L-Ala Murd 
  
D-Glu Mure 
  
cCys-Asn Cyclic Cys-Asn dipeptide P MraY MurC

Foreword

Antibacterial chemotherapy is one of the most essential contributions of medicine to human health in the last century. Ever since the discovery of the first antibiotic, penicillin, peptidoglycan biosynthesis has been one of the preferred targets for the discovery of new antibiotics.

Peptidoglycan is an essential component of bacterial cells. It is composed of glycan chains, which are connected by short peptide stems. In most bacteria, the synthesis of the cross-links between the peptide stems is catalyzed by the Penicillin-Binding Proteins (PBPs). As their name implies, the PBPs are targeted by penicillin, which was the first discovered member of the β-lactam family. β-lactams have since been extensively developed for antibacterial activity against Gram-positive and Gramnegative bacteria. However, their use is threatened by numerous resistance mechanisms, the most important of which is the production of β-lactamases. The development of β-lactams that are not hydrolyzed by β-lactamases and of β-lactamase inhibitors have nonetheless contributed towards defeating emerging resistance.

Peptidoglycan cross-links are not only formed by the classical PBPs but also by an unrelated family of enzymes, the L,D-transpeptidases (LDTs). This unusual mode of cross-linking is predominant in a few pathogenic bacteria, including Mycobacterium tuberculosis. PBPs and LDTs are structurally unrelated, function with different catalytic nucleophiles (Ser vs. Cys, respectively), and use different peptidoglycan precursors for the cross-linking reaction. In contrast to PBPs, which are potentially inactivated by all β-lactam classes, LDTs are efficaciously inactivated only by the carbapenem class. The two objectives of the thesis are to investigate the mechanism of inhibition of LDTs by carbapenems and to explore whether the diazabicyclooctane scaffold, recently developed for β-lactamase inhibition, also inactivates LDTs.

The manuscript will begin with an introduction on the role and synthesis of peptidoglycan, the mode of action of β-lactams, and the catalytic activities of PBPs and LDTs. The introduction is followed by a description of the specific objectives of the thesis. The result section is based on published papers and is divided into two parts focused on the mechanism of inhibition of LDTs by β-lactams and diazabicyclooctanes. The last section consists of a discussion on the implications of the findings regarding the catalytic mechanism of LDTs for optimization of inhibitors. In parallel to the main objectives of the thesis, I contributed to two studies investigating the LDTs from Clostridium difficile and inhibition of LDTs by copper(II) ions. These two publications appear in an annex at the end of the manuscript.
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Peptidoglycan is a unique and essential component of most bacterial cells. It is a three-dimensional net-like macromolecule that surrounds the cytoplasmic membrane (Figure 1) [START_REF] Holtje | Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli[END_REF].

Peptidoglycan is a few nm thick and is located between the inner and outer membranes in Gramnegative bacteria [START_REF] Matias | Cryo-transmission electron microscopy of frozen-hydrated sections of Escherichia coli and Pseudomonas aeruginosa[END_REF]. Gram-positive bacteria lack an outer membrane and the thickness of their peptidoglycan can vary between 30 and 100 nm [START_REF] Silhavy | The bacterial cell envelope[END_REF]. The main role of peptidoglycan is to confer resistance against the turgor pressure of the cytoplasm [START_REF] Whatmore | Determination of turgor pressure in Bacillus subtilis: a possible role for K+ in turgor regulation[END_REF]. Cell lysis occurs when peptidoglycan is damaged by enzymes, such as lysozyme, or antibiotics. The biophysical properties of peptidoglycan also allow it to maintain cell shape [START_REF] Harold | To shape a cell: an inquiry into the causes of morphogenesis of microorganisms[END_REF]) [START_REF] Bailey | Essential gene deletions producing gigantic bacteria[END_REF]. In addition, peptidoglycan serves as an anchor for cell wall polymers (Vollmer et al., 2008a). In Gram-negative bacteria, such as Escherichia coli, Braun's lipoprotein is covalently linked to peptidoglycan and provides a tether for the outer membrane, thus controlling the architecture of the cell envelope [START_REF] Asmar | Communication across the bacterial cell envelope depends on the size of the periplasm[END_REF][START_REF] Hantke | Covalent binding of lipid to protein. Diglyceride and amide-linked fatty acid at the N-terminal end of the murein-lipoprotein of the Escherichia coli outer membrane[END_REF]. In Gram-positive bacteria, in addition to surface proteins, wall teichoic acids are covalently attached to peptidoglycan, contributing to the structure and functions of the cell envelope [START_REF] Dramsi | Covalent attachment of proteins to peptidoglycan[END_REF][START_REF] Neuhaus | A continuum of anionic charge: structures and functions of Dalanyl-teichoic acids in gram-positive bacteria[END_REF]. The essential roles of peptidoglycan make its biosynthesis a validated target for the development of antibiotics. Indeed, the most commonly used antibiotics today are the β-lactams, which target key enzymes in the peptidoglycan biosynthetic pathway (Kong et al., 2010). Peptidoglycan of Gram-negative bacteria (left) is located in the periplasm between the inner and outer membranes. It serves as a tether for lipoproteins. The outer membrane contains porins and lipopolysaccharides. Gram-positive bacteria (middle) do not contain an outer membrane. Their peptidoglycan is composed of more layers than Gram-negative bacteria and serves as an attachment for wall teichoic acids. Lipoteichoic acids are attached to the cell membrane. Mycobacteria (right) are acid-fast bacteria. They have a complex cell wall that contains glycolipids, mycolic acids, arabinogalactan polysaccharide, and a peptidoglycan network. From reference [START_REF] Porfirio | Elucidating Peptidoglycan Structure: An Analytical Toolset[END_REF].

