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Genes are informational units encoded in the form of DNA in all living cells. How we define genes is not that simple, as it has continually been refined, especially over the past decades with the discovery of several phenomena [START_REF] Portin | The Evolving Definition of the Term "Gene[END_REF]. A gene can be defined as any discrete region, i.e. a locus, which contains -or encodes the information of -a heritable trait [START_REF] Pearson | Genetics: what is a gene?[END_REF][START_REF] Pennisi | Genomics. DNA study forces rethink of what it means to be a gene[END_REF]. A more specific definition is the following, in which a gene is a nucleotide (nt) sequence, flanked by its cis-regulatory elements, i. e. promoter and the terminator, whose expression product is responsible for one or various cellular functions.

However, the genetic information contained within DNA -the "gene" -is probably the most stable and inert information that the cell contains. Consequently, cellular machineries must "realize" it into a "usable" form and interpret or convert encoded messages into active components capable of sustaining life or at least of performing molecular functions. Francis Crick proposed as early as 1970, that the first molecular process that initiates expression of the genetic information from DNA should be transcription of genes -the inert information -into a ribonucleic acid (RNA) molecule, that can either be a coding RNA or a noncoding RNA [START_REF] Crick | Central dogma of molecular biology[END_REF] (Figure A-1). Noncoding RNAs (ncRNA) are transcribed from so-called RNA-genes that will never be translated into proteins but some of them (ribosomal RNAs (rRNA) and transfer RNAs (tRNA)) ultimately serve for the translation of coding/messenger RNAs (Figure A-1) and the flow of genetic information stops at this step. Resulting ncRNAs can adopt a myriad of secondary and functional tertiary structures and can also be subjected to posttranscriptional modification(s). These structural considerations are essential, as the tertiary structure of ncRNAs are crucial for their functions, that range from transporting "usable" forms of amino acids to the translation machinery (tRNA), regulating transcription or translation (riboswitches, etc.) to catalyzing chemical reactions (transpeptidation by rRNA or mRNA maturation in the case of self-splicing introns) [START_REF] Serganov | A decade of riboswitches[END_REF][START_REF] Saad | Twocodon T-box riboswitch binding two tRNAs[END_REF][START_REF] Zhang | Non-Coding RNAs and their Integrated Networks[END_REF]. Noncoding RNAs that catalyze biochemical reactions are termed ribozymes and are ubiquitous throughout the tree of life [START_REF] Doherty | Ribozyme structures and mechanisms[END_REF].

In contrast, coding RNAs are those that contain a kind of genetic information that must be further converted into other types of macromolecules in a second major process termed translation [START_REF] Dever | Mechanism and Regulation of Protein Synthesis in Saccharomyces cerevisiae[END_REF]. In this case, coding RNAs are referred to as messenger RNAs (mRNA) because they carry an information that must be translated into another language. The translational machinery uses "coding" RNAs and translates the genetic information that they contain into functional molecules called proteins (Figure A-1). A ribonucleoprotein complex, the ribosome, is at the center of this process [START_REF] Ramakrishnan | Ribosome structure and the mechanism of translation[END_REF][START_REF] Myasnikov | Structure-function insights into prokaryotic and eukaryotic translation initiation[END_REF]. Even though the ribosome cannot achieve protein synthesis on its own, it can be compared to a factory or a platform onto which all the partners necessary for protein synthesis are recruited. During translation, the ribosome "reads" mRNA from its 5'-to 3'-end. Precisely, the ribosome specifically "reads" and "translates" the open reading frame (ORF) of a mRNA, that can therefore be compared to a sentence in which words are represented by a succession of three consecutive nt called codons.

This crypted sentence must then be faithfully decoded and translated into the effectorlanguage using a decoding key: the universal genetic code, that is sometimes also referred to as "the genetic Rosetta stone" (Figure A-2) [START_REF] Nirenberg | The RNA code and protein synthesis[END_REF]. This code encrypts 20 (extended to 22 in some cases) proteinogenic amino acids (aa). Following the amino acid -codons correspondence rules, the ribosome sequentially links up amino acids into polypeptides -proteins -following the order imposed by codons along the mRNA (the ORF). The genetic code is composed of 4 nt x 4 nt x 4 nt = 64 different codons, of which 61 are amino acid-coding units, e. g. they can be translated to one of the 20 proteogenic amino acids found in the standard code [START_REF] Nirenberg | The RNA code and protein synthesis[END_REF]. The representation of the genetic code proposed by Nirenberg is particularly convenient for its comprehension but more importantly it highlights the ingenuity of this code (Figure A-2).

First, this table representation points out all the 64 possible triplet combinations (codons) found in mRNA and their corresponding aa. Second, its reading takes in consideration the order of the 3 nt composing the codon; the first letter is represented at the left edge of the table, the second at the upper and the third at the right. Note that the four nt possibilities for each letter of the codon are organized invariably as U, C, A and G i. e. both pyrimidines are followed by both purines. Thus, the first and the last codons correspond to UUU encoding Phe (upper left) and to GGG encoding Gly (lower right). Third, the four codons containing the same letters at positions 1 and 2 are regrouped in the same box which highlights the degenerate nature of the codon -aa assignments. This degeneracy is central to keep the integrity of the genetic information despite codon mutations. Indeed, due to the degenerate character of the genetic code, aa encoded by 4 codons are not affected by the mutation of their 3rd codon nt (called wobble position) since these mutations Similarly, aa encoded by two codons are only affected by transversion (i. e. pyrimidine to purine and vice versa) but not by transition (purine to another purine or pyrimidine to another pyrimidine) mutations at this position. Furthermore, in some cases, missense mutation of the wobble position changes the aa identity but not its nature as it is the case for codons encoding Asp (GAU, GAC) and Glu (GAA, GAG). Similarly, XUX codon correspond all to hydrophobic aa. However, mutation of the first or second nt leads in almost all cases to missense mutation and more dramatically to non-sense mutation (mutation to a stop-codon).
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Thus, as mentioned above, decoding of the mRNA and aa incorporation into polypeptides during translation must be done with high fidelity to ensure that the information stored in the form of DNA and expressed as mRNA be eventually faithfully translated into proteins. Finally, some expansions of the code -with respect to the "standard" genetic code-exist in restricted taxonomic groups, as for example in some archaea and bacteria where the UAG Stop-codon encodes pyrrolysine (Pyl), while the UGA Stop-codon encodes selenocysteine (Sec) in all kingdoms of life (detailed in chapter A § IV of the present introduction).

However, despite the fact that genetic code support some peculiarities, it is considered that in a canonical context, each ORF starts with the initiator AUG codon translated to methionine [START_REF] Thach | Formylmethionine codon AUG as an initiator of polypeptide synthesis[END_REF][START_REF] Adams | N-formylmethionyl-sRNA as the initiator of protein synthesis[END_REF], whereas the three remaining non proteogenic codons (UAA, UAG and UGA) are called Stop-codons since their occurrence leads to the dissociation of translational machinery (Figure A-2). Consequently, the ribosome translates the mRNA sequentially codon after codon, with respect to the genetic code -using the "rules" of correspondences between codons and amino acids-, thereby producing a polypeptide in which the order of aa condensation is determined by the mRNA sequence.

But how can the ribosome, mechanistically speaking, translate a given codon into the cognate aa? As postulated early by Crick in his adaptor hypothesis [START_REF] Crick | On degenerate templates and the adaptator hypothesis. A note for the RNA Tie Club[END_REF], each one of the twenty aa used for protein synthesis is paired with its cognate "adaptor", capable of recognizing -interacting and "reading"-its own codon through sequence-specific non-covalent interactions (the decoding mechanism will be shortly described in chapter A § I). This adaptor corresponds to the transfer RNA (tRNA; detailed in chapter A § I of the present introduction). Aminoacyl-tRNA (aa-tRNAs) are produced by a family of enzymes called aminoacyl-tRNA synthetases (aaRS; detailed in chapter A § III of the present introduction) that each catalyze the specific attachment -"aminoacylation" (detailed in chapter A § II) -of one aa onto its cognate tRNA (Figure A-1). This means that 20 aaRSs are required to recognize the 20 proteinogenic aa to attach them onto the 20 cognate tRNA families required to yield the full set of 20 aa-tRNAs necessary to ribosomal protein synthesis. For this process, high fidelity is crucial to avoid mis-incorporation of aa into proteins that would otherwise lead to altered proteomes, which is generally prejudicial to cells.

AaRSs are modular proteins that always contain a catalytic core responsible for tRNA aminoacylation -aa activation and tRNA aminoacylation -and, most often, a tRNA anticodonbinding domain that helps the enzyme associate to its cognate tRNA. Apart from the core catalytic domain, they are also often fused to additional domains that are required for accurate recognition of the cognate tRNA and more importantly to ensure high fidelity during tRNA aminoacylation (Ling et al., 2009). One particularity of eukaryotic cells is the formation of Multi-Synthetase Complexes (MSC) that aggregates and anchors a sub-group of aaRS and auxiliary proteins in the cytoplasm [reviewed in [START_REF] Laporte | Exploring the evolutionary diversity and assembly modes of multi-aminoacyl-tRNA synthetase complexes: lessons from unicellular organisms[END_REF][START_REF] Mirande | The Aminoacyl-tRNA Synthetase Complex[END_REF]]. The minimal MSC complex from the yeast S. cerevisiae is, for example, composed of methionyl-tRNA-synthetase (MetRS) and glutaminyl-tRNA synthetase both bound to the auxiliary assembly factor Arc1 [START_REF] Frechin | Arc1p: anchoring, routing, coordinating[END_REF], while the human MARS complex contains 9 aaRSs, organized around 3 auxiliary factors, termed AIMPs (for Aminoacyl-tRNA Synthetase Interacting Multifunctional Proteins). Assembling aaRSs into MSCs has been suggested to be important to modulate the translational activities of aaRSs, but also to regulate the non-translational functions that these enzymes can additionally perform beyond tRNA aminoacylation [START_REF] Mirande | The Aminoacyl-tRNA Synthetase Complex[END_REF]. In fact, the participation of MSC-bound and "freestanding" aaRS in a plethora of additional noncanonical functions beyond tRNA aminoacylation, ranging from regulation of transcription to the modulation of angiogenesis, is often correlated to their ability to relocate to unsuspected cellular compartments and to their propensity to have additional functional domains besides the catalytic core and the anticodon-binding domain [reviewed in [START_REF] Guo | Essential nontranslational functions of tRNA synthetases[END_REF][START_REF] Yakobov | Cytosolic aminoacyl-tRNA synthetases: Unanticipated relocations for unexpected functions[END_REF]. The latter review, to which I participated as a first author is found at the end of the present manuscript].

Strikingly, early after it was established that (aa-)tRNA primary function is to define and to translate the genetic code for protein biosynthesis, an unexpected concept emerged and postulated that (aa-)tRNA also participate to other processes; as early as in 1965, M. Matsuhashi and colleagues demonstrated the tRNA dependent transfer of aa onto other macromolecules such as peptidoglycan [START_REF] Matsuhashi | Incorporation of glycine into the cell wall glycopeptide in Staphylococcus aureus: role of sRNA and lipid intermediates[END_REF]. Later, the involvement of tRNAs and aa-tRNAs (canonically synthesized by aaRSs) in numerous pathways beyond protein biosynthesis was extensively established [START_REF] Katz | Non-canonical roles of tRNAs and tRNA mimics in bacterial cell biology[END_REF][START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF]) and several aa-tRNA-utilizing enzymes/pathways have been subsequently described (Moutiez et al., 2017;Hemmerle et al., 2020). Among them, aminoacyl-tRNA transferases (ATT; briefly introduced in chapter B of the present introduction and extensively reviewed in our recent review to which I participated (Hemmerle et al., 2020)) highjack aa-tRNA species from their primary destination (i. e. the ribosome) and transfer the aa moiety onto a wide range of final acceptor substrates (Dare and Ibba 2012;Moutiez et al., 2017;Hemmerle et al., 2020) (Figure A-1). Notably, aminoacyl-lipid synthases (aaLS; extensively detailed in chapter C of the present introduction) achieve their ATT activity by transferring aa from given aa-tRNAs onto membranous glycerolipids from the inner leaflet of the plasma membrane (PM) (Figure A-1) [START_REF] Roy | Tuning the properties of the bacterial membrane with aminoacylated phosphatidylglycerol[END_REF]. The cytoplasmic ATT domain of aaLSs is fused to a membranous domain which at least in some cases achieves flippase activity by translocating aminoacylated lipids (aaL) to the outer leaflet of the PM (Slavetinsky et al., 2017) (Figure A-1). Those lipid-modifying factors were so far only described in bacteria and are of particular interest for the purpose of my thesis. Of note, while most aaLSs are implemented by aa-tRNAs that are synthesized by freestanding aaRSs, species belonging to actinobacteria have inherited aaRS-fused aaLSs that synthesize aa-tRNA assumed to be directly channeled to the ATT domain for lipid aminoacylation [START_REF] Maloney | The twodomain LysX protein of Mycobacterium tuberculosis is required for production of lysinylated phosphatidylglycerol and resistance to cationic antimicrobial peptides[END_REF].

My PhD aimed to study a tRNA-dependent lipid aminoacylation mechanism that came out to be even more unique than those that were described when I started my project. However, in order to comprehensively present the objectives of my work, it seemed to me essential to first introduce the way aa-tRNA are synthetized and the state of art concerning lipid aminoacylation before I present the results I obtained in the course of my PhD. In the late 50's it was suggested that a particular class of "soluble RNA" (sRNA) was involved in the translation process of genetic information [START_REF] Hoagland | A soluble ribonucleic acid intermediate in protein synthesis[END_REF]. Soluble RNAs were soon renamed tRNA for "transfer" RNA from the deciphering of their function as being the physical interpreters between the nucleotide language of mRNA and the peptide/protein language. Each tRNA contains internal informations called "determinants" that dedicates it to be charged with a given proteogenic aa. For example, determinants of tRNA Ala from Sce, dedicates it to be charged specifically with Ala. Each living cell necessarily encodes and transcribes a minimal set of 20 tRNA families that are subsequently charged with one of the twenty proteogenic amino acids by aaRS.

The 2D "cloverleaf" model of tRNAs (Figure I-1) was initially proposed by RW. Holley and colleagues in 1965 as they achieved for the first time the complete sequencing of an tRNA namely tRNA Ala from S. cerevisiae [START_REF] Holley | Structure of a Ribonucleic Acid[END_REF]. tRNA Ser , tRNA Tyr , and tRNA Phe sequences from Sce were obtained in the next two years and from then on to 1974 at least 60 tRNA sequences were resolved. In addition, important structure probing analysis through RNase treatment, argued for a common structure shared throughout all tRNA (RajBhandary and [START_REF] Rajbhandary | Studies on polynucleotides. LXXXII. Yeast phenylalanine transfer ribonucleic acid: partial digestion with ribonuclease T-1 and derivation of the total primary structure[END_REF][START_REF] Kim | Three-dimensional tertiary structure of yeast phenylalanine transfer RNA[END_REF].

Finally, the first 3D structure of tRNA was resolved in 1973 through analysis of X-ray diffraction data [START_REF] Kim | Three-dimensional structure of yeast phenylalanine transfer RNA: folding of the polynucleotide chain[END_REF].

Even though the cloverleaf representation of tRNA does not correspond to the physiological and functional 3D "L-shaped" structure, it allowed to understand how tRNAs act as an intermediate. According to the established nomenclature, each tRNA nt are designated by a fixed number ranging from 1 to 76 [START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF]. Thus, in tRNAs containing more than 76 nt, inserted positions are designated by the number of the preceding canonical position followed by an alphabetic letter. For example, an insertion between positions 17 and 18 will be named 17A.

Concomitantly, the four final unpaired positions corresponding to the discriminator base followed by the invariable 3'-CCA are named 73, 74, 75 and 76 respectively even in tRNA composed of less than 76 nt (Figure I-1).

In their secondary structure, the first 7 bases (from 5') and the 7 bases preceding the discriminator base of the tRNA are paired through canonical WC and Wobble base pairing (Wobble pairing; see below). The resulting helix together with the four unpaired bases at the 3' end is called the acceptor-stem as its extremity is crucial to accept the cognate aa during the aminoacylation reaction. When reading the tRNA sequence from 5' to 3', the first 7 bases are followed by two unpaired nt and the D-stem-loop (a 4 base-pairs helix followed by a 8-11 bases loop) whose name is due to the presence of a modified base called dihydrouridine (D) in the loop. A single nt separates the D-stem-loop from the next secondary structure composed of 5 base-pairs and a 7 nt-long loop, forming the anticodon stem-loop. As it will be detailed later, nt 34, 35 and 36 constitute the anticodon, which is the main feature required to decode the codons on the mRNA during protein synthesis. Following the anticodon stem comes a structure which is variable in its size and length called V-loop. tRNAs with few nt in this region belong to class I tRNA whereas tRNA containing more nt belong to class II tRNA. tRNA Ser , tRNA Leu , tRNA Tyr and tRNA Sec are members of class II and can consequently form a Variable-stem-loop (or variable arm). Finally, the T-stem-loop harbors a 5 base-pairs helix and a 7 nt loop with two conserved nt modifications namely T54 and pseudouridine [START_REF] Bird | Serum lipidomics profiling using LC-MS and high-energy collisional dissociation fragmentation: focus on triglyceride detection and characterization[END_REF]. Even though the cloverleaf structure is shared by all tRNA, it is worth noting that in addition to the mentioned variations in the V-loop and the D-loop, numerous variations occur among tRNA.

For example, the acceptor stems of tRNA Sec and tRNA His contain 8 base-pairs while mitochondrial tRNAs in nematodes can be missing either the D-or T-stem-loop or even both. The herein cloverleaf representation of tRNA results from important works done since the late 60's (RajBhandary and Chang 1968;[START_REF] Kim | Three-dimensional structure of yeast phenylalanine transfer RNA: folding of the polynucleotide chain[END_REF][START_REF] Kim | Three-dimensional tertiary structure of yeast phenylalanine transfer RNA[END_REF] and its conservation throughout the three kingdoms of life was confirmed in the following decades [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][START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF]. However, the 3D physiological "L-shape" of tRNA in living cells implies that the different secondary structure elements of the cloverleaf interact together by establishing trans bases-pairing. Therefore, single-stranded nt from loops and bulges can base-pair together or even with already established base-pairs. To render this possible, the implicated nucleotides generate so-called non-canonical base-pairing by interacting notably through their Hoogsteen edge rather than their Watson-Crick (WC) edge. Consequently, nt involved in both, WC-and Hoogsteen-edge interaction, form base triples. Based on the resolved structure of tRNA Phe , SH Kim proposed a planar representation of the folded tRNA L-shape depicted on Figure I-1. [START_REF] Kim | Three-dimensional structure of transfer RNA and its functional implications[END_REF][START_REF] Kim | Three-dimensional structure of yeast phenylalanine transfer RNA: folding of the polynucleotide chain[END_REF][START_REF] Kim | Three-dimensional tertiary structure of yeast phenylalanine transfer RNA[END_REF]. In this conformation, the T-stem-loop stacks together with the acceptor stem forming an unique 12 bp loop-minihelix while the "dumbbell" formed by the D-and the anticodon-stem-loops encloses an 9 bp minihelix flanked by two loops.

One extremity of the resulting L-shape corresponds to the amino-acid acceptor 3'CCA whereas the anticodon is found at the other extremity. In addition to these considerations, numerous specific nt posttranscriptional modifications (PtrM) involved in maintaining the tRNA "L-shape", modulating the codon-decoding capacity and regulating several physiological function(s) [START_REF] Vare | Chemical and Conformational Diversity of Modified Nucleosides Affects tRNA Structure and Function[END_REF][START_REF] Koh | Transfer RNA modification and infection -Implications for pathogenicity and host responses[END_REF][START_REF] Sokolowski | Cooperativity between different tRNA modifications and their modification pathways[END_REF].

The decoding mechanism achieved during translation relies on Watson-Crick interaction between a given codon of the mRNA and the anticodon of the corresponding tRNA (Figure I-2).

Whereas nt positions N35 and N36 of the tRNA anticodon interacts respectively with N2 and N1 of the cognate codon only through canonical Watson-Crick pairing, N34 interaction with N3 implicates Wobble pairing (also called extended Watson-Crick pairing) [START_REF] Crick | Codon--anticodon pairing: the wobble hypothesis[END_REF]. Hence, the Wobble basepairing stipulates that at this position, G can face to U whereas I34 of the tRNA potentially decodes codon positions A3, U3 or C3. Therefore, position N34 of the tRNA is called the Wobble position.

As evidenced by the genetic code, beside Met and Trp, all aa are encoded by more than one codon which confers to the genetic code its degenerated character and introduces the notion of codon usage bias. Consequently, a given aa can be loaded on "isoacceptors" tRNAs containing 

II. Aminoacylation of tRNA

As mentioned, tRNAs are the physical bridge between a specific mRNA codon and the corresponding aa to be incorporated in the nascent protein. A full sub-set of (at least) 20 faithfully synthetized aa-tRNAs has to be synthesized in all living cells. This is done by a family of enzymes called aminoacyl-tRNA synthetases (aaRS). Each aaRS must select a specific L-aa (and reject its Dconformation) in order to transfer it onto its cognate tRNA. AaRSs stated to be characterized in the 50's. At this time scientists discovered that prior to their incorporation into proteins, the aa must be activated in an enzymatic-dependent manner [START_REF] Hoagland | An enzymic mechanism for amino acid activation in animal tissues[END_REF][START_REF] Zamecnik | Intermediate Reactions in Amino Acid Incorporation[END_REF]. These studies showed that only L-aa are competent to undergo this activation mechanism. The discovery of in 1958 lead finally to the establishment that aaRS are enzymes that transfer a specific aa onto its cognate tRNA by catalyzing two successive reactions.

During the first reaction of aminoacylation, an aa and ATP are recruited into the active site of the corresponding aaRS (in the presence of Mg 2+ ). The carboxyl group of the aa attacks the -phosphate group of ATP (nucleophilic attack) which produces i) an inorganic pyrophosphate (PPi) released from the active site and ii) an aa-adenylate (aa-AMP) that remains in the active site.

In a second step, the 2' or 3' hydroxyl group of the terminal adenine from the tRNA attacks the carbon of the -COOH from the aa which results in the esterification of the aa onto its cognate tRNA (Figure I-3 ). Note that for the aa activation reaction, the tRNA is generally not required except for glutaminyl-tRNA Synthetase (GlnRS), glutamyl-tRNA Synthetase (GluRS) [START_REF] Ravel | Glutamyl and Glutaminyl Ribonucleic Acid Synthetases of Escherichia Coli W. Separation, Properties, and Stimulation of Adenosine Triphosphate-Pyrophosphate Exchange by Acceptor Ribonucleic Acid[END_REF], arginyl-tRNA Synthetase (ArgRS) [START_REF] Mitra | The arginyl transfer ribonucleic acid synthetase of Escherichia coli[END_REF] and class I lysyl-tRNA Synthetase (LysRS) [START_REF] Ibba | Substrate recognition by class I lysyl-tRNA synthetases: a molecular basis for gene displacement[END_REF]. As illustrated by these few examples, the nomenclature of aaRS is closely related to their activity. However, their abbreviation using the three-letter code of the aa followed by "RS" is more convenient and will be preferred in this manuscript. A 76

III.Class I and class II aaRSs

All aaRS are modular enzymes composed of a catalytic domain and an anticodon-binding domain (ABD) but often other domains were recruited during evolution [START_REF] Guo | Architecture and metamorphosis[END_REF].

However, there are structural and functional differences that lead to their segregation into two so-called classes of aaRSs [START_REF] Eriani | Partition of tRNA synthetases into two classes based on mutually exclusive sets of sequence motifs[END_REF] I-1). Concerning their evolutionary history, all members of each class of aaRSs are believed to result from multiple duplication events originating from initially a unique "minimal enzyme" called urzyme followed by domain rearrangement and acquisition of new aa and tRNA specificities [START_REF] Rodin | Two types of aminoacyl-tRNA synthetases could be originally encoded by complementary strands of the same nucleic acid[END_REF][START_REF] Carter | Did tRNA synthetase classes arise on opposite strands of the same gene?[END_REF][START_REF] Rodin | One ancestor for two codes viewed from the perspective of two complementary modes of tRNA aminoacylation[END_REF][START_REF] Pham | Tryptophanyl-tRNA synthetase Urzyme: a model to recapitulate molecular evolution and investigate intramolecular complementation[END_REF]Rubio Gomez and Ibba 2020). A relatively simple example, GlnRS is only present in eukaryotes and -proteobacteria comes from a duplication of the GluRS gene that happened in the eukaryote ancestor [START_REF] Lamour | Evolution of the Glx-tRNA synthetase family: the glutaminyl enzyme as a case of horizontal gene transfer[END_REF].

Similarly, AsnRS, absent in half of the archaea and bacteria, originates from a duplication of an archaeal AspRS gene [START_REF] Roy | When contemporary aminoacyl-tRNA synthetases invent their cognate amino acid metabolism[END_REF].

III.1. The catalytic domain, the major discriminator of class I and II

It is believed that aaRS appeared early during evolution and that the last universal common ancestor (LUCA) contained already an almost complete set of aaRS (Rubio Gomez and Ibba 2020).

To date 22 different tRNA aminoacylation activities, ensured by 23 different aaRSs each belonging to class I or to class II, were described. LysRS is a singular case since it can be of both classes according to the species [START_REF] Ibba | Aminoacyl-tRNA synthesis: divergent routes to a common goal[END_REF]. Most species contain the class II LysRS and only a few species encode class I LysRS or both forms [START_REF] Polycarpo | Activation of the pyrrolysine suppressor tRNA requires formation of a ternary complex with class I and class II lysyl-tRNA synthetases[END_REF]. The two latest characterized members of the aaRS family (22 and 23) are SepRS and PylRS (both belonging to class II aaRSs) which are involved in cysteinyl-tRNA Cys or selenocysteinyl-tRNA Sec and pyrrolysyl-tRNA Pyl formation, respectively. The structural and functional characteristics that divided aaRSs into two classes are listed in Table I-1. The catalytic domain of Class I aaRS contain a Rossman fold [START_REF] Rossmann | Chemical and biological evolution of nucleotidebinding protein[END_REF] composed of five parallel -strands flanked by -helices (Figure I-4). In class I aaRS where it is generally located at their N-terminus, the Rossman fold is split in two domains separated by a connective peptide 1 (CP1) [START_REF] Starzyk | Evidence for dispensable sequences inserted into a nucleotide fold[END_REF]. Each domain encloses one of both class I aaRS signature sequences namely HIGH and KMSKS (according to their aa composition using the 1 letter The catalytic domain of Class E. coli (B) In contrast the cata-S. cerevisiae AspRS (pdb: 1ASY), is characterized by 7 -strands and contains characteristic motifs 1, 2 and 3. Class II aaRSs bind the extended 3'CCA extremity binding domain but their structural organization differs between aaRS subclasses. Inspired from [START_REF] Debard | Molecular dynamic of the methionyl-tRNA synthetase and its novel non-canonical functions in the yeast S. cerevisiae[END_REF] Catalytic domain anticodon binding domain code) which are essential motifs of the catalytic site [START_REF] Eriani | Partition of tRNA synthetases into two classes based on mutually exclusive sets of sequence motifs[END_REF]. Importantly, CP1 recognizes the single stranded 3'-end of the tRNA but in the cases of ValRS, LeuRS and IleRS the inserted domain is implicated in aa-tRNA editing (Ling et al., 2009). Note that there are sub-classes within each Class of aaRSs (Table I-1).

The active site organization of class II aaRS is strikingly different since it is composed of 7 anti-parallel -strands forming a -sheet flanked by two -helices (Figure I-4). Consensus sequences are less conserved than in class I aaRS and consist of three degenerated motifs [START_REF] Eriani | Partition of tRNA synthetases into two classes based on mutually exclusive sets of sequence motifs[END_REF]. The -X-X-X-+-Gly--X-X-X-X-Pro--sequence corresponds to motif 1 where X correspond to non-conserved aa residues whereas + and indicate a basic or a hydrophobic residue, respectively. Motif 2 corresponds to +---X--X-X-X-(Phe/His/Tyr)-Arg-X-(Glu/Asp)-X-4-12-(Arg/His)-X-Phe-X-X-X--X--and motif 3 to -X--Gly--Gly--Gly--Glu-Arg------X7-12--Pro where indicates an aa that harbor a long lateral chain (Table I-1).

Motif one is mostly implicated in class II aaRS dimerization whereas motif 2 and 3 constitute the catalytic site. Beside the herein described consensus sequences, aaRS harbor idiosyncratic signature sequence as for example the Gln-Ser-Pro-Gln (QSPQ) AspRS motif which is involved in Asp recognition [START_REF] Eriani | Role of dimerization in yeast aspartyl-tRNA synthetase and importance of the class II invariant proline[END_REF][START_REF] Cavarelli | The active site of yeast aspartyl-tRNA synthetase: structural and functional aspects of the aminoacylation reaction[END_REF].

III.2. aaRS oligomerisation

Another important characteristic of aaRS is their oligomerization state. Class I aaRSs are in general active as monomers ( ) except for TyrRS and TrpRS that homodimerize ( 2 through their CP1 domain. Class II aaRSs are generally homodimers ( 2) and less often homotetramers ( 4) or heterotetramers 2 2). Usually, the oligomeric nature of an aaRS is conserved across species (e.g.

AspRS is an 2 homodimer in all studied species). However, GlyRS (class II aaRS) oligomerization varies and was described in eukaryotes and archaea to be 2 and in most bacteria to be 2 2. Both are structurally class II aaRS but the 2 form belongs to the IIa sub-class whereas 2 2 GlyRS is sub-classified as IIc aaRS (O'Donoghue and Luthey-Schulten 2003) [START_REF] Perona | Structural diversity and protein engineering of the aminoacyl-tRNA synthetases[END_REF].

Variations related to the oligomerization were described for other aaRS too (Rubio Gomez and Ibba 2020) (Table I-1). Based on data from Ribas de Pouplana and [START_REF] Ribas De Pouplana | Two classes of tRNA synthetases suggested by sterically compatible dockings on tRNA acceptor stem[END_REF]Perona and[START_REF] Perona | Structural diversity and protein engineering of the aminoacyl-tRNA synthetases[END_REF]Rubio andIbba, 2020. aaRSs for which editing Figure I-7B shows aa being edited by those aaRSs. AaRSs aa; +, basic aa; Φ, hydrophobic aa; λ, small aa.

III.3. aaRS sub-classification

Indeed, beside their well-established classification into two classes, aaRSs can be further divided in subclasses (Table I-1). Many studies attempted to propose such subgroups of aaRS based on evolution [START_REF] Wolf | Evolution of aminoacyl-tRNA synthetases--analysis of unique domain architectures and phylogenetic trees reveals a complex history of horizontal gene transfer events[END_REF][START_REF] Woese | Aminoacyl-tRNA synthetases, the genetic code, and the evolutionary process[END_REF][START_REF] O'donoghue | On the evolution of structure in aminoacyl-tRNA synthetases[END_REF], sequence, structural domain organization [START_REF] Perona | Structural diversity and protein engineering of the aminoacyl-tRNA synthetases[END_REF] and docking analyses (Ribas de Pouplana and [START_REF] Ribas De Pouplana | Two classes of tRNA synthetases suggested by sterically compatible dockings on tRNA acceptor stem[END_REF]. Whereas the different investigations approve generally to divide class II aaRSs in 3 subclasses (not always for the same reasons), the situation of class I is often confused and generally divided either in 3 [START_REF] Cusack | Eleven down and nine to go[END_REF][START_REF] Ribas De Pouplana | Two classes of tRNA synthetases suggested by sterically compatible dockings on tRNA acceptor stem[END_REF] or in 5 subclasses [START_REF] Perona | Structural diversity and protein engineering of the aminoacyl-tRNA synthetases[END_REF]. The ABD is more variable in terms of structure but participate to the sub-classification of aaRS. The C-terminal ABD of ArgRS, LeuRS, IleRS, ValRS, MetRS [START_REF] Wolf | Evolution of aminoacyl-tRNA synthetases--analysis of unique domain architectures and phylogenetic trees reveals a complex history of horizontal gene transfer events[END_REF] and probably CysRS [START_REF] Hou | Cysteinyl-tRNA synthetases', Aminoacyl-tRNA synthetases[END_REF]) is an -helical rich domain (DALR/Add2) that classifies them as sub-class Ia aaRSs which is also characterized by the fact that those aaRS recognize mainly aliphatic and thiolated amino acids. GluRS, GlnRS and LysRS I belong to sub-class Ib aaRSs and harbor either an OB-fold at their C-terminus or an -helix-cage to recognize the anticodon. Finally, TyrRS and TrpRS, forming the sub-class Ic, recognize aromatic residues and were thought to be the only class I aaRSs as 2 oligomers [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]. Class II aaRSs can also be divided into 3 subclasses according to their ABD. Subclass IIa aaRSs (except SerRS in which tRNA recognition does not involve the anticodon) were considered to recognize the anticodon through a C-terminal module composed of a 7 strandedsheet flanked by two -helices, whereas Sub-class IIb contain an N-terminal OB-fold composed by a 5 stranded -sheet splited by an -helix between strand 3 and 4. Note that class IIa activates hydrophobic and small polar residues whereas both sub-classes Ib and IIb activate aa that are large and charged (Glu, Gln, Lys and Asp, Asn, Lys respectively). Another characteristic specific to subclass IIb is that the second base of their cognate tRNA (i. e. tRNA Asp , tRNA Asn and tRNA Lys ) corresponds to U35. Finally, PheRS and the non-canonical SepRS and PylRS constitute the sub-class IIc.

As mentioned above, this "relaxed" sub-classification of aaRS takes in consideration the ABD but this feature alone is not sufficient to discriminate them fully. Therefore, other criteria are included and as mentioned above other classification systems were proposed.

III.4. Mechanistic features differentiating both aaRS classes

Due to conformational constraints that have evolved among aaRS, additional features distinguish both classes. To catalyze aminoacylation, the ATP and the terminal 3'-CCA of the tRNA must fit into the aaRS active site. Class I aaRSs bind the ATP in its straight conformation and the terminal 3'-CCA in its bent conformation site (exceptions: TrpRS [START_REF] Shen | Structure of human tryptophanyl-tRNA synthetase in complex with tRNATrp reveals the molecular basis of tRNA recognition and specificity[END_REF] and TyrRS [START_REF] Yaremchuk | Class I tyrosyl-tRNA synthetase has a class II mode of cognate tRNA recognition[END_REF], belonging to class I, recognize tRNAs with extended 3'-CCA) in contrast to class II aaRSs where the bent ATP and the extended tRNA end are required to fit into the active (exception: PheRS [START_REF] Goldgur | The crystal structure of phenylalanyl-tRNA synthetase from thermus thermophilus complexed with cognate tRNAPhe[END_REF]) (Rubio Gomez and Ibba 2020) (Table I-1; Figure I-4).

Furthermore, class I aaRS transfer the aa onto the terminal 2' hydroxyl group of the tRNA terminal adenosine and bind the tRNA through the minor groove of the acceptor stem helix while class II aaRS aminoacylate the terminal 3'OH group of the tRNA terminal adenosine and bind the tRNA via the major groove of the acceptor stem [START_REF] Sprinzl | Site of aminoacylation of tRNAs from Escherichia coli with respect to the 2'-or 3'-hydroxyl group of the terminal adenosine[END_REF]Rubio Gomez and Ibba 2020) (Table I-1; Figure I-3). However, because only 3'-OH charged aa-tRNAs are channeled to the ribosome (via EF-Tu or eEF1A), 2'-OH charged residues are rapidly trans-esterified onto the 3'-OH charged ones. Finally, the rate limiting step during class I aaRS aminoacylation is thought to be the release of the final aa-tRNA which is not the case in class II aaRS where the rate limiting step is either the aa activation or the transfer reaction (Rubio Gomez and Ibba 2020).

IV.Alternate and so-called indirect aminoacylation pathways

Many prokaryotes are missing either GlnRS or AsnRS or CysRS and sometimes even two or three of these aaRSs (e. g.Methanococcus jannaschii lacking AsnRS, GlnRS and CysRS [START_REF] Bult | Complete genome sequence of the methanogenic archaeon, Methanococcus jannaschii[END_REF]). In these organisms, the missing aaRS is compensated by a so-called indirect tRNA aminoacylation pathway. In these pathways the orphan tRNA will first be charged with a noncognate aa by a nondiscriminating aaRS and then the mischarged aa will be tRNA-dependently (while attached to the tRNA) converted into the cognate aa by a second enzyme (Hemmerle et al., 2020).

IV.1. Cys-tRNA Cys formation in methanogenic archaea lacking CyRS

To complement the missing CysRS activity, archaea have developed a pathway that requires the non-canonical class II o-phosphseryl-tRNA synthetase (SepRS) to mischarge tRNA Cys with ophosphoserine. Cys-tRNA synthase (SepCysS) transforms the non-proteinogenic Sep while attached to tRNA Cys into Cys in the presence of a sulfur donor [START_REF] Sauerwald | RNAdependent cysteine biosynthesis in archaea[END_REF][START_REF] Mukai | RNA-Dependent Cysteine Biosynthesis in Bacteria and Archaea[END_REF] (Figure I-5A).

IV.2. Gln-tRNA Gln and Asn-tRNA Asn in bacteria, archaea and eukaryotic organelles lacking GlnRS and/or AsnRS GlnRS is missing in all archaea and in the majority of bacteria and eukaryotic organelles and AsnRS in half of bacteria and archaea. These organisms synthetize Gln-tRNA Gln and Asn-tRNA Asn by the same indirect pathway called the transamidation pathway. First, a non-discriminating GluRS (ND-GluRS) or -AspRS (ND-AspRS) mischarges respectively Glu onto tRNA Gln [START_REF] Lapointe | A single glutamyl-tRNA synthetase aminoacylates tRNAGlu and tRNAGln in Bacillus subtilis and efficiently misacylates Escherichia coli tRNAGln1 in vitro[END_REF] (Figure I-5B) or an Asp onto tRNA Asp and tRNA Asn [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-5C). The resulting non-cognate Asp-tRNA Asn and Glu-tRNA Gln become substrates for tRNA dependent amidotransferases (AdT) that amidates the non-cognate Glu or Asp by transferring a -NH2 from an aa donor, either Gln or Asn to obtain the cognate Gln-tRNA Gln and Asn-tRNA Asn [START_REF] Curnow | Glu-tRNAGln 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]. Various AdTs were described depending on the considered species or organelles. The trimeric GatCAB AdT is composed of the amidohydrolase GatA subunit, the catalytic and tRNA-binding GatB subunit and the scaffolding and chaperone GatC subunit. It is responsible for Gln-tRNA Gln synthesis (Glu-AdT) in bacteria and organelles and for Asn-tRNA Asn synthesis (Asp-AdT) in bacteria and archaea [START_REF] Curnow | Glu-tRNAGln amidotransferase: a novel heterotrimeric enzyme required for correct decoding of glutamine codons during translation[END_REF][START_REF] Sheppard | From one amino acid to another: tRNA-dependent amino acid biosynthesis[END_REF]. Note that some bacteria deprived of both GlnRS and AsnRS use a single Asp/Glu-AdT to generate both Gln-tRNA Gln and Asn-tRNA Asn [START_REF] Raczniak | A single amidotransferase forms asparaginyl-tRNA and glutaminyl-tRNA in Chlamydia trachomatis[END_REF]. However, all archaea also possess a dimeric and restricted Glu-AdT called GatDE composed of a L-asparaginase paralog (GatD) and a catalytic and tRNA-binding GatB paralog (GatE) [START_REF] Tumbula | Domain-specific recruitment of amide amino acids for protein synthesis[END_REF]. Thus, archaea missing GlnRS and AsnRS require GatCAB as an Asp-AdT and GatDE as a Glu-AdT. A more sporadic dimeric GatAB was described in the human parasite Plasmodium falciparum where GatC is missing [START_REF] Mailu | Plasmodium Apicoplast Gln-tRNAGln Biosynthesis Utilizes a Unique GatAB Amidotransferase Essential for Erythrocytic Stage Parasites[END_REF]. Finally, for mitochondrial synthesis of Gln-tRNA Gln in the yeast Saccharomyces cerevisiae, the mis-charging step is carried out through the import of the cytoplasmic GluRS which behaves as an ND-GluRS in this bacteria-like organelle and a GatFAB AdT amidates subsequently Glu-tRNA Gln to Gln-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]. Importantly, the herein described pathways raise the critical issue of incorrect incorporation of Asp-tRNA Asn and Glu-tRNA Gln during protein biosynthesis. However, EF-Tu has been shown to have the capacity to discriminate the mischarged Glu-tRNA Gln and Asp-tRNA Asn [START_REF] Stanzel | Discrimination against misacylated tRNA by chloroplast elongation factor Tu[END_REF] [START_REF] Roy | Structural elements defining elongation factor Tu mediated suppression of codon ambiguity[END_REF] avoiding misincorporation at Gln and Asn codons.

Alternatively, the ND-aaRSs, the AdT and the tRNA can also form a complex called transamidosome

(Figure I-5C
) in which the non-cognate aa-tRNA is directly channeled from one enzyme to the other (Bailly et al., 2007;[START_REF] Rathnayake | Indirect tRNA aminoacylation during accurate translation and phenotypic mistranslation[END_REF] preventing Asp-tRNA Asn and Glu-tRNA Gln of reaching the ribosome. (Debard 2019)

V. Incorporating non-standard aa into proteins

In addition to the 20 aa used universally for protein biosynthesis, two non-standard aa can incorporated during protein biosynthesis. Selenocysteine (Sec) was the first one discovered and appeared to be present in bacteria, archaea and eukaryotes [START_REF] Cone | Chemical characterization of the selenoprotein component of clostridial glycine reductase: identification of selenocysteine as the organoselenium moiety[END_REF][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 (formatehydrogen-lyase-linked) from Escherichia coli[END_REF]. Structurally, Sec is very similar to cysteine since the sole difference is that the sulfur (S) atom is replaced by selenium (Se), preferred in the active site of some oxidoreductases [START_REF] Johansson | Exploiting the 21st amino acid-purifying and labeling proteins by selenolate targeting[END_REF][START_REF] Reich | Why Nature Chose Selenium[END_REF]. The second non-standard amino acid regarding protein biosynthesis is pyrrolysine (Pyl) which is incorporated into methyltransferases and was described since 2002 in some genera of methanogenic archaea (e. g.

Methanosarcinaceae)

and in few bacteria [START_REF] Srinivasan | Pyrrolysine encoded by UAG in Archaea: charging of a UAG-decoding specialized tRNA[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].

However, because 61 out of 64 codons encode selectively for one of the 20 "classical" aa, the introduction of an additional aa-tRNA must occur by reprogramming at least one codon of the genetic code. More precisely, one out of the 3 remaining Stop codons is reprogrammed to decode the additional aa instead.

V.1. Pyl-tRNA Pyl synthesis and incorporation

Pyrrolysyl-tRNA synthetase (PylRS) ressembles a calssical class II aaRS and belongs to this class [START_REF] Blight | Direct charging of tRNA(CUA) with pyrrolysine in vitro and in vivo[END_REF]. However, tRNA Pyl displays particularities since its V-loop is composed of only 3 nt, its anticodon binding stem is extended to six base-pairs instead of five, its D-loop harbors only 5 nt, its T-loop lacks the canonical T C motif and finally its junction between the D-stemloop and the acceptor stem is ensured only by one base [START_REF] Srinivasan | Pyrrolysine encoded by UAG in Archaea: charging of a UAG-decoding specialized tRNA[END_REF]. Furthermore, tRNA Pyl is an amber suppressor tRNA that specifically decodes UAG stop codon in a contextdependent manner. This means that a UAG can either be a stop codon or a "Pyl" codon depending if it is followed by a mRNA secondary structure called PYLIS (the context)that facilitate Pyl incorporation [START_REF] Theobald-Dietrich | Evidence for the existence in mRNAs of a hairpin element responsible for ribosome dependent pyrrolysine insertion into proteins[END_REF]. However, the PYLIS element was found not to be essential for Pyl incorporation. Finally, upon release from PylRS, Pyl-tRNA Pyl is efficiently channeled to the ribosome by the regular elongation factor-Tu (EF-Tu) or -1A (EF-1A) [START_REF] Krzycki | Function of genetically encoded pyrrolysine in corrinoid-dependent methylamine methyltransferases[END_REF]).

V.2. Sec-tRNA Sec synthesis

In contrast to the case of Pyl-tRNA Pyl , no SecRS has been found so far, which implies that Sec-tRNA Sec must be synthetized through an alternate pathway (Figure I-6). The first step of this pathway is in all cases catalyzed by SerRS which mischarges tRNA Sec with Ser while the following events are carried out by two different mechanisms according to the organism's origin. In bacteria, selenocysteine synthase (SelA) replaces, tRNA-dependently, the -SH group of the charged Ser by -SeH using seleno-phosphate as donor resulting into the synthesis of Sec-tRNA Sec [START_REF] Leinfelder | Gene for a novel tRNA species that accepts L-serine and cotranslationally inserts selenocysteine[END_REF]. In eukaryotes and archaea, Ser-tRNA Sec is phosphorylated by O-phosphoseryl-tRNA kinase (PSTK) to obtain O-phosphoseryl-tRNA Sec subsequently transformed to Sec by SepSecP [START_REF] Yuan | RNA-dependent conversion of phosphoserine forms selenocysteine in eukaryotes and archaea[END_REF]. Like tRNA Pyl , tRNA Sec has some particularities, namely an extended V-loop (which qualifies it as class II tRNA), an acceptor stem having of 8 bp instead of classically 7 bp, a longer D-stem and a

shorter T-stem [START_REF] Hubert | The 9/4 secondary structure of eukaryotic selenocysteine tRNA: more pieces of evidence[END_REF]. As EF-Tu only recognizes aa-tRNAs in which the tRNA acceptor stem has 7 bp, Sec-tRNA Sec cannot be channeled by EF-Tu and must be brought to the ribosome by a specific elongation factor called SelB in bacteria [START_REF] Rasubala | Crystallization and preliminary X-ray analysis of the mRNA-binding domain of elongation factor SelB in complex with RNA[END_REF] and eEF-Sec in eukaryotes and archaea [START_REF] Tujebajeva | Decoding apparatus for eukaryotic selenocysteine insertion[END_REF]. Furthermore, tRNA Sec is an opal suppressor tRNA that decodes the UGA stop codon in a context-dependent manner, since recognition of UGA Sec codons requires the presence of a so called SECIS element (a stem-loop) located either near the UGA codon (bacteria) [START_REF] Liu | The nature of the minimal 'selenocysteine insertion sequence' (SECIS) in Escherichia coli[END_REF] or in the 3'UTR (eukaryotes and archaea) of selenoprotein mRNAs [START_REF] Zinoni | Features of the formate dehydrogenase mRNA necessary for decoding of the UGA codon as selenocysteine[END_REF][START_REF] Berry | Functional characterization of the eukaryotic SECIS elements which direct selenocysteine insertion at UGA codons[END_REF]. 

VI.aaRS substrates specificity

Because aminoacylation is crucial to ensure faithful correspondence between a given codon and the aa incorporated at a precise position of the growing peptide, life has evolved various checkpoints and mechanisms to avoid mis-aminoacylation and mis-incorporation. Obviously, accurate synthesis of aa-tRNAs is one of these checkpoints and is mediated by aaRS substrate specificities. However, aaRS sometimes generate non-cognate aa-tRNA species that must be avoided from the translational machinery through the action of so called pre-and/or post-transfer editing mechanisms that, as their name indicate, occur prior and/or after to transfer of the activated aa onto the cognate tRNA. I will not go into details, but the reader can refer to following excellent reviews (Ling et al., 2009;Rubio Gomez and Ibba 2020) and to Figure I-7 to have a very succinct and schematic overview of editing check-points. Furthermore, EF-Tu and EF-1A carrying the aa-tRNA to the ribosome as well as the ribosome itself significantly participate to avoid aa misincorporation [START_REF] Lariviere | Uniform binding of aminoacyl-tRNAs to elongation factor Tu by thermodynamic compensation[END_REF]. Nevertheless, translation remains the most error prone step during the entire process of transfer of genetic information: (10 -4 ) for translation compared to (10 -5 ) for transcription and (10 -8 ) for DNA replication [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]. This is coherent since incorporated mutations into DNA are maintained until cell death whereas errors occurring during transcription and translation are ephemeral and are not conserved for the next expression cycle [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].

However, accumulation of mis-translational events and thus of truncated or mis-folded proteins is harmful for the cell as illustrated by the important evolutionary pressure to ensure accurate aminoacylation.

VI.1. tRNA identity elements

aaRS recognize first the tRNA by its L-shaped structure yielding non-specific interactions that result majorly from the fact that the RNA backbone is ubiquitously composed of ribose and phosphate that interacts through electrostatic interaction with positively charged residues of aaRS. tRNA are further inspected by aaRS through semi-specific interactions that depends on their structure, base stacking, and charge distribution [START_REF] Beuning | Transfer RNA recognition by aminoacyl-tRNA synthetases[END_REF][START_REF] Tworowski | Electrostatic potential of aminoacyl-tRNA synthetase navigates tRNA on its pathway to the binding site[END_REF][START_REF] Perona | Indirect readout of tRNA for aminoacylation[END_REF]. This step allows aaRS to recognize the global shape of the tRNA in
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Editing pathways are divided in pre-(orange background) and post-transfer editing (green background) and are indicated in bold. In addition to the active site, the catalytic domain of some aaRSs, contains an editing site that proofreads the edited within the catalytic domain of the aaRS. After the second step of aminoacylation (transfer), the (B) The editing aaRSs with their corresponding edited aa are listed in the lower panel, as well as trans-editing factors with α-aminobuty-Ling, Reynolds and Ibba, 2009;Rubio andIbba, 2020 and[START_REF] Debard | Molecular dynamic of the methionyl-tRNA synthetase and its novel non-canonical functions in the yeast S. cerevisiae[END_REF] 
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Ala order to discriminate it from other RNAs and macromolecules. The "initial" interactions also participate to the discrimination of class II tRNA due to their large V-(stem-)loop for example [START_REF] Asahara | Recognition nucleotides of Escherichia coli tRNA(Leu) and its elements facilitating discrimination from tRNASer and tRNA(Tyr)[END_REF][START_REF] Park | Evidence for interaction of an aminoacyl transfer RNA synthetase with a region important for the identity of its cognate transfer RNA[END_REF][START_REF] Dock-Bregeon | The contacts of yeast tRNA(Ser) with seryl-tRNA synthetase studied by footprinting experiments[END_REF]. Specific interactions occur then between the aaRS and specific nt of the tRNA called determinants that were defined as nt that increase significantly the aaRS-tRNA interaction and the tRNA aminoacylation rate. On another hand, anti-determinants correspond to nt that prevent recognition and/or charging of a non-cognate tRNA. Determinants and anti-determinants represent therefore identity elements and are mostly located in the acceptor-stem and the anticodon-stem-loop highly prone to sequence variation in contrast to the well conserved D-and T-stem-loop [START_REF] Giege | 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]. Positions 35,[START_REF] Bock | Selenocysteine, a highly specific component of certain enzymes, is incorporated by a UGA-directed co-translational mechanism[END_REF] and in a lesser extend the wobble position 34 forming the tRNA anticodon specific for each aa are important determinants but other nt such as the discriminator base at position 73 (just before the CCA acceptor end) are also often crucial identity elements. For example, yeast tRNA Asp identity (isoacceptors and isodocoders) is composed of the anticodon triplet (G34, U35, C36), the G38 nt, the wobble base pair G10-U25 located in the D-stemloop and the discriminator base G73 whereas methylated m 1 G37 is an anti-determinant to prevent mis-aminoacylation by ArgRS (Figure I-8) [START_REF] Putz | Identity elements for specific aminoacylation of yeast tRNA(Asp) by cognate aspartyl-tRNA synthetase[END_REF][START_REF] Putz | A single methyl group prevents the mischarging of a tRNA[END_REF]. Thus, as mentioned in the corresponding section, nt modifications participate also to accurate tRNA selection.

Furthermore, even if the set of of the major identity elements is usually conserved across species minor identity element may varies among species. For example, in E. coli, tRNA Asp identity elements are the same as for yeast except that G2-C71 is an additional determinant and G10-U25 wobble pair is not [START_REF] Moulinier | The structure of an AspRS-tRNA(Asp) complex reveals a tRNA-dependent control mechanism[END_REF]. Finally, tRNA Ala G3-U70 is a good example of a highly conserved and robust identity element considered as determinant and anti-determinant (against ThrRS) regardless of the species considered [START_REF] Giege | Universal rules and idiosyncratic features in tRNA identity[END_REF].

VI.2. Aa recognition

Studies showed that aaRS select the cognate aa through various mechanism. This selection is very challenging for the cell since beside the important pool of non-proteogenic aa present in the cell, the differences between proteogenic aa are sometimes subtle as for example Gly and Ala , 4-thiouridine, m 1 G, 1-methylguanosine; m 2 A, 2-methyladenosine) are in orange. Among them, the gray-shaded m 1 G 37 is an anti-determinant which prevents mischarging of S. cerevisiae Asp by ArgRS. 
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proteogenic aa from all others, either through a Ser (eukaryotes) residue or two Thr residues (bacteria) in its catalytic site [START_REF] Valencia-Sanchez | Structural Insights into the Polyphyletic Origins of Glycyl tRNA Synthetases[END_REF]. Other aaRS use a mechanism involving a metal atom that is coordinated by residues within the aaRS active site. Through binding of the cognate aa the coordination state undergoes a conformational change which is not induced by the non-homologous aa and consequently hinders its mis-activation. In this way SerRS from methanogenic archaea, CysRS and ThrRS discriminate their cognate aa from Thr, Ser and Val respectively [START_REF] Bilokapic | Structural flexibility of the methanogenic-type seryl-tRNA synthetase active site and its implication for specific substrate recognition[END_REF][START_REF] Zhang | Zinc-mediated amino acid discrimination in cysteinyl-tRNA synthetase[END_REF][START_REF] Sankaranarayanan | Zinc ion mediated amino acid discrimination by threonyl-tRNA synthetase[END_REF]. It was also shown that the active site configuration of at least, TyrRS, CysRS, some SerRS, AspRS and ArgRS are highly selective for their aa whereas MetRS, IleRS, LeuRS, ValRS, AlaRS, LysRS, ProRS, PheRS, and ThrRS can activate and/or aminoacylate non-cognate aa [START_REF] Jakubowski | Editing of errors in selection of amino acids for protein synthesis[END_REF][START_REF] Jakubowski | Quality control in tRNA charging --editing of homocysteine[END_REF]). However, even though the aaRS cited here are "highly selective" for their aa, some of them as for example TyrRS have large aa binding pockets and thus discriminate hardly Land D-enantiomers. In contrast, aaRS charging small aa, have smaller aa binding pockets, avoid Daa mainly through steric exclusion or inappropriate positioning with respect to catalysis. For this reason, evolutionary pressure has led to the inheritance of proofreading domains responsible for editing of mischarged aa-tRNA.

VII. Final remarks

Each living cell contain a set of aaRSs that can vary from one species to another, but they must unequivocally provide at least 20 aa-tRNA substrates brought the ribosome by EF-Tu (or EF-1a). To ensure accurate aminoacylation and translation, the aaRS substrates must be produced in sufficient amount and specificity. This overall process includes several tRNA maturation that I haven't described in details but that are essential too [START_REF] Vare | Chemical and Conformational Diversity of Modified Nucleosides Affects tRNA Structure and Function[END_REF][START_REF] Hopper | Transfer RNA post-transcriptional processing, turnover, and subcellular dynamics in the yeast Saccharomyces cerevisiae[END_REF][START_REF] Hopper | tRNA Processing and Subcellular Trafficking Proteins Multitask in Pathways for Other RNAs[END_REF]. In addition, accurate tRNA aminoacylation is challenging for aaRS and thus evolution put a considerable pressure to develop various quality control mechanisms. aaRS preand post-editing mechanisms occurring through cis-and trans acting elements are important checkpoints to ensure accurate aminoacylation (Rubio [START_REF] Gomez | Aminoacyl-tRNA Synthetases[END_REF]Ling et al., 2009).

However quality control steps occur also during the transfer of the set of aa-tRNAs mediated by EF-Tu which is not described into details but also very important [START_REF] Kuncha | Chiral checkpoints during protein biosynthesis[END_REF]. Synthetic studies using flexizymes investigated the rate of D-aa incorporation into growing peptides and showed that some D-aa are more prone to be incorporated into the growing peptide and can reach up to 40 % of elongation efficiencies [START_REF] Fujino | Reevaluation of the D-amino acid compatibility with the elongation event in translation[END_REF]. However, in physiological systems, the ribosome was shown to hinder the peptide bond formation between the D-aa-tRNA located in the A-site and the peptidyl-tRNA in the P-site. Thus, all along the process starting from the selection of the cognate aa and tRNA pairs by aaRSs until the transfer of the aa onto the growing peptide, numerous checkpoints ensure the accurate synthesis and usage of aa-tRNA to avoid misincorporations. Despite this numerous checkpoints, mis-incorporation of aa occurs during translation and are in most cases detrimental for cells. However, recent studies highlighted that under certain environmental conditions, these events induce selective advantages [START_REF] Pan | Adaptive translation as a mechanism of stress response and adaptation[END_REF] as for example mis-methionylation of protein under oxidative stress is a mean for cells to "absorb" reactive oxygen species (Ribas de [START_REF] Ribas De Pouplana | Protein mistranslation: friend or foe?[END_REF][START_REF] Wiltrout | Misacylation of tRNA with methionine in Saccharomyces cerevisiae[END_REF].

As described above aaRS are modular enzymes organized around the catalytic domain and eventually the tRNA binding domain, required to achieve tRNA aminoacylation. In addition, they have inherited additional domains (mostly in eukaryotes) [reviewed in [START_REF] Guo | Architecture and metamorphosis[END_REF]] that resulted in 1) the capacity to form Multi-Synthetase Complexes (MSC) seen as cytoplasmic reservoirs for relocating multifunctional aaRSs [reviewed in [START_REF] Laporte | Exploring the evolutionary diversity and assembly modes of multi-aminoacyl-tRNA synthetase complexes: lessons from unicellular organisms[END_REF][START_REF] Mirande | The Aminoacyl-tRNA Synthetase Complex[END_REF] and 2) the participation of those aaRS in a plethora of additional functions that range from transcription regulation to the modulation of angiogenesis [reviewed in [START_REF] Guo | Essential nontranslational functions of tRNA synthetases[END_REF]].

These two consequences are intimately related since relocation of MSC-bound aaRSs but also of "freestanding" aaRSs usually is a prerequisite to achieve non-canonical functions, including essential processes that can link aaRS to diseases [reviewed in [START_REF] Park | Aminoacyl tRNA synthetases and their connections to disease[END_REF][START_REF] Yao | Aminoacyl-tRNA synthetases in medicine and disease[END_REF]]. During my thesis I participated as a first author to the publication of an article in which we reviewed all aaRS relocations and their associated canonical and non-canonical functions [please refer to [START_REF] Yakobov | Cytosolic aminoacyl-tRNA synthetases: Unanticipated relocations for unexpected functions[END_REF] at the end of the manuscript].

40

B. Deviating aa-tRNA from protein biosynthesis by dupli-GNAT aa-tRNA transferases.

As detailed in the previous chapter, the fundamental role of tRNAs is to define and translate the genetic code. However, the tRNA can be hijacked to achieve several functions beyond protein biosynthesis [START_REF] Katz | Non-canonical roles of tRNAs and tRNA mimics in bacterial cell biology[END_REF]. When aminoacylated, tRNAs, whose primary function is to participate to protein synthesis, can also be rerouted from the translational machinery -either by a distinct enzyme or, more rarely, by an aaRS fused domain -and serve as substrate for other mechanisms (Figure A-1). Those aa-tRNA utilizing enzymes were extensively reviewed elsewhere (Moutiez et al., 2017) and in our recent review where we presented those aspects too [please refer to (Hemmerle et al., 2020) at the end of the manuscript].

Among them, aminoacyl-tRNA transferases (ATT) are enzymes that hijack aa-tRNAs and transfer the aa onto a wide range of substrates. For example, Cyclodipeptide Synthases (CDPS), sequentially use two aa-tRNAs and catalyze the formation of cyclodipeptides. Among them, AlbC from Streptomyces noursei synthetizes cyclo-(L-Phe-L-Leu), by utilizing Phe-tRNA Phe and Leu-tRNA Leu [START_REF] Lautru | The albonoursin gene Cluster of S noursei biosynthesis of diketopiperazine metabolites independent of nonribosomal peptide synthetases[END_REF][START_REF] Gondry | Cyclodipeptide synthases are a family of tRNA-dependent peptide bond-forming enzymes[END_REF]. Thereafter, CDPS synthetized products are modified by numerous cyclodipeptides-tailoring enzymes which enables the formation of several diketopiperazines [START_REF] Giessen | Ribosome-independent biosynthesis of biologically active peptides: Application of synthetic biology to generate structural diversity[END_REF][START_REF] Jacques | Analysis of 51 cyclodipeptide synthases reveals the basis for substrate specificity[END_REF]. Those aa-tRNA-dependent synthases are structurally characterized by the presence of a Rossman fold which resembles those found in class Ic aaRSs (i. e. TyrRS and TrpRS) [START_REF] Sauguet | Cyclodipeptide synthases, a family of class-I aminoacyl-tRNA synthetase-like enzymes involved in nonribosomal peptide synthesis[END_REF].

Class I lanthipeptide [START_REF] Chatterjee | Biosynthesis and mode of action of lantibiotics[END_REF]) (e. g. the lantibiotic nisin) and thiopeptides [START_REF] Bagley | Thiopeptide antibiotics[END_REF] are subfamilies of ribosomally synthesized and post-translationally modified peptides (RiPP). Both subfamilies members contain unconventional didehydroalanine (Dha) and/or didehydroaminobutyric acid (Dhb) aa in their peptide sequences that result from Glu-tRNA Glu dependent dehydration of Ser and Thr residues by LanB enzymes, respectively. These enzymes belong also to ATT because during the enzymatic reaction Glu is transferred from its tRNA onto the lateral hydroxyl group of the target residue. The subsequent elimination of Glu results in dehydrated Ser or Thr. Structurally, LanB or LanB-like enzymes contain a N-terminal lanthipeptide dehydratase domain and a small C-terminal SpaB_C domain (Moutiez et al., 2017).

To better replace the topic of my thesis among aa-tRNA utilizing enzymes, I will focus here on a structurally unrelated ATT family regarding those mentioned in the previous paragraphs.

Enzymes from this class catalyze the transfer of an aa from their cognate tRNA onto a broad range of second substrates and importantly, they are structurally characterized by the presence of GCN5- streptomycin) while GCN5 histone acetyl transferases found in yeast Sce acetylate Lys residues of histones [START_REF] Brownell | Tetrahymena histone acetyltransferase A: a homolog to yeast Gcn5p linking histone acetylation to gene activation[END_REF]Favrot et al., 2016).

In addition to single-GNAT containing enzymes, there are other transferases that contain GNAT subdomains in tandem (Dupli-GNAT). However, according to the enzyme, both GNAT domains can be linked in two different ways. In acetyl-or acyl-CoA dependent transferases, both GNAT domains are attached by a flexible loop. For example, MshD (which is a transferase but not an ATT)

acetylates 1-D-myo-inosityl-2-L-cysteinylamino-2-deoxy--D-glucopyranoside (Cys-GlcN-Ins)
during the last step of Mycothiol (MSH) synthesis found in actinobacteria [START_REF] Koledin | Identification of the mycothiol synthase gene (mshD) encoding the acetyltransferase producing mycothiol in actinomycetes[END_REF]. The the aminoglycoside acetyltransferase from S. enterica as an example of single GNAT containing protein in contrast to other factors, such as the Mycothiol Synthase from actinobacteria, that contain GNAT folds in tandem, sepaand . In contrast, Fem ligases achieve tRNA dependent ATT activities and also contain a Dupli-GNAT organization but importantly both GNAT domains are separated by the "hallmark" of Dupli-GNAT/ATTs, namely the positively charged -helix (red). Note the coiled coil inserted in GNAT domain 2 of S. aureus Fem A, in comparison to Fem X from W. viridescens. GNAT domain 1 and 2 are colored in green pale and light blue, respectively. PDB references are indicated for each structure. 3D structure of MshD from M. tuberculosis revealed that GNAT1 and GNAT2 domains are linked by a flexible loop [START_REF] Vetting | Crystal structure of mycothiol synthase (Rv0819) from Mycobacterium tuberculosis shows structural homology to the GNAT family of N-acetyltransferases[END_REF][START_REF] Vetting | The substrate-induced conformational change of Mycobacterium tuberculosis mycothiol synthase[END_REF] 

(Figure I-10B).
In contrast, several dupli-GNAT containing ATTs (aminoacyl-tRNA transferases) were described and shown to link both GNAT domains by a positively charged (Lys-and Arg-containing) alpha helix (Moutiez et al., 2017). In the lab, we noticed that this so-called II is further modified by the tRNA dependent addition of a peptide-bridge directly linked onto the stem peptide. This Lipid II modification mechanism is achieved by ATT activities of Fem ligases but the number of aa constituting the peptide bridge vary from one species to another. After translocation to the periplasm, peptidoglycan subunits are incorporated into the growing sacculus, notably though a transpeptidation mechanism between the free extremity of the peptide-bridge and the stem-peptide of an adjacent lipid II (Hemmerle et al., 2020).

