes1/mes1 MES1(WT)-HA:TRP1/trp1 MES1(K11A)-cMyc:To verify if MetRS(K11A)-cMyc mutant can sustain cell viability.

  To verify if MetRS(S10A)-cMyc mutant can sustain cell viability. To verify if MetRS(Y132A)-cMyc mutant can sustain cell viability.

  To verify if MetRS(∆132)-V5 mutant can sustain cell viability. To verify if MetRS(∆132)-V5 mutant can sustain cell viability, and independently from the associated marker (LEU2 instead of URA3 in dissection 5).

  METHODS • Molecular biology for gene amplification and cloning

2 , 2 , 2 %i. 4 .

 2224 250 mM KCl, 55 mM MnCl (v/v) DMSO). Keep the suspension on ice 10 min, then centrifuge 10 min at 2,500 × g, then discard supernatant and add 20 mL of TBjap buffer with 7 % (v/v) DMSO. After 10 min incubation on ice, competent cells are aliquoted (100 µL) and immediately flash-frozen in liquid nitrogen. Competent cells are stored at -80 °C. Bacterial cell transformation Competent cells in TBjap buffer are thawed slowly on ice for about 15 min, then the plasmid construction (from a ligation mixture or from an intact plasmid) is added to the cells (1 ng of plasmid or around 1 µg of a ligation products mixture) and incubated 20 min on ice. Cells are heatshocked at 42 °C in a water-bath for 45 s and put back on ice for 2-3 min. Cells are then plated on a

Figure MM- 1 :i. 9 .

 19 Figure MM-1: Schematic representation of the different cloning strategies used. GOI: Gene Of Interest. More descriptions are given in §I.10 in the text section.

Figure MM- 2 :Figure MM- 3 :

 23 Figure MM-2: Yeast growth curve and the different growth phases. Yeast strain (RS453) was grown at 30 °C in YPD medium under constant agitation. Cells are harvested when they reach the mid-log phase.

then 3

 3 OD equivalent units are used for one transformation: cell pellet is resuspended in 50 µL of water, and 20 µL of boiled and sonicated single-stranded DNA (10 mg.mL -1 ) is added to cells. Then 350 µL of transformation mix (240 µL of PEG 4000, 36 µL LiAc 1M, 70 µL water) is added, cells are resuspended by vortex mixing and incubated for 45 min at 42 °C in a water bath. The tube is then centrifuged at 10,000 × g for 10 s, the supernatant is removed and 1 mL of water is added to wash cells and remove traces of LiAC. After a 10,000 × g centrifugation for 10 s, cells are resuspended in 200 μL of water and spread onto the appropriate selection medium.

Figure MM- 4 :

 4 Figure MM-4: Yeast mating in liquid medium. Two mating type strains have been mixed in YPD and incubated under shaking at 30 °C. For each time point, shaking is stopped and the tube is left one minute on bench without any shaking to allow sedimentation of heavy particles, essentially diploids or shmoos. Images are taken under the microscope to observe cell mating after 120 min. White arrows indicate shmoos and diploids in cell division process. Scale bar, 10 µm.

-Figure MM- 5 :Diploid sporulation and tetrad dissection 235 ii. 6 .

 52356 Figure MM-5: Diploid sporulation and tetrad dissection. A. After three days at 25 °C on a sporulation medium plate, cells were observed under the microscope with DIC optics. Asci (white arrows) were observed among non-sporulated diploids. Scale bar, 10 µm. B. After zymolyase treatment, asci are dissected with a micromanipulation microscope. The ascus is isolated (white arrow) with the dissection needle, then the four spores are physically separated (middle picture) and each spore is aligned with others on the dissection plate. Scale bar, 60 µm. C. After three days incubation at 30 °C, the dissection plate shows tetrads with aligned spores (a, b, c and d colonies). D. Each spore is restreaked onto a YPGly medium plate (left) and replica-plating on selective media (middle and right) to assess aa autotrophy and subsequent strain genotype.

Figure MM- 6 :

 6 Figure MM-6: Preparation of yeast protein extracts. A. Protocol for total protein extract preparation for western blot analyses. Cells are lysed with NaOH and protein are precipitated with trichloroacetic acid (TCA). Protein pellet is directly dissolved in laemmli buffer for SDS-PAGE analysis. B. Protocol for soluble protein extract preparation. See the text for lysis buffer composition.

II. 8 .II. 8 . 1 .

 881 yeast protein extract preparation Total protein extractYeast total protein extracts were obtained by harvesting and disrupting yeast cells with 500 µL of ice cold NaOH 0.185 M for 10 min on ice (figure MM-6A). Trichloroacetic acid (TCA) was added to a final concentration of 10 % (v/v), and samples were vortexed and incubated for an additional 10 min on ice. Precipitates were collected by centrifugation at 13,000 × g for 10 min at 4 °C. Pellets were dissolved in 1 × Laemmli buffer (125 mM Tris-HCl pH 6.8, 2 % (w/v) SDS, 10 % (w/v) glycerol, 2 % (v/v) ß-mercaptoethanol, 0.0125 % (p/v) bromophenol blue), with 100 µL for the equivalent of 1 OD 600 nm unit of cells.

5 : 1 )

 51 diluted in 125 mM Tris-Hcl pH 6.8, 0.1 % (w/v) SDS.Polymerisation of each layer is initiated by adding 1 % (w/v) of ammonium persulfate (APS) 10 % (w/v) and catalyzed by adding 0.1 % (v/v) N,N,N',N'-tetramethylethylene-diamine (TEMED, Roth). Gels are poured between two glass plates (10 × 8 cm) with 1 mm integrated spacers (Mini-PROTEAN® Spacer Plates, BioRad). Samples are loaded and electrophoresis is performed in TG-SDS running buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS, pH 8.5) at 150 V (20 mA) for 1-2h using Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (BioRad).Protein transfer onto PVDF membrane is realized using Trans-Blot Turbo™ transfer system (BioRad) for 7 min at 25 V (2.5 A). The PVDF membrane is then activated by 100 % ethanol for 1 min, washed once with TBS-Tween buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.3 % (v/v) Tween 20) and blocked at RT for 1 h with 5 % (w/v) skim milk in TBS-Tween buffer. Primary antibodies are incubated O/N at 4 °C in 5 % (w/v) skim milk in TBS-Tween buffer at a concentration of 1:1,000 (List of antibodies in TableMM

  30 mL lysis buffer (Tris-HCl 50 mM pH 8.0, NaCl 100 mM, ß-Mercaptoethanol 5 mM, glycerol 5 % (v/v), imidazole 1 mM) supplemented with protease inhibitors. Cells are sonicated on ice during 10 rounds of 20 seconds (Vibra Cell bioblock), then centrifuged 15 min at 8000 × g at 4 °C. The cleared supernatant is applied onto a nickel sepharose High Performance affinity column (GE Healthcare, bed volume: 1 mL), washed with lysis buffer containing 10 mM imidazole until no more protein could be detected in the eluate. Proteins retained on the column are then eluted by 5 mL of lysis buffer containing 100 mM imidazole, then dialyzed O/N against the storage buffer (Tris-HCl 50 mM pH 7.7, EDTA 1 mM, NaCl 100 mM, Glycerol 50 % (v/v)) and kept at -20 °C.

Figure MM- 7 :

 7 Figure MM-7:Engineering of tRNA expression plasmid for T7 in vitro transcription. A. Sequence of the T7 promoter (dark blue), the transzyme ribozyme (light blue) and the tRNA (grey, the initiator tRNA Met here). B. Sequences complementary between the tRNA and the ribozyme (orange sequences) and self-cleavage of the ribozyme. C. DNA substrate for in vitro transcription was obtained by either (i) plasmid linearization using BstNI resctriction enzyme (or the MvaI isoschizomer) (upper) or (ii) by PCR amplification of the sequence with a primer containing CCA complementary sequence (lower).

  tRNA synthesis by in vitro transcription 243 transcription efficiency because this ribozyme sequence starts with 2-3 G's. Self-cleavage of the ribozyme liberates the transcript beginning with the first tRNA nucleotide (see figure MM-7A and 7B). For transcription of CCA ending tRNA, two methods have been used: linearization of plasmid using BstNI enzyme or PCR amplification of the template with specific primers (figure MM-7c).

Figure MM- 8 :

 8 Figure MM-8: Purification of in vitro transcripts. A. Pictures of the large polyacrylamide gel used for tRNA migration. After overnight migration, the xylene cyanol is at the bottom of the gel (right). B. Observation of the nucleic acid bands under UV light with a phosphrescent plate. The migration allowed separation of the ribozyme sequence from the initiator tRNA Met , and the one-nucleotide length difference between the two tRNAs is visible (white line). C. Illustration of the electroelution cell. Gel slices are placed in the middle of the device, and tRNAs migrate from the gel slices into a trap area formed by the BT1 and BT2 membranes during horizontal electrophoresis at 4 °C.

C

  Purification of MBP-MetRS enzymes 245ice-cold ethanol 100 % after addition of 250 mM NaCl final concentration. After centrifugation at 13,000 × g for 15 min at 4 °C, pellet is washed once with 70 % ethanol and the subsequent pellet is dried before resuspended in loading buffer (95 % formamide, 1 mM EDTA, 0.025 % (w/v) bromophenol blue and xylene cyanol). Sample is loaded on a large (33 cm × 40 cm × 0,2 cm) 12 % (w/v) polyacrylamide gel containing 8 M urea and ran at 550 V (75 mA) for 16 h in TBE buffer. At the end of migration, xylene cyanol blue band (light blue) should be at the bottom of the gel, and bromophenol blue (dark blue) migrated out of the gel (Figure MM-8A). Gel is observed under UV light with a phosphorescent plate placed under the gel (see figure MM-8B). The band containing the desired transcript is cut out of the gel and cut in small gel dice with a sterilized blade. Transcript is then eluted from the gel by electroelution: gel pieces are placed in an electroelution cell (Schleicher & Schüll, Figure MM-8C) in TBE buffer, and this cell is placed in an electroelution tank filled with TBE buffer. Electroelution is performed at 250 V (100 mA) for at least 3 h in cold room. The tRNA transcript is recovered within the compartment delimited between BT1 and BT2 membranes, and precipitated with ethanol and NaCl as described before. The pellet is then resuspended in water and stored at -20 °C.

Figure MM- 9 :

 9 Figure MM-9: Purification of recombinant MetRS. A. Factor Xa cleavage efficiency depending on the glycerol concentration. Conditions of cleavage are described in the text section nearby. B. Results of recombinant MetRS(WT) purification. NI: total E. coli protein extract before IPTG induction. I: total E. coli protein extract after 3 h IPTG induction. E: elution fraction from amylose column. Xa: eluted fractions after factor Xa cleavage.

  N-terminal MBP tag of MetRS is removed by proteolytic cleavage with factor Xa. If sample has been conserved in the storage buffer containing 50 % (v/v) glycerol, dilution to 25 % (v/v) glycerol is necessary to ensure high cleavage yield (figure MM-9). In vitro cleavage must be performed in an Eppendorf tube (1.5 mL or 5 mL if higher volumes are needed) at 25 °C O/N with 500 mM NaCl, 30 mM Tris-HCl pH 8.0, 5 mM CaCl 2 and 5 µg/mL Factor Xa (NEB). Note that cleavage performed in 15 mL or 50 mL Falcons™ resulted in protein precipitation for unknown reasons.