Peptidoglycan Structure and Synthesis

Peptidoglycan is composed of linear glycan strands that are cross-linked by short peptide stems [START_REF] Holtje | Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli[END_REF]. The peptidoglycan subunit is a disaccharide composed of N-acetylglucosamine (GlcNAc) linked by a β-1→4 glycosidic bond to N-acetylmuramic acid (MurNAc), which is attached to a peptide stem containing five amino acids (Figure 2A). Alternating units of GlcNAc and MurNAc constitute a glycan chain. Adjacent chains are linked to one another by a peptide bridge formed between their respective peptide stems. The chemical composition of peptidoglycan can vary according to bacterial species and growth conditions. Secondary modifications in the glycan strands include N-deacetylation, Oacetylation, and N-glycolylation [START_REF] Vollmer | Structural variation in the glycan strands of bacterial peptidoglycan[END_REF]. There are also inter-and intra-species variations in the length of glycan strands (Vollmer et al., 2008a). In Gram-negative bacteria, the pentapeptide stem is typically composed of L-alanine-γ-D-glutamic acid-meso-2,6-diaminopimelic acid (A2pm)-D-alanine-D-alanine [START_REF] Quintela | Variability of peptidoglycan structural parameters in gram-negative bacteria[END_REF]. The most common variation in the peptide stem occurs at position 3, where most Gram-positive bacteria contain an L-lysine, whose ε-amine can be linked to a side-chain containing one or more amino acids [START_REF] Schleifer | Peptidoglycan types of bacterial cell walls and their taxonomic implications[END_REF]. Amidation of D-Glu and/or A2pm is also frequent. Variations in the glycan chain and the peptide stem are detailed below (Chapter 1.2.1b).

The presence of MurNAc, of non-protein amino acids, and of γ-bonded D-Glu contributes to the uniqueness of peptidoglycan as a polymer, allowing bacteria to resist chemical and enzymatic degradation. For instance, the strong ether bond between the peptide stem and the lactic acid moiety of MurNAc ensures resistance to chemical degradation while the presence of D-amino acids confers resistance to peptidases (Cava et al., 2011b).

Peptidoglycan biosynthesis can be divided into two main stages based on their localization (Figure 2B).

The first stage takes place in the cytoplasm where the disaccharide-pentapeptide unit is synthesized as a lipid-linked precursor, lipid II, before being flipped across the cell membrane [START_REF] Van Heijenoort | Assembly of the monomer unit of bacterial peptidoglycan[END_REF]. The second stage occurs on the outside surface of the cytoplasmic membrane and involves incorporation of the precursor into the existing peptidoglycan, as well as cross-linking of glycan chains (van Heijenoort, 2001a). (A) Structure of a typical disaccharide-pentapeptide found in Gram-negative bacteria. GlcNAc is linked to MurNAc, which is attached to a pentapeptide stem. The muropeptide is colored according to the color code used in B. (B) Synthesis of the peptidoglycan subunit and peptidoglycan polymerization. The sugars, GlcNAc and MurNAc, are synthesized and the pentapeptide stem assembled in the cytoplasm. The lipid II intermediate, containing the disaccharide-peptide subunit, is flipped across the cell membrane for peptidoglycan polymerization on the external surface of the membrane.