The crystal structure of Weisellia viridescens FemX [START_REF] Fonvielle | The structure of FemX(Wv) in complex with a peptidyl-RNA conjugate: mechanism of aminoacyl transfer from Ala-tRNA(Ala) to peptidoglycan precursors[END_REF] and S. aureus

FemA [START_REF] Benson | X-ray crystal structure of Staphylococcus aureus FemA[END_REF] involved in the modification of peptidoglycan have been obtained and showed that, indeed, both ATTs share similar dupli-GNAT folds (Figure I-10C & D). S. Aureus FemA possesses an additional coiled coil structure, absent in FemX, that was proposed to participate in Gly-tRNA Gly binding. This coiled-coil domain has a strong structural homology with the N-terminal and tRNA-binding domain of bacterial seryl-tRNA synthetases (SerRS) [START_REF] Benson | X-ray crystal structure of Staphylococcus aureus FemA[END_REF][START_REF] Belrhali | Crystal structures at 2.5 angstrom resolution of seryl-tRNA synthetase complexed with two analogs of seryl adenylate[END_REF]. Both GNAT domains face to each other so that the extended cleft formed between them can accommodate and bring the two substrates (i. e. lipid II and the aa-tRNA) close together.

Importantly, in FemX, the UDP-MurNAc-stem-peptide (precursor of the peptidoglycan subunit, that 
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FemX

FemA FemB

is the "acceptor" substrate of the enzyme, onto which the aa moiety shall be transferred) is mainly recognized by the GNAT1 subdomain, while the acceptor stem of the aa-tRNA donor is accommodated by the GNAT2 subdomain [START_REF] Fonvielle | The structure of FemX(Wv) in complex with a peptidyl-RNA conjugate: mechanism of aminoacyl transfer from Ala-tRNA(Ala) to peptidoglycan precursors[END_REF]. Recognition of the aa-tRNA moiety by the GNAT2 domain seems to be a common feature of dupli-GNAT ATTs, which explains that recognition and binding modes of aa-tRNA are conserved among these proteins (Moutiez et al., 2017).

We noticed that the GNAT2 domain is more often conserved in terms of sequence, despite the fact that those enzymes have to accommodate different aa-tRNA substrates suggesting that the presence of key residues within the GNAT2 structure. However, the "acceptor" substrate (that becomes aminoacylated) strongly differs between ATT types and is generally achieved by GNAT1, whose features are idiosyncratic at least to each substrate class. Transferases involved in tRNAdependent synthesis of antibiotics constitute another example of enzymes containing a dupli-GNAT domain. For example, VlmA, DhpHK, PacB and Orf11 utilize Ser-tRNA Ser , Gly-tRNA Gly , Leu-tRNA Leu , Ala-tRNA Ala and Val-tRNA Val (Moutiez et al., 2017). Even if the structures of those enzymes have not been determined yet, sequence analyses and structure prediction confirm that the two GNAT domains are always separated by a bona fide (+) helix that would help bind the aa-tRNA substrate (F. Fischer, personal communication). The role of the (+) helix in tRNA binding seems to be confirmed by the orientation of the tRNA CCA mimic used in the crystal structure of FemX [START_REF] Fonvielle | The structure of FemX(Wv) in complex with a peptidyl-RNA conjugate: mechanism of aminoacyl transfer from Ala-tRNA(Ala) to peptidoglycan precursors[END_REF].

Finally, one dupli-GNAT ATT family essential for the understanding of my work was not mentioned in this part namely aminoacyl-lipid synthases (aaLS) that aminoacylate lipids using aa-tRNAs as aa donor. The description of this class of enzymes is the aim of the coming chapter. The minimal glycerophospholipid unit is the well-known phosphatidic acid (PA) composed of glycerol esterified on position sn1 and sn2 with two fatty acid chains and on sn3 with a phosphate group . However, PA is rarely found in the bacterial cytoplasmic membrane, rather acting as a lipid precursor (comparable to CDP-DAG). In bacteria, major glycerophospholipids found in the cytoplasmic membrane are PG, cardiolipin (CL, diphosphatidylglycerol) and phosphatidylethanolamine (PE), while phosphatidylcholine (PC; zwitterionic) and phosphatidylserine (PS; anionic), if present, are mainly used as precursors or intermediates during glyerolipid biosynthesis [START_REF] Geiger | Amino acid-containing membrane lipids in bacteria[END_REF][START_REF] Sohlenkamp | Bacterial membrane lipids: diversity in structures and pathways[END_REF].

O H3 N + Alanyl-Diacylglycerol (AlaDAG) cationic (+1) O O NH 3 + Phosphatidylserine (PS) anionic (-1) H 3 N + Phosphatidylethanolamine (PE) zwitterionic (0) Phosphatidylcholine (PC) zwitterionic (0) Phosphatidic acid (PA) anionic (-2) Diacylglycerol (DAG) zwitterionic (0) H O H O glyc-a glyc-C n sn1 sn2 sn3 Phosphatidylglycerol (PG) anionic (-1) Lysyl-PG (LysPG) cationic (+1) O H 3 N + H 3 N H 3 N H 3 N H 3 N H 3 N + + + + + H 3 N + Ornithyl-PG (OrnPG) cationic (+1) O H 3 N + Arginyl-PG (ArgPG) cationic (+1) O H 3 N + NH NH Alanyl-PG (AlaPG) zwitterionic (0) O H 3 N H 3 N H 3 N H 3 N H 3 N + O O glyc-C n glyc-C n H O glyc-a Cardiolipin (CL) anionic (-2) Alanyl-Cardiolipin (AlaCL) anionic (-1) O H 3 N + + Lysyl-Cardiolipin (LysCL) zwitterionic (0) 
However few exceptions exist such as in Bacillus megaterium, where the amount of PS reaches 5-10 % of total lipids [START_REF] Langley | Biosynthesis of phospholipids in Bacillus megaterium[END_REF]. Structures of those lipids are depicted in Figure I-12.

A particularly interesting feature in the bacterial cytoplasmic membrane is the ratio between anionic and zwitterionic lipids. The amounts of PE, PG and CL vary significantly between

Gram-negative and Gram-positive bacteria. In Gram-negatives, such as E. coli, Pseudomonas aeruginosa or Proteus mirabilis ( -proteobacteria) the zwitterionic PE represents 60-80 % of total lipids and PG 10-21 %. In contrast, Gram-positive bacteria have generally very low amounts of zwitterionic lipids in comparison to anionic-lipids [START_REF] Epand | Bacterial lipid composition and the antimicrobial efficacy of cationic steroid compounds (Ceragenins)[END_REF]. For example, in

Staphylococcus aureus (Firmicute) the phospholipid content is of 58 % PG and 42 % CL (anionic) [START_REF] Beining | Characterization of the lipids of mesosomal vesicles and plasma membranes from Staphylococcus aureus[END_REF], which resembles the 50-50 % PG-CL repartition of Streptococcus pneumonia (Firmicute) [START_REF] Trombe | Lipid composition of aminopterin-resistant and sensitive strains of Streptococcus pneumoniae. Effect of aminopterin inhibition[END_REF].

However, exceptions to those tendencies exist. For instance, the Gram-negative

Caulobacter crescentus has increased amounts of the anionic PG (at least 40 %) [START_REF] Jones | Phospholipids of the differentiating bacterium Caulobacter crescentus[END_REF][START_REF] Contreras | Membrane phospholipid composition of Caulobacter crescentus[END_REF][START_REF] De Siervo | Analysis of caulobacter crescentus lipids[END_REF], while the Gram-positive Bacillus subtilis has unusually high amount of PE (60 %) [START_REF] Clejan | Membrane lipid composition of obligately and facultatively alkalophilic strains of Bacillus spp[END_REF] [reviewed in [START_REF] Epand | Bacterial lipid composition and the antimicrobial efficacy of cationic steroid compounds (Ceragenins)[END_REF]].

Furthermore, this lipid repartition must be considered carefully and put into perspective, since important variations occur with and/or upon environmental changes. For example, under acidic pH conditions, PG amounts vary in S. aureus [START_REF] Haest | Chages in permeability of Staphylococcus aureus and derived liposomes with varying lipid composition[END_REF] and another study demonstrated increased CL (5 up to 30 %) and decreased PG (76 down to 38 %) following shift from exponential to stationary growth phase [START_REF] Short | Metabolism of phosphatidylglycerol, lysylphosphatidylglycerol, and cardiolipin of Staphylococcus aureus[END_REF]. More recently, [START_REF] Gidden | Lipid Compositions in Escherichia coli and Bacillus subtilis During Growth as Determined by MALDI-TOF and TOF/TOF Mass Spectrometry[END_REF] provided a comparative study of the lipid contents in E. coli and B. subtilis throughout growth phases.

Importantly, membrane lipids, especially glycerolipids, contribute to the global negative charge observed in bacterial cytoplasmic membranes. Gram-positive bacteria contain higher PG/PE ratios than Gram-negative cells, explaining that the global negative charge is higher than Gramnegative cytoplasmic membranes [START_REF] Epand | Bacterial lipid composition and the antimicrobial efficacy of cationic steroid compounds (Ceragenins)[END_REF]Atila and Luo 2016). The high level of anionic components in the cytoplasmic membrane was often related to the higher susceptibility of Grampositive bacteria to cationic antimicrobial peptides (CAMPs) and ceragenins (i. e. cationic steroid antimicrobials corresponding to bile acid derivates decorated by amines) in comparison to Gramnegatives [START_REF] Epand | Bacterial lipid composition and the antimicrobial efficacy of cationic steroid compounds (Ceragenins)[END_REF]. In contrast, high PE levels in the cytoplasmic membrane were shown to confer high susceptibility to other antimicrobials such as certain / -peptides [START_REF] Epand | Role of membrane lipids in the mechanism of bacterial species selective toxicity by two alpha/beta-antimicrobial peptides[END_REF].

Taken together, the lipids mentioned above are major phospholipids found in all species (prokaryotes and eukaryotes), either as part of the cytoplasmic membrane or as important lipid precursors. However, in terms of diversity, there are innumerable other lipid components of very different classes found across bacteria [START_REF] Sohlenkamp | Bacterial membrane lipids: diversity in structures and pathways[END_REF], including phosphoinositides, sterols, hopanoids, plasmalogens, sphingolipids and others. In addition, there is another class of lipids that was not mentioned before namely, amino-acid-containing lipids.

I.1. The distinct classes of amino-acid-containing lipids

Beside the ubiquitous and well-known glycerolipids described above, cell membranes also contain lipids that can be decorated with aa's. Many studies already suggested during the late 50's the presence of lipoamino-acids such as Penicillium spp. [START_REF] Gaby | The role of phospholipides in the metabolism of amino acids by the mold Penicillium chrysogenum[END_REF], Pseudomonas spp. etc but also in Drosophila melanogaster [START_REF] Westley | Phospholipides containing amino acids other than serine. I. Detection[END_REF] and animal tissues as for example in hen-oviduct [START_REF] Hendler | Passage of radioactive amino acids through nonprotein fractions of hen oviduct during incorporation into protein[END_REF]) and rabbit tissues [START_REF] Gaby | The role of phospholipides in the metabolism of amino acids. II. The incorporation of leucine and tyrosine in liver phospholipides[END_REF][START_REF] Hunter | Lipo-amino acid complexes from Bacillus megaterium and their possible role in protein synthesis[END_REF]. However, the lack of chemical compositions and consequently the difficulties to distinguish unequivocally those lipids from other metabolites that contain amino-acids as well as the presence of artefacts, led to strong doubt concerning their very existence [START_REF] Hunter | Lipo-amino acid complexes from Bacillus megaterium and their possible role in protein synthesis[END_REF][START_REF] Macfarlane | Phosphatidylglycerols and lipoamino acids[END_REF]. Finally, the study of MacFarlane in 1962 [START_REF] Macfarlane | <macfarlane1962_Lipoaminoacids in particular AlaPG inC. welchii[END_REF]) marked a fundamental breakthrough and in the following decades the number of described amino-acidcontaining lipids greatly increased. Importantly, those lipoamino acids belong to different classes that can be divided according to the chemical link between the amino-acid moiety and the other part of the molecule. In fact, attachment of the aa moiety can occur via;

i. the lateral chain of the aa, as it is the case for the above-mentioned PS. In the case of PS, serine is attached to the glycerophospholipid through a phosphoester bond .

PS is the only lipid for which the attachment between the aa and the phospholipid is catalyzed by an alcohol phosphotransferase [START_REF] Sohlenkamp | Phosphatidylethanolamine is not essential for growth of Sinorhizobium meliloti on complex culture media[END_REF][START_REF] Geiger | Amino acid-containing membrane lipids in bacteria[END_REF].

ii. the -NH2 group of the aa, as in N-amino-acylated lipids; for example, Ornithine Lipids (OL) that are widely found in bacteria, especially within the Gram-negative outer membranes, but are not found in eukaryotes [START_REF] Vences-Guzman | Ornithine lipids and their structural modifications: from A to E and beyond[END_REF]. Other bacterial lipids belonging to this group are glutamine lipids, cerilipins, N-acyl-leucine, N-acyl-Dasparagine, N-acyl-serine, among others [START_REF] Geiger | Amino acid-containing membrane lipids in bacteria[END_REF]. N-aminoacylated lipids are also found in eukaryotes [START_REF] Hanus | N-Acyl amino acids and their impact on biological processes[END_REF] and more complex components such as proteolipids and lipopeptides where largely described throughout all kingdoms.

iii. the -COOH group of the aa, making O-amino-acylated lipids. To this class belong O-aminoacid esters of glycerolipids that will be further developed in the following sections. For the sake of clarity, in this manuscript, "aminoacylated lipids" (aaL) shall be considered hydroxyl-containing lipids to which a single aa is linked through its -carboxyl group.

I.2. The discovery of O-amino-acyl esters of glycerolipids since the early 60's

Marjorie G. MacFarlane was the first to provide strong evidence for the existence of Oamino-acyl esters of phospholipids. In 1962, she extracted total lipids from Clostridium welchii (now known as C. perfringens) and fractionated them using silicic acid and magnesium trisilicate column chromatography. Five fractions of interest were analyzed (A-E). A and B contained phosphatidylglycerols, fatty acid and glycolipids, whereas fraction C and D retained particular attention since they contained phospholipids that were ninhydrin-stained (amino-group positive).

From fraction C MacFarlane isolated and fully characterized the structure of alanylphosphatidylglycerol (AlaPG) but this study also evidenced lysyl-phosphatidylglycerol (LysPG)

(Figure I-12)
that was also confirmed in 1965 to be present in large amounts (60 % of total phospholipids) in S. aureus [START_REF] Macfarlane | <macfarlane1962_Lipoaminoacids in particular AlaPG inC. welchii[END_REF][START_REF] Macfarlane | Phosphatidylglycerols and lipoamino acids[END_REF][START_REF] Houtsmuller | On the amino acid esters of phosphatidyl glycerol from bacteria[END_REF]. Despite the fact that Macfarlane could detect other aa (Asp, Glu, Arg, His) in fraction D, further studies in the 60's showed that only Lys (S. aureus), Ala (C. perfringens) and ornithine (Bacillus cereus) [START_REF] Houtsmuller | Identification of a bacterial phospholipid as an Oornithine ester of phosphatidyl glycerol[END_REF] were O-amino-acyl esters of PG. Finally, in 1970, JM. [START_REF] Rezanka | LC-ESI-MS/MS identification of polar lipids of two thermophilic Anoxybacillus bacteria containing a unique lipid pattern[END_REF] and

Dos

V. fluvialis [START_REF] Fischer | D-Alanylcardiolipin, a major component of the unique lipid pattern of Vagococcus fluvialis[END_REF].

Finally, DAG was also found to be O-amino acylated. In Mycobacterium phlei, lysyldiacylglycerol (LysDAG; Figure I-12) was described [START_REF] Lerouge | Isolation and structural characterization of a new non-phosphorylated lipoamino acid from Mycobacterium phlei[END_REF] and more recently, Smith 

I.3. Structure of O-amino-acid esters of glycerolipids and their consequence on ionic characteristics.

Beside exceptions of AlaDAG and LysDAG, all other O-amino-acylated lipids (aaL) described so far, result from the esterification between the -carboxyl group of an aa and one of the hydroxyl groups of the glycerol moiety from PG or CL. However, PG and CL harbor two and three glycerol units respectively that must be distinguished. Therefore, Cn-glycerol shall describe the fatty acid-substituted glycerol, whereas the other glycerol that is attached to the aa moiety, will However, an important feature that must be considered is the consequence of such lipid aminoacylation on the charge of the resulting aaL. In fact, the presence of a phosphate group engaged in a phosphodiester bond confers a negative charge to PG (-1). The O-esterification of Lys implies that its -COO --engaged in an ester bond -does not contribute anymore to the overall charge of the aaL; however, Lys carries 2 positive charges due to its -NH3 + and its lateral-chain -NH3 + . Therefore, the resulting LysPG inverts the initial negative charge of PG to a cationic lipid (+1). Similarly, O-esterification of Orn or Arg brings a common -NH3 + and an additional (+1) from their lateral chain ( -NH3 + ) onto the anionic PG (-1), which yields cationic OrnPG (+1) and ArgPG makes PG (-1) or on CL (-2) zwitterionic AlaPG (0) and anionic AlaCL (-1) respectively. However, despite the fact that AlaCL remains anionic, this mechanism lowers the negativity of the final lipid.
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Finally, O-esterification of Lys or Ala onto the sole hydroxyl group of DAG's glycerol, leads to cationic LysDAG (+2) and AlaDAG (+1) . Furthermore, the effect that such ionic changes induce must be considered regarding the biological cytoplasmic membrane context.

I.4. O-aminoacylated lipids levels in bacterial cytoplasmic membranes.

After O-amino-acid esters of phospholipids had been described, many studies attempted to measure levels of those lipids (Table I-2) as well as their abundances with respect to growth phase and environmental cues. OrnPG was detected in B. megaterium and in M. tuberculosis (11-13 % of total phospholipids) but only in the presence of glucose [START_REF] Houtsmuller | On the Accumulation of Amino Acid Derivatives of Phosphatidylglycerol in Bacteria[END_REF][START_REF] Khuller | On the ornithinyl ester of phosphatidylglycerol of Mycobacterium 607[END_REF], whereas the ratio between LysPG and PG in S. aureus and in E.

faecalis significantly increased under the same conditions. However, these observations were finally attributed to pH variations as a direct consequence of glucose fermentation. When pH is stabilized at 7.4 in the absence of glucose, LysPG amount was very low (<8 %) whereas acidic conditions (pH = 4,8) induced 75 % of total LysPG production. Finally, when cells were cultivated under classical conditions (presence of glucose, starting pH = 7.4 without pH stabilization, 16 h at 37°C) the pH decreased to 4.8 and the rate of LysPG reached 40 % (stationary phase) [START_REF] Houtsmuller | On the Accumulation of Amino Acid Derivatives of Phosphatidylglycerol in Bacteria[END_REF][START_REF] Houtsmuller | On the amino acid esters of phosphatidyl glycerol from bacteria[END_REF]. These results were in agreement with 1) the increased amount of incorporated lysine into the lipid fraction observed by Gale and Folkes [START_REF] Gale | The Incorporation of Glycerol and Lysine into the Lipid Fraction of Staphylococcus Aureus[END_REF], 2) the fact that LysPG amount remains constant as long as pH is stabilized around 7.2 [START_REF] Short | Metabolism of phosphatidylglycerol, lysylphosphatidylglycerol, and cardiolipin of Staphylococcus aureus[END_REF]) and finally 3) the similar rate of LysPG obtained by Haest and colleagues in acidic conditions (80 % of total lipids) [START_REF] Haest | Chages in permeability of Staphylococcus aureus and derived liposomes with varying lipid composition[END_REF]. Whereas LysPG becomes the most abundant lipid under certain conditions, AlaPG in contrast was estimated to shift from 1% to only 6% in P. aeruginosa under acidification [START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF]. As an exception, Streptococcus mutans raises its AlaPG content up to 20 % during stationary phase [START_REF] Custer | The relative proportions of different lipid classes and their fatty acid compositions change with culture age in the cariogenic dental pathogen Streptococcus mutans UA159[END_REF]. Finally, the percentage of LysCL is assumed to vary among Listeria spp. from 12 % to 47.3 % during stationary phase [START_REF] Fischer | Polar lipids of four Listeria species containing L-lysylcardiolipin, a novel lipid structure, and other unique phospholipids[END_REF] whereas D-AlaCL was estimated to 11 % during the exponential phase and 26 % during the stationary phase in Vagococcus fluvialis [START_REF] Fischer | D-Alanylcardiolipin, a major component of the unique lipid pattern of Vagococcus fluvialis[END_REF].

This example of aaL amount variations arises the complexity to estimate the amount of lipids that varies according multiple parameters. However, many studies determined these (2), detected through heterologous expression of the aaLS; exp, exponential growth phase; stat, stationary growth phase; %, percentage of total phospholipids. AaLSs described in the literature are listed in characteristics for different aaL as reviewed by (Slavetinsky et al., 2017) and taken together, it seems that acidification of the growth environment and growth phase are the major parameter to induce aaL amount variation.

- - + - - - - Bacillus licheniformis 3% - - - - - - - Y X (LysPG) Bacillus megaterium + - - + - - - - Bacillus siamensis + - - - - - - - Bacillus subtilis L-and N-succinyl-LysPG (17%exp-15%stat) L-& D-AlaPG - - - - - - MprF (LysPG/AlaPG) Bacillus. thuringiensis 10% - - - - - - - Bthur0008_13400 (LysPG) Bi dobacterium spp. - + - - - - - - Brucella melitensis + - - - - - - - Burkholderia phymatum - 0,5% (2) - - - - - - Bphy_4019 (AlaPG) Caulobacter crescentus 10,4-11,4% - - - - - - - CC_2047 (LysPG) Clostridium perfringens + + - - - - - - Cpr MprF1 (AlaPG) Cpr MprF2 (LysPG) Cohnella spp. + - - - - - - - Corynebacterium glutamicum - + - - - - - + Cg1103 (AlaDAG) Enterococcus faecalis + + + - + - - - Enterococcus faecium + + + - -(1) - - - RakPGS (LysPG, AlaPG, ArgPG) Halobacillus halophilus - + - - - - - - Kineococcus radiotolerans - 0,5 % (2) - - - - - - Krad_4555 (AlaPG) Lactobacillus spp. + - - - - - - - Listeria innocua 8,6%stat - - - 12%stat - - - Listeria monocytogenes 30-70%stat; 5,4-25exp - - - 3-12,3%stat - - - Lmo1695 (LysPG, LysCL) Listeria seeligeri 2,9%stat - - - 37,4%stat - - - Listeria welshimeri 10,8%stat - - - 47,3%stat - - - Methanosarcina barkeri - + (2) - - - - - - Mbar_A2435 (AlaPG) Micrococcus luteus B-P26 + - - - - - - - Mycobacterium phlei - - - - - - + - Mycobacterium smegmatis + - - - - - - - LysX (LysPG) Mycobacterium tuberculosis + - - + - - - - LysX (LysPG) Mycoplasma laidlawii - L-& D-AlaPG - - - - - - Paenibacillus polymyxa - 4% (2) - - - - - - A-PGS (AlaPG) Pseudomonas aeruginosa PAO1 - 1-6%exp - - - - - - PA0920 (AlaPG) P. aeruginosa NCTC6750 + -(1) - - - - - - P. aeruginosa UCBPP-PA14 - 0,5-4% - - - - - - PA14_52350 (AlaPG) Pseudomonas putida - 0,5-5% (2) - - - - - - PP_1202 (AlaPG) Rhizobium tropici 0,6-1,2% - - - - - - - LpiA (LysPG) aphylococcus aureus 20-40% - - - - - - - MprF (LysPG) aphylococcus xylosus + - - - - - - - reptococcus agalactiae + - - - - - - - reptococcus mutans - 1,7-2,9%exp 13,2-20%stat - - - - - - reptococcus thermophilus 10% (2) - - - - - - - stu1256 ( 

I.5. Distribution of O-amino-acylated lipids throughout prokaryotes

Beside the relative amounts of aaL that varies from one bacterial species to another, it is also interesting to investigate the phylogenetic distribution of such membranous components. In fact, it was long assumed that aaLs are restricted to Gram positive bacteria including most of Firmicutes and many Actinobacteria. However, it became clear that aaLs are also present in Gram negative bacteria, not only as exceptions, but their occurrence is more limited and the aaL amount is generally lower [START_REF] Sohlenkamp | Bacterial membrane lipids: diversity in structures and pathways[END_REF]Slavetinsky et al., 2017). Especially LysPG, thought to be restricted to Gram positive bacteria was found in -proteobacteria Caulobacter crescentus [START_REF] Jones | Phospholipids of the differentiating bacterium Caulobacter crescentus[END_REF]) (around 10 %), Agrobacterium tumefaciens (Roy and Ibba 2009), Rhizobium tropici [START_REF] Sohlenkamp | The lipid lysyl-phosphatidylglycerol is present in membranes of Rhizobium tropici CIAT899 and confers increased resistance to polymyxin B under acidic growth conditions[END_REF], Brucella melitensis and in -proteobacteria P. aeruginosa NCTC 6750 [START_REF] Kenward | The influence of calcium or manganese on the resistance to EDTA, polymyxin B or cold shock, and the composition of Pseudomonas aeruginosa grown in glucose-or magnesium-depleted batch cultures[END_REF] (Table I-2). In Sphingomonas sp. ( -proteobacteria) [START_REF] Rowe | Lipid composition and taxonomy of [Pseudomonas] echinoides: transfer to the genus Sphingomonas[END_REF][START_REF] Zhang | Sphingomonas yunnanensis sp. nov., a novel gram-negative bacterium from a contaminated plate[END_REF], -proteobacteria Ralstonia solanacearum [START_REF] Yabuuchi | Transfer of two Burkholderia and an Alcaligenes species to Ralstonia gen. Nov.: Proposal of Ralstonia pickettii (Ralston, Palleroni and Doudoroff 1973) comb. Nov., Ralstonia solanacearum (Smith 1896) comb[END_REF], -proteobacteria Xanthomonas campestris [START_REF] Moser | Discovery of a bifunctional cardiolipin/phosphatidylethanolamine synthase in bacteria[END_REF] and -proteobacteria Stigmatella aurantiaca, significant amounts of an amino-phospholipid were detected but their identities are not clear. Furthermore, in many other species, homologs of factors responsible for aaL synthesis (aminoacyl-Lipid synthase detailed in Chapter C, § II) were detected and this argues for their potential ability to synthetize aaL even if the lipid was not detected so far [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. Whereas LysPG and in a lesser extent AlaPG were widely found in bacteria, the other above described O-aminoacylated lipids were reported in limited number. OrnPG was described in M. tuberculosis, B. cereus, B. megatherium [START_REF] Houtsmuller | On the Accumulation of Amino Acid Derivatives of Phosphatidylglycerol in Bacteria[END_REF][START_REF] Khuller | On the ornithinyl ester of phosphatidylglycerol of Mycobacterium 607[END_REF] (Table I-2) and was suggested to be present in Vibrio cholerae [START_REF] Blass | Nitrogen constituents of Vibrio comma phosphatides[END_REF]) and Brucella melitensis whereas ArgPG was only detected in E. faecalis and E. faecium [START_REF] Dos Santos Mota | Phospholipids of Streptococcus faecalis[END_REF]. Concerning O-amino-acid esters of CL, AlaCL and LysCL were characterized in two Gram positive species (Anoxybacillus rupiensis and Vagococcus fluvialis) in addition to Listeria sp. and E. faecalis that also contain LysCL (Table I-2). Finally, AlaDAG and LysDAG were only described in C. glutamicum and M. phlei so far [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF][START_REF] Lerouge | Isolation and structural characterization of a new non-phosphorylated lipoamino acid from Mycobacterium phlei[END_REF] 

(Table I-2).
Surprisingly, some aaLs are probably also present in Archaea since AlaPG was synthetized through heterologous expression of the archaeon alanyl-phosphatidylglycerol synthase (the factor that synthetizes AlaPG; see in further sections) from Methanosarcina barkeri (Table I

-2).
Finally, it is extremely important to note that as MG Macfarlane noticed already in 1964, O-aminoacid esters of lipids were never described so far eukaryote species.

It is also worth mentioning that, according to the present data, some bacterial species contain a single "class" of aaL whereas other harbor a combination of aaLs. Staphylococcus sp. and Streptococcus agalactiae cytoplasmic membrane have only LysPG whereas AlaPG is the sole aaL described in Streptococcus mutans, Pseudomonas aeruginosa and Mycoplasma laidlawii (Table I-2). In the latter case however, both D-Ala and L-Ala isomers were found to be esterified to PG [START_REF] Koostra | D-and L-Alanylphosphatidylglycerols from Mycoplasma laidlawii, strain B[END_REF]. In contrast, B. subtilis synthetizes D-AlaPG and L-AlaPG (minor) in addition to L-LysPG and N-succinyl-LysPG (Atila et al., 2016;Atila and Luo 2016) (Table I-2). Other species such as C. perfringens enclose only both major PG derivate (AlaPG and LysPG). In contrast the Gram negative Anoxybacillus rupiensis possess LysPG, LysCL, AlaPG and AlaCL [START_REF] Rezanka | LC-ESI-MS/MS identification of polar lipids of two thermophilic Anoxybacillus bacteria containing a unique lipid pattern[END_REF] (Table I-2). Interestingly, in Vagococcus fluvialis, no L-Ala derivate aaL was found but instead two D-Ala containing aaLs were described (D-AlaPG and D-AlaCL) in addition to LysCL [START_REF] Fischer | D-Alanylcardiolipin, a major component of the unique lipid pattern of Vagococcus fluvialis[END_REF][START_REF] Peter-Katalinic | alpha-d-glucopyranosyl-, d-alanyl-and l-lysylcardiolipin from gram-positive bacteria: analysis by fast atom bombardment mass spectrometry[END_REF]. Similarly, 4 different aaLs were described in E. faecalis but in contrast to A. rupiensis, AlaCL is replaced by the rare ArgPG. In B. cereus, B. megatherium and M. tuberculosis, OrnPG is associated to LysPG [START_REF] Houtsmuller | On the Accumulation of Amino Acid Derivatives of Phosphatidylglycerol in Bacteria[END_REF] 

(Table I-2).
Finally, Listeria sp. contain LysPG and LysCL but interestingly during the stationary phase in Listeria monocytogenes the amount of LysPG decreases and LysCL increases concomitantly [START_REF] Fischer | Polar lipids of four Listeria species containing L-lysylcardiolipin, a novel lipid structure, and other unique phospholipids[END_REF] (Table I-2). At a first look, the case of L. monocytogenes seems contradictory regarding the behavior of LysPG during growth phase described above. However, one can hypothesize that for an unknown reason this organism developed a balance between LysPG and LysCL as a response to cellular stresses. Since L-Lys is an essential aa for protein biosynthesis, it is possible that during the stationary phase L. monocytogenes must provide sufficient L-Lys for protein biosynthesis and for lipid aminoacylation. Thus, one can speculate that it is more "energy saving" for bacteria to transfer Lys onto CL instead of PG since CL results from the condensation of two PG. Another possibility is that since LysPG is cationic and that LysCL is zwitterionic, bacteria could use this mechanism to modulate its global cytoplasmic membrane charge.

Despite the effort to give an overview on the knowledge about O-aminoacylated lipids, the herein description is not exhaustive. The aim of this part of my introduction was to highlight the repertoire of O-aminoacylated lipids and to give a general overview on the main insights that have to be considered when dealing with those membranous components. On another hand, different recent reviews present a more complete overview about the topic [START_REF] Sohlenkamp | Bacterial membrane lipids: diversity in structures and pathways[END_REF]Slavetinsky et al., 2017) and [START_REF] Geiger | Amino acid-containing membrane lipids in bacteria[END_REF]. Despite the importance of these descriptions, they must be considered with much hindsight since further studies will undoubtedly bring further knowledges that will have to be taken in consideration.

II. Aminoacyl-Lipid synthases (aaLSs)

In the previous section of the present manuscript, I gave an overview of the variety of aminoacylated lipids (aaL), that have been described since the early 60's. As illustrated, the aamoieties implicated are mostly Lys and Ala while PG, CL and DAG are aa-acceptors. However, important structural variations such as aa-isomers and fatty acid composition as well as the substituted glycerol positions enrich the repertoire of bacterial O-aminoacylated lipids. I also discussed some important aspects of tRNAs and tRNA aminoacylation by aaRS, in the context of protein biosynthesis. Finally, I introduced the change of paradigm that rapidly emerged when aa-tRNAs were shown to be used as aa donors in numerous other pathways.

Early studies during the 60's, achieved by WJ. Lennarz and his collaborators, set up appropriate in vitro transfer assays and demonstrated that aaLs synthesis is tRNA dependent. This was notably demonstrated by the abolition of the lipid modification activity in assays treated with the RNase [START_REF] Lennarz | The participation of sRNA in the enzymatic synthesis of O-L-lysyl phosphatidylgylcerol in Staphylococcus aureus[END_REF]. The aa transfer activity to lipids was attributed to enzymes belonging to aminoacyl-tRNA transferases (ATT) -i.e. enzymes that use aa-tRNAs to transfer the aa moiety that they carry onto acceptor molecules (Chapter B and (Hemmerle et al., 2020)).

Another important observation was that inhibitors targeting the ribosome did not affect ATT activities. These investigations additionally revealed that despite common functional features, lipid-and peptidoglycan aminoacylations differ in molecular details: the chemical bond between the aa and the acceptor is not the same in the case of aaLs and modified peptidoglycan: O-esterbonds are the rule in aaLs, whereas peptide (amide) bonds are found between aa and the peptidoglycan.

Studies demonstrated that the aa moiety of charged Lys-tRNA Lys (O-esterified Lys) is transferred onto PG in the presence of cellular extracts prepared from S. aureus [START_REF] Lennarz | The participation of sRNA in the enzymatic synthesis of O-L-lysyl phosphatidylgylcerol in Staphylococcus aureus[END_REF]. RM [START_REF] Gould | Biosynthesis of aminoacyl derivatives of phosphatidylglycerol[END_REF]). These early observations suggested that some species might either contain enzymes with broader specificities or encode more than one enzyme to yield different aaLs.

In all cases, those pioneer studies showed that synthesis of aaLs occurred in two steps. The aa-tRNA is first synthetized by the cognate aaRS and serves as an aa-donor for a particular enzyme that, in a second step, transfers the aa moiety onto the final acceptor substrate, namely PG (in this case). In addition, they suggested that the corresponding enzymes should specifically recognize the aa-tRNA donor as well as the lipid acceptor. However, despite these early efforts to characterize the tRNA-dependent lipid modification pathway, none of the abovementioned seminal studies succeeded in isolating the ATT enzymatic factor thought to be responsible for aaLs synthesis.

Finally, the important development of technologies enabled, much later, the identification of the enzymes that were termed aminoacyl-phosphatidylglycerol synthases (aaPGS). However, because recent studies showed that ATT can aminoacylate lipids other than PG, implying that aaPGSs form a subclass of a more general class of enzymes: aminoacyl-Lipid Synthases (aaLS).

II.1.

Aminoacyl-Phosphatidylglycerol synthases (aaPGS) aureus wt and mprF strains with neutral peptides [START_REF] Peschel | Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the novel virulence factor MprF is based on modification of membrane lipids with l-lysine[END_REF]. Thereafter, several studies related mprF from S. aureus to the resistance against numerous additional cationic molecules [reviewed in [START_REF] Kuhn | Synthesis and function of phospholipids in Staphylococcus aureus[END_REF]], including aminoglycosides, -lactamines, glycopeptides and even to the mammalian group IIA phospholipase A2, which harbors cationic properties [START_REF] Koprivnjak | Role of charge properties of bacterial envelope in bactericidal action of human group IIA phospholipase A2 against Staphylococcus aureus[END_REF][START_REF] Komatsuzawa | Cloning and sequencing of the gene, fmtC, which affects oxacillin resistance in methicillin-resistant Staphylococcus aureus[END_REF][START_REF] Nishi | Reduced content of lysylphosphatidylglycerol in the cytoplasmic membrane affects susceptibility to moenomycin, as well as vancomycin, gentamicin, and antimicrobial peptides, in Staphylococcus aureus[END_REF]) (Table I-3).

Therefore, the encoded protein was classified as the "Multiple peptide resistance Factor" (MprF)

of S. aureus.

The initial study also investigated the capacity of animal immune cells to kill S. aureus. In fact, animals developed specific phagocytes, called neutrophils, that achieve pathogen clearance either by releasing the content of their CAMP enriched granules (i.e. degranulation) or by generating toxic reactive oxygen species [START_REF] Mayadas | The multifaceted functions of neutrophils[END_REF] (Table I-3). While phagocytosis of S. aureus was by itself not changed for WT or mprF strains of S. aureus, neutrophils were able to clear mprF much faster than wt strains [START_REF] Peschel | Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the novel virulence factor MprF is based on modification of membrane lipids with l-lysine[END_REF]. Another study from the same team investigated this aspect into more details and notably showed that the increased susceptibility to clearance of the deletant strain was mediated by the defensin-killing rather than the oxygendependent pathway [START_REF] Kristian | MprF-mediated lysinylation of phospholipids in Staphylococcus aureus leads to protection against oxygenindependent neutrophil killing[END_REF]. Finally, other phenotypes including decreased virulence et al., 2017

(1), traces of L-and D-AlaPG have recently been detected, while its phenotypic relevance has not yet been elucidated (Atila et al., 2016);

(2), Increased susceptibility to HNP-1 was found by Thedieck et al., 2009but disproved by Dare et al., 2014; (3) OrnPG has not been detected in the study of an MprF homolog in M. tuberculosis [START_REF] Maloney | The two-domain LysX protein of Mycobacterium tuberculosis is required for production of lysinylated phosphatidylglycerol and resistance to cationic antimicrobial peptides[END_REF] in various animal models (rabbit endocarditis model [START_REF] Weidenmaier | DltABCDand MprF-mediated cell envelope modifications of Staphylococcus aureus confer resistance to platelet microbicidal proteins and contribute to virulence in a rabbit endocarditis model[END_REF]; mouse sepsis and septic arthritis models [START_REF] Peschel | Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the novel virulence factor MprF is based on modification of membrane lipids with l-lysine[END_REF]) where attributed to mprF strains (Table I-3).

Total lipid analysis by thin layer chromatography (TLC) combined to mass spectrometry (MS) experiments revealed for the first time that the newly evidenced factor (MprF) is responsible for the synthesis of LysPG. In correlation with early studies, various forms of LysPG, mainly differing according to their fatty acyl chain compositions but probably also their esterified position on Ca-glycerol (the major sn3-vs. the minor sn2-Lys), were identified. As a reminder, lysylation of PG reverses the negative charge of the phosphate-containing lipids. This was an additional argument that, besides Lipopolysaccharide (LPS) modifications and Teichoic acids D-alanylation, MprF provides an additional resistance mechanism towards CAMPs, likely using charge repulsion [START_REF] Peschel | How do bacteria resist human antimicrobial peptides?[END_REF]. Accordingly, mprF strains bind positively charged compounds, such as cytochrome c, tachyplesin I and gallidermin more efficiently in comparison to the S. aureus wt strain [START_REF] Peschel | Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the novel virulence factor MprF is based on modification of membrane lipids with l-lysine[END_REF][START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF]. This result suggested that LysPG would lay in the outer leaflet of the PM and strongly supported the postulated "charge repulsion" mechanism.

However, since aa-tRNA-dependent PG aminoacylation was thought to occur in the cytoplasmwhere tRNAs and aaRSs are found along with ATP and aa -, a LysPG translocation pathway was postulated to be necessary. This issue will be discussed later.

Because aaPGs had been previously described in many bacteria species, it was not surprising that MprF homologs were rapidly detected in numerous Gram-positive and Gramnegative species, suggesting the lipid aminoacylation pathway to be a common resistance mechanism across bacteria [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF][START_REF] Weidenmaier | Bacterial resistance to antimicrobial host defenses--an emerging target for novel antiinfective strategies?[END_REF].

Regulation of PG aminoacylation

Various studies showed that antimicrobials targeting the cell-envelope such as methicillin, vancomycin, penicillin-G, D-cycloserine, and bacitracin enhance the cellular content of LysPG, while antibiotics inhibiting the translational machinery had no such effect [START_REF] Hebeler | Regulation of the bacterial cell wall: effect of antibiotics on lipid biosynthesis[END_REF][START_REF] Rozgonyi | Effect of methicillin on the phospholipid content of methicillin sensitive Staphylococcus aureus[END_REF][START_REF] Rozgonyi | Effect of methicillin on the fatty acid composition of phospholipids in methicillin sensitive Staphylococcus aureus[END_REF]. The GraS protein contains an anionic extracellular loop that is able to interact with various CAMPs. CAMP-sensing is achieved through GraX-mediated interaction of GraS with VraGF. This sensing complex was shown to activate the transcription factor GraR, which in turn activates the expression of vraFG, dltABCD operon and mprF in S. aureus

[detailed in (Fields and Roy 2018) and the herein references].

Effects on membrane proteins

S. Sievers and colleagues aimed to verify if the deletion of mprF in S. aureus significantly affects the membrane proteome [START_REF] Sievers | Changing the phospholipid composition of Staphylococcus aureus causes distinct changes in membrane proteome and membrane-sensory regulators[END_REF]. Using gel-free proteomics technology described elsewhere [START_REF] Speers | Proteomics of integral membrane proteins--theory and application[END_REF] they quantified 840 integral membrane proteins but could not detect drastic differences between the wt and the mprF strains. However, distinctive up-regulation were noticed for 13 proteins, while 31 membrane proteins, showed significant down-regulation. Notably, proteins involved in sensing (the two-component sensing system SaeSR and MsrR), and in glycolipid or cell-wall metabolism were down regulated [START_REF] Sievers | Changing the phospholipid composition of Staphylococcus aureus causes distinct changes in membrane proteome and membrane-sensory regulators[END_REF].

Proteome changes were also checked in L. monocytogenes and B. subtillis but no significant changes have been reported [START_REF] Dare | LysPGS formation in Listeria monocytogenes has broad roles in maintaining membrane integrity beyond antimicrobial peptide resistance[END_REF]. Therefore, it was suggested that membrane associated protein composition might be idiosyncratic to each species or at least to each phylum. [START_REF] Oku | Characterization of the Staphylococcus aureus mprF gene, involved in lysinylation of phosphatidylglycerol[END_REF][START_REF] Staubitz | MprF-mediated biosynthesis of lysylphosphatidylglycerol, an important determinant in staphylococcal defensin resistance[END_REF]. Importantly, all aaPGSs described to date (see below and Table I-2) share a common structural organization, consisting of a C-terminal cytoplasmic domain, anchored into the PM through an N-terminally fused integral membrane domain which notably varies from an aaPGS to another through the number of its transmembrane helices (TMH) [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. While the activity of the aa-tRNA transferase domain was determined for numerous aaLSs, very little is known about the function of the N-terminal domain. In fact, it is assumed that they are required to anchor the protein at the membrane, thereby favoring the lipid remodeling mechanism, but the high number of TMHs in many aaLS suggests that another activity might be associated to this proteins. The team of A. Peschel put a particular effort towards the characterization of the Nterminal hydrophobic domain and showed that the MprF protein of S. aureus consists of two functionally distinct domains [START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF] (only active within the cytoplasm), as previously used to overcome similar issues [START_REF] Haardt | Use of phoA and lacZ fusions to study the membrane topology of ProW, a component of the osmoregulated ProU transport system of Escherichia coli[END_REF]. Measuring the relative activities of both proteins led finally to establish that in contrast to the initial 14 predicted TMHs, only 12 helices are embedded within the PM, and separated by a large central intra-cellular loop, between TMHs 6 and 7, that consists probably of two membrane-associated helices . Functional tests designed to monitor the LysPGS activity showed that the cytoplasmic C-terminal domain together with the 6 last TMHs form the LysPG synthase domain are necessary and sufficient for full LysPG synthesis activity [START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF][START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF]. Interestingly, the number of TMHs required for aaPG synthesis may vary from an aaPGS to another since deletion of the entire N-terminal domain (all TMHs) from B. subtillis LysPGS or of C. perfringens AlaPGS (CpMprF1), among others, did not affect Lys-or AlaPG synthesis in vitro (Roy and Ibba 2009). 

II

II.

S. aureus

The synthase domain is composed of 6 TMHs fused to the C-terminal cytoplasmic domain (blue) and achieves tRNA dependent PG lysylation at the cytoplasmic edge of the PM (i. e. ATT activity). Cationic LysPGs are membrane-associated helixes that form a large intracellular loop. This lipid remodeling pathway increases S. aureus resistance to positively charge antibiotics, mainly to CAMPs, through charge repulsion. (+) 1 2 fluorescent dye fluorescamine to react with LysPG. Accordingly, only expression of both domains, even in trans, led to an important increase of LysPG on the outer leaflet, while the strain expressing the synthase (ATT) domain alone had enriched amounts of LysPG only in the inner leaflet. In accordance, the positively charged cytochrome c was more efficiently retained by the cell surface of S. aureus expressing either the N-terminal or the C-terminal domain alone, while expression of both, restored the repulsion capacity observed in the wt [START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF][START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF].

Taken together these results strongly suggest that N-terminal TMHs of MprF form a flippase domain which is responsible to translocate LysPG (synthetized by the C-terminal synthase domain)

from the inner to the outer leaflet of the plasma membrane (Figure I-13).

Multiple sequence alignment revealed conserved residues in the N-terminal flippase and the C-terminal synthase domains that were shown to be essential for LysPG synthesis and subsequent translocation. In particular, Glu206, found in the center of the fifth TMH was suggested to participate to the accommodation of the positively charged Lys moiety of LysPG during translocation. Finally, experiments showed that the flippase and the synthase domains homooligomerize and interact with each other. Accordingly, authors demonstrated that MprF oligomerize through intermolecular interactions [START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF][START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF].

II.1.1.2.3. Gain-of-function mutations in the flippase domain lead to increased daptomycin resistances

Daptomycin is a lipopeptide that harbors a net negative charge but that is thought to behave as a CAMPs upon binding to Ca 2+ . The full mode of action was not elucidated to date but daptomycin was shown to interact with phospholipids that form fluid lipids microdomains, thereby preventing the association of essential membrane proteins and leading to cell death [START_REF] Muller | Daptomycin inhibits cell envelope synthesis by interfering with fluid membrane microdomains[END_REF]. This powerful antibiotic is used to treat methicillin-resistant S. aureus strains (MRSA), but in recent years daptomycin-resistant strains (DAP-R) emerged. Daptomycin resistance has been correlated to point mutations in various regions of MprF [START_REF] Bayer | Mechanisms of daptomycin resistance in Staphylococcus aureus: role of the cell membrane and cell wall[END_REF][START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF][START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF]. In their recent study, CM Ernst and colleagues focused on the effect of Thr345 and Val351 gain-of-function mutations, two residues located at the junction between the flippase and synthase domains, and demonstrated that they specifically increase daptomycin resistance as well as resistance to the closely related friulimicin B. Interestingly, Thr345Ala mutation did not alter LysPG production or translocation, and the overall cell surface charge remained unchanged.

In contrast, this mutation reduced intramolecular interactions between the flippase domain and the LysPG synthase domain [START_REF] Ernst | Gain-of-Function Mutations in the Phospholipid Flippase MprF Confer Specific Daptomycin Resistance[END_REF]. Finally, it was suggested that the relaxed intramolecular interaction induced by Thr345Ala enables MprF to accommodate daptomycin and to remove it from fluid microdomains, but no experimental evidences were provided for the moment to support this hypothesis [START_REF] Ernst | MprF-mediated daptomycin resistance[END_REF].

II.1.1.2.4. Dual specificity of the flippase domain allows AlaPG and LysPG translocation

As mentioned above, many other aaPGS contain N-terminal domains with 12-14 TMHs that are probably also required to expose aaPGS at the surface of cells (flippase domains) [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. However, questions are raised in the case of putative aaPGSs that contain shorter N-terminal domains (< 12 TMHs), since according to the investigations conducted by A. ), and that AlaPG-dependent resistance is mediated through its translocation, as detailed above for LysPG (Slavetinsky et al., 2012). This broad specificity of the flippase domain might be present in other species that contain various paralogs of aaPGS and conveniently explains the presence of two paralogs in some cases: indeed, one of the paralogs harbours the flippase activity and compensates the absence of this activity in the other paralogue (with N-ter domains < 12 TMHs). In contrast, species encoding only aaPGS with short N-terminal domain may probably use a trans-acting flippase to achieve aaPGs exposure. In Myxococcus xanthus, a genetic screen led to the discovery of a "split mprF gene", with one gene encoding the flippase domain, while the second encodes the aa-tRNA transferase domain. This illustrates cases in which standalone aa-tRNA transferase MprF-like domains, incapable of catalyzing aaPG translocation, are aided by a separate flippase protein [START_REF] Dey | A genetic screen in Myxococcus xanthus identifies mutants that uncouple outer membrane exchange from a downstream cellular response[END_REF]. One particularly interesting case is rakPGS of E.

faecium, for which the flippase domain presumably has broad range aaPG specificity.

Remarkably, even if it is assumed that flippases are implicated in the asymmetric distribution of aaLs in the PM, the MprF flippase domain is the first phospholipid flippase characterized in bacteria. However, its molecular mechanism is far from being elucidated and several points, such as its energy-dependency for example, must be clarified.

AlaPG synthase is encoded by PA0920 in P. aeruginisa

In contrast to LysPG found in S. aureus and several other species (Table I-2), S. Klein and colleagues noticed in P. aerugionsa (Gram-negative) an increasing amount of AlaPG under acidic growth conditions and identified the PA0920 gene to encode the corresponding AlaPGS.

Heterologous expression of AlaPGS from P. aeruginosa in E. coli, followed by separate analysis of the inner (IM) and the outer membrane (OM), showed that the 14 TMH containing (bioinformatic prediction) enzyme was located into the IM, whereas AlaPG was found to be equally distributed between both types of membranes. Furthermore, partial purification of AlaPGS and in vitro amino acid transfer assays confirmed the Ala-tRNA Ala dependency for PG alanylation [START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF].

It is noteworthy that, in comparison to LysPG that can reach 40 % of total lipids during exponential growth phase in S. aureus and L. monocytogenes respectively, AlaPG was found to vary from 0.5 % at neutral pH to maximal 6% under acidic conditions (Table I-2). Accordingly, at pH 5.3 and to a lesser extent 6.3, the PPA0920 promoter activity increased significantly.

However, despite these considerations, the PA0920 strain was more susceptible to the CAMP protamine sulfate, the -lactam antibiotic cefsulodin, the nucleic acid damaging heavy metal Cr 3+ , and the osmolyte sodium lactate (Table I-3), but interestingly these four stressors failed to increase cellular levels of AlaPG, which suggested that the low level (0.5-1 %) of the modified lipid is sufficient to influence resistance to antimicrobials [START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF]. Another study from the same team showed that increased susceptibility of P. aeruginosa PA0920 strains to the tested -lactams (ampicillin, oxacillin and cefsulodin), glycolipid (daptomycin, nevertheless considered also as a CAMP-like) and CAMPs (protamine sulfate, poly-L-Lysine, polymyxin E) (Table I-3) was not complemented by heterologous expression of LysPGS from S. aureus or B. subtilis despite the presence of important levels of LysPG (120 % in comparison to AlaPG level in P. aeruginosa wt strain). Furthermore, reintroducing the endogenous AlaPGS (PA0290) in the P. aeruginosa PA0920 strain, led to a 2-fold increased amount of AlaPG. Surprisingly, this complemented strain was only able to restitute the wt MICs for ampicillin and oxacillin. Taken together, these results

were striking arguments against antimicrobial resistance through a "simple" charge repulsion-only mechanism. In addition, a broader examination of the transcriptional activities of PA0920 showed that depending on the pH conditions some antimicrobials differentially modulate the promotor PPA0920. Therefore, it was proposed that the fine-tuning of AlaPG content in P. aeruginosa may regulate the overall permeability of the PM, but other uncharacterized elements might also be implicated. For example, AlaPG found in the OM may modulate -lactams efflux by regulating the activity of some porins or efflux pumps [START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF]Arendt et al., 2012).

Taken together these studies suggested that AlaPG synthesis may be a central mechanism to the adaptation of P. aeruginosa under acidic conditions and because AlaPG is zwitterionic the authors further excluded a simple CAMP resistance mechanism through charge repulsion [START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF]. Interestingly, acidic growth conditions seem to be important environmental inducers of lipid aminoacylation since increasing LysPG levels under low pH was also shown to occur in B.

subtilis [START_REF] Den Kamp | Phospholipid composition of Bacillus subtilis[END_REF][START_REF] Van Iterson | Bacteria-shaped gymnoplasts (protoplasts) of Bacillus subtilis[END_REF]den Kamp 1969), B. megaterium (den Kamp et al., 1965), S. aureus [START_REF] Houtsmuller | On the Accumulation of Amino Acid Derivatives of Phosphatidylglycerol in Bacteria[END_REF][START_REF] Houtsmuller | On the amino acid esters of phosphatidyl glycerol from bacteria[END_REF][START_REF] Gould | Metabolism of Phosphatidylglycerol and Lysyl Phosphatidylglycerol in Staphylococcus aureus[END_REF] and in bacterial symbionts R. tropici and Sinorhizobium medicae.

In addition, 9 substrate specificities of aaPGSs orthologues were evidenced by W. Arendt and colleagues, which increased the number of characterized lipid O-aminoacylation factors to 22 just a bit more than a decade after A. Peschel identified the first MprF (Arendt et al., 2012). Note that since then only one additional aaLS was characterized (Table I-2).

Synthesis of distinct aaPG in the same species: displaying a single aaPGS with broad substrate specificity or encoding distinct homologs.

P. aeruginosa and S. aureus are thought to encode only one aaPGSs homolog (MprF), that in both cases has restricted specificity towards lipids and aa-Trna substrates to synthetize either AlaPG or LysPG, respectively. In Clostridium perfringens (Cpr) that produces both AlaPG and LysPG, two distinct aaPGS are encoded, notably CprMprF1, that uses Ala-tRNA Ala , and CprMprF2 that uses Lys-tRNA Lys , both enzymes modifying PG. Thus, C. perfringens was the first organism in which two aaPGS homologs have been functionally characterized (Roy and Ibba 2008b).

In contrast to the previously described aaPGSs that are each specific to a single aa-tRNA substrate, one of the MprF paralogs of E. faecium, referred to as the "RakPGS" or MprF2, displayed broad-range specificity for its aa-tRNA substrates, since it could use Arg-, Ala-and Lys-tRNAs to produce ArgPG, AlaPG and LysPG in vitro and in vivo upon heterologous expression in E. coli (Roy and Ibba 2009). In addition to RakPGS (MprF2), E. faecium contains another homolog referred to as MprF1. Deletion of the RakPGS completely abolished aaPG synthesis, while no changes in the lipid pattern were noticed in the mprF1 strains. As expected, E. faecium mprF2 strain exhibited increased susceptibility to CAMPs (nisin, colistin, polymyxin B and HBD-3) but also increased propency to form biofilms, as well as increased resistance to opsonic killing, while virulence in mice remained unchanged in comparison to the wt strain (Table I-3). Accordingly, none of the mentioned phenotypes were observed in the mprF1, which strongly suggest that only MprF2 is implicated in lipid aminoacylation [START_REF] Bao | Role of mprF1 and mprF2 in the pathogenicity of Enterococcus faecalis[END_REF].

LysPG, D-AlaPG and succinylated LysPG in B. subtilis

Another extensively studied aaPGS is the B. subtilis MprF, which was early shown to synthetize LysPG [START_REF] Staubitz | MprF-mediated lysinylation of phospholipids in Bacillus subtilis--protection against bacteriocins in terrestrial habitats?[END_REF]. H. Roy and M. Ibba put an effort to characterize the molecular mechanism achieved by this aaPGS. By doing so they set up and optimized an in vitro lipid aminoacylation assay (LAA), mimicking the 2-step formation of aaPG, and provided important tools to quantitatively monitor the activities of aaPGSs containing membranes in vitro. Notably, this study showed that the specific activity of LysPG synthesis of B. subtillis MprF varies in vitro according to pre-incubation times of the reactional media, to PG concentrations and to the presence of detergents (Roy and Ibba 2008a). In addition to LysPG, B. subtilis also synthetizes AlaPG (Atila and Luo 2016). Initially, both aaPGS activities were thought to be catalyzed by the same aaPGS, since when the author examined its activity through heterologous expression in E. coli and by in vitro assays, MprF had dual specificity for Ala-tRNA Ala and Lys-tRNA Lys (Roy and Ibba 2009).

However, MS analysis revealed the presence of only LysPG in B. subtilis membranes [START_REF] Gidden | Lipid Compositions in Escherichia coli and Bacillus subtilis During Growth as Determined by MALDI-TOF and TOF/TOF Mass Spectrometry[END_REF], while later structural investigations conducted by M. Atila and Yu Luo detected in the same organism LysPG and D-AlaPG but not L-AlaPG (Atila and Luo 2016).

D-isomers of aa are implicated in numerous cellular mechanisms raising from signaling pathways in eukaryotes to the above-described cell wall synthesis in bacteria [reviewed in [START_REF] Kuncha | Chiral checkpoints during protein biosynthesis[END_REF]]. Intracellular concentration of L-and D-aa varies generally from nanomolar to micromolar levels and prevalence of one of both enantiomers can lead to cell toxicity. Noteworthy, D-aa can reach millimolar concentrations in some prokaryotes [START_REF] Schieber | GC-MS analysis of diaminopimelic acid stereoisomers and amino acid enantiomers in rumen bacteria[END_REF][START_REF] Kirschner | Separation and sensitive detection of D-amino acids in biological matrices[END_REF]. In particular, D-Ala, which is used in bacteria in the synthesis of peptidoglycan, TA, and apparently for PG aminoacylation, was found in higher concentration than its L-isomer [START_REF] Radkov | Bacterial synthesis of D-amino acids[END_REF]. However, because D-aa-tRNAs are harmful when incorporated during protein biosynthesis, several chiral-checkpoints and editing mechanisms are used to avoid them [START_REF] Kuncha | Chiral checkpoints during protein biosynthesis[END_REF]. This includes D-to L-isomers racemization and D-aminoacyl-tRNA deacylase which is a trans-editing factor hydrolyzing specifically D-aa-tRNA (e. g. D-Tyr-tRNA Tyr ) but interestingly not D-Ala-tRNA Ala . In Thermus thermophilus the latter was shown to be hydrolyzed directly by the editing domain of AlaRS [START_REF] Rybak | Stereospecificity control in aminoacyl-tRNA-synthetases: new evidence of d-amino acids activation and editing[END_REF]. However, such mechanisms were not reported in bacteria and tRNA dependent D-AlaPG synthesis would be very surprising. In addition to this, deletion of MprF in B. subtillis abolished LysPG synthesis but importantly not D-AlaPG synthesis.

Finally, it was suggested that D-AlaPG could be an intermediate for Teichoic acid d-alanylation by the dltABCD operon (Atila and Luo 2016).

Beside LysPG and D-AlaPG, B. subtillis is also capable of LysPG N-succinylation by an unknown mechanism and its biologic significance will be discussed later (Atila et al., 2016).

Intriguingly, the LysPGS encoded by B. subtillis and E. faecium were both localized at their septa (i. e. the structure that separates two dividing daughter cells) which suggests that MprFtype lipid modifying factors could specifically generate aaPG microdomains in this region. A recent study suggested that -defensins, such as hBD2 and hBD3, target SecYEG translocases and SrtA sortases which are also found near the septum. Therefore, it was proposed that LysPG microdomains, located at the septum together with cell-wall biosynthesis and cell-division machineries, could protect this region through CAMP repulsion [START_REF] Nishibori | Phosphatidylethanolamine domains and localization of phospholipid synthases in Bacillus subtilis membranes[END_REF][START_REF] Kandaswamy | Focal targeting by human beta-defensin 2 disrupts localized virulence factor assembly sites in Enterococcus faecalis[END_REF]. This hypothesis is further supported by the important LysPG accumulation during the exponential phase in several species. Finally, the B. subtilis mprF deletion strain exhibits defects in sporulation and spore properties [START_REF] Griffiths | Effects of modification of membrane lipid composition on Bacillus subtilis sporulation and spore properties[END_REF], in motility and conjugation efficiency [START_REF] Johnson | The Composition of the Cell Envelope Affects Conjugation in Bacillus subtilis[END_REF], in addition to increased antimicrobial susceptibility [START_REF] Salzberg | Phenotypic and transcriptomic characterization of Bacillus subtilis mutants with grossly altered membrane composition[END_REF][START_REF] Dare | LysPGS formation in Listeria monocytogenes has broad roles in maintaining membrane integrity beyond antimicrobial peptide resistance[END_REF][START_REF] Hachmann | Genetic analysis of factors affecting susceptibility of Bacillus subtilis to daptomycin[END_REF] (Table I-3).

LysX from Mycobacterium tuberculosis

In contrast to the classical aaPGS domain organization consisting of an N-terminal hydrophobic domain fused N-terminally to the cytoplasmic aaPG synthase domain, a sub-group of actinobacteria encode aaPGS homologs directly fused to a C-terminal LysRS. In M. tuberculosis, the C-terminal LysRS domain is essential to LysPG synthesis, which suggests a mechanism in which Lys-tRNA Lys is directly channeled from the LysRS domain to the LysPGS domain. Interestingly, while

LysPG generally constitute an important proportion of total phospholipids, ranging from 10 to 75 % in Firmicutes (den [START_REF] Den Kamp | On the phospholipids of Bacillus megaterium[END_REF][START_REF] Haest | Chages in permeability of Staphylococcus aureus and derived liposomes with varying lipid composition[END_REF][START_REF] Fischer | Polar lipids of four Listeria species containing L-lysylcardiolipin, a novel lipid structure, and other unique phospholipids[END_REF]) [START_REF] Thedieck | The MprF protein is required for lysinylation of phospholipids in listerial membranes and confers resistance to cationic antimicrobial peptides (CAMPs) on Listeria monocytogenes[END_REF][START_REF] Dare | LysPGS formation in Listeria monocytogenes has broad roles in maintaining membrane integrity beyond antimicrobial peptide resistance[END_REF], only it represents 0.3 % in M. tuberculosis (Table I-2). Despite low levels, LysPG enhances CAMP resistance and virulence, enables survival of bacteria within phagocytes and maintains the membrane potential [START_REF] Maloney | The twodomain LysX protein of Mycobacterium tuberculosis is required for production of lysinylated phosphatidylglycerol and resistance to cationic antimicrobial peptides[END_REF][START_REF] Maloney | Alterations in phospholipid catabolism in Mycobacterium tuberculosis lysX mutant[END_REF][START_REF] Fol | The lack of L-PG production and the repercussions of it in regards to M. Tuberculosis interactions with mononuclear phagocytes[END_REF]. These results further support that other mechanisms beyond charge repulsion, that include modulation of the membrane fluidity and permeability, and/or probably also more complex indirect pathways, are associated with aaLs aminoacylation.