2 ,Figure MM- 10 : 3 . 3 . 2 .

 210332 Figure MM-10: FPLC purification of recombinant MetRS. A. Description of the chromatography columns and buffers used for MetRS purification. B and C. Chromatogram from heparin (B) or gel filtration (C) chromatographies for MetRS(WT) (left) and MetRS(∆132) (right). Protein content of annoted fractions are shown in the inserts containing 10 % stain free SDS PAGE.

  by dry polyethylene glycol (PEG6000) at 4° C. Concentration occurs upon diffusion of buffer out of the sample and into the PEG powder. Every 15 min the dialysis bag is removed from viscous PEG and new PEG powder is added onto the bag. Concentration should last until the desired sample volume is obtained.

Figure MM- 11 :

 11 Figure MM-11: Preparation of the aminoacylation reaction mixture with [S 35 ]Met. A. Indications on the radioactive vial give the concentration of the [S 35 ]Met, and radioactive counting of an aliquot allows to obtain the corresponding cpm for 1 µL. The mix of methionine is prepared with 1 mM cold Met mixed with the appropiate volume of [S 35 ]Met to obtain around 200 cpm/pmol of Met (note that this value does not change with further dilutions). Then the mix 2x is prepared with chemicals needed for the aminoacylation reaction. B. For aminoacylation assay, the reaction mixture is prepared by adding half volume of mix 2× and the rest with tRNA, enzyme and water. The methionine working concentration is 50 µM, still with 200 cpm/pmol of Met incorporated. If 5 µL of reaction is sampled on a paper for counting, it represents 50 pmol of tRNA (because the working concentration is 10 µM = 10 pmol/µL for tRNA). At the end, if all tRNA molecules are charged, the signal would reach 10.000 cpm, because each pmol of tRNA brings 200 cpm.

MgCl 2 , 1

 21 figure MM-11.

8 .Figure MM- 12 :iii. 6 . 2 . TMPP protocol for n-terminus characterization and MetRS cleavage site identification iii. 6 . 2 . 1 . 9 -

 812626219 Figure MM-12: TMPP reaction performed at p 8.2 to specifically target the N-termini amines of proteins.

  10 5 ions and a maximum injection time of 50 ms. Dynamic exclusion time was set to 60 s.Peak lists in mascot generic format (.mgf) were generated using MSConvert tool from ProteomeWizard (v3.0.6090; http://proteowizard.sourceforge.net/), and were searched using Mascot (version 2.5.1; Matrix Science, London, UK) against an in-house database containing all S. cerevisiae entries extracted from UniProtKB-SwissProt (release of 03/2017, 7 902 entries), the sequence of256 MATERIAL & METHODS • Biochemistry and biophysical techniquesMetRS(S10A), trypsin, common contaminants (117 entries) and the corresponding 8,021 reverse entries. The database was generated using the database toolbox from Mass Spectrometry Data Analysis (MSDA, publicly available from https://msda.unistra.fr)[START_REF] Carapito | MSDA, a proteomics software suite for in-depth Mass Spectrometry Data Analysis using grid computing[END_REF]. The following parameters were applied: semiTrypsin as the digestion enzyme, one permitted missed cleavage per peptide, a mass tolerance of 5 ppm for the precursor ions and 0.07 Da for the peptide fragments, carbamidomethylation of cysteine residues as a fixed modification, and oxidation of methionine residues and light (+572.18 Da) and heavy (+581.21 Da) TMPP derivatization on any N-terminal amino acid or side chain of tyrosine and lysine residues as variable modifications. Mascot result files were loaded into Proline software (http://proline.profiproteomics.fr;[START_REF] Carapito | Computational and Mass-Spectrometry-Based Workflow for the Discovery and Validation of Missing Human Proteins: Application to Chromosomes 2 and 14[END_REF] and proteins were validated on pretty rank equal to one, and a Mascot ion score ≥ 13. The N-terminal peptides were validated using the "dN-TOP Validation Tool" available at https://msda.unistra.fr, by confirming the identification of both the light and heavy labelled peptide forms and their chromatographic co-elution.

Fig. 1 .

 1 Fig.1. Mitochondrial localization of cytosolic and mitochondrial aaRSs. (A) Schematized representation of yeast mitochondria preparation. The procedure we followed was that described by Meisinger and coworkers[48]. Mitochondria are recovered from the 60%-32% interphase. (B) LC MS/MS analysis of the mitoproteome. After separation, pure yeast mitochondria were subjected to LC MS/MS analysis with 3 different injection gradients (90 min, 120 min and 90 min Frac, see Section 5 for details). Number of total proteins identified in each samples are represented in bold. Proteins found shared between conditions are also showed. (C) Mitochondrial (top) and cytosolic (bottom) forms of aaRSs identified in mitochondrial extract by LC MS/MS analysis. Colors are corresponding to samples in panel B. Cytosolic aaRSs predicted to have an MTS by at least 1 predictor (see Table5) are in bold. Yeast cytosolic aaRSs previously shown experimentally as mitochondria dual-localized are underlined (see Table1). No mitochondrial specific CysRS identify in yeast. ⁄ indicates putative aaRSs. See Supplemental Table1for yeast aaRSs genes name.

Fig. 2 .

 2 Fig. 2. Different strategies commonly used for localizing aaRSs in yeast cells. All techniques can be used on mammalian cells except those specific to yeast genetics.

4. 3 .

 3 Purification of mitochondria and preparation of mitochondrial protein extracts 4.3.1

S.

  Debard et al. / Methods xxx (2016) xxx-xxx

5. 1 .

 1 Protein digestion solution -Proteins from mitochondrial extracts are resuspended in 50 mM ammonium bicarbonate. -After a reduction-alkylation step (5 mM DTT and 10 mM iodoacetamide), proteins are digested overnight with 100 ng of sequencing-grade trypsin (Promega). -After centrifugation at 12,000g, the supernatants are collected in glass inserts and vacuum dried. 5.2. Nano-liquid Chromatography -electrospray Ionization TripleTOF MS/MS Analysis -Before injection, dried peptides are resuspended in 15 lL of 0.1% (v/v) formic acid. One third of each sample was injected on a NanoLC-2DPlus system (nanoFlexChiP module; Eksigent, ABSciex, Concord, Ontario, Canada) coupled to a TripleTOF 5600 mass spectrometer (ABSciex) operating in positive mode. -Peptides are loaded with a trap and elute configuration on C18 reverse-phase columns (ChIP C-18 precolumn 300 lm ID Â 5 mm ChromXP and ChIP C-18 analytical column 75 lm ID Â 15 cm ChromXP; Eksigent). -Peptides are eluted by using a 5-40% gradient of 0.1% (v/v) formic acid in acetonitrile for 90 or 120 min at a 300 nL/minute flow rate. The TripleTOF 5600 was operated in high-sensitivity data-dependant acquisition mode with Analyst software (v1.6, ABSciex) on a 400-1250 m/z range. -To extend the sensitivity, two new injections are carried out using restricted mass ranges, 400-800 m/z and 800-1250 m/z. An external calibration is performed before each sample by monitoring 10 peptides of a beta-galactosidase trypsic digest.

-

  20 lL of poly-Lysine (0.1% (w/v) in H 2 O) is added to each well and incubated for 1 min. -The liquid is removed, slides are dried and washed 3 times with 20 lL H 2 O; all washing steps are done by adding one drop (with Pasteur pipette) and removing with vacuum without touching the slide. -Slides are placed in a humid chamber (Petri dish with H 2 Osoaked paper), 15 lL of fixed yeast cells are added to each well and incubated for 30 min. -The excess of liquid is removed very gently and slides are washed twice with PBS 1Â (see Section 4.2.2). -Slides are then incubated for 5 min with 15 lL of PBT (PBS 1Â, Triton X-100 0.1% (v/v), NaN 3 0.1% (w/v), BSA 1% (w/v)). -After removing the excess of liquid, slides are incubated for 30 min at room temperature with 15 lL of primary antibody diluted in PBT, according to manufacturer indications. -Slides are washed 10 times with PBT, followed by the incubation for 30 min in the dark and at room temperature with 15 lL of secondary antibodies (either Cy-conjugated or Alexa Fluor Ò -conjugated; ThermoFischer Scientific) diluted in PBT. -Slides are washed 10 times with PBS.
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 2 Yakobov et al., 2018 295 been demonstrated to increase resistance against CAMPs in various model pathogens such as Staphylococcus aureus, Listeria monocytogenes, Pseudomonas aeruginosa and others and have been related to virulence phenotypes. Those virulence factors have thus been named Multiple Peptide Resistance Factors

Fig. 2 .

 2 Fig. 2. Multiple subcellular localizations of mammalian (left) and yeast cytosolic aaRSs (right). Only mammalian and S. cerevisiae cytosolic aaRSs that relocate from the cytosol to a different compartment or that can be released from the MARS MSC and stay in the cytosol are shown. Only aaRSs that relocate to the nucleus and which are exerting non-conventional functions are represented on the figure.
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4. 1 .

 1 aaRSs released from the MSC but staying in the cytoplasm 4.1.1. Human glutamyl-prolyl-tRNA-synthetase (EPRS) in response to IFNγ stimulation

4. 1 PUBLICATION 2 •

 12 .4. Mammalian RRS During evolution, mammalian RRSs have inherited two leucine-Yakobov et al., 2018 299

4. 3 .

 3 Cytoplasmic aaRSs that are targeted to the cytoplasmic membrane 4.3.1. Human lysyl-tRNA synthetase (KRS)

4. 4 .

 4 Yeast and human cytoplasmic aaRSs that are targeted to the vacuole and the lysosome 4.4.1. Mammalian leucyl-tRNA-synthetase (LRS)
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 101 Frechin et al., Molecular Cell, 2014 [2] Fernandez-Murray et al., FEBS Letters, 2006 This system allows specific detection of the vacuolar pools of multi-localized protein through reconstitution of the GFP protein.