Synthesis of the Peptidoglycan Precursor a) Synthesis of Lipid II

The synthesis of the disaccharide-pentapeptide building block of peptidoglycan takes place in the cytoplasm and involves nucleotide precursors and the Glm and Mur enzymes (Figure 2B) [START_REF] Van Heijenoort | Assembly of the monomer unit of bacterial peptidoglycan[END_REF]. Uridine 5'-pyrophosphate-N-acetylglucosamine (UDP-GlcNAc) is synthesized from fructose-6-phosphate in four successive steps. Fructose-6-phosphate is first converted to glucosamine-6-phosphate, which is then transformed to glucosamine-1-phosphate. The latter is acetylated and uridylated to form UDP-GlcNAc. The first two steps are catalyzed by GlmS and GlmM, respectively, while the last two steps are catalyzed by two domains of the same enzyme, GlmU [START_REF] Dutka-Malen | Molecular cloning and overexpression of the glucosamine synthetase gene from Escherichia coli[END_REF][START_REF] Mengin-Lecreulx | Copurification of glucosamine-1-phosphate acetyltransferase and N-acetylglucosamine-1-phosphate uridyltransferase activities of Escherichia coli: characterization of the glmU gene product as a bifunctional enzyme catalyzing two subsequent steps in the pathway for UDP-N-acetylglucosamine synthesis[END_REF], 1996). UDP-MurNAc is formed from UDP-GlcNAc in two steps [START_REF] Van Heijenoort | Assembly of the monomer unit of bacterial peptidoglycan[END_REF]. The MurA transferase catalyzes the transfer of enolpyruvate from phosphoenolpyruvate to GlcNAc, yielding UDP-GlcNAc-enolpyruvate. The MurB reductase then catalyzes enolpyruvate reduction to D-lactoyl, thus forming UDP-MurNAc.

reactions is UDP-MurNAc-pentapeptide. The Mur ligases share the same reaction mechanism: formation of an acylphosphate intermediate through activation of the carboxyl group of UDP-MurNAc (or of the last amino acid added) by ATP, followed by nucleophilic attack by the amino group of the condensing amino acid, leading to elimination of phosphate and formation of an amide bond [START_REF] Bouhss | MurC and MurD synthetases of peptidoglycan biosynthesis: borohydride trapping of acyl-phosphate intermediates[END_REF]. The identity of the amino acid that is incorporated in the peptide stem depends on the substrate specificity of the Mur enzymes [START_REF] Barreteau | Cytoplasmic steps of peptidoglycan biosynthesis[END_REF].

MurC catalyzes the addition of the first amino acid to the peptide stem. In most bacteria, L-alanine is added although the addition of glycine or L-serine has been observed in some rare cases [START_REF] Schleifer | Peptidoglycan types of bacterial cell walls and their taxonomic implications[END_REF]. MurC shows strict stereospecificity since it cannot catalyze the addition of D-Ala to UDP-MurNAc [START_REF] Liger | Over-production, purification and properties of the uridine-diphosphate-N-acetylmuramate:L-alanine ligase from Escherichia coli[END_REF]. MurD catalyzes the addition of the second residue to the peptide stem. In all species, this amino acid is D-glutamic acid although later modifications can convert it to Disoglutamine (discussed in the next subchapter). MurE catalyzes the addition of the third amino acid, which is either A2pm in mycobacteria and most Gram-negative bacteria or L-Lysine in most Grampositive bacteria [START_REF] Schleifer | Peptidoglycan types of bacterial cell walls and their taxonomic implications[END_REF]. MurE is highly specific in most species. For instance, addition of L-Lysine instead of A2pm in E. coli leads to cell lysis [START_REF] Mengin-Lecreulx | Expression of the Staphylococcus aureus UDP-N-acetylmuramoyl-L-alanyl-D-glutamate:L-lysine ligase in Escherichia coli and effects on peptidoglycan biosynthesis and cell growth[END_REF]. Like for the amino acid at position 2, the one at position 3 can be modified in later stages (discussed in the next subchapter). MurF catalyzes the last assembly step, i.e. addition of a dipeptide composed of the fourth and fifth residues to the peptide stem. The most common dipeptide consists of two D-Ala. However, some vancomycin-resistant strains contain D-Ala-D-Ser or D-Ala-D-Lac.