Succinct and simplified description of lipid aminoacylation pathways mediated by aaPGSs

In As detailed later, bioinformatic studies predicted aaLSs homologs to be present in several species (Arendt et al., 2012;[START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. Even if important aspects related to aaLSs will only be described in coming sections, it is convenient to already notice that the pathway descried here is thought to be the general mechanism for membrane remodeling, at least by PG aminoacylation factors (i. e. aaPGS). This is supported by several evidences. First, experimental procedures and bioinformatic predictions showed that all aaLSs contain TMHs assumed to anchor the protein to the PM, as expected for membrane remodeling factors (Roy and Ibba 2009;Slavetinsky et al., 2012;[START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. The membranous behavior of those factors was also demonstrated by that the transferase activity is enclosed in membrane preparations [START_REF] Oku | Characterization of the Staphylococcus aureus mprF gene, involved in lysinylation of phosphatidylglycerol[END_REF][START_REF] Staubitz | MprF-mediated biosynthesis of lysylphosphatidylglycerol, an important determinant in staphylococcal defensin resistance[END_REF][START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF]. Second, the tRNA dependency of the pathway was clearly established for several aaLSs and since the aa-donor (i. e.

the aa-tRNA) is synthesized in the cytoplasmic compartment, it is assumed that the transferase activity occurs at the cytoplasmic edge of the PM. Third, concerning aaL translocation, studies showed that aaLs are exposed to the exterior of the cell (Slavetinsky et al., 2017), in addition to that aaL hydrolases ( § III) are located at the outer space of the cell where aaLs might be exposed (Arendt et al., 2013;[START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF]. Obviously, beside the general mechanism presented here there are MprF homologs that differ in their lipid aminoacylation pathway, such as LysX from 

II.2. Beyond PG aminoacylation

LysCLS in Listeria spp.

The above-described lipid aminoacylation pathways are all specific to PG. As described in previous sections of this introduction, other glycerolipids can also be modified. However, to date and 2, corresponding to the recruitment of the cognate tRNA followed by its aminoacylation, are similar in both cases with the notable difference that the aa-tRNA is synthesized by a cytoplasmic aaRS in (A) and by the aaPGS-fused aaRS in (B). The resulting aa-tRNA is then ( ) by the synthase domain (A) or from the aaRS to the synthase domain of aaPGS (B). The latter transfers the

). The translocation mechanism associated to aaRS-fused aaPGSs (if exists) is not known and might probably be achieved by a trans-acting Please note that the lipid aminoacylation activity of MprF from S. aureus was shown to require a portion of the N-terminal membranous domain (refer to the text and ). However, other studies showed illustration, these aspects were therefore not taken in consideration.

only two cases were experimentally related to MprF-like mechanisms. L. monocytogenes is an intracellular gastrointestinal pathogen that causes food poisoning and listeriosis. As described before this bacterium contains LysPG and LysCL. The Lmo1695 gene encodes a protein that has sequence and domain similarities with the MprF of S. aureus, i. e. a C-terminal domain predicted to by cytoplasmic anchored within membranes by a hydrophobic (integral membrane) N-terminal domain predicted to contain 13 TMHs. Note that, initially, the N-terminal domain of S. aureus was also predicted to contain 13 TMHs but later experiments demonstrated that it contains 14 helices.

Therefore, it is presumable that in Listeria spp. the hydrophobic domain also contains a paired number of helices; see below). Deleting lmo1695 in L. monocytogenes resulted in the complete loss of both LysPG and LysCL [START_REF] Thedieck | The MprF protein is required for lysinylation of phospholipids in listerial membranes and confers resistance to cationic antimicrobial peptides (CAMPs) on Listeria monocytogenes[END_REF]. However, it was not established if the Lmo1695

protein has PG and CL specificities or if LysCL results from the condensation of a LysPG and an unmodified PG, as one could expect from the CL synthesis pathway in which CDP-DAG (cytidine diphospate-diacylglycerol) is condensed to PG (or, putatively, LysPG). Furthermore, no clear evidences were brought about concerning the tRNA-dependency of LysPG or LysCL synthesis, although it could reasonably infer from other bacteria.

The phenotypic "pattern" of the lmo1695 strain -i.e. distinguishing it from the wt strain-was initially shown to be similar to those described in S. aureus and other LysPGS encoding species, i. e. reduced resistance to antimicrobials (including CAMPs ant the lanthionine-containing gallidermin), reduced invasion capacity of human epithelial cells and mouse macrophages as well as reduced virulence, as shown by following infection kinetics in the mouse model (Table I-3). All those phenotypes were recovered upon complementation of the lmo1695 mutation by reintroducing a wt lmo1695 genomic copy. In contrast, cell-to-cell spreading as well as the capacity of the deleted strain to grow inside the "poorly" infected cells remained unchanged with regard to the wt strain. Despite its clear implication in virulence, lmo1695 is surprisingly not regulated by the virulence regulator PrfA [START_REF] Thedieck | The MprF protein is required for lysinylation of phospholipids in listerial membranes and confers resistance to cationic antimicrobial peptides (CAMPs) on Listeria monocytogenes[END_REF]. Another study extensively reinvestigated the biologic relevance of LysPG and LysCL biosynthesis and showed, notably, that their relative amounts vary importantly throughout growth phases and with temperature. Confirming early observations reported in a previous chapter, LysPG reached near to 55 % and 75 % of total phospholipids during the exponential phase at 30 °C and 37 °C respectively. LysCL was also found to be a major component of the PM with amounts of 25 to 39 % during the stationary growth phase at the tested temperature. This work also showed that absence of lysylated lipids (LysPG and LysCL) rendered L. monocytogenes susceptible to osmolytic stress but, interestingly, that it retained flagella-mediated motility. Taken together these observations showed that lipid aminoacylation, at least in L. monocytogenes, has broader function than previously expected [START_REF] Dare | LysPGS formation in Listeria monocytogenes has broad roles in maintaining membrane integrity beyond antimicrobial peptide resistance[END_REF].

The alanyl-diacylglycerol synthase of Corynebacterium glutamicum

In contrast to phospholipids that were early described to be esterified with aa, the first case of a phosphate-free aaL was described only recently. M. Smith and colleagues performed an important phylogenic analysis that focused on the C-terminal domain of aaPGSs and proposed that their homologs are distributed within seven distinct phylogenetic types (discussed later) [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. This study focused on type VII aaPGS homologs, exclusively found in Actinobacteria, and aimed to characterize the case of Corynebacterium glutamicum. The corresponding "MprF-like" gene is Cg1103. In vitro assays testing either membrane fractions extracted from C. glutamicum or the purified C-terminal domain of the Cg1103 protein (TMH-deleted MprF version) confirmed tRNA-dependent lipid modification in the presence of radiolabeled Ala. Surprisingly, this MprF-like protein was not able to modify PG, which correlated to the fact that the Cg1103-modified lipid had a migration pattern that differed from AlaPG on thin layer chromatography. The modified lipid was purified by column chromatography and identified by LC-MS/MS as being DAG, making Cg1103 an alanyl-diacylglycerol synthase (AlaDAGS). Though MS analysis, authors noticed, however, that in addition to AlaDAG, the membrane fraction of C. glutamicum also contained AlaPG. Surprisingly, the synthesis of the latter depended on the presence of a periplasmic esterase called pesT, whose gene is frequently found next to the alaDAGS gene in Actinobacteria. Because pesT-dependent AlaPG synthesis requires the presence of AlaDAG, it was suggested that the aa-moiety is likely transferred from DAG onto PG either through an esterase or transferase activity. Taken together, this work provided the first example of the aminoacylation of a phosphate-lacking lipid and of an original pathway through which bacteria can finely modulate their lipid composition. Interestingly, deletion of cg1103 but not of pesT decreased the fitness of C. glutamicum in the presence lactic acid (as in P. aeruginosa [START_REF] Klein | Adaptation of Pseudomonas aeruginosa to various conditions includes tRNA-dependent formation of alanyl-phosphatidylglycerol[END_REF]Arendt et al., 2012)) and CAMPs (protamine sulfate and polymyxin B), as shown by the determination of maximal growth rates (µmax) of bacteria. The corresponding MICs, however, remained unchanged (Table I.3).

III.aaL homeostasis

The amount of aaLs was proposed to be finely regulated since in some species, artificial upregulation of those lipids resulted in phenotypes similar to those observed upon deletion of the MprF encoding gene. Investigating the genomic contexts of 605 aaLS loci from 493 bacterial species, revealed the frequent occurrence of at least one putative hydrolase factor adjacent to the lipid modifying gene. Three structurally unrelated and semi-conserved hydrolase families were implicated. VirJ (Pfam: PF06057) proteins are found adjacent to aaPGS from Gram-negativemainly Proteobacteria and Bacteroidetes-but are excluded from Gram-positive bacteria. AaPGSassociated hydrolases such as AhyD (PF12697) are widely distributed in Gram-positive genera, -proteo-and cyanobacteria, while putative esterases from the PF00756 familly are found in actino-and cyanobacteria in an operon with aaPGSs (Smith et al., 2013;[START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. One 

III.1. The VirJ-family hydrolase

The AlaPG hydrolase (AlaPGH) PA0919 in P. aeruginosa

The importance of aaPG homeostasis was early evidenced in P. aeruginosa, since overproduction of AlaPG did not fully restore resistance to various tested compounds (Arendt et al., 2012). Recently a hydrolase belonging to the VirJ-like family was shown to confer an AlaPG hydrolase (AlaPGH) activity to P. aeruginosa. Topological and sequence analyses predicted the PManchored AlaPGH to face the periplasm, thereby enabling exposed AlaPG to be hydrolyzed.

Importantly, the corresponding PA0919 gene is located adjacent to the AlaPGS encoding gene (PA0920) and its expression is also upregulated under acidic growth conditions. As expected, abolishing the AlaPG hydrolytic activity, resulted in higher amounts of AlaPG levels but was correlated to significantly increased susceptibilities towards several antimicrobials. Furthermore, PA0919 mutants exhibit reduced growth phenotype under acidic conditions. Taken together the AaLs are synthesized by aaLSs and hydrolyzed by aaLHs that have esterase activities. Genes encoding aaLS and aaLH are often clustered at the same locus [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF], but their regulation is not well understood.

1 2 H antagonist activities of AlaPGS and AlaPGH share several regulation and phenotypic aspects, which prompted the authors to propose that the fine-tuning of AlaPG levels is required for optimal growth and resistance. Finally, the study brought evidence that Ser240, Ser307 and His401 form a catalytic triad in which Ser307 achieves nucleophilic attack onto the C of the esterified Ala moiety. It is worth noting that the virJ-encoded AlaPGH could also hydrolyze the aa-moiety of artificial substrates harboring Gly, Ala and Lys (Arendt et al., 2013) in vitro.

The LysPG hydrolase (LysPGH) of in A. tumefaciens

The LysPG synthesis activity of the protein encoded by the lpiA/mprF gene in A.

tumefaciens was first demonstrated through heterologous expression in E. coli (Roy and Ibba 2009). Recently J. Moser's team aimed to investigate the regulatory mechanism of LysPG homeostasis in A. tumefaciens and confirmed the MprF/LpiA-dependent synthesis of aminoacylated lipids [START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF]. However, LysPG levels were barely detectable in neutral pH growth conditions, whereas they tended to increase when the pH of the growth media was acidified. Analysis of the A. tumefaciens genome revealed that, similar to the situation in P. aeruginosa (Arendt et al., 2013), in which the PA0919/PA0920 genes encode MprF and a aaPG hydrolase (aaPGH), a putative hydrolase belonging to the VirJ family (Pfam: PF06057) was found to be encoded by the acvB gene located in the same operon as lpiA/mprF. The AcvB protein harbors, at its N-terminal extremity, a signal peptide that was shown to be responsible for AcvB secretion to the periplasm. In contrast to LysPGH (PA0919) described in P. aeruginosa, AcvB is a soluble protein in the periplasm and it does not remain anchored to the inner membrane. More importantly, a ten-fold increase of LysPG levels was observed in a acvB mutant of A. tumefasciens and in vitro experiments confirmed that AcvB is a genuine esterase, responsible for the LysPGH activity [START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF]. Then, authors investigated the physiological relevance of LysPG homeostasis and showed that acvB strains presented more severe growth defects under acidic growth conditions, whereas it was not the case for the lpiA/mprF strain, highlighting the detrimental effect of the accumulation of LysPG. A. tumefaciens is a plant pathogen that transfers oncogenic T-DNA to dicotolyc plant species via a type IV secretion system (T4SS). Once transferred, the linear T-DNA becomes integrated into the plant genome and induces tumor formations. Strikingly, increased levels of LysPG, either found in the acvB strain or induced through lpiA/mprF overexpression, impaired tumor formation and T-DNA transfer, while levels of key components of the T4SS were not or only slightly reduced [START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF]. Taken together, results clearly highlight the relation between virulence of A. tumefaciens and proper homeostasis of LysPG, further evidencing and extending the relevance of regulating aaL homeostasis.

III.2. AhyD in E. faecium

Similarly, the hydrolase-family AhyD protein, whose gene ahyD, located immediately adjacent to the rakPGS in E. faecium, has broad-range aaLs specificity and can hydrolyze at least AlaPG and LysPG. The aaPG levels in E. faecium were not correlated to significant tolerance to acidic conditions but similar to what happened in P. aeruginosa, unbalancing aaPG levels and homeostasis induced susceptibility to lactic acid (Smith et al., 2013). Since the latter is a toxic osmolyte known to diffuse passively into the cell [START_REF] Rubin | Lactate acid inhibition of Salmonella typhimurium in yogurt[END_REF], it was suggested that aaPG synthesis and hydrolysis regulates resistance of E. faecium to molecules produced at low pH rather than directly protecting from acidic conditions.

III.3. The PesT putative esterase in C. glutamicum

The PesT protein encoded by the pest gene in C. glutamicum belongs to the Pfam PF00756 esterase family and was proposed to hydrolyze the Ala moiety of AlaDAG and to enable AlaPG synthesis at the same time (see above). However, the clear function of this third class of aaPG hydrolases was not established for the moment [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF].

III.4. Concluding remarks

The pathways presented herein regarding aaLs homeostasis involve mainly genes encoding a hydrolase in the same operon as that of the aaLS gene. However, it is assumable that this synteny might not be conserved in several species and that aaL hydrolases could also be encoded at independent loci or belong to other structural types. Such independent genes will be more difficult to identify, since for the moment no sequence signature specific to aaL hydrolases has been established. In addition to that, hydrolases especially from the esterase and hydrolase families are quite common, with sometimes very different activities in addition to be widely distributed.

Numerous representatives of each family are found in a given species. Besides, their broad-range specificities (functional promiscuity) make that they are involved in the hydrolysis of numerous distinct esterified molecules, despite sequence conservation.

In addition to aaPG hydrolases, another mechanism regulating the cell surface's charge was proposed. In their recent study, M. Atila and colleagues showed that LysPG from B. subtillis can itself be over-modified through the addition of a succinyl group on one of both amines of Lys ( -NH3 or -NH3). Such a modification neutralizes the positive charge brought about by the -NH3 + group of the lateral chain of LysPG: this amino group becomes trapped in an amide bond with one of the carboxyles of the succinyl modifier, the second one remaining free to add a negative charge (COO -). This confers to the resulting lipid a single anionic charge, as it is the case for unmodified PG. The biological function of succinylated LysPG was not established but it was suggested that it could be an alternative for the regulation of the cell surface charge distribution in species lacking an aaPG hydrolase (Atila et al., 2016).

IV.Phylogenic distribution of aaLS throughout bacteria

IV.1.

Classification of aaLS homologs into 7 phylogenetically related types (Smith et al., 2015)

As mentioned before, several phylogenic studies aimed to investigate the distribution of aaPGSs throughout bacteria. Interestingly, none of those study could establish a convincing link between the substrate specificities and the phylogenic distribution of aaLS, since aaLS with distinct substrate specificities did not cluster inside delimited clades. Based on the alignment of a 160residue sequence from 253 aaLSs, Smith and colleagues reconstructed the phylogeny of this enzyme family. From this phylogenetic reconstruction, they proposed lipid aminoacylation factors to be distributed into 7 sequence types (clades) [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. Types I and V belong mostly to proteobacteria, while types II transferases are exclusively found in firmicutes. Almost all 23 aaLSs that had been experimentally characterized, including LysPGSs, AlaPGSs and the broad range specific rakPGS from E. faecium, belong to types I and II. Type IV is restricted to actinobacteria and includes the cluster containing all aaPGSs fused C-terminally to a LysRS, while type VII transferases, also restricted to actinobacteria, encloses the only AlaDAGS characterized so far. Finally, type VI transferases gathers only freestanding transferases with no predicted TMH domains but the sole experimentally characterized factor of this type corresponds to VlmA (containing a Dupli-GNAT fold with an +) helix), that catalyzes Ser-tRNA Ser -dependent serylation of an antibiotic precursor in valinimycin biosynthesis [START_REF] Garg | Investigations of valanimycin biosynthesis: elucidation of the role of seryl-tRNA[END_REF]Hemmerle et al., 2020), which prompted the authors to suggest that members of this group are not implicated in lipid aminoacylation. Note that 3 of them are encoded by fungal species (eukaryotes).

IV.2.

TMHs variations throughout the different transferase types N-terminal TMHs) [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]Roy and Ibba 2009;[START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF]) in addition to at least 6 supplementary TMHs for the flipase activity. One might speculate that those aaPGSs (especially type IV transferases) that are defective in aaL translocation activities can combine with another flippase, including those of other paralogous aaPGSs. It is the case for CpMprF1 (AlaPGS), that exposes AlaPG using the flipase of CpMprF2 (LysPGS) in C. perfringens (Slavetinsky et al., 2012). In fact, several species encode numerous aaPGS homologs either from the same type or from different types. For example, Kineococcus radiotolerans contains one free-standing type I LysPGS domain, a closely related type I homolog containing 12-14 TMHs and a type IV homolog containing 6-8 TMHs. [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF].

IV.3. Occurrence of the 3 aaLs hydrolases families adjacent to the aaLS gene

Finally, investigating the genomic context of aaPGSs genes and the adjacent hydrolases indicated that VirJ proteins (Pfam: PF06057) are exclusively found in Gram-negative bacteria, adjacent to type I transferases. / -hydrolases from the Pfam family PF12697 are present in both Gram-positive and Gram-negative bacteria and include the broad range AhyD hydrolase characterized in E. faecium (AlaPG and LysPG hydrolase). Finally, PesT belonging to the putative esterase family (Pfam: PF00756) is present adjacent to several type VII but also in some type IV transferases and is mostly restricted to actinobacteria.

For more extensive discussions on aaPGS phylogeny refer to (Roy and Ibba 2008b;Ernst and Peschel 2011;Arendt et al., 2012;[START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF].

V. Structure of aaPGSs and substrate specificity

V.1.

Establishing of the substrate specificity of aaPGS for aa-tRNA

Experiments were conducted very early to assess the specificity of the PG modification pathway [START_REF] Lennarz | Substrate specificity of O-Llysylphosphatidylglycerol synthetase. Enzymatic studies on the structure of O-Llysylphosphatidylglycerol[END_REF]. Concomitantly, two other studies investigated the specificity of the so-called "particulate enzyme" (i. e. aaPGS), in order to determine the aa-tRNA substrate, in other words, to specify its tRNA and aa moieties. Nesbitt and colleagues used the capacity of the LysRS from E. coli to mischarge 2--aminoethylcystein onto tRNA Lys [START_REF] Stern | Lysyl-sRNA synthetase from Escherichia coli[END_REF] and showed that cell extracts from S. aureus synthetize 2--aminoathylcysteinyl-PG from 2-aminoathylcysteinyl-tRNA Lys but not from 2--aminoathylcysteinyl-tRNA Cys [START_REF] Nesbitt | Participation of aminoacyl transfer ribonucleic acid in aminoacyl phosphatidylglycerol synthesis. I. Specificity of lysyl phosphatidylglycerol synthetase[END_REF]. At the same time, the same team showed that cell-extracts prepared from C. perfringens (formerly known as C. welchii) could not transfer the acylated moieties of lactyl-and Nacetylalanyl-tRNA Ala (derivate of Ala-tRNA Ala ) onto PG. Moreover, the non-cognate Ala-tRNA Cys -that had successfully been used to test the specificity of translation of a poly-UG RNA by the translational machinery-proved unsuitable to achieve AlaPG synthesis [START_REF] Gould | Participation of aminoacyl transfer ribonucleic acid in aminoacyl phosphatidylglycerol synthesis. II. Specificity of alanyl phosphatidylglycerol synthetase[END_REF]. Taken together these early results suggested that aaPGS may specifically recognize both moieties of the aa-tRNA and the lipidic substrate.

V.2. The identity determinants for tRNA recognition by aaPGS are located in the acceptor stem

Over the two past decades, some studies tried to further decipher the molecular mechanism of lipid aminoacylation by re-investigating the specificities of aaPGS for their substrates and by resolving the structure of those proteins. H. Roy and M. Ibba used a tRNA Ala minihelix, corresponding to an acceptor-T-stem-loop [START_REF] Francklyn | Aminoacylation of RNA minihelices with alanine[END_REF], and showed that the anticodon-stem-loop, the D-stem-loops and consequently the overall tRNA L-shape are dispensable for PG alanylation by the AlaPGS from C. perfringens. Note that this is the only work that investigated the possible competition between the translational machinery and the lipid modification pathway regarding their common aa-tRNA substrate. Their results show that both EF-Tu (elongation factor Tu) and MprF have similar affinities for the aa-tRNA substrate (Roy and Ibba 2008b), suggesting that the aa-tRNA ligand should partition equally between both pathways. S. Hebecker and colleagues further investigated the tRNA specificity of MprFs and showed that alanylated microhelices, consisting of a 7 base-pair stem-loop that mimics the acceptor terminal part of tRNAs, are used by the purified C-terminal (i. e. the aaPG synthase domain) domain of P. aeruginosa AlaPGS (residues 543 to 881; AlaPGS543-881) and that the enzyme retains similar lipid aminoacylation activities when compared to wt (full-length) tRNA Ala . Consequently, several site directed mutations inside this tRNA microhelix revealed that the terminal 5 base-pairs (together with the discriminator A73 and the 3'CCA) must contain all essential determinants required for the recognition of Ala-tRNA Ala (from other aa-tRNAs) and the transfer of Ala onto PG by AlaPGS. Notably, the C5-G68 pair seems to be a key player in the lipid aminoacylation step, while as a reminder, G3-U70 and the discriminator A73 are strong determinant for tRNA Ala alanylation by AlaRS [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF].

V.3. Discrimination of Ala-tRNA Ala from Lys-tRNA Lys

The cytoplasmic domains of P. aeruginosa AlaPGS and B. licheniformis LysPGS (AlaPGS543-881and LysPGS519-850) showed high substrate specificity for their respective Ala-tRNA Ala and Lys-tRNA Lys substrates. The acceptor stems of both tRNAs share the discriminator base A73, base pairs G1-C72, G2-C71, U7-A66 and the critical C5-G68. In contrast G4-C69, C6-G67 and G3-U70 of tRNA Ala are replaced by U4-A69, G6-C67 and G3-C70 in the tRNA Lys (Figure I-16). G3-U70 in tRNA Ala and G3-C70 in tRNA Lys are identity determinant for accurate recognition by their corresponding aaRS (AlaRs and LysRS). Accordingly, mutated tRNA Lys U70C is not aminoacylated by LysRS but instead used by AlaRS to synthetize Ala-tRNA Lys U70C. More importantly, the latter was accepted by P. aeruginosa

AlaPGS, but not by B. licheniformis LysPGS, to produce AlaPG. From these considerations, it was concluded that position N70 of the tRNA might be an essential element to discriminate Ala-tRNA Ala and Lys-tRNA Lys for accurate substrate recognition by aaPGSs of restricted specificities [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF][START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF].

V.4. Structures of aaPGSs and accommodation of the lipid substrate

As mentioned before, the C-terminal domain of most aaPGSs retains full lipid aminoacylation activity in vivo and in vitro when the N-terminal integral membrane (and flippase)

domain is removed (note that S. aureus MprF can be considered an exception since, so far, it is the only one aaPGS for which the last 6 TMH, out of 14, have been shown to be required for lipid lysylation). Therefore, to facilitate molecular, biochemical, and biophysical characterizations, several authors used recombinant versions of aaPGSs in which the hydrophobic N-terminal domain was completely removed. Notably, the team of J. Moser successfully purified recombinant versions of two C-terminal domains (AlaPGS543-881 from P. aeruginosa and LysPGS519-850 from B. licheniformis), which enabled determining the crystal structures of both modules and shed light onto important aspects of the molecular/enzymatic mechanisms of aaPGSs [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF].

Both domains that have been crystallized correspond to the aa-tRNA transferase domains (AlaPGS543-881 from P. aeruginosa and LysPGS519-850 from B. licheniformis) of MprFs/aaPGSs. They share a common fold, referred to as the DUF2156 domain, that is constituted of two GCN5-N-

acetyltransferase (GNAT)-like subdomains in tandem (Dupli-GNAT).

The structures of P. aeruginosa AlaPGS543-881 and B. licheniformis LysPGS519-850 share important features with dupli-GNATs and accordingly, the strongest structural homolog was W.viridescens FemX [START_REF] Fonvielle | The structure of FemX(Wv) in complex with a peptidyl-RNA conjugate: mechanism of aminoacyl transfer from Ala-tRNA(Ala) to peptidoglycan precursors[END_REF]. A quick overview of this dupli-GNAT structure reveals that, in comparison to the conserved secondary structure of the reference standalone GNAT fold (Chapter B), GNAT1 of aaPGSs lacks the most N-terminally -strands, GNAT2 has two additional -

In their study, Hebecker and colleagues synthesized Ala-tRNA Ala , Lys-tRNA Lys , and a misacylated Ala-tRNA Lys C70U (the mutated position indicated by * is required for tRNA Lys mis-alanylation by AlaRS) and tested their ability to be used by B. licheniformis LysPGS and by P. aeruginosa AlaPGS [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. Identity elements of respective tRNA acceptor-stems are in red shaded circles [START_REF] Giege | Universal rules and idiosyncratic features in tRNA identity[END_REF] and nt differences between Ala-tRNA Ala , Lys-tRNA Lys are indicated by blue circles. The red box highlights the C5-G68 base pair shown to be essential for AlaPG synthesis by AlaPGS [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF] which is also found in tRNA Lys . Ala-tRNA Ala and Lys-tRNA Lys Lys C70U was substrate of AlaPGS, but not of LysPGS.

Figure et al

. expected for this type of ATT, the essential (+) helix is present adjacent to CAVCCA-aa. Point mutations of basic residues (i. e. Lys and Arg) to Glu reverses the local electrostatic charge, thereby abolishing aaPG synthesis, likely because negatively charged Glu residues now "repel" the aa-tRNA substrate, that possesses a negatively charged phosphate-sugar backbone, which prevents substrate recognition and activity. In conformity with the distance between the (+) helix and CAVCCA-aa, authors proposed that those positively charged residues interact with the tRNA acceptor stem [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF].
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In the PFAM database, the ATT domain of aaPGSs is recognized to belong to the Domain of Unknown Function 2156 (DUF2156) family in the PFAM database. This fold is, in reality, a dupli-GNAT fold in which the two GNAT subdomains are attached by an (+) helix, as demonstrated by the determination of the structure of P. aeruginosa and B. licheniformis aaPGSs structures. Therefore, in the following, "DUF2156 domain" will refer to a "dupli-GNAT fold domain in which GNAT 1 and 2 are separated by an (+) helix". In other words, GNAT1- (+) -GNAT2 -type proteins will be termed "DUF2156" proteins.

Surprisingly, despite their substrate specificities, no relevant structural or residue determinants have between found in the AlaPGS and LysPGS that could explain how Ala is discriminated from the bulkier Lys and vice versa. Concerning the catalytic mechanism, solid evidences argues for direct transesterification rather than a covalent attachment of the aa onto the protein achieved for example by acyl-carrier proteins. In their structural work, S. Hebecker and colleagues showed that the C of the co-crystallized L-Lys analogue points toward the bottleneck of the tunnel and is surrounded by a conserved aa network. LysPGS Tyr705 and Asp739

Topology of the Dupli-GNAT fold of AlaPGS from P. auruginosa. GNAT domain 1 and GNAT domain 2 are in gray and green respectively, while the positively charged -helix is colored in blue. Secondary structures from GNAT domain 2 in red delimitate the CAV CAA-aa and contain conserved residues. Both GNAT domains share -strands K and E.

The AlaPGS structure is presented as a Van der Waals surface therby showing the cavity supposed to accommodate the 3'CCA-aa of the aa-tRNA (CAV CAA-aa ). From this edge, the mentioned bottleneck is appreciable (white arrow).

The same structure after 180° rotation reveals the cavity accommodating the lipidic substrate (CAV Lip ) by a backdoor entrance mechanism. Residues in purple are conserved within the CAV Lip . Note that both GNAT domains were delineated by the positively charged -helix and that the same color code was used in A, B and C. Residues from the inserted INS 6-7 loop were suggested to contribute to the delimitation of CAV CAA-aa and of CAV Lip , thereby probably forming the aa-tRNA/lipid interface. (Tyr732 and Asp765 from AlaPGS) participate to the interaction with the -NH2 of the aa, while Glu693 and Ser684 (Glu720 and Ser709 from AlaPGS) are essential to optimally position Arg742 (Arg768 from AlaPG). With regard to transesterification, interaction of this Arg with the a-carboxyl group of the aa-substrate and its activation, may facilitate the nucleophilic attack mediated by the 3'-hydroxyl group of PG leading to the formation of an ester linked aaPG [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF].

In contrast to the aa-tRNA that enters the above described cavity, PG was proposed to enter through the opposite cavity (CAVLip) (Figure I-17C). The bottleneck between them enables the catalytic interaction between both substrates. It is noteworthy that FemX proteins accommodate a polar aa-acceptor substrate into a water accessible "open" cleft, while aaPGS must deal with an amphipathic second substrate that contains large hydrophobic fatty acid chains. A closer look at the aaPGS structure reveals the presence of a large inserted loop between helices 6 and 7 (INS6-7), an extension at the GNAT2 C-terminal extremity, and an overall reclined GNAT1 in comparison to FemX. These structural rearrangements lead to the formation of a restricted hydrophobic space, comparable to a tight tunnel which is protected from the water-soluble environment, thereby favorizing the accommodation of the lipidic substrate.

Molecular docking predicts the polar headgroup of PG to partially traverse the bottleneck and thus to access the aminoacyl-binding site, while the fatty acid chains appeared to have high degree of flexibility inside the hydrophobic CAVLip [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. These theorical consideration are supported by in vitro tests assaying aaPGS activities in the presence of several PG derivates. The results showed indeed that fourfold methylation of the acyl chains, variations of their length or their saturation and even suppressing one of both acyl chains retained substantial activities. In contrast AlaPGS could not retain any detectable activity when the polar head group of PG was affected by replacing the terminal glycerol by ethylene glycol [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF].

In conclusion, the two major studies conducted by S. Hebecker and colleagues shed in light several mechanistic aspects of lipid aminoacylation and proposed an original model for the aaPGS activity at the water-soluble interface. Despite many points were only theoretically postulated it is important to point out that almost each hypothesis was supported by biochemical experiments.

Taken together, the team of J. Moser showed that dupli-GNAT containing aaPGSs folds so that two cavities interact through a bottleneck. Based on their extensive biochemical data authors proposed that one cavity accommodates the terminal CCA-aa of the aa-tRNA with high substrate specificity while the hydrophobic lipid enters the opposite tunnel. At the bottleneck, the glycerol of PG is supposed to traverse the aa-tRNA binding site and may interact with the C of the aa to enable transesterification. Finally, the description these structures further argues for the conserved aa-tRNA recognition mode by the GNAT2 domain throughout ATT. This includes several residues delineating CAVCCA-aa and obviously the positively charged -helix that interacts with the acceptor stem. On the other hand, the recognition mode of the aa-acceptor varies importantly according to the nature of the molecule that must be taken in charge. This latter aspect is mainly enabled by the fact that GNAT1-fold adapted during evolution.

D. Purpose of my thesis work

When I started my master and then my PhD, only prokaryotic aminoacyl-tRNA transferases (ATT) of the dupli-GNAT- (+) fold were known: the Fem-ligases that use aa-tRNAs to modify the peptidoglycan, mostly in monoderms (Gram positive bacteria), Fem homologs that participate in the tRNA-dependent biosynthesis of antibiotics, the Leu/Phe-tRNA::protein transferases (LFT) that participate in the N-end rule pathway and the aminoacyl-glycerolipid synthases (MprFs). In eukaryotes, only the Arg-tRNA transferase (RTT) that mediates the N-end rule pathway was known.

They all possess a dupli-GNAT- (+) fold, but only the (+) helix and GNAT II subdomains share partial sequence motifs that make them members of the N-acetyltransferase superfamily (NAT-SF), while the GNAT I subdomain, that recognizes a variety of "acceptor" substrates (peptidoglycan precursors in the case of Fem ligases, glycerolipids in the case of MprF, various proteins for LFT and RTT, multiple classes of small metabolites for Fem-like proteins that participate in the synthesis of antibiotics) presents strong sequence divergences. This leads to multiple classes of dupli-GNAT- (+) fold proteins: FemAB (PFAM: PF02388, Fem-ligases), , Leu_Phe_trans (PF03588,like LFTs), ATE_N and ATE_C (N-and C-ter parts of RTT, PF04376 and PF04377, respectively) and DUF2156 (PF09924). The latter, DUF2156, is the dupli-GNAT- (+) fold that is found in prokaryotic MprFs. Among these 5 families, protein members are exclusively found in prokaryotes (bacteria and archaea) and none (or very rare) instances are detected in eukaryotes, which supported claims on the prokaryotic-specific distribution of ATTs, especially in the case of MprFs.

In addition, from the discovery of MprFs and over the past decades, tRNA-dependent lipid aminoacylation pathways had never been described in eukaryotes, nor DUF2156 proteins detected, explaining why MprF or MprF-like proteins were through to be absent in eukaryotes, i.e. to be restricted to prokaryotes [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]Fields and Roy 2018). However, Dr. Frédéric Fischer performed a preliminary and large-scale bioinformatic study on DUF2156/MprF-like proteins and unexpectedly detected several potential DUF2156 proteins, homologous to bacterial MprFs, in most "higher" fungi (Dikarya) (i. e. ascomycota and basidiomycota). According to structure predictions and sequence analyses, those proteins shared the dupli-GNAT- (+) fold (two GNAT subdomains separated by a positively charged helix) of bacterial MprFs, which suggested that eukaryotes, in particular fungi, might use bacterial-like ATTs to achieve aa-tRNA-dependent transferase activities. Sequence analyses further revealed that two distinct DUF2156 protein families coexisted in "higher" fungi, including human, plant and insect pathogens. One of both proteins, termed freestanding DUF2156 (fDUF2156) is composed of a regular DUF2156 domain (dupli-GNAT- (+) ) fused to an N-terminal extension of variable size for which no homology to other proteins was predicted. The second protein is composed of an aspartyl-tRNA synthetase (AspRS) paralog fused at its C-terminus to the DUF2156 domain. This predicted fusion protein was termed AspRS-DUF2156. The presence of the AspRS domain, that contained all sequence features of functional AspRSs, strongly advocated for a role of the appended DUF2156 in a aa-tRNA-dependent process, making the enzyme a probable ATT involved in the aminoacylation of an unknown acceptor molecule. In both cases (fDUF2156 and AspRS-DUF2156), sequence homology with bacterial DUF2156 domains of MprFs suggested that these fungal proteins might be lipid modification enzymes.

When taking a closer look to the phylogenomic distribution of fungal DUF2156 proteins, F.

Fischer evidenced that both types of fungal DUF2156 proteins co-occur only in ascomycota, while basidiomycota generally encode only the AspRS-DUF2156 form. Species encoding only the fDUF2156 version are very rare. Intriguingly, no DUF2156 proteins were detected in Taphrinomycotina and Saccharomycotina, including Saccharomyces cervisiae (Sce) and Candida spp. Fungal DUF2156 proteins therefore seemed to be restricted to Pezizomycotina, that comprise filamentous fungi. However, one notable exception is found in Y. lipolytica (Yli) since this yeast species that belongs to Saccharomycetes encodes the fDUF2156 protein. Previously, a bioinformatic study, that aimed to detect unique and novel domains in aaRS from human fungal pathogens detected the AspRS-DUF2156 proteins in one species (A. niger) [START_REF] Datt | Novel and unique domains in aminoacyl-tRNA synthetases from human fungal pathogens Aspergillus niger, Candida albicans and Cryptococcus neoformans[END_REF] and during their phylogenetic study AM. Smith and colleagues detected freestanding DUF2156 proteins in three fungal species: Metarhizium acridum (pathogen specific to grasshoppers), Nectria haematococca (human and plants pathogen) and Fusarium oxysporum (plant pathogen) [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. However, none of these studies aimed to characterize or even postulated the activity of fungal DUF2156 proteins, making fungal DUF2156 proteins functionally uncharacterized.

F. Fischer further investigated fungal DUF2156 proteins and combining sequence alignments, phylogeny, and structure predictions showed that DUF2156 domains from filamentous fungi are phylogenetically and structurally related to bacterial MprF homologs (i. e. aaLSs). F.

Fischer was therefore convinced that fungal DUF2156 proteins might be implicated in remodeling of membranous lipids and proposed Pr. H. Becker's team to start the "fungal DUF2156 project", for which I was recruited. In order to study those proteins, we chose A. fumigatus (Afm) because 1) both proteins, AspRS-DUF2156 and fDUF2156, are encoded in its genome, and 2) this filamentous fungus is an important opportunistic human pathogen that causes several diseases in immunocompromised but also in immunocompetent patients and, more importantly, for which genetic tools do exist [START_REF] Latge | Aspergillus fumigatus and Aspergillosis in 2019[END_REF]. Our lab had expertise in yeast (S. cerevisiae) genetics, so part of my project was to characterize fungal DUF2156 proteins using the heterologous yeast model before we could use A. fumigatus and other filamentous models.

I. Biological questions and working hypotheses

When I entered the laboratory, my objectives were to functionally characterize AspRS-DUF2156 and fDUF2156 proteins; the project was therefore to determine whether they were regular ATTs and, of course, what aa-tRNAs and acceptor substrates they used. To this aim, I addressed the following questions.

I.1. Does the fungal AspRS-DUF2156 has an aspartyl-tRNA synthetase activity?

Because AspRS-DUF2156 proteins possess an AspRS domain and a DUF2156/ATT-like domain, the most parsimonious hypothesis was that the AspRS domain could synthesize Asp-tRNA Asp from Asp, ATP and tRNA Asp -like a regular AspRS -and that the appended DUF2156 domain would use this Asp-tRNA Asp to transfer the Asp moiety onto an acceptor molecule. This contrasted with the fDUF2156 version, for which no sequence motif or protein domain could be used to infer the aa-tRNA substrate. We therefore chose the AspRS-DUF2156 version at first. Importantly, all filamentous fungi encoding AspRS-DUF2156 also encode a cytoplasmic "freestanding" (canonical)

AspRS, assumed to provide Asp-tRNA Asp for protein biosynthesis. This observation supported the hypothesis that AspRS-DUF2156 might participate in non-canonical functions, like other aaRS paralogs [START_REF] Guo | Essential nontranslational functions of tRNA synthetases[END_REF][START_REF] Yakobov | Cytosolic aminoacyl-tRNA synthetases: Unanticipated relocations for unexpected functions[END_REF]. Sequence and phylogenetic analyses suggested that the AspRS domain of AspRS-DUF2156 is a paralog of the cytoplasmic AspRS from eukaryotes, which possesses all structural (catalytic core, anticodon-binding domain) and sequence (3 class II aaRS motifs, a QSPQ aa motif within the active site) features typical of functional AspRSs [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF]. This strongly suggested that the AspRS domain was indeed a bona fide AspRS. Thus, the first step was to determine if the AspRS moiety of AspRS-DUF2156 achieves Asp-tRNA Asp synthesis before trying to determine the Asp-acceptor substrate.

Taken together our working hypothesis was that the AspRS domain of AspRS-DUF2156 aspartylates its cognate tRNA Asp and channels the resulting Asp-tRNA Asp to the DUF2156 domain, which then transfers Asp onto an unknown lipid. For fDUF2156, the sory was more complex since even though the general lipid modification pathway remains the same, both substrates (i. e. the aa-tRNA and the lipid) remained to be determined, because no appended aaRS domain or sequence motifs predicting its activity could be found.

I.2. Do fungal DUF2156 proteins really modify membrane lipids?

Answering this question was even more challenging due to the fact that DUF2156 domains are present in ATTs targeting a variety of acceptor substrates, including, in the case of MprFs, lipids. In fact, DUF2156 domains share very low sequence conservation and often have very different acceptor substrates (Favrot et al., 2016;Moutiez et al., 2017;Hemmerle et al., 2020).

VlmA, which is a bacterial ATT found in Streptomyces spp., for example, is phylogenetically close to MprFs [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF], uses an aa-tRNA, but transfers the aa moiety onto a small metabolite (hydroxylamine), a substrate that strongly differs from glycerolipids (Hemmerle et al., 2020). Therefore, it was not possible to predict with certainty and without experimental procedures that fungal DUF2156 proteins are implicated in the modification of lipids rather than of another macromolecules or small molecules, especially given that fungi are known to produce a vast variety of secondary metabolites, including amino acids-derived molecules [START_REF] Macheleidt | Regulation and Role of Fungal Secondary Metabolites[END_REF]. However, structure predictions using the Phyre2 software (Kelley et al., 2015) showed that the closest homologs are AlaPGS from P. aeruginosa, LysPGS from B. licheniformis (as also evidenced by phylogenetic analyses performed by F. Fischer) and FemX from W. viridescens.

Therefore, we needed procedures and experimental setups to determine and prove that fungal DUF2156 could modify lipids. This was a substantial part of my work: building up and optimizing methods to visualize, extract and identify products of fungal DUF2156 to obtain information on their aa-tRNA and acceptor substrates, as well as enzymatic methods to confirm their activities.

I.3. What is the aa-tRNA substrate of fungal DUF2156/ATTs?

Due to its fusion to the AspRS, it was quite evident that if AspRS-DUF2156 aminoacylates a lipid it would transfer Asp from tRNA Asp onto an acceptor molecule, likely a lipid. In contrast, fDUF2156 is not fused to an aaRS and therefore it was not possible to predict what aa-tRNA would be rerouted to achieve the aminoacylation of an acceptor substrate (also likely a lipid). However, using methods first developed to study AspRS-DUF2156 proteins, we investigated the activity of fDUF2156 proteins to determine the aa-tRNA and acceptor substrates of the protein in several organisms.

I.4. What is the lipid substrate of fungal DUF2156/ATTs?

As described in the general introduction of the present manuscript, all bacterial aaLSs, (i.

e. MprF homologs) that had been characterized before this work had been shown to aminoacylate glycerolipids (PG, CL, DAG). The sequence and predicted structural features of fungal DUF2156 proteins (fDUF2156 and AspRS-DUF2156), as well as their phylogenetical relationships with MprFs, were compatible with a function in lipid aminoacylation as well, although other possibilities could not, at that time, be excluded. Therefore, it was reasonable to hypothesize that fungal DUF2156 would modify a phospholipid. However, the variety of lipid species in eukaryotes that can be aminoacylated -on a hydroxyl or possibly on an amine function -is much more important, which increased the likelihood for fungal DUF2156 proteins to recognize and modify other types of lipid species. We therefore needed a pipeline of techniques to uncover the identity of the putative substrate lipid, as well as the amino acid moiety attached by the proteins to eventually demonstrate that fungal DUF2156 proteins are genuine ATTs that add amino acids to lipids.

I.5. How are modified lipid levels regulated?

The importance of finely regulating aaL levels was demonstrated in bacteria, in which dedicated hydrolases exist to remove the aa moiety from the lipid part. If we considered that fungal DUF2156 proteins could modify one or several lipids, the question of the aa's removal was pending. Therefore, once the enzymatic function of fungal DUF2156 was deciphered, we wondered whether dedicated hydrolases, functionally equivalent to those found in bacteria, could exist.

I.6. What is the biological function of aaLs in fungi?

In bacteria, aaLS-dependent lipid aminoacylation decreases the global negative charge of the PM, thereby promoting resistance to positively charged antimicrobials (i. e. CAMPs) and increasing immune escape and virulence in pathogens. In contrast to bacteria, the PM of eukaryotic cells is enriched in neutral lipids and contains low levels of anionic lipids. By analogy, we speculated that fungal aaLs could potentially be involved in similar processes, but also in a plethora of other pathways typical of eukaryotes, including signaling, trafficking, virulence, autophagy etc. We expected that deciphering the enzymatic function of fDUF2156 and AspRS-DUF2156, the substrates that they use (aa-tRNAs, lipids) and the product that they synthesize (aminoacylated lipids) could provide hints into their putative function, a subject that will be discussed.

II. Working strategies

At the beginning, we focused our research on the AspRS-DUF2156 and fDUF2156 proteins encoded by the human opportunistic pathogen A. fumigatus (Afm) but later during my PhD, we included additional homologs to have a more "global" view on the function of fungal DUF2156

proteins. In order to address the above listed problematics, I used during my thesis mainly two strategies.

II.1. Functional characterization of fungal DUF2156 proteins from Afm through heterologous expression in the yeast Sce.

At the very start of the project, our laboratory had no expertise with filamentous fungi and the technical support required to manipulate such organisms was also lacking. Furthermore, obtaining deletion strains in filamentous fungi and in general experimentation on filamentous fungi can rapidly become challenging and are time consuming. Because the whole fungal DUF2156 project was based on bioinformatic predications, there was an important risk to take the wrong research direction and therefore the aim was to adopt a strategy that would rapidly provide experimental evidences supporting at least partially our hypothesis. Accordingly, our laboratory has a strong background in employing the yeast Sce as a model organism. Yeast is a eukaryotic microorganism which has many advantages as an experimental model, including its ease of genetic manipulation in the haploid and diploid forms, its rapid growth, its similarities with several eukaryotic cells in many biological processes etc. More importantly, metabolomic pathways of lipid biosynthesis are highly conserved between Sce and other eukaryotic cells and even more with filamentous fungi, thereby rendering it a very advantageous model organism for studying lipid homeostasis and functions [START_REF] Santos | Yeast as a model system for studying lipid homeostasis and function[END_REF]. The similarities between biosynthesis pathways of Sce and filamentous fungi are evidenced when using for example the KEGG pathway database and several studies investigated the lipid compositions of those species [START_REF] Birch | Polar lipids of Aspergillus fumigatus, A. niger, A. nidulans, A. flavus and A. terreus[END_REF][START_REF] Ejsing | Global analysis of the yeast lipidome by quantitative shotgun mass spectrometry[END_REF][START_REF] Feofilova | Lipid Composition in Cell Walls and in Mycelial and Spore Cells of Mycelial Fungi[END_REF]. Finally, several findings related to the cell-wall of filamentous fungi were first reported in Sce [START_REF] Levin | Regulation of cell wall biogenesis in Saccharomyces cerevisiae: the cell wall integrity signaling pathway[END_REF]) and sequence analysis revealed highly conserved enzymes and pathways throughout fungal species [START_REF] Horn | Systems biology of fungal infection[END_REF][START_REF] Valiante | The Aspergillus fumigatus cell wall integrity signaling pathway: drug target, compensatory pathways, and virulence[END_REF]. The latter observation further demonstrates the high degree of similarities between the yeast and filamentous fungi. But what made from the yeast a nearly perfect model to initiate the present topic is that 1) it contains no DUF2156 proteins, 2) a deletion library of lipid biosynthesis enzymes is available in our laboratory and 3) specific Sce strains can be used to test the ability of the AspRS-DUF2156 to complement the loss of the endogenous, cytoplasmic, and essential AspRS gene by performing plasmid shuffling experiments.

Advocated by all these reasons, the choice of the organism model in the present case was evident and during my thesis I studied AspRS-DUF2156 and fDUF2156 proteins through heterologous expression in the yeast Sce.

II.2. Molecular characterization of the lipid modification pathway

This strategy was used to unwind the molecular mechanism of the lipid modification pathway. To this end I overexpressed recombinant version of fungal DUF2156 proteins in E. coli strains and I purified them. Adequate in vitro assays were set up and allowed us to assay both, the tRNA aminoacylation activities of AspRS-DUF2156 and the aa-tRNA transferases activities (i. e. the lipid aminoacylation activities) of both fungal DUF2156 proteins. These experiments allowed us also to determine the substrate dependencies. During my thesis I also designed and purified transcript tRNAs that are suitable for in vitro assays and will be important to establish the substrate specificities and the tRNA determinants required for lipid modification.

Later during my thesis, we obtained filamentous fungal strains, we equipped our laboratory to study them and we acquired the competences and the knowledges to manipulate them. Beside both strategies mentioned here, we thus also used a third major strategy, namely in vivo characterization using filamentous fungi encoding naturally DUF2156 proteins, but experiments belonging to this third axe were mainly performed by Dr. Frederic Fischer and Dr.

Nassira Mahmoudi-Kaidi. However, I also actively participated to these approaches by cloning several cassettes that were used to construct deletion/complementation strains and by performing lipid and protein analysis.

I. Publication: RNA-dependent sterol aspartylation in fungi. Yakobov et al., 2020. PNAS Summary of the main results

Rerouting aminoacyl-tRNAs from protein synthesis to aminoacylate cell wall constituents, is a well-known process used by a wide range of bacteria. By tRNA-dependently adding amino acids to peptidoglycan or glycerolipids, bacteria change the properties of their cell surface which intensifies their resistance to antimicrobial drugs, their pathogenicity and virulence. This process is carried out by a widespread family of enzymes called MprF in bacteria and archaea. No equivalent aminoacylated lipids have been uncovered in any eukaryotic species thus far, suggesting that tRNA-dependent lipid remodelling is a process restricted to prokaryotes.

This manuscript details a discovery that constitutes a change of paradigm for researcher working on sterols' biology and more broadly on lipids but also for those working in the tRNA and aminoacyl-tRNA synthetase field. Indeed, besides the fact that we prove that eukaryotes can remodel their lipids in a tRNA-dependent manner, the use of aspartic acid (Asp) as a lipid modifier and the fact it is conjugated to a sterol (and not a glycerolipid) has, to our knowledge, never been ! ! "$! :(.-4()+.% 9.&&+.5.0% !.,$% !,/()5.)+.% .,/()5./.0% ;8)$% ;(-)1&'1). % 8).&&.0% <5($% <)2'/18188-&% 5(1"1)#.5&0% =81$% =8>+31'>2,,-#% 81##-5(0% =8($% =.88>.)1 #28(&% 8() 
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N+! XG/()/GT*'64GCG-(7+&'-(64! ;G"/()/G)*'+861/()+,64#GIG/&./('/'-! "ElW! B7#! %,! @U)@4)! 9/&!/==-=!>'(L!"EWW!ma#?!:2'-(!1++4%,7!9%'3!/,!%1-!)/'3D!'3-!B%8'*(-!9/&!/==-=!NV<dN2!"FWW! ma#!/,=!&'%((-=!2+(!EX!3(&!/'!W!Z@?!N3-!B%8'*(-!9/&!-8'(/1'-=!9%'3!@U@4(!/,=!9/&3-=!9%'3!&/'?! L/U@d(?!N3-!+(7/,%1!4/6-(!9/&!=(%-=!+0-(!L/)<d'?!;-B+0/4!+2!'3-!+(7/,%1!&+40-,'!+5%4.8-1! 7/0-! '3-! 1(*=-! .(+=*1'?! O*(%2%1/'%+,! )6! &%4%1/! 7-4! 1+4*B,! 13(+B/'+7(/.36! "@U@4(! €! @U@4(_V-dU!R!JSC#!7/0-!'3-!.(+=*1'?!LV;!9/&!B-/&*(-=!9%'3!@$(d$!"ll?b!^!/'+B! ) UD! V-(15D!<9%'[-(4/,=#!/&!/!&+40-,'!9%'3!/!'-'(/B-'364&%4/,-!&%7,/4!+2!'!W?WW!..B!2+(! & U!/,=!/! &+40-,'!&%7,/4!+2!'!Xl?W!..B!2+(! &( @!/&!(-2-(-,1-&!2+(!
(+'-%,!&-M*-,1-&!=/'/)/&-&!/,=!4%B%'-=!'+!2*,7%!9%'3!EWDWWW!'/(7-'!&-M*-,1-&?!@+,0-(7-,1-! 9/&! (-/13-=! /2'-(! E! %'-(/'%+,&?! <-M*-,1-&! 9-(-! '3-,! 2%4'-(-=! *&%,7! /! 3+B-GB/=-! O6'3+,! /47+(%'3B! '+! (-1+0-(! +,46! &-M*-,1-&! +2! EJW! '+! EWWW! (-&%=*-&! %,! 4-,7'3! "YJbX! &-M*-,1-&#! '+! -814*=-! &3+('! /,=! '(*,1/'-=! 0-(&%+,&! +2! .(+'-%,! =+B/%,&! ":&.;<! /,=_+(! $HIECJK#?! N3-&-! 2%4'-(-=!&-M*-,1-&!9-(-!*&-=!'+!1+,&'(*1'!/!.(+'-%,!&%[-!=%&'(%)*'%+,!.
-=!+*'&%=-!$%5/(6/?!Q-!B/..-=!'3-!.(-&-,1-_/)&-,1-!+2!>(=<!%,!-/13!14/&&!+,'+!'3-! .364+7-,-'%1!'(--!+2!2*,7%!/0/%4/)4-!/'!'3-!o\A!V61(+@+&B!9-)&%'-!"CK#?!$%&'(%)*'%+,!+2!>(=<! 9/&! /4&+! B+,%'+(-=! %,! '3-! %,=%1/'-=! &-4-1'-=! &.-1%-&?! A,! -/13! 1/&-D! 9-! /4&+! %,=%1/'-=! '3-! .(-&-,1-!+2!/!1/,+,
*&-! &-M*-,1-! &%B%4/(%'6! 9%'3! )/1'-(%/4! $HIECJK! 9/&! 0-(6! 4+9! "€EW! ^#D! '3-! \L:N! A! /,=! AA! &*)=+B/%,&! "! /&! 9-44! /&! '3-! %,'-(1/4/'-=! α :+; ! 3-4%8! "! +2! '3-! !"#$HIECJK!"(-&%=*-&!JlXGlXY#!9-(-!4+1/4%[-=!%,!'3-!O36(-E!B+=-4!)6!1+B./(%&+,!9%'3!'3-! ! ! ')! 1(6&'/4! &'(*1'*(-&! +2! '3-! $HIECJK! =+B/%,&! +2! )/1'-(%/4! //O\<&! "EJ#?! N3-! α :+; ! 3-4%8! +2! '3-! $HIECJK! =+B/%,! 9/&! %=-,'%2%-=! )/&-=! +,! '3-! B+=-4! +2! '3-! %,'-(/1'%+,! %,2-((-=! )-'9--,! ';L: !1< !/,=!'3-!α :+; !3-4%8!+2!
The Dupli-GNAT topology of AlaPGS Pae , presented in Figure I-17 (introduction), was implemented with additional details. GNAT domain 1 is in gray, GNAT domain 2 is in green and the positively charged -helix ( (+) ) delineating them is colored in blue.

Afm is predicted to share similar topology as bacterial aaPGSs but -helices 2 and 4 from GNAT domain 1 and -helix 9 are predicted to be degenerated in the case of ErdS Afm . In addition to other bioinformatic predictions, these results strongly suggest that the fungal DUF2156 might also be composed of a tandem repeated GNAT fold were GNAT1 lacks the most N-terminally -strand when compared to the consensus GNAT fold, while GNAT2 has two additional -helices (8a and 9). However, -helices 2 and 4 from GNAT domain 1 and -helices 9 are predicted to be degenerated in the case of ErdSAfm ( Figures S-1B, S-2A andS-2B).

Both GNAT domains of bacterial aaLSs are separated by an inserted positively chargedhelix ( (+) ), considered as a signature feature common to all aa-tRNA transferases (ATT). Mutating basic residues (Lys, Arg) from this -helix through inverting their charge (Glu) completely abolished the AlaPGSPae activity [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. As expected, (+) is also present in the structure prediction of ErdSAfm and in the present case both GNAT folds were delimited by this helix.

In both structures the positively charged -helix is thought to interact with the tRNA acceptor stem and is oriented perpendicular to the near located -helix 8 which is also implicated in tRNA binding

(Figures S-2A and S-2B).

The aa-tRNA cavity is mainly delineated by conserved secondary structure elements belonging to GNAT domain 2 which have equivalent features in the predicted structure of fungal DUF2156 (red in Figure S-2A and S2B). In AlaPGSPae several residues forming this cavity were proposed to interact with the 3'-CCA of the tRNA (Figure S1B). The C-terminal extremity of -helix 6, the N-terminal extremity of -helix 7 and the extended loop between them contain highly conserved residues. Among them W712 of AlaPGSPae found in -helix 6 is in van der Waals distance from the tRNA 3'-CCA as shown through docking experiments [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF].

Strikingly, the extended loop between -helix 6 and 7 was also predicted in the fungal DUF2156 domain and W785, predicted in the C-terminus of -helix 6 from ErdSAfm-AspRS, is proposed to interact with the tRNA 3'-CCA (Figure S-2A andS-2B). Importantly, the presence of an extended loop might be a characteristic feature of lipid aminoacylation factors regarding other ATT and is thought to be essential for the formation of a closed cavity ready to accept the lipid substrate. Due to its location, this feature might correspond to the interface between the aa-tRNA and lipid binding sites. Finally, -helix 10 of AlaPGSPae participates also to the aa-tRNA cavity formation and contains several conserved residues. Notably, F839, K840 and K842 were shown to be functionally relevant (most probably for binding of the 3'CCA of the tRNA ( Figures S-1B andS-2A). This helix (+) and within secondary structures delineating the tRNA-binding cavity (CAV CCA-aa ) are highlighted as well as some -helixes ( -6, -8, -9 and -10) of particular interest. Based on this structural model, conserved residues W785, R789 and/or K790 from ErdS Afm are proposed to be functionally equivalent residues to AlaPGS Pae W712 and R768 (tRNA 3'CCA binding and catalysis). This is even more true for basic residues within (+) , considered as the hallmark of ATT and thought to interact with the acceptor-stem of the substrate tRNA. The large loop inserted between helices 6 and 7 (INS 6-7) is indicated by red arrowheads.

ErdS Afm and AlaPGS Pae (A & B) but their structures are shown as Van der Waals surfaces. This view suggests that ErdS Afm probably also forms a CAV CCA-aa proteins. In addition, a tunnel traversing the protein is also predicted for ErdS Afm (white arrow, right panel) which suggests that the hydrophobic Erg substrate might probably enter the protein through a backdoor entrance (as proposed for bacterial aaPGS) in order to encounter the 3'CCA-aa of the aa-tRNA. (continued) However, the analogy between both structures was not concluding for this purpose and multiple protein sequence alignments must be combined to structural predictions to target more efficiently residues involved in lipid recognition.

Identification of functional residues through mutagenesis

Even though the fungal DUF2156 from bacteria and from fungi are predicted to share several structural similarities, especially in the GNAT domain 2, their sequences vary considerably.

When compared to its closest structural homologs (i. 

II.1.2.1. Identification of functional residues predicted to interact with the tRNA Asp moiety.

We first wanted to assess the importance of the positively charged -helix located between residues 744-757. Therefore, positive charges of R749, K750, R752 and R753 were neutralized or reversed by mutating them to Ala or Glu, respectively (mutants (0) and (-) ). No activity could be detected in mutants containing simultaneously the 4 mutated positions which further argued for the binding of aa-tRNA (probably the acceptor stem) by this helix (Figure S-4 &Table S-1). However, mutating simultaneously 4 residues might completely destabilize the secondary structure and according to mutagenesis studies performed on bacterial aaLS, single mutations of those residues to E might be enough to completely abolish the lipid modification activity. Therefore, it would be interesting to check whether the 4 single mutations of the fungal DUF2156 helix affect equally the activity.

The three above mentioned residues found in -helix 10 and predicted to bind the 3'-CCA of the tRNA, were also selected for mutagenesis but we failed to express ErdS variants that are mutated at residues F913 and R914. In contrast F916 is an essential functional residue as witnessed by the complete abolition of the activity through its mutation (Figure S-4 &Table S-1). Thus,helix 10 seems also to be relevant in fungal DUF2156 and testing F913 / R914 mutants should be repeated. Similarly, mutation of the highly conserved W785, the last residue of helix 6 preceding the large internal loop , to its resembling His or to Ala, almost completely abolished the presence of Erg-Asp (Figure S-4 &Table S-1). Both identified residues are of high interest because their equivalent are present in bacterial aaLS and are assumed to interact with the 3'-CCA of the tRNA.

II.1.2.2. Identification of functional residues potentially involved in catalysis.

Regarding the catalytic Arg residue of AlaPGSPae shown to interact with the -carbonyl group of the aa substrate, R789 and K790 from ErdSAfm were ideal candidates as catalytic key players. Importantly, R789 is predicted to point toward the putative aa-tRNA binding-cavity while K790 points to the opposite direction (Figure S-2B). Therefore, R789 is more a favorable candidate Individual exchange of these residues to Ala showed an important in vivo activity decrease for S644A and W645A mutants. Results obtained for D647R and R649E, also located in the Erg-p I, are ambiguous and mutations in Erg-p III did not show their requirement for Ergosterol aspartylation.

Note that Erg-p I and III are probably important for scaffolding GNAT domain I rather than for direct interaction with the substrates or for catalysis.

The internal loop between -helices 6 and 7 might also participate to Erg accommodation.

Mutants G791A, E798R and W802A did not significantly affect the Erg-Asp amount as compared to

α (+)
The predicted structure of ErdS Afm is presented in the same orientation as in . Beside the (+) -helix (blue), the rest of the protein is in olive-green without distinguishing both GNAT domains.

the wt level while Q793R and H795A severely decreased the lipid modification activity (Table S-1).

However, both functional residues identified here are not predicted to be near or part of the Ergpocket.

In contrast, Erg-p II and V might harbor residues pointing toward the Erg-pocket stricto sensu that probably interact with Erg. In bacterial AlaPGS, a highly conserved Gln residue (Q636) Strikingly, Q836R mutation completely abolished Erg-Asp synthesis while the result obtained for the N677A mutant is ambiguous and should be reinvestigated (Table S-1).

Conclusion and additional remarks

Taken together, results obtained here allowed the identification of several functional residues implicated in Erg-Asp synthesis by ErdSAfm. The prediction of functional aa from the positively charged -helix and from the GNAT domain 2 was much easier in comparison to the less conserved GNAT domain 1. Accordingly, the mechanism involved in Asp-tRNA Asp recognition is probably achieved in a similar way to bacterial aaLS. In contrast aaLSs involving Erg were never described so far and thus the interaction mechanism between ErdS and Erg remains to be discovered. In comparison to the important knowledge about protein/aa-tRNA interaction, less is known concerning structural interaction between a protein and Erg. Interestingly, the binding mechanism of Cholesterol (structurally corresponding to Erg lacking the alkyl group at position 24 and presenting additional substitutions at positions 7 and 22) to proteins was described in some cases. Notably, membranous receptors have generally a linear consensus binding motif, called CRAK or CARK, involving 3 types of residues interacting with the different parts of Cholesterol: 1) basic residues (Lys/Arg) interact with the polar hydroxyl group of Cholesterol, 2) aromatic residues (Phe/Tyr) stack to the aliphatic rings and 3) aliphatic residues (Leu/Val) interact with the aliphatic chain of Cholesterol [START_REF] Fantini | Molecular mechanisms of proteincholesterol interactions in plasma membranes: Functional distinction between topological (tilted) and consensus (CARC/CRAC) domains[END_REF]. Because of the high similarity between Erg and Cholesterol, it would be interesting to investigate if ErdSAfm uses a similar mechanism for lipid binding.

One important point that must be taken in consideration when analyzing this in vivo study, is that the Erg-Asp level was assumed to reflect the activity of ErdS variants. When the Erg-Asp spot significantly decreased or completely abolished, it was concluded that the corresponding aa is somehow important for lipid modification. In contrast, it is impossible to conclude when Erg-Asp levels of mutants were similar to those found for the wt ErdS using the in vivo approach since cultures were grown overnight without performing kinetics, and consequently, the modified lipid might accumulate even if the synthesis activity of ErdS is decreased. The bias introduced in the Erg-Asp-signal/ErdS-activity relation was also noticed during the extended mutagenesis study performed on AlaPGS which clearly showed that for some mutants the in vivo signals were comparable to the wt enzyme while in vitro analysis finally revealed significantly decreased activities associated for the same mutations [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF]. Results obtained here must therefore be taken with care and other approaches assaying more directly the activity and facilitating their quantification will probably be more appropriate to investigate these aspects.