2 11The

 2 Arc1 and challenged their capacity to bind to membranes (P13 & P100) by immunoblotting after subcellular fractionation. Deletion of the N domain of Arc1 redirects almost entirely the protein in the soluble fraction (S100, arrowhead) The N-terminal domain of Arc1 responsible for MRS and ERS binding is also involved in binding to phosphoinositids (PI), although Arc1 does not display any conventional PI-binding motif Arc1 protein is predominantly binding to the vacuolar and endosomal membranes (around 75% of total) and redirects the glutamyl-tRNA synthetase to level does not vary significantly in all conditions that were tested. Unlike the soluble form of Arc1, vacuolar-bound Arc1 does not particpate to the diauxic transition Arc1 and MRS are binding to the vacuole and vacuolar localization of cytosolic aaRSs is more frequent than expected Oxidative stress response and adaptation by methionine misincorporation in the yeast S. cerevisiae PoSTER th aaRS meeting, oct. 29 th -nov. 2 nd 2017, clearwater beach, florida, USA POSTER 2 • 11 th aaRS meeting, Oct. 29 th -Nov. 2 nd 2017, Clearwater beach, Florida, USA University of Strasbourg -Institut de Botanique -Dynamics & Plasticity of aminoacyl-tRNA Synthetases-UMR 7156 CNRS-UdS GMGM, Strasbourg, FRANCE Accurate aminoacylation
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 4 The mRuby2 fluorescence relies on Met67 in its chromophore. Mutation of the corresponding ATG codon in the mRuby2 gene turns off the red fluorescence, and methionine misincorporation at this mutated codon restores fluorescence. The downstream EGFP gene is an internal expression control.
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 1 FLUORESCENT REPORTER SYSTEM FLUOROPHORE ACTIVITY FOR ALL THE REPORTER MUTANTSThe mRuby2 fluorescence relies on Met67 in its chromophore. Mutation of the corresponding ATG codon in the mRuby2 gene turns off the red fluorescence, and methionine misincorporation at this mutated codon restores fluorescence. The downstream EGFP gene is an internal expression control.
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Table I -1: east translation factors and their role in protein synthesis

 I (inspired from[START_REF] Dever | Mechanism and Regulation of Protein Synthesis in Saccharomyces cerevisiae[END_REF] 

	name	(aa)
	eIFs	
	eEFs	
	eRFs	

Aspartate family Serine family Glutamate family NH 4 + Glu Glu Glu Glu Glu Glu Glu Glu Glu Gln Gln Gln

  

		Nucleotides pathway			
				G6P	
	His	ribose-5-P			
				F6P	
		erythrose-4-P	F1,6BP
		chorsimate	GA3P	DHAP
				1,3diPG	
	Trp	Phe	Tyr	3PG		Met Gly Ser Cys
				2PG	
		Thr	Cys Met	PEP pyruvate	Glu	Leu Val Ile Ala
	Asn	Asp	acetyl CoA	
			oxaloacetate	
					citrate
			malate		
					aconitate
			fumarate	TCA cycle		Gln
					isocitrate
			succinate		α-ketoglutarate
				succinyl	
				CoA		Lys	Arg, Pro

G6P: Glucose-6-phosphate; F6P: fructose-6-phosphate; F1,6BP: fructose-1,6-biphosphate; DHAP: dihydroxyacetone phosphate; GA3P: glyceraldéhyde-3-phosphate; 1,3diPG: 1,3-diphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: phosphoenolpyruvate; CoA: coenzyme A.

  ; Niederberger, Miozzari and Hütter, 1981; Cooper, 1982; Godard et al., 2007; Ljungdahl and Daignan-Fornier, 2012; results compiled in Appendix 1, page 106)

Table I -3: Standard classification and features of aaRSs based on structural and chemical properties

 I 

  are divided into two classes 49 common ancestral enzyme and are divided into two distinct evolutionarily unrelated classes that differ on the basis of their structural motifs, anticodon recognition, site of aminoacylation and aa specificity (Ribas de Pouplana and Schimmel, 2001; Perona and Hadd, 2012) Tablei-3). Each aa is specified by a class I or class II aaRS, with the exception of LysRS that can only be found as a class II enzyme in eukaryotes, in majority of bacteria and a small number of archaea, and as a class I aaRS in most archaea and few bacteria[START_REF] Ambrogelly | Functional annotation of class I lysyl-tRNA synthetase phylogeny indicates a limited role for gene transfer[END_REF].

Table designed with data from Ribas de Pouplana and Schimmel

, 2001; Perona and Hadd, 2012; Perona and Gruic-Sovulj, 2013. In bold, aaRS catalysing the tRNA-dependent aa activation. Underlined: 2'OH attachment +: basic; Φ: hydrophobic; Λ small aa; X:any aa.

aaRSs

Table i -

 i 3). Their ABD domain is also localized at the C-terminus, with the exception of SerRS that does not use the anticodon-stem to discriminate its cognate tRNA but rather the acceptor-and D-stem (figure i-13, Normanly, Ollick and Abelson, 1992). One feature of subclass IIb is that they all bind a tRNA with a central uridine 35

base (U 35 ) in the anticodon loop. This subclass is specific for charged and large polar aa (Asn, Asp

Table I -4: east tRNA identity elements and anti-determinants Adapted

 I 

from Giegé, Sissler and Florentz, 1998 and Vasil'eva and Moor, 2007. Color used are same as Figure I-4 and Table I-2. I 34, A35, U36

  As described previously, all tRNAs share common features in terms of three-dimensional structure (L-shaped) and length. As a rule, each aaRS needs to bind and charge specifically its corresponding set of tRNAs, called isoacceptor tRNAs. According to yeast tRNA sequences alignment (Table i-2, page 32), some regions like D-and T-hairpins are more conserved and are not considered as specificity determinants. However, isoacceptor tRNAs share common features mostly found in the acceptorstem and the anticodon region. In a tRNA, nucleotides whose mutations are accompanied by a loss of tRNA aminoacylation efficiency by their cognate aaRSs are designated as identity elements or identity determinants, and are preferentially positioned in the anticodon loop and acceptor-stem

	Translational fidelity and quality control 53
	ii.3.1. tRnA identity

[START_REF] Giegé | Universal rules and idiosyncratic features in tRNA identity[END_REF][START_REF] Vasil'eva | Interaction of aminoacyl-tRNA synthetases with tRNA: general principles and distinguishing characteristics of the high-molecular-weight substrate recognition[END_REF]

. Common identity elements are the anticodon triplet positions (mostly nucleotides 35 and 36, as nucleotide 34 is the wobble position) and the nucleotide 73 also called "discriminator base". In addition to these nucleotides, variable loops for tRNA Leu and tRNA Ser would likely participate to the accuracy of aminoacylation through steric hindrance. Moreover, some nucleotides prevent tRNA recognition by nonspecific aaRS and are called anti-determinants. All known positive and negative signals in yeast are listed in Table i-4.

It is not surprising that the vast majority of tRNA determinants are located within the acceptorstem, D-arm and anticodon loop since these residues are usually in close contact with aaRSs during aminoacylation (Table i-4 (right part) and figure i-12, page 48). As we saw previously, tRNAs undergo numerous post-transcriptional modifications that can be altered during a cellular stress.

  Translational fidelity and quality control 55 activated this misactivated aminoacyl-adenylate can be first hydrolysed by the enzyme prior to transfer of the aminoacyl moiety to the 3' end of tRNA: this process is called pre-transfer editing. This intermediate can be either hydrolysed directly within the active site, or can translocate to the editing site before hydrolysis. Alternatively, it can be released from the aaRS into solution and All these editing activities act in "cis" meaning that they are catalyzed by a separate domain but physically attached to the same aaRS that synthetizes the misacylated tRNA. However, post-transfer editing can also occur after release of the final misacylated tRNA by autonomous trans-editing factors specific for misacylated tRNA Pro and tRNA

	cognate aa	aa non-cognate	aa-tRNA release	
				Trans-editing factor binding	
		ATP			
	larger aa exclusion	non cognate aa activation	tRNA misacylation	translocation aa-tRNA	Misacylated tRNA
					ba Cys-tRNA Pro
					Pro Ala-tRNA Pro
					Ala Ser-tRNA Ala
			ThrRS Ser		Gly-tRNA Ala
			PheRS Tyr, Ile		
			ProRS Ala, Cys, 4hPro		
			AlaRS Gly, Ser		

MetRS Hcy, Nle SerRS Thr, Cys, SerHX LysRS Met, Leu, Cys, Hcy, Hse, Orn, Nle, Nva LeuRS Met, Val, Ile, Nva, Hcy, Nle IleRS Val, Cys, Thr, Leu, Hcy, Nle, Abu alRS Thr, Cys, Ala, Abu, Hcy, Nle spontaneously hydrolysed (figure i-14). Moreover, if the misactivated aa is transferred to the tRNA, the resulting misacylated tRNA can also be proofread in a separate editing domain through translocation and hydrolysis of the ester bond, a process called post-transfer editing (figure i-14). Ala (list figure i-14).

Table I -5: Errors made by the translation machinery and description of techniques used to study mistranslation

 I 

Similar tables found in Ou et al, 2019; Mohler and Ibba, 2017.

i-5). ii.4. incorporation of non-standard aa and indirect pathways ii.4.1. The two non-standard aa incorporation

  Incorporation of non-standard aa and indirect pathways 57 cases, either in basal conditions or in stress-induced cells, and methods have evolved to be more precise and accurate, from radioactive labelling to new enzymatic or fluorescent reporter systems (listed in TableIn addition to the 20 standard genetically-encoded proteinogenic aa, two additional aa have been found to be genetically encoded in some genomes: selenocysteine (Sec) and pyrrolysine (Pyl), respectively known as the 21 st and 22 nd genetically encoded aa. The latter is a modified lysine with

a 4-methylpyrroline-5-carboxylate group linked by an amide to the Nε (figure i-15A) and was first discovered in 2002 in methanogenic archaea of the Methanosarcinaceae family and later in bacteria

Table I -7: Association of aaRS with one accessory protein and subsequent location and role

 I 

(inspired from

[START_REF] Hausmann | Aminoacyl-tRNA synthetase complexes: molecular multitasking revealed[END_REF] 
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aaRSs relocation and associated nontranslational functions

  The proposed function of MSCs was first tRNA channelling during protein biosynthesis, since these MSCs but also individual aaRS have been found to interact with other components of the protein synthesis machinery like eEF1A or the ribosome (figure i-19 and Tablei-7). In addition to this tRNA channelling role during translation, MSCs were more recently considered as retention platforms allowing accretion of several aaRSs that can be released under specific physiological conditions to exert a non-translational activity either in the cytosol or in a new compartment that they relocate to . In general, relocation relies on aaRS post-translational modification, proteolytic cleavage of a domain or changing concentration of a binding partner. These modifications can expose to solvent

	modification and the cellular signal
	responsible for this relocation is indicated. These new non-canonical and fascinating roles for aaRSs
	are more and more discussed in the literature, and during my PhD I published two reviews on aaRSs
	relocation and their associated non-canonical functions (Debard et al., 2016, page 276; Yakobov
	et al., 2018, page 292).

a localization signal sequence targeting the aaRS to the corresponding new compartment (nucleus, mitochondria, plasma membrane or extracellular matrix). Obviously, all these new relocations and new binding partners are often related to new unexpected functions that are listed in Table i-7. This table shows correlation between new binding partners, new relocating compartment and the new characterized functions of the aaRSs. When available, the aaRS

-20c). ii.7.2. Arc1 protein: more than a binding partner

  

	Superimposition of the Arc1 GST-like domain
	complexed to the GST-like domain of GluRS and MetRS is represented in figure i-20B and shows dual
	interactions between two adjacent but non-overlapping Arc1 interfaces and each aaRS: 15 residues
	inside the region encompassing residues 22-46 of Arc1 are contacting the two α-helices α1 and α2
	of the MetRS, whereas interaction with GluRS involves 16 residues inside regions 52-61 and 92-121
	of Arc1 (figure i-21). Affinity analysis by surface plasmon resonance (SPR) revealed equilibrium
	dissociation constants (K d ) for this trimer which is in the nanomolar range (Karanasios et al., 2007).
	However, N-terminal domains of the two aaRSs display greater affinity for the GST-like domain of
	Arc1 than the full-length enzymes, suggesting that catalytic domains of the two aaRSs decrease the
	interaction strength of the heterotrimeric AME complex (figure iDespite its small molecular weight (42 kDa), several roles have been suggested and demonstrated
	for this protein, including that of a cytosolic anchoring platform or cofactor for the two-associated
	aaRSs. Since deletion of Arc1 gene in yeast is not lethal, studies on Arc1 deletion strains gave new
	insight about its potential new functions. A review written by my host laboratory describes into
	details all the roles that have been attributed to Arc1 (Frechin et al., 2010). The following section
	will focus more about the impact of Arc1 on the dynamics of the AME complex.