The synthesis of the amino acids in the pentapeptide stem that are essentially found in peptidoglycan, D-Glu, A2pm, and D-Ala, is discussed here. D-Glu is produced from L-Glu by MurI, a glutamate racemase, that catalyzes the interconversion of the D-and L-enantiomers [START_REF] Doublet | The murI gene of Escherichia coli is an essential gene that encodes a glutamate racemase activity[END_REF]. In some bacterial species, the formation of D-Glu can also be catalyzed by a second enzyme, D-amino acid aminotransferase (D-AAT), which uses D-Ala and α-ketoglutarate as substrates to produce pyruvate in addition to D-Glu [START_REF] Fotheringham | Characterization of the genes encoding Damino acid transaminase and glutamate racemase, two D-glutamate biosynthetic enzymes of Bacillus sphaericus ATCC 10208[END_REF]. A2pm is the last intermediate in the biosynthetic pathway of L-Lys from L-Asp [START_REF] Scapin | Enzymology of bacterial lysine biosynthesis[END_REF]). An alanine racemase catalyzes the conversion of L-Ala to D-Ala prior to the formation of the D-Ala-D-Ala dipeptide, catalyzed by a ligase, D-Ala:D-Ala ligase (Ddl) [START_REF] Neuhaus | The Enzymatic Synthesis of D-Alanyl-D-Alanine. 3. On the Inhibition of D-Alanyl-D-Alanine Synthetase by the Antibiotic D-Cycloserine[END_REF].

After assembly of the pentapeptide stem on MurNAc, the MraY transferase catalyzes the transfer of the phospho-MurNAc-pentapeptide moiety from UDP-MurNAc-pentapeptide to a membrane acceptor, undecaprenyl phosphate (C55-P) [START_REF] Bouhss | The biosynthesis of peptidoglycan lipid-linked intermediates[END_REF]. This yields the first lipid intermediate, lipid I. The transferase MurG then catalyzes the transfer of GlcNAc from UDP-GlcNAc to lipid I, yielding lipid II. The carrier lipid is required for the transport of the hydrophilic peptidoglycan precursor from the cytoplasm across the hydrophobic cytoplasmic membrane. The synthesis of C55-P is catalyzed by the UppS synthase, and the BacA and PAP2 phosphatase families, which respectively catalyze the synthesis of undecaprenyl pyrophosphate (C55-PP) and its subsequent dephosphorylation.

b) Common Variations in the Pentapeptide Stem and Glycan Chain

Additional modifications of the pentapeptide stem (briefly mentioned above) occur after formation of the lipid intermediates, often at the level of lipid II (Figure 3) (Vollmer et al., 2008a). Some of the most frequent modifications are discussed here. The α-carboxyl group of D-Glu at position 2 is amidated to form D-isoGln in most Gram-positive bacteria and mycobacteria. Amidation of the ε-carboxyl group of A2-pm at position 3 is also frequent. For instance, the pentapeptide stem of Mycobacterium tuberculosis is amidated at both positions 2 and 3 and it was recently shown that amidation of A2pm by the AsnB amidotransferase is essential for growth of M. tuberculosis [START_REF] Ngadjeua | Critical Impact of Peptidoglycan Precursor Amidation on the Activity of l,d-Transpeptidases from Enterococcus faecium and Mycobacterium tuberculosis[END_REF]. Many Gram-positive bacteria contain a peptide side-chain on the ε-amino group of the L-Lys residue at position 3 [START_REF] Schleifer | Peptidoglycan types of bacterial cell walls and their taxonomic implications[END_REF]. For example, in Staphylococcus aureus, L-Lys is bonded to a penta-glycine chain, the stepwise addition of glycines being catalyzed by FmhB, FemA, and FemB [START_REF] Schneider | In vitro assembly of a complete, pentaglycine interpeptide bridge containing cell wall precursor (lipid II-Gly5) of Staphylococcus aureus[END_REF]. In Enterococcus faecium, Aslfm catalyzes addition of D-Asp, through its βcarboxyl group, to L-Lys [START_REF] Bellais | Aslfm, the D-aspartate ligase responsible for the addition of D-aspartic acid onto the peptidoglycan precursor of Enterococcus faecium[END_REF]. In mature peptidoglycan, the α-carboxyl group of D-Asp is partially amidated.