Furthermore, the molecular function of the herein identified residues can only be speculative and the result obtained here might be confronted in the next future to experimentally resolved (co-)structures and further biochemical experiments. For example, residues important for aa-tRNA binding can be identified by assaying the formation of protein/(aa-)tRNA complexes through Electrophoretic mobility shift assays (EMSA) or even through size exclusion chromatography. On another hand, lipid binding capacity of ErdSAfm mutants might be tested through other approaches such as lipid strip assays also called lipid-protein overlay assay (LPO) [START_REF] Shirey | Notes and tips for improving quality of lipidprotein overlay assays[END_REF][START_REF] Han | An improved protein lipid overlay assay for studying lipid-protein interactions[END_REF].

II.2. Production of a tRNA Asp transcript suitable for lipid modification by ErdS

tRNA transcripts are powerful tools to determine the substrate specificities of aaRSs or aa-tRNA utilizing enzymes. Previous studies have also used such approaches to characterize the tRNA determinants required for efficient aa-tRNA transferase activities [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF]. During my thesis I principally used tRNAs purified from the yeast Sce for in vitro experiments assaying the lipid aminoacylation activities of fungal DUF2156 proteins. However, to further decipher their substrate specificities, I thought that it was a good strategy to obtain a transcribed tRNA Asp from filamentous fungi that encode naturally ErdS. In this way, I focused myself on the unique tRNA Asp found in Afm and I aimed to develop a tRNA Asp transcript that will be used as a starting point for future characterizations of the aa-tRNA substrate specificity of ErdS.

Description and particularities of the tRNA Asp from Afm

According to the Genomic tRNA database (Chan and Lowe 2009; Chan and Lowe 2016), Afm strains Af293 and A1163 contain 9 tRNA Asp genes that all encode for tRNAs with an intron following position 37 (Figure RT 1). Surprisingly, the mature sequences of all encoded tRNA Asp are identical and harbor a GUC anticodon; no isodecoders nor isoacceptors were detected. The unique mature tRNA Asp is predicted to be composed of 75 nt's that forms canonical L-shape composed of an acceptor stem, anticodon and T C -stem-loops but some particularities were noticed in the Dstem-loop. The latter is formed by only 3 bp (instead of the canonical 4 bp), and the corresponding 10 bp loop lacks one nt between C12 and C17. Finally, G18G19U20 is followed by an additional C20A and a 4 nt V-loop is predicted (Figures RT1 &RT2).

Regarding the transcription assay, it is important to note that the mature sequence of 165 situation of Pca is particularly interesting because its tRNA Asp is very similar to this of Afm; a unique isotype, composed of 75 nt, containing the same particularities in the D-stem-loop and harboring the GUC anticodon. Importantly, the tRNA Asp from Pca contains G50-C64 bp in the T C-stem instead of the A50-U64 found in Afm. Therefore, I speculated that the N50-N64 might not be essential, nor for tRNA aspartylation nor for Erg aspartylation mediated by ErdS. Accordingly, the T C-stem of bacterial tRNA does not contain determinants for its recognition by bacterial aaLSs, at least in vitro [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF]. However, without further biochemical experiments I cannot certify that A50-U64, conserved in tRNA Asp from Aspergillus sp., is not involved for ergosterol aspartylation by ErdSs. Finally, I mutated A50-U64 to G50-C64 which allowed me to employ BstNI restriction enzyme for plasmid linearization before transcription.
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Designing a construct for the synthesis of an accurate tRNA Asp transcript

II.2.2.1. Fusing a ribozyme to overcome unfavorable 5' start of tRNA for transcription

The major strategy used to obtain a tRNA transcript is to clone the transfer DNA (tDNA) sequence downstream to the T7 promoter and to perform in vitro transcription as described in Materials & Methods. As a reminder, a BstNI restriction site is generated by adding two GG nt's after the terminal 3'CCA of the tDNA, and enzymatic restriction is performed before transcription to obtain a linearized template ending with CCA. Importantly, the produced tRNA transcript does not contain post-transcriptional modifications but remains suitable in most cases for in vitro aminoacylation assays. However, an absolute requirement for efficient T7 RNA polymerase transcription is the presence of nt G at the first tDNA position, and accordingly, G enriched 5' extremities further enhance the transcription process. For tDNA templates starting with unfavorable 5' nt (i. e. A, T or C), which is the case of tRNA Asp Afm that starts with nt U, one ingenious solution is to fuse them adequately to an autocatalytic 5' cis-acting ribozyme, resulting to a so called transzyme [START_REF] Fechter | Ribozyme processed tRNA transcripts with unfriendly internal promoter for T7 RNA polymerase: production and activity[END_REF] T7-mediated transcription is suitable for sequences starting with nt G at their 5' extremity (the complementary template ends with nt C at its 3' extremity). To overcome the issue of templates starting with unfavorable nts (e. g. tDNA encoding tRNA Asp Afm starts with T) it is possible to fuse the sequence of interest (gray) to a ribozyme (purple) achieving auto-cleavage activity. During transcription, the autocatalytic activity of the fusion construction, called transzyme, results in cleaved ribozyme and free full-length tRNA. (B) Schematic representation of the strategy used in the present work. The Ribozyme-tRNA encoding-sequence is cloned in a plasmid under the control of a T7 promoter. Insertion of GG dinucleotide after the 3'CCA end of the tDNA forms a BstN1 restriction site. In this way, BstN1 treatment of the plasmid template enables to perform run-off transcription (mutating the internal BstN1 site within tRNA Asp Afm was therefore a prerequisite). During transcription, the 5' sequence of the tRNA (total or partial according to the designed ribozyme) pairs with the 5' sequence of the ribozyme thereby forming the substrate stem. Importantly, the latter must be designed cation.

tRNA harboring a 5'OH extremity (Figure RT 3B). The latter is assumed to not significantly affect tRNA aminoacylation rate by aaRSs.

II.2.2.2. Description of the wt Hammerhead ribozyme and guidelines for designing transzymes.

The full-length HMH ribozyme, found in Schistosoma (HMHwt) [START_REF] Martick | Tertiary contacts distant from the active site prime a ribozyme for catalysis[END_REF] is composed of three stems, connected to each other by a three-way junction (Figure RT 4A). Both extremities of the ribozyme sequence (named here stem I 5' and 3' strands) form the stem I corresponding to the substrate stem, while stems II and III are closed by loops and form the catalytic core. The cleavage site is located at the phosphodiester bond, preceding the first nt of stem I's 3' strand. Importantly, the wild-type HMH contains an essential unpaired feature (bulge) found 6 nt after the cleavage site in its stem I. This bulge composed of U6A7C8 faces a single U56 and interacts in trans through tertiary contacts with the loop of stem-loop 2. A second bulge is also found in the substrate stem and the presence of these unpaired secondary structures enhances by up to 1000-fold the autocatalytic cleavage activity when compared to HMH lacking these features [START_REF] Canny | Fast cleavage kinetics of a natural hammerhead ribozyme[END_REF][START_REF] Martick | Tertiary contacts distant from the active site prime a ribozyme for catalysis[END_REF][START_REF] Meyer | cis-Acting 5' hammerhead ribozyme optimization for in vitro transcription of highly structured RNAs[END_REF].

When designing a transzyme, the 3' strand of ribozyme's stem I must be replaced by the 5' sequence of the tRNA, so that the cleavage site immediately precedes the first nt of the tRNA part.

Consequently, the sequence of the 5' strand of stem I must be adapted regarding Watson-Crick complementarity, but the design is complexified by the fact that both above mentioned bulges must be conserved. Partial base-pairing of the 5' sequence of the ribozyme with the 5' sequence of the tRNA acceptor stem, mimics the ribozyme stem 1 and determines the cleavage site.

M. Meyer and B. Masquida tested several versions of the HMH ribozyme and provided general guidelines for designing transzymes when using the HMHwt. In this way, stem I's 5' strand should be composed by a dozen nt's and the tricky step takes places when predicting the unpaired features (bulges) found in stem I that must be preserved. Consequently, the 5' strand of stem I will only partially pair to the 5' sequence of the tRNA. In most cases it is not possible to predict the most efficient stem and therefore numerous constructs should be tested. Furthermore, the 5' sequence of stem I should start by three G residues to enhance transcriptional efficiency. Stem- Afm transzymes v4 (B), v5 (C) and v6 (D) were designed using HMH wt as background. During the design, the 5' sequence of the tRNA (in black and bold) was fused to the HMHwt and the 5' strand (red for v4, green for v5 and blue for v6) of the substrate stem was adapted to obtain partial complementarity so that essential unpaired structures (bulges; see text) are conserved. In this way the 5' sequence of the tRNA dictates the sequence of the 3' strand of the expected ribozyme stem I. loops 2 and 3, composing the catalytic core of the ribozyme, should be copied from the genuine HMHwt without any modifications [START_REF] Meyer | cis-Acting 5' hammerhead ribozyme optimization for in vitro transcription of highly structured RNAs[END_REF]. The tRNA sequence is finally fused at the 3' end of the ribozyme sequence.
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II.2.2.3. Design of stem I candidates for HMHwt-tRNA Asp

Afm transzymes

According to the above recommendations, I designed in silico several HMHwt-tRNA Asp Afm candidates by using the mfold web server [START_REF] Zuker | Mfold web server for nucleic acid folding and hybridization prediction[END_REF]. Here I will only describe the 3 versions (v4, v5, v6) that were retained and experimentally tested. The sequence corresponding to the 15 nt's at the 5' extremity of the tRNA (7 nt from the 5' strand of the acceptor stem, U8, G9, 5' strand of the D-stem and the 3 first nt's of the D-loop) form the 3' strand of the ribozyme substrate stem.

In all models the 5' strand of stem I starts with 5'UUAGCU3' which forms a stem composed of 6 bp and a single nt bulge. The following 4 nt's of the ribozyme 5' strand are involved in the formation of the crucial trans-interacting bulge and consequently, much attention should be paid when modeling this region. The accuracy of the putative bulge for scaffolding the ribozyme and subsequently the catalytic efficiency of the cleavage activity can only be determined through experimental procedures. The 3 candidates modeled here vary from each other exclusively in this 4 nt sequence and were designed so that positions A7 and/or U8 from tRNA Asp Afm faces at least one C of ribozyme's 5' strand. In this way v4 and v6 might form bulges involving 3 and 5 nt's, respectively, while v4 has only an unpaired bp in this region. In all cases the variable 4 nt's are followed by 5'CGAGGA3' which are fully complementary to the 6 starting nt's of the tRNA and form At the end of the transcription reaction, 5 volumes of transzyme buffer (50 mM Tris-HCl pH 8.0, 100 mM MgCl2) were added to yield higher cleavage rates. After incubation 1 h at 60 °C nucleic acids were precipitated. Aliquots before (T7) or after (Cl.) adding the transzyme buffer were analyzed on gel for each tested construct (v4, v5 and v6). An aliquot of precipitated products obtained with the v6 transzyme was also analyzed (Pr.). Bands of interest corresponding to non-cleaved transzymes (1), free tRNAs (2) and cleaved HMHs (3) are indicated and their S. cerevisiae and served as indication of the molecular weight.

contaminant and was therefore excluded. In contrast, HMHwt-tRNA Asp Afm v4 and v6 showed slightly similar results but the ratio of cleaved transzyme is higher for v6 than for v4. Finally, adding the transzyme buffer further enhanced autocatalytic cleavage and removed almost completely the uncleaved forms as shown after precipitation of the v6 transcript. Taken together, HMHwt-tRNA Asp v6 seemed to be the most appropriate transzyme construction to obtain purified transcript of tRNA Asp Afm. Consequently, HMHwt-tRNA Asp v6 transcript products were separated and purified "ingel" using polyacrylamide gel electrophoresis as described in Materials & Methods sections.

Around 100 µg of transcript tRNA Asp Afm were obtained from 100 µg of linearized plasmid. This rate is lower than the common 500 µg described for yeast tRNAs transcripts [START_REF] Fechter | Ribozyme processed tRNA transcripts with unfriendly internal promoter for T7 RNA polymerase: production and activity[END_REF] but remains largely suitable for biochemical experiments.

Note that a minimal version of the Hammerhead (HMHmin) ribozyme was optimized especially for purifying transcript tRNAs starting with unfavorable nt at their 5' extremity [START_REF] Fechter | Ribozyme processed tRNA transcripts with unfriendly internal promoter for T7 RNA polymerase: production and activity[END_REF]. Designing transzymes with HMHmin is much more convenient in comparison to the HMHwt that I used, since the chimeric stem I is fully paired but the cleavage activity of the minimal ribozyme is severally decreased in comparison to the HMHwt [START_REF] Martick | Tertiary contacts distant from the active site prime a ribozyme for catalysis[END_REF]. Without experimental procedures I cannot predict if the HMHmin is suitable for the purification of tRNA Asp but if it is the case, it will greatly facilitate the production of transcript tRNA Asp mutants. Therefore, a transzyme composed of a fusion between the correct HMHmin and tRNA Asp Afm should be tested.

The transcript tRNA Asp

Afm is well aminoacylated by the heterologous AspRSSce and by the homologous ErdSAfm

The ability of the heterologous yeast AspRSSce and of the homologous ErdSAfm (the MBP-ErdSAfm 84 recombinant version was used here) to aminoacylate the transcript was tested (Figure RT-7). Aminoacylation assays were performed as described in the accompanying paper and the aminoacylation rate is defined here as the ratio between the concentration of Asp-tRNA Asp at the plateau and the initial concentration of tRNA Asp . The plateaus of the aminoacylation reaction showed that nearly 70 % of the transcript tRNA Asp Afm was aspartylated by both tested enzymes. As expected, the cleaved ribozyme, used as a negative control, was not aminoacylated, while surprisingly only 18.4 % of native tRNA Asp purified from Sce (REF) was charged in these conditions.

Regarding former experiments performed in our lab, during which another batch of purified dividing by the volume of the precipitated aliquot leads to the concentration of [ 14 C]Asp-tRNA Asp (µM). Identities of RNAs and their concentrations (in brackets) added at the beginning of the reaction are indicated at the top of each series. Note that data's result from two experiments (separated by dash lines) and that assays were performed in the presence of AspRS Sce or a recombinant version of ErdS Afm , (MBP-ErdS Afm Graphical representation of aminoacylation kinetics obtained from data's in (A). Aminoacylation rates (red) correspond to the ratio between the mean of Asp-tRNA Asp concentrations at the plateau (values in bold in (A)) and the initial concentration of RNA (bold in B). Purple, transcript tRNA Asp Afm ; blue, tRNA Asp Sce ; grey, cleaved HMH wt ribozyme; cl. HMH wt tRNA Asp Sce was used, I suspect that the tRNA Asp Sce used here was partially degraded or denatured.

These results clearly demonstrate that the transcript tRNA Asp Afm is a highly suitable substrate for AspRSSce and more importantly for ErdS.

These results also suggest that the velocity of tRNA Asp Afm aspartylation by both tested AspRS homologs is low when compared to tRNA Asp Sce. Despite all substrates were set in excess (i. e. [tRNA] and [Asp] >> KM) in addition to the increasing amount of added enzymes, the plateau was reached only after 10 to 20 minutes with AspRSSce and even later by ErdSAfm. These observations require more extensive investigations since the apparent slow reaction can be due to several reasons. One may speculate that the presence of the additional domain hijacking the aa-tRNA (i. e. DUF2156 domain) might hinder its release and delays the reaction. However, our preliminary data suggest that tRNA Asp Sce is slowly aminoacylated by both, the full-length ErdSAfm and the ErdSAfm-DUF2156 (not shown). In addition to that, AspRSSce presented low aminoacylation velocity only for the transcript tRNA Asp Afm but not for its homologous tRNA Asp Sce. Because the several tRNA Asp -genes from A. fumigatus encode a single version of tRNA Asp , it will be interesting to compare the kinetic aminoacylation parameters for the cytoplasmic AspRS and for Afm ErdS. Such an approach combined to structural investigations could reveal how Afm partitions a pool composed by a unique tRNA Asp Afm for lipid modification and protein biosynthesis.

The transcript tRNA Asp

Afm is used in vitro by ErdSAfm for lipid aminoacylation

The suitability of the transcript tRNA Asp Afm for Erg aminoacylation was tested by an in vitro system and the general procedure used for this lipid aminoacylation assay (LA assay) is described in the accompanying paper. In the present case, the recombinant ErdSAfm was assayed as for the aminoacylation assay described in the previous section, but the reaction mixture was supplemented with 0.5 mg / ml of sonicated ergosterol. Reaction was stopped after 45 min by lipid extraction followed by separation on TLC. Finally, radiolabeled species were analyzed using a Typhoon TRIO variable Mode Imager (GE Healthcare) (Figure RT-8).

Results confirmed that [14C]-Asp is indeed transferred from the transcript tRNA Asp Afm onto ergosterol. Surprisingly, when the experiment was conducted in the presence of tRNA Asp from Sce the amount of aspartylated ergosterol was increased which suggest that ErdS has higher substrate specificity for tRNA Asp Sce. However, the observed variation can be due to several reasons: first, the absence of tRNA post-transcriptional modifications and second, the mutated bp in the T C-stem (A50-U64 to G50-C64). Furthermore, the concentration of tRNA was identical in both experiments but, as shown above, their aminoacylation rates vary and the velocity of tRNA Asp Afm and tRNA Asp Sce aspartylation by the AspRS domain of ErdS was not compared yet. In our initial hypothesis we postulated that Asp-tRNA Asp is channeled from the AspRS to the DUF2156 active site. The presence of the lipidic substrate and thus the transferase activity of the DUF2156 might regulate the velocity of the global reaction. To further complexify the situation, tRNA Asp Afm and tRNA Asp Sce and their aspartylated forms might be differently recognized by both domains constituting ErdS. These explanations illustrate well the complexity of the issue and the necessity to characterize enzymatically ErdS, especially which reaction, tRNA aminoacylation or lipid transfer, is ratelimiting.

Concluding remarks

In a more global reflection, the transcript tRNA Asp Afm is suitable for both activities catalyzed by ErdS despite the mutation in the T C-stem (A50-U64 mutated to G50-C64), the lack of posttranscriptional modifications, and the 5' hydroxyl group (instead of the classical 5' monophosphate). As speculated here, further kinetic characterization of ErdS is needed (we plan to characterize the kinetic parameters of ErdS-AspRS and ErdS-DUF2156). Importantly, the transcript tRNA Asp Afm obtained here constitutes a powerful tool to further decipher the substrate specificity of fungal DUF2156 proteins. Regarding the work done for bacterial aaPGSs, it will by particularly interesting to construct truncated versions of the tRNA (i. e. mini-and micro-helices)

as well as single mutations in the acceptor stem. Finally, the herein obtained transcript is used by our collaborators from the laboratory of Pr. O. Nureki to resolve the 3D structure of ErdSAfm in complex with its tRNA.

III.Annex I: Adapting lipid analysis for the characterization of Erg-Asp and some additional results

In the accompanying paper we demonstrated that AspRS-DUF2156 from Afm has dualactivity which together result to the synthesis of Erg-Asp. In the present section I aimed to report many optimizations that were brought to the lipid analysis method that finally enabled the stepwise discovery of Erg-Asp. As a reminder, the primary goal in the early steps of the project was to determine if fungal DUF2156 proteins are responsible for the presence of an additional lipid. I studied both detected fungal DUF2156 proteins (initially called AspRS-DUF2156 and fDUF2156) in parallel but, as it will be highlighted in the present section, the characterization of fDUF2156 was more difficult and therefore we focused our efforts primarily on the AspRS-DUF2156 protein. Note that in all cases, LX1 remains distinguishable from other lipids and that in optimal staining conditions, LX1 is colored in orange under UV light. Consequently, using this staining method is very convenient when aiming to study LX1, especially when analyzing total lipids. Furthermore, as witnessed by results presented in previous sections (i. e. concerning mutagenesis) the staining method used here allowed to distinguish the presence of the modified lipid even when its amount was severely decreased.

III.1. Critical adaptations of TLC conditions enabling the detection of the AspRS-DUF2156 dependent lipid

Unfortunately, these results did not reveal any modification in the total lipid pattern when fDUF2156Afm was expressed in Sce. The adapted Folch method is also suitable for analysis of LX1.

Total lipids were extracted by the adapted Folch method (see Materials & Methods) and lipids were separated with the CHCl3 : MeOH : H2O 130 : 50 : 8 (v : v : v) system. Using this approach was also suitable and confirmed the presence of the AspRS-DUF2156 dependent lipid (LX1) (Figure AL-4). 

Co-expression of Afm AspRS-DUF2156 and fDUF2156 in Sce

Conclusion and additional remarks

The presented results clearly demonstrated that the heterologous expression of AspRS-DUF2156 is responsible for the presence of an additional lipid. The successful optimization of lipid analysis conditions reported here led us finally to standardize the TLC procedure when analyzing the AspRS-DUF2156 dependent lipid. In this way, lipids containing LX1 were from then on routinely separated with developing solvent CHCl3 : MeOH : H2O 130 : 50 : 8 (v : v : v) and stained with the MnCl2 / Sulfuric acid solvent. Regarding these results, it is also tempting to compare the amount of the modified lipid to other phospholipids. This might be possible if both compared spots contain the same class of lipids since the staining reagent reacts distinctly according to the considered lipid class. Albeit obvious, it was necessary to show that the lipid modification activity is dependent on the DUF2156 domain of AspRS-DUF2156. LX1 synthesis was not detected in a strain expressing DUF2156) was co-expressed in trans. Moreover, expression of the DUF2156 domain alone or the AspRS-DUF2156AAPA variant (an AspRS catalytically inactive variant) were also able to sustain LX1 synthesis. The common point of all three cases reported here is that the DUF2156 domain is not fused to a catalytically active AspRS domain and that the LX1 level is strongly decreased when compared to the Sce expressing the full-length wt version of ErdS.

Failure to detect an additional lipid in the presence of fDUF2156, we decided to further concentrate our efforts on the AspRS-DUF2156. The function of fDUF2156 protein will be treated in a separate chapter.

III.2. Evidencing the presence of LX1 in fungi naturally encoding AspRS-DUF2156

At the start of the project we had no filamentous fungal strains expressing DUF2156 proteins nor strains in which AspRS-DUF2156 was deleted. However, we were able to isolate a filamentous fungus from a contaminated petri dish (later determined as belonging to Penicillium) and we purchased the insect pathogen strain Beauveria bassiana (Bba). Both are thought to express AspRS-DUF2156 and the dark-brownish spot, identified as LX1, was present in both cases.

As expected, LX1 was absent from Yarrowia lipolytica (Yli), which does not encode AspRS-DUF2156.

This was the first result that brought evidences that the modified lipid is present in naturally occurring fungi encoding AspRS-DUF2156 proteins without adding any stress condition during growth (Figure AL-6). In the CDP-DAG pathway, CDP-DAG is converted by the CHO1-encoded PS-synthase to PS, which is then decarboxylated to obtain the major lipid, PE [START_REF] Henry | Metabolism and regulation of glycerolipids in the yeast Saccharomyces cerevisiae[END_REF]. In yeast, the latter reaction can be accomplished by two encoded homologs; the mitochondrial Psd1 which accounts for the large majority of phosphatidylserine decarboxylase activity and the multi-localized Psd2 (Golgi, Vacuole, Endosomes) [START_REF] Trotter | Identification of a non-mitochondrial phosphatidylserine decarboxylase activity (PSD2) in the yeast Saccharomyces cerevisiae[END_REF]. Finally, PE undergoes 3 sequential methylations, the first of them catalyzed by Cho2 (Pem1) and the two remaining by Opi3 (Pem2), to synthetize PC, the other major phospholipid found in yeast membranes [START_REF] Mcgraw | Mutations in the Saccharomyces cerevisiae opi3 gene: effects on phospholipid methylation, growth and cross-pathway regulation of inositol synthesis[END_REF][START_REF] Kodaki | Characterization of the methyltransferases in the yeast phosphatidylethanolamine methylation pathway by selective gene disruption[END_REF]. Beside PS decarboxylation, all other reactions transforming CDP-DAG to PC occur at the ER. Alternatively, yeast uptakes ethanolamine and/or choline from the media via the e HNM1-encoded choline/ethanolamine transporter [START_REF] Nikawa | Cloning of a gene encoding choline transport in Saccharomyces cerevisiae[END_REF] and transforms them to their CDP-conjugate. ER located Ept1 and Cpt1 transfer the ethanolamine and choline moieties onto DAG, thereby producing respectively PE and PC through the so-called Kennedy pathway [START_REF] Hjelmstad | The sn-1,2-diacylglycerol cholinephosphotransferase of Saccharomyces cerevisiae. Nucleotide sequence, transcriptional mapping, and gene product analysis of the CPT1 gene[END_REF][START_REF] Henry | Metabolism and regulation of glycerolipids in the yeast Saccharomyces cerevisiae[END_REF].

Under choline starvation, deletion of OPI3 (PEM2) abolishes the synthesis of PC and induces important accumulation of phosphatidylmonomethylethanolamine (PMME) [START_REF] Mcgraw | Mutations in the Saccharomyces cerevisiae opi3 gene: effects on phospholipid methylation, growth and cross-pathway regulation of inositol synthesis[END_REF]). AspRS-DUF2156 was expressed in this strain and total lipid analysis by TLC showed that the level of LX1 synthesis was similar to that found in the Sce wt strain (Figure AL-7B). From this result it was concluded that PC is not a substrate of AspRS-DUF2156.

For PSD2 it was not surprising that no changes occur concerning LX1 (Figure AL-7B), since even if PS would be implicated, the deleted gene accounts only for 4-12 % of the phosphatidylserine decarboxylase activity [START_REF] Trotter | Identification of a non-mitochondrial phosphatidylserine decarboxylase activity (PSD2) in the yeast Saccharomyces cerevisiae[END_REF]. Therefore, the high amount of PE is assumed to be only slightly affected through PSD2 deletion. The psd1 psd2 mutant is not capable to synthetize PE but this strain has ethanolamine auxotrophy. Testing this strain makes Taken together, the silica column chromatographic approach was successful and severely increased the enrichment of LX1 with regard to apolar lipids, glycolipids, PC and probably other undetected lipids. Despite this success, fractions containing the highest amount of LX1 are contaminated by PE and further optimization of the purification procedure might help to avoid this contamination. Increasing the column volume (1 ml) should already increase the resolution of the separation but another approach that might overcome the PE contamination is to perform a second silica column and further refining the elution procedure. 

III.5. LX1 identification by MS

Results presented above clearly demonstrated that the AspRS-DUF2156 protein is responsible for the presence of an additional lipid, whose migration behavior and polarity is like phospholipids. However, the distinguishable coloration of LX1 as well as experiments performed with phospholipid biosynthesis deletion strains, strongly suggested that a lipid belonging to a distinct class is modified. Regarding the coloration similarity of LX1 to lipids migrating in the front it was assumable that AspRS-DUF2156 modifies an apolar lipid. precise analysis of enrichments and yields are required but assuming that all mentioned proteins were purified from comparable cell mass and that the same purification procedure was applied it is reasonable to consider that the amount of purified MBP-ErdS-aspRS protein is strongly increased in comparison to other ErdS variants mentioned here. The successful purification of the recombinant protein, containing the DUF2156 domain separated from the AspRS domain will be essential for the determination of its kinetic parameters, independently of the AspRS domain. 

Purification of ErdS variants by size exclusion chromatography

The MBP-tag of our recombinant proteins is separated from the ErdS variants by a TevCS and can consequently be removed by proteolytic cleavage. Cleaved ErdS variants that have similar molecular weight to the full-length wt ErdS (151 kDa) can then be easily separated from minor contaminants including the MBP-tag by size exclusion chromatography. In addition, AspRSs are class II aaRS and therefore the AspRS domain of ErdS is assumed to dimerize, thereby further facilitating the discrimination of ErdS from MBP. To illustrate these purification aspects, I choose an ErdS variant in which the N-terminus was shortened. The AspRS domain of ErdSAfm is preceded by an N-terminal extension of 104 aa for which no domain homology was predicted. The sequence encoding 84 aa of the N-terminal extension was deleted and cloned into the pMtevGWA vector by using the Gibson isothermal assembly method. This construct might be useful to establish the tridimensional structure of the protein because the presence of labile or unfolded regions within the protein often hinders efficient crystallization. MBP-ErdS 84 was enriched on amylose resin with the classical procedure described in the corresponding Material & Methods sections. SDS-page analysis of fractions eluted from the amylose resin shows similar results in comparison to those obtained for the purification of fulllength ErdS proteins (Figure P-4). Fractions were cleaved by the TEV-protease and injected into the homemade GF75 size exclusion column monitored by an Äkta purifier HPLC system. Analysis of the chromatograph on figure P-4 confirms the presence of two peaks that were attributed to cleaved ErdS 84 and MBP when analyzed by SDS-page. Micro aggregates were removed by ultracentrifugation at 100000 × g for 1 h at 4 °C. The purity of ErdS 84 is estimated to 96 % and the total amount was determined to be around 2 mg by measuring the OD280. The same protocol is used for the purification of full-length MBP-ErdS, MBP-ErdS- (0) and MBP-ErdSAAPA (not shown).

Performing size exclusion chromatography following TEV protease cleavage is not suitable to discriminate the MBP-tag (40 kDa) from cleaved ErdS-aspRS (39.3 kDa). To overcome this issue, it will be important either to find conditions in which the His-tagged version of this protein is soluble or to add a second tag. For example, GST-MBP-or His-MBP-tagged versions of ErdS-aspRS may resolve this issue. The proposed strategy is to perform amylose affinity chromatography as described above, followed by TEV protease cleavage. Finally, the cleaved His-MBP-or GST-MBP- E. coli Rosetta 2 harboring pMtev-ErdS were grown and ErdS variants were overexpressed. Cells were resuspended in lysis buffer, disrupted by sonication, and cleared by centrifugation (see the Materials & Methods sections). The soluble fraction of the crude extract obtained from a 2 L pellet was put in the presence of 2 mL of equilibrated through (FT) was collected. Beads were washed with wash buffer several times and elution was performed with the same buffer supplemented with 3 % maltose. The FT, the last wash fraction (W) and eluted fractions (E) were analyzed by SDS-PAGE. MBP-ErdS-(0) contains a catalytic null DUF2156 domain (R749, K750, R751 and R752 mutated to Ala). MBP-ErdS-AAPA contains a catalytic null AspRS domain (QSPQ signature sequence of AspRSs mutated to AAPA). Protein concentrations were measured by the Bradford method and the total amount of protein was deduced. Finally the ratio of the protein of interest on total proteins is approximatively whereas the native ErdS-aspRS would be recovered from the flow-through. One advantage if choosing the His-tag for this purpose is that the proposed strategy will also allow to remove the His-tagged TEV-protease from the purified protein in a single step. Unfortunately, I had not the time to test these strategies, but I already constructed expression plasmids allowing GST-MBP-or His-MBP-tagged versions of ErdS-aspRS.

Finally, cleaved ErdS-DUF2156 should dimerize since AspRSs belong to class II aaRS.

Consequently, this ErdS variant should be easily discriminated from the MBP-tag by size exclusion chromatography.

IV.3. Assaying the lipid modification activity of recombinant ErdS proteins through in vitro lipid aminoacylation assay (LAA).

As a quality check, we wanted to verify if the purified ErdS versions sustain lipid aminoacylation by performing LAA described in the accompanying paper. Note that ErdS-aspRS and MBP-ErdS-DUF2156 were cleaved before the assay but the free MBP-tag was not removed from the enzyme fraction. In accordance with our expectations, full-length ErdS retained lipid aminoacylation activity which was not the case when ErdS-DUF2156, ErdS-AAPA, ErdS-a (0) and ErdS-aspRS were assayed (Figure P-5). Combining ErdS-aspRS and ErdS-DUF2156 restored only a residual activity when compared to ErdS wt. Interestingly, when ErdS-aspRS or MBP-ErdS-aspRS were assayed in the presence of purified AspRS from Sce the lipid aminoacylation activity was similar to ErdS wt. Note also that the presence of the MBP-tag does not seem to affect the activity of the DUF2156 domain (which is very advantageous since cleaved ErdS versions tend to precipitate). Therefore, the enriched proteins were in most cases stored in their MBP-fused versions.

IV.4.

Conclusion and preliminary optimizations of the purification procedure.

In the previous sections I reported the status of the purification procedure I reached during my thesis. The MBP-tag was successful to solubilize the ErdS and the amylose resin allowed the purification of sufficient amounts of protein to perform biochemical experiments. Furthermore, LAA was performed as described in the accompanying paper. The reaction is schematically represented in (A) and was performed in the presence of radiolabeled [ 14 C]Asp (20 µM), pure tRNA Asp from Sce (10 µM) and total lipids from Sce (2 mg/ml). ErdS variants tested here are listed in (B) and their structural organizations are depicted. 1, 3 and 4 contain both functional domains found in ErdS while 2, 5 and 6 contain only one of them. Reactions were started by adding 0.1-0.5 µg of the enzyme and when mixed, enzymes were added in equimolar ratios. 5 and 6 contain the same ErdS construct but in 5 the MBP-tag was not removed. Finally, 7 corresponds to the recombinant cytoplasmic AspRS from Sce.

Dyer procedure and separated by TLC (developing system: CHCl3 : MeOH : H2O 130 : 50 : 8 (v : v : v)). TLC plates were exposed onto an imaging plate (Fuji Imaging plate) and radiolabeled species were detected with a Typhoon TRIO variable Mode Imager (GE Healthcare). Regarding results presented here and in the accompanying paper, these goals were fully reached, but it will be important to investigate more in depth the molecular mechanism of ErdS. Therefore, the purification procedure must be further optimized, and other strategies should be tested or at least complementary purification steps, such as ion exchange chromatography should be tested. enduring the last benchwork days of my thesis I obtained some preliminary data that could help to further optimize the purification procedure.

Optimization of culture and overexpression conditions

With regard to the major contaminant co-eluted from the amylose resin when purifying E. coli expressing MBP-ErdS 84 was grown in 250 ml LB + Amp (100 mg/L) and when OD 600 reached 0.5, 4 different overexpression conditions were tested. In all cases the cold-shock (prior the conditions indicated above the gels) was maintained and the varying parameters include incubation temperature, concentration of IPTG for induction and duration of the overexpression. Cells were recovered by centrifugation, the MBP-ErdS by 1 ml) were analyzed by SDS-PAGE (10 %). Note that in this case the column support was changed (Poly-Prep® Chromatography Columns, Biorad #7311550) and the volume of amylose resin was lowered to 500 µL. 

IV.5. Purification of MBP-ErdHAfm

ErdHAfm and its associated mutants were fused to MBP and overexpressed in E. coli. Cells were grown in 250 mL LB + Amp and the pellet was resuspended in 10 ml lysis buffer. In contrast to the above described atmospheric affinity chromatography, the soluble fraction obtained after cell lysis was injected onto on a MBPTrap™ HP (GE healthcare, conducted by an Äkta Pure HPLC system. SDS-page analysis of eluted fractions confirmed the enrichment of recombinant ErdH variant ( = 1.52 M -1 .cm -1 ) (mg) 1.7 2 3.6 3 2.6 wt E. coli strains harboring pMtev-ErdH wt or mutants were grown in 250 mL LB + Amp (100 mg/mL) and overexpression was induced with 0.3 mM IPTG at 30 °C for 3 h. Cells were disrupted by sonication in the presence of 10 mL lysis buffer and the soluble fraction was injected into a of Wash buffer (Tris-HCl pH 7 50 mM, NaCl 300 mM, KCl 30 mM, Glycerol 5 % (v / v), Tween20 0.25 % (v / v), TritonX-100 0.1 % (v / v), β-mercaptoethanol 5 mM) and for elution the same buffer supplemented with a step equilibration and column wash and was decreased to 0.5 ml/min for sample application and elution. Fractions were collected per 0.5 mL. The chromatograph is represented in (A) and total amounts of each ErdH variants bands were revealed by the stainfree method using ChemiDoc Imaging System (Biorad). 

Preliminary remarks

As introduced at the beginning of the present manuscript, the bioinformatic study performed by F. Fischer revealed in addition to ErdS another fungal DUF2156 protein, initially named fDUF2156. This protein is mostly distributed among Ascomycota and during my thesis I also aimed to characterize the function of this second protein that we supposed to be a lipid aminoacyation factor too. By using similar strategies as in our recently published work I detected an fDUF2156 dependent lipid and our tight collaboration with Dr. H. Roy's and Pr. T. Kushiro's teams allowed us finally to establish that fDUF2156 is an aminoacyl-tRNA transferase (ATT) that catalyzes the esterification of Gly onto Erg in a tRNA dependent manner. Thus, our study provides a novel pathway for the synthesis of ergosteryl-3--O-glycine (Erg-Gly), a so far never described lipid.

Based on structural predictions and mutagenesis experiments we also show the essentiality of a positively charged helix, commonly found in DUF2156/ATTs and strongly suggested to be involved in aa-tRNA binding, for the lipid modification activity. In the coming months we plan to submit our discovery for publication and therefore we started the redaction of the article.

In the context of my thesis manuscript I nevertheless wanted to propose a preliminary draft even if incomplete. In this way, I adapted the draft "ErgS article draft" to my thesis and the reader should be aware that even if the main results are presented, some of them are incomplete or lack some controls. In addition, some experiments we would like to integrate are still lacking and depending on their outcomes (in the following month) the direction of the article might completely change. Note also that the following draft will refer to some parts of my thesis manuscript, particularly in the Materials & Methods section which is incomplete for the moment but for the convenience to the reader I tried to integrate all essential information required for the comprehension of the purpose. Regarding these preliminary remarks, I inserted several notes, written in [Italic] between rectangle brackets, in order to guide the reader. They will among others indicate complementary experiments that are ongoing or that must be performed prior to publication. Author contributions will also be indicated with the aim to point out my participation during the past 4 years. Some figures (mainly supplementary figures) are in preparation and unfortunately, I was not able to integrate them at time. In those cases, the integrated notes will also guide the reader and sometimes an alternative illustration will be proposed. Finally, the Discussion section was the most challenging to redact since according to results that will be obtained in the coming month, its orientation might completely change. Therefore, in addition to discussing properly the characterization of ErgS and several other points, I also provided in this section a global analysis on the discovery of fungal lipid aminoacylation pathways by performing notably an analogy with bacterial systems. The discussion part can consequently be considered as the conclusion of my thesis work.

Taken together, the reader should consider the following ErgS article draft as a part of my thesis, in which several results from our collaborators or from other members of our lab were implemented, rather than the version that will be submitted for publication.

INTRODUCTION

Modification of membranes lipid components through the addition of D/L-amino acids (aa) or aa derivatives is a widespread mechanism in bacteria for glycerolipids (1), lipid A (2) or teichoic acids (3). Bacterial virulence factors termed MprF (for Multiple Peptides Resistance Factors) use aminoacyl-tRNAs (aa-tRNAs) -e.g. synthesized by aminoacyl-tRNA synthetases (aaRSs) (4)-rerouted from ribosomal protein synthesis to transfer the L-aa moiety that they carry onto one hydroxyl of an acceptor glycerolipid, yielding O-L-aminoacyl-esters of glycerolipids (AGLs) [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Peschel | Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the novel virulence factor MprF is based on modification of membrane lipids with l-lysine[END_REF]. MprFs can use Lys-, Ala-and/or Arg-tRNAs [START_REF] Roy | RNA-dependent lipid remodeling by bacterial multiple peptide resistance factors[END_REF][START_REF] Roy | Broad range amino acid specificity of RNA-dependent lipid remodeling by multiple peptide resistance factors[END_REF] and transfer the aa that they carry onto phosphatidylglycerol (PG), cardiolipin (CL) or diacylglycerol (DAG), yielding Lysor AlaPG, LysCL or AlaDAG [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF]. The aa-tRNA transferase activities carried by the Cterminal cytoplasmic Domain of Unknown Function 2156 (DUF2156) of MprFs ( 5) that is fused to an N-terminal integral membrane domain with an AGL flippase activity [START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF][START_REF] Slavetinsky | Alanyl-phosphatidylglycerol and lysylphosphatidylglycerol are translocated by the same MprF flippases and have similar capacities to protect against the antibiotic daptomycin in Staphylococcus aureus[END_REF][START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF] that transports the modified lipids from the inner leaflet of the plasma membrane, where they are produced, to the outer leaflet, where they are exposed [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF]. AGLs intensify resistance of bacteria to cationic antimicrobial peptides (CAMPs), seemingly through charge repulsion, but also to other types of antimicrobials [START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF][START_REF] Ernst | Broad-spectrum antimicrobial peptide resistance by MprFmediated aminoacylation and flipping of phospholipids[END_REF]. In bacteria, AGLs are degraded by dedicated hydrolases/esterases ( 14) that are periplasmic in diderm bacteria [START_REF] Arendt | Identification and characterization of a periplasmic aminoacyl-phosphatidylglycerol hydrolase responsible for Pseudomonas aeruginosa lipid homeostasis[END_REF][START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF] or extracytoplasmic and membrane-anchored in monoderms [START_REF] Smith | A conserved hydrolase responsible for the cleavage of aminoacylphosphatidylglycerol in the membrane of Enterococcus faecium[END_REF]. The MprF/hydrolase couple is therefore central to the turnover of AGLs in bacterial membranes but also to proper antimicrobial resistance, pathogenicity and/or immune escape [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF][START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF].

MprF-like proteins have been thought to be absent in eukaryotes, like AGLs or other forms of tRNA-dependently modified lipids [START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. However, we recently discovered that most of "higher" fungi -i.e. Dikarya-are equipped with MprF-like enzymes having DUF2156 domains [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. Unlike MprFs, they have no membrane domains, but the DUF2156 module is rather fused at the C-terminus of an aspartyl-tRNA synthetase (AspRS) paralog, i.e. the enzyme responsible for Asp-tRNA Asp production (19). They are bifunctional enzymes capable of producing Asp-tRNA Asp from free Asp, ATP and tRNA Asp (AspRS activity) and use it in the appended DUF2156/Asp-tRNA transferase domain to acylate aspartate onto a lipid that is not a glycerolipid, but ergosterol (Erg), the major fungal membrane sterol, yielding ergosteryl-3 -O-L-aspartate (Erg-Asp) [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF].Those bifunctional AspRS/Erg-Asp synthases (ErdSs)and Erg-Asp are widespread across Dikarya (KEGG orthology: K24278) and in a substantial number of occurrences, we evidenced that an Erg-Asp hydrolase (ErdH, KEGG orthology: K24279) can remove the Asp moiety of Erg-Asp, providing the first example of a sterol aminoacylation/deacylation system in fungi [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF].To date, the cellular function of Erg-Asp in the physiology of Dikarya remains unknown.

A wide range of mono-and diderm bacteria possess one or several combinations of MprF proteins, which, due to the catalytic diversity of the enzymes, expands the AGLs diversity within a given bacterial species [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. In Clostridium perfringens, two MprFs are present, with MprF2 being a LysPG synthase (specific for Lys-tRNA) and MprF1 an AlaPG synthase (specific for Ala-tRNA) [START_REF] Roy | RNA-dependent lipid remodeling by bacterial multiple peptide resistance factors[END_REF], while in Enterococcus spp., MprF1 is a Lys/Arg/Ala-PG synthase of broad aa-tRNA specificity [START_REF] Roy | Broad range amino acid specificity of RNA-dependent lipid remodeling by multiple peptide resistance factors[END_REF]. Up to date, only Erg-Asp has been evidenced in fungi, and no other O-L-aminoacyl ester of Erg or of glycerolipids has been discovered, nor has a second type of DUF2156 protein.

Here we report the discovery in ascomycota -one of the two divisions of Dikarya-of a novel type of DUF2156 proteins. They are all free-standing DUF2156 domains (fDUF2156) phylogenetically related and paralogous to ErdS that, contrary to the latter [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], are not fused to an aminoacyl-tRNA synthetase. Using Aspergillus fumigatus (Afm), Aspergillus oryzae (Aor) and Yarrowia lipolytica (Yli) as models, we demonstrate that fungal fDUF2156 proteins have an enzymatic activity distinct from that of ErdS: they use glycyl-tRNA Gly (Gly-tRNA Gly ) produced by glycyl-tRNA synthetase (GlyRS) to transfer Gly onto Erg, yielding ergosteryl-3 -O-glycine (Erg-Gly), another and previously undetected type of sterol conjugate of the aminoacyl-type. Therefore, fungal f-DUF2156 are genuine Erg-Gly synthases (ErgS, Er: ergosterol, g: glycine, S: synthase) that expand the repertoire of the newly discovered class of O-L-aminoacyl ester of sterols. We conclude that ErgS and ErdS both represent members of a novel enzyme family -ergosteryl-3 -O-amino acid synthases-that produce ergosteryl-3 -Oamino acids in a vast diversity of fungi.

RESULTS

A second type of aminoacyl-tRNA transferases in ascomycota [in silico studies were mainly performed by Dr. F. Fischer & G. Grob] Upon detection of ErdS in Dikarya [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], we noticed that Aspergillus fumigatus (Afm) and Aspergillus oryzae (Aor) possess an additional protein that presented distant homology to the DUF2156/Asp-tRNA transferase domain of ErdS (~20 % identity) and that was unambiguously recognized as a DUF2156 protein, using the Protein FAMily database (PFAM) search tool (https://pfam.xfam.org/) [START_REF] El-Gebali | The Pfam protein families database in 2019[END_REF]. Both proteins -encoded by the AFUA_8g01260 and AO090011000521 genes in Afm and Aor, respectively-are free-standing DUF2156 domains evolutionary relationships of fDUF2156 with either ErdS or MprF, as well as its structural features, supported the hypothesis that it could modify lipids -glycerolipids or Erg-by a tRNA-dependent mechanism as well [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. In consequence, we hypothesized that fDUF2156 might be able to bind an aa-tRNA of unknown identity, produced by an unknown aaRS, to use it in a tRNA-dependent lipid modification mechanism using an unknown lipid.

Attempts to delete the fDUF2156 gene in Aspergillus spp [performed by Dr. N.

Mahmoudi-Kaidi in our Lab, and by Pr. T. Kushiro's team].

In order to verify that fDUF2156 proteins are involved the tRNA-dependent aminoacylation of a lipid, and as we did for ErdS [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], we tried to construct fDUF2156 mutants in Afm and

Aor by gene replacement to analyze and compare total lipids from WT and deletion strains by thin layer chromatography (TLC). Despite multiple attempts in Afm using electroporation [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF][START_REF] Lambou | Functional analysis of the superoxide dismutase family in Aspergillus fumigatus[END_REF] to introduce the deletion cassette, or in Aor using either protoplast-PEG [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] or Agrobacterium-mediated transformation ( 26), we failed to isolate bona fide fDUF2156 mutants in both species. In Afm, we could only isolate one clone in which the fDUF2156 was seemingly knocked out, but in which the fDUF2156 ORF was still detected by PCR, either suggesting that the region is not prone to deletion, or that the fDUF2156 gene underwent duplication upon deletion, suggesting that it could be essential under the selection and/or growth conditions used (see below). Because gene deletion was unsuccessful, we could not evaluate whether the absence of fDUF2156 led to the loss of an aminoacylated lipid. We therefore used a different strategy to characterize fungal fDUF2156 proteins.

[Note for the reader: Alternatively, we are going to try to obtain an Afm strain in which the fDUF2156 gene will be replaced by a copy under the control of a xylose-inducible promoter (Pxyl). If fDUF2156 is essential, at least in given time points of Afm's life cycle, the Pxyl-fDUF2156 strain should grow on minimal medium with xylose (MMX, induced conditions), but not in the presence of only glucose (MMG, non-induced conditions). This, if it happens, should prove fDUF2156 to be essential, at least in some circumstances, or under the growth conditions used. This would, of course, change the shape of the paper.] The impossibility to delete the fDUF2156 in either Afm or Aor prompted us to express them heterologously in the yeast Saccharomyces cerevisiae (Sce) that, according to our in silico analyses, lacks both ErdS [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] and fDUF2156 proteins (Fig. S1 [figure in preparation. Please the same migration and staining properties (Fig. 2C) [Note for the reader: A TLC with WT Sce and Sce expressing Aor fDUF2156, using the (130:16:1, v:v:v) solvent will be added]. Finally, we analyzed total lipid extracts from WT strains of Afm, Aor, Bba and Yli and confirmed in each case that a lipid band with similar migration and staining properties as lipid Y was present (Fig. 2D), with the exception of Bba that, under the growth condition used, produced only barely detectable levels of lipid Y. Of note, all fDUF2156 seem to produce the same modified lipid Y, despite very different positions within the fDUF2156-specific clade (Fig. 1D).

Importantly, lipid Y stained with a distinctive brownish color with a MnCl2/H2SO4 solution [START_REF] Goswami | Manganous chloride spray reagent for cholesterol and bile acids on thin-layer chromatograms[END_REF], suggesting that it could also be an Erg or sterol derivative (Fig. 2A) [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. Furthermore, lipid Y weakly but positively stained with ninhydrin, and was degraded through alkaline treatment (Fig 3B), which supported the hypothesis that it was an aminoacylated lipid, likely an aminoacylated sterol (Fig. 2A).

[Note for the reader: At the beginning we focused on the fDUF2156 from Afm. However as illustrated here the amounts of lipid Y produced in Sce expressing Afm fDUF2156 are very low in comparison to levels found in Sce expressing homologs from Yli or Bba. Consequently, it is more convenient to use the Sce strain expressing Yli fDUF2156 to purify higher amounts of the modified lipid as well as to appreciate with more facility the in vivo lipid aminoacylation activity in mutants (see below)].

Lipid Y is an ergosteryl-3 -O-amino acid [Total lipid extraction and Lipid Y purifications were performed by N. Yakobov; MS experiments, data collection and analysis were performed by H. Roy's team; synthetic Erg-Gly was produced by Pr. T. Kushiro]

We reasoned that the determination of lipid Y's structure by LC-MS/MS would represent a step forward to the deciphering of their catalytic activity and to the identification of two substrates that they use. We therefore used total lipids from Yli -that naturally expresses fDUF2156 and produces appreciable amounts of lipid Y (Fig. 2)-to extract and purify lipid Y using Silica Gel column chromatography also called Flash chromatography (FC) (Fig. 3A, refer also to Fig. S12) [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF][START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. LCMS n analysis of the resulting fraction revealed the presence of protonated ions of dehydrated ergosterol ([Erg-H2O+H] + , m/z=379 [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF][START_REF] Munger | UPLC-MS/MS Based Identification of Dietary Steryl Glucosides by Investigation of Corresponding Free Sterols[END_REF], as well as of a compound at a m/z of 907 (Fig. 4A). MS n analysis of this latter compound revealed a fragmented ergosterol ion at m/z=379 (Fig. 4E) suggesting that the parent ion (m/z=907) may be a protonated dimeric ion of glycylated ergosterol ([2Erg-Gly+H] + , m/z=907), which would imply that lipid Y would be, like Erg-Asp, an aminoacylated sterol, most likely an ergosteryl-3 -Oamino acid if fDUF2156 proteins function catalytically like ErdS [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. To test this hypothesis, we synthesized ergosteryl-3 -O-glycine (Erg-Gly) chemically (Fig. S4) and analyzed it directly by the same methods. The synthesized Erg-Gly and a FC-purified fraction both exhibited a peak at m/z=907 and identical fragmented ion products upon MS n analysis (Fig. 4A-F and compare Fig. S5A to Fig. S5B). Tuning the instrument to the m/z peak at 907 using the synthetic Erg-Gly allowed detection of the monomeric protonated ion [ErgGly+H] + at m/z=454 both in the synthetic Erg-Gly preparation and in the FC-purified sample (Fig. 4A-F, Fig. S5A and Fig. S5B). To confirm that fDUF2156 synthesizes Erg-Gly, LCMS n analyses were carried out on total lipid extracts originating from the Sce strain expressing heterologously fDUF2156 from Afm, alongside the wild-type strain. Erg-Gly was detected in the dimeric ion form ([2GlyErg+H] + , m/z=907) in the strain expressing fDUF2156, but was absent from the wildtype (Fig S5C andS5D). Because fDUF2156 is a homolog of ErdS ( 18), these results suggest that fDUF2156 aminoacylates Erg using Gly-tRNA Gly as an aa donor, making it an ergosteryl-3 -O-glycine synthase, or ErgS (Er: ergosterol, g: glycine, S: synthase) (Fig. 4G). fDUF2156 are ergosteryl-3 -O-glycine synthases [the in vitro assays described in [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] was adapted for the present purpose by N. Yakobov which obtained results from Fig. 5 and S6]

To further characterize its molecular mechanism and more importantly to confirm its Erg-Gly synthesis activity, we aimed to perform in vitro lipid aminoacylation assays (LA assay). To this end we used a lipid aminoacylation assay (LA assay) adapted from that used for ErdS [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF].

Briefly, a total soluble extract from WT Sce (S100) was used as a source of glycyl-tRNA synthetase (GlyRS) that, in the presence of ATP, total tRNA from Sce (containing tRNA Gly isoacceptors) and [ 14 C]Gly, produced [ 14 Gly]-tRNA Gly (Fig. 5A), expected to be used as a substrate for ErgS. Upon addition of cold Erg and fractions containing ErgS, reaction products were extracted by the Bligh & Dyer method, and separated on TLC, before visualization of radioactive compounds by phosphorimaging. As mentioned above, we initially focused on the characterization of the ErgS homolog encoded by Afm. Therefore, we expressed Afm ErgS (fDUF2156) in E. coli as Maltose-binding protein (MBP) fusion to improve solubility of the recombinant enzymes that otherwise are non-soluble and/or poorly expressed. However, LA assays failed to reveal Erg-Gly synthesis by Afm Ergs despite several trials (an example is provided in Fig. S6). Moreover, crude extracts prepared from Sce expressing ErgS from Afm were also inactive [not shown, will be repeated before integration in the manuscript] which was even more surprising since Erg-Gly was detected by TLC in Sce expressing Afm ErgS (but not in the Sce wt strain) (Fig. 2B), and MS data confirmed the presence of the modified lipid in this strain (Fig. S5C). The reason why Afm ErgS was inactive in the LA assay could not be determined, but such peculiarity likely results from its own properties that also make it less active than Yli and Bba ErgS when expressed heterologously in Sce (Fig. 2C).

In front of this issue we changed the ErgS homolog to be tested and, because expression of the Yli ErgS seemed to be more active in vivo, we expressed this homolog as an MBP fusion in E. coli and purified it. Since the (+) helix seems critical for the activity of DUF2156 proteins [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF], we also produced a mutated form of the enzyme, in which the positively charged R and K residues found in this helix were mutated to E, to produce a negatively charged (-) helix (see below for more details). Both recombinant enzymes were tested by LA assay and results showed that Yli ErgS, but importantly not the (-) mutant, was active in vitro and produced high amounts of Erg-[ 14 C]Gly from Erg and [ 14 C]Gly-tRNA Gly (Fig. 5B). [Same experiments with [ 3 H]Erg will be done soon].

In the absence of Erg, or in the presence of RNase A, Yli ErgS failed to produce Erg-[ 14 C]Gly, demonstrating that it requires Erg and is strictly tRNA-dependent, as the DUF2156 of ErdS ( 18) (Fig. 5B). Interestingly, using [ 14 C]Gly-tRNA Gly to produce Erg-[ 14 C]Gly is only possible in the presence of ErgS and not in the presence of ErdS, that is known to use Asp-tRNA Asp to produce Erg-Asp [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], suggesting that both enzymes -the DUF2156/aa-tRNA transferase modules-are likely specific towards the aa-tRNA that they use (Fig. 5C). Because ErgS is not fused to GlyRS, this could expose the enzyme to other, unrelated aa-tRNAs in vivo.

We therefore next tested whether ErgS was specific for Gly-tRNA Gly in vitro. In the presence of total tRNA, ATP and a mix of 15 [ 14 C]aa (excluding Met, Cys, Trp, Asn and Gln), protein extracts from Sce -containing the 20 aaRSs, including the 15 necessary to the test-, produced the 15 possible aa-tRNAs, including [ 14 Gly]-tRNA Gly . In the presence of Erg, Yli ErgS indeed produced Erg-[ 14 C]Gly. However, when non radioactive Gly (5 mM) was added to the mix during the aa-tRNA synthesis phase the Erg-[ 14 C]Gly band was absent after addition of Erg and Yli fDUF2156 (Fig. 5D). This likely resulted, as expected, from a strong isotopic competition that implies that ErgS, when in the presence of 15 aa-tRNA species, favors Gly-tRNA Gly over other aa-tRNAs, including Asp-tRNA Asp , making it a genuine Gly-tRNA transferase, distinct from ErdS in terms of specificity. Of note, a similar experiment conducted with ErdS confirmed that it uses only Asp to produce Asp-tRNA Asp and then Erg-Asp, excluding that it could use Gly, or any other aa (Fig. 5D).

Altogether, results demonstrate that ErgS specifically recognizes Gly-tRNA Gly and uses it to transfer Gly onto the 3 -OH group of Erg to produce Erg-Gly. [tests on crude extracts from Afm, Aor, Bba and Yli will be done].

The (+) helix is critical to the activity of Erg-aa synthases [experiments design, structure predictions, selection of residues to mutate, experimental mutagenesis, lipid analyses etc. were performed by N. Yakobov and Dr. N. Mahmoudi-Kaidi] In bacterial MprFs, the (+) helix between subdomains GNAT I and II of the DUF2156 module (referred to as "the 5 helix") has been postulated to bind the acceptor stem of the tRNA carrying the aa substrate [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. We mutated the putative (+) helix of Afm and Yli fDUF2156 proteins -that we delineated in the two predicted structures presented in Fig. 1Cby changing positively charged R and K residues to E, thereby modulating the global charge of the helix, with the expectation that negative charges brought about by E residues would "repel" the negatively charged backbone of the tRNA's acceptor stem. When expressed in Sce, Afm ErgS (-/+) (2 out of 4 positive residues are mutated to E), Afm ErgS R328E and Afm ErgS R335E mutants failed to produce Erg-Gly, which mimicked the behavior of equivalent mutants in bacterial MprFs (21)(Fig. 6A). However, because Erg-Gly levels are hardly appreciable even in Sce expressing the wt Afm ErgS in comparison to the wt Yli ErgS, we wonder if equivalent mutations in the latter would completely abolish or only partially reduce Erg-Gly levels. To this end, Yli ErgS (-) , (all K and R residues are mutated to E), Yli ErgS (-)2 and (-)3 mutants, in which various combinations of R-to-E and/or K-to-E point mutations were introduced in the (+) helix, were tested in Sce and showed no detectable amounts of Erg-Gly (Fig. 6B). Because equivalent mutations have similar effects in bacterial MprFs [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF], these results highlighted the crucial role of this (+) helix in aa-tRNA transferases of the DUF2156 fold.

[Additional notes for the reader: 1) In the first part of my thesis I presented results obtained for ErdS mutants containing equivalent mutations in the (+) helix found in the DUF2156 module of ErdS: all R and K residues were mutated to E to generate an (-) -negative-helix, and to A to obtain an (0) -neutral-helix. In both cases, (-) and (0) mutations identically abrogated Erg-Asp production in Sce expressing the mutants, or in vitro with the (0) mutant. These results were not published for the moment but together with the herein presented results they further demonstrate the essential role of the (+) helix.

2) In addition to a(+) mutants I performed together with Dr. N. Mahmoudi-Kaidi a broader mutagenesis study on Afm ErgS that will not be presented here.

3) One important technical point that must be underlined is that the anti-ErgS antibody synthesized during my thesis in collaboration with Covalab France, seems to be specific -11 -to ErgS from Afm and failed to detect the expression of the Yli homolog. This is an additional reason why results obtained with Afm and Yli Ergs mutants were necessary at this state. In the future, recombinant versions of relevant Yli ErgS mutants will also be tested in vitro, as it was done for Yli ErgS (-) . Tagged versions of this proteins should also be expressed in Sce to test simultaneously ErgS expression and Erg-Gly synthesis in each mutant. 4) Yli ErgS WT and (-) mutant will be purified to test interaction with tRNA Gly transcripts (gel-filtration). Gly-tRNA Gly will be used as well, to determine whether the Gly moiety is required for recognition by ErgS. Precisely, the goal is to determine if Yli ErgS (-) fails to interact with its substrate (tRNA Gly or Gly-tRNA Gly ). The same can be done on the DUF2156 module of ErdS, deleted from the AspRS domain, to show the same thing, if required and/or relevant.]

DISCUSSION

[Introducing remarks for the reader: As mentioned in the introducing remarks, the proposed ErgS article draft is very preliminary and according to the results we will obtain in the few coming month, the article might completely change. Similarly, I wrote the following discussion regarding my thesis work while the final version will probably completely be revised. In addition to that, I would like to aware the reader that in the following part I also included some remarks concerning the technical issues that I encountered during the characterization of this second lipid aminoacylation pathway. I will also provide an analogy between aminoacyl lipid synthases (aaLSs) from fungi and from bacteria which will highlight the main similarities/differences. Thus, the present part should be considered as a general discussion on the characterization of fungal aaLSs and their associated aminoacylated sterols (AS), which was the main task during my thesis.] RNA dependent lipid aminoacylation factors (i. e. MprF-like proteins achieving their aa-tRNA transferase (ATT) activity through a DUF2156) were thought for a long time to be restricted to bacteria. However, in our recent work we detected an AspRS-DUF2156 fusion protein in most higher fungi belonging to Ascomycota and Basidiomycota and showed it to synthesize ergosteryl-3--O-L-aspartate (Erg-Asp) in an Asp-tRNA Asp dependent manner [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. The characterization of this Ergosteryl-aspartate Synthase (ErdS) was to our knowledge the only RNA dependent lipid aminoacylation factor described in eukaryotes. In our initial study we also characterized an Erg-Asp hydrolase (ErdH) as being responsible to regulate the homeostasis of Erg-Asp, thereby highlighting a novel sterol derivate synthase/hydrolase mechanism [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. In the continuity if this work, we aimed to further investigate the landscape of fungal DUF2156 proteins in eukaryotes. Indeed, in the present study we detected through in silico analyzes a second fungal DUF2156, which, in contrast to ErdS, is mostly restricted to Ascomycota and importantly is not fused to an aaRS. We demonstrated that this so far uncharacterized freestanding fDUF2156 is a genuine ATT that transfers Gly onto the 3--O-hydroxyl of Erg in a tRNA dependent manner, making it an Ergosteryl-3--O-glycine synthase (ErgS). To our knowledge, Erg-Gly was never described before and its discovery enlarges the repertoire of 3--O-modified sterols in fungi. Importantly, the physiological function of fungal aminoacylated sterols (AS) remains to be discovered but it is noteworthy that for the moment we dramatically failed to delete ergS in Afm and our collaborators from Pr. T. Kushiro's team, are confronted to the same issues in the context of Aor. Therefore, we question ourselves if this gene is essential at least in Aspergillus spp. In order to circumvent this issue, ongoing experiments in our lab aim to replace ergS by inducible versions but we also undertake to verify if the ergS can more easily be deleted in the Afm erdS strain. Establishing that Afm erdS ergS double deletant is viable but not Afm ergS would indicate a strong functional correlation between both encoded enzymes and could indicate that in addition to ErdH, the balance between Erg-Asp and Erg-Gly is crucial for Erg-aa homeostasis. 1) Main issues encountered during the identification of the ErgS dependent lipid and strategy adaptations to overcome them.

The functional characterization of ErgS was much more complex, even using Sce as a model organism. First the detection of an additional lipid in Sce expressing ErgsAfm in comparison to Sce wt through TLC failed for a long time and the main reason for that was that the ErgS dependent lipid is more apolar than Erg-Asp. Consequently, the ErgS dependent lipid was often stacked in the migration front of the TLC and was therefore difficult to appreciate. Furthermore, for a yet undetermined reason, the level of ErgS dependent lipid was much lower than Erg-Asp levels in Sce strains expressing ErdS. Fortunately, we realized this and optimizations of TLC conditions, in particular the migration solvent and the visualization method, enabled finally the unambiguous detection of a fDUF2156 dependent lipid that, importantly, behaved distinctly to Erg-Asp with regard to its migration by TLC. In contrast, this modified lipid was stained similarly to Erg-Asp i. e. both lipids shared the distinguishable coloration observed for Erg and Erg sterols under UV light in comparison to phospholipids. This observation was indicative for that the lipidic part of the fDUF2156 dependent lipid corresponds also to Erg.

The fact that ErgS is not fused to the aaRSfurther complexified its characterization mainly for 3 reasons. First, the eventuality that this protein modifies the lipid through another modification than aminoacylation could not be excluded, even if the in-silico detection of the DUF2156 strongly suggested that the protein might have an ATT activity. Second, even if ErgS achieves ATT activity, the hypothesized aa moiety was not predictable. Third, in contrast to ErdS for which the AspRS domain served as "quality control" to confirm that the purified protein or the crude extract tested through in vitro experiments contain an ErdS at least partially active, nothing could attest that ErgS (purified or from crude extracts) was active in the tested sample.