ii.7.2.1. An aaRS cofactor enhancing aminoacylation efficiency

  

	A
	B
	Figure I-
	In addition to its N-terminal domain (N domain) involved in aaRSs interactions, Arc1 sequence
	exhibits an intermediate domain (called Middle or M domain) rich in alanyl-and lysyl-residues
	dedicated to non-specific RNA binding through phosphate backbone interactions, and a specific
	C-terminal tRNA-binding domain (C domain) (Simos et al., 1996, 1998). Note that the M domain is
	similar in sequence to nuclear H1 histone (34 % identity). Both M and C domains are forming the

22: Arc1 protein as an aaRS cofactor. A. Modular

  

	1		132	201	376
	Arc1	N	M		C
		MetRS/GluRS	RNAs binding	tRNA specific
		binding domain	domain		binding domain
		(GST-like)	(Lys/Ala rich)	(EMAPII-like)
	Strong tRNA binders	Weak tRNA binders		Strong tRNA binders	Weak tRNA binders
					MRS	ERS
				organization of Arc1. B. Free Arc1 binds several tRNAs
	species with various affinities, whereas Arc1 complexed to the two aaRSs selectively binds tRNAs Met and Glu with
	high affinities (Deinert et al, 2001).		

Met e Glu Met e Glu Met i

  

			TRBD
		Met i	
	TRBD	Pro	TRBD
	Phe	Ser	
	Lys	Tyr	
	Arg	Ala	

Table I -8: east MetRS catalytic constants for tRNA i Met with or without Arc1 (data from Simos et al, 1996, 1998)

 I The catalytic efficiency k cat /K m is relative to the one obtained for MetRS alone

*

MetRS GluRS Arc1 MetRS interaction Arc1 interaction GluRS interaction ∆41-122 -- ∆71-122 -- ∆101-122 -- ∆212-296 + + ∆308-372 + + A26R -+ S33A -+ T55R -/+ - T55V + + R100A + - Subcellular location Subcellular location
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∆7-32 -+ C ∆7-62 --C+N ∆7-88 --C+N ∆212-372 + + C ∆132-201 + + C Y104A + -C A26R R100A --C ∆1-132 - C+N - WT + C ∆11-186 -C+N ∆189-751 + F59A -C+N A63H -C+N WT + C ∆9-85 + C ∆9-131 -C+n

  

1. Methionine metabolism and redox functions iii.1.1. Biosynthesis of methionine and methionine derivatives in yeast

  

	Unlike mammals where methionine is a dietary essential aa, yeast is able to synthesis de novo
	the sulfur-containing aa from sulfate or alkylsulfonates aa after their uptake through the plasma
	membrane (figure i-24). However, yeast is also able to directly uptake Met from the environment
	through general and more specific aa transporter (figure i-24). The sulfate ion (SO 4	2-), which
	contains a sulfur atom with an oxidation number of +6, undergoes several reduction reactions
	catalyzed by redox enzymes that finally give rise to the sulfide (S 2-) with an oxidation number of -2.
	Sulfide is then incorporated by the O-acetylhomoserine sulfhydrylase enzyme Met17 into a four-
	carbon chain yielding homocysteine at the end of the sulfate assimilation pathway (figure i-24).
	A methyl group (originating from 5-methyl-tetrahydrofolate) is then added to homocysteine by the
	homocysteine methyltransferase Met6 to form Met through the transmethylation pathway. Note
	that the vast majority of the genes coding for Met metabolism enzymes are positively regulated
	by Met4/Met28 transcription factors that are induced under sulfur-limiting condition. Methionine
	can be transformed into S-adenosylmethionine (SAM) by the two enzymes Sam1/Sam2. SAM is used
	in a plethora of reactions due to its electron-deficient trivalent sulfur atom: it represents the best
	methyl group donor to modify nucleic acids, proteins or lipids, it also functions as an amino donor
	and as a propylamine donor for spermidine and spermine synthesis. SAM demethylation generate
	S-adenosylhomocysteine (SAH) that can be turned back to homocysteine and the new synthesis of
	Met: this cycle of reactions involving Met biosynthesis is called the methyl cycle. The other sulfur-
	containing aa, cysteine, is also synthesized from homocysteine but through another pathway: the
	transsulfuration pathway involving cystathionine as intermediate. The latter pathway is also the

ATP NO . ETC electron reduction (95-98 %) Redox potentials of oxygen species Monoelectronic reduction (2-5 %) ONOO - R OOH Lipid peroxidation Protein oxidation OH Nucleic acid modifications/ breaks S S E 0 (V)

  

		-0.33	O 2 /O 2 . -
		+ 0.16	
	2-4 μs	+ 0.38	H 2 O 2 /HO .
	1 ms	+ 0.94	O 2 . -/H 2 O 2
	1 ns	+ 2.33	HO . /H 2 O

Figure I-25: Redox reactions and R S generation . ROS

  

	(CH 3 ) 2 SO/(CH 3 ) 2 S
	formation from single electron transfer to molecular oxygen. Monoelectronic reduction occurs several times to generate diverse ROS, with HO . as the most harmful
	radical. Redox potential for oxygen species are given from Ilan, Czapskp and Meisel, 1976; da Silva et al, 2013.
	Redox potential of dimethyl sulfoxide/dimethyl sulfide is shown in orange and was obtained in Wood, 1981.
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	Organisms have evolved several complex antioxidant defences to minimize oxidative damages to
	proteins and other macromolecules. Detoxification of oxidant species involves both enzymatic and
	non-enzymatic reactions that lower the oxidative balance. The enzymatic pathway is more often
	induced under oxidative burst and involves several redox enzymes like superoxide dismutase (SOD),
	catalase, peroxidase or peroxiredoxin (figure i-27). SOD catalyses conversion of superoxide into
	hydrogen peroxide (H 2 O 2 ), then catalase, peroxidase or peroxiredoxin convert the H 2 O 2 into water
	before obtaining the harmful hydroxyl radical. These enzymes are part of the primary defences since
	they eliminate the primary inorganic oxidant molecules before they damage cellular compounds.
	However, secondary defence systems also exist to repair oxidative damages done on DNA, lipids and
	proteins. In proteins, the main residues altered by oxidative stress are the two sulfur-containing
	residues: cysteine and methionine. Oxidized cysteine residues form disulfide bonds that can
	disorganize the protein folding because they can create covalent links between proteins. However,
	cysteine residues have a pKa around 8.5, making them difficult to be oxidized spontaneously at
	physiological pH. Methionine is also subjected to oxidation by ROS to form methionine-S/R-oxide
	epimers according to the stereochemistry (Figure I-28). Spontaneous (non-enzymatic) oxidation
	of methionine is more efficient than of cysteine since it is independent of the pH (Peskin and
	Winterbourn, 2001). Moreover, the redox potential of dimethyl sulfoxide/dimethyl sulfide couple is
	+ 0,16 V, below all redox potentials of ROS, so the sulfide group of Met is suitable for ROS oxidation
	(Wood, 1981;

figure i-25). This oxidation is reversible and reduction is

  

	catalyzed, in S. cerevisiae,
	by 2 methionine sulfoxide reductases (or MetO reductases), MsrA (MXR1 gene) and MsrB (MXR2
	gene), each of them specific for one stereoisomer (

Figure I-27 and I-28, Black et al., 1960; Brot and
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	Weissbach, 1983; Lim et al., 2011). These MetO reductases (Msrs) are found in all organisms from
	bacteria to mammals (essentially in aerobic organisms), showing the importance of this enzyme
	family and of this antioxidant protection system (Weissbach, Resnick and Brot, 2005). Through this
	redox cycling, Met residues are able to act as both a repair system to reverse damage proteins
	whose Met residues had been oxidized and as antioxidant "pumps" to play an important role in ROS
	detoxification (Levine et al., 1996; Stadtman et al., 2002; Luo and Levine, 2009). This antioxidant
	system may be even more efficient with surface-exposed Met residues which are more accessible to
	redox reaction with ROS and the Msrs (Levine et al., 1996; Tarrago et al., 2012). Methionine residues
	have been shown to be more prone to oxidation compare to other residues, since Met is one of

Table I -9: Studies of Msr mutants and their phenotype related to oxidative stress

 I 
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	the first to be oxidized after treatment with chloramine-T, and prevent enzymatic inactivation by
	protecting surrounding residues (Shechter, Burstein and Patchornik, 1975; Reddy et al., 1994). In
	addition to these results, previous studies have shown that this redox cycling between Met and
	MetO residues is crucial for ROS scavenging through Met replacement with the isosteric norleucine
	(carbon analogue to Met, Luo and Levine, 2009) or through Msrs mutated cell phenotypes showing
	variable sensitivity to ROS (summarized in Table i-9, reviewed in Lourenço Dos Santos, Petropoulos
	and Friguet, 2018). The robustness of this system is even more important, considering the local
	concentration of Met residues that a protein would constitute, since it has been established that
	surface-exposed Met residues of proteins provide high concentrations of antioxidant with 100 mM

Table i-4 page 52, aaRSs 88 GENERAL
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in figure i-29). These

  identity elements correlate with the fact that they are all present in both initiator and elongator tRNAs Met : the D-arm is relatively well conserved, the anticodon loop is exactly the same sequence and the A 73 discriminator is conserved (figurei
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	use predominantly nucleotidic bases from the acceptor stem and the anticodon region to achieve
	A specific tRNA recognition and discrimination. Bacterial determinants for MetRS relies mostly on B
	the anticodon recognition since CAU anticodon replacement in other tRNA species made them
	aminoacylated by the E. coli MetRS (Schulman and Goddard, 1973; Schulman and Pelka, 1983, 1988).
	The yeast Met identity system, however, appears to be more complicated. Studies using yeast purified
	recombinant MetRS have shown that CAU anticodon replacement was not sufficient to charge non-
	cognate tRNAs (tRNA Asp and tRNA Val ) and that nucleotide A 73 is crucial for tRNA Met recognition (Senger
	et al., 1992). Establishment of kinetic parameters of MetRS for several yeast tRNA i Met mutants and
	various hybrid tRNAs (deletion of D-arm or T-arm, use of individual minihelices) have shown that
	tRNA Met identity was a mix of primary, secondary and tertiary structure features (figure i-29).
	In fact, determinants of yeast tRNA Met are the A 73 discriminatory base, the all anticodon loop and
	the D-arm essential for aminoacylation by MetRS (Senger and Fasiolo, 1996; results summarized
	µ
	n.m. not
	measurable

-30) iii.2.2. one enzyme but two tRnA substrates

  

	The incorporation of Met into proteins is mediated by the production of Met-tRNA Met by the MetRS
	enzyme. As we have seen previously, 10 genes coding for tRNA Met are present in yeast genome:
	5 coding for the initiator tRNA i	Met (called IMT genes for initiator methionine tRNA) and the same
	number of genes code for the elongator tRNA e	Met (EMT genes) (

Table i-2, page 32). Initiator tRNA is used to incorporate Met at the AUG start codon during initiation of translation whereas the

  

	elongator tRNA Met brings the elongating Met to decode internal AUG codons (Housman et al., 1970;
	Smith and Marcker, 1970).