In addition to the pentapeptide stem, the sugar moieties constituting the glycan strands can also be modified (Figure 3) [START_REF] Vollmer | Structural variation in the glycan strands of bacterial peptidoglycan[END_REF]. However, compared to modifications on the peptide stem, these modifications (except N-glycolylation) are likely to occur on polymerized peptidoglycan since cytoplasmic precursors containing modifications on their sugars have not been detected and known modifying enzymes have a predicted extracytoplasmic localization [START_REF] Vollmer | The pgdA gene encodes for a peptidoglycan N-acetylglucosamine deacetylase in Streptococcus pneumoniae[END_REF]. Many

Gram-positive and Gram-negative bacteria contain a proportion of MurNAc residues that are Oacetylated at position 6 [START_REF] Weadge | Identification of a new family of enzymes with potential O-acetylpeptidoglycan esterase activity in both Gram-positive and Gram-negative bacteria[END_REF]. This modification contributes to resistance of Grampositive bacteria to one of the most important compounds of the host defense system, lysozyme, a muramidase that cleaves the glycosidic bond between C 1 of MurNAc and C 4 of GlcNAc [START_REF] Bera | Why are pathogenic staphylococci so lysozyme resistant? The peptidoglycan O-acetyltransferase OatA is the major determinant for lysozyme resistance of Staphylococcus aureus[END_REF]. Another modification present in various bacteria, including Bacillus and Streptomyces species, that can contribute to lysozyme resistance is de-N-acetylation of GlcNAc and MurNAc, [START_REF] Atrih | Analysis of peptidoglycan structure from vegetative cells of Bacillus subtilis 168 and role of PBP 5 in peptidoglycan maturation[END_REF] [START_REF] Hugonnet | Peptidoglycan cross-linking in glycopeptide-resistant Actinomycetales[END_REF]. In the spore peptidoglycan of Bacillus species, deacetylated MurNAc is further altered to contain a δ-lactam ring, generated by the formation of an intramolecular bond between the carboxyl of the lactyl group at position 3 (which is normally attached to the peptide stem) and the amino group at position 2 [START_REF] Atrih | Structural analysis of Bacillus subtilis 168 endospore peptidoglycan and its role during differentiation[END_REF]. This modification requires a single enzyme, the CwlD amidase, which catalyzes the cleavage of the peptide stem from MurNAc [START_REF] Sekiguchi | Nucleotide sequence and regulation of a new putative cell wall hydrolase gene, cwlD, which affects germination in Bacillus subtilis[END_REF].

In mycobacteria, a fraction of the muramic acid residues is N-glycolylated rather than N-acetylated at the amino group at position 2 [START_REF] Mahapatra | N Glycolylation of the nucleotide precursors of peptidoglycan biosynthesis of Mycobacterium spp. is altered by drug treatment[END_REF]. As opposed to the other modifications in the glycan strands, N-glycolylation occurs in the cytoplasm following synthesis of UDP-MurNAcpentapeptide [START_REF] Raymond | Identification of the namH gene, encoding the hydroxylase responsible for the N-glycolylation of the mycobacterial peptidoglycan[END_REF]. It is speculated that the extra hydroxyl group of glycolate increases hydrogen bonding and thus stability within the cell wall [START_REF] Brennan | The envelope of mycobacteria[END_REF]. The glycan strands of most Gram-negative bacteria terminate with 1,6-anhydroMurNAc, which contains an intramolecular ether bond between C 1 and C 6 [START_REF] Holtje | Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli[END_REF]. Muropeptides containing 1,6-anhydroMurNAc, whose release from peptidoglycan is catalyzed by lytic transglycosylases, can act as signaling molecules for induction of a β-lactam-resistance mechanism involving the expression of chromosomally encoded β-lactamases (discussed in Chapter 3) [START_REF] Holtje | The negative regulator of beta-lactamase induction AmpD is a N-acetyl-anhydromuramyl-L-alanine amidase[END_REF]. 
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E. faecium M. tuberculosis c) Translocation of Lipid II