In an attempt to identify the supposed aa esterified on the ErgS dependent lipid, we performed several in vitro assays (LAA) notably with the recombinant ErgSAfm (e. g. Fig. S6), as well as crude extracts from Sce expressing or not ErgSAfm. However, despite many trials, we failed to detect the expected lipid aminoacylation activity of fDUF2156Afm in vitro. We also tried to identify the lipid by MS. As for Erg-Asp, we aimed to purify the fDUF2156 dependent lipid from Sce expressing ErgS from Afm [refer to the material & methods section of the thesis manuscript]. The procedure for silica column chromatography was optimized but even though the modified lipid was successfully enriched, MS analysis failed dramatically to identify the lipid, probably due to the apolar nature, the low ionization rate, and the insufficient amount of the targeted lipid. Finally the situation was unlocked by switching to the ErgS homolog from Y. lipolytica (Yli), which to our knowledge is the sole saccharomycotina encoding a DUF2156 protein and the sole species in which the fDUF2156 (ErgS) version was detected but not the AspRS-DUF2156 (ErdS). This strategy adaptation was promising due to that levels of the modified lipid are severally increased in both, Sce expressing heterologously ErgSYli and in Yli.

This suggested that the fDUF2156 homolog found in Yli is either more stable, more active, or more efficiently expressed when present in Sce in comparison to the fDUF2156 homolog found in Afm. Following these observations, the unknown lipid was purified from Yli by silica column chromatography which was then again submitted to MS analysis (LC-MS/MS/MS). Hervé Roy also considered synthetic aminoacylated-Erg (Erg-aa) derivates that were synthesized by another one of our collaborators, Pr. Tetsuo Kushiro. Comparison of spectra obtained from MS analysis finally strongly supported that Yli contains ergosteryl-3--O-glycine (Erg-Gly).

While m/z corresponding to Erg-Gly and (Erg-Gly)2 were detectable in MS1 spectra and expected Erg ions were detected in MS2/MS3 spectra, no Gly ions were detectable nor in MS2 nor in MS3. This might be due to the known limitations of using iontrap MSs for which relative signal intensities corresponding to low masses significantly decreases with the number of MS rounds (MSn). The identification of Gly as being the aminoacylated lipid was indirectly deduced from MS data according to the m/z differences, as regularly done for proteomics but also in some cases in lipidomics [START_REF] Munger | UPLC-MS/MS Based Identification of Dietary Steryl Glucosides by Investigation of Corresponding Free Sterols[END_REF]. Therefore, it was even more necessary to confirm the lipid identity through biochemical experiments. To this end we adapted the LAA and confirmed in vitro that the ErgS homolog from Yli transfers specifically Gly onto Erg in a tRNA and DUF2156 dependent manner. Surprisingly, this activity remained undetectable when the recombinant fDUF2156 form Afm was assayed (Fig S6 ) which was surprising since Erg-Gly was also detected by TLC and by MS data in Sce expressing fDUF2156Afm but not in the Sce wt strain. Nevertheless, Erg-Gly was detected by TLC in several other fungi and its presence will also be verified in the future by other approaches including MS analyses. Taken together, our data demonstrated that fungal fDUF2156 are Erg-Gly synthase, abbreviated ErgS, and this enzyme as well as the synthesized Erg-Gly lipid were to our knowledge never described before.

2) AaRS fused-and freestanding-aaLS are encoded by bacteria and fungi but their distribution/occurrence differ It is striking to note that as in bacteria, fungal species encode two distinct aaLS that differ in that they are either fused or not with an aaRS. However, their occurrence differs importantly, since, in bacteria aaRS-fused MprF are restricted to only one bacteria phylum (i. e. actinobacteria) while "freestanding" MprFs are majorly found in bacteria [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. In contrast, the main eukaryotic aaLS is the aaRS fused one (i. e. ErdS) which is found in almost all filamentous fungi, while the freestanding version (i. e. ErgS) is less widespread and restricted to Ascomycota (Fig. S7). Concerning their co-occurrence, fungi encode either both aaLSs or only the bifunctional ErdS while species harboring only the freestanding ErgS protein are very rare. Furthermore, species from both kingdoms can harbor more than one aminoacylated lipid (aaL), but in bacteria distinct aaLs are produced either by aaLS that contain broad range specificities or by expressing distinct aaLSs, each containing strict substrate specificities [START_REF] Roy | Broad range amino acid specificity of RNA-dependent lipid remodeling by multiple peptide resistance factors[END_REF][START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF][START_REF] Arendt | Resistance phenotypes mediated by aminoacyl-phosphatidylglycerol synthases[END_REF]. In comparison, our results showed that in fungi, ErdS and ErgS have strict substrate specificities for Asp-tRNA Asp and Gly-tRNA Gly , respectively (Fig. 5C and5D). The mechanism by which aaLS restrict their specificities for the aa-tRNA is not known nor in bacteria neither in fungi. In fact, Hebecker and colleagues showed that AlaPGS from P. aeruginosa and LysPGS from B. licheniformis only use Ala-tRNA Ala and Lys-tRNA Lys , respectively but no marked differences explaining the recognizing mechanism were evidenced [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. In accordance, the phylogenetic study performed by Smith and colleagues did not reveal phylogenetic discriminations between bacteria MprF-homologs harboring distinct substrate specificities [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. In our lab, F. Fischer and G. Grob aimed to study the phylogeny of fungal DUF2156 domains and to this end they recovered erdS and ergS sequences cleared from their AspRS domain and their N-terminal extensions. Without going into details their result indicates that fungal DUF2156 form ErdSs and from ErgSs are phylogenetically related but, in contrast to bacterial aaLSs, they are separated in distinct clusters according to their experimentally demonstrated or predicted substrate specificities (Fig. 1). Because this study also included DUF2156 sequences from bacteria species, F. Fischer and G. Grob also showed that fungal and bacterial DUF2156 domains are phylogenetically related.

3) Implementing aa-tRNAs for lipid aminoacylation in addition to protein biosynthesis: A poorly understood issue.

In the cases of actinobacteria encoding bifunctional LysPGSs proteins that are directly fused to a LysRS [START_REF] Maloney | The two-domain LysX protein of Mycobacterium tuberculosis is required for production of lysinylated phosphatidylglycerol and resistance to cationic antimicrobial peptides[END_REF] it is assumed that Lys-tRNA Lys might be directly channeled from the aaRS to the MprF-like domain. Notably, LysX from M. tuberculosis (encoded by Rv1640c gene) synthesizes LysPG and both functional domains, i. e. the LysRS and the MprF-like domain, were shown to be essential for lipid aminoacylation [START_REF] Maloney | The two-domain LysX protein of Mycobacterium tuberculosis is required for production of lysinylated phosphatidylglycerol and resistance to cationic antimicrobial peptides[END_REF]. Importantly, the Rv1640c gene is not essential for viability and can be deleted since this species encodes a distinct housekeeping LysRS (Rv3598c) to provide Lys-tRNA Lys for protein biosynthesis. Because the housekeeping LysRS is essential [START_REF] Sassetti | Genes required for mycobacterial growth defined by high density mutagenesis[END_REF] it is assumed that LysX cannot supply Lys-tRNA Lys for protein biosynthesis and that its LysRS activity is strictly restricted for LysPG synthesis [START_REF] Ravishankar | Essentiality Assessment of Cysteinyl and Lysyl-tRNA Synthetases of Mycobacterium smegmatis[END_REF].

Consequently, both LysRS homologs found in M. tuberculosis are restricted to their distinct functions.

In comparison, we showed ErdS from filamentous fungi to be a bi-functional protein that synthesis Erg-Asp in an Asp-tRNA Asp dependent manner [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] and as for LysX from M. tuberculosis, the erdS gene is (at least in Afm, Aor and Ncr) not essential. This correlates with the fact that, in addition to ErdS (AFUA_1G02570), Afm encodes for 3 additional AspRSs; AFUA_2G02590 is predicted to encode the cytoplasmic AspRS that synthesizes Asp-tRNA Asp for protein biosynthesis while AspRSs encoded by AFUA_8G00100 and AFUA_4G08330 are annotated as being implicated in mitochondrial biogenesis (at least one of them might ensure Asp-tRNA Asp synthesis for mitochondrial protein biosynthesis). The essentiality of AFUA_2G02590 gene, encoding the cytoplasmic AspRS, was not verified in our recent study and because ErdS was shown to complement the loss of the housekeeping AspRS from Sce it would be interesting to clarify this matter [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. Even though it was not clearly demonstrated, we proposed that Asp-tRNA Asp synthesized by the AspRS moiety of ErdS might be directly channeled to its fused DUF2156 for Erg-Asp synthesis. [Note for the reader: It is important to remind that in our published study, ErdS was constitutively overexpressed in Sce (p415 plasmids with GPD promoter) which seemed not be the case in Afm. Therefore, it is tempting to speculate that in physiological conditions the cytoplasmic AspRS encoded by AFUA_2G02590 might be essential for protein biosynthesis].

In contrast, the fungal freestanding DUF2156 (ErgS), can be compared to the bacterial freestanding MprF, and fungi expressing ErgS might somehow deal with a pool of Gly-tRNA Gly for cytoplasmic protein biosynthesis and for lipid modification. Very little is known concerning how cells deal to provide aa-tRNA substrates for both, translation and ATT pathways, from a single aa-tRNA pool. In very few cases it was shown that some tRNA isoacceptors are specifically used for the ATT activity but not for translation [START_REF] Moutiez | Aminoacyl-tRNA-Utilizing Enzymes in Natural Product Biosynthesis[END_REF]. This is notably the case for S. aureus FemABX protein, involved in the tRNA-dependent remodeling of the peptidoglycan sacculus found in the bacterial cell wall [START_REF] Dare | Roles of tRNA in cell wall biosynthesis[END_REF]. S. aureus encodes five tRNA Gly isoacceptors but three of them were shown to be used for cell wall remodeling but not for translation [START_REF] Green | Staphylococcus aureus has clustered tRNA genes[END_REF].

In bacteria, the DUF2156 domain of freestanding MprFs is assumed to hijack aa-tRNAs synthesized by the housekeeping aaRS to transfers the aa-moiety onto the lipid [START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF]. In accordance, studies suggested that bacteria do not use specific tRNA species to discriminate aa-tRNA for protein biosynthesis or for lipid aminoacylation [START_REF] Roy | RNA-dependent lipid remodeling by bacterial multiple peptide resistance factors[END_REF]. Thus, it is assumed that aaRSs from bacteria provide a single pool of aa-tRNA suitable for both aa-tRNA utilizing pathways, but this aspect remains largely to be investigated.

In the case of the herein characterized fungal ErgS, one basic possibility is that the cellular machinery provides sufficient Gly-tRNA Gly levels to ensure both mechanisms without specifically discriminating distinct pools. This might be possible by finely regulating ErgS expression so that basal levels of Gly-tRNA Gly are highjacked from the translation machinery.

Alternatively, ErgS could be overexpressed in specific conditions during which protein biosynthesis is down-regulated, thereby bearing higher levels of Gly-tRNA Gly for Erg glycylation. However, several fungal species (if not all) encoding ErgS, encode at least two tRNA Gly isoacceptors and therefore it cannot be excluded that some of them are specifically dedicated to provide a Gly-tRNA Gly pool dedicated to ErgS activity. Finally, another possibility, is that GlyRS interacts directly with ErgS, enabling thereby Gly-tRNA Gly channeling from the aaRS domain to the DUF2156 protein. Formation of similar ternary complexes involving aaRS.tRNA was demonstrated in other mechanisms. For example, selenocysteine (Sec) is an amino acid that is incorporated during protein biosynthesis into socalled selenoproteins, which are involved in oxidoreductions, redox signaling and antioxidant defense [START_REF] Bock | Selenocysteine, a highly specific component of certain enzymes, is incorporated by a UGA-directed co-translational mechanism[END_REF][START_REF] Forchhammer | Selenocysteine synthase from Escherichia coli. Analysis of the reaction sequence[END_REF]. To this end Seryl-tRNA synthetase catalyzes the formation of a non-cognate Ser-tRNA Sec intermediate. In bacteria, the selenocysteine synthase SelA achieves subsequently Ser to Sec conversion in the presence of selenophosphate, yielding cognate Sec-tRNA Sec which is carried to the ribosome by SelB factor [START_REF] Hemmerle | Noncanonical inputs and outputs of tRNA aminoacylation[END_REF]. Importantly, OH. Thiemann's team demonstrated recently that the synthesis of Sec-tRNA Sec involves the formation of a SerRS.tRNA Sec .SelA ternary complex in E. coli [START_REF] De Freitas Fernandes | Seryl-tRNA synthetase specificity for tRNA(Sec) in Bacterial Sec biosynthesis[END_REF]. Another case of ternary complex formation was also shown to occur during indirect Asn-tRNA Asn synthesis pathway in H. pylori. In this pathway tRNA Asn is mis-aspartylated by a non-discriminating AspRS (ND-AspRS), and the mis-charged Asp is converted to Asn though a trimeric amidotransferase complex, called GatCAB. F. Fischer and In our recent work we reported that the divergent gene located immediately upstream to Afm erdS gene encodes for a genuine ergosteryl-aspartate hydrolase (ErdH). Investigations of the synteny of both genes revealed that the ErdH / hydrolase is specifically present in species encoding erdS and that the erdH-erdS cluster is conserved in most species. Even though, ErdH might regulate Erg-Asp homeostasis, it remains to be established how is ErdS/ErdH enzymatic pathway is regulated and integrated in fungal cells physiology. Importantly, no ergosterylglycine hydrolase (ErgH) was detected for the moment but we suppose that such Erg-Gly might be regulated somehow. This is notably supported by the facts that 1) aaLs homeostasis was shown to be essential for cellular processes as well as for virulence in bacteria [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF][START_REF] Arendt | Identification and characterization of a periplasmic aminoacyl-phosphatidylglycerol hydrolase responsible for Pseudomonas aeruginosa lipid homeostasis[END_REF][START_REF] Groenewold | Virulence of Agrobacterium tumefaciens requires lipid homeostasis mediated by the lysyl-phosphatidylglycerol hydrolase AcvB[END_REF], 2) other sterol 3--O modifications, including glycosylation [START_REF] Rella | Role of Sterylglucosidase 1 (Sgl1) on the pathogenicity of Cryptococcus neoformans: potential applications for vaccine development[END_REF], acylation by fatty acids [START_REF] Korber | Steryl ester synthesis, storage and hydrolysis: A contribution to sterol homeostasis[END_REF] and acetylation were all shown to be regulated by reversible mechanisms [START_REF] Tiwari | An acetylation/deacetylation cycle controls the export of sterols and steroids from S. cerevisiae[END_REF].

One possibility was that ErdH has dual-specificities with regard to the aa-moiety and could hydrolyze Erg-Gly in addition to Erg-Asp. To verify this, we synthesized Erg-Gly in vitro and tested its ability to be degraded by ErdH by performing a lipid deacylation assay (as described in ( 18)). The preliminary result presented in Fig. S8 however suggest that Erg-Gly is not substrate of ErdH, suggesting that a specific ErgH remains to be discovered. This result gave already an important indication concerning the substrate specificity of ErdH since the only difference between both Erg-aa species is the lateral chain of the aminoacid (R(L-Asp): -CH2-COOH; R(Gly): -H). Thus, the lateral chain of the aa-moiety of Erg-aa seems to be determinant for hydrolysis by ErdH. Furthermore, we also tested ErdH in the presence of commercially available Cholesteryl-hemisuccinate (Cho-HS). Erg and cholesterol (Cho) are structurally very similar and Cho-HS is composed by a Cho molecule esterified on its 3--OH group with succinate. Importantly the latter is identical to Asp with notable difference that it does not contain the amine group (-NH3 + ) on the C , which is consequently no more chiral. According to our very preliminary result, Cho-HS was at least partially hydrolyzed by ErdH (not shown), which further indicates that the lateral -CH2-COOH, but not the -NH3 + group of the modified sterols, is important for substrate recognition or hydrolysis by ErdH.

[Note to the reader: Those results lack important controls and must be taken with great hindsight. Experiments will be repeated in the lab to clarify these preliminary results.] 5) aaLS from bacteria and from fungi differ in their substrate specificity for the lipid In addition to the unexpected discovery that aaLS are also found in fungi species we were very surprised that fungal aaLSs modify Erg since bacteria aaLSs were shown to only modify glycerolipids. In facts, even if their synthesis pathway remains in some cases not totally established, aaPG, aaCL and aaDAG were described in bacteria [START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF]. However, Hebecker and colleagues showed that aaLS from bacteria have in vitro broad specificities for the lipid substrate and the molecular recognition mechanism remains largely to be determined [START_REF] Hebecker | Alanyl-phosphatidylglycerol synthase: mechanism of substrate recognition during tRNA-dependent lipid modification in Pseudomonas aeruginosa[END_REF]. It must also be taken in consideration that eukaryotes have a larger repertoire of lipid species and classes when compared to bacteria and therefore might use other lipids than glycerolipids to modulate their membrane properties. Furthermore, in bacteria it is assumed that remodeling the PM through lipid aminoacylation pathways, in particular through the synthesis of the cationic LysPG, reduces the global negative charge of the cell surface, thereby increasing bacterial resistance to CAMPs by charge repulsion [START_REF] Peschel | Staphylococcus aureus resistance to human defensins and evasion of neutrophil killing via the novel virulence factor MprF is based on modification of membrane lipids with l-lysine[END_REF]. Lipid aminoacylation was also involved in several other pathways and it was largely suggested that other mechanism beyond charge repulsion might be involved [START_REF] Slavetinsky | Bacterial aminoacyl phospholipids -Biosynthesis and role in basic cellular processes and pathogenicity[END_REF]. Importantly, cytoplasmic membranes of eukaryotes are enriched in zwitterionic and apolar lipids while anionic PG levels for example are very low, explaining that they are less susceptible to CAMPs. Therefore, we speculate that fungal DUF2156 proteins might be involved in other mechanism than CAMP resistance. Nevertheless, it is interesting to note that as commonly described in bacteria, fungal aaLs are either zwitterionic (Erg-Asp between pH 3.86 and 9.82) or cationic (Erg-Gly [+1] below pH 9.6) under physiological pH.

Concluding remarks

Beside the several points that I discussed here and notably the comparison with bacterial aaLS, they're other points that can be further discussed. Notably, bacteria MprFs contain a variable number of TMH at their N-terminal extremity which anchors the protein to the membrane [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF].

In few species it was demonstrated that aminoacylated glycerolipids, synthesized by the Cterminal cytoplasmic synthase domain (i. e. the DUF2156 domain), are translocated from the inner leaflet of the plasma membrane to the outer leaflet [START_REF] Ernst | The bacterial defensin resistance protein MprF consists of separable domains for lipid lysinylation and antimicrobial peptide repulsion[END_REF][START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF]. The molecular basis of this flippase activity is poorly understood but it was nevertheless was shown to be mediated by the membranous N-terminal domain. It is striking to note that fungal ErdS and ErgS contain N-terminal extensions for which no domain were predicted but more surprisingly, no transmembrane helices (TMH) were predicted. This important difference raises the question of how fungal DUF2156 proteins are associated to membranes were their lipidic substrate is thought to be found. Even though the localization of ErdS and ErgS remains to be investigated, we reported already some evidences that that ErdS is associated to membranes [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. Similar preliminary experiments suggest that this might also be the case for ErgS (Fig S9), thereby comforting the expectation that eukaryotic lipid aminoacylation factors are associated to membranes, even if their identity remains to be determined.

Even though we are relatively advanced in the functional characterization of fungal lipid aminoacylation activities and, in a lesser extent, of fungal aaLs homeostasis, we are still only at the beginning of the "fungal DUF2156" project and several aspects surrounding the topic remain poorly investigated. One of them, the most obvious and probably the most important one, is the physiological function of Erg-Asp and Erg-Gly. More globally, how are ErdS/ErdH and ErgS pathways integrated in cell's physiology? [Note for the reader: this point will be discussed in the next part of the manuscript]

MATERIALS AND METHODS

Media and growth conditions

For the routine growth and maintenance, Y. lipolytica (Yli) and S. cerevisiae (Sce) wt were grown in YPD agar (Yeast Peptone Dextrose, MP). Sce strains BY4742 (MAT his3 1 leu2 0 lys2 0 ura3 0) carrying vectors (with the LEU marker) expressing Yli, Beauveria bassiana (Bba) or Afm ErgS were grown in SC-Leu (MP™ Biomedicals) agar. Cultures were incubated at 30°C overnight under agitation (220 rpm) and cells were harvested by centrifugation at 5000 × g for 5 min at 4 °C when OD600 was 0.6-1, depending on the experiment.

Concerning Aspergillus spp., the CEA17 akuB KU80 strain of Afm [START_REF] Da | The akuB(KU80) mutant deficient for nonhomologous end joining is a powerful tool for analyzing pathogenicity in Aspergillus fumigatus[END_REF] and the RIB40 strain of Aor [START_REF] Machida | Genome sequencing and analysis of Aspergillus oryzae[END_REF] have been used as wild-type strains. Aspergillus spp. were maintained as follows: fresh conidia (asexual spores) were spread on Malt extract agar (Thermoscientific) plates or slants and incubated in the dark at 37 °C for 7 days until they produced enough mature conidia.

Standard Aspergillus minimal medium (MM) was composed (for one liter) of glucose (1% w:v), 9187) mounted on an Äkta Pure FPLC system, equilibrated with wash buffer (composition detailed in the previous section), at a flow rate of 1 mL/min. Sample application was performed at 0.5 mL/min and the column was washed with 10 column volumes of wash buffer. MBPtagged proteins were then eluted using a maltose-monohydrate gradient (0% -3% p/v) in wash buffer at a flow rate of 0.5 mL/min. Fractions (0.8 mL) were collected and analyzed by SDS-PAGE 10%. The total protein amount in the eluted peak was 3.3 mg and 5 mg for MBP-ErgS-Yli wt and MBP-ErgS-Yli-(0) respectively. Chromatograms, SDS-PAGE and their description are found in the supplementary materials.

Spores preparation of Aspergillus fumigatus [performed by Dr. N. Mahmoudi-Kaidi]

Conidia from 7 days-old (Afm) Malt agar slants were resuspended in 5 mL sterile Tween 20-H2O (0.05 % v/v) using a vortex (3x30 sec), filtered using Cell Strainer filters (Grosseron, EASY strainer TM Greiner Bio-One), and concentration of the suspension determined with a hemacytometer. Conidia were stored in Tween 20-H2O (0.05 % v/v) at 4°C in the dark for up to 1 week.

Liquid cultures for lipid extraction

For the lipid extraction of Yli, Sce WT and Sce expressing ErgS, liquid cultures were performed in YPD or SC-Leu (MP™ Biomedicals) for 24 hrs at 30°C under agitation (220 rpm), then harvested by centrifugation (5000 x g, 5 min, 4°C), either directly used for lipid extraction or stored at -20°C until used. For Afm, liquid cultures were inoculated with 10 6 conidia/mL in 50 mL liquid MM and incubated for 24 hrs at 37°C in the dark under agitation (220 rpm). Mycelia were then filtrated through two layers of gauze, rinsed twice with 50 mL sterile H2O, and squeezed to eliminate excess water. Mycelia were either directly used to extract total lipids or stored at -20°C until used.

Total lipid extraction from Sce, Yli and Afm. [mainly performed by N. Yakobov. N.

Mahmoud-Kaidi and F. Fischer participated]

Lipid extraction protocol for fungi (Sce, Sce expressing ergS of Yli or Afm, Afm and Yli) was adapted from the Bligh and Dyer procedure and as previously described [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF][START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF]. Briefly, 50 DO600 of Sce cells or an equivalent amount of Yli cells were resuspended in 500 µL of 120 mM Na-Acetate pH 4.5. Then, 1.875 mL of CHCl3:MetOH (2: 1) and 1.5 mL of glass beads (ø 0.25-0.5 mm, Roth) were added for mechanical cell lysis in a FastPrep Instrument (MP™ -25 -Biomedicals, Serial N° 10020698) at 1 min 5.5 m/s repeated 6 times. To improve lipid extraction, cells were put on a rotating wheel ON. Finally, 625 µL of CHCl3 and 120 mM Na-Acetate pH 4.5 were sequentially added, the samples were vortexed 1 min between each step. Then, phases separation was performed by centrifugation (9000 g; 30 min; 4°C). The organic lower phase containing lipids was transferred into a clean tube and dried by using a SpeedVac vacuum concentrator. To avoid oxidation, it is recommended to complete this drying step under argon flow. Lipids are finally stored at -20°C or resuspended in 50-100 µL of CHCl3:MetOH (1:1) for lipid analysis by Thin Layer Chromatography (TLC) by depositing 25 µL on a TLC silica plate for TLC analysis.

For Afm, the mechanic cell lysis is performed as described by elsewhere ( 18) by using FastPrep (6 times 1 min at 5.5 m/s) and then incubated ON in rotating wheel. Briefly, 2g of fresh dried on towel paper of mycelia was resuspended in 1 mL of 120 mM Na-Acetate pH 4.5 as the first step of the above described procedure. The rest of the above described procedure stays unchanged.

Lipid analysis by Thin layer chromatography (TLC)

[mainly performed by N. Yakobov. N.

Mahmoud-Kaidi and F. Fischer participated]

TLC plates were developed in a chamber saturated either with CHCl3: MetOH : H2O 130 : 16 :

1 or 130 : 50 : 8 (v : v : v). The migration of total lipids was performed for 10 min, then the TLC plates were dried. To visualize total lipids species, we used routinely the Sulfuric acid / MnCl2 staining method (Sulfuric acid 9 mL, MnCl2.4H2O 0.8 g, Methanol 120 mL, H2O 120 mL) which is particularly interesting because of its differential sterol coloration [START_REF] Goswami | Manganous chloride spray reagent for cholesterol and bile acids on thin-layer chromatograms[END_REF]. With this coloration, the lipids appear yellow under white light while the sterols are dark brown. When specified, TLC were also stained either with ninhydrin for the primary amines detection. Ninhydrin 0.4 % (w/v) (Sigma-Aldrich) was prepared in absolute ethanol. Reagents were sprayed on plates that were air-dried. In the case of MnCl2/sulphuric acid and ninhydrin stains, plates were heated at 100°C until coloration developed and imaged under natural light or under UV light (254 or 315 nm).

Lipid Y (Erg-Gly) purification by silica column chromatography (Fig. 3 and Fig. S12) [performed and adapted by N. Yakobov] Yli and Sce wt were grown in YPD and Sce expressing ErgS-Yli is grown in SC-Leu. Cultures were diluted to OD600 = 0.1, grown O/N and the next morning cells were harvested by centrifugation at 5000 × g for 15 min at 4°C. 5 g of cells were obtained from a 500 ml culture of Yli; 3.5 g of cells were obtained from a 500 ml culture of Sce wt; 4 g of cells were obtained from a 1 L culture of Sce expressing Yli ErgS. In all cases, cells are resuspended in 15 ml Naacetate 120 mM pH 4.5 and mechanically lysed with a FastPrep-24 apparatus in the presence of glass beads (ø 0.25 mm to 0.5 mm, Roth) at 6 m/s, for 1 min repeated 5 times, with cooling on ice between each step. 28.125 mL of MetOH : CHCl3 2 : 1 are added, then 3 additional shacking runs are performed and another 28.125 ml of MetOH : CHCl3 2 : 1 is added (Total volume of MetOH : CHCl3 2 : 1 added = 56.25 mL). Tubes are placed on a rotating wheel at 4 °C for 3 h. Finally, 18,75 mL of CHCl3 and 120 mM Na-Acetate pH 4.5 were sequentially added, the samples were vortexed 1 min between each step. Then, phases separation was performed by centrifugation (9000 x g; 30 min; 4°C). The organic lower phase containing lipids was transferred into a clean tube and dried by using a SpeedVac vacuum concentrator.

To purify the lipid of interest from total lipid fractions, obtained as described in the previous section, we built a silica gel column as in [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. However, the size of the column was increased since 8 mL of Silica Gel were poured into a 1 cm x 20 cm chromatography column. The stationary phase was washed with 4 column volumes of CHCl3 and total lipids, resuspended in 500 µl ultrapure CHCl3, were injected manually on the top of the silica gel. Volumes used to elute lipids are increased so that each collected fraction corresponds to 1 column volume. In this way lipids were then gradually eluted as follow: 4 x 8 mL CHCl3; 3 x 8 mL CHCl3: MetOH (144:1); 3 x 8 mL CHCl3: MetOH (72:1) and 2 x 8 mL CHCl3: MetOH (36:1). Lipids were dried as previously described, resuspended in 200 µL CHCl3: Methanol (1:1) and analyzed by TLC.

[Note for the reader: Initially I used this protocol to purify Lipid Y from total Yli wt total lipids. However, for the moment we the ErgS dependent lipid was challenging. Comparing the lipid profiles to this of Sce expressing Yli ErgS was helpful but not sufficient. Therefore, I decided to repeat the experiment on total lipids extracted from Yli wt, Sce expressing Yli ErgS and from Sce wt which does not produce Lipid Y (Fig. S12). Comparing the profiles obtained in these three cases greatly facilitated the determination of the ErgS dependent lipid in Yli even if, being rigorous, the deletant strain remains essential to conclude. The reproducibility of the elution profiles obtained here also shows the suitability for Lipid Y purification, which will probably be important in further steps of the topic.] (S100) is recovered, then dialyzed O/N against the storage buffer (50 mM Na-HEPES pH 7, 30 mM KCl (or 140 mM NaCl), 50 % glycerol, 0.1 mM EDTA) and kept at -20 °C.

Aminoacylation assay [adapted and performed by N. Yakobov]

tRNA Gly aminoacylation was performed in the presence of 100 mM Na-HEPES pH 7, 10 mM MgCl2, 30 mM KCl, 0.1 mg/mL BSA, 10 mM ATP, radiolabeled [C 14 ]-glycine 70 µM (AS = 89 cpm/pmol), 5 µL of soluble Sce S100 fraction (3 mg/mL) and either 4 mg/mL unfractionated tRNA from Sce or 10 µM of tRNA Gly resulting from the countercurrent fractionation [START_REF] Keith | Isolement des tRNA Try et tRNA Asp de levure de bière hautement purifiés[END_REF].

Alternatively, the radiolabeled [C 14 ]-glycine was replaced by a mixture of 15 radiollabelled amino acids that includes notably [C 14 ]-glycine. The reaction volume was set up to 50 µL and the temperature to 30°C. To assess rates of aminoacylated tRNA Gly we performed kinetics as described [START_REF] Kern | Complete purification and studies on the structural and kinetic properties of two forms of yeast valyl-tRNA synthetase[END_REF]. [Some additional specification concerning this procedure are found in the Materials & Methods sections of the thesis manuscript].

Lipid aminoacylation assays (LAA) [adapted and performed by N. Yakobov]

An aliquot of commercial Erg, (solubilized in EtOH 100 % and stored at 20 mg/mL at -20 °C), was dried by evaporation at 60 °C and solubilized by sonication in an adequate volume of R buffer (100 mM Na-HEPES, 30 mM KCl, 10 mM MgCl2) to yield a 5 mg/mL preparation. The principle of LA assay used in this study is similar this one described in our recent work [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], but in the present case, Gly-tRNA Gly was synthesized in a reaction volume of 50 µL for 1 hour (as described in the precedent section), then 10 µL of Erg (final concentration, 0.5 mg/mL) and 5-7 µg of MBP-ErdS enriched fractions were added to the reaction mixture. The volume was completed to 100 µL with R buffer and the assay was further incubated at 30 °C for 40 min (Fig 5A). Then, the reaction was stopped by adding 500 µL of CHCl3 : MetOH : 120 mM Na-Acetate pH 4.5 (1 : 2 : 0.8). The samples were mixed, vortexed for 1 min and then 130 µL of CHCl3 and 120 mM Na-Acetate pH 4.5 were sequentially added. The samples were vortexed 20 secs for each step. Phases separation was performed by centrifugation (13000 g; 3 min; room temperature). The organic lower phase containing lipids was transferred into a clean tube and dried by using a SpeedVac vacuum concentrator. Lipids were resuspended in 50 µLCHCl3 or CHCl3 : MetOH (2 : 1) and 25 µL were spotted on a TLC silica gel plate. Finally, radiolabeled lipid species were revealed by exposing the Silica plates to a storage phosphor screen and submitted to a phosphoimager (Typhoon). [Some additional specification concerning this procedure are found in the Materials & Methods sections of the thesis manuscript] sequences. A set of 42 sequences with identity >20 % and E<0.004 was retrieved and added to a list of 99 sequences of DUF2156 domains from bona fide ErdSs ( 18) and 29 sequences of DUF2156 sequences from bacterial MprFs, representative of the major clades described in Smith et al [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. The 170 sequences were aligned using the MUSCLE software [START_REF] Edgar | MUSCLE: a multiple sequence alignment method with reduced time and space complexity[END_REF] in the Seaview package and the resulting alignment trimmed using the BMGE software [START_REF] Criscuolo | BMGE (Block Mapping and Gathering with Entropy): a new software for selection of phylogenetic informative regions from multiple sequence alignments[END_REF], with a BLOSUM 30 substitution matrix. Maximum likelihood (ML) tree of DUF2156 sequences was then reconstructed using IQ-TREE [START_REF] Nguyen | IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies[END_REF] and the LG+G4 model. The resulting tree was visualized using the FigTree software (http://tree.bio.ed.ac.uk/software/figtree/). Since a limited number of fungi (only Dikarya) possess DUF2156 proteins, while they are abundant and widespread in bacteria [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF], we chose the bacterial DUF2156 (MprF) sequences as a root, when necessary.

Sequence alignments [performed by F. Fischer an G. Grob]

Sequences used were identified as described above. Eleven fDUF2156/ErgS sequences were chosen: Aspergillus fumigatus (Afm), Aspergillus oryzae (Aor), Aspergillus flavus (Afv), Penicillium expansum (Pex), Penicillium camemberti (Pac), Beauveria bassiana (Bba), Yarrowia lipolytica (Yli), Aspergillus fischeri (Afi), Exophiala sideris (Esi), Exophiala oligosperma (Eol) and Aspergillus lentulus (Ale) [NCBI IDs: gi_66844705, XP_023093537, XP_002377810, gi_700469555, gi_902275081, gi_701770216, gi_49649238, gi_119409904, gi_759204124, gi_759263934, gi_952546312, respectively]. In the case of the fDUF2156/ErgS sequence from Aor, the protein was shorter (379 aa) compared to others and truncated in the GNAT II domain. We used the cDNA-amplified sequence of Aor's gene and noticed that the intron annotated in the second part of the gene (see FungiDB, the AO090011000521 gene, link: https://fungidb.org/fungidb/app/record/gene/AO09001100 0521) actually did not exist, since it was not spliced out in the cDNA sequence. This is identical to the situation found in Aor's closest relative Afv (FungiDB, gene: AFLA_043480, link: https://fungidb.org/fungidb/ app/record/gene/AFLA_043480#Sequences). Translating the ORF from the start (ATG) codon to the next stop codon (with the intron in the sequence) resulted in a full-length fDUF2156/ErgS sequence identical to that of Aspergillus flavus, the closest relative of Aor. Therefore, the intron was considered misannotated. This full-length sequence was used for Aor ErgS. Alignments were performed using MUSCLE [START_REF] Edgar | MUSCLE: a multiple sequence alignment method with reduced time and space complexity[END_REF].

Structure predictions [performed by F. Fischer, N. Yakobov and G. Grob] The full-legnth fDUF2156/ErgS sequences from A. fumigatus, A. oryzae, B. bassiana and Y. lipolytica were used in the Phyre2 software (http://www.sbg.bio.ic.ac.uk/~phyre2/ html/page.cgi?id=index) [START_REF] Kelley | The Phyre2 web portal for protein modeling, prediction and analysis[END_REF] with default parameters in the normal and intensive mode to obtain structure prediction of the proteins. Results were identical in both modes. Resulting predictions were visualized using PyMol (https://pymol.org/2/) and compared to Phyre2predicted structure of the DUF2156 module of Afm ErdS ( 18) (residues 588-946) and to the crystal structure of the DUF2156 domain of Bacillus licheniformis MprF (21) (PDB: 4V36).

Predicted structures were used, together with alignments (see above), to map the (+) helices, GNAT I and GNAT II of fDUF2156/ErgS proteins, by comparison with MprF's structure.

Phylogenomics [performed by F. Fischer an G. Grob]

Sequences of fDUF2156/ErgS proteins were searched across all Eukaryotes (Non redundant protein sequences) using the BlastP program ( 58), hosted at the NCBI (https://www.ncbi.nlm.nih.gov/). As ErdS, they were detected only in Fungi (kingdom). More specifically, fDUF2156/ErgS were detected only in division Ascomycota (whereas ErdS was present in both Ascomycota and Basidiomycota), which included the subdivisions Pezizomycotina and Saccharomycotina. Only one species in Saccharomycotina (Yarrowia lipolytica) possessed fDUF2156/ErgS, while all others were Pezizomycotina. fDUF2156/ErgS were searched in all classes of Pezizomycotina: Eurotiomycetes, Lecanoromycetes, Xylonomycetes, Dothideomycetes, Sordariomycetes, Leotiomycetes, Pezizomycetes, Orbiliomycetes, and representative organisms of each class were used to illustrate the diversity of species having fDUF2156/ErgS. The presence/absence of ErdS was also indicated in each selected species using the same approach, as in Yakobov & Fischer et al (18). Results (presence/absence of ErgS and/or ErdS) were mapped onto the phylogenetic tree of Ascomycota provided at the JGI Genome Portal ( 63), together with information on the detection of Erg-Asp (from our previous work [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]) and Erg-Gly (this sudy).

1.

Geiger O, Gonzalez-Silva 5.356 (m,1H),5.544 (dd,1.83 Hz,5.5 Hz).
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C NMR (75 MHz, CDCl3): 12.587, 14.733, 16.664, 18.152, 20.182, 20.495, 21.555, 21.646, 23.520, 28.575, 28.855, 32.126, 33.614, 37.083, 37.584, 38.365, 39.549, 40.988, 43.330, 43.355, 46.544, 55.052, 56.244, 60.897, 74.485, 80.387, 116.826, 120.953, 132.510, 136.078, 138.651, 142.103, 156.258, 170.298. C NMR (75 MHz, CDCl3): 12.645, 16.705, 18.218, 20.248, 20.552, 21.605, 21.720, 23.586, 28.608, 33.680, 37.108, 37.650, 38.423, 39.615, 41.062, 42.169, 43.018, 43.043, 43.388, 43.421, 46.602, 55.110, 56.310, 74.715, 116.892, 121.010, 132.593, 136.127, 138.741, 171.342. Although we concentrated our efforts on two species of filamentous fungi, our study suggests that most of the higher fungi use this novel tRNA-dependent ergosterol-modifying pathway. The widespread distribution of this pathway among fungi insinuates that it might play an important physiological role despite the fact that ErdS is not essential to the viability in the species in which we knocked out the gene, at least in the phenotypic conditions we screened.

1-Ergosterylglycine

Supplemental Figures

The study of the free-standing DUF2156 (fDUF2156) enzyme shows that, again, the DUF2156 protein is an ATT responsible for the aminoacylation of ergosterol. However, it transfers Gly from Gly-tRNA Gly onto Erg thereby generating ergosteryl-glycine (Erg-Gly); we therefore named it ergosteryl-glycine synthase (ErgS) (Figure CP-1B). Unlike Erg-Asp, Erg-Gly isn't deacylated by ErdH and we haven't yet characterized the hydrolase that would remove Gly from Erg-Gly, but we still don't know whether production of Erg-Gly is, like that of Erg-Asp, dynamic and involves a dedicated Erg-Gly hydrolase. However, like our Japanese collaborator, Pr. T. Kushiro (Meiji University), we failed in isolating ergS deletion mutants suggesting that there is a possibility that Erg-Gly synthesis could be essential at least in the two fungal species in which we tried to delete the genes, Afm and Aor. I started to map, by site-directed mutagenesis, the residues of the double GNAT domain of ErdS that might be important for aa-tRNA and ergosterol binding; I could identify several residues putatively involved in aa-tRNA-or ergosterol-binding that upon mutagenesis severely decreased Erg-aa synthesis, but ran out of time to fully characterize the mutants.

Like probably most of my fellow PhD student, I'm left with the feeling that the most important discoveries to be made on these tRNA-dependent ergosterol aminoacylating pathways are ahead of us and I have outlined in the next part of my manuscript, the leads I would follow if I were given more years to continue on this project. For me, the obvious most crucial question that needs to be answered is what physiological role these new sterol conjugates play in fungi and especially in pathogenic species. However, before detailing those perspectives I will first briefly introduce the life cycle of Afm and give and overview about Erg biosynthesis and its physiological functions.

II. The life cycle of A. fumigatus

Fungi species are found in almost all ecological niches which allowed them to learn how to adapt to several environmental and stress conditions [START_REF] Latge | Aspergillus fumigatus and Aspergillosis in 2019[END_REF]. A. fumigatus is a saprotrophic fungus that adopts various morphological states during its life cycle (Figure CP-2). As a common feature of filamentous fungus, its vegetative form is composed of a network of branched hyphae and is called mycelium [START_REF] Tekaia | Aspergillus fumigatus: saprophyte or pathogen?[END_REF]. Conidiophores are specialized hyphae that emerge from the mycelium and produce separate phialides at their extremities [START_REF] Park | Developmental regulators in Aspergillus fumigatus[END_REF]. Phialides are vase-shaped cells specialized and responsible to produce asexual spores called conidia. Conidia from Afm are pigmented (dark green) and are defined as propagules since they correspond to the form by which they spread [START_REF] Park | Developmental regulators in Aspergillus fumigatus[END_REF]. Afm was believed for a long time to reproduce only by asexual sporulation and genetic diversity was proposed to be generated through hyphal fusion in the absence of meiosis [START_REF] Latge | Aspergillus fumigatus and aspergillosis[END_REF][START_REF] Debeaupuis | Genetic diversity among clinical and environmental isolates of Aspergillus fumigatus[END_REF].

However, since the 70's, evidences arguing for the existence of a cryptic sexual cycle were brought [START_REF] Latge | Aspergillus fumigatus and Aspergillosis in 2019[END_REF]. Production of asci containing sexual propagules (ascospores) occur in specialized structures, namely cleistothecia, emerging at hyphae junctions between two parental isolates [START_REF] Dyer | Sexual development and cryptic sexuality in fungi: insights from Aspergillus species[END_REF]. This sexual reproduction involves MAT1-1 and MAT1-2 genes from the heterothallic Afm species [START_REF] Poggeler | Genomic evidence for mating abilities in the asexual pathogen Aspergillus fumigatus[END_REF][START_REF] Paoletti | Evidence for sexuality in the opportunistic fungal pathogen Aspergillus fumigatus[END_REF][START_REF] Bain | Multilocus sequence typing of the pathogenic fungus Aspergillus fumigatus[END_REF]. to form sexual propagules called ascospores. However, sexual reproduction occurs under very specific conditions that are rarely encountered in nature [START_REF] O'gorman | Discovery of a sexual cycle in the opportunistic fungal pathogen Aspergillus fumigatus[END_REF].

III.Introduction to Erg, the main fungal sterol

III.1. Erg biosynthesis

Erg, a 5,7-diene oxysterol, is the functional fungal analog of cholesterol (Cho) and is the most abundant sterol in fungal cell membranes [START_REF] Jacquier | Mechanisms of sterol uptake and transport in yeast[END_REF][START_REF] Rodrigues | The Multifunctional Fungal Ergosterol[END_REF][START_REF] Jorda | Regulation of Ergosterol Biosynthesis in Saccharomyces cerevisiae[END_REF]. Most erg biosynthesis steps are assumed to be conserved but some speciesspecific deviations were described. Notably, lanosterol, the first sterol synthesized during erg biosynthesis, is converted either to eburicol in Afm or to zymosterol in Sce (Figure CP-3). Both pathways converge then to the synthesis of fecosterol which is successively transformed to episterol, [START_REF] Roy | RNA-dependent lipid remodeling by bacterial multiple peptide resistance factors[END_REF][START_REF] Roy | RNA-dependent lipid remodeling by bacterial multiple peptide resistance factors[END_REF][START_REF] Favrot | Bacterial GCN5-Related N-Acetyltransferases: From Resistance to Regulation[END_REF]24(28)-trienol and finally Erg [START_REF] Dhingra | Regulation of Sterol Biosynthesis in the Human Fungal Pathogen Aspergillus fumigatus: Opportunities for Therapeutic Development[END_REF]. Successive reactions catalyzing the transformation of squalene to the final Erg occur mainly in the endoplasmic reticulum where Erg biosynthesis enzymes are mostly located but some of the latter can be multi-localized and be found for example in lipid particles which is the universal lipid storage compartment [START_REF] Mullner | Targeting of proteins involved in sterol biosynthesis to lipid particles of the yeast Saccharomyces cerevisiae[END_REF][START_REF] Kristan | Steroid-transforming enzymes in fungi[END_REF]) [START_REF] Jorda | Regulation of Ergosterol Biosynthesis in Saccharomyces cerevisiae[END_REF]. Once synthesized in the ER Erg is distributed to its final destinations, mainly the PM, but Erg significant amounts were also detected in mitochondria, endoplasmic reticulum, vacuoles, and peroxisomes [START_REF] Schneiter | Electrospray ionization tandem mass spectrometry (ESI-MS/MS) analysis of the lipid molecular species composition of yeast subcellular membranes reveals acyl chain-based sorting/remodeling of distinct molecular species en route to the plasma membrane[END_REF][START_REF] Zweytick | Contribution of Are1p and Are2p to steryl ester synthesis in the yeast Saccharomyces cerevisiae[END_REF][START_REF] Kristan | Steroid-transforming enzymes in fungi[END_REF]. Erg is distributed all along the PM, mainly in the cytoplasmic leaflet [START_REF] Solanko | Ergosterol is mainly located in the cytoplasmic leaflet of the yeast plasma membrane[END_REF][START_REF] Martzoukou | The AP-2 complex has a specialized clathrin-independent role in apical endocytosis and polar growth in fungi[END_REF], but enriched features, called sterol-rich domains (SRD) are located at hyphal tips and septa in filamentous fungi, or at bud and mating projection tips in various yeast species [START_REF] Alvarez | Sterol-rich plasma membrane domains in fungi[END_REF]. Sphingolipids are also enriched in those structures and were suggested to have important roles in membrane organization, fungal cell polarization and other important processes [START_REF] Maxfield | Role of cholesterol and lipid organization in disease[END_REF][START_REF] Fischer | Polarized growth in fungi--interplay between the cytoskeleton, positional markers and membrane domains[END_REF][START_REF] Douglas | Fungal membrane organization: the eisosome concept[END_REF]. 

III.2. The central role of Erg in fungal species illustrated by its implication several processes

Erg is critical to regulate the permeability, the fluidity and the thickness of the PM [START_REF] Daum | Biochemistry, cell biology and molecular biology of lipids of Saccharomyces cerevisiae[END_REF][START_REF] Douglas | Fungal membrane organization: the eisosome concept[END_REF][START_REF] Kodedova | Changes in the Sterol Composition of the Plasma Membrane Affect Membrane Potential, Salt Tolerance and the Activity of Multidrug Resistance Pumps in Saccharomyces cerevisiae[END_REF] and is involved in several cellular process, including growth [START_REF] Kodedova | Changes in the Sterol Composition of the Plasma Membrane Affect Membrane Potential, Salt Tolerance and the Activity of Multidrug Resistance Pumps in Saccharomyces cerevisiae[END_REF][START_REF] Bhattacharya | Overexpression or Deletion of Ergosterol Biosynthesis Genes Alters Doubling Time, Response to Stress Agents, and Drug Susceptibility in Saccharomyces cerevisiae[END_REF], regulation of membrane associated proteins activities (V-ATPase [START_REF] Zhang | Requirement for ergosterol in V-ATPase function underlies antifungal activity of azole drugs[END_REF], G-proteincoupled receptor (GPCR) [START_REF] Morioka | Effect of sterol composition on the activity of the yeast G-protein-coupled receptor Ste2[END_REF] and Multidrug Resistance Pumps [START_REF] Kodedova | Changes in the Sterol Composition of the Plasma Membrane Affect Membrane Potential, Salt Tolerance and the Activity of Multidrug Resistance Pumps in Saccharomyces cerevisiae[END_REF]), sporulation, pheromone signaling, endocytosis [START_REF] Heese-Peck | Multiple functions of sterols in yeast endocytosis[END_REF][START_REF] Jin | Ergosterol promotes pheromone signaling and plasma membrane fusion in mating yeast[END_REF] mitochondria DNA maintenance [START_REF] Cirigliano | Ergosterol reduction impairs mitochondrial DNA maintenance in S. cerevisiae[END_REF]. Beside its critical role in several cellular processes, Erg has been reported to be important for adaptation to several stressors since increased amounts of Erg raise the resistance to low temperature, low sugar, alcohol and oxidative stresses while osmotic stresses were associated to decreased Erg levels. The importance of Erg was also pointed out during hypoxia, iron and salt stresses [START_REF] Shakoury-Elizeh | Metabolic response to iron deficiency in Saccharomyces cerevisiae[END_REF][START_REF] Montanes | Repression of ergosterol biosynthesis is essential for stress resistance and is mediated by the Hog1 MAP kinase and the Mot3 and Rox1 transcription factors[END_REF][START_REF] Hu | Recent Advances in Ergosterol Biosynthesis and Regulation Mechanisms in Saccharomyces cerevisiae[END_REF][START_REF] Liu | Outline of the biosynthesis and regulation of ergosterol in yeast[END_REF][START_REF] Jorda | Regulation of Ergosterol Biosynthesis in Saccharomyces cerevisiae[END_REF]. Numerous studies investigated the effect of sterol levels on drug susceptibility notably by deleting erg genes. M. Kodedova and colleagues showed that most deletion strains were more susceptible to cationic drugs (hygromycin B and tetramethylammonium) while resistance to antifungal drugs (cycloheximide, nystatin and several azole derivates) was either increased or decreased according to the deletion strain and to the tested component [START_REF] Kodedova | Changes in the Sterol Composition of the Plasma Membrane Affect Membrane Potential, Salt Tolerance and the Activity of Multidrug Resistance Pumps in Saccharomyces cerevisiae[END_REF]. In addition, S. Bhattacharya and colleagues used Sce strains overexpressing erg genes and tested their susceptibility in the presence of a large range of drugs. They confirmed that deletion strains show various susceptibilities to drugs, a fact that was also true when overexpressing erg genes. For example, ERG6 overexpression lead to higher susceptibilities to polyenes targeting Erg (Nystatin and Amphotericin B (AmB)) while the corresponding deletion strain was more susceptible to lovastatin (targeting Hmg1p protein) and more resistant to fluconazole (targeting ERG11) [START_REF] Bhattacharya | Overexpression or Deletion of Ergosterol Biosynthesis Genes Alters Doubling Time, Response to Stress Agents, and Drug Susceptibility in Saccharomyces cerevisiae[END_REF]. Finally, Erg has recently been shown to trigger the NLRP3-Casp1/11-mediated pyroptosis of macrophages, an inflammatory programmed cell death pathway [START_REF] Koselny | A Genome-Wide Screen of Deletion Mutants in the Filamentous Saccharomyces cerevisiae Background Identifies Ergosterol as a Direct Trigger of Macrophage Pyroptosis[END_REF].

The very brief and non-exhaustive report of the plethora of processes in which Erg is implicated, demonstrates the essentiality of this metabolite in fungal cells. Moreover, the impact of sterol variation on several cellular, adaptative and resistance pathways perfectly illustrates the importance of maintaining accurate sterol levels in fungal cells and thus their homeostasis.

Moreover, fungal sterols like Erg can be esterified thereby enlarging their functional repertoire.

III.3. 3 -O-modified sterols in fungi

Sterol esterification with acyl chains is widely found in eukaryotic species and contributes to its homeostasis (Korber et al., 2017). Sce uptakes exogenous sterols, which are transported by Aus1p and Pdr11p (ABC transporters) from the PM to the ER [START_REF] Li | ATP-binding cassette (ABC) transporters mediate nonvesicular, raftmodulated sterol movement from the plasma membrane to the endoplasmic reticulum[END_REF]. At this location, acyl-CoA:sterol acyltransferases (Are1p and Are2p) were shown to esterify mainly Erg and its precursor Lanosterol [START_REF] Yang | Sterol esterification in yeast: a two-gene process[END_REF][START_REF] Yu | Molecular cloning and characterization of two isoforms of Saccharomyces cerevisiae acyl-CoA:sterol acyltransferase[END_REF][START_REF] Zweytick | Contribution of Are1p and Are2p to steryl ester synthesis in the yeast Saccharomyces cerevisiae[END_REF]. Acylated sterols are then stored in lipid droplets, the universal lipid storage compartment [START_REF] Kuhnlein | Thematic review series: Lipid droplet synthesis and metabolism: from yeast to man. Lipid droplet-based storage fat metabolism in Drosophila[END_REF]. Homeostasis of acylated sterols is ensured by steryl ester hydrolases that mainly belong to the / hydrolase family and their activity releases free fatty acids and non-esterified sterols (Korber et al., 2017).

In Sce three steryl ester hydrolases were identified, namely, Yeh1p and Tgl1p, located at lipid droplets, and Yeh2p, located at the PM [START_REF] Koffel | The Saccharomyces cerevisiae YLL012/YEH1, YLR020/YEH2, and TGL1 genes encode a novel family of membrane-anchored lipases that are required for steryl ester hydrolysis[END_REF]. [For review refer to (Korber et al., 2017)]

Another sterol esterification mechanism participating to sterol homeostasis was described in Sce (but not in Afm) and consists of sterol acetylation (Figure CP-3). Beside Erg, Sce can uptake exogenous sterols including cholesterol. Furthermore, under certain conditions Sce must deal with accumulated amounts of sterols, including Erg, which became toxic for the cell. In order to detoxify, Sce has inherited an alcohol acetyltransferase, Atf2, which acetylates sterols (Tiwari et al., 2007) that are then transported from the ER to the PM and subsequently exported from the cell by Pry1p and Pry2p [START_REF] Choudhary | Pathogen-Related Yeast (PRY) proteins and members of the CAP superfamily are secreted sterol-binding proteins[END_REF]. This esterification is reversible through the action of Say1 that also harbors an / hydrolase fold (Tiwari et al., 2007). Importantly, Atf2acetylated sterols such as Erg intermediates or analogs are not deacetylated by Say1 and are therefore efficiently removed from membranes. In contrary, Erg is efficiently deacetylated and transported to the PM but not exported [START_REF] Choudhary | The caveolinbinding motif of the pathogen-related yeast protein Pry1, a member of the CAP protein superfamily, is required for in vivo export of cholesteryl acetate[END_REF]Tiwari et al., 2007). This detoxification mechanism regulated by Atf2/Say1 cycle participates also to the removal of damaged lipids and was shown to confer resistance and growth advantage in the presence of eugenol [START_REF] Choudhary | Pathogen-Related Yeast (PRY) proteins and members of the CAP superfamily are secreted sterol-binding proteins[END_REF].

Another interesting class of modified sterols are steryl-glucosides (SG) that are found in ria, plants, fungi, and animals. Here, of sterols is achieved by UDP-sugar:sterol glycopyranosyltransferases or NDP-sugar:steryl glycoside glycosyltransferases. As for the above reported examples, this mechanism can be reversed by the antagonist action of SG hydrolases [For reviews refer to [START_REF] Grille | The functions of steryl glycosides come to those who wait: Recent advances in plants, fungi, bacteria and animals[END_REF]]. In fungi the most abundant SG is ergosterol-3 -glucoside [START_REF] Sakaki | Sterol glycosides and cerebrosides accumulate in Pichia pastoris, Rhynchosporium secalis and other fungi under normal conditions or under heat shock and ethanol stress[END_REF][START_REF] Watanabe | Sterylglucoside catabolism in Cryptococcus neoformans with endoglycoceramidaserelated protein 2 (EGCrP2), the first steryl-beta-glucosidase identified in fungi[END_REF] and UDP-glucose:sterol glycosyltransferases (Atg26),

were described in various species including Sce, P. pastoris, C. albicans and D. discoideum [START_REF] Warnecke | Cloning and functional expression of UGT genes encoding sterol glucosyltransferases from Saccharomyces cerevisiae, Candida albicans, Pichia pastoris, and Dictyostelium discoideum[END_REF][START_REF] Warnecke | UDP-glucose:sterol glucosyltransferase: cloning and functional expression in Escherichia coli[END_REF][START_REF] Warnecke | Purification of a Membrane-Bound UDP-Glucose:Sterol [beta]-D-Glucosyltransferase Based on Its Solubility in Diethyl Ether[END_REF]. In some of them, steryl--glucosides were shown to be important for peroxisome degradation and are thus implicated in macroautophagy, most likely through the recruitment of protein partners onto the nascent autophagosome (Yamashita et al., 2006;[START_REF] Grille | The functions of steryl glycosides come to those who wait: Recent advances in plants, fungi, bacteria and animals[END_REF]. Notably, a recent study investigated the physiological relevance of Atg26 in the filamentous fungi, A. oryzae and showed its requirement for autophagy of peroxisomes, mitochondria, and nuclei [START_REF] Kikuma | AoAtg26, a putative sterol glucosyltransferase, is required for autophagic degradation of peroxisomes, mitochondria, and nuclei in the filamentous fungus Aspergillus oryzae[END_REF]. SG hydrolases were described more recently in fungi, notably, Sgl1 from C. neoformans and Egh1

from Sce. In recent years, SGs have attracted much interest because of their implication in fungal virulence notably as regulators of the host immune response [START_REF] Rella | Plasma membrane lipids and their role in fungal virulence[END_REF]. Deletion of the sterylglucosidase sgl1 in C. neoformans lead to SGs accumulation which abolished the pathogenicity of this strain, but even more remarkable is the fact that high levels of SG act as a vaccine against C. neoformans in murine mice models [START_REF] Rella | Role of Sterylglucosidase 1 (Sgl1) on the pathogenicity of Cryptococcus neoformans: potential applications for vaccine development[END_REF]. Thus, Sgl1 is an important virulence factor and the SG synthesis/degradation cycle further illustrates the importance of finely regulating sterol homeostasis in fungi. Beyond fungal infections, administration of SG was suggested to confer a beneficial effect in patients with allergic issues, pulmonary tuberculosis [START_REF] Donald | A randomised placebo-controlled trial of the efficacy of beta-sitosterol and its glucoside as adjuvants in the treatment of pulmonary tuberculosis[END_REF][START_REF] Bouic | The role of phytosterols and phytosterolins in immune modulation: a review of the past 10 years[END_REF] and the effect of SGs on cancer are under investigations [START_REF] Bouic | The role of phytosterols and phytosterolins in immune modulation: a review of the past 10 years[END_REF][START_REF] Kunimoto | Cholesteryl glucoside-induced protection against gastric ulcer[END_REF][START_REF] Jayaprakasha | Bioactive compounds from sour orange inhibit colon cancer cell proliferation and induce cell cycle arrest[END_REF].

The three examples of Erg modification further illustrate the multifunctionality of Erg and the difficulty to predict the physiological functions of aminoacylated lipids that we discovered.

Even though each of those 3 mechanisms shows specific features, they share important features not only between them but also with the ErdS/ErdH pathway that I described during my thesis.

Notably, they all modify ergosterol on its hydroxyl group (at position 3) and more importantly they all include hydrolases to regulate lipid homeostasis which is was undoubtedly an essential aspect.

Because co-expression of erdS and erdH would lead to futile synthesis/degradation cycle, we suspect that both genes might be differentially expressed under defined conditions. Another possibility is that both genes are co-expressed, but Erg-Asp synthesis and degradation might occur at different locations or their activity might be controlled, for example, by a specific kinase. Subcellular fractionation indicated that ErdS [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] and ErgS (ErgS draft article) are associated with membranes and wherever they are located, they might point toward the cytoplasm where their (aa-)tRNA substrates are available. Accordingly, ErdS was predicted to be cytoplasmic while ErdHAfm contains a putative mitochondrial targeting sequence (Wolf PSort, MitoProt II). Note that, mitochondria contain also aa-tRNA for organellar protein biosynthesis and to date it is not possible to exclude that Erg-Asp synthesis occurs in mitochondria, given that substantive amounts of Erg are also present in this organelle. In order to clarify ErdS and ErdH location the lab plans to use a integrative cassette to replace the endogenous erdS-erdH locus by a synthetic locus from which ErdS-GFP and ErdH-mCherry will be expressed in Afm under their endogenous promoters (the cassette is already available). In a first approach, the recombined strain will be grown under various conditions, including stressors, and the localization of both proteinswill be analyzed by fluorescence microscopy. Fluorescent probes targeting specific compartments will then be used for co-localization experiments. Additionally, subcellular fractionations and purification of specific organelles can be performed, and their ErdS/H content analyzed by WB.

Similar approaches will be used to investigate the localization of ErgS. During my thesis I aimed to study the localization of ErgSAfm-CFP, heterologously expressed in Sce, by fluorescence microscopy. In this case results indicated that ErgSAfm-CFP co-localizes with Sec7-GFP which is a specific marker of the Golgi apparatus (not shown). ErgS localization at Golgi vesicles is surprising with regard to its activity since to our knowledge Erg is not located in this compartment and the transport of Erg from the ER to the PM is assumed to be performed by lipid binding/transport proteins rather than vesicular transport [START_REF] Sokolov | Ergosterol Turnover in Yeast: An Interplay between Biosynthesis and Transport[END_REF][START_REF] Jorda | Regulation of Ergosterol Biosynthesis in Saccharomyces cerevisiae[END_REF]. However, it cannot be excluded that ErgS localization at Golgi vesicles is transitory and that the vesicular transport is used to reach its final destination where the Erg substrate is located.

Determining ErdS/ErdH/ErgS interacting partners hypoxia, liquid or solid growths, nutrient-rich or nutrient-depleted media, autophagy-inducing conditions, etc. Response to stresses (osmotic, oxidative) including to the presence of antifungals, cell wall or membrane disrupting agents, etc. will also be tested. Finally, we will also test the activity of the erd promoter at growth stages: conidia, swollen or germinating conidia, mycelia, conidiation/sporulation. Obviously, ergS promoter will also be integrated in this study and it would be particularly interesting to verify transcriptional correlations between the erd locus and ergS.

Anti-ErdS and -ErgS antibodies developed during my thesis will also be used to correlate transcriptional effects to the expression of ASSs at the protein level. Finally, lipid analyzes will be done to verify if AS and protein levels correlate (analytical analysis by TLC and if needed quantitative analysis by MS (lipidomics))

Genome-wide analysis of transcriptional changes induced by ASs.

As mentioned above, AS could be potentially implicated in several pathways including central regulatory processes known to be regulated by sterol metabolism. To screen the largest range of pathways potentially affected by AS, we plan perform whole genome transcriptomics on Afm strains in which AS levels are known to vary. The most obvious will be to start those RNA-seq experiments with Afm wt and deletion strains ( erdS, erdH) as well as with our recombinant strain engineered to overexpress ErdS. Comparing data obtained for the different strains will highlight genes whose expression is affected by the presence, excess or absence of Erg-Asp. Hits will be ranked and confronted to databases to delineate the regulatory landscape of AS. RT-qPCR, Northern-blots and luciferase reporter system will be used for data validation. Alternatively, and only if relevant, global transcriptomic analysis will also be performed under growth conditions that were determined in the previous section.

IV.2. Do ASs participate in trafficking and signaling pathways

No obvious phenotypes affect strain under standard growth conditions but some preliminary results, obtained by Dr. F. Fischer and Dr. N. Mahmoudi-Kaidi, showed an increased accumulation of autophagosomes in vacuoles which is typical of autophagy activation.

This was surprising because, when using a nutriment rich media, autophagy is normally repressed [START_REF] Klionsky | Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition)[END_REF]. This suggest that Erg-Asp might act as an autophagy repressor. As described above, another 3--OH modified sterol, namely Erg-Glc regulates the onset of macroautophagy most likely through the recruitment of protein partners onto the nascent autophagosome. [START_REF] Kikuma | AoAtg26, a putative sterol glucosyltransferase, is required for autophagic degradation of peroxisomes, mitochondria, and nuclei in the filamentous fungus Aspergillus oryzae[END_REF]. Therefore, a potential crosstalk between glycosylated and aminoacylates sterols exist. Furthermore, depleting the media from the nitrogen source reduced Erg-Asp levels in Afm wt strain (not shown), indicative for a potential role of ASs as a signaling molecule for example by being aa level indicators [START_REF] Klionsky | Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition)[END_REF].