Metazoa Plantae Fungi Fungi Plantae Metazoan Crenarcheota Euryarcheota Proteobacteria Terrabacteria Apicomplexa Mitochondrial Trypanosomatidae Archaea Euryarcheota Crenarcheota Proteobacteria Terrabacteria Apicomplexa Eu aryotic Mitochondrial Trypanosomatidae Anticodon binding domain Catalytic core (Cys4 box)

  

	N a n o s a li n a C . M a n c a r c h a e u m S . s o lf a ta r ic u s A . p e rn ix	B. ta ur us H. sa pi en s M . m us cu lu s D . re ri o C . e le g a n s D . m e la n o g a s te r T . t h e r m o p h il a C . W o e s e a r c h a e o t a	O. sa tiv a A. tha lian a	s R. al lo m yc is	N. crassa A. fumig atus P. om pha lod es C. al bi ca ns S . c e r e v is ia e Y . li p o ly t ic a M . s y m p o d ia li s T . d e f o r m a n s S . p o m b e C . r e v e r s a H . v e s ic u lo s a A . m a c r o g y n u s
	T. ko d a ka re n si s T. ra d io to le ra n s				
	M. jan nas chii M. maripaludis				
	M. therm autot rophi cus				
	H. ma rism ort ui A. fu lg id us				
	S. boydii				
	E. coli Y . p s e u d o t u b e r c u lo s is e a e P . a e r u g i n o s a B . p e r t u s s i s N . m e n in g it id is				
						T. bru cei L. major
		C h lo r o /m it o A . th a li a n a T . th e r m o p h il u s D. ra di od ur an s	S. coe lico lor	H. pylo ri C. jejuni A. aeolicus B. su bt ili s	. N o i m t m it o S . p o m b e m it o C . a lb ic a n s m it o S . c e r e v is ia e m ito H. sa pi en s mi to M. mu scu lus
	S. cerevisiae TrpRS					g o n ii d T.	r u a ip lc a f . P	c r a s s a
						m

Table I -10: Techniques used to monitor mismethionylation and identify mismethionylated tRNA species in vitro

 I 

Asn Gln Glu Arg Asp Ser Ala Phe Val Tyr Leu Pro Thr Ile Trp Met Lys His Cys 0 50 100 150

  

Appendix 1: Relative growth of S. cerevisiae on various sole nitrogen sources. This graph is a compilation of results found in

[START_REF] Godard | Effect of 21 Different Nitrogen Sources on Global Gene Expression in the Yeast Saccharomyces cerevisiae[END_REF][START_REF] Cooper | The Molecular Biology of the Yeast Saccharomyces: Metabolism and Gene Expression[END_REF][START_REF] Niederberger | Biological role of the general control of amino acid biosynthesis in Saccharomyces cerevisiae[END_REF][START_REF] Watson | Amino-acid Pool Composition of Saccharomyces cerevisiae as a Function of Growth Rate and Amino-acid Nitrogen Source[END_REF]

, and rewied in Ljungdahl and Daignan-Fornier, 2012. All aa, with the exception of Lys, His and Cys, can support yeast growth as sole nitrogen source, with different efficiency. Blue aa are called preferred aa, whereas yellows are non-preferred aa showing limiting growth rate. For each individual study, 100 % growth rate reffers to the lowest dividing time found for the strain used in this study.

N 4
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 i 5, page 56), and most of the techniques used were adapted to study a single aa misread. For methionine misincorporation, majority of the studies did not analysed Met misincorporation into proteins but were constrained to identify the misacylated tRNAs with Met, and extrapolation was done to assess Met misincorporation. These studies all used cells pulse labelling with [ 35 S]-Met followed by tRNA

microarrays (figure R-1; Netzer et al., 2009; Jones, Alexander and Pan, 2011; Wiltrout et al., 2012).

  ). All these steps are performed for each BFP strain, with ten acquisitions per strain and more than 100 cells imaged in total.

i.6.2. Met misincorporation without stress

The complete BFP yeast strain library in the WT RS453 genetic background was obtained and assessed for Met misincorporation without any cellular stress to estimate the basal level of Met misincorporation. All BFP strains were cultured in rich medium and harvested in logarithmic phase before microscopy analyses. Results obtained are shown in genetic code table format, each codon corresponding to a BFP strain (figure R-11A). As expected, red signals for all strains were very low except for BFP(Gln) reporters. For majority of BFP strains, no significant Met misincorporation into mRuby2 fluorophore is observed (figure R-11A). However, misincorporation is measurable for all six BFP(Leu) strains that display 0.52 % to 1.49 % Met misincorporation, and in BFP(Lys AAA ) that yields 0.8 % Met incorporation. In a lesser extent, some other strains are showing positive misincorporation signal (Thr ACC , Asn AAC , the four codon Arg CGA, CGG, AGA, AGG , Ser AGC and Gly GGG ). These first results suggest that yeast MetRS mischarges all tRNAs able to decode these codons, and the corresponding mischarged Met-tRNAs are used for protein synthesis.

  2 O 2 treatment on protein synthesis by pulse labelling with [ 35 S]Met and measurements of radiolabelled Met incorporation in total protein extract (figure R-14c). We indeed found that H 2 O 2 concentrations above 1 mM inhibit the aa incorporation during protein synthesis after 15 min of incubation. However this inhibitory effect was analysed only for 15 min and further analysis should determine if this effect is lost after few hours, since addition of 1 mM of H 2 O

2 on cells did not show effect on growth curve (figure R-14B). Similar growth studies have also been carried on solid medium, and inhibitory concentrations appeared to be higher for cells growing on agar plates (figure R-14D and Supplemental S2,

page 198)

. The specific oxidative effect was inhibited by adding reducing N-acetyl cysteine (NAC) to the solid medium before plating.

Figure R-16: xidative stress increases Met misincorporation.

  Yeast BFP WT strain library (RS453 genetic background) was analysed by epifluorescence microscopy. WT yeast cells were grown in rich YPD medium at 30 °C until mid-log phase was reached, then 1 mM H 2 O 2 , 1 mM arsenite or 1 mM diamide was addded to the cells and grown again at 30 °C. Cells were harvested after either 1 h (light purple) or 3 h (dark purple) before observation under the microscope. Quantification is performed as described in Figure R-10. Results in figure R-15B show that promoters did not respond equally to oxidative stress: some allow gene expression after 1 h (pGPX2), after 3 h (pMXR1), or both (pTRX2). Intriguingly, pMXR2 was not activated in all oxidative conditions that were tested, and pTSA2 showed lower BFP expression only with 1 mM H 2 O 2 . Thus, only pGPX2 gave us expected results with H 2 O 2 treatment, but this gene activation was too low to be used for fluorescence quantification since the EGFP signal did not reach more than 20 % of that obtained with the GPD promoter (figure R-15c).

														Discussion 135
	treatment.													
			H 2 O 2 1 mM				Arsenite 1 mM					Diamide 1 mM	
	Leu CTC				Leu CTC					Leu CTC					
	Leu CTT				Leu CTT					Leu CTT					
	Leu TTG				Leu TTG					Leu TTG					
	Arg CGG				Arg CGG					Arg CGG					
	Arg AGA				Arg AGA					Arg AGA					
	Lys AAG				Lys AAG					Lys AAG					
	Lys AAA				Lys AAA					Lys AAA					
	Ile ATT				Ile ATT					Ile ATT					
	Ala GCG				Ala GCG					Ala GCG					
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		Met misincorporation (%)	Met misincorporation (%)			Met misincorporation (%)	
						Incubation time with oxidant						
						t = 0		1h	3h						

). We then expressed each BFP construct into a WT RS453 strain and analysed the BFP expression by assessing EGFP fluorescence. As expected, all BFP strains displayed no observable green fluorescence in basal conditions (YPD, rich medium). We then treated cells with either H 2 O 2 or arsenite to observe gene expression activation and subsequent EGFP fluorescence after 1 h or 3 h 134 RESULTS & DISCUSSION • Development of a fluorescent reporter to monitor Met misincorporation I.8.3.

first results show oxidant-mediated mismethionylation

  Since we did not find suitable promoters to use in oxidative conditions, we used the BFP strains with the GPD promoter to assess oxidant-mediated mismethionylation rate. Cells were grown in rich medium until logarithmic phase and oxidants (H 2 O

2 , arsenite or diamide) were added to the culture for 1h or 3 h incubation. Fluorescence and resulting Met misincorporation were quantified for only 11 BFP strains: the controls BFP(Met ATG ) and BFP(GF), and 9 different BFP strains shown in figure R-16.

  Physical and chemical proporties of Met and Leu residues (from Forney-Stevens, Bogner and Pikal, 2016). B. Each BFP reporter from the library was mutated at position 59 to obtain F59K substitution. This mutant reporter gives rise to a 12 aa-long peptide after trypsic digestion containing the fluorophore triad. This peptide has a mass allowing its detection in a trypsic digested total protein extract of each of the F59K BFP variant.
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	A						
	aa	Molecular	Density	pI	Dipole	Hydrophobicity	Side-Chain
		weight (g/mol)	(g/mol)		moment (D)		flexibility
	Methionine	149.2	1.30	5.7	1.80	0.811	High
	Leucine	131.2	1.20	6.0	0.09	0.918	Moderate
	B						
	mRuby2	50	60		70	80	
	sequence						
			Trypsic digestion		
			(cleavage after K/R)		
		mRuby2				mRuby2 F59K	
	...MR vIK VIEGGPLPFAFDILATSFMYGSR TFIK...	...MR IK VIEGGPLPFAK DILATSFMYGSR TFIK...
		23 aa				12 aa

tRNA Leu (AUC) in oxidative conditions (figure i-34, page 98, Wiltrout et al., 2012). Since it is the first time that such a tandem fluorescent reporter is used in yeast to analyse mismethionylation at 136 RESULTS & DISCUSSION • Development of a fluorescent reporter to monitor Met misincorporation Figure R-17: Design of the BFP reporter suitable for mass spectrometry analyses. A. ...GTQTMRIKVIEGGPLPFAFDILATSFMYGSRTFIKYPKGIPDFFKQ...
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 i 7, page 70) and have shown their crucial roles in extracellular signalling in mammals. We have seen that the MetRS was found to be processed in E. coli and human cells through proteolytic cleavage (figure i-37, page 102).However, the role for these shorter MetRS forms, if any, is still speculative since the cleavage was

observed exclusively in vitro or ex vivo. Indeed, the MetRS was purified from E. coli or HeLa cells and then proteolysis was carried out by adding purified enzymes or a total cell extract

[START_REF] Cassio | Modification of Methionyl-tRNA Synthetase by Proteolytic Cleavage and Properties of the Trypsin-Modified Enzyme[END_REF][START_REF] Lei | Calpain Cleaves Most Components in the Multiple Aminoacyl-tRNA Synthetase Complex and Affects Their Functions[END_REF]

. Thus, relevance of the existence of a truncated MetRS has never been ascertained in vivo in any organism, and as such, truncation has never been reported for yeast MetRS either.