After biosynthesis of lipid II on the cytoplasmic face of the cell membrane, it has to be transported or flipped across the membrane to the extracellular surface to be used for peptidoglycan polymerization (Figure 2B). Experiments carried out with fluorescently labeled peptidoglycan precursors showed that the rate of non-catalyzed flipping across the membrane was not sufficient to account for peptidoglycan synthesis [START_REF] Weppner | Biosynthesis of peptidoglycan. Definition of the microenvironment of undecaprenyl diphosphate-N-acetylmuramyl-(5dimethylaminonaphthalene-1-sulfonyl) pentapeptide by fluorescence spectroscopy[END_REF]. Two membrane proteins have been debated as being the flippase of E. coli, MurJ and FtsW.

MurJ, an essential protein in many bacteria, was first proposed as the lipid II flippase based on bioinformatics analyses [START_REF] Inoue | Involvement of an essential gene, mviN, in murein synthesis in Escherichia coli[END_REF][START_REF] Ruiz | Bioinformatics identification of MurJ (MviN) as the peptidoglycan lipid II flippase in Escherichia coli[END_REF]. It is a member of the MOP (Multidrug/Oligosaccharidyl-lipid/Polysaccharide) exporter superfamily [START_REF] Hvorup | The multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily[END_REF].

Depletion of MurJ in E. coli leads to defects in peptidoglycan synthesis, accumulation of peptidoglycan lipid-linked intermediates, and cell lysis [START_REF] Inoue | Involvement of an essential gene, mviN, in murein synthesis in Escherichia coli[END_REF]. A structural model of MurJ revealed the presence of a central, solvent-exposed cavity containing several charged residues, an essential structural motif for the function of MurJ as a flippase (Figure 4) [START_REF] Butler | Structure-function analysis of MurJ reveals a solvent-exposed cavity containing residues essential for peptidoglycan biogenesis in Escherichia coli[END_REF]. MurJ showed flippase activity in an in vivo assay, which did not reveal flippase activity for inactivated variants of MurJ or for FtsW [START_REF] Sham | Bacterial cell wall. MurJ is the flippase of lipid-linked precursors for peptidoglycan biogenesis[END_REF]. Lipid II titration experiments using mass spectrometry showed that MurJ had a higher affinity for lipid II than FtsW and that the vancomycin antibiotic (which binds to the terminal D-Ala 4 -D-Ala 5 of the pentapeptide stem) forms a ternary complex with MurJ bound to lipid II [START_REF] Bolla | Direct observation of the influence of cardiolipin and antibiotics on lipid II binding to MurJ[END_REF]. In a proposed model, lipid II binds to MurJ when it is in an inward-facing conformation, which causes MurJ to change its conformation to an outward-facing one, thus flipping lipid II to the extracytoplasmic surface (Figure 4) [START_REF] Kuk | Crystal structure of the MOP flippase MurJ in an inwardfacing conformation[END_REF]. The membrane potential is necessary for its activity since membrane depolarization locks MurJ in the outward-facing conformation, thus blocking lipid II transport [START_REF] Rubino | Membrane Potential Is Required for MurJ Function[END_REF]. Recent studies have demonstrated that MurJ has both a lateral and a midcell localization and that its midcell localization depends on the availability of its substrate, lipid II, and on peptidoglycan polymerization at midcell [START_REF] Liu | FtsW activity and lipid II synthesis are required for recruitment of MurJ to midcell during cell division in Escherichia coli[END_REF].

FtsW is a member of the Shape, Elongation, Division, and Sporulation (SEDS) protein family. An in vitro fluorescence assay revealed that compared to MurJ, purified FtsW promoted translocation of lipid II analogues in membrane vesicles [START_REF] Mohammadi | Identification of FtsW as a transporter of lipid-linked cell wall precursors across the membrane[END_REF]. However, as mentioned above, results published since have shown evidence attributing this function to MurJ. An alternate role as a peptidoglycan polymerase has been identified for FtsW [START_REF] Taguchi | FtsW is a peptidoglycan polymerase that is functional only in complex with its cognate penicillin-binding protein[END_REF]. Recent studies have demonstrated that FtsW (and its homolog, RodA) catalyze the synthesis of glycan strands [START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF]. The first structure of a SEDS protein was recently published for RodA, showing that it lacks a transmembrane channel that would be necessary for lipid II translocation [START_REF] Sjodt | Structure of the peptidoglycan polymerase RodA resolved by evolutionary coupling analysis[END_REF]. The polymerase activity of FtsW and RodA is further discussed in Chapter 1.2.2b. However, the possibility that FtsW could act as both a peptidoglycan polymerase and a flippase has not been categorically ruled out.