Finally, Atf2/Say1 pathway, responsible for sterol and steroid export in Sce (Tiwari et al., 2007), was not described in Aspergillus spp. and no evidences were brought for the presence of an analogous detoxification pathway. Due to their similarities with the ErdS/ErdH pathway it will be interesting to consider the hypothesis that sterol aminoacylation could play analogous function to sterol acetylation. In a first attempt ASSs or AS hydrolase will be expressed in Sce atf2 and say1 strains (available in the lab) to investigate if their reported phenotypes (e. g. susceptibility to eugenol) are complemented. In vivo synthesis of radiolabeled sterols will be performed as in (Tiwari et al., 2007) and export of sterols will be assayed by analyzing radiolabeled species in the cell media after culture.

To investigate the participation of ASs to trafficking and signaling pathways we propose the following strategies in combination with tasks presented in § IV.1.

Determination of AS interacting partners

One additional task that will probably be determinant to unwind these hypotheses is the determination of Erg-Asp and Erg-Gly interacting partners. Resin-immobilized sterols were used previously in pull-down experiments [START_REF] Nedelcu | Oxysterol binding to the extracellular domain of Smoothened in Hedgehog signaling[END_REF] or for affinity purification of sterolbinding proteins [START_REF] Satsangi | Cholesterol immobilization via ether-linked sepharose gels[END_REF]. As described in our published work and in the ErgS draft article, our collaborators from Pr. T. Kushiro's team that have strong expertise in sterol chemistry and synthesized a collection of AS (synAS) that already proved to be very useful for our work. In the next future we will try to obtain chromatographic supports conjugated to AS or unmodified sterol to perform pull-down experiments with crude extracts from Afm strains. The sterol backbone that will be used is still a matter of debate since Cho for example might be more suitable than Erg due to its higher stability [START_REF] Chauhan | A PhotoClick cholesterolbased quantitative proteomics screen for cytoplasmic sterol-binding proteins in Saccharomyces cerevisiae[END_REF]. ASs interactants will be identified by proteomic analysis, hits will be ranked, and interactions validated through protein/lipid binding assays [START_REF] Saliba | The systematic analysis of protein-lipid interactions comes of age[END_REF] and column affinity-binding assays with radiolabeled Ass [START_REF] Darwiche | A Ligand-Binding Assay to Measure the Affinity and Specificity of Sterol-Binding Proteins In Vitro[END_REF]. Of note, the first known Erg-Asp interactant is ErdH that hydrolyses Erg-Asp [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. However, the immobilized aminoacylated sterols should be non-hydrolysable.

Determining Erg-Asp localization

A widely used marker of cholesterol [START_REF] Bittman | Fluorescence studies of the binding of the polyene antibiotics filipin 3, amphotericin B, nystatin, and lagosin to cholesterol[END_REF] and ergosterol [START_REF] Van Leeuwen | Filipin is a reliable in situ marker of ergosterol in the plasma membrane of germinating conidia (spores) of Penicillium discolor and stains intensively at the site of germ tube formation[END_REF] is filipin which binds to sterols in a 3--OH dependent manner and is therefore not suitable to stain esterified sterols [START_REF] Maekawa | Domain 4 (D4) of Perfringolysin O to Visualize Cholesterol in Cellular Membranes-The Update[END_REF]). An interesting strategy that will be considered to study AS trafficking in living cells is to develop fluorophore labeled sterols as previously proposed to study cellular dynamics of cholesterol (BODIPY-sterols) (Holtta-Vuori et al.,

2008) [START_REF] Wustner | Potential of BODIPY-cholesterol for analysis of cholesterol transport and diffusion in living cells[END_REF]. However, care must be taken because addition of a fluorophore to a sterol can change its physiological behavior (e. g. distribution and dynamics) [START_REF] Solanko | Membrane orientation and lateral diffusion of BODIPYcholesterol as a function of probe structure[END_REF] and such dyes do not distinguish lipids from both membranous bilayers [START_REF] Maekawa | Domain 4 (D4) of Perfringolysin O to Visualize Cholesterol in Cellular Membranes-The Update[END_REF]). On another hand, sterol binding proteins/domain fused to fluorescent proteins were developed and one valuable advantage is that they can either be directly added to the media to label sterols at the cell surface, or expressed/microinjected into the cell, thereby labeling intracellular membraneassociated sterols [START_REF] Maekawa | Domain 4 (D4) of Perfringolysin O to Visualize Cholesterol in Cellular Membranes-The Update[END_REF]. For example, the D4 domain of Perfringolysin O fused to GFP or mCherry was used in several studies but unfortunately this fusion protein recognizes the hydroxyl group at the position 3 of cholesterol and might therefore not be suitable for esterified sterols (e. g. AS) [START_REF] Sato | Disulfide-bond scanning reveals assembly state and beta-strand tilt angle of the PFO beta-barrel[END_REF][START_REF] Heuck | Conformational changes that effect oligomerization and initiate pore formation are triggered throughout perfringolysin O upon binding to cholesterol[END_REF][START_REF] Maekawa | Perfringolysin O Theta Toxin as a Tool to Monitor the Distribution and Inhomogeneity of Cholesterol in Cellular Membranes[END_REF]. Therefore, we aim to would enable us to study the trafficking and the localization of both AS.

IV.3. Do AS participate in resistance to antifungal drugs?

Changes in sterol composition were widely shown to modulate the resistance to antifungal drugs. This was notably illustrated by the above-mentioned work of S. Bhattacharya and colleagues, but several other studies demonstrated that dysregulations of the Erg biosynthetic pathway leads either to resistance or to accurate sensibility to antifungal drugs [START_REF] Young | Disruption of ergosterol biosynthesis confers resistance to amphotericin B in Candida lusitaniae[END_REF][START_REF] Sanglard | Candida albicans mutations in the ergosterol biosynthetic pathway and resistance to several antifungal agents[END_REF][START_REF] Bhattacharya | Overexpression or Deletion of Ergosterol Biosynthesis Genes Alters Doubling Time, Response to Stress Agents, and Drug Susceptibility in Saccharomyces cerevisiae[END_REF]. Being eukaryotes, fungal cells resemble strongly to its host cells and several physiological pathways were shown to be conserved between them, thereby complexifying the task of establishing fungal-specific targets. Erg has attracted much attention because it is essential, and its synthesis slightly differs from that of Cho in humans (Alcazar-Fuoli and Mellado 2012). Accordingly, Erg and its biosynthetic pathway are often considered as the target of choice for novel antifungal drugs and notably two out of the three main antifungal classes used to combat fungal infections (including invasive aspergillosis), target

Erg or its biosynthetic pathway. Polyenes (e. g. AmB and nystatin) bind directly to Erg (Figure CP-3) and despite their mode of action is not completely established, it is accepted that they act by forming pores in the PM, leading to membrane permeabilization, inhibition of aerobic and anaerobic respiration, accumulation of reactive oxygen species (ROS) and leakage of small molecules [START_REF] Gray | Amphotericin primarily kills yeast by simply binding ergosterol[END_REF][START_REF] Mesa-Arango | The production of reactive oxygen species is a universal action mechanism of Amphotericin B against pathogenic yeasts and contributes to the fungicidal effect of this drug[END_REF][START_REF] Valiante | The Aspergillus fumigatus cell wall integrity signaling pathway: drug target, compensatory pathways, and virulence[END_REF][START_REF] Dhingra | Regulation of Sterol Biosynthesis in the Human Fungal Pathogen Aspergillus fumigatus: Opportunities for Therapeutic Development[END_REF]. Emergence of resistance mechanisms against AmB were reported in few cases, notably in Candida spp. harboring low ergosterol levels [START_REF] Young | Disruption of ergosterol biosynthesis confers resistance to amphotericin B in Candida lusitaniae[END_REF][START_REF] Vandeputte | A nonsense mutation in the ERG6 gene leads to reduced susceptibility to polyenes in a clinical isolate of Candida glabrata[END_REF][START_REF] Gray | Amphotericin primarily kills yeast by simply binding ergosterol[END_REF] and the increased resistance observed in A. terreus was attributed to increased expression of catalases [START_REF] Blum | New insight into amphotericin B resistance in Aspergillus terreus[END_REF]. However, polyenes were also shown to interact with Cho and induce cytotoxicity in host cells [START_REF] Perfect | The antifungal pipeline: a reality check[END_REF]. Importantly, the 3-ß-hydroxyl of Erg is important for its interaction with AmB (Kaminski 2014) which is why Erg aminoacylation could interfere with tolerance to polyenes.

Azole derivates constitute the other main class of clinically used antifungal drugs that targets Erg11 (Figure -CP3) leading to depletion of ergosterol and accumulation of lanosterol and toxic 14--methylated sterols in the plasma membrane [START_REF] Kelly | Resistance to fluconazole and cross-resistance to amphotericin B in Candida albicans from AIDS patients caused by defective sterol delta5,6-desaturation[END_REF][START_REF] Dhingra | Regulation of Sterol Biosynthesis in the Human Fungal Pathogen Aspergillus fumigatus: Opportunities for Therapeutic Development[END_REF][START_REF] Bhattacharya | Overexpression or Deletion of Ergosterol Biosynthesis Genes Alters Doubling Time, Response to Stress Agents, and Drug Susceptibility in Saccharomyces cerevisiae[END_REF]. Unfortunately, resistance to azole derivates were reported to emerge through distinct mechanisms in several fungal species, including point mutations within erg11 leading to reduced affinity to azoles [START_REF] Parker | Resistance to antifungals that target CYP51[END_REF], overexpression of erg11 either induced by tandem repeats in the 5'UTR [START_REF] Verweij | Azole Resistance in Aspergillus fumigatus: Can We Retain the Clinical Use of Mold-Active Antifungal Azoles?[END_REF] or by point mutations of transcription factors that bind to the 5'UTR CGAAT motif [START_REF] Gsaller | Sterol Biosynthesis and Azole Tolerance Is Governed by the Opposing Actions of SrbA and the CCAAT Binding Complex[END_REF][START_REF] Dhingra | Regulation of Sterol Biosynthesis in the Human Fungal Pathogen Aspergillus fumigatus: Opportunities for Therapeutic Development[END_REF]. Other fungicides [START_REF] White | Clinical, cellular, and molecular factors that contribute to antifungal drug resistance[END_REF]) but beside the Erg pathway additional fungal pathways/constituent were also used as target of antifungal drugs. For example, the synthesis of -1,3-glucan, an essential component of the fungal cell-wall, is inhibited by echinocandins [START_REF] Onishi | Discovery of novel antifungal (1,3)-beta-D-glucan synthase inhibitors[END_REF] and recent advances in the characterization of the fungal sphingolipid biosynthesis pathway revealed potential targets for the development of novel antifungal drugs [START_REF] Mcevoy | Antifungal Drug Development: Targeting the Fungal Sphingolipid Pathway[END_REF].

Due to the importance of Erg and Erg biosynthesis pathway and its strong relation with resistance mechanisms we questioned if ASS and AS could participate to the tolerance/resistance to antifungal drugs but also if they may be involved in cell-wall remodeling. To this end I performed antibiograms in 96 well-plates in the presence of AmB or fluconazole and I tested the viability of available Afm strains by using the colorimetric Alamar blue dye, as described elsewhere [START_REF] Monteiro | A new approach to drug discovery: high-throughput screening of microbial natural extracts against Aspergillus fumigatus using resazurin[END_REF]. The results are very preliminary and may lead to erroneous conclusions and will therefore not be presented here. Nevertheless they suggest that Afm erdS has increased tolerance to fluconazole and AmB and interestingly this tendency was supported by the fact that the Afm Pxyl-erdS strain (in which Erg-Asp accumulation is severely increased in the presence of xylose) had a marked increased susceptibility to antifungals when grown in xylose containing media but not in the absence of xylose. However, xylose induced Afm Pxyl-erdS strain also showed strongly reduced growth in the absence of antifungals, indicating that Erg-Asp influences developmental circuits rather than resistance.

In the future, we plan to perform several experiments by using resazurin based viability tests (Alamar blue) and disk diffusion tests to assay drug sensitivities of Afm strains that vary in their AS levels. The analysis of transcriptional patterns and the determination of interacting partners will certainly also provide important information regarding AS function. Interestingly global transcriptomic analyzes reported erdS regulation by calcineurin and decreased expression of erdS through exposition to AmB [START_REF] Gautam | Proteomic and transcriptomic analysis of Aspergillus fumigatus on exposure to amphotericin B[END_REF] and calcium [START_REF] Soriani | Functional characterization of the Aspergillus fumigatus CRZ1 homologue, CrzA[END_REF]. Given the central role of calcium and its binding proteins (including calcineurin) in Afm cell's physiology this data further suggest that Erg-Asp might somehow interfere with pathways involved in drug tolerance/resistance [START_REF] Hayes | Activation of stress signalling pathways enhances tolerance of fungi to chemical fungicides and antifungal proteins[END_REF][START_REF] Latge | Aspergillus fumigatus and Aspergillosis in 2019[END_REF]. Strikingly, transcriptome analysis revealed that ergS expression is strongly increased in the presence of azoles notably voriconazole [START_REF] Da | The akuB(KU80) mutant deficient for nonhomologous end joining is a powerful tool for analyzing pathogenicity in Aspergillus fumigatus[END_REF].

The cell wall of fungi is another important barrier for those organisms and its integrity is regulated by the central MAPK pathway [START_REF] Valiante | The Aspergillus fumigatus cell wall integrity signaling pathway: drug target, compensatory pathways, and virulence[END_REF]. Therefore, it would be interesting to see whether AS pathway interfere with the regulation or the synthesis of the cell-wall. Note that preliminary data obtained by Dr. N. Mahmoudi-Kaidi suggest that Afm erdS strain, in contrary to the WT, become sensitive to Congo Red, indicative of changes in the cell-wall composition, a phenotype reversed to WT by re-complementation with ErdS.

IV.4. Implication of ASs in virulence and pathogenesis

As briefly mentioned in the introduction to Erg ( § III.3.), Erg has recently been shown to be immunologically active. In response to pathogens, macrophages assemble the canonical inflammasome, which results in pyroptosis, a necrotic and proinflammatory programmed cell death induced by inflammatory caspases [START_REF] Man | Molecular mechanisms and functions of pyroptosis, inflammatory caspases and inflammasomes in infectious diseases[END_REF]. The recent study of K. 

Evaluating the immune response of macrophages to ASs

The ability of ASs to elicit or to inhibit pyroptosis and the inflammatory response in immune cells will be monitored as in [START_REF] Koselny | A Genome-Wide Screen of Deletion Mutants in the Filamentous Saccharomyces cerevisiae Background Identifies Ergosterol as a Direct Trigger of Macrophage Pyroptosis[END_REF] which is why the proposed experiments will also be done with Cho-Asp or Cho-Gly. 

Monitoring phagocytosis of conidia

Testing virulence using insect and/or mouse models of infection

G. mellonella is an insect model of infection that has been validated as a good alternative to the mouse model to study some aspects of aspergillosis, including for clinical strains [START_REF] Sheehan | Characterisation of the cellular and proteomic response of Galleria mellonella larvae to the development of invasive aspergillosis[END_REF]. Spores from WT and mutant Afm strains will be injected into G. mellonella larvae and the Lethal Doses (LD90/LD50) will be measured to quantify their virulence. Various strategies are planned to evaluate the response of the insect immunity, notably quantification of hematocytes and monitoring phagocytosis of fluorescent labeled conidia.

incubate the mixture with 500 µl of LB at 37 °C to allow the resistance protein to be expressed before adding the antibiotic. Finally, the mixture is spread out onto solid LB-medium supplemented with the appropriate antibiotic by using glass beads. Plates are incubated O/N at 37 °C. This purification yields high amounts of protein-and RNA-free plasmid DNA's, required for example for in vitro transcription by T7 RNA polymerase or for filamentous fungi transformations.

II.5. Amplification of DNA fragments by polymerase chain reaction (PCR)

DNA fragments were amplified by PCR using primer pairs designed according to the cloning strategy. I used mainly the PrimeSTAR Max® kit (Takara, R045B) but in some cases were amplification failed I changed to SapphireAmp® Fast PCR Master Mix (Takara, RR350B). PCR amplification are performed with a thermocycler (C1000 Touch™ Thermal Cycler from Bio-Rad) and protocols are described in tables from 

II.8. Cloning strategies

The Afm ORF's encoding ErdS (AFUA_1g02570) and ErgS (AFUA_8g01260) were synthetized with codon optimized sequences for expression in Sce, flanked by attB1 and attB2 sequences and cloned into pUC57 (Genscript®). All other ORF's described in the present manuscript, including ErdH from Afm (AFUA_1g02580) and ErgS from Yli CLIB 99 (ORF identical to YALI0_E00330g from CLIB122 strain) and from Bba 80.2, were recovered from the corresponding genomic DNA by PCR.

Depending on the type of cloning and the material available in the laboratory I used two different cloning strategies to design yeast and bacteria expression plasmids as well as recombination cassettes for Afm: The Gataway strategy (Busso et al., 2005) and the isothermal Gibson assembly method [START_REF] Gibson | Enzymatic assembly of DNA molecules up to several hundred kilobases[END_REF][START_REF] Gibson | Enzymatic assembly of overlapping DNA fragments[END_REF]. Constructs, PCR templates and primers are listed and described in convenient when starting the characterization of a new protein, since it provides rapidly a collection of expression plasmids encoding native, recombinant, or tagged versions of this protein.

Isothermal Gibson assembly (isoT) method

The principle of the isoT cloning method consist of assembling DNA fragments through To construct the erdS FF168/FF169 and FF170/FF171, respectively. FF169 and FF170 contain overhangs designed so that the are assembled by the isoT reaction. The resulting erdS The organization of the resistance cassette is depicted in the grey box and contains the -rec/six-site recombination system and the hygR gene which confers hygromycin resistance. Homologous sequences at the (B) The PJET1.2-erdS deletion cassette described in (A) and the erdS assembled by isoT to obtain the pJET1.2-Pxyl-erdS plasmid. The core of the complementation cassette erdS ORF replacing -rec. Primers are colored according to the DNA sequence to which they are complementary. trpC-t, trpC

II.8.4.2. erdS deletion and complementation cassettes

1 kb of the erdS 5'UTR (primers FF168/FF169) and of the 3'UTR (primers FF170/FF171) were amplified with isoT overhangs at their 3' and 5' extremity, respectively. The sequence corresponding to these overhangs are homologous to the 5' and 3' extremities of the resistance cassette, amplified from pSK529 plasmid with primers FF166/FF167. The three amplified sequences were assembled by the isoT cloning method, then PCR templates were degraded by Dpn 

II.8.4.3. ergS deletion and complementation cassettes

The ergS deletion cassette was also cloned by isoT but the strategy differs slightly. In this case the 5'UTR (primers fD-5'UTR-fwd/rv) and the 3'UTR (primers fD-3'UTR-fwd/rv) 1 kb sequences were amplified with isoT overhangs at their 3' and 5' extremity, respectively, and both products were separately ligated into pJET 1.2 plasmids. Clones where the 5'UTR and the 3'UTR were ligated in the same orientation were selected for the next cloning step. Sequences from both plasmid containing their respective UTR's and a truncated part of ampR were amplified with isoT overhangs homologous to the amplified resistance cassette and the three sequences were assembled by isoT 

ergS complementation cassette ergS deletion cassette

for 45 min in a water bath. Cells are centrifuged at 10000× g for 30 sec, the supernatant is removed and traces of LiAc and PEG4000 are washed away with 1 mL of water. Cells are resuspended in 150 µl water and spread onto the appropriate selective plates and incubated at 30 °C for 2-3 days.

Finally, transformants from single colonies are transferred onto fresh solid media and incubated again for 2-3 days.

III.3. Drop tests on Sce cells

Appropriate liquid medium is inoculated with Sce cells O/N at 30 °C. The next morning the OD600 is measured (spectrophotometer DU® 730, Beckman Coulter), then the pre-culture is diluted to OD600 = 0.1 in fresh media and cells are grown at 30 °C until OD600 reaches 0.5-0.6. Cells are centrifuged, washed with water, and adjusted to OD600 = 0.5. Ten-fold serial dilution are prepared in water (10 1 -10 5 ) and 7 µl of each dilution is spotted on solid medium. Plates are incubated at 25 °C, 30 °C or 37 °C for several days and photographed each day.

III.4. Preparation of Sce crude extracts (EB) for total protein analysis

Pre-cultures from Sce are performed in the appropriate media and cells are diluted the next morning to OD600 = 0.1. The culture is grown until OD600 reaches 1.0 and 1-1.5 unit of cells is collected in a fresh tube and centrifuged at 13000 × g for 1 min. Alkaline cell lysis is performed by resuspending the pellet in 500 µl of ice cold NaOH 0.185 M and tubes are incubated on ice for 10 min. Total proteins are then precipitated by adding Trichloroacetic acid (TCA) to a final concentration of 10 % and cells are incubated for another 10 min on ice. Finally, tubes are centrifuged at 13000 × g for 10 min at 4 °C, the supernatant is removed properly and the resulting EB is resuspended in 100 µl of 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). By doing so, the coloration of the sample might turn to orange, due to remaining TCA traces. In these cases, 3-5 µl of Tris base 1 M are added to re-equilibrate the pH. 10 µl of this preparation are loaded on polyacrylamide gel for SDS-PAGE analysis and subsequent immunoblots.

3 µl at 10 mg / mL and incubate at 37 °C for 20 min). Finally, DNA are precipitated again, as described above, and the pellet is resuspended in 50 -100 µl of TE buffer.

IV.3. Preparation of crude extracts (EB)

4.5 -5 g of dried mycelia were frozen in liquid nitrogen and grinded with mortar and pestle until the biological material became a fine powder. The latter is transferred to a Falcon 50 mL tube together with 7 mL of lysis buffer (50 mM Tris-HCl pH 7,5, 30 mM KCl, 0.1 % TritonX100, 0.5 mM Na2-EDTA, 2 mM phenylmethylsulfonyl fluoride (pMSF), 2 mM Benzamidine, protease inhibitors tablet (Roche)) and 5 g of glass beads (Ø 0.25-0.5 mm, Roth). The mycelia is further disrupted with a FastPrep®-24 apparatus (6 × 1 min at 6.5 m/s, with 1 min on ice between each cycle) and the lysate is carefully transferred in a clean tube in order to remove most glass beads. If nothing is specified, the obtained EB was cleared by centrifugation at 500 × g for 5 min and stored at -20 °C with 30 % glycerol.

V. Protein analysis Proteins are visualized either by staining gels with Coomassie blue or by using the stainfree imaging technology available on our ChemiDoc TM Touch imager (BioRad). Note that for the second option, 0.5 % of 2,2,2-Trichloroethanol (TCE) must be incorporated into polyacrylamide gels before polymerization.

V.2. Immunoblotting (or western blots; WB)

Proteins were electroblotted to Polyvinylidene fluoride (PVDF) membranes using a Trans-Blot Turbo™ transfer system (BioRad) (7 min at 25 V (2.5 A)) and the blot was then activated with EtOH 100 % for a few sec. The blot was then briefly washed with TBS-Tween (TBS 1X, Tween-20 0.3 % (v/v)) and blocked with 5 % skimmed milk (p/v) dissolved in TBS-Tween at RT for 1 hour.

Incubation with primary antibodies, diluted in TBS-Tween buffer supplemented with in 5 % (w/v) skim milk, were performed O/N at 4 °C (serum / antibody and dilutions are specified for each presented blot). The next morning, the blot was washed 3 times for 10 min with TBS-Tween buffer and incubated with the secondary antibody (rabbit anti-mouse or goat anti-rabbit horseradish peroxidase (HRP) conjugate at 1 / 3000 dilution) at RT for 1 hour. Finally, the blot was washed as described above, the Clarity Western ECL substrate kit was used according to supplier's instructions chemiluminescence signals were captured with the ChemiDoc TM Touch imager (BioRad).

VI.Purification of recombinant fungal proteins

VI.1. Construction of clones overexpressing recombinant DUF2156 related proteins fused to MBP.

ORFs encoding ErdS and ErgS variants from Afm were amplified from the codon optimized sequences, flanked with gateway attB sequences, and cloned into pDONR221 using Gateway technologies (Gateway® BP Clonase™ II Enzyme Mix) as described in previous sections (see § II.8.1).

The ORF was then shuttled through LR reaction into pHtevGWA corresponding to pGGWA in which GST was replaced by an His6x tag followed by an TEV protease cleavage site (TevCS). To express MBP-tagged versions, ErdSAfm and ErgSAfm were amplified from the entry plasmid (i.e. pDONR221-the results revealed that induction with 0.1 mM at 18 °C for 12 h yield higher amounts of the recombinant proteins (Results & Discussions, Part I, § IV.4.1.).

Enrichment of MBP-tagged proteins on amylose resin

The pellet resulting from 2L culture (around 5 g) was resuspended in 15-20 mL lysis buffer composed of Tris-HCl pH 7 250 mM, NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v), Tween20 0.25 % (v/ v), TritonX100 0.1 % (v/v), -mercaptoethanol 5 mM, Na2EDTA 10 mM, protease inhibitor cocktail (Roche Complete, EDTA-free), benzamidine 2 mM, pMSF 0.5 mM. Cells disruption is conducted by sonication (Bioblock Scientific, VibraCell; 8 × 1 min 1 sec on / 1 sec off, amplitude 30 %, on ice) and the lysate is centrifuged at 10000 × g for 30 min at 4°C. The SN is incubated with 2 mL amylose resin (NEB, E8021S), previously equilibrated with lysis buffer, and placed on a rotating wheel for 2-3 h at 4°C. The flow-through is collected using a 1.5 × 10 cm chromatography column (Biorad, Econo-Column® #7371512), beads are washed several times (at least 5-15 column volumes) with wash buffer (Tris-HCl pH 7 50 mM, NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v), Tween20 0.25 % (v/v), TritonX-100 0.1 % (v/v), -mercaptoethanol 5 mM). Elution is achieved with the wash buffer supplemented with 2,5 % maltose monohydrate (p/v). 0.5 mL fractions are generally collected and 10 µL of each is analyzed by SDS-page. Eluted proteins were stored with glycerol 50 % (v / v) at -20°C or -80°C. This protocol stands as the reference protocol and can be used for all MBP-tagged proteins cited in the present manuscript. However, during my thesis I also used an MBPTrap™ HP (GE healthcare, conducted by an Äkta Pure HPLC system instead of the atmospheric amylose resin chromatography. In those cases, equilibration and wash steps were performed at a flow rate of 1 mL/min while sample application was performed at 0.5 mL/min and proteins were eluted with a gradient of maltose (0-3 % maltose (w/v) at 0.5 mL/min. Note that the MBPTrap™ HP alternative yield very low efficiencies for ErgSAfm and ErdSAfm purification (not shown). Consequently, I used the MBPTrap™ HP only to purify recombinant versions of ErgS from Yli (ErgSYli) and of ErdH from Afm (ErdHAfm). In these cases, volumes of the culture and consequently of the lysis buffer used to resuspend cells were modified as specified in the result sections.

In the second case I brought several modifications to the purification protocol. The culture was performed in 1 L and overexpression was induced with 0.1 mM IPTG for 12 h at 18 °C. The resulting pellet (4 g) was resuspended in 20 ml of lysis buffer and sonication was performed as described above. The lysate was centrifuged at 13000 × g for 30 min and the supernatant was incubated with 2 ml of amylose resin at 4 °C for 2 h on a rotating wheel. The batch was split into two fractions that were separately poured into distinct Poly-Prep® Chromatography Columns (Bio-rad). The flowthrough was collected, beads were washed several times and proteins were eluted with 5 × 1 ml of wash buffer supplemented with 3 % maltose monohydrate. A total of 4 fractions were pooled and concentrated to 2 ml (Centricon Amicon Ultra-4, 10 kDa) and importantly, the MBP-tag was not removed in this case. The concentrated fraction was subjected to a Hiload 16/600 Superdex 200pg (GE healthcare) monitored by another Äkta pure HPLC system (ÄKTA pure Chromatography System, GE healthcare). The GF buffer was (50 mM Tris-HCl pH 7 and 30 mM KCl), the flow rate was 1 mL / min and fractions were collected in 0.8 mL fractions. 

VII. Purification of TEV-protease (Tobacco Etch Virus)

The procedure used here was adapted from [START_REF] Kapust | Tobacco etch virus protease: mechanism of autolysis and rational design of stable mutants with wild-type catalytic proficiency[END_REF]. E. coli Rosetta 2 was transformed with a plasmid pRK793 that encodes for TEV protease fused at the N-terminal extremity to a MBP-tag. In addition, both sequences are separated by an internal Tev cleavage site (TevCS) followed by a heptahistidine tag (His7X). During expression and purification, autocleavage of the MBP-TevCS-His7X-TEV protein leads to an His7X tagged TEV protease (Figure MM-8) that can be purified as described in the following sections.

VII.1. Culture and overexpression

Liquid LB medium supplemented with 100 mg/L Amp and 34 mg/L Chloramphenicol (LB + Amp + Chl) is seeded with E. coli cells carrying the expression plasmid. This pre-culture is incubated O/N at 37°C under constant shaking at 200 rpm. The next morning, the preculture is diluted to OD600 = 0.05 in 2 × 1L LB + Amp + Chl and the cultures are grown at 37°C until OD600 = 0.5 -0. injection of the antigen, and this injection is repeated after 14 and 28 days. A few mL of each tested serum is sampled at day 39 (indicated as SXXX_D39) to verify whether an immune response was triggered. If so, the latter is boosted by subcutaneous injection of the antigen at day 42 and serums are again sampled at day 53 (indicated as SXXX_D53). The suitability of the obtained serum to perform the whished experiments (i. e. mainly WB in the present case) is tested and the rabbits are sacrificed at day 67 to collect the final serum (indicated as SXXX_final).

VIII.3. Evaluation of the immunization against ErdS by immunoblotting

The ability of serums, collected at different stages of the immunization, to specifically recognize ErdS was tested by WB. Preparation of Crude extracts (EB) from Sce strains, SDS-PAGE and WB were performed as described in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF]. Sera extracted from the rabbits contain primary antibodies and dilutions that were assayed are specified in the following sections and in the accompanying figures. The secondary antibody used for all WB presented, corresponds to HRP-conjugated goat anti-rabbit and was diluted to 1 / 3000. shows also that MBP-ErdS is also detected by both tested sera but due to the loaded amounts it is not possible to compare the efficiencies of both serums. In addition, amounts of MBP-ErdS ranging from 1 to 0.016 µg were successfully detected by WB performed with S005_D39 and the acquired signal decreased as expected proportionally to the amount of protein (Figure MM-14B).

A subcutaneous injection of the antigen injection was performed at day 42 and sera were At day 67 after immunization, rabbits were sacrificed and the final serums (S005_final and S029_final) were collected. recognized this homolog but surprisingly the intensity of the band was severally decreased.

Because the size of the corresponding band is similar to those obtained for ErdSAfm, it might be that the avidity of the antibodies for ErdSAor is weaker than for ErdSAfm.

Finally, EB obtained from Afm strains were also tested but the detection of ErdS was much more compromised. Here I selected two experiments where the signal suspected to correspond to ErdS recognition was appreciable. Culture were grown as described in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] The upper band is assumed to contain the full-length ErdS protein and the presence of both lower bands might correspond to cleaved products that harbour the DUF2156 domain. As detailed in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] this preliminary result advocates for the membranous localization of ErdS and this point will be discussed in the conclusion and perspectives sections.

To conclude the S005_final, containing polyclonal antibodies specifically recognizing the DUF2156 domain of ErdS, is suitable for WB performed on Sce strains expressing ErdS in the tested conditions. The situation is more complex when aiming to detect ErdS in Afm and it is not determined if this is due to potentially low avidity of the antibodies or to the very low expression level of erdS in the tested condition. Finally, some tests were also performed with S029_final

including WB on EB from Afm strains and results seem to be similar (not shown). 

VIII.4. Evaluation of the immunization against ErgS by immunoblotting

The same immunization protocol was applied to develop polyclonal antibodies against ErgSAfm and sera collected at different stages were assayed by WB mainly on EB obtained from Sce expressing ErgSAfm or Sce wt. Prior to injection of the ErgS antigen, pre-immune serums from naïve New Zeeland White rabbits (1906008, 1906009, 1906012 and 1906014) 63kDa) and free MBP (40 kDa). Intriguingly, the pre-immune serum from rabbit 1906008 (S009_PI) contains antibodies against MBP since MBP-ErdSAfm and MBP were revealed but not the cleaved ErdSAfm. In contrast, serum from rabbit 1906012 (S012_PI) seemed to be the most appropriate choice and ErgSAfm, cutted out from the resolved polyacrylamide gel, was injected in this rabbit. As a second choice I selected rabbit 1906014 (S014_PI) even though this serum interacts with a band that migrates at similar size than ErdSAfm.

Sera were collected at D39 and D53 after immunization from rabbits 1906012 and 1906014 and at the beginning I planned to test the resulting S012_D39 and S014_D39 at dilution of 1 / 1000. However, the membrane treated with S012_D39 completely burned when the revelation solution (BioRad clarity western ECL Kit) was added (not shown) which is why dilutions were adapted. S012_D39 and S012_D53 were used at 1 / 10000 or 1 /20000 which revealed the presence of an additional band, migrating at the expected size, in EB sample from Sce expressing ErdSAfm but not in Sce wt (Figure MM-17A). Despite the high dilution, the corresponding band was quite intense which advocates for the strong immune response against ErgSAfm. Minor non-specific interactions were also present but beside this there was always an important smear at the top of the blot when EB from yeast were tested. The reason for that is unclear especially that when the final S012 serum In contrast, the injection performed at day 42 triggered an immune response against the injected ErgSAfm antigen as shown when using S014_D53 on WB.

However, important non-specific bands surrounding the ErgS band are present and in view of the strong reactivity of immunized S012 serums I preferred to retain the latter for all experiments done during my thesis. Finally, preliminary tests started to be done with EB obtained from Afm but since for the moment we failed to construct the Afm ergS strain the results are difficult to interpret and are not shown here.

VIII.5. Conclusion

The strategy used here in collaboration with Covalab France was successful to immunize rabbits against fungal DUF2156 proteins since specific polyclonal antibodies appeared during the immunization process and were extracted in form of serums. The qualitative characterization (affinity, avidity, and specificity) of those antibodies is difficult since they were not further purified, and the corresponding sera undoubtedly also interacts with contaminants. However, regarding the presented tests, the immunized sera are largely suitable for WB and give appreciable results especially in the presence of EB obtained from Sce. Furthermore, sera immunized against ErdS do not cross-interact with ErgS and vice versa, despite both contain a DUF2156 domain. For immunoblots performed in the presence of EB prepared from Afm further investigations are needed but from preliminary results it appears that fungal DUF2156 proteins may be present in low amount in the tested conditions. Further tests should be performed to characterize the selected serums and it is also probable that other strategies (e. g. monoclonal antibodies) will be necessary in the future to develop improved antibodies. However, in the meantime, I retained immunized S005 sera (S005_D53 or S005_final) as "primary antibody" against ErdS for all WB shown in the present manuscript, while S012 sera (S012_D39, S012_D53 or S012_final) are used to detect ErgS.

procedure. In this case, the LAA was performed in two steps: tRNA Gly was first aminoacylated and Erg-Gly synthesis was initiated after the tRNA Gly aminoacylation plateau was reached.

Step 1: tRNA Gly aminoacylation assay 1 hour. Kinetics were performed as described in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] to confirm the synthesis of Gly-tRNA Gly .

Step 2: LAA In all cases the reaction assays were thereafter stopped by extracting lipids and radiolabeled species were revealed as described in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF].

X. tRNA synthesis by in vitro transcription

X.1. Cloning Ribozyme-tDNA constructs for in vitro transcription

Several ribozyme-tRNA versions were designed in silico using the mfold web server and 3 of them, termed v4, v5 and v6, were experimentally cloned. 4 overlapping primers, encompassing together the T7 promoter, the HMHwt ribozyme, and the tDNA Asp Afm (corresponding to the DNA Schleicher & Schuell (Dassel, Germany) Biotrap in which 2 BT1 impermeable membranes delimit the cell, while an additional BT2 semi-permeable membrane, inserted adjacent to one of both BT1 membranes forms as small chamber. The cell is then placed in a tank filled with TBE and electroelution is achieved at 250 V (100 mA) for 4h at 4 °C. The transcript, which migrate between the adjacent BT1 and BT2 membranes, is recovered, purified by phenol/chloroform and chloroform extractions, precipitated, and finally resuspended in water. Note that at least a certain fraction of the obtained transcripts might be in a denatured form. To recover the scaffold of the RNA, transcripts are heated at 90 °C and slowly cooled at RT prior to in vitro assays.

XI.Lipid analysis and purification of aminoacylated ergosterol species XI.1. Total lipid extraction from yeast and filamentous fungi The Bligh and Dyer method

Several lipid extraction protocols exist [reviewed in [START_REF] Fuchs | Lipid analysis by thin-layer chromatography--a review of the current state[END_REF]] but the "Bligh &

Dyer" (Bligh and Dyer 1959) and the "Folch" [START_REF] Folch | A simple method for the isolation and purification of total lipides from animal tissues[END_REF] 

Adapting the Bligh and Dyer method to samples containing aminacylated species

The standard procedure is detailed in the accompanying paper [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] and the aim of this section is to provide some additional precisions. When investigating aaLs, the hydrolysis of the ester bond between the aa and the lipid must absolutely be prevented. This is the reason why the introduction of an acidic buffer (e. g. Na-acetate pH 4. Similar procedures were applied to filamentous fungi, either to extract total lipids from mycelia or from conidia, but early steps of the procedure was adapted due to difficulties encountered when breaking the biological sample. After growth, mycelium is washed with sterile water and rigorously dried with towel paper. Around 2 g of it are frozen with liquid nitrogen and the mycelia is ground in a mortar with a pestle. The resulting fine powder is resuspended in 1 ml of Na-acetate 120 mM pH 4.5, 3.75 mL of MeOH : CHCl3 2 : 1 (v : v) and 2 mL of glass beads are added and the biological material is further disrupted with a FastPrep-24 apparatus (6 m/s, for 1 min repeated 8 times with cooling on ice between each cycle). The other steps of the procedure remain unchanged. Finally, a sample of 10 9 conidia is resuspended in 500 µl of Na-acetate 120 mM In general, lipids from Sce samples equivalent to 50 OD600 are rigorously resuspended in 50 µl (CHCl3 or CHCl3 : MeOH 1 : 1 (v : v)) and 10 µl are spotted for TLC when targeting the Erglipids from 10 equivalent OD600). The situation is more complex when analyzing the ErgS dependent lipid and depends on the origin of the overexpressed enzyme. In fact, the relative amount of Erg-Gly recovered from Sce expressing ErgSYli or ErgSBba is high and lipids from 10 equivalent OD600 are largely sufficient to identify the lipid. In contrast the amount of Erg-Gly recovered from Sce expressing ErgSAfm is much lower and therefore the analyzed amount of total lipids is increased to 25 equivalent OD600. This amount was not further increased because it hindered TLC migration and resolution. Note that the quantities of spotted lipids indicated here are suitable when staining thin layer chromatographs are revealed with the MnCl2 / sulfuric acid containing solution (see below).

When staining the chromatograms with other reagents, the lipids of interest (i. e. Erg-Asp and Erg-Gly) were sometimes more difficult to visualize, which is why the amount of spotted lipids may increase 3-4-fold.

Lipids are separated through 1D-TLC in a 20 cm × 20 cm TLC developing chamber previously saturated with the developing system. Several solvent mixtures were assayed but the predilected developing system to visualize Erg-Asp and Erg-Gly are CHCl3 : MetOH : H2O 130 : 50 : 8 (188 ml) and 130 : 16 : 1 (147 ml), respectively. Other solvent systems used in this work are specified in result sections. The spotted Silica plate is placed into the chamber and separation is stopped after 10 min at RT by removing the plate from the chamber. By doing this, the migration front is optimally located about 8-8.5 cm from the bottom. Finally, thin layer chromatograms are dried.

For 2D-TLC, each sample is analyzed on a distinct silica plate and the developing system used for the second elution is hexane : MeOH : CHCl3 : glacial acetic acid 60 : 20 : 10 : 10 (v : v : v : v).

Silica plates staining procedures

Obviously, choosing the adapted staining method is important, and during my thesis this point came out to be critical as discussed in the results sections. The standard procedures are detailed in the accompanying paper [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF]. Note that several lipid staining methods exists with some of them considered as universal, while other reveal specifically a class of lipid

[main technics reviewed in [START_REF] Fuchs | Lipid analysis by thin-layer chromatography--a review of the current state[END_REF] and exhaustively listed in [START_REF] Mahida | Dyeing Reagents for Thin-Layer and Paper Chromatography[END_REF]]. For example, Ninhydrin and Bromocresol green reveal specifically the presence of amine and carboxyl containing lipids while -Naphthol, 5-Hydroxy-1-tetralone and orcinol are used to detect glycolipids. Phosphomolybdate reveals phospholipids and iodine vapor stains unsaturated compounds.

Interestingly, a staining solution containing acid ferric chloride and sulfuric acid, was shown to stain Cholesterol (closely related to Ergosterol) in red to violet dots but free Cholesterol is more rapidly stained than Cholesterol esters. This staining method does also reveal fatty acid containing lipids but in distinguishable colors. A very similar staining method, based on manganese chloride (MnCl2) and sulfuric acid was also described to stain distinctly cholesterol and bile acids on TLC (Goswami and Frey 1970). Importantly, the MnCl2 based technic stains Cholesterol and Cholesterol esters in pink, Ergosterol and Ergosterol esters in dark brown and phospholipids light brown under white light. Moreover, thin layer chromatograms stained with the latter technic can be visualized under UV light (254 or 315 nm). In this case Ergosterol and esters of it become even more distinguishable from other lipids and are revealed in orange.

The MnCl2 / Sulfuric acid staining solution is composed of 0,8 mg MnCl2 tetrahydrate, 9 ml concentrated sulfuric acid, 120 ml MeOH and 120 ml H2O and was predominantly used in this work.

Plates are dipped for few seconds in the solution and heated at 100 °C until the lipid spots appeared appreciably enough. Overheating burns the lipidic spots, thereby rendering them unexploitable.

Alternatively, the plates can be sprayed with the solution and then heated. However, there was a debate if the spraying and dipping methods give identical results [START_REF] Vasta | Analysis of lycopene in nutritional supplements by silica gel highperformance thin-layer chromatography with visible-mode densitometry[END_REF]. For enhanced precision and reproducibility, it is recommended to privilege the dipping method especially when samples are compared, but in this case particular care should be taken regarding the solubility of analyzed compounds in the staining solution [START_REF] Mahida | Dyeing Reagents for Thin-Layer and Paper Chromatography[END_REF].

Additional remarks

The quantities of total lipids extracted from a biological sample, and thus the standardization of TLC, are more difficult to determine in comparison to well-established methods for protein and nucleic-acid analysis. One reason for that is the important heterogeneity of lipid classes especially in eukaryotic cells. Some techniques exist to overcome this issue such as the Sulfo-Phospho-Vanillin assay (SPVA) which is a colorimetric technique commonly used to determine relative amounts of unsaturated lipids in solution [START_REF] Chabrol | Une nouvelle reaction pour l'études des lipides: l'oleidemie[END_REF][START_REF] Knight | Chemical basis of the sulfo-phospho-vanillin reaction for estimating total serum lipids[END_REF][START_REF] Mcmahon | The spectrophotometric sulfo-phospho-vanillin assessment of total lipids in human meibomian gland secretions[END_REF]. An important advantage of this technique is that the chromophore produced during the colorimetric reaction absorbs at 535 nm and is therefore quantifiable with a spectrophotometer. However, because the lipids of interest are sterols here and for other reasons that will not be discussed, I did not quantify the amounts of extracted lipids prior to TLC analysis.

For comparative studies, such as analysis of lipids from strains expressing proteins with single or domain mutations, total lipids were extracted at the same time from equivalent cell pellets. Lipids were resuspended in equal volumes and spotted on the same silica plate. Despite this, TLC results clearly showed heterogeneities in the amounts of extracted lipids. Consequently, variations of modified Erg species are standardized once the chromatogram is stained as described below.

Separated lipids also can be quantified directly from the developed and stained chromatogram. One possibility that will probably be very useful in the future of this project is to use filipin, a strong fluorophore known to interact with sterols such as cholesterol and ergosterol [START_REF] Smejkal | Filipin as a fluorescent probe of lipoprotein-derived sterols on thin-layer chromatograms[END_REF]. In this case, developed plates are stained with a filipin solution and spots are visualized and quantified under UV light at 365 nm. The quantification was reported to be linear for cholesterol amounts ranging from 5 to 3000 ng. Both quantification method should be taken in consideration in the future to determine the amount total lipids extracted and to estimate the ratio of aminoacylated ergosterol. Note also that filipin is widely used as a marker of ergosterol from conidia and mycelia membranes [START_REF] Van Leeuwen | Filipin is a reliable in situ marker of ergosterol in the plasma membrane of germinating conidia (spores) of Penicillium discolor and stains intensively at the site of germ tube formation[END_REF].

In this work however we choose another alternative that allowed as encompass 1) the above-mentioned issue concerning the difficulty to standardize the amount of lipids spotted on TLC and 2) the relative variations of aminoacylated lipids with respect to the tested conditions or the expressed enzyme versions (i. e. mutants). Quantification of spots containing DUF2156 dependent lipids (LX), PE, or PG was performed using the ImageJ software. Lipid spots signals (number of pixels, N) were normalized to that of PE (NLX/NPE). Furthermore, in the absence of LX, PG becomes visible at the same position; the PG/PE signal thus represents the background signal in the absence of LX.

XI.3. Purification of aminoacylated lipids

Lipids of interest are purified by column chromatography with a stationary phase consisting of Silica Gel and consequently, the separation principle is very similar to TLC. 

Erg-Asp purification

Sce strains expressing ErdS are grown in 500 mL SC-Leu media and culture is stopped by centrifugation (4,000 × g for 15 min at 4 °C) when the culture reaches OD600 = 1.0. Total lipids are extracted as described above and resolubilized in 200 µl of CHCl3 extemporaneously. The column bed volume is 1.5 ml of Silica Gel, prepared and equilibrated as described above, and the total lipid sample is then manually applied. Afterwards, nonpolar lipids and glycolipids are washed away by adding 10 mL of CHCl3 followed by 10 mL acetone, respectively. 20 mL of CHCl3 : MetOH ratios 

XII. Appendix: Table MM-

coli XL1 blue + pRS415GPD-Nt139-Er g S-EFP E. coli DH5 + pRS415GPD-Nt(139-163)-Er g S-EFP E. coli DH5 + pRS415GPD-Nt(163-199)-Er g S-EFP E. coli DH5 + p M GWA-ErdS-His6X E. coli DH5 + p M GWA-Er g S-His6X E. coli DH5 + p M GWA-192-Er g S-His6X E. coli DH5 + p M tevGWA-ErdS E. coli DH5 + p M tevGWA-Er g S E. coli DH5 + pRS415GPD-192-Er g S E. coli DB3.1 + p M tevGWA-ccdB E. coli DH5 + pDONR221-ErdS-duf2156 wo stop codon [OK] E. coli DH5 + pDONR221-84-ErdS-duf2156 [OK] E. coli DH5 + pDONR221-84-ErdS-duf2156 wo stop codon [OK] E. coli DH5 + pRS414GPD-84-ErdS-duf2156 [OK] E. coli DH5 + pRS414GPD-ErdS-duf2156 [OK] E. coli DH5 + pRS415GPD-ErdS-duf2156 [OK] E. coli DH5 + pRS415GPD-84-ErdS-duf2156 [OK] E. coli DH5 + pRS415GPD-ErdS AAP A

Erd with Q PQ signature sequence of AspR mutated to AAPA

E. coli DH5 + pRS415GPD-ErdS-KR 5A

Erd residues R749, K750, R752, R753 mutated to A

E. coli DH5 + pRS415GPD-ErdS-KR 5E

Erd residues R749, K750, R752, R753 mutated to E 

  Figure A-1: aa-tRNA synthesis and their use as substrates for protein biosynthesis and for other pathways beyond translation.Protein biosynthesis requires a large diversity of macromolecules including various classes of RNA molecules. The messenger RNA serves as template during protein biosynthesis and is translated by the ribosome composed of large (LSU; red) and small (SSU; orange) sub-units both containing ribosomal RNAs (rRNA) and proteins. Through their primary function, aminoacyl-tRNA synthetases (aaRSs) provide a full set of cognate aa-tRNAs which are used to decode and translate the mRNA. However, beyond translation, aaRSs were shown to be involved in a wide range of so called non-canonical functions and aa-tRNAs can be highjacked by so-called aa-tRNA-utilizing enzymes (mainly aminoacyl-tRNA transferases (ATT) that transfer the aa onto a wide range of macromolecules in a tRNA dependent way). The examples illustrated here represent aa-tRNA dependent lipid or peptidoglycan-precursor (Lipid

Figure A- 2 :

 2 Figure A-2: The standard genetic code. In this representation, the meaning of a codon (indicated at the

  Planar representation of the (C) Asp from Sce (pdb: 1VTQ). A, adenosine; U, uridine; T, thymidine; G, guanosine; C, cytidine; R, purine; Y, pyrimidine; H, correspond to A, C or U; B indicate C, G or U; red sticks and circles indicate WC interactions (including Wobble pairing) and dash lines indicate non-WC interactions.

  Figure I-2: Decoding mRNA during translation by codon-anticodon pairing. (A) Illustration of the 1 36 and

  Finally, "isodecoders" corresponds to tRNAs that share the same anticodon, and obviously the same identity determinants but other nucleotide positions vary.

  Figure I-3: Aminoacylation reaction catalyzed by aaRSs. (A) aminoacyl-adenylate (aa-AMP) in the presence of an ATP molecule (stabilized with Mg2+ in the active site of the aaRS) and an aa. (B) The second step corresponds to the transfer of the activated aa onto ai. e. A 76 ver, events from this step differ somewhat according to aaRS classes since the aa is transferred onto the 2'OH or the 3'OH of A 76 by class I (dashed lines) or class II aaRSs (solid lines), respectively. Aa charged by

  (Figure I-3, Figure I-4 and Table

  Rossman fold: 5 parallel b-strands connected by a-helices HIGH & KMSKS in the active site Approach the minor groove Approach the major groove Motif 1: ΦXXX+GΦXXXXPΦΦ Motif 2: +ΦΦXΦXXX(F/H/Y)RX(E/D)(4

Figure I- 5 :

 5 Figure I-5: Indirect aminoacylation pathways. [Figure and legend extracted from our recent review (Hemmerle et al. 2020 (A) Cys in archaea lacking CysRS. (B)Gln synthesis used by bacteria, archaea, Gln amidotransferase used by bacteria, most euka-Gln GlnGln amidotransferase used by apicoplast.(C)Asn synthesis used by bacteria, archaea deprived of AsnRS or of asparagine synthetase. The amide donor is either Gln or Asn and is deaminated to form Glu or Asp (acid) during transamidation, respectively.

SerRS:

  Seryl-tRNA synthetase SelA: Selenocysteine Synthase PSTK: O-phosphoseryl-tRNA Sec kinase Sep: O-phosphoseryl Se-P: selenophosphate SepSecS: Sep-tRNA Sec :Sec-tRNA Sec synthase : O-phosphoserine [Figure and legend extracted from our recent review (Hemmerle et al., 2020 -Sec by a two-step pathway in bacteria (upper panel) and a three-step pathway in eukaryotes and archaea (lower panel). Adapted from Yuan et al., 2006.

  related N-acetyltransferase (GNAT) folds. GNAT folds are found in numerous proteins (beyond ATTs) among prokaryotes, eukaryotes and archaea and all catalyze the transfer of an acyl group from an acyl-donor onto an acyl-acceptor. According to the Protein FAMily database (Pfam; https://pfam.xfam.org/) (El-Gebali et al., 2019), 44 protein families harboring at least one GNAT domain form together Clan 0257. Despite very low sequence identities (typically < 30 %) or even low similarities between GNAT proteins, their overall secondary and tertiary structures are wellconserved and consists of 6 or 7 -strands and 4 -helices (Figure I-9) (Favrot et al., 2016). Most of standalone GNAT proteins are acetyltransferases that use acetyl-coenzyme A (Ac-CoA) as a donor and transfer the "acetyl" moiety onto an acceptor molecule. Among them Aminoglycosides N-Acetyltransferases (AAC) (Figure I-10A) acetylate amino groups of aminoglycosides (e. g.

Figure I- 9 :

 9 Figure I-9: Topology of the consensus GNAT domain according to Favrot et al., 2016. -strands are numbered from 1 to 7 and are colored in blue. -helixes (A-D) are in orange.

  (+) helix seems to be the hallmark of ATTs of the dupli-GNAT family, since it is always absent in acetyl-or acyl-CoA dependent transferases, but present in ATTs of the same fold, such as the Fem-ligases (Figure I-10C & D) involved in the modification of peptidoglycan in Gram-positive bacteria, Leu/Phe-tRNA protein transferases (LFT) and Arg-tRNA protein transferases (RTT) involved in the N-end rule pathway (Hemmerle et al., 2020). Fem ligases participate in the formation of the peptidoglycan sacculus surrounding bacteria cells. The peptidoglycan sub-unit corresponds to the extensively studied Lipid II, composed of a disaccharide (N-acetyl glucosamine (GlcNAc) linked to N-actyl muramic acid (MurNAc) decorated with a pentapeptide called stem-peptide (Figure I-11). Once synthetized, lipid

Figure I- 11 :

 11 Figure I-11: Aminoacyl-tRNA-dependent cell wall remodeling in prokaryotes. [Figure and legend extracted from our recent review (Hemmerle et al., 2020 In S. aureus, the stem peptide composed of L-Ala1-D-Glu2-Lys3-D-Ala4-D-Ala5 is added onto Lipid I to form the well-characterized Lipid II. Aminoacyl-tRNA transferases (ATT) belonging to the Fem ligases family then successively add a variable number of aa to form the interpeptide bridge. For example, in S. aureus FemX adds a single glycine, FemA adds Gly 2 and Gly 3 4 and Gly 5 onto

  and description of O-aminoacylated-lipidsGlycerides or glycerolipids are a large class of lipids that share a glycerol backbone with three stereo-specifically numbered positions called sn1, sn2 and sn3 relative to the three carbons of glycerol. Glycerol can be esterified with one, two or three acyl chains (i. e. fatty acid composed of a carboxylic acid with long hydrocarbon chains), which forms mono-, di-or triacylglycerols[START_REF] Alvarez | Triacylglycerols in prokaryotic microorganisms[END_REF]. Diacylglycerol (DAG) (Figure I-12) and its cytidine-diphosphate activated version (CDP-DAG) are crucial metabolites precursors for the synthesis of phospholipids in both prokaryotes and eukaryotes (Sohlenkamp and Geiger 2016). Phospholipids are the most represented lipid class in the cytoplasmic membrane across all living species (Sohlenkamp and Geiger 2016; Vance 2018) and contain either a sphingosine backbone (sphingophospholipids) or more commonly the above-described glycerolipid backbone (glycerophospholipids) (Figure I-12). Sphingosine-based phospholipids are rare in bacteria and will not be considered here, whereas glycerophospholipids are in general the main lipids in prokaryotes. As a common characteristic of membranous lipids, phospholipids are amphiphilic (i.e. bipolar molecules); the fatty acids (i. e. carboxyl-containing long aliphatic hydrocarbon chains) confer hydrophobicity, whereas the polar moiety is brought by with a variable hydrophilic headgroup (Figure I-12). In terms of structure, DAG represents a common feature of glycerophospholipids as, for example, phosphatidylglycerol (PG), that corresponds to DAG esterified on its glycerol sn3 position with glycerol-phosphate (Figure I-12).

  Santos Mota described arginyl-phosphatidylglycerol (ArgPG) (Figure I-12) and dilysyl-PG in Streptococcus faecalis ATCC9790 (now known as Enterococcus faecalis) (dos Santos Mota et al., 1970). Furthermore, beside PG, another major bacterial phospholipid was found to be Oaminoacylated, namely CL (also called di-phosphatidylglycerol) (Figure I-12). However, such Oamino-acylated CL are restricted to a few species as lysyl-cardiolipin (LysCL; Figure I-12) was only described in Listeria spp. (Fischer and Leopold 1999), Anoxybacillus rupiensis (Rezanka et al., 2012), Vagococcus fluvialis (Peter-Katalinic and Fischer 1998) and probably in E. faecalis, while alanyl-Cardiolipin (AlaCL; Figure I-12) was only detected in A. rupiensis

  be called Ca-glycerol (Figure I-12). With this nomenclature, two acyl chains are esterified on Cnglycerol on positions sn1 and sn2, whereas a-glycerol is attached to the remaining phosphatesubstituted sn3 position of Cn-glycerol through a phosphodiester bond. Therefore, the three sn positions of PG's Cn-glycerol are substituted, while sn2 and sn3 positions of a-glycerol remain free and susceptible to additional esterifications (Figure I-12). In contrast, CL results from the condensation of CDP-DAG and PG and structurally corresponds to two PA (each containing Cnglycerol) esterified (two phosphodiester bonds) to the a-glycerol of the precursor PG. Consequently, only the a-glycerol sn2 position of CL remains free to be esterified with the aa (Figure I-12).

(

  +1), respectively (Figure I-12). In contrast, CL harbors two phosphate groups bearing each an anionic charge. Consequently, O-esterification of Lys (+2), neutralizes the global (-2) charge of CL and results in a zwitterionic LysCL. Following the same logic, O-esterified Ala (+1 from the -NH3 + )

  To determine experimentally the topology of the transmembrane N-terminal domain of LysPGS from S. aureus (i. e. MprF), authors fused various truncated versions of the N-terminal domain either to the cytoplasmic -galactosidase (LacZ) or to the periplasmic phosphatase PhoA

  previous sections I illustrated the functional variety of aaLS, including the MprF of S. aureus which characterization is probably the most advanced. Taken together the reported works allowed to propose a general functional pathway in which aa-tRNAs, synthesized by their cognate 75 cytoplasmic aaRSs, are highjacked by the cytoplasmic C-terminal synthase domain of aaPGSs in order to transfer the aa moiety onto PG from the inner leaflet of the PM. Then, aaPGs are translocated and exposed to the outer membrane leaflet either by a fused flippase or by a transacting flippase (Figure I-14A).

M

  . tuberculosis ( § II.1.5. and Figure I-14B) in which the "MprF-module" (i. e. the synthase domain and the membranous domain) is directly fused to the cognate LysRS. This leads to the distinction between "freestanding MprFs/aaPGSs" and aaRS-fused aaPGSs (Figure I-14).

  factors are not fused to any aaRS and regarding this are considered as .are rare and are restricted to few actinobacteria species including M. tuberculosis. The structural organization of both aaPGSs forms is depicted at the top of each panel and their associated pathway is detailed below.

  representative of each class was at least partially characterized and shown to finely regulate aaL's levels (Figure I-15).