Table R -3: Kinetic parameter (Km) of tRNA Met transcripts for aminoacylation by MetRS isoforms.

 R Aminoacylation reactions were performed at 25 °C with 10 nM enzymes.

			tRNA i Met	tRNA e Met
	MetRS(WT)	3.2 µM	0.6 µM
	MetRS(∆132)	7.4 µM	1 µM
	Leu CTC	0.55		2.45
	Leu CTT		0.82	0.78	
	Leu TTG			1.29	2.57	Caption
	Arg CGG	0.42	0.59			MetRS(∆132) MetRS(WT)
	Arg AGA	0.26 0.18			
	Lys AAG	0.29			
	Ile ATT	0.39		
	Ala GCG	0.51		
	0	1		2	3	4
		Met misincorporation (%)

  180 RESULTS & DISCUSSION • Study of a newly characterized truncated form of yeast MetRS prone due to its incapacity to bind to Arc1. We need to confirm this first observation and to analyse the whole BFP library with the MetRS(∆132) strain. If confirmed, this result is interesting since heat stress has already been associated with oxidative stress response[START_REF] Davidson | Oxidative stress is involved in heat-induced cell death in Saccharomyces cerevisiae[END_REF] Davidson and Schiestl, 2001b, 2001a;[START_REF] Ayer | Distinct Redox Regulation in Sub-Cellular Compartments in Response to Various Stress Conditions in Saccharomyces cerevisiae[END_REF].

Table S1 : Description and photophysical properties of some fluorescent proteins

 S1 
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	of origin

(FPs). Source of data: Verkhusha et al, 2001; Forner and Binder, 2007; Lam et al, 2012; Kim and Cluzel, 2017.

Table S2 : Protein interactants found only in the MetRS( T)-5 (upper table) and only in the MetRS(∆132)-5 (lower table) co-IP experiments.

 S2 
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	10	20	30	40	50
	sp P00958 MetRS/1-162				
	sp P46655 GluRS/1-178				
	60	70			
	sp P00958 MetRS/1-162				
	sp P46655 GluRS/1-178				
	sp P00958 MetRS/1-162				
	sp P46655 GluRS/1-178				
	sp P00958 MetRS/1-162				
	sp P46655 GluRS/1-178				

Table S3 : List of genes found as copy number variants (CN s) in strains MetRS(∆132) and MetRS(∆132) SUP.

 S3 
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Supplemental S7: Growth and survival phenotype of strains in different stress conditions. A. Yeast spotting assay of the strains expressing the sole MetRS(WT) or MetRS(∆132) isoform. Cells are spotted onto a YPD medium with different stress molecules (upper panel) or in different nutritional media (lower panel). B. Yeast survival assay after heat shock from 30 °C to 50 °C or 45 °C, in YPD liquid medium. For each time point, cells are plated on YPD agar plates and colonies are counted for survival. The number of colonies at t=0 was set at 100 %.

Table MM -1: E. coli competent strains used for cloning strategies Table MM-2: Media for bacterial culture and antibiotic concentration used for selection Bacterial strains 221 i. Molecular biology for gene amplification and cloning i.1. Bacterial strains

 MM Bacterial strains used to replicate plasmids derive from the K-12 strain and are listed in Table MM-1.

Table MM -3: PCR protocol details according to the kit used.

 MM Plasmid extraction from bacterial cell 223 LB-agar plate supplemented with the appropriate antibiotics (see TableMM-2). For transformation with kanamycin resistance-encoding plasmids, 1 mL of LB is added on cells after the heat-shock and incubated at 37 °C for 45 min to allow the expression of the resistance protein before adding the antibiotic. LB-agar plates are then incubated O/N at 37 °C.

i.5.

Plasmid extraction from bacterial cell

  After O/N incubation at 37 °C, isolated bacterial colonies are incubated in 2-3 mL of LB medium supplemented with the adequate antibiotic and incubated at 37 °C O/N under shaking (Multitron, INFORS HT). Cells are then centrifuged at 6,000 × g for 3 min and plasmid DNA is extract with the EZ-10 Spin Column Plasmid DNA Miniprep kit (BIO BASIC) following supplier's instructions.

i.6. PCR amplification of DNA fragments

Fragments of interest are amplified by PCR (Polymerase Chain Reaction) using primers designed according to the cloning strategy. Depending on the DNA template used for the PCR, different enzymes and protocols are used (Table

MM

-3). All PCR reactions are performed on a thermocycler (C1000 Touch™ Thermal Cycler from Bio-Rad). Primers used to amplify yeast genomic DNA are listed in Table-MM10 page 257.

i.7. DnA visualisation under Uv light

PCR fragments or plasmids digested by restriction enzymes are loaded onto a 1-2 % (w/v) agarose gel in TAE buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA) and submitted to electrophoresis in the same TAE buffer for 20-30 min at 8 V/cm. The gel is then incubated for 20-30 min in a 0.5 µg/mL ethidium bromide solution in water, washed with water and visualized with GeneTools software on an UV imaging system (G:BOX Chemi XT from Syngene).

Table MM -4: Composition of the 1 × Gibson assembly buffer.

 MM Plasmid sequence verification 227 plasmid construction is as expected, 1 µg of this plasmid is linearized in a 20 µL (restriction site has to be outside the GOI sequence) restriction mixture, the restriction enzyme is inactivated by heating, then 5 µL are mixed with 150 ng of donor vector pDONR221 for BP recombination with the Gateway™ BP Clonase™ II Enzyme mix (Thermo Scientific). After O/N incubation at 25 °C, 2 µL of the recombination mix is used to transform competent bacterial cells and cells are incubated on LB agar plate supplemented with kanamycin (50 mg.L -1 ). The resulting pDONR221/GOI vector is a shuttle vector allowing LR recombination of the GOI in any expression vector present in our gateway plasmid collection. For the LR recombination, 150 ng of each plasmid (pDONR221/GOI and expression vector) are mixed in 10 µL of LR recombinase buffer with the Gateway™ LR Clonase™ II Enzyme mix (Thermo Scientific). After 2 h of incubation at 25 °C, 2 µL of the LR recombination mix is used to transform competent bacterial cells and cells are incubated on LB agar plate supplemented with ampicillin (100 mg.L -1 ).

2/blunt with the CloneJET PCR Cloning kit (Thermo Scientific, supplier protocol). After ligation, 5 µL of the mix is used to transform competent bacterial cells. After confirmation that the pJET1.2/GOI 226 MATERIAL & METHODS • Molecular biology for gene amplification and cloning + (w/v) i.10.3. gibson assembly Gene of interest (GOI) is amplified by PCR with primers flanked with sequences of 20 nucleotides overlapping sequences present in the linearized destination vector. If the GOI is amplified from a plasmid template, PCR product is digested 1 h at 37 °C with DpnI restriction enzyme to decay specifically the template and then cleaned up. The linearized plasmid is also cleaned up to remove restriction enzymes. Both cleaned up products are ligated in 20 µL of Gibson assembly buffer (see Table MM-4 for composition). Finally, 5 µL of the ligation mixture is used to transform competent bacterial cells.

Table MM -

 MM 11 page 258.

	228 MATERIAL & METHODS • Procedures used for S. cerevisiae cells

Table MM -5: Composition of yeast rich media Table MM-6: Composition of yeast synthetic media Table MM-7: Composition of yeast specific media

 MM 
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	w/v
	URA3
	KanMX4

ii. Procedures used for S. cerevisiae cells ii.1. yeast growth media

  All yeast media are listed in Table MM-5 to MM-7. Yeast cells can be grown in either liquid medium or on solid agar plates. Two types of media can be used: minimal medium (SC, Synthetic Complete or SD, Synthetic Defined) or rich medium (YPD, Yeast extract-Peptone-Dextrose). The latter (TableMM-5)cannot be used for auxotrophic selection since all aa and nucleotides are present. However, this medium can be supplemented with Geneticin (G418) to select clones with the KanMX4 allele (seeTable MM-7). Synthetic media contain defined amounts of each component (TableMM-6). The use of synthetic media with all aa except specified ones allows auxotrophic selection. Depending on the carbohydrate source, yeast cells perform either fermentation or respiration. Liquid and solid media are autoclaved at 120 °C, 1.2 bars for 20 min. Geneticin is added after autoclaving, once the medium temperature has dropped to 50 °C.

Table MM -8: List of antibodies used for immunoblotting (WB) Protein electrophoresis and immunoblotting 239 iii. Biochemistry and biophysical techniques iii.1. Protein electrophoresis and immunoblotting

 MM For subcellular fractionation protocol, please refer to Debard et al, 2017, page 283.

	238 MATERIAL & METHODS • Biochemistry and biophysical techniques
	All protein samples are diluted in 1 × Laemmli buffer (125 mM Tris-HCl pH 6.8, 2 % (w/v) SDS, 10 %
	(w/v) glycerol, 2 % (v/v) ß-mercaptoethanol, 0.0125 % (p/v) bromophenol blue) and heated at 95 °C
	for 5 min prior to loading. Usually, around 50 µg of protein are loaded onto the denaturating gel.
	Primary antibodies	Host	Dilution for WB	Source
	polyclonal anti-MetRS	Rabbit	1/1000	This lab
	polyclonal anti-Arc1	Rabbit	1/1000	This lab
	polyclonal anti-Pep4	Rabbit	1/1000	Gift from Dr. Friant's lab
	monoclonal anti-Pgk1	Mouse	1/1000	Abcam
	monoclonal anti-V5	Mouse	1/1000	Invitrogen
	monoclonal anti-cMyc	Mouse	1/1000	Invitrogen
	HRP-conjugate anti-GFP Rabbit	1/1000	Life technologies
	monoclonal anti-HA	Mouse	1/1000	Roche
	Secondary antibodies (HRP conjugated)	Host	Dilution for WB	Source
	anti-mouse IgG	Goat	1/3000	Bio-Rad
	anti-rabbit IgG	Goat	1/3000	Bio-Rad

Table MM -9: E. coli strain used for recombinant protein overexpression

 MM Tween20, 10 mM ß-mercaptoethanol, 5 % (v/v) glycerol, 0.1 mM PMSF, 0.1 mM benzamidine, cOmplete™ protease inhibitor cocktail tablet (Roche)) in a glass cell culture tube. Sonication is performed on ice (Bioblock Scientific, VibraCell), 1 min 1 s on / 1 s off, 1 min on ice, 8 repetitions, 30 % amplitude). The lysate is then centrifuged 15 min at 10.000 × g at 4 °C. Supernatant is kept and 500 µL of amylose beads (NEB, E8021S) previously washed with lysis buffer are added and the NaCl concentration is adjusted to 300 mM. The vial is placed on rotation at 4 °C for 5 h. Beads and lysate are then poured on Poly-Prep® Chromatography Column (BioRad) and flow-through is kept.
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	Beads retained by the column are washed with 15 mL ice-cold washing buffer (30 mM Tris-HCl pH
	8.0, 300 mM NaCl, 1 mM ß-mercaptoethanol, 5 % (v/v) glycerol). Elution is performed with ice-cold
	elution buffer (30 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM ß-mercaptoethanol, 5 % (v/v) glycerol,
	1 % (w/v) maltose) collected in 500 µL fractions. Eluted fractions can be stored at -20 °C or -80 °C
	supplemented with 50 % (v/v) glycerol.	
	10 % coomassie stained	10 % stain free
	SDS PAGE	SDS PAGE