  AM. Smith and colleagues also investigated the correlation between the different aaLS types and the TMHs number found in the N-terminal domain. Most of type I, II and VII transferases contain 12-14 TMHs and those that effectively have aaLS activities might therefore be able to translocate (flip) synthetized aaLs, as demonstrated for LysPGS from S. aureus and C. perfringens.On the contrary, putative aaPGS that have less TMHs, especially those which have 2-6 TMHs would be defective for aaLs translocation. Moreover, some aaPGS seem to require at least 6 TMH for their intrinsic lipid aminoacylation activity (S. aureus MprF), while other require only the cytoplasmic Cterminal aaL synthase domain (AlaPGS from C. perfringens (6 N-terminal TMHs), P. aeruginosa[START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF][START_REF] Ernst | Broad-spectrum antimicrobial peptide resistance by MprFmediated aminoacylation and flipping of phospholipids[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF], LysPGS from B. subtilis[START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF][START_REF] Ernst | Broad-spectrum antimicrobial peptide resistance by MprFmediated aminoacylation and flipping of phospholipids[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF] and B. licheniformis[START_REF] Ernst | The lipid-modifying multiple peptide resistance factor is an oligomer consisting of distinct interacting synthase and flippase subunits[END_REF][START_REF] Ernst | Broad-spectrum antimicrobial peptide resistance by MprFmediated aminoacylation and flipping of phospholipids[END_REF][START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF] 

  and 9) and finally both GNATs share two common -strands (K,E) (Figure I-17A). Analysis of the structures showed that aaPGSs contain two opposite cavities connected to each other by a "bottleneck" (Figure I-17B & C). One cavity (CAVCCA-aa) is delineated by numerous secondary structures belonging to GNAT2 and contains several conserved residues. Mutagenesis of those residues combined to structure superimposition with the Fem X co-crystallized CCA-aa analogue, and manual substrate docking, strongly suggest that the charged CCA of tRNA enters this cavity and interacts with Phe839 and Lys840 of P. aeruginosa AlaPGS. These residues are essential and conserved in the homologous B. licheniformis LysPGS and in W. viridescens FemX. Furthermore, as

  described.Into more details, our manuscript reports the discovery of ergosteryl-3--O-L-aspartate (Erg-Asp), a novel conjugated sterol that is produced by tRNA-dependent aminoacylation of ergosterol by a new type of bi-functional enzyme that we termed ergosteryl-3--O-L-aspartate synthase (ErdS). ErdS corresponds to a unique fusion of an aspartyl-tRNA synthetase (AspRS) -that produces Asp-tRNA Asp -and of a Domain of Unknown Function 2156 (DUF2156) that transfers Asp from Asp-tRNA Asp onto the 3-OH group of ergosterol (Erg). We also uncovered that removal of the Asp modifier from Erg-Asp is catalysed by a second enzyme, ErdH that is a genuine Erg-Asp hydrolase participating in the turnover of conjugated sterol in vivo. Finally, we show that Erg-Asp remained unnoticed in most fungi, including species of biotechnological interest (Neurospora crassa, Aspergillus oryzae) and, importantly, human opportunistic pathogens (Aspergillus fumigatus, Cryptococcus neoformans).109Sterol modifications influence multiple central biological processes, in particular membrane trafficking, antimicrobial resistance and autophagy as well as pathogenicity in various fungi. Because sterols are the main target of currently used antifungals, we are convinced that our results could be of broad interest to the scientific community working on the relationships between antifungal resistance and sterol metabolism and homeostasis, especially when one considers the broad distribution of the ErdS/ErdH enzymatic system and Erg-Asp across fungi. *!34!"5#!$%&'(%)*'%+,!%,!(-.(-&-,'/'%0-!&.-1%-&!+2!-/13!14/&&!+2!$%5/(6/!+2!'3-!.(-&-,1-! "7(--,!)+8#!+(!/)&-,1-!"93%'-!)+8#!+2!/!1/,+,%1/4!:&.;<!/,=!>(=<?!"6#!@+,&-(0/'%+,!+2!'3-! 1+,&-,&*&!14/&&!AA!//;<!B+'%2&!CD!E!/,=!F!%,!'3-!/4%7,B-,'!+2!CC!>(=<!":&.;<G$HIECJK#!/,=! K! 1/,+,%1/4! :&.;<&?! !"#$% !&'()*+,,-&% "-#+*./-&0% !1)$% !&'()*+,,-&% 1)23.(0% !"4$% !&'()*+,,-&% ",.4-&0%!5*$%!&'()*+,,-&%5+*()0%6(7$%6(5+8+,,+-#%(7'.5&-#0%68.$%6(5+8+,,+-#%8.#(#9()/+0%:9.$% www.pnas.org/cgi/doi/10.1073/pnas.2003266117
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  6C%.()-*+51&.%:4/O\<!"EJ#!93-(-!%'!9/&!&*77-&'-=!'+!1+,'/1'!/,=! (-1(*%'!'3-!:4/G';L: !1< !/11-.'+(!/(paper we demonstrated through experimental procedures that fungal ErdSs aspartylate ergosterol through their DUF2156 domain in a tRNA dependent manner.To further decipher the molecular mechanism of those fungal proteins, we actually collaborate with Pr. O. Nureki's team to resolve the 3D structure of ErdSAfm. Meanwhile, a prediction of the structure was obtained by submitting the 347 aa C-terminal sequence of ErdSAfm (i. e. ErdSAfm-AspRS containing the DUF2156 domain) to the Phyre2 server(Kelley et al., 2015) and the closest experimentally established structures were detected with the Dali server[START_REF] Holm | Dali server: conservation mapping in 3D[END_REF]. As expected, the closest structural homologs found were DUF2156 domains of LysPGS from B. licheniformis, LysPGS from Agrobacterium fabrum and AlaPGS from P. aeruginosa (AlaPGSPae)[Protein Data Bank (PDB) entries 4V34, 4V36 and 5VRV respectively]. The predicted structure was superposed to AlaPGSPae with Pymol and yield a rmsd of 11.2 Å when using normal align method without outlier rejection cycles and was decreased to 8.3 Å when setting 5 outlier rejection cycles.Because both proteins have low sequence similarity the cealign command is preferred and yielded a rmsd of 2.8 Å (FigureS1-A). Both structures seem very similar, but a closer look points out some variations in the positioning of secondary structure elements and the presence of inserted regions.Analyzing the secondary structures organizations show that the DUF2156 from ErdSAfm shares globally the same topological organization proposed for the bacterial AlaPGS (FigureS-1B)[START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. As detailed in the introduction, S. Hebecker and colleagues showed that a tunnel crosses bacterial DUF2156 domains and the latter is proposed to accommodate the aa-tRNA and the lipidic substrates at each extremity. In the center of this tunnel, a bottleneck allows the polar headgroup of PG to encounter the aa moiety (Figures S-2C and S-2E). A tunnel crossing the fungal DUF2156 domain was also present when analyzing its van der Waals surface but the bottleneck separating two cavities is absent or at least enlarged (Figure S-2D). Conserved residues of the PG pocket Residues involved in binding the aa-tRNA's aa-moiety Residues involved in binding the tRNA's 3insertions in comparison to the consensus GNAT topology * secondary structures predicted to be absent or severely shortened in ErdS Afm Resolved structure of the DUF2156 domain of AlaPGS from P. aeruginosa A B

  Secondary structures of both proteins are shown as a cartoon. Residues of interest within

  in ErdSAfm and strikingly contains a well conserved sequence i. e. F913, R914 and K916 (Figure S-2B).Concerning catalysis, AlaPGSPae R768 residue ( -strand I) was bound to the -carbonyl of the co-crystalized aa analog and was proposed to increase the electrophilicity of the aa-tRNA ester bond thereby favoring the nucleophilic attack of the lipid 3'OH (Figure S-2A). Such a key catalytic Arg (or even a closely related Lys) residue is absent from the fungal -strand I but instead a "nearly" located R789 pointing toward the aa-tRNA cavity was found in the internal loop (Figure S-2B). Taken together, the recognition mechanism and the catalytic reaction might be achieved in similar ways by the DUF2156 GNAT domain 2 from bacterial and fungal aaLSs. Similar aa-tRNA recognition mechanisms were described in several ATT that contain at least one conserved GNAT fold with a positively charged helix(Moutiez et al., 2017).As explained in the general introduction, structural elements of ATT that are implicated in the second substrate recognition are generally less conserved. In dupli-GNAT-containing ATTs, it is assumed that several adaptations of GNAT domain 1 lead to the formation of the second substrate recognition site that can adopt various conformations (e. g. cleft formed by GNAT domain 1 of FemX to accommodate the UDP-MurNAc pentapeptide[START_REF] Fonvielle | The structure of FemX(Wv) in complex with a peptidyl-RNA conjugate: mechanism of aminoacyl transfer from Ala-tRNA(Ala) to peptidoglycan precursors[END_REF] vs. the lipid pocket of aaLSs). Because of the low conservation degree of GNAT domain 1 it is much more difficult to describe a general substrate recognition mechanism which might be idiosyncratic in each case.The situation might be similar in the present case since lipidic substrates of bacterial aaLSs (PG) and fungal ErdS (Erg) belong to distinct classes and their recognition modes, enabled through structural reorganization of GNAT domain 1, might differ. Numerous secondary structure elements of GNAT domains 1 and 2 participate to the formation of AlaPGS's lipid pocket that contains several conserved residues (Q636, E640, E658, S763, G800, M801 and R850) (FigureS-1B and S-2E).

  e. the DUF2156 domains of LysPGS from B. licheniformis, LysPGS from Agrobacterium fabrum and AlaPGS from P. aeruginosa), the 347 aa Cterminal sequence of ErdSAfm show only 14-16 % sequence identity. In addition, the inserted sequences mentioned above hinder the global alignment of bacterial and fungal DUF2156. In contrast, aligning DUF2156 sequences from filamentous fungi revealed several conserved residues as illustrated in (Figure S-3). Analysis of the present alignment combined to the predicted structure of ErdSAfm-AspRS allowed us to select a set of 29 residues potentially involved in lipid aminoacylation. Mutated versions ErdSAfm were cloned, expressed in Sce and their lipid content was analyzed by TLC. The in vivo ErdS activities of mutants were evaluated by comparing their corresponding Erg-Asp spots to those found for Sce expressing the wt ErdSAfm. However, total lipid amounts analyzed on TLC may vary from one sample to another. Thus Erg-Asp/PE ratio were estimated with ImageJ and values were classified into 4 classes: +++, activity comparable to wild type enzyme; +, moderately decreased activity (around 50 %); -, activity severally decreased and almost not detectable; --, no detectable ErdSAfm activity. 3 clones of each mutant were tested by TLC and equal expression of ErdSAfm was verified through WB. Results summarized in Table S-1 were extracted from data presented on Figure S-4. Note that most mutant activities were unambiguously reproduced but, in few cases, (indicated in Table S-1) confronting the different experiments raised ambiguities. Note also the convenience of the employed acid sulfuric/MnCl2 based staining method which under UV light first greatly facilitates Erg-Asp (orange) recognition from other lipids and second allows to detect very low amounts of the modified lipid when compared to the ErdS wt associated level.

Figure S- 2

 2 Figure S-2 (continued):would be enabled by the CAV Lip that might accommodate the lipidic substrate as proposed by[START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF] Residues in purple are conserved and are proposed to interact with the lipid while the feature highlighted in yellow is a conserved motif foud in fungal ErdSs () and might either directly participate in Erg recognition or to the formation of the corresponding CAV Lip . GNAT domain 1 in gray; GNAT domain 2 in green; positively charged a-helix ((+) ) in blue; secondary structures delineating the tRNA-binding cavity (CAV CCA-aa ) in red; conserved residues within proposed CAV Lip in purple.

  + E r d S S c e Total lipids of Sce expressing the indicated ErdS Afm pictures were cropped to area of interest, equally treated, and images separated by dash lines arise from the same silica plate. In this way, total lipids from Sce expressing ErdS wt and Sce devoid of any ErdS form were spotted on each of the 3 TLCs presented here. Erg-Asp is colored in orange and indicated by *. Luminosity and very slight orange coloration observed in W785 mutant indicates the presence of residual Erg-Asp amount, lipid from other lipids. Crude extracts of Sce strains expressing the indicated ErdS mutant were submitted to SDS-PAGE. WB were performed with an anti-ErdS polyclonal antibody (IB: ErdS; LC: loading control). (-) and(0) correspond to mutants where basic residues (R,K) of (+) were mutated to E or to A, as illustrated in the righ panel enzyme; +, moderately decreased activity (around 50

Erg

  catalytic role. Accordingly, mutating R789 to Ala severely decreased the Erg-Asp level but the residual activity is surprising since mutating the catalytic site should completely abolish the activity (Figure S-4 & TableS-1). It cannot be excluded that R789A mutation reorients partially K790 toward the aa-tRNA cavity, thereby enabling its interaction with the -carbonyl of the cargo Asp which increases the electrophilicity of the ester bound of Asp-tRNA Asp . In this hypothesis, K790 would partially complement the R789A mutant, explaining the observed residual activity. In comparison, K790E only showed a moderate decrease and one might speculate that the observed effect is due to the destabilization of the catalytic R789 residue. R789 and K790 are in the Nterminal region of the extended internal loop (INS 6-7) which contain several other conserved residues among fungal DUF2156.II.1.2.3. Identification of functional residues potentially implicated in Erg accommodation.We then focused on the recognition of the aa-acceptor (Erg) and we aimed to target features that participate to the formation of the putative Erg-pocket. Secondary structures of GNAT domain 1 are tilted together in bacterial aaLS and those and other adaptations are assumed to modulate the second substrate recognition. On the basis of the structural predictions and conserved sequences, we focused on five regions that might participate to structural rearrangement of the protein and the formation of the Erg-pocket indicated as "Erg-p" in Figure S-3 and highlighted on Figure S-5. Some residues present in these features probably interact with Erg to favor the nucleophilic attack mediated by its hydroxyl group. Erg-p I harbors a highly conserved motif, enriched in polar but non-charged aa (mainly Ser/Thr), followed by an apolar aa, mainly Trp. In ErdSAfm it corresponds to T641-S642-T643-S644-W645 (Figure S-2F and S-3).

  Figure S-2F, showing the Erg-channel (i. e. CAV Lip ). Erg-p I-V are shown in the same colors as noted in

  located in the lipid-binding pocket was identified (Figure S-2E). Similarly, N677 of Erg-pocket II and Q836 from Erg-pocket V are predicted to point toward the observed tunnel of ErdS (Figure S-2F).

tRNA

  Asp Afm contains an internal BstNI cleavage site. As explained in the Materials & Methods sections, plasmids containing the transcription template are linearized with BstNI prior transcription to obtain a 3'CCA extremity. Therefore, I aimed to mutate A50-U64 bp which would avoid the internal BstNI restriction site. A50-U64 bp is found in the unique tRNA Asp from other Aspergillus sp. (A. oryzae, A. clavatus etc.) but several other species harboring ErdS activities too, such as B. bassiana (Bba) N. crassa (Ncr) and P. camemberti (Pca) as examples, have a G50-C64 or C50-G64 (Figure RT 2).

  Figure RT-1: Predicted tRNA Asp sequences from Afm. (A) A total of 9 pre-tRNAAfm transcripts were predicted by the genomic tRNA database server (http://gtrnadb.ucsc.edu/) to occur in the Afm Af293 strain. Complementary sequences predicted to form the acceptor stem (red), the D-stem-loop (purple), the anticodon-stem-loop (green) and the T-stem-loop (cyan) are highlighted as well as the GUC anticodon (bold; positions 34, 35 and 36 of the mature tRNA) and the intron inserted between positions 37 and 38 (according to the consensus numbering of mature tRNAs). Sequence differences are only present in the intron that will be spliced during tRNA maturation. (B) The nucleotide sequence of the mature tRNA after splicing and addition of the 3'CCA is shown. The predicted secondary structure (cloverleaf representation) is found in Figure RT-2. The internal BstN1 restriction site is indicated.

Figure RT- 2 :

 2 Figure RT-2: Covariance cloverleaf models of tRNA Asp from fungi species encoding ErdS. (A) Secondary structure of Afm tRNA Asp . The 5' sequence in bold was used as template for the design of HMH wt -tRNA Asp Afm tranzyme's stem I (see text and Figures RT-3 and RT-4). For the present purpose, A50-C64 bp was mutated to G50-C64 to avoid the internal BstN1 restriction site. Our choice was supported by the fact that unique tRNA Asp found in B. bassiana (Bba) (B) and P. camemberti (Pca) (C) are degenerated at this position (red) and contain either C50-G64 or G50-C64, respectively. Because tRNA Asp Afm sequence looks more like tRNA Asp Pca and that both share the shortened D-stem (3 bp instead of the consensus 4 bp stem) I preferred to mutate tRNA Asp Afm

  Figure RT-3: Transzymes as an alternative to overcome unfavorable 5' tRNA starts for transcription. (A)T7-mediated transcription is suitable for sequences starting with nt G at their 5' extremity (the complementary template ends with nt C at its 3' extremity). To overcome the issue of templates starting with unfavorable nts (e. g. tDNA encoding tRNAAsp Afm starts with T) it is possible to fuse the sequence of interest (gray) to a ribozyme (purple) achieving auto-cleavage activity. During transcription, the autocatalytic activity of the fusion construction, called transzyme, results in cleaved ribozyme and free full-length tRNA. (B) Schematic representation of the strategy used in the present work. The Ribozyme-tRNA encoding-sequence is cloned in a plasmid under the control of a T7 promoter. Insertion of GG dinucleotide after the 3'CCA end of the tDNA forms a BstN1 restriction site. In this way, BstN1 treatment of the plasmid template enables to perform run-off transcription (mutating the internal BstN1 site within tRNA Asp Afm was therefore a prerequisite). During transcription, the 5' sequence of the tRNA (total or partial according to the designed ribozyme) pairs with the 5' sequence of the ribozyme thereby forming the substrate stem. Importantly, the latter must be designed

Figure RT- 4 :

 4 Figure RT-4: Secondary structure of the HMH wt ribozyme and covariance model folds of HMH wt -tRNA Asp Afm transzymes used in this study. (A) The wt sequence of the HMH ribozyme is in purple and stem I's (substrate stem) 5' and 3' strands are annotated. X indicates the cleavage site. HMH wt -tRNA AspAfm transzymes v4 (B), v5 (C) and v6 (D) were designed using HMH wt as background. During the design, the 5' sequence of the tRNA (in black and bold) was fused to the HMHwt and the 5' strand (red for v4, green for v5 and blue for v6) of the substrate stem was adapted to obtain partial complementarity so that essential unpaired structures (bulges; see text) are conserved. In this way the 5' sequence of the tRNA dictates the sequence of the 3' strand of the expected ribozyme stem I.

Figure RT- 5 :

 5 Figure RT-5: Engineering of HMH-tRNA expression constructs for T7 in vitro transcription. v4-, v5-and v6-transzymes are highlighted in the box and replace the 5'strand of the wt HMH's stem I (Figure RT-4A). The other HMH sequence (purple) remains unchanged. Positions varying between the 3 candidates are indicated by *. Mutated residues within the tRNA Asp Afm (G50 and C64) are noted in red and the dinucleotide GG immediately following the 3'CCA extremity is in orange. When not indicated, same colors as in Figure RT-4 are used.

Figure RT- 6 :

 6 Figure RT-6: Transcripts analysis on 12 % (w/v) polyacrylamide gel containing 8 M urea.At the end of the transcription reaction, 5 volumes of transzyme buffer (50 mM Tris-HCl pH 8.0, 100 mM MgCl2) were added to yield higher cleavage rates. After incubation 1 h at 60 °C nucleic acids were precipitated. Aliquots before (T7) or after (Cl.) adding the transzyme buffer were analyzed on gel for each tested construct (v4, v5 and v6). An aliquot of precipitated products obtained with the v6 transzyme was also analyzed (Pr.). Bands of interest corresponding to non-cleaved transzymes (1), free tRNAs (2) and cleaved HMHs (3) are indicated and their S. cerevisiae and served as indication of the molecular weight.

Figure RT- 7 :

 7 Figure RT-7: The transcript tRNA Asp Afm is highly aminoacylable by ErdS Afm and by the cytosolic AspRS from Sce. (A) As explained in the Material & Methods sections of the accompanying paper, aliquots of the reaction mixture are precipitated onto Whatman papers at each indicated time plots. Uncharged [ 14 C]Asp is washed away and radioactivity signals (cpm) obtained after counting with a scintillation counter are issued from [ 14 C]Asp-tRNA Asp .

  Figure RT-8: The transcript tRNA Asp Afm is used by ErdS Afm for Erg aspartylation. (A) LA assays were conducted in the presence of MBP-ErdS Afm µM and 0.5 mg / ml commercial Erg. (B) The same experiment was repeated, and 2

  Figure AL-1: 1D-TLC analysis of total lipids and optimization of the TLC staining method. Total lipids from wt Sce or expressing heterologous DUF2156 proteins from Afm were extracted by the adapted Bligh & Dyer method and separated by TLC with the CHCl 3 : MeOH : NH 3 68 : 35 : 5 (v : v : v) developing solvent. Chromatograms were revealed with the indicated staining methods and observed either under white light (vis.) or under UV. Red arrows indicate the AspRS-DUF2156 with spot LA. fDUF, fDUF2156; AspRS-DUF, AspRS-DUF2156. Ninhydrin (vis.) Phosphomolybdate (vis.) MnCl 2 / Sulf. ac (vis.) MnCl 2 / Sulf. ac (UV)

  Figure AL-2: 2D-TLC analysis of total lipids from of Sce strains expressing fungal DUF2156 proteins. (A)(B) Lipids were extracted from the indicated Sce strains, separated by 1D-TLC and stained with the MnCl 2 / Sulfuric acid method. Note the characteristic dark brown and orange

  As detailed in the introduction to the topic, most species encoding the fDUF2156 version also encode the AspRS-DUF2156, while species encoding only fDUF2156 are rare. In Afm both proteins are encoded, which is why I speculated that the fDUF2156 activity might depend on the simultaneous presence of AspRS-DUF2156. LX1 could be for example an intermediate in the synthesis of a lipid subsequently modified by fDUF2156. To mimic the naturally encountered situation of Afm, AspRS-DUF2156 and fDUF2156 were co-expressed in the yeast model, lipids were extracted by the Bligh & Dyer procedure and TLC was performed in the presence of CHCl3 : MeOH : H2O 130 : 50 :8 (v : v : v). Unfortunately, this additional trial failed again to associate fDUF2156 to lipid modification (Figure AL-5).

Figure AL- 4 :

 4 Figure AL-4: TLC analysis of total lipids extracted from Sce strains using the adapted Folch method. In contrast to all other presented results, lipids were extracted by the adapted Folch method in this experiment. TLC was performed with CHCl 3 : MeOH : H 2 O 68 : 35 : 5 (v : v : v). * indicates the presence of LX1.

Figure AL- 6 :

 6 Figure AL-6: Detection of LX1 lipid in fungi encoding naturally AspRS-DUF2156. Total Lipids were extracted from the indicated Sce strains, from fungi encoding naturally AspRS-DUF2156 (Penicillium sp. and B. bassiana) and from Y. lipolytica which does not encode AspRS-DUF2156 (Bligh & Dyer). TLC was performed with CHCl 3 : MeOH : H 2 O 68 : 35 : 5 (v : v : v) and the result was observed under white light. * indicates the presence of LX1. S c e + A s p R S -D U F P e n i c i l l i u m s p . B . b a s s i a n a Y . l i p o l y t i c a S c e w t

Figure AL- 7 :

 7 Figure AL-7: Assaying AspRS-DUF216 activity in vivo in phospholipid biosynthesis deletion strains of Sce. (A) Biosynthesis enzymes are boxed, and their associated colors indicate their sub-cellular localization (color code at the right). Most abundant lipids found in yeast are indicated in bold. Red arrowheads indicate enzymes lacking in deletion strains. The latter were transformed with plasmids expressing AspRS-DUF2156. (B) AspRS-DUF2156 was expressed in the indicated Sce strains and lipids extracted by the Bligh & Dyer method were analyzed by TLC as described in Figure AL-3. CDP-DAG, CDP-diacylglycerol; DAG, diacylglycerol; PS, phosphatidylserine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PGP phosphatidylglycerol phosphate; CL* precursor cardiolipin; MLCL, monolyso-cardiolipin; CL, mature cardiolipin; PMME, phosphatidylmonomethylethanolamine; PDME, phosphatidyl-dimethylethanolamine; PC, phosphatidylcholine; Cho, choline ; Etn, ethanolamine, Cho-P, choline phosphate; CDP-Cho, CDP-choline; Etn-P, ethanolamine phosphate; CDP-Etn, CDP-ethanolamine; PI-P(s), phosphatidylinosi-

Figure AL- 8 :

 8 Figure AL-8: Fractionation of total lipids extracted from Sce by silica gel chromatography. Total lipids from Sce wt were extracted by the Bligh & Dyer method and submitted to Silica Gel chromatography. Fractionated lipids were analyzed by TLC as in Figure AL-3. Elution solvents are indicated at the top of the TLC and eluted lipid classes are indicated in brackets.

Finally,

  figure P-1B. Overexpression kinetics indicate that the overexpression plateau was reached after 3h at 30°C.

  ErdS variants that contain both functional domains (i. e. AspRS and DUF2156). As these experiments encodes the protein of interest linked to MBP by a TevCS. In the present example, MBP-ErdS 84 is overexpressed in E. coli Rosetta 2 and cell lysis is proteins is performed in batch (rotating wheel at 4 °C for 2-3 h) in the presence of amylose resin and the following steps are performed by using an atmospheric chromatography column support. Eluted fractions are i. e. MBP-ErdS 84 enriched fractions are accompanied by the major contaminant supposed to correspond to abortive proteins such as "free"-MBP. Fractions E3-E6 are pooled together aliquoted by 190 µl fractions and submitted to proteolytic TEV-cleavage, as described in the Materials Biorad, Econo-Column® #7372532), powered presence of GF buffer containing 50 mM Tris-HCl pH 7 and 30 mM KCl fractions are collected. Selected fractions are analyzed by SDS-PAGE (10 %). After removal of aggregates by

  protein: 17 mg Total amount of protein: 2 mg Total amount of protein: 9 mg MBP-ErdS 3 mg (33 %) Total amount of protein: 9 mg MBP-ErdS-(0) 3 mg (33 %)Total amount of protein: 9 mg MBP-ErdS-QSPQ 3 mg(33 %) 

  corresponding to the protein of interest the AspRS domain and while MBP-ErdS-DAspRS corresponds to a fusion between the MBP-tag and the DUF2156 domain of ErdS. Note that both truncated forms are severally enriched with regard to the major removed by a second affinity chromatography round (i.e. NiNTA or GSH resins),

  the TEV cleavage site enabled proteolytic cleavage of MBP fused proteins and the combination of this procedure with size exclusion chromatography lead to the purification of tagfree versions of ErdS. It is also important to note that the aim of obtaining recombinant ErdS proteins was to detect qualitatively the tRNA-and the lipid aminoacylation activities of the AspRS and the DUF2156 domains, respectively and to demonstrate that the Erg-Asp synthesis is tRNA and DUF2156 dependent.

"

  full-length" ErdS variants, I aimed testing whether the overexpression conditions may affect the final purity of the protein of interest. For each condition, 250 ml LB supplemented with Ampicillin (100 mg / L) were incubated with E. coli Rosetta2 cells containing pMtevGWA-ErdS 84 until OD600 reached 0.5. Differential overexpression conditions, including temperature, IPTG concentration and incubation time, were tested and proteins were enriched in parallel by a single affinity chromatography step (amylose). Increasing the concentration of IPTG for overexpression at 30 °C dramatically decreased the proportion of the MBP-ErdS version when compared to the major contaminant (FigureP-6) while overexpression at 18°C for 12 h with 0.1 mM IPTG was the most favorable condition to enrich MBP-ErdS 84. Overexpression at 30 °C with 0.1 mM IPTG appears also to overcome this issue but the culture was stopped after only 1 h after induction which is why the amount of purified protein is low. Accordingly, our collaborators from Pr. O. Nureki's team even succeed to purify soluble His-tagged ErdS from E. coli when overexpression of the recombinant protein was induced with 0.1 mM IPTG at 20°C overnight (not shown). In the latter case, cells were resuspended and disrupted with lysis buffer containing NaCl 1 M. Consequently, ErdS variants containing both domains (AspRS and DUF2156) should be overexpressed regarding these conditions.

  proteins and in contrast to full-length ErdS variants, the major MBP contaminant was absent when purifying ErdH proteins (FigureP-8).

  steryl-amino acid conjugates in ascomycota. (Article in preparation) Yakobov et al.

Freestanding

  DUF2156 proteins modify lipids [the fDUF2156 dependent lipid was discovered by N. Yakobov. Results in Fig. 2A, 2B, 2C and 3B were obtained by N. Yakobov]

Figure 1 :

 1 Figure 1: In silico characterization of a novel type of fungal free-standing DUF2156 proteins. (A) Architecture of bacterial MprFs, with the N-terminal flippase (14 TMH represented by grey squares) and the DUF2156/aa-tRNA transferase domain. Fungal ergosteryl-aspartate synthases (ErdS) have an aspartyl-tRNA synthetase (AspRS) domain and a DUF2156/Asp-tRNA transferase domain. Fungal free-standing DUF2156 (fDUF2156) proteins have neither flippase nor aminoacyl-tRNA synthetase domains. (B) Examples of fDUF2156 proteins from Afm, Aor, Afv, Bba and Yli. The two Gcn5-N-acetyltransferase (GNAT) domains separated by the positively charged (+) helix, that constitute the DUF2156 fold, are detailed (boundaries indicated, with the length of the proteins indicated on the right). Positively charged residues (K, R) are shown in red. (C) Structure of the DUF2156 of MprF (LysPG synthase from Bacillus licheniformis, PDB: 4V36) and predicted structures of the DUF2156 domain of Afm ErdS and of Afm and Yli fDUF2156 (Phyre2 predictions). (D) Maximum likelihood phylogenetic reconstruction of bacterial (MprF) and fungal (ErdS, fDUF2156) DUF2156 domains. Three clades are visible, that match bacterial MprF-(purple background), ErdS-(yellow background) and fDUF2156-(blue background) specific architectural groups. Positions of Afm, Aor, Bba and Yli fDUF2156 proteins are indicated by a red asterisk. Several example organisms are presented for other clades. Modified lipids produced by the proteins are indicated, when known.Afm: Aspergillus fumigatus, Aor: Aspergillus oryzae, Afv: Aspergillus flavus, Bba: Beauveria bassiana and Yli: Yarrowia lipolytica, Tol: Trichosporon oleaginosus, Sco: Schizophyllum commune, Aal: Alternaria alternata, Ncr: Neurospora crassa, A+P: Aspergillus and Penicillium spp., Efa: Enterococcus faecium, Cpr: Clostridium perfringens, Bsu: Bacillus subtilis, Sau: Staphylococcus aureus, Atu: Agrobacterium tumefaciens.

Figure 2 :Figure 3 :Figure 4 :

 234 Figure 2: Ascomycetes possess a free-standing DUF2156 protein (fDUF2156) whose heterologous expression in S. cerevisiae enables the production of a possible aminoacylated lipid.(A) Heterologous expression of Afm ErdS (Erg-Asp synthase) and fDUF2156 in Sce. TLC analysis of total lipids extracted from the indicated Sce strains: lipids were separated with a CHCl 3 :MeOH:H2O solvent with the indicated composition (130:50:8, v:v:v), stained with an MnCl2/H2SO4 solution and visualized under white light (vis.). Below, control lipid bands (PE: phosphatidylethanolamine, Erg, Erg-Asp) were stained with the same solution to illustrate the brown staining of sterols. LY: lipid Y, EA: Erg-Asp. * Indicates the position of EA and LY. (B) Lipids extracted from a wt and Afm fDUF2156 strains and separated by TLC using the CHCl 3 :MeOH:H2O (130:16:1, v:v:v) solvent to better resolve the LY band. TLC was visualized under UV light. (C) TLC analysis of total lipids extracted from Sce strains expressing the indicated proteins: ErdS (control of Erg-Asp production), Afm, Bba, Yli and Aor fDUF2156. (D) Separation on HP-TLC plates, with the CHCl 3 :MeOH:H2O (130:16:1, v:v:v), of total lipids from the indicated wt strains (Afm, Aor, Bba and Yli) compared to the control Sce wt, ErdS-and fDUF2156-expressing strains. A lipid band similar to lipid Y (LY) is present in those fungi, and is indicated by an asterisk (*) in each case.

Figure 5 :Figure 6 :

 56 Figure 5: In vitro characterization of ergosteryl-glycine synthases (ErgS). (A) Schematized reaction performed for the LA assay. Left: glycyl-tRNA synthetase (GlyRS, provided by crude extracts from Sce) is used to produce [ 14 C]Gly-tRNAGly from [ 14 C]Gly, ATP and tRNA Gly (provided by total tRNA from Sce). [ 14 C]Gly-tRNA Gly is used in a second reaction in the presence of Erg and ErgS to produce Erg-[ 14 C]Gly. Right: in the case of ErdS, the aspartyl-tRNA synthetase activity (Asp-tRNA Asp production from [14C]Asp, ATP and tRNAAsp in total tRNA from Sce) and the Erg-[ 14 C]Asp synthase activity are carried by the same bifunctional protein and no extraction step is required to isolate Asp-tRNA Asp , that is used directly by the DUF2156 module of ErdS upon synthesis. (B) The Erg-[ 14 C]Asp synthesis was measured by LA assay in the presence of purified Yli ErgS, Sce total tRNA, radiolabeled [ 14 (WT or tRNA-dependency of the reaction. (C) The same LA assay allows to visualize that only ErgS is capable of Erg-[ 14 C]Gly synthesis from [ 14 C]Gly-tRNA Gly , while ErdS cannot use this aa-tRNA. (D) Isotopic competition assay. A mixture of 15 [14C]aa-tRNAs was first synthesized using total tRNA, ATP and 15 [ 14 C]aa in the presence of the 15 corresponding aaRSs of an Sce crude protein extract. After extraction, the 15 [ 14 C]aa -tRNAs were provided to either ErgS or ErdS to produce Erg-[ 14 C]Gly and Erg-[ 14 C]Asp, respectively. The same was performed in the presence of excess (5 mM) cold L-Gly or L-Asp to produce isotopically diluted [ 14 C]aa-tRNAs. In this case, no Erg-[ 14 C]Gly was observed in the presence of cold Gly for ErgS, and no Erg-[ 14 C]Asp in the presence of cold Asp in the case of ErdS demonstrating that both ErgS and ErdS are specific towards one aa for the synthesis of Erg-Gly and Erg-Asp respectively.

  : 1 H NMR (300 MHz, CDCl3): 0.620 (s, 3H), 0.820 (d, J = 6.6 Hz, 3H), 0.836 (d, J = 6.97 Hz, 3H), 0.915 (d, J = 6.6 Hz, 3H), 0.941 (s, 3H), 1.032 (d, J = 6.23 Hz, 3H), 3.987 (s, 1H), 4.751 (m, 1H),5.192 (m, 2H), 5.37 (m, 1H), 5.558 (dd, J = 2.2 Hz, 5.5 Hz 1H).
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 S1 Figure S1 [in preparation. The reader may refer to Fig. S7]

Figure S6 :Figure S7 :[FigureFigure S10 :Figure S11 :Figure S12 :

 S6S7S10S11S12 Figure S6: Afm ErgS is inactive in vitro for the synthesis of Erg-Gly. (A) Sce

  Figure CP-2: The asexual life cycle of Afm.

  develop our in-house fluorescent dye, specifically targeting Erg-Asp by fusing a catalytic null mutant of ErdH (e. g. ErdH S153A) to a fluorescent protein. As described for the D4-GFP, the fluorescent ErdH-GFP or ErdH-mCherry will have the advantage to specifically stain surface or intracellular sterols. Similarly, the discovery of a specific hydrolase targeting Erg-Gly (if it exists)

  drugs exists, notably, Allylamines (inhibit the squalene epoxidase Erg1 (Figure CP-3)) (Krishnan-Natesan 2009) and Morpholines (targeting Erg2 and Erg24 (Figure CP-3)) are used as agricultural

  Koselny and colleagues evidenced that Erg itself induces pyropotosis of macrophages in an NLRP3-Casp1/11dependent manner, and author proposed that cell-wall proteins interacting directly with Erg (mannoprotein Dan1 and manosyltransferases) might be involved in this process[START_REF] Koselny | A Genome-Wide Screen of Deletion Mutants in the Filamentous Saccharomyces cerevisiae Background Identifies Ergosterol as a Direct Trigger of Macrophage Pyroptosis[END_REF][START_REF] Rodrigues | The Multifunctional Fungal Ergosterol[END_REF]). During our interactome experiments ( § IV.1.2 and IV.2.1) it will be therefore interesting to investigate ASSs and ASs interactions with proteins from the cell-wall and factors involved in the immune response.

  by exposing macrophages to liposomes containing free Erg, Erg-Asp or Erg-Gly. Evaluation of the immune response will be done by analyzing casp1/11-dependent macrophage lysis (followed with the release of lactate dehydrogenase) and by quantifying the secretion of interleukins (e. g. IL1-and IL-6). If relevant, similar experiments will be performed by exposing macrophages to conidia from our different Afm strains. Moreover, our preliminary experiments indicate that Cho is aspartylated in vitro by ErdS in comparable amounts to Erg and it is tempting to speculate that this broader substrate specificity might also occur in vivo when cells uptake Cho from their environment. Interestingly, it is well known that Cho induce NLRP3-mediated pyroptosis (Ordovas-[START_REF] Ordovas-Montanes | Cholesterol, Inflammasomes, and Atherogenesis[END_REF] 

  Conidia from WT or recombinant Afm strains will be stained by FITC and their phagocytosis will be monitored by fluorescence, confocal and/or NANOLIVE microscopy in combination with flow cytometry quantification. Preliminary experiments were already done on mouse macrophages by Dr. N. Mahmoudi-Kaidi and the outcomes of future experiments will evidence if AS pathways are involved in immune escape.

  Cells from a single colony are incubated O/N at 37 °C in 3 mL LB supplemented with the appropriate antibiotic. Cells are harvested by centrifugation at 10000 × g for 2 min and plasmid DNA is extracted with the EZ-10 Spin Column Plasmid DNA Miniprep kit (BIO BASIC) following supplier's instructions. Maxipreparation of plasmid DNA E. coli XL1 transformed with the plasmid of interest, is inoculated in 250 mL of LB supplemented with antibiotic at 37°C O/N. Bacteria are harvested by centrifugation (4000 × g, 10 min at 4°C) and the pellet is resuspended in 5 mL of solution I (Glucose 50 mM, EDTA 10 mM, Tris-HCl pH8 25 mM). Cells are then lysed by adding 10 mL of freshly prepared lysis buffer (NaOH 0,2 N, SDS 1 % v / v) for 10 minutes at room temperature and neutralization of alkaline lysis is achieved through adding 7,5 mL of precooled neutralization buffer (AcNH4 pH6,5 7,5 M) for 7 minutes on ice. Cell debris are removed by centrifugation (4000 × g, 15 min at 4°C) and the supernatant (SN)is transferred in another clean tube. 0.6 volumes of isopropanol are added to the SN and incubated for 10 minutes at RT. Upon centrifugation (4000 × g, 15 minutes, RT), the pellet is washed with 1 mL EtOH 70 %, air dried and resuspended in 500 µl of TE (Tris-HCl pH 8 25 mM, EDTA 10 mM). RNA contaminations are removed by adding 1 µL of DNase-free RNase A (10 mg/mL stock solution) for 30 min at RT (in the meantime, the remaining debris are removed by centrifugation (13000 × g, 5 minutes, RT)). Then, DNA is precipitated by addition of 500 µl of a solution containing NaCl 1.6 M and PEG6000 17.5 %. The tube is immediately vortexed and centrifugated at 13000 × g, for 5 min at 4°C. Finally, the pellet is resuspended in 400 µl TE buffer. To remove any protein contaminations, the DNA sample is extracted once with phenol, twice with phenol/chloroform (1/1 v/v) and once with chloroform. Nucleic acids within the resulting aqueous phase are precipitated with 250 mM NaCl and 2.5 volumes of ice-cold ethanol 100 %, either at -20°C O/N or at -80°C for 30 min. Finally, nucleic acids are recovered by centrifugation (13000 × g, 15 min, 4°C), washed with ethanol 70 %, driedand either stored at -20°C or resuspended in an adequate volume of TE buffer.

Figure MM- 1 .

 1 Primers and templates are listed in Table MM-2 at the end of the Materials and Methods sections. restriction enzymes purchased from Thermo Scientific. Around 1 µg of plasmid DNA was digested in the presence of 0.5 µl of each restriction enzyme in a final volume of 20 µl. Depending on the restriction enzyme and the supplier's indications, digestions were incubated at the recommended temperature for 30-40 min.

  Figure MM-2: Schematic representation of the Gateway cloning strategy. cloned into pJET1.2 and the resulting plasmid is linearized. During BP reaction, attB1/B2 sites recombine with

  complementary base pairing. As illustrated in Figure MM-3A, the gene of interest (GOI) is amplified from genomic or plasmid DNA with primers that contain overlapping sequences of the destination plasmid. The latter was in most cases amplified by PCR, but it can also be obtained by restriction enzymes. Importantly, overlapping regions at 5' and 3' extremities of the amplified GOI and of the linearized plasmid are at least 25 bp long. Assembling of DNA fragments is as described (Figure MM-3B). Experimentally, a 5x concentrated isoT buffer is prepared, diluted, and supplemented with the 3 enzymes described in figure MM-3B to obtain an isoT reaction mix 2x (preparation detailed in Figure MM-4A and B) (Gibson 2011). The latter is aliquoted in 11 µl fractions that can be stored at -20 °C or -80 °C until use. Equimolar amounts of DNA fragments to be assembled are added to a 11 µl aliquot of isoT reaction mix 2x in a final volume of 20 µl and tubes are placed at 50 °C for 25 min (Figure MM-4C). The 1x isoT reaction mix is composed of Tris-HCl pH 7.5 100 mM, MgCl2 10 mM, DTT 10 mM, NAD + 1mM, 0.2 mM of each dNTP, PEG8000 5 % (w/v), T5 exonuclease 7.5 U/mL, Phusion DNA polymerase 25 U/mL and Taq DNA ligase 4000 U/mL. When fragments were amplified with similar efficiencies, 1 µl of each PCR product was simply added to the isoT reaction assay without performing any DNA cleaning up steps. Amounts of added DNA fragments were adapted in cases were PCR efficiencies differed importantly, according to the intensities of DNA bands visually analyzed on agarose gels. However, the amount of each DNA fragment should be comprised between 10 and 100 ng. DNA templates used for amplification should be specifically degraded, either through Dpn I (Thermo Scientific, FD1703) treatment of PCR products prior to the isoT reaction or by performing the DpnI digestion on the final isoT reaction. Finally, Dpn I is inactivated at 90 °C for 20 min and 5 µl of the mixture are transformed into competent bacteria cells (Figure MM-4C). Additional DNA cleaning steps are optional.

  Figure MM-3: Overview of assembling DNA fragments by the isoT cloning method. (A) The gene of

Figure MM- 4 :

 4 Figure MM-4: Procedure of the isothermal Gibson assembly (isoT) method: (A) Composition of the 5x concentrated isoT buffer used for the preparation of the 2x concentrated isoT reaction mix described in (B). (C) performed on the PCR products and/or the linearized plasmid prior isoT cloning assay or on the assembled product before to transformation in E. coli. For more details see and https://wiki.med.harvard.edu/SysBio/Megason/MakingIsothermalAssemblyAliquots.

Figure MM- 5 :

 5 Figure MM-5: Overview of site directed mutagenesis by the isoT assembly method. (A) Primers A (fwd)

I

  treatment and the resulting erdS deletion cassette was ligated into pJET 1.2 using the CloneJETPCR Cloning Kit (Thermo Scientific) following supplier's instructions (Figure MM-6A). To construct the complementation cassette, the plasmid containing the obtained pJET1.2-erdS was reverse amplified (FF271/FF272) and the -rec was replaced by the erdS ORF (amplified from Afm gDNA with primers FF273/FF274) through isoT (Figure MM-6B).

((Figure MM- 7 :

 7 Figure MM-7: Construction of ergS recombination cassettes for Afm. (A) To construct the ergS deletionAfm gDNA and ligated into separate pJET1.2 plasmids. Plasmids

Further

  informations and obtained data are present and discussed elsewhere (Results & Discussions, Part I § IV. and Part II (ErgS article draft)).

Figure MM- 8 :

 8 Figure MM-8: Representation of the pRK793 plasmid and its encoded self-cleavable MBP-TEV protein. pRK793 plasmid encodes for a recombinant MBP-TEV protein and was transformed in E. coli Rosetta 2. The N-terminal MBP-tag and the C-terminal TEV protease are separated by a TevCS and a His7x-tag. During overexpression and

concentrated to 2 -

 2 Figure MM-10: Preparation of the ErgS antigen for immunization. (A) Plasmid E. coli Rosetta2 600 overexpression of MBP-ErgS Afm

Figure MM- 13 :

 13 Figure MM-13: Assaying pre-immune serums by WB for the selection of appropriate rabbits to be immunized against ErdS Afm . EB from Afm Sce expressing ErdS Afm (2) and Sce

Figure MM- 14 :

 14 Figure MM-14: Evaluation of ErdS Afm performed on EB from Sce Sce expressing ErdS Afm (B) -S Afm (C) Sce expressing one of Afm (D)

collected at day 53 (

 53 D53). EB from Sce expressing ErdSAfm or ErgSAfm were prepared to test potential cross-recognition and serum S005_D53 obtained from rabbit 1831005 was tested by WB at 1 / 5000 dilution. Importantly, ErgSAfm was not detected in these conditions, which witnesses the specificity of S005(-D53) antibodies for ErdSAfm recognition. Moreover, this result also shows that the ErdS specific signal is severely increased when compared to unspecific bands (Figure MM-14C).

  Figure MM-14D shows the result obtained by WB performed withS005_final on EB that were obtained from Sce expressing distinct ErdS variants. As expected, ErdS-aspRS was also detected but not ErdS-duf2156 which confirms the specificity of polyclonal antibodies from S005_final for the DUF2156 domain of ErdS. In this experiment an EB obtained from Sce expressing the homologous ErdS from Aor was also included. Antibodies from S005_final

  , EB were prepared as described above (Materials & Methods, § IV.3.) and aliquots were clarified by centrifugation at 1000 × g or 4000 × g for 10 min at 4 °C (S1). The resulting S1 and S4 supernatants were supplemented with Laemmli buffer 1.5 ×, boiled at 95 °C and vortexed until complete solubilization, loaded on 10 % polyacrylamide gel and developed by SDS-PAGE. Proteins were transferred onto a PVDF membrane and WB was performed with S005_final diluted at 1/1000. The dilution of the HRP-conjugated goat anti-rabbit (secondary antibody) remains unchanged (1 / 3000). The result in (Figure MM-15A) shows that ErdS was specifically detected in EB from Afm wt but the corresponding signal was very slight. In addition, an important non-specific band with size between 70 and 100 kDa was revealed in all tested samples.In the second experiment EB from Afm wt, Afm erdS, and Afm Pxyl-erdS (Afm erdS strain complemented with the erdS gene under the dependence of a xylose promoter) were tested.Overexpression of erdS in the latter strain was performed after 22 h culture at 37 °C by adding xylose 1 % (w / v) and the culture was incubated at 37 °C for an additional hour. EB were prepared and clarified by centrifugation at 500 g for 5 min. The pellet was removed, and 3 mL of each supernatant was fractionated by ultracentrifugation at 100000 × g for 1 h at 4 °C. The soluble fraction (S100) was transferred in a fresh tube and an aliquot was supplemented with Laemmli buffer 1 ×. The pellet (P100) was resuspended in 200 µL of lysis buffer supplemented with 1% N-Lauroylsarcosine sodium salt. An aliquot of each P100 fraction is supplemented with Laemmli buffer 1 × boiled at 95 °C and vortexed until total solubilization. 10 µl of each fraction are finally loaded on SDS-PAGE for further analysis by WB treated with S005_final (Figure MM-15B). A slight ErdS signal was detected in the P100 fraction of Afm wt, but not in Afm erdS. In contrast, ErdS was not detected in the corresponding S100 fraction and one might speculate that this is due to the poverty of the loaded protein amount. Strikingly, three intense bands were revealed in P100 from Afm Pxyl-erdS that were not present in the corresponding S100 fraction (Figure MM-15B).

  were tested to select serums presenting the lowest non-specific signals on WB (1 / 3000) (Figure MM-16). Serum from rabbits 1906008 and 1906009 showed several non-specific bands in the presence of EB from Sce and even in a fraction of partially purified ErgSAfm. The latter corresponds to the same fraction used to prepare the antigen and contains non-cleaved MBP-ErdSAfm (105 kDa), cleaved ErdSAfm (

  Figure MM-16: Assaying pre-immune serums by WB for the selection of appropriate rabbits to be immunized against ErgS Afm .

The 2 ×

 2 concentrated reaction mix was prepared and contained 200 mM Na-Hepes pH 7.2, 60 mM KCl, 20 mM MgCl2, 20 mM ATP, 0.2 mg/mL bovine serum albumin (BSA) and 140 µM [U-14C]-Gly (100 cpm/pmol). Total tRNA from yeast was purchased from Sigma-Aldrich (R8759) and dissolved in water to 46 mg/mL. 4.3 µL of total tRNA from yeast were added to 25 µl of 2 × concentrated mix and the volume was completed to 45 µl. tRNA Gly aminoacylation was initiated by adding 5 µl of a S100 soluble fraction, prepared from Sce, and the assay was incubated at 30 °C for

  An aliquot of commercial Erg, (solubilized in EtOH 100 % and stored at 20 mg/mL at -20 °C), was dried by evaporation at 60 °C and solubilized by sonication in an adequate volume of R buffer (100 mM Na-HEPES, 30 mM KCl, 10 mM MgCl2) to yield a 5 mg/mL preparation. As described in the previous section, Gly-tRNA Gly was pre-synthesized in a reaction volume of 50 µL for 1 hour, then 10 µL of Erg (final concentration, 0.5 mg/mL) and 5-7 µg of MBP-ErdS enriched fractions were added to the reaction mixture and the volume was completed to 100 µL with R buffer. Finally, the assay was further incubated at 30 °C for 40 min.

5 :

 5 Figure MM-18: Constructing pUC19-HMH wt -tDNA plasmids by two step isoT assembly method. Primer

  methods remain the most widely used. A common point to all lipid extraction procedures is the employment of organic solvents.According the Bligh & Dyer procedure, lipids are extracted in a solvent mixture, composed of chloroform (CHCl3) and methanol (MeOH), that must form a single homogenous phase together with the aqueous phase enclosed in the biological sample. Consequently, volumes of organic solvents that must be added are directly determined by the aqueous phase retained in the biological tissue. E. G. Bligh and W. J. Dyer determined that to yield optimal extraction, the ratio of CHCl3 : MeOH : aqueous phase must be 1 : 2 : 0.8 (v : v : v) . Once the extraction process is achieved, the sample is diluted to obtain a final CHCl3 : MeOH : aqueous phase ratio of 2 : 2 : 1.8 (v : v : v), thereby enabling phase separation. The upper aqueous phase is removed, and the lower organic phase encloses the extracted lipid content. Importantly, to avoid plastic contaminants in the lipid sample, all steps should be performed using glass equipment's, especially when preparing samples for subsequent MS analysis.

  5) is critical during lipid extraction. Furthermore, the aqueous phase of the biological sample was not taken in consideration here and lipid extraction was performed in all cases by adding a mixture of CHCl3 : MeOH : Na-acetate 120 mM pH 4.5 1 : 2 : 0.8 (v : v : v). In practice, Sce cells corresponding to 15 equivalent OD600 are resuspended in 0.1 mL of Na-acetate 120 mM pH 4.5 and 3.75 volumes (referring to the volume of Na-acetate added) of MeOH : CHCl3 2 : 1 (v : v) are then added.Furthermore, the cell-wall surrounding the fungi cell renders them more resistant to cell lysis which is why 1 volume of glass beads (ø 0.25 mm to 0.5 mm, Roth) are added to the mixture and mechanical cell disruption is performed in a FastPrep-24 apparatus at 6 m/s for 1 min, repeated 6 times with cooling on ice between each step. Tubes are then placed on a rotating wheel at 4 °C for 2-3 h. Additions of 1.25 volume of CHCl3 and of Na-acetate 120 mM pH 4.5 are each followed by vigorous mixing (vortex for 30 sec), and phase separation is then achieved by centrifugation at 4000 × g for 10 min at 4 °C. Finally the lower phase is transferred in a clean tube, vacuum dried and either stored at -20 °C or resolubilized in an adequate volume of CHCl3 or CHCl3 : MeOH 1 : 1 (v : v) prior to lipid analysis or lipid purification. Non-lipid contaminants can be extracted from the lipid samples with H2O, NaCl 0.5 M, KCl 0.12 M or Na-acetate 120 mM pH 4.5 added to the recovered organic phase and followed by phase separation. However, such procedures were not taken to consideration here. Importantly, as explained the volume of Na-acetate 120 mM pH 4.5 used to resuspend the biological sample, determines all other volumes added during lipid extraction and is therefore critical. This procedure was successfully scaled for the extraction of lipids from samples ranging from 50 to 2000 OD600 equivalent yeast cell pellets.

pH 4 .

 4 Figure MM-19: Schematic representation of lipid separation by thin layer chromatography (TLC). (A)

  The mobile phases used to elute successively different class of lipids are composed of CHCl3 and MeOH which are both volatile. Therefore, all solutions are prepared in glass bottles just before the experiments.Before starting one should ensure that the glass column is free from any trace of aqueous liquids and the empty column, including the sinter, is washed several times with CHCl3. The column is placed on a support and all collecting tubes are annotated and placed on an adequate rack. An adequate amount of Silica Gel is resuspended in CHCl3 100 % so that the initially white powder becomes translucid, and volumes of this suspension are sequentially poured into a glass column until the required volume of packed silica beads is reached. From then on, the stationary phase should always be recovered by liquid mixtures since drying out the column would destabilize the chromatographic procedure. Furthermore, to prevent the packed resin to be resuspended, all added solutions are slowly flowed along the column wall. The resin is equilibrated with 5 column volumes of CHCl3 and the lipid sample, resolubilized in CHCl3, is slowly applied when the liquid level of the last wash forms a thin meniscus above the stationary phase. Once the sample is absorbed into the column, lipid classes are sequentially eluted with organic solvents according to their polarity. Lipid fraction are vacuum dried, resuspended in CHCl3 or CHCl3 : MetOH (1 : 1), spotted onto Silica plates, separated by TLC with the adequate developing system and finally revealed with the MnCl2 / Sulfuric acid containing staining solution. Fractions are dried again and stored at -20 °C.

  : endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB+ lacIq (lacZ)M15] hsdR17(rK-mK+) E. coli TOP10 : F-mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 nupG recA1 araD139 (ara-leu)7697 galE15 galK16 rpsL( rR) endA1 -E. coli DH5 : F-endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 80dlacZ M15 (lacZYA-argF)U169, hsdR17(rK-mK+), -E. coli DB3.1 : F-gyrA462 endA1 glnV44 (sr1-recA) mcrB mrr hsdS20(rB-, mB-) ara14 galK2 lacY1 proA2 rpsL20(Smr) xyl5 leu mtl1E. coli XL-1 Blue + pUC57-ErdS E. coli XL-1 Blue + pUC57-Er g S E. coli TOP10 + p415ADH-ErdS E. coli TOP10 + p415ADH-Er g S E. coli TOP10 + pDONR221-ErdS wo stop codon E. coli TOP10 + pDONR221-Er g S wo stop codon (clone 17) E. coli TOP10 + pDONR221-Er g S wo stop codon (clone 18) E. coli TOP10 + pDONR221-Er g S (clone 25) E. coli TOP10 + pDONR221-Er g S (clone 27) E. coli XL-1 Blue + p415GPD-ErgS-HA (clone 14) E. coli XL-1 Blue + p415GPD-ErgS-HA (clone 20) E. coli XL-1 Blue +p415GPD-ErdS-duf2156-HA (clone 2) [KO] E. coli XL-1 Blue +p415GPD-ErdS-duf2156-HA (clone 8) [KO] E. coli TOP10 + pDONR221-ErdS-drs (clone 2) E. coli TOP10 + pDONR221-ErdS-drs (clone 8) E. coli TOP10 + pDONR221-ErdS-duf2156 (clone 2) [KO] E. coli TOP10 + pDONR221-ErdS-duf2156 (clone 5) [KO] E. coli TOP10 + pDONR221-ErdS-drs wo stop codon (clone 4) E. coli TOP10 + pDONR221-ErdS-drs wo stop codon (clone 5) E. coli TOP10 + pDONR221-ErdS-duf2156 wo stop codon E. coli TOP10 + pDONR221-ErdS-duf2156 wo stop codon (clone 15) [KO] E. coli TOP10 + pRS415-ErdS-drs-HA (clone 2) E. coli TOP10 + pRS415-ErdS-drs-HA (clone 7) E. coli TOP10 + pRS415-ErdS-drs (clone 4) E. coli TOP10 + pRS415-ErdS-drs (clone 12) E. coli TOP10 + pRS415-ErdS-duf2156-HA (clone 1) [KO] E. coli TOP10 + pRS415-ErdS-duf2156-HA (clone 10) [KO] E. coli TOP10 + pRS415-ErdS-duf2156 (clone 1) [KO] E. coli TOP10 + pRS415-ErdS-duf2156 (clone 2) [KO] E. coli TOP10 + pRS415-ErdS-duf2156-HA (clone 4) E. coli TOP10 + pRS415-ErdS-duf2156-HA (clone 8) E. coli XL1 blue + pDONR221-ErdS (clone 8) E. coli XL1 blue + pDONR221-ErdS (clone 11) E. coli XL1 blue + pRS415GPD-ErdS (clone 1) E. coli XL1 blue + pRS415GPD-ErdS (clone 2) E. coli XL1 blue + pRS414GPD-Er g S AspR encoded b this plasmid is inactive and does not complement ce dps1. or Erd -duf2156 active forms see: 1382-1389 AspR encoded b this plasmid is inactive and does not complement ce dps1. or Erd -duf2156 active forms see: 1382-1389 AspR encoded b this plasmid is inactive and does not complement ce dps1. or Erd -duf2156 active forms see: 1382-1389 AspR encoded b this plasmid is inactive and does not complement Sce dps1 . or Erd -duf2156 active forms see: 1382Erd with G -tag at its Nt and His6x-tag at its Ct 802 E. coli XL1 blue + pGGWA-Er g S Erg with G -tag at its Nt and His6x-tag at its Ct 875 XL1 blue + pJET-Nt192-Er g S wo stop codon Nt192: 192 rst residues of Erg protein E. coli XL1 blue + pJET-Nt192-Er g S E. coli DH5 + pDONR221-Nt192-Er g S wo stop codon E. coli DH5 + pDONR221-Nt192-Er g S E. coli DH5 + pRS415GPD-Nt192-Er g S-HA E. coli DH5 + pRS415GPD-Nt192-Er g S

  

  

  

  

  . Figure inspired from Rubio and Ibba, 2020.

	non-cognate aa		active-site (&	
			editing site)	
	cognate aa	editing	transfer of the	TRANS editing
		non-cognate aa		non-cognate aa
	ATP	activation		
	aaRS	aa-adenylate release			CIS editing	hydrolysis
	larger aa				(editing site)	+
	repulsion	spontaneous	+	
		hydrolysis	AMP	

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 ValRS: Thr, Cys, Ala, Abu, Hcy, Nle ThrRS: Ser PheRS: Tyr, Ile ProRS: Ala, Cys, 4hPro AlaRS: Gly, Ser YbaK Pro ProX Pro ProXp-ST1/ST2: non-cognate AlaX Ala Ala

  LysPG) 

	Vagococcus uvialis	+	D-AlaPG	-	-	-	D-AlaCL (11-26%)	-	-
									Inspired from
	Slavetinsky et al. 2017. Data were compiled from Slavetinsky et al. 2017 and from Arendt et al. 2012. +,
	presence of the lipid; -, absence of the lipid regarding the currently available data; (1), not proven but very
	likely;								

  Gould and WJ Lennarz further tested the ability of various bacterial cell-extracts to use aa-tRNAs as aa-donors in the synthesis of aaLs. Interestingly, B. megaterium, B. cereus and S. aureus preparations catalyzed only LysPG synthesis, while C. welchii extracts contained LysPG and AlaPG synthase activities, while S. faecalis (E. faecium) could synthetize at least LysPG, AlaPG and ArgPG. As expected, cellular extracts of species that do not contain aminoacylated PG derivatives (i. e. Sarcina lutea, E. coli and M. lysodeiticus) could not catalyze aaL synthesis

LysPG synthesis catalyzed by MprF from S. aureus II.1.1.1. Discovery of the first aaPGS and establishment of its physiologic functions

  

	In 2001, A. Peschel and colleagues conducted a genetic screen that aimed to identify
	Staphylococcus spp. mutants with increased antimicrobial peptides (AMP) sensitivity. Insertion of
	a transposon in the mprF gene increased S. xyolsus sensitivity to the lantibiotic gallidermin. In
	accordance, deletion of the mprF gene in S. aureus strains ( mprF) correlated with increased
	sensitivity to lantibiotics such as gallidermin and nisin, but also to other AMPs including human
	defensins HNP1-3, protegrins 3/5, tachyplesin I and magainin II (Table I-3). While the minimal
	inhibitory concentrations (MIC) decreased up to 38-fold for some of those positively charged AMP
	(CAMPs or CAMPs-like), no significant changes in sensitivity were observed when assaying S.

  .

	Species	aaL	Phenotypes associated with inactivation of respective aaLS	
			Impact on basic cellular processes or	Increased susceptibility to	In vivo effect during host
			tolerance to environmental challenges	antimicrobial agents	infection
	Bacillus anthracis	LysPG	N.D.	HNP-1; LL-37; protamine sulfate	N.D.
	Bacillus subtilis	(L-and	Increased swarming motility; decreased	Azlocillin; cefsulodin; daptomycin;	N.D.
		D-AlaPG),	spore germination, spore wet heat	nisin	
		LysPG	resistance and increased spore resistance;		
		(1)			
			especially under changing ionic conditions		
	Enterococcus	AlaPG,		Colistin; HBD-3; nisin; polymyxin B	Increased resistance to
	faecalis	ArgPG,	and eDNA level		opsonophagocytic killing
		LysPG			by PMNs in serum containing
					complement factors and
					antibodies against LTA
	Listeria	LysPG,	Reduced survival in the presence	(HNP-1)(2); HNP-2; gallidermin	Reduced invasion of
	monocytogene	LysCL	of osmotic stress; maintenance		epithelial cells and
					macrophages; attenuated
					virulence in infection of
					mice
	Mycobacterium	LysPG,	Altered membrane potential	HNP-1; lysozyme; polymyxin B;	Reduced survival in
	tuberculosis	(OrnPG)		vancomycin	macrophages and growth
		(3)			defects in mouse and guinea
					pig lung infections
	Myxococcus	Unknown	Increased swarming motility; defective	N.D.	N.D.
	xanthus		perception or response to OME		
			(outer membrane exchange)		
	Pseudomonas	AlaPG	Reduced tolerance to CrCl3 or sodium		N.D.
	aeruginosa		lactate; production of AlaPG primarily		
			occurs under acid conditions		
		LysPG	Distinct changes in the membrane	CAP18; cefoxitin; daptomycin;	Reduced survival in
	aureus		proteome and membrane-sensory	gallidermin; gentamicin; group IIA	neutrophils; attenuated
			regulators (e.g. reduced amounts	phospholipase A2; HBD-3; HNP1-3;	virulence in infection of
			of SaeSR and MsrR)	imipenem; indolicidin; LL-37;	miceand rabbits
				magainin;melittin; methicillin; nisin;	
				oxacillin; protegrins; platelet	
				microbicidal proteins; tPMP-1;	
				tachiplesin; vancomycin	
	Rhizobium	LysPG	Reduced resistance to acidic	Polymyxin B	Reduced nodulation
	tropici		conditions	(phenotype especially manifests	competitiveness in bean roots
				under acidic conditions)	
	Corynebacterium	AlaDAG,			
	glutamicum	AlaPG	and CAMPs i. e. protamine sulfate and		
			polymyxin B whithout MIC changes		

.1.1.2. MprF consists of two separate functional domains achieving LysPG synthesis and translocation.

  

	Biochemical characterizations aimed to rapidly decipher the pathway of LysPG synthesis
	and showed that Lys-tRNA Lys , synthetized by the cytoplasmic LysRS, is indeed used by the
	membrane-associated MprF as a substrate to transfer the aa-moiety onto PG. These experiments
	were performed in vitro by assaying the lipid modification activities of membranes fractions
	prepared either from S. aureus, encoding MprF, or from E. coli heterologously expressing MprF.
	Similar to the observation made by Lennarz, removal of tRNAs by RNase treatment or appropriate
	inhibition of LysRS (cadaverin) completely abolished LysPG synthesis

1.1.2.2. N-termini TMHs of the hydrophobic domain enable LysPG translocation.

  

	membranous part of the
	C-terminal synthase domain
	cytoplasmic part of the
	C-terminal synthase domain
	Sequential deletions of 2, 4, 6 or 8 N-terminal TMHs severely reduced CAMPs resistance of
	S. aureus, including to the CAMP-like daptomycin. As expected, expression of a truncated MprF
	version containing only the 8 N-terminal TMHs did not restore the CAMP resistance of a S. aureus
	mprF strain. Furthermore, CM. Ernst and colleagues determined the ratio of LysPG content in the
	inner and the outer leaflet of the PM by measuring the ability of the membrane-impermeable

specify charged molecules (Lysine, LysPG and CAMPs) and NH 2 indicate the N-terminal extremity of the protein. Based on data from Ernst et al. 2015 Slavetinsky et al. 2017. + + + + + + + + + + + + +

  

	NH 2
	+
	tRNA Lys
	Lysine (cationic)
	Cationic antimicrobial
	peptides
	LysPG (cationic)
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  %); -, activity severally decreased and almost not detectable; --, no detectable ErdS Afm activity

	Vis.					
	IB: ErdS					
	LC					
	Vis.					
	IB: ErdS					
	LC					
	Mutation	in vivo activity	Comments	Mutation	in vivo activity	Comments
	Sce + ErdS wt	+++		C728A	+++	
	Sce	--		E731R	+++	
		--	tRNA acceptor stem	W785H	-	
		--	binding	W785A	-	
	Y637A	+++		R789A	-	catalytic residue
	T641A	+++		K790E	+	
	S642A	+++		G791A	+++	
	T643A S644A	+++ +	Erg-p 1	Q793R H795A	+ +	
	W645A	+		E798R	+++	
	D647R	+		W802A	+	
	R649E	+++		Q836R	--	
	N677A	+++	Erg-p 2	K838E	+	
	E712R	+++		K916A	--	tRNA 3'CCA binding

  Gray boxes indicate Erg, Erg intermediates or Erg derivates. Erg biosynthesis steps in Sce and Afm respectively. Erg-aa and enzymes responsible for their homeostasis are highlighted in red-surrounded boxes. A pathway enabling Erg-Gly hydrolysis might exist in fungi but no factor achieving this activity was revealed so far. Erg-Ac, ergosteryl-acetate.

	squalene	Erg7 Erg1	Lanosterol Erg6 Al	Erg27 Erg28 Erg29 Erg11 Erg24 Erg25 Erg26 A M	zymosterol	Erg6	fecosterol	Erg2 M	episterol	Erg3A Erg3	ergosta-5,7,24 (28)-trien-3b-ol	Erg5	ergosta-5,7, 22,24 (28)-tetraen-3b-ol
				A									Erg3B
			Eburicol	Caption Erg11A Erg11B Erg24 M	C-4 methyl sterols	Erg25 Erg26 Erg27 Erg28				Erg3C	Erg-Gly	Erg Erg4 ErgS	P	Atf2 Say1	Erg-Ac
	Erg biosynthesis enzymes...	Antifungal classes					ErdH	ErdS
		...in Sce		P	polyenes		M	morpholines			
	...in Afm ...common Figure CP-3: Erg, Erg-acetate and Erg-aa biosynthesis pathways. My thesis work: allylamines azoles A Al Aminoacylated sterol biosynthesis	Erg-Asp

II.7. Analysis of DNA fragments by agarose gel electrophoresis

  

	A		B			
	PCR mix composition			Cycling protocol
	Enzyme (kit)	Prime ar Max / SapphireAmp	Initial denaturation	Temperature (°C) 98	Time 2 min
	Fwd primer (µM)	0.5		Denaturation	98	10 sec
	Rv primer (µM) Template DNA (ng) Enzyme Mix (µl)	0.5 plasmid DNA: 0.5-1 gDNA: 50-200 10	30 cycles	Annealing Elongation	55-65 depending on primer's Tm 72 °C	10 sec Prime ar Max 5 sec/kb * SapphireAmp : 10 sec/kb *
	H2O qsp 20 µl	up to 20 µl		Final extension	72 °C	2 min
	1 % (w/v) agarose was dissolved in TAE buffer (Tris-base 40 mM, acetic acid 20 mM, EDTA
	5 mM) by heating in a microwave and gels were casted in an appropriate support. DNA fragments
	resulting from PCR amplification or from enzymatic restriction are supplemented with 1x loading
	buffer (Thermofisher, R0611) when needed loaded on the gel, and submitted to electrophoresis at
	110 V for 20-30 min. The developed gel is placed in a BET bath (0.5µg/mL) for 15-20 min, washed
	with water and DNA bands are visualized under UV light with an imaging system (Syngene, G:BOX
	Chemi XT).					