Table MM -10 : Primers used for gene amplification on DNA genome (1 2)

 MM 

Table MM -11 : Primers used for plasmid sequencing Primers used for BFP plasmids mutation Table MM-10 : Primers used for gene amplification on DNA genome (2 2)

 MM 

Table 1

 1 List of dual-localized cytosolic aaRSs identified so far.

	Organism	Localisation	aaRS	Techniques used	Mechanism	References
	Hs	Mitochondrial	GlyRS	IF, CF	Alternative transcription start	[15,17]
			LysRS	FM	Alternative mRNA splicing	[14]
		Nuclear	LysRS	CM, CF, CE	Phosphorylation	[18,19]
			MetRS	FM, CE, IF, CF	Cell growth signal induced	[19,20]
			PheRS	IF	n.d.	[21]
			TrpRS	CF, IF, IEM	IFN gamma induced	[22-24]
			TyrRS	IF, CM, CF	tRNATyr binding	[25]
			TyrRS	CF, IF	Oxidative stress induced	[26]
	Sc	Mitochondrial	AlaRS	G, CF	Non-AUG alternative translation start	[16,27]
			GluRS	FM, G, CF, CM	Arc1p released	[28,29]
			GlyRS1	G	Non-AUG alternative translation start	[30,31]
			HisRS	G, CF	Alternative transcription start	[12,32]
			ValRS	G	Alternative translation start	[13,33]
		Nuclear	MetRS	FM, CF, CM	Arc1p released	[29,34]
			TyrRS	FM, CF	NLS characterisation	[25,35]
	Tb	Mitochondrial	IleRS	IF, CF	Trans-splicing	[36,37]
			GluRS	IF, CF	Trans-splicing	[37,38]
			GlnRS	IF, CF	Trans-splicing	[37,38]
			ProRS	IF	Trans-splicing	[37]
	Pf	Apicoplast	AlaRS	IF	n.d.	[39]
			CysRS	FM, IF	Alternative mRNA splicing	[40]
			GlyRS	IF	n.d.	[39]
			ThrRS	IF	n.d.	[39]

aaRSs in bold are enzymes that relocalize stricto sensu from cytosol to the organellar compartment. Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Tb, Trypanosoma brucei; Pf, Plasmodium falciparum; CM, confocal microscopy; IF, immunofluorescence; CF, cell fractionation; FM, epifluorescence microscopy; CE, capillary electrophoresis; IEM, immuno-electron microscopy; G, genetic; NLS, nuclear localization signal; n.d., not determined.

Table 5

 5 

) are in bold. Yeast cytosolic aaRSs previously shown experimentally as mitochondria dual-localized are underlined (see Table

1

Table 2

 2 Proteins used as controls for compartment staining and for confirming organellar localization of aaRSs.

	Compartment	Application	Organism	Protein	Antibody source	References
	Cytosol	WB	Hs	Tubulin beta	n.a.	[18]
				Hsp90 alpha	c.a.	[20]
			Sc	Pgk1	c.a.	[29]
				Gut2	c.a.	[32]
			Tb	eEF1A	n.a.	[36]
	Nucleus	WB	Hs	Lamin B1	c.a.	[18,20]
				YY1	c.a.	[20]
			Sc	Hta2	c.a.	[29]
				Nop1	c.a.	[29]
	Nucleolus	IF	Hs	Nucleolin	c.a.	[20]
	Mitochondria	WB	Sc	Por1	c.a.	[29]
				Atp2	n.a.	[32]
				Rip1	n.a.	[32]
				Cit1	n.a.	[32]
		IF	Tb	mHSP70	n.a.	[36,37]
	Apicoplast	IF	Pf	ACP	h.	[39,40]

WB, western blot; IF, immunofluorescence; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Tb, Trypanosoma brucei; Pf, Plasmodium falciparum; n.a., not available; c.a., commercially available; h., homemade.

Table 3

 3 Antibodies used for localizing untagged aaRSs.

	Organism	Application	aaRS	Antibody	aaRS antigen	References
	Hs	IF	ArgRS	h.: rabbit	His-tagged 72 N-terminal residues of HsArgRS	[20]
			Glu-ProRS	h.: rabbit	His-tagged peptide from D677 to E884 of HsEPRS	[20]
			GlnRS	h.: rabbit	His-tagged 236 N-terminal residues of HsGlnRS	[20]
			LysRS	c.a.; rabbit	n.d	[18]
			MetRS	h.: rabbit	Full-length denatured His-tagged HsMetRS	[20]
			PheRS	h.; rabbit	Endogenous PheRS from sheep liver	[21]
			TyrRS	h.: rabbit	n.d	[25,26]
		WB	TyrRS	h.: rabbit	n.d	[25,26]
			TrpRS	h.: rabbit	Full-length HsTrpRS	[22]
	Sc	WB	GluRS	c.a.; rabbit	His-tagged full-length ScGluRS	[29]
			HisRS	h.; mouse	Full-length ScHisRS	[32]
			MetRS	c.a.; rabbit	His-tagged full-length ScMetRS	[29]
	PF	WB, IF	CysRS	h.; rabbit	KLH conjugate 14 C-terminal residues of PfCysRS	[40]
	WB, Western Blot; IF, Immunofluorescence; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Pf, Plasmodium falciparum; n.d., not described; c.a., commercially available; h.,
	homemade.					

Table 4

 4 Protein-tags used for localizing aaRSs. Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Tb, Trypanosoma brucei; Pf, Plasmodium falciparum; CM, confocal microscopy; FM, fluorescence microscopy; IF, immunofluorescence; WB, western blot; c.a., commercially available; n.d., not described.

	Organism	Tag	Tagged aaRS	Tag position	Application	Antibody	References
	Hs	GFP	ArgRS	C-ter	CM		[66]
			AsnRS	C-ter	CM		[66]
			LysRS	C-ter; N-ter	CM, FM		[19,66]
			MetRS	C-ter; N-ter	CM, FM		[19,66]
		V5 epitope	GlyRS	C-ter	IF, WB	c.a.	[15]
	Sc	GFP	MetRS	C-ter; N-ter	FM, CM		[29,34]
			Nter-GluRS	C-ter	CM		[28]
			GluRS	N-ter	FM, CM		[34]
			TyrRS	C-ter	FM		[35]
		V5 epitope	GlnRS	C-ter	WB, FM	c.a.	[67]
		6Â His	AlaRS	C-ter	WB	c.a.	[27]
		c-Myc	TyrRS	C-ter	WB	c.a.	[35]
	Tb	V5 epitope	CysRS	C-ter	IF	c.a.	[37]
			GluRS	C-ter	IF	c.a.	[37]
			GlyRS	C-ter	IF	c.a.	[37]
			IleRS	C-ter	IF	c.a.	[37]
			MetRS	C-ter	IF	c.a.	[37]
			ProRS	C-ter	IF	c.a.	[37]
			SerRS	C-ter	IF	c.a.	[37]
			ValRS	C-ter	IF	c.a.	[37]
		3Â HA	IleRS	C-ter	IF, WB	n.d.	[36]
	Pf	GFP	AlaRS	C-ter	IF, WB	c.a.	[39]
			CysRS	C-ter	IF, WB	c.a.	[40]
			GlyRS	C-ter	IF, WB	c.a.	[40]
			ThrRS	C-ter	IF, WB	c.a.	[39]
		3Â HA	AlaRS	C-ter	IF, WB	c.a.	[39]
			GlyRS	C-ter	IF, WB	c.a.	[39]
			ThrRS	C-ter	IF, WB	c.a.	[39]

Table 5

 5 Predictions of mitochondrial targeting and nuclear localization signals among S. cerevisiae and human cytosolic aaRSs. MTS scores are probabilities of the considered protein to have an MTS. 2 NLS scores are numbers of NLS sequences identified in each aaRS protein. C, cytosolic; M, mitochondrial; N, nuclear; E, extracellular. S. Debard et al. / Methods xxx (2016) xxx-xxx 284 PUBLICATION 1 • Debard et al., 2017 -The tube is vortexed 6 times for 30 s at full speed to lyse cells.

			MTS predictors 1					Localization	NLS predictors 2						
			TPpred2.0	TargetP1.1	MitoFates	predictor Euk-mPloc2.0	NLStradamus	SeqNLS		NLS Mapper (Monopartite)	NLS Mapper (Bipartite)
			Yeast Human Yeast Human Yeast Human Yeast Human Yeast Human Yeast Human Yeast Human Yeast Human
	Class	ArgRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C/M	C	n.p.	n.p.	n.p.	1	n.p.	n.p.	1	1
	I																	
		CysRS	0.771 0.776	n.p.	n.p.	0.539 n.p.	C	C	1	1	1	2	n.p.	n.p.	1	4
		GluRS	0.896		0357		n.p.		C		1		2		n.p.		1	
		GlnRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	n.p.	1	2	1	n.p.	n.p.	2
		IleRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	n.p.	2	2	1	1	1	2
		LeuRS	n.p.	n.p.	0.538 n.p.	n.p.	n.p.	C	C	2	1	2	2	n.p.	n.p.	1	2
		LysRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	1	2	1	n.p.	n.p.	2	2
		MetRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	n.p.	1	1	1	n.p.	1	1	3
		TrpRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	n.p.	1	1	1	n.p.	1	1
		TyrRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C/N	C/E	1	n.p.	2	2	1	1	2	2
		ValRS	0.871 n.p.	n.p.	n.p.	0.996 n.p.	C/M	C	1	1	1	2	n.p.	n.p.	n.p.	1
	Class	AlaRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C/M	C	n.p.	n.p.	2	1	n.p.	n.p.	1	1
	II																	
		AsnRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	n.p.	1	1	n.p.	2	1	2
		AspRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	n.p.	2	1	n.p.	n.p.	2	1
		GlyRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	n.p.	n.p.	1	2	n.p.	n.p.	n.p.	1
		HisRS	0.556 n.p.	0.846 n.p.	0.996 n.p.	C/M	C/M	1	n.p.	1	n.p.	1	n.p.	3	2
		PheRS1	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	n.p.	n.p.	1	1	n.p.	1	n.p.	2
		PheRS2	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	n.p.	n.p.	1	2	1	n.p.	1	2
		ProRS	n.p.		n.p.		n.p.		C		n.p.		2		n.p.		n.p.	
		SerRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C	C	1	1	1	2	n.p.	1	1	1
		ThrRS	n.p.	n.p.	n.p.	n.p.	n.p.	n.p.	C/M	C	n.p.	1	2	2	1	n.p.	2	3
		GluProRS		n.p.		n.p.		n.p.		C		1		2		1		1
	n.p.: not predicted; for NLS sequence details see Supp. Table 3a.											
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  HPO 4 /KH 2 PO 4 , pH 7.4 and loaded on a 6 mL cushion containing 30 mM sorbitol, 5% (v/v) ficoll 400, with protease inhibitors. The spheroplasts are centrifuged 10 min at 4000g. -The pellet is resuspended into 15 mL of ice cold ficoll 20% (v/v), 20 mM K 2 HPO 4 /KH 2 PO 4 , pH 7.4, 1 mM MgCl 2 and protease inhibitors, and the spheroplasts are broken by osmotic shock in potter by 20 S in maximum 5 min. The ficoll keeps the osmotic pressure between the medium and the nuclei, to avoid nuclear protein from diffusing out of the nucleus. -The lysate is incubated 10 min on ice to let nuclei cool To remove the ficoll, the samples are diluted 10 times in 20 mM K 2 HPO 4 /KH 2 PO 4 , pH 7.4, 1 mM MgCl 2 and centrifuged 10 min at 10,000g to pellet nuclei (since the ficoll is diluted, nuclei are able to pellet at 3000g).

	1 M sorbitol, 100 mM K 2 HPO 4 /KH 2 PO 4, pH 7.4 to remove the zymolase and cen-trifuged again 4 min at 3500g. -The pellet is resuspended in 20 mL 1.1 M sorbitol, 100 mM K 2 down prior to subsequent centrifugation during 5 min at 13,000g. -The supernatant is collected and immediately centrifuged again 10 min at 13,000g. At this step, nuclei cannot pellet because of the viscosity of the buffer. -The supernatant is then loaded on a ficoll gradient containing 20 mM K 2 HPO 4 /KH 2 PO 4 pH 7.4, 1 mM MgCl 2 , protease inhibi-tors and ficoll 50% (v/v), ficoll 40% (v/v), ficoll 30% (v/v), 6.5 g each in 25 Â 89-mm ultracentrifuge tube (Beckman Coulter Ò , Ultra Clear Tubes, 38.5 mL, ref. 344058). Then, the gradient is ultracentrifuged 1 h at 58,000g (Beckman, SW28 rotor, 18,000 rpm). -After the centrifugation, the 20 and 30% layers containing all the cellular debris are removed. The 40% layer and the interface 40-50% containing the nuclei are harvested by pipetting. Nuclei are also present in the interface 30-40%, but this interface layer is not harvested because it contains too many non-nuclear contaminants. --Nuclei are finally resuspended in 500 lL of buffer containing 100 mM Tris HCl pH 7.8, 0.1 mM EDTA, 5 mM b-Mercaptoethanol, 1 mM benzamidine, protease inhibitors, and sonicated for 80 s (1 s on/1 s off, 30% amplitude, Bioblock Vibra-cell) in order to disrupt the nuclear enveloppe. -After a chilling step on ice to avoid foaming, nuclei are re-sonicated for 30 s (1 s on/1 s off, 30% amplitude, Bioblock Vibracell). -The nuclear extracts are ultra-centrifuged 30 min at 100,000g to pellet nuclear membranes. The supernatant contains soluble nuclear proteins.

  After centrifugation, supernatants, containing the cytoplasmic proteins, are carefully transferred to new 1.5 mL microcentrifuge tubes. While removing the supernatant, take special care not to disrupt the nuclear pellet, which now should take on an opaque appearance. The cytoplasmic extract can be either disposed of or stored at À80 °C.
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	-100 lL of cytoplasmic wash buffer (CWB: 10 mM HEPES-KOH,
	pH 7.6, 60 mM KCl, 1 mM EDTA, Complete protease inhibitor
	cocktail, EDTA-free (Roche)) is added to the nuclear pellets to
	remove the excess of NP-40. The 1.5 mL microcentrifuge tubes
	are gently tapped to dislodge the nuclear pellets. There is no
	need to resuspend the pellets.
	-Centrifugation is repeated at 650g for 4 min at 4 °C.
	-Supernatants are carefully discarded, once again taking care not
	to disturb the nuclear pellets.
	-1 pellet volume of nuclear extraction buffer (NEB: 20 mM Tris
	HCl pH 8.0, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25%
	(v/v) glycerol, Complete protease inhibitor cocktail, EDTA-free
	(Roche)) is added to the 1.5 mL microcentrifuge tubes contain-
	ing the nuclear pellets and they are resuspended by flicking the
	tubes until they are completely resuspended. Try to minimize
	the amount of bubbles you generate while flicking.
	-The resuspended nuclear pellets are incubated on ice for 10 min
	and mixed by flicking every 2 min.
	-After the 10 min incubation, the resuspended nuclear pellets
	are centrifuged at 15,000g for 10 min at 4 °C.
	-After centrifugation, supernatants, containing the nuclear
	proteins, are transferred to new pre-chilled 1.5 mL micro
	centrifuge tubes
	-Nuclear extracts are stored at À80 °C.
	5 mL microcentrifuge tube.
	-Cells are centrifuged at 250g for 5 min at 4 °C.
	-After centrifugation, supernatants are removed and 5 pellet
	volumes of cytoplasmic extraction buffer (CEB: 10 mM HEPES-
	KOH, pH 7.6, 60 mM KCl, 1 mM EDTA, 0.25% (v/v) Tergitol-
	type NP-40 (Sigma-Aldrich), Complete protease inhibitor
	cocktail, EDTA-free (Roche)) are added to each sample.
	-Cellular pellets are dissolved by flicking the tubes. It is impor-
	tant to minimize the amount of bubbles generated while
	flicking. After adding the cytoplasmic extraction buffer, let sam-
	ples stand on ice for 1-3 min before resuspending and make
	sure that cellular pellets are completely dissolved.
	-Resuspended pellets are incubated on ice for 5 min and then,
	centrifuged at 650g for 4 min at 4 °C.

-

  Beckman Coulter Ò , Ultra Clear Tubes, 13.2 mL, ref. 344059):

	-1.5 mL 60% (w/v) sucrose diluted in EM buffer (1 mM EDTA,
	10 mM MOPS-KOH, pH 7.2) is loaded at the bottom of the cen-
	trifuge tube.
	-Without disturbing the phases, 4 mL 32% (w/v), 1.5 mL 23%
	(w/v), and 1.5 mL 15% (w/v) sucrose/EM are carefully pipetted
	stepwise and the tubes are kept at 4 °C.
	-Samples are homogenized again in a glass Teflon homogenizer
	(10-15 strokes) and poured (0.2 to 1 mL) to the sucrose
	gradient.
	-The clarified samples are then centrifuged (Beckman, SW41 Ti
	rotor) at 134,000g for 1 h at 4 °C and the highly purified mito-
	chondria are collected with a Pasteur pipette from the 60-32%
	sucrose interface.
	-Mitochondrial samples are diluted 2-fold in SEM buffer and
	centrifuged at 12,000g for 15 min. Repeat this step to wash
	the purified mitochondria.
	-Pellet can be frozen at À80 °C.
	For extraction of soluble mitochondrial proteins, mitochondria
	are disrupted by sonication (see below) otherwise they are resus-
	pended in SEM buffer and the concentration is adjusted as
	required.
	-Mitochondria pellets are resuspended in 1 vol of lysis buffer
	(50 mM Tris-HCl, pH 7.2, 1.1 M Sorbitol, 2 mM EDTA; 5 mM
	b-mercaptoethanol).
	-Sonication (4 run of 10 S with a 2 s duration time, amplitude
	25%; Vibracell) is performed with a small probe (2 mm
	diameter) on ice.
	-Broken mitochondria are then centrifuged for one hour at
	105,000g at 4 °C to eliminate unbroken mitochondria and
	disrupted membranes.
	-The supernatant which is recovered, corresponds to soluble
	mitochondrial proteins and can be frozen at À80 °C.

Table 6

 6 List of markers for specific compartments in mammalian cells and their respective antibodies. °C.-After washing five times with PBS, the fluorophore-conjugated secondary antibodies diluted in PBS-2% (v/v) FCS are added for one hour at room temperature. DAPI can be added to the secondary antibody solution at a concentration of 300 nM. -Finally, after two final washes in PBS, a drop of pre-warmed (50 °C) elvanol (Poly(vinyl alcohol) -341584 Sigma-Aldrich) is added to each spot and the slide sealed with a coverslip. Cells are then visualized using a confocal laser scanning microscope and fluorescence can be quantified with the ImageJ software.

	Compartment	Protein marker *	Antibody
	Nucleus	Lamin B1	Abcam ab16048
	Plasma membrane	Cadherin	Abcam ab6528
	Endoplasmic Reticulum	Calnexin	Abcam ab22595
		Calreticulin	Abcam ab2907
		GRP-78	Abcam ab21685
	Golgi	GM130	Abcam ab31561
		Giantin	Abcam ab80864
		TGN46	Abcam ab2809
	Mitochondria	COX IV-1	Abcam ab14744
		Cytochrome c	Abcam ab13575
	Endosomes	Early endosome antigen 1	Abcam ab2900
		Ras related protein Rab-5A	Abcam ab18211
		Ras related protein Rab-7a	Abcam ab126712
	Lysosomes	LAMP-1	Abcam ab24170
		LAMP-2	Abcam ab18529
	Autophagosomes	MAP1A/MAP1B LC3 A	Abcam ab52768
	Peroxisomes	Catalase	Abcam ab16771
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Résumé

Les aminoacyl-ARNt synthétases (aaRSs) sont des enzymes essentielles et ubiquitaires dont la fonction canonique est de catalyser la formation des aminoacyl-ARNt (aa-ARNt) utilisés dans la synthèse protéique. Cependant leur rôle ne se limite pas à cette seule fonction enzymatique : les aaRSs ont acquis la capacité à former des complexes multi-protéiques leur conférant de multiples fonctions additionnelles. La levure S. cerevisiae possède le plus petit complexe multisynthétasique eucaryote qui est formé de la méthionyl-ARNt synthétase (MetRS) et la glutamyl-ARNt synthétase (GluRS), toutes deux associées à la protéine d'ancrage cytosolique Arc1.

Ce complexe (nommé AME) présente une dynamique importante dépendant des conditions nutritionnelles dans lesquelles se trouve la levure, et les deux aaRSs associées présentent des fonctions additionnelles essentielles à la survie cellulaire. Dans cette thèse, trois caractéristiques de la MetRS ont été étudiées : (i) j'ai élaboré un outil moléculaire bifluorescent permettant de quantifier le taux de misméthionylation endogène médié par la MetRS chez la levure. J'ai également (ii) caractérisé une isoforme tronquée de la MetRS observée in vivo, et (iii) analysé l'importance de Arc1 lors du passage de la levure de fermentation en respiration.

Mots clés: méthionyl-ARNt synthétase, S. cerevisiae, misméthionylation, protéase, Arc1, respiration

Summary

Aminoacyl-tRNA synthetases (aaRSs) are essential and ubiquitous enzymes catalyzing formation of aminoacyl-tRNAs (aa-tRNAs) during protein synthesis. However, aaRSs are not limited to aa-tRNAs formation. Indeed, they evolved to form multl-protein complexes that acquired additional functions. S. cerevisiae contains the simplest eukaryotic multi-synthetase complex which is formed by the association of methionyl-tRNA synthetase (MetRS) and glutamyl-tRNA synthetase (GluRS) to the cytosolic anchoring protein Arc1. This complex (named AME) is highly dynamic depending on the nutritional conditions that the cells are facing, and the two associated aaRSs 
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