Figure MM-1: PCR mix composition (A) and thermocycling protocol (B). * elongation time per kb doubled when the template to amplify exceeds 4 kbs.

Figure MM-6: Overview of isoT cloning strategies used to construct erdS replacement cassettes for Afm. (A)

  

	A	erdS locus (gDNA Afm)		
			erdS			
	erdS deletion cassette	PCR 1 FF168/FF169	resistance cassette (pSK529) FF166/FF167	PCR 2 FF170/FF171	isoT assembly	ligation in pJET1.2 blunt resistance cassette
	s ix -s it e	p-xyl	-rec	trpC-t	hygR	p -g p d A s ix -s it e	pJET1.2-erdS
	B						
	* ) similarly as for homologous extremities (overlapping lines in the middle panel). Base substitutions are incorporated in the {Liu, 2008 #606} pJET1.2-erdS isoT assembly complementation cassette erdS locus (gDNA Afm) PCR 1 FF271/FF272 PCR 2 erdS p-xyl p -g p d A s ix -s it e s ix -s it e erdS trpC-t hygR erdS complementation cassette pJET1.2-P xyl erdS
		FF273/FF274				
	inserted mutation. (B)					
	homologous extremities (light orange box) of PCR 1 and PCR 2, respectively. For more details see the text

Table MM -1: List of strains.

 MM All strains that were stored in the strain collection of Pr. H. Becker's Lab are listed (Labcolmore information on those strains please refer to Labcollector of Pr. H. Becker's Lab.

Table MM -1 (continued) Oral presentation Yakobov et al., 2018

 MM 

	Characterization of MprF-like lipid
	aminoacylation factors in fungi

The central glyc-C n glycerol of glycerolipids, indicated in black bold lines is acylated with fatty acids that can vary through their unsaturation rates, length, and presence of branched groups. The acylation rate indicates if the lipid is a mono-, di-or tri-glyceride. PG, CL and their aminoacylated derivatives harbor an additional glycerol (glyc-C a in orange bold lines) linked to glyc-C n sn1-3 positions of both involved glycerols are indicated (see DAG and PG). R n corresponds to fatty acid chains that are acylated at snn positions of glyc-C n . Non-acylated sn positions of glyc-C a non-acylated sn-position of DAG can be subjected to alanylation or lysinylation in some species. Charges brought by polar headgroups of those constituents (including the phosphate group and aa) are indicated and determine the global charge of the lipid (indicated in red between brackets). PG and its aminoacylated derivates (aaPGs) are highlighted by the gray background while CL and it derivates (aaCLs) are indicated by a light orange background. Note that CL species contains two distinct glyc-C n that are not distinguished here, one for each of both PG "subunits". The sn2 carbon of glyc-C n and the C of aa are asymmetric. However, these aspects were not taken in consideration in the present illustration.

Results & Discussions

was measured by spectral absorbance at 280 nm and the total amount determined to around 2 mg.

Ergosteryl-3 -O-glycineErdS/ErdH pathwayErgS pathway

th aaRS meeting, Oct. 29 th -Nov. 2 nd , 2017, Clearwater beach, Florida, USA & Doctoral School Days 2018. March 8 th & 9 th , 2018, Strasbourg, Alsace, France

th tRNA conference, Sep. 23 rd -27 th , 2018, Strasbourg, Alsace, France

264 265

E. coli DH5 + pRS415GPD-ErdS-W785A E. coli DH5 + pRS415GPD-ErdS-W785H E. coli DH5 + pRS415GPD-ErdS-R789E E. coli DH5 + pCOLDI (from Takara) E. coli DH5 + pCOLDI-ErdS_Aor E. coli DH5 + pRS415GPD-ErdS AAP A -HA

Erd with Q PQ signature sequence of AspR mutated to AAPA E. coli DH5 + pRS415GPD-ErdS-KR 5A-HA Erd residues R749, K750, R752, R753 mutated to A E. coli DH5 + pRS415GPD-ErdS-KR 5E-HA Erd residues R749, K750, R752, R753 mutated to E

E. coli DH5 + pRS415GPD-ErdS-W785A-HA E. coli DH5 + pRS415GPD-ErdS-W785H-HA E. coli DH5 + pRS415GPD-ErdS-R789E-HA E. coli DH5 + pRS415GPD-ErdS-duf2156-HA E. coli DH5 + pMtevGWA-ErdS-duf2156 E. coli DH5 + pDONR221-ErdS_Aor E. coli DH5 + pDONR221-ErdS_Aor wo stop codon E. coli DH5 + pRS415GPD-ErdS_Aor-EGFP E. coli DH5 + pRS415GPD-ErdS_Aor-HA E. coli DH5 + pDONR221-ErdS-N677A E. coli DH5 + pDONR221-ErdS-E712R E. coli DH5 + pDONR221-ErdS-E731R E. coli DH5 + pDONR221-ErdS-Q836R E. coli DH5 + pDONR221-ErdS-K838E E. coli DH5 + pDONR221-ErdS-Q836-K838E E. coli DH5 + pMtevGWA-ErdS_Aor E. coli DH5 + pRS415GPD-ErdS-N677A E. coli DH5 + pRS415GPD-ErdS-E712R E. coli DH5 + pRS415GPD-ErdS-E731R E. coli DH5 + pRS415GPD-ErdS-Q836R E. coli DH5 + pRS415GPD-ErdS-K838E E. coli DH5 + pRS415GPD-ErdS-Q836-K838E E. coli DH5 + pJet-DerdS K7 K7 for deletion of erd in Afm E. coli DH5 + pRS415GPD-30-ErdS E. coli DH5 + pRS415GPD-60-ErdS E. coli DH5 + pRS415GPD-84-ErdS E. coli DH5 + pRS415GPD-30-ErdS-HA E. coli DH5 + pRS415GPD-60-ErdS-HA E. coli DH5 + pRS415GPD-84-ErdS-HA E. coli DH5 + pRS415GPD-30-ErdS-duf2156-HA E. coli DH5 + pRS415GPD-60-ErdS-duf2156-HA E. coli DH5 + pRS415GPD-84-ErdS-duf2156-HA E. coli DH5 + p M tevGWA-ErdS-Q836R E. coli DH5 + pJET-er g S_Yli deletion K7 (clone 2) E. coli DH5 + pJET-er g S_Yli deletion K7 (clone 3) E. coli DH5 + pJET-5'[1.5kb]-er g S_Yli E. coli DH5 + pJET-3'[1.5kb]-er g S_Yli E. coli DH5 + p M tevGWA-84-ErdS E. coli DH5 + pJET-ATG1[-/+1kb]_Afm (clone 4) E. coli DH5 + pJET-ATG1[-/+1kb]_Afm (clone 6) E. coli DB3.1 + p G M tevGWA-ccdB E. coli DH5 + p G M tevGWA-ErdS-drs E. coli DH5 + p G M tevGWA-ErdS E. coli DH5 + pJET-GFP -ATG8_Afm E. coli DH5 + pPKS529a-5'[1kb]-GFP -ATG8_Afm

-K7 (clone7) 5'[1kb] = A G8_Afm 1 kb upstream sequence E. coli DH5 + pPKS529a-5'[1kb]-GFP -ATG8_Afm-K8 (clone23)

Table MM-1 (continued)

PART I: Discovery and characterization of an

Ergosteryl-3--O-L-Aspartate synthesis pathway involving AspRS-DUF2156 in fungi

no sense in the present case because adding ethanolamine in the media would enable synthesis of PE through the Kennedy pathway. The fact that PC and PE are not substrates of AspRS-DUF2156 mediated lipid aminoacylation is not surprising since 1) PE, PC and PMME were never shown to be O-esterified by an aa and 2) no hydroxyl group is susceptible to be aminoacylated in these phospholipids.

Expression of AspRS-DUF2156Afm in PG and CL biosynthesis deletions strains

On contrary to the above-mentioned phospholipids, CL and its precursor PG are only neosynthesized from CDP-DAG, but this pathway occurs in mitochondrial membranes. Pgs1 catalyzes the transformation of CDP-DAG to Phosphatidylglycerolphosphate (PGP) which in turn is dephosphorylated by the mitochondrial inner-membrane associated Gep4 phosphatase to obtain PG. However, the latter is efficiently transformed to CL by Crd1 which condenses PG to another CDP-DAG. The resulting product, corresponding structurally to CL, is then further modified by the CLD1-encoded cardiolipin-specific phospholipase and the TAZ1-encoded monolysocardiolipin acyltransferase to yield specific unsaturated CL species [START_REF] Henry | Metabolism and regulation of glycerolipids in the yeast Saccharomyces cerevisiae[END_REF]. Deletion of GEP4 abolishes synthesis of PG and CL and consequently accumulates PGP. Because DUF2156dependent lipid-modification was shown to occur mainly on PG and CL in bacteria we were very surprised to see that AspRS-DUF2156 activity was not abolished in GEP4. Accordingly, in the CRD1 which accumulates important amounts of PG [START_REF] Osman | A mitochondrial phosphatase required for cardiolipin biosynthesis: the PGP phosphatase Gep4[END_REF] 

III.4. Purification of LX1

To identify the modified lipid, I aimed to purify LX1 by chromatography on a silica column.

This technic was already employed in a similar context by AM. Smith and colleagues to purify Ala-DAG found in C. glutamicum [START_REF] Smith | tRNA-dependent alanylation of diacylglycerol and phosphatidylglycerol in Corynebacterium glutamicum[END_REF]. As detailed in Materials & Methods, Sce wt or Sce expressing AspRS-DUF2156 from Afm were grown in 500 mL and cells were harvested when OD600 reached 1.0. Lipids were extracted by the adapted Bligh Dyer method, resuspended in 200 µl of CHCl3 and loaded on the silica gel column. According to their polarity, and thus to their partition between the polar matrix and the mobile phase, lipids are gradually eluted from the column. This

IV.Annex II: Purification of recombinant proteins

IV.1.

Using the MBP-tag to overcome the strong intrinsic insolubility of fungal DUF2156 proteins

To characterize biochemical aspects of fungal DUF2156 proteins, we aimed to overexpress recombinant versions of them by using appropriate E. coli systems such as Rosetta™ 2 or Star 2.

Therefore, the corresponding ORFs were cloned in bacterial expression vectors that would encode recombinant versions that are fused to a tag. Initially we tried to purify the proteins of interest in their most native forms, i. e. the ORF encoding AspRS-DUF2156 (ErdS) or fDUF2156 fused to an hexahistidine tag (His6X) at their N-terminal extremity. Because bacterial aaLSs (i. e. MprF homologs) were 1) shown to be retained in the membrane through their N-terminal domain and 2) successfully purified using recombinant versions containing only the cytoplasmic C-terminal domain of various aaPGSs (i. e. DUF2156 domains) , we decided to delete the 200 residues from the N-terminal extension of fDUF2156. However, we were rapidly confronted to strong intrinsic protein insolubility which led to almost 100 % protein precipitation in the insoluble fraction when comparing to soluble fraction (Figure P-1A). Several culture and lysis conditions were tested to overcome this issue, but the recombinant proteins remained insoluble, probably as aggregates (not shown).

To overcome this critical issue, frequently encountered when investigating membrane associated proteins, many strategies exists but most of them consist of fusing larger tags that have solubility "enhancer" properties. Fusing this protein to Maltose binding protein (MBP) at its N-terminus increases considerably its solubility. More than that, once the "passenger" protein (i. e. the protein of interest) is correctly folded, the solubility enhancer is in many cases no longer required to maintain proper folding and can be removed [START_REF] Kapust | Escherichia coli maltose-binding protein is uncommonly effective at promoting the solubility of polypeptides to which it is fused[END_REF]. The mode of action of MBP as a solubilizing-tag was discussed in several works, but I will not go into details because this is not the purpose here. However, note that in some cases the situation can be more complex, since a certain rate of the MBP-passenger fusion protein remains insoluble despite the presence of the tag (Raran-Kurussi and Waugh 2012). Rosetta 2 strains were grown in LB media supplemented with Amp 0,1 mg / ml at 37°C. Overexpression of the indicated construct was induced by adding 0.3 mM IPTG when OD 600 reached 0.5. Aliquots were collected at different times after induction and cells were harvested by centrifugation (5000 × g for 10 min at 4 °C). Each crude extract obtained after cell disruption (sonication) was centrifuged at 10000 × g for 30 min and the resulting supernatant was transferred to a fresh tube. The pellet was resuspended in an equal volume and both fractions were analyzed by SDS-PAGE 10%. Gels were stained with Coomassie blue R250. Values at the left indicate the molecular weight in kDa

Optimization of GF

Later during my thesis, we purchased a newer HPLC system (Äkta pure, GE healthcare) which encouraged me to repeat the purification of ErdS by using a Hiload 16/600 Superdex 200pg column instead of the homemade GF75 column. In this experiment, E. coli expressing MBP-ErdS 84 was grown in 1 L culture and overexpression was induced with 0.1 mM IPTG for 12 h at 18°C.

Fractions eluted from the amylose resin that contained MBP-ErdS 84 were pooled (total 4 ml) and concentrated as described in the Materials & Methods sections and the 2 ml fraction was injected onto the Hiload 16/600 Superdex 200pg (Figure P-7). Importantly, an additional peak arose when using this alternative in comparison to the two peaks obtained with the homemade GF75. Peaks 1 and 2 contain MBP-ErdS 84 and free MBP respectively while the situation of peak 1 is not clear.

Intriguingly, the UV280/UV260 ratio of peak 1 is increased when comparing to peaks 2 and 3 and is near to 1. Further investigations are required but the enhanced absorption of UV260 might indicate the presence of nucleic acids, probably a tRNA co-purified from E. coli in complex with MBP-ErdS 84. Importantly, fractions from peaks 1 and 2 retained lipid aminoacylation in vitro but the activity of proteins from peak 1 is very low when compared to peak 2. Therefore, one might speculate that peak 1 contains majorly aggregates or misfolded forms of the protein rather than MBP-ErdS 84 in complex with a co-eluted tRNA. Through this strategy, 4.95 mg of uncleaved MBP-ErdS 84 were purified from a 4 g cell pellet.

Beside using size chromatography to purify DUF2156 proteins, similar strategies are also useful to study other aspects related to these proteins. Because ErdS contains a class II synthetase (i. e. AspRS), ErdS should at least dimerize. However, no standard proteins were injected to compare the size of proteins eluted with regard to the elution volume. Therefore, it is difficult to exploit the herein reported results to deduce the oligomerization state of the protein.

Furthermore, to study such aspects, it will be more adapted to use Superdex™ 200 Increase 5/150 GL or Superdex™ 200 Increase 10/300 GL columns. Similar approaches will also be useful to investigate the binding affinities of the (Asp-)tRNA Asp with ErdS but also with either the AspRS or the DUF2156 domains alone. (A) E. coli harboring pMtev-ErdS was grown in 1 L LB + Amp (100 mg/L) and MBP-ErdS was overexpressed with 0.1 mM IPTG at 18 °C for 12 h. Cells were resuspended in 20 ml, disrupted by sonication, and the soluble fraction was split in two. Each transfer onto a Poly-Prep® Chromatography Columns, Biorad #7311550 and elution fractions collected per 1ml. (B) E1 and E2 obtained from both batch were pooled and concentrated to a single 2 ml fraction. The latter was injected onto a Hiload 16/600 Superdex 200pg column conducted by Äkta pure HPLC system and the chromatograph is represented. Equilibration and size exclusion were performed with GF buffer (TrisHCl 50 1 and 2 were pooled separately and concentrated to 1 mg/ml. (C) Erg-Asp synthesis activities of peaks 1 and 2 were assayed by LAA in the presence of 0.5 mg/ml commercial Erg, as described in the accompanying paper (see also Figure P5). (fDUF2156), meaning that they are neither fused to an aaRS domain, nor to an N-terminal integral membrane flippase-like domains, which differs from fungal ErdS [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] and bacterial MprFs [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF], respectively (Fig. 1A and1B). These fDUF2156 proteins were not restricted to Afm or Aor, but also detected in numerous other ascomycota, including various Eurotiomycetes (Aspergillus and Penicillium spp., among others) and Sordariomycetes (Beauveria bassiana, Bba, for example) (Fig. 1B andC), as well as several Dothideo-and Leotiomycetes (Fig. S1 [figure in preparation but the reader can refer to Fig. S7 which summarizes the landscape of fungal DUF2156 proteins]). The fDUF2156 proteins seem absent in basidiomycota, except in

Trichosporon oleaginosus (Fig. S1 [in preparation]). Interestingly, while ErdS was absent in all Saccharomycotina [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], we detected one fDUF2156 in Yarrowia lipolytica (Yli) (Saccharomycete), encoded by the YALI0E00330g gene (Fig. 1B).

Sequence analysis and structure prediction of Afm, Bba and Yli fDUF2156 (Fig. 1B, C, Fig.

S2 [Fig. S2 in preparation]) shows that, like in the case of the DUF2156/Asp-tRNA transferase domain of ErdS [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] or the Ala-or Lys-tRNA transferase domain of MprFs ( 21), the proteins are all likely constituted of two Gcn5-like N-acetyltransferase (GNAT) subdomains separated by a positively charged (+) helix, a fold characteristic of aa-tRNA transferases of the DUF2156 family [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF][START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF][START_REF] Favrot | Bacterial GCN5-Related N-Acetyltransferases: From Resistance to Regulation[END_REF] (Fig. 1B, Fig. S2 [Fig. S2 in preparation]). Like in bacterial MprFs [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF] or in ErdS, this (+) helix, together with the GNAT II domain, is expected to bind the aa-tRNA substrate, while the GNAT I subdomain recognizes the acceptor lipid. This architecture is conserved in all selected cases (Fig. 1B). Depending on the species from which they originate, fDUF2156 proteins can have N terminal extensions of various sizes sharing neither homology with known proteins (Fig. 1B), nor obvious signal sequences (PSORT II, https://psort.hgc.jp/form2.html). In the case of Aor, however, the fDUF2156 protein seems much shorter than its closest homologs found in Afm or in Afv (with which it shares close ancestry [START_REF] Chang | What does genetic diversity of Aspergillus flavus tell us about Aspergillus oryzae?[END_REF][START_REF] Amaike | Aspergillus flavus[END_REF]), and the GNAT II domain appears dramatically truncated, to the point that most of the putative aa-tRNA transferase active site would be absent, suggesting that the enzyme would be inactive (Fig. 1B and see below).

Because fDUF2156 proteins are not fused to an aaRS, and because no consensus sequences have been determined to predict the substrate specificity of DUF2156 proteins [START_REF] Fields | Deciphering the tRNA-dependent lipid aminoacylation systems in bacteria: Novel components and structural advances[END_REF], in silico determination of the aa-tRNA or acceptor lipid substrates were impossible. Phylogenetic reconstructions, however, evidenced that fungal DUF2156 (ErdS and fDUF2156) are related to the DUF2156 domains of bacterial MprFs, but more interestingly, that ErdS and fDUF2156 form two distinct and robust clades of different architectural types (Fig. 1D), suggesting that they represent two distinct types of enzymes, possibly with different activities. These refer to Fig. S7 which summarizes the landscape of fungal DUF2156 proteins]). Heterologous expression of ErdS in Sce facilitated the identification of its Erg-Asp product [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. We therefore chose the fDUF2156 proteins from Afm and Aor but also from Bba and Yli (Fig. 1B), to obtain information on diverse representatives within the fDUF2156 clade (Fig. 1D). Genes from Afm, Bba and Yli presented no introns, so they were PCR-amplified from genomic DNA and cloned directly in destination vectors for expression in Sce. In the case of Aor, the shortest form described above (Fig. We first extracted total lipids from WT and Afm fDUF2156-expressing Sce strains and separated them by TLC, using a solvent system that was appropriate to visualize Erg-Asp, i.e.

CHCl3:MeOH:H2O (130:50:8, v:v:v) [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF]. Comparison of the two strains revealed that a novel lipid, termed lipid Y (Sce +Afm fDUF), absent from the WT strain (Sce), was produced (Fig.

2A

). Lipid Y displayed different migration properties than the Erg-Asp produced by Afm ErdS (Sce + Afm ErdS), suggesting that the two enzymes have distinct activities and produce distinct products. The fact that lipid Y migrated close to the solvent front, suggested that it was more hydrophobic than Erg-Asp. In order to better visualize lipid Y on TLC, we used a more suitable solvent, i.e. CHCl3:MeOH:H2O (130:16:1, v:v:v) (Fig. 2B). Under these conditions, lipid Y migrated approx. in the middle of the TLC, which enabled to highlight that Afm, Aor, Bba and Yli fDUF2156 proteins, when expressed in Sce, produced the exact same lipid Y, e.g. sharing colleagues demonstrated that the formation of GatCAB.tRNA Asp is a prerequisite for the recruitment of the ND-AspRS and consequently for synthesis of non-cognate Asp-tRNA Asn immediately followed by its conversion to Asn-tRNA Asn through transamidation [START_REF] Fischer | The asparagine-transamidosome from Helicobacter pylori: a dual-kinetic mode in non-discriminating aspartyl-tRNA synthetase safeguards the genetic code[END_REF]. The GatCAB.tRNA Asp .ND-AspRS complex is called transamidosome and enables channeling of the aa-tRNA from one active site to the other, thereby preventing mis-incorporations of Asp at Asn codons during protein biosynthesis [START_REF] Bailly | The transamidosome: a dynamic ribonucleoprotein particle dedicated to prokaryotic tRNA-dependent asparagine biosynthesis[END_REF]. In H. influenza mis-charged Cys-tRNA Pro is edited by Ybak which also requires the formation of ProRS.Ybak.tRNA ternary complex [START_REF] An | Cys-tRNA(Pro) editing by Haemophilus influenzae YbaK via a novel synthetase.YbaK.tRNA ternary complex[END_REF][START_REF] Ling | Aminoacyl-tRNA synthesis and translational quality control[END_REF]. Note also that beside aaRS.tRNA containing ternary complexes that are involved in translation (i. e.

indirect aa-tRNA synthesis/editing of non-cognate aa-tRNAs) similar complex formations were also shown to occur between aaRS.tRNA and metabolic factors. Notably, tRNA dependent Glu-1-semialdehyde formation during heme synthesis in bacteria and chloroplasts involves GluRS.tRNA Glu interaction with the metabolic glutamyl-tRNA-reductase (GluTR) [START_REF] Paravisi | Kinetic and mechanistic characterization of Mycobacterium tuberculosis glutamyl-tRNA synthetase and determination of its oligomeric structure in solution[END_REF].

With regard to the available literature, we question ourselves about the potential interactions between GlyRS, (Gly-)tRNA and ErgS and if they form a ternary complex. To this end a recombinant version of the Yli GlyRS will be purified and a transcript tRNA Gly will be produced. Binary or ternary interactions will also be tested using coIP with Sce strains expressing tagged versions of Yli ErgS and Yli GlyRS. RNA-dependency of the interaction can be tested by adding tRNA in total protein extracts, or by adding RNase A. In combination to these approaches, two hybrid assays in Sce will be attempted if required/relevant.

Another important point that we revealed in the present work is the essentiality of the positively charged (+) helix found in the DUF2156 domain of ErgS for lipid aminoacylation activity. As explained in the introduction, this helix, found in all Dupli-GNAT/ATTs, is assumed to participate to aa-tRNA binding [START_REF] Moutiez | Aminoacyl-tRNA-Utilizing Enzymes in Natural Product Biosynthesis[END_REF] and was also shown in bacterial aaLSs to be essential for their activity [START_REF] Hebecker | Structures of two bacterial resistance factors mediating tRNAdependent aminoacylation of phosphatidylglycerol with lysine or alanine[END_REF]. However, the formation of the protein-tRNA complex was never experimentally demonstrated to be (+) helix dependent. To shed light on the functional role of this helix, we also plan assay the formation of ErgS.tRNA complexes in (+) helix mutants with similar strategies cited in the previous paragraph, including size exclusion, CoIPs and also Electrophoretic mobility shift assays (EMSA). [START_REF] Busso | Construction of a set Gateway-based destination vectors for high-throughput cloning and expression screening in Escherichia coli[END_REF] or by the isothermal Gibson assembly method (isoT) [START_REF] Gibson | Enzymatic assembly of DNA molecules up to several hundred kilobases[END_REF]. For overexpression in E. coli, ORF's were cloned by isoT into pMtevGWA plasmid as previously described [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF], thereby leading to the expression of a maltose-binding protein (MBP)-fused recombinant proteins. For ergS mutagenesis, we applied the isoT mutagenesis method previously described [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF][START_REF] Mitchell | Multichange isothermal mutagenesis: a new strategy for multiple sitedirected mutations in plasmid DNA[END_REF]. All described plasmids were transformed in E. coli DH5 and selected on Luria-Bertani (LB) medium supplemented with 100 µg/mL ampicillin (LB-Amp). The p415GPD-ergS_Yli and p415-ergS_Afm plasmids were transformed in Sce strain as described previously [START_REF] Yakobov | Class II aminoacyl transfer RNA synthetases: crystal structure of yeast aspartyl-tRNA synthetase complexed with tRNA(Asp)[END_REF] 

MBP-ErgS variants purification [performed by N. Yakobov]

1. Purification of MBP-ErgS-Afm (Fig. S10)

The pellet resulting from 2L culture (around 4 g) was resuspended in 20 mL lysis buffer composed of Tris-HCl pH 7 250 mM, NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v), Tween20

-mercaptoethanol 5 mM, Na2EDTA 10 mM, protease inhibitor cocktail (Roche Complete, EDTA-free), benzamidine 2 mM, pMSF 0.5 mM. Cells disruption is conducted by sonication (Bioblock Scientific, VibraCell; 8 × 1 min 1 sec on / 1 sec off, amplitude 30 %, on ice) and the lysate is centrifuged at 10000 × g for 30 min at 4°C.

The supernatant is incubated with 2 mL amylose resin (NEB, E8021S), previously equilibrated with lysis buffer, and placed on a rotating wheel for 2-3 h at 4°C. The flow-through is collected using a 1.5 × 10 cm chromatography column (Biorad, Econo-Column® #7371512), beads are washed several times (at least 5-15 column volumes) with wash buffer (Tris-HCl pH 7 50 mM, NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v), Tween20 0.25 % (v/v), TritonX-100 0.1 % -mercaptoethanol 5 mM). Elution is achieved with the wash buffer supplemented with 2,5 % maltose monohydrate (p/v). 0.5 mL fractions were collected and analyzed by SDS-page.

Eluted proteins were stored with glycerol 50 % (v / v) at -20°C or -80°C.

Purification of MBP-ErgS-Yli versions (Fig. S11)

ErgS-Yli wt and the ErgS-Yli-(0) mutant were fused to MBP and overexpressed in E. coli. The pellet resulting from 1 L culture (around 3 g) was resuspended in 25 mL lysis buffer and disrupted as described in the previous section. Sonicated cells were centrifuged at 9000 x g for 30 min at 4°C. Supernatants were transferred in a clean tube and centrifuged 30 min at 100,000

x g at 4°C. Clarified supernatants were then loaded on a MBPTrap™ HP (GE healthcare, 28- andE=0.004, respectively), were also detected. Interestingly, those 3 sequences were not detected using classical BLAST searches, using the BlastP program [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. Sequence analysis using the Protein Family Database (PFAM, https://pfam.xfam.org/) [START_REF] El-Gebali | The Pfam protein families database in 2019[END_REF] showed that they all contained a DUF2156 domain (E=2.1E-24 for Afm Af293, E=7.7E-25 for Afm A1160 and E=3E-15 for Aor), but no other identifiable domains, reason for which we named them free-standing DUF2156 (fDUF2156). Given the low sequence identity between ErdS and fDUF2156, we first used the fDUF2156 sequence from Afm Af293 (549 aa, the longest form) and performed a BLAST search across non-redundant protein sequences in all Eukaryotes (taxid:2759) with default parameters and a maximum of 5,000

Conclusions & Perspectives

The important role of such hydrolases was also demonstrated in the context of bacterial MprFs notably for the virulence of M. tuberculosis. This also strongly suggests that a yet unidentified Erg-Gly hydrolase might be present in species encoding ErgS.

Regarding this brief overview, my thesis work not only enlarges the repertoire of 3-b-O sterols but introduces a new class of modified lipids, namely aminoacylated sterols.

IV.Perspectives aiming to uncover the physiological function of aminoacylated sterols (AS)

IV.1.

How are fungal DUF2156 proteins and ASs integrated in Afm cell's physiology?

With regard to the available literature and the knowledge about sterols and modified sterols, the Erd-aa pathways discovered during my thesis can potentially be involved in several physiological processes including trafficking, signaling, autophagy, drug resistance, cell wall remodeling, pathogenesis and virulence among others. One critical point that must be taken in consideration is the regulation of AS homeostasis. The imbalance of Erg-aa species might be toxic and this is supported by our preliminary experiments performed on the complemented Afm strain in which overexpression of erdS (induced with xylose) triggers high accumulation of Erg-Asp and strongly reduces growth rate (not shown). Similarly, Sce strains expressing Yli ergS show reduced growth under standard conditions. Because such a growth defect was not observed for Sce expressing Afm ergS, producing relatively low amounts of Erg-Gly, it is tempting to speculate that the observed phenotype is directly correlated to the AS levels (not shown). These results further support that Erg-aa might be involved in central cellular processes.

Because little is known about AS physiological role, it will be necessary to start with approaches to decipher the physiological landscape in which those modified lipids are involved in.

In the coming sections I will present some questions that the lab aims to investigate and some strategies that we plan to use.

Determining the sub-cellular localization of Erg-aa synthases and hydrolases

Another important task that will help to understand how the whole fungal lipid aminoacylation/deacylation system is integrated in cell's physiology will be to determine ErdS/ErdH/ErgS interacting partners. To this end the lab plans to use an integrative cassette to replace the endogenous erdS-erdH locus by a synthetic locus from which TAP-tagged ErdS and ErdH-HA3 will be expressed in Afm under their endogenous promoters (the cassette is already available). The tandem affinity purification (TAP) strategy was initially described to purify interacting partners in Sce but the strategy was adapted and is suitable for experiments on filamentous fungi [START_REF] Bayram | Identification of protein complexes from filamentous fungi with tandem affinity purification[END_REF]. Interactants will be identified by MS and should deliver hints with respect to the cellular pathway in which ErdS/ErdH are involved. Most relevant interactions will then be validated through other experiments including co-immunoprecipitations (co-IP).

Investigating the transcriptional regulation of the erd locus

In our recent publication we showed that under standard growth conditions, Erg-Asp synthesis surpasses degradation (by ErdH) in Afm wt and Aor wt while the tendency seems to be reversed in Ncr wt were Erg-Asp was absent from total lipids. Nevertheless, ErdS activity was detectable in crude extracts prepared from Ncr wt and more importantly high Erg-Asp levels accumulated in Ncr erdH. Analysis of erdS-erdH synteny also revealed that both genes tend to cluster, as frequently found for other genes with metabolically-related functions in fungi [START_REF] Nutzmann | Metabolic Gene Clusters in Eukaryotes[END_REF]. This suggests that erdS and erdH expressions are regulated at the transcriptional level and it is tempting to speculate that they might be differentially regulated with regard to their antagonist activities.

Monitoring the expression of genes in fungi can be achieved by using firefly and Gaussia princeps luciferases as reporters [START_REF] Paul | Contributions of Aspergillus fumigatus ATPbinding cassette transporter proteins to drug resistance and virulence[END_REF][START_REF] Krappmann | Lightning up the worm: How to probe fungal virulence in an alternative minihost by bioluminescence[END_REF]. In this way we plan to use an integrative cassette to replace the endogenous erdS-erdH locus by divergent luciferases under the control of the common erd promoter. However, the genomic sequence separating both divergent genes is less than 1 kb. There is a risk of truncating some important regulatory elements that overlap erdS and ergS ORF's. Therefore, the herein proposed approach must be combined to other transcriptomic analysis strategies, notably RNA-seq or qRT-PCR. Expression patterns will be determined under several growth conditions including variations of carbon and nitrogen sources, 

Materials & Methods

E. coli, S. cerevisiae (Sce) and other fungal strains used during my thesis are listed at the end of the Materials and Methods sections in

II. Molecular biology for gene amplification and cloning

II.1. Bacteria growth media

XL1 or DH5 strains were grown in liquid LB-Miller medium (peptone 10 g/L, yeast extract 5g/L, NaCl 5 g/L) supplemented with ampicillin 100 mg/L (LB + Amp) or kanamycin 50 mg/L (LB + Kan). For growth on solid media, the same preparations were supplemented with 15 mg/L of Agaragar. 

II.2. Preparation of competent bacteria cells

II.3. Transformation of competent bacteria cells

Competent bacteria cells are thawed on ice and appropriate amounts of intact plasmid DNA (around 1 ng) or ligation mixture are added to the cells. The tube is incubated on ice for 30 min, then a heat-shock is performed at 42 °C for 45 sec and the mixture is put back on ice for 2 min.

For transformation of plasmids encoding the kanamycin resistance cassette it is recommended to

Site directed mutagenesis

The procedure used for site directed mutagenesis can be considered as a direct application of the above described isoT cloning strategy and was previously described to mutate several residues within a sequence through a single cloning step [START_REF] Mitchell | Multichange isothermal mutagenesis: a new strategy for multiple site-directed mutations in plasmid DNA[END_REF]. The principle of the method that I used is to amplify the entire plasmid in 2 (or more 

Construction of deletion and complementation cassettes for Afm

Procedures used to construct erdS and ergS replacement cassettes for Afm are detailed in the published article [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] and the article in preparation, and the aim of this section is to briefly describe the cloning strategies that I used. in the accompanying paper [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] and recombines the targeted locus through homologous recombination. Once the deletant is selected on the selective media, the corresponding colony can be shifted onto hygromycin-free media in the presence of xylose to induce the six-site specific recombination, achieved by the overexpressed -rec. In this way the self-excised resistance cassette described here is recyclable and can be used for tandem deletions within the same strain. The suitability of this ingenious self-excising cassette was described elsewhere [START_REF] Hartmann | Validation of a self-excising marker in the human pathogen Aspergillus fumigatus by employing the beta-rec/six site-specific recombination system[END_REF] and the resistance cassette was obtained from pSK529 plasmid (gift from J-P Latgé) through PCR. To construct complementation cassettes, the same strategy is used but the b-rec gene is replaced by the GOI ORF. Consequently, when transformed and recombined at the corresponding locus (deleted or not), GOI overexpression is inducible in media containing xylose but the complementation cassette is no more excisable.

II

III.Procedures used for Sce cells III.1. Sce growth media

Sce can be grown in either in liquid media or on solid agar-agar plates. The composition of the growth medium depends on the experiment and on the genetic background of the Sce strain.

Depending on their composition, two types of media are used for yeast cells growth: rich media such as YPD (Yeast Extract-Peptone-Dextrose) or minimal media such as SC (Synthetic Complete).

YPD (Table MM-3) contains all aa and nucleotides (nt) and is therefore not suitable for auxotrophic selection. SC contains also all aa and nt but auxotrophic selection can be performed by preparing SC lacking specific aa or nt. In this way, non-transformed Sce strains that has autotrophies were grown in YPD or SC media. In contrast, Sce strains transformed with plasmids encoding the LEU2 (p415-plasmids) or the TRP1 (p414-plasmids) marker were selected and grown on SC-Leu (SC medium lacking Leu) and SC-Trp (SC medium lacking Trp), respectively. Accordingly, strains that are co-transformed with two plasmids, one encoding the LEU2 marker and the other encoding the TRP1 marker were selected on SC lacking Trp and Leu (SC-Leu-Trp). Finally, the 5-fluoroorotic acid

(5-FOA) containing media is used for plasmid shuffling experiments, assayed on Sce YAL3 dps1 strains [START_REF] Ador | Active site mapping of yeast aspartyl-tRNA synthetase by in vivo selection of enzyme mutations lethal for cell growth[END_REF]) that were transformed with various ErdS variants, as detailed in our published work [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF]. Media compositions are described in Tables MM-3 and MM-4.

III.2. Sce transformation

The lithium-based transformation procedure was adapted from [START_REF] Gietz | Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyethylene glycol method[END_REF].

For this procedure, all steps must be performed in a sterile environment and all buffers are sterile.

Cells to be transformed are grown until the stationary phase is reached, then cells are collected by centrifugation at 5000 × g for 5 min at 4°C and washed twice with sterile water. The pellet is resuspended in an appropriate volume so that 50 µl contain 3 OD600 equivalent units. For each 

III.5. Soluble protein extract (S100)

Cells were grown in 500 mL YPD on a rotary shaker at 30 °C and harvested when OD600 = 1 by centrifugation at 5000 × g for 5 min at 4 °C. The pellet was resuspended in 5 mL of lysis buffer containing 50 mM Na-HEPES pH 7, 30 mM KCl (or 140 mM NaCl), 10 % glycerol, 0.1 mM EDTA, 1 % (w/v) Triton X100, 0.3 % (w/v) NP40, 5mM ß-mercaptoethanol and protease inhibitors tablet (Roche). 1 volume of glass beads (Ø 0.25-0.5 mm, Roth) was added and cell lysis was performed with a FastPrep®-24 apparatus (6 × 1 min at 6.5 m/s, with 1 min on ice between each cycle). Cells debris were removed by centrifugation at 500 × g for 10 min at 4 °C and the supernatant is centrifuged at 100000 × g for 1 h. The resulting soluble fraction (S100) is recovered, then dialyzed O/N against the storage buffer (50 mM Na-HEPES pH 7, 30 mM KCl (or 140 mM NaCl), 50 % glycerol, 0.1 mM EDTA) and kept at -20 °C.

III.6. Sub-cellular fractionation

Cells are inoculated O/N in the appropriate medium on a rotary shaker at 30 °C and the obtained pre-culture is diluted to OD600 = 0.1. The culture is incubated at 30 °C under rotation until OD600 reaches 1 and 20 OD600 equivalent units of cells are harvested by centrifugation at 5000 × g for 5 min at 4 °C. The following steps must all be done at 4 °C. Cells are washed twice with ice cold 1 × PBS (Phosphate-Buffered Saline) supplemented with 0.2 M sorbitol. The pellet is resuspended in 800 µl lysis buffer (1 × PBS, 0.2 M sorbitol, protease inhibitors tablet (Roche)), 1 volume of beads (Ø 0.25-0.5 mm, Roth) are added and cells are broken with a FastPrep®-24 apparatus (6 × 30 sec at 6.5 m/s, with 1 min on ice between each cycle). Cell debris are removed by centrifugation at 300 × g for 5 min at 4 °C, and the supernatant subjected to another centrifugation at 13000 × g for 15 min at 4°C. The resulting P13 pellet is resuspended in an equal volume of lysis buffer whereas the S13 supernatant is further fractionated by ultracentrifugation at 100000 × g for 1 h at 4°C. The soluble fraction is transferred in a fresh tube and the P100 is resuspended in an equal volume. For protein analysis, aliquots of obtained P13, P100 and S100 fractions are supplemented with 1 × Laemmli buffer and 10 µl are analyzed by SDS-PAGE and eventually subsequent immunoblots.

IV.Procedures used for Afm

As explained in the introduction to my topic, I focused my thesis work on the characterization of fungal proteins by using mainly the yeast Sce as a model while experiments on filamentous fungi were performed in almost all cases by Dr. Nassira Mahmoudi-Kaidi or by Dr.

Frédéric Fischer. Most of those procedures are detailed in our published article [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] but during my thesis I used and adapted few of them as described in the coming sections.

IV.1. Routine growth conditions

Afm strains were grown in defined MMG media composed of 1 % (w/v) glucose, 0.92 g/L ammonium tartrate dibasic, salts (10 mL of a 50 × solution containing KCl 26 g/L, MgSO4.7H2O 26 g/L, KH2PO4 76 g/L) and trace elements (0.5 mL of a 1000 × solution containing: FeSO4.7H2O 1 g, Na2EDTA 10 g, ZnSO4.7H2O 4.4 g, H3BO3 2.2 g, MnCl2 4H2O 1 g, CoCl2 6H2O 0.32 g, CuSO4 5H2O 0.32 g and Na2MoO4 0.8 g for 200 mL adjusted at pH 6.5). 50 mL liquid MMG was inoculated with 10 6 -10 7 conidia and incubated for 22 hours at 37 °C in the dark under agitation (220 rpm). When the Afm Pxyl-ErdS strain was used, erdS overexpression was then induced by supplementing the media with 1 % xylose (w/v) for 1 additional hour. Mycelia were then filtrated through two layers of gauze, rinsed twice with 50 mL sterile H2O, squeezed, and dried on towel paper to eliminate excess water.

IV.2. Genomic DNA (gDNA) extraction

Mycelia equivalent to 200 -250 µL was transferred in a screw cap microtube and 400 µL of lysis buffer (2% TritonX100, 1 % SDS, 100 mM NaCl, 100 mM Tris-HCl pH 8 and 1 mM EDTA) were added. 200 µL of phenol and 200 µL of CHCl3 were then added and mechanical disruption was performed with an FastPrep®-24 apparatus (6 × 1 min at 6.5 m/s, with 1 min on ice between each cycle) in the presence of 200 µL of glass beads (Ø 0.25-0.5 mm, Roth). Tubes were centrifuged at 10000 g for 2 min at RT and the upper aqueous phase was transferred in a clean tube. DNA was precipitated with 1.2 mL of ice cold EtOH 100 % and 40 µL of Na-Acetate 3M at -80 °C for 30 min.

After centrifugation at 10000 × g for 10 min at 4°C, the pellet is dissolved in 400 µL of TE (10 mM

Tris-HCl pH 8, 1 mM Na2-EDTA) and RNA contamination are removed through RNase treatment (add GOI) and cloned downstream to the MBP-TevCS ORF found in pMtevGWA vector (i. e. pMGWA gateway vector in which we inserted an TevCS at the 3' end of MBP) using the isoT cloning method.

The same procedure was employed to obtain plasmids for the expression of MBP-ErdHAfm, MBP-ErgSYli but in those cases ORFs were amplified from gDNAs. Primers, PCR templates and final plasmids expressing recombinant proteins are listed in Table MM-2 at the end of the present manuscript. E. coli Rosetta2 cells where transformed with pHtevGWA-X of pMtevGWA-X expression plasmids, where X corresponds to the ORF of interest.

VI.2. Solubility check of recombinant proteins

E. coli Rosetta2 cells expressing recombinant proteins were grown in liquid LB supplemented with Amp (100 µg/ml) at 37°C until OD600 reached 0. 

VI.3. Purification of MBP-tagged ErdS and ErgS variants

Culture and overexpression conditions

Cells were grown in liquid LB supplemented with Amp (100 µg/mL) and when OD600 reached 

TEV protease cleavage

Fractions eluted from the amylose resin that contain the protein of interest were pooled 

VIII. Production of polyclonal antibodies against ErdS and ErgS from

Afm.

VIII.1. Preparation of ErdS and ErgS antigens

Developing antibodies that recognize specifically fungal DUF2156 proteins was another important goal during my thesis. Antigen used for immunizations were either the full-length

ErgSAfm or the ErdS-aspRS. For the latter, the goal was in fact to obtain polyclonal antibodies specifically recognizing the DUF2156 domain rather than the AspRS domain. One option that often induce good antibody response is to elute protein antigens directly from SDS-page [START_REF] Greenfield | Preparing Protein Antigens from Sodium Dodecyl Sulfate-Polyacrylamide Gels for Immunization[END_REF].

MBP-ErgSAfm was purified as described above, but here a maltose gradient was used to elute proteins (Figure MM-10A). The eluate (9,5 ml) was concentrated to 2 ml with a Centricon (Amicon Ultra-4, 30 kDa). During this concentration step no precipitation was observed. The MBPtag was removed by performing proteolytic cleavage mediated by the TEV-protease, as described above, with the notable difference that the reaction was incubated O/N at RT (Figure MM-10B). An aliquot of the concentrated protein was incubated in the same conditions without adding TEVprotease, which further confirmed that the cleaved version but not the MBP-tagged protein precipitates (Shown ou not shown ??). Proteins were supplemented with Laemmli buffer 1 ×, boiled at 95 °C and mixed until no remaining precipitate was visible. As described later, the development of polyclonal antibodies was performed in collaboration with Covalab which required at least 500 µg of the antigen (enclosed in polyacrylamide gel) to perform all immunization steps. Therefore, around 400 µL were loaded onto a large 10 % polyacrylamide gel ( 15 

VIII.2. General protocol for the immunization of rabbits against antigens (Covalab France).

ErdS and ErgS antigens were prepared as described above and sent to Covalab France that performed all immunization steps. The pipeline of the procedure is presented in Figure MM-12.

Note that at this stage of the project we aimed to develop antibodies mainly to detect ErdS and ErgS variants by Western blots (WB). Therefore, we assumed that it would be sufficient to produce polyclonal antibodies and we decided to realize the immunizations against our antigens of interest on New Zeeland White rabbits. One important step was to select the appropriate rabbits to inject and in the present case the choice was done by testing pre-immunized serums by WB. These serums are indicated as SXXX_PI, were XXX correspond to the 3 last numbers of rabbit's identification matricula. At day 0 the serum is again collected and will be used as negative control (indicated as SXXX_D0). The first immunization step performed the same day through intradermal 

IX.In vitro lipid aminoacylation assays (LAA)

In vitro tRNA aminoacylation assays, LAA by fungal DUF2156 proteins and lipid deacylation assays by ErdH are fully described in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF] and in the article in preparation. Thus, the aim of the present section is to provide some practical precisions when assaying in vitro the transfer of Asp or Gly onto Erg.

IX.1. Erg-Asp synthesis

In order to synthesize radiolabeled Erg-Asp species, we first adapted the LAA described 

IX.2. Erg-Gly synthesis

In contrast to ErdS, the other fungal DUF2156 protein, ErgS, is not fused to GlyRS. To optimize our chances to synthesize Erg-Gly in appreciable amounts, I adapted the above described sequence encoding the tRNA) were designed (Table MM-5). One of them is specific to each construction (NY183 for v4, NY184 for v5 and NY185 for v6) while the 3 remaining primers (NY186, NY187 and NY188) are common to all constructs tested here. NY188 was designed so that a dinucleotide GG is incorporated immediately downstream the 3'CCA of the tDNA, thereby 

X.2. In vitro transcription of ribozyme-tRNA constructs

For this procedure important amounts of template plasmid are needed. 150 µg of plasmid pUC19 containing the transcription template downstream the T7 promoter, were digested O/N at 

Adapting the Folch method to samples containing aminacylated species

The above described protocol, adapted from the Bligh and Dyer method, was used for all lipid extractions performed during my thesis, except in one case where I wanted to test another procedure, adapted from the Folch technique, which was successfully used by M. Atila, Y. Luo to get maximal yields of aaLs (Atila and Luo 2016). In this experiment, cell pellets equivalent to 80 OD600 were resuspended in 0.53 mL of Na-acetate 120 mM pH 4.5 and 2 mL of MeOH : CHCl3 1 : 2 (v : v) and the mixture was vortexed for 1 min. Successive additions of 0.66 ml (0.53 mL × 1.25) of MeOH and 0.66 ml of Na-acetate 120 mM pH 4.5 were each followed by 1 min vortexing. Tubes were placed on a shaking table for 3h at 4°C and phase separation was then assisted by centrifugation at 13000 × g for 5 min. The lower organic phase was transferred in a clean tube and lipids remaining in the upper aqueous phase were further extracted by adding 0.66 ml of chloroform followed by vortexing for 1 min and by phase separation (centrifugation at 13000 × g for 5 min). Both organic phases recovered are pooled together and the sample is cleared from contaminants as follows. 0.33 ml of H2O is added to the organic phase, the mixture is vortexed for 1 min and the organic phase is transferred in a new tube after centrifugation. Finally, the sample is dried in an argon stream. Note that in this case the amount of recovered lipids appeared me to be very low when comparing to the material usually recovered with the adapted Bligh and Dyer method. This is probably because mechanical cell disruption was omitted.

XI.2. Separation of lipids by Thin layer chromatography (TLC) and analysis

The principle of the technic One important challenge to which biochemist are often confronted is the separation of components from a complex molecular mixture. To overcome such challenges, several chromatography techniques were developed and each of them are defined by specific physicochemical properties, thereby enabling them to separate molecules according to a specific feature. Depending on the employed technique, molecules can be discriminated through their size, their affinity, their ionic charge, their solubility, or their polarity. However, the common point to all chromatography techniques is the distribution of the molecular mixture between a stationary 

Erg-Gly extraction and purification from Yli and from Sce expressing ErgSYli

Yli and Sce wt are grown in YPD and Sce expressing ErgSYli is grown in SC-Leu. Cultures were diluted to OD600 = 0.1, grown O/N and the next morning cells were harvested by centrifugation at 5000 × g for 15 min at 4°C. 5 g of cells were obtained from a 500 ml culture of Yli harvested at OD600 = 3.8; 3.5 g of cells were obtained from a 500 ml culture of Sce wt harvested at OD600 = 4.5; 4 g of cells were obtained from a 1 L culture of Sce expressing ErgSYli harvested at OD600 = 2. In all cases, cells are resuspended in 15 ml Na-acetate 120 mM pH 4.5 and mechanically lysed with a FastPrep-24 apparatus in the presence of glass beads (ø 0.25 mm to 0.5 mm, Roth) at 6 m/s, for 1 min repeated 5 times, with cooling on ice between each step. In this cases the 3.75 volumes of MetOH : CHCl3 2 : 1 (i. e. 56.25 mL) are added in two steps. First 28.125 ml ((15 × 3.75) / 2) of MetOH : CHCl3 2 : 1 are added and 3 additional shacking runs are performed. Then, the 3.75 volumes of MetOH : CHCl3 2 : 1 are completed by adding another 28.125 ml and tubes are placed on a rotating wheel at 4 °C for 3 h. The following total lipid extraction step remain unchanged with respect to the general procedure described in previous sections.

To purify the lipid of interest from total lipid fractions, obtained as described in the previous section, we built a silica gel column as in [START_REF] Yakobov | PI4P-signaling pathway for the synthesis of a nascent membrane structure in selective autophagy[END_REF]. However, the size of the column was increased since 8 mL of Silicia Gel were poured into a 1 cm x 20 cm chromatography column. The stationary phase was washed with 4 column volumes of CHCl3 and total lipids, resuspended in 500 µl ultrapure CHCl3, were injected manually on the top of the silica gel. Volumes used to elute lipids are increased so that each collected fraction corresponds to 1 column volume.

In this way lipids were then gradually eluted as follow: 4 x 8 mL CHCl3; 3 x 8 mL CHCl3: MetOH (144:1); 3 x 8 mL CHCl3: MetOH (72:1) and 2 x 8 mL CHCl3: MetOH (36:1). Lipids were dried as previously described, resuspended in 200 µL CHCl3: Methanol (1:1) and analyzed by TLC.

E. coli DH5 + p G M tev-Er g S E. coli DH5 + PKS529a

pK 529 in which KanR was replaced b AmpR

E. coli DH5 + pPKS529a-5'[1kb]-GFP -ATG8_Afm-3'[1kb] K7 E. coli DH5 + pPTRI (from Takara)

A. fumigatus -E.coli shuttle vector

E. coli DH5 + pPTRII (from Takara)

A. fumigatus -E.coli shuttle vector E. coli XL1 blue + pRS415GPD-ErdS-T643A E. coli XL1 blue + pXyl-Er g S*R (clone 23) earl stop codon mutated to R E. coli XL1 blue + pXyl-Er g S*R (clone 29) earl stop codon mutated to R E. coli XL1 blue + pRS415GPD-ErdS-Y637F E. coli XL1 blue + pRS415GPD-ErdS-T641A E. coli XL1 blue + pRS415GPD-ErdS-S642A (clone 3)

E. coli XL1 blue + pRS415GPD-ErdS-S642A (clone 5) E. coli XL1 blue + pRS415GPD-ErdS-S644A (clone 5) E. coli XL1 blue + pRS415GPD-ErdS-W645A E. coli XL1 blue + pRS415GPD-ErdS-D647R E. coli XL1 blue + pRS415GPD-ErdS-R649E E. coli XL1 blue + pRS415GPD-ErdS_Aor(1-603)

Erd _Aor-duf2156 

E. coli XL1 blue + pPTRII-ErdS[-/+1kb] E. coli XL1 blue + pRS415GPD-ErdS-C728A E. coli XL1 blue + pRS415GPD-ErdS-K790E E. coli XL1 blue + pRS415GPD-ErdS-G791A E. coli XL1 blue + pRS415GPD-ErdS-Q793R E. coli XL1 blue + pRS415GPD-ErdS-H795A E. coli XL1 blue + pRS415GPD-ErdS-E798R E. coli XL1 blue + pRS415GPD-ErdS-W802A E. coli XL1 blue + pRS415GPD-ErdS-F913A E. coli XL1 blue + pUC-Ribozyme-tRNA

E. coli XL1 blue + pRS415GPD-ErdS-Y637F

same than 1834

E. coli XL1 blue + pRS415GPD-ErdS-K916E E. coli XL1 blue + pRS414GPD-ErdH E. coli XL1 blue + pRS414GPD-EGFP -ErdH E. coli XL1 blue + pMtevGWA-ErdH E. coli XL1 blue + pJET1.2-GFP -ATG8-hygR (pGA8H) E. coli XL1 blue + pJET1.2-GFP -ATG8-hygR-AMA1 (pGA8HA1) (clone 9)

AMA1 ampli ed from pP RII and subcloned into pGA8H

E. coli XL1 blue + pJET1.2-GFP -ATG8-hygR-AMA1 (pGA8HA1) (clone 11) E. coli XL1 blue + pRS425GPD-Er g S-K321E-R322E E. coli XL1 blue + pRS425GPD-Er g S-Q326A-N327A-R328E-Q329A E. coli XL1 blue + pRS425GPD-Er g S-R368E E. coli XL1 blue + pRS425GPD-Er g S-Q375R E. coli XL1 blue + pRS425GPD-Er g S-R409E E. coli XL1 blue + pRS425GPD-Er g S-N332A-K335E E. coli XL1 blue + pRS425GPD-Er g S-D420R E. coli XL1 blue + pMtevGWA-Er g S-His6X (clone5) E. coli XL1 blue + pMtevGWA-Er g S-His6X (clone6) E. coli XL1 blue + pRS425GPD-Er g S ???? E. coli XL1 blue + p M tevGWA-ErdH-S153A E. coli XL1 blue + p M tevGWA-ErdH-D277A E. coli XL1 blue + p M tevGWA-ErdH-H307A E. coli XL1 blue + p M tevGWA-ErdH-K311D

Table MM-1 (continued)

E. coli XL1 blue + pRS415GPD-MBP -Er g S-His6X E. coli XL1 blue + pRS415GPD-MBP -Er g S E. coli XL1 blue + pRS425GPD-Er g S-W364A E. coli XL1 blue + pRS425GPD-Er g S-R365E E. coli XL1 blue + pRS425GPD-Er g S-R328E E. coli XL1 blue + pRS425GPD-Er g S-N332A E. coli XL1 blue + pRS425GPD-Er g S-K335E E. coli XL1 blue + pRS425GPD-Er g S-R328E-K335E E. coli XL1 blue + pPKS529a-Er d S recomp K7 not pX l overexpression E. coli XL1 blue + p M tevGWA-ErdS-drs-KRa5E E. coli XL1 blue + pRS415GPD-Er g S E. coli XL1 blue + pRS414GPD-ErdH-EGFP E. coli XL1 blue + pRS414GPD-ErdH-EGFP E. coli XL1 blue + p His6X -M tev-ErdS E. coli XL1 blue + p His6X -M tev-ErdS E. coli XL1 blue + pUC19-Ribozyme-tRNA Asp Afm -G50-C64 [KO] (clone 1) E. coli XL1 blue + pUC19-Ribozyme-tRNA

Asp

Afm -G50-C64 [KO] (clone 2) E. coli XL1 blue + pRS415GPD-Er g S_Bba E. coli XL1 blue + pRS415GPD-Er g S_Yli E. coli XL1 blue + pUC19-Ribozyme V4 -tRNA

Asp

Afm -G50-C64 E. coli XL1 blue + pUC19-Ribozyme V5 -tRNA

Asp

Afm -G50-C64 E. coli XL1 blue + pUC19-Ribozyme V6 -tRNA Asp Afm -G50-C64 E. coli DH5 + p M tev-Er g S_Yli (clone 2) E. coli DH5 + p M tev-Er g S_Yli (clone 4) E. coli XL1 blue + pRS415GPD-Er g S_Yli-R217E-R221E-R224E-K228E E. coli XL1 blue + pRS415GPD-Er g S_Yli-R217E-R221E E. coli XL1 blue + pRS415GPD-Er g S_Yli-R224E-K228E E. coli XL1 blue + p M tev-Er g S_Yli-R217E-R221E-R224E-K228E E. coli XL1 blue + p M tev-Er g S_Yli-R217E-R221E E. coli XL1 blue + p M tev-Er g S_Yli-R224E-K228E E. coli DH5 + pJET1.2-er g S-K7

K7 for deletion of erg in Afm

E. coli DH5 + p His10X -M tevGWA-Er g S_Yli E. coli XL1 blue + pRS414-GlyRS_Yli-b11

Gl R OR from Yli tagged with b11

E. coli XL1 blue + pRS415-HA -Er g S_Yli (clone 17) E. coli XL1 blue + pRS415-HA -Er g S_Yli (clone 26) E. coli XL1 blue + pE-SUMO -ErdS E. coli XL1 blue + pE-86-SUMO -ErdS E. coli DH5 + p441-His6X -ULP1

plasmid for bacterial overexpression and puri cation of His6x tagged UMO-protease (ULP1/YPL020C from Sce )

E. coli XL1 blue + pRS415GPD-HA -Er g S_Yli-R217E-R221E-R224E-K228E E. coli XL1 blue + pRS415GPD-HA -Er g S_Yli-R217E-R221E E. coli XL1 blue + pRS415GPD-HA -Er g S_Yli-R224E-K228E

Riboz me sequence based on echter et al . 1998. Please take care, some essential residues are lacking in the riboz me sequence (refer to the attached plasmid map). Not suitable for tRNA Asp transcript s nthesis. A50-C64 mutated to G50-C64.

basic residues from the (+) helix mutated to E plasmids for bacterial overexpression of UMO-tagged Erd versions. D86Erd = Erd deleted from its 86 N-ter residues. rom O. Nreki's Lab. Erd residues R749, K750, R752, R753 mutated to E 

Sce BY4742W + pRS415GPD-ErdS-W785A Sce BY4742W + pRS415GPD-ErdS-W785H Sce BY4742W + pRS415GPD-ErdS-R789A Sce BY4742W + pRS414GPD-ErdS-duf2156 Sce BY4742W + pRS415GPD-ErdS-KR 5A Sce BY4742W + pRS425GPD-Er g S Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-DRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-RRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-TRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-GRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-YRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-QRS-11 Sce BY4742W + pRS415GPD-Er g S + pRS424GPD-ccdB Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-SRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-KRS-11 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-ccdB Sce BY4742W+ pRS415GPD-30-ErdS Sce BY4742W + pRS415GPD-60-ErdS

pRS425GPD-Er g S-R368E Sce BY4742W + pRS425GPD-Er g S-Q375R Sce BY4742W + pRS425GPD-Er g S-R409E Sce BY4742W + pRS425GPD-Er g S-R420E Sce BY4742W + pRS425GPD-Er g S-R365E Sce BY4742W + pRS425GPD-Er g S-R328E Sce BY4742W + pRS425GPD-Er g S-N332A Sce BY4742W + pRS425GPD-Er g S-K335E Sce BY4742W + pRS425GPD-Er g S-R328E-K335E Sce BY4742W + pRS415GPD-ErdS-N677 Sce BY4742W + pRS415GPD-ErdS-E712R Sce BY4742W + pRS415GPD-ErdS-E731R Sce BY4742W + pRS415GPD-ErdS-Q836R Sce BY4742W + pRS415GPD-ErdS-K838E Sce BY4742W + pRS415GPD-ErdS-T643A Sce BY4742W + pRS415GPD-ErdS-Y637F Sce BY4742W + pRS415GPD-ErdS-T641A Sce BY4742W + pRS415GPD-ErdS-S642A Sce BY4742W + pRS415GPD-ErdS-S644A Sce BY4742W + pRS415GPD-ErdS-W645A Sce BY4742W + pRS415GPD-ErdS-D647R Sce BY4742W + pRS415GPD-ErdS-R649E Sce BY4742W + pRS415GPD-ErdS-R649E Sce BY4742W + pRS415GPD-ErdS-K790E Sce BY4742W + pRS415GPD-ErdS-G791A Sce BY4742W + pRS415GPD-ErdS-Q793R Sce BY4742W + pRS415GPD-ErdS-H795A Sce BY4742W + pRS415GPD-ErdS-E798R Sce BY4742W + pRS415GPD-ErdS-W802A Sce BY4742W + pRS415GPD-ErdS-K916E

Afm CEA17

KU80 : pyrG akuB::pyrG ( akuB Afm erdS and ergS genes were codon optimized for their expression in Sce but note that all plasmids used for expression in Sce and E. coli contain those optimized sequences. 

ErgS wt and mutants 

Construction of E. coli overexpression plasmids -isoThermal assembly

Résumé

Les aminoacyl-ARNt synthétases (aaRSs) sont des enzymes essentiels en charge de la production d'aminoacyl-ARNts (aa-ARNts) qui seront utilisés par le ribosome lors de la synthèse protéique. Néanmoins, les aa-tRNAs peuvent également servir de substrats dans d'autres voies métaboliques comme l'aminoacylation de glycérolipides chez les bactéries. Ainsi, les bactéries modifient leurs propriétés de surface afin d'augmenter leur résistance aux antimicrobiens, pathogénie ou virulence. Aucun mécanisme similaire n'a été mis en évidence chez les eucaryotes avant ma thèse car il était admis que la modification de lipides ARNt dépendante était réservée aux procaryotes. Pendant ma thèse, j'ai identifié une nouvelle classe de lipides modifiés chez les champignons, les stérols aminoacylés (AS). J'ai identifié l'ergosteryl-3 -O-L-aspartate (Erg-Asp) et l'ergosteryl-3 -O-glycine qui sont synthétisés par deux enzymes distinctes qui contiennent un domaine de fonction inconnu appelé DUF2156 qui est responsable de l'activité aminoacyl-tRNA transférase (i.e. du transfert de l'aa de l'aa-tRNA sur l'ergostérol). De manière intéressante, ces enzymes peuvent être classées en deux classes selon qu'elles sont fusionnées ou non à l'aaRS correspondante. Nous avons découvert que la déacylation de l'Asp de l'Erg-Asp est catalysé par une Erg-Asp hydrolase qui participe ainsi à l'homéostasie du stérol conjugué in vivo. Des études phylogénétiques suggèrent que la synthèse / dégradation d'AS est conservée chez les champignons « supérieurs » et aux vues du rôle central des stérols et de leurs formes conjuguées, nous proposons que la voie que nous venons d'identifier peut avoir des implications plus larges dans le remodelage membranaire, la signalisation, la résistance au antimicrobiens ou la pathogénie.

Mots-clés : aa-tRNA, aminoacyl-tRNA synthétase, ergostérol, champignons, aminoacylation de lipide Summary Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes that produce aminoacyl-tRNAs (aa-tRNAs) that will be used for ribosome catalyzed protein synthesis. However, aa-tRNAs can also serve as substrates in other pathways like glycerolipid aminoacylation in bacteria. By doing so, bacteria modify their cell surface properties to improve drug resistance, pathogenicity, or virulence. No homologous lipid aminoacylation pathway has been uncovered in eukaryotes before my thesis and tRNA-dependent lipid remodeling was believed to be restricted to prokaryotes. During my thesis I identified a new class of fungal lipids, aminoacylated sterols (AS). I identified ergosteryl-3 -O-Laspartate (Erg-Asp) and ergosteryl-3 -O-glycine that are synthesized by two distinct enzymes that contain a Domain of unknown function named DUF2156 which is responsible for the aminoacyl-tRNA transferase activity (i. e. the transfer of the aa-moiety from the aa-tRNA to ergosterol). Interestingly, those enzymes can be classified in two classes depending on their fusion to the cognate aaRS or not. We also uncovered that removal of the Asp modifier from Erg-Asp is catalyzed by a genuine Erg-Asp hydrolase participating in the turnover of the conjugated sterol in vivo. Phylogenomics suggest that AS synthesis/degradation pathways are conserved across "higher" fungi and given the central roles of sterols and conjugated sterols in these species, we propose that the herein uncovered pathway might have broader implications in membrane remodeling, trafficking, antimicrobial resistance, or pathogenicity.