In Gram-positive Bacillus subtilis mutants lacking MOP family members, a previously uncharacterized non-MOP protein, Amj, has been shown to also possess flippase activity [START_REF] Meeske | MurJ and a novel lipid II flippase are required for cell wall biogenesis in Bacillus subtilis[END_REF]. Amj was able to functionally replace MurJ in E. coli. 

Peptidoglycan Polymerization

Once lipid II is flipped to the extracytoplasmic surface of the cell membrane, the peptidoglycan disaccharide-pentapeptide subunit can be incorporated into the peptidoglycan network.

Polymerization of glycan chains and cross-linking of peptide stems are catalyzed by glycosyltransferases and transpeptidases, respectively (Figure 5). Both activities are essential for peptidoglycan synthesis.

Some enzymes only possess glycosyltransferase or transpeptidase activity while others possess both activities: class A Penicillin-Binding Proteins (aPBPs) possess both a glycosyltransferase and a transpeptidase domain while monofunctional glycosyltransferases and class B PBPs (bPBPs) possess only glycosyltransferase and transpeptidase activity, respectively. Transglycosylation can proceed independently from transpeptidation but transpeptidation does not occur without prior or simultaneous transglycosylation, suggesting that peptidoglycan polymerization essentially starts with glycan chain elongation (van Heijenoort, 2001a). The newly formed glycan chains are subsequently incorporated into the preexisting peptidoglycan through the formation of cross-links between the peptide stems of the glycan strands.

In addition to the classical glycosyltransferases, aPBPs and monofunctional glycosyltransferases, conclusive evidence has recently emerged demonstrating that the SEDS proteins also possess glycosyltransferase activity [START_REF] Emami | RodA as the missing glycosyltransferase in Bacillus subtilis and antibiotic discovery for the peptidoglycan polymerase pathway[END_REF][START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF]. Likewise, aPBPs and bPBPs are not the only enzymes capable of catalyzing the formation of cross-links between peptide stems. The L,D-transpeptidases (LDTs) constitute a structurally distinct transpeptidase family that catalyzes the synthesis of peptide cross-links (Figure 5). Peptidoglycan synthesis has to be spatially and temporally regulated for bacterial cell shape to be maintained. Rod-shaped bacteria possess two multi-protein complexes to direct peptidoglycan polymerization to specific regions of the cell [START_REF] Carballido-Lopez | Shape determination in Bacillus subtilis[END_REF][START_REF] Ricard | Process of cellular division in Escherichia coli: physiological study on thermosensitive mutants defective in cell division[END_REF]. As their names imply, the elongasome (or Rod system) and the divisome ensure peptidoglycan synthesis during bacterial elongation and division, respectively [START_REF] Typas | From the regulation of peptidoglycan synthesis to bacterial growth and morphology[END_REF]. Each machinery is coordinated by a cytoskeletal protein, actin-like MreB or tubulin-like FtsZ [START_REF] Bi | FtsZ ring structure associated with division in Escherichia coli[END_REF][START_REF] Jones | Control of cell shape in bacteria: helical, actinlike filaments in Bacillus subtilis[END_REF]. MreB assembles into short filaments that move the proteins responsible required for lateral peptidoglycan synthesis in a circumferential manner along the long axis of rod-shaped bacteria [START_REF] Garner | Coupled, circumferential motions of the cell wall synthesis machinery and MreB filaments in B. subtilis[END_REF]. FtsZ polymerizes to form the Z-ring and recruits the protein complex responsible for septal peptidoglycan synthesis prior to separation of daughter cells [START_REF] Den Blaauwen | The divisome at 25: the road ahead[END_REF].

Growth of the peptidoglycan network not only requires the glycosyltransferase and transpeptidase activities of synthases but also hydrolytic enzymes, which have an important role to play in the maintenance and remodeling of peptidoglycan [START_REF] Heidrich | Involvement of N-acetylmuramyl-L-alanine amidases in cell separation and antibiotic-induced autolysis of Escherichia coli[END_REF]) [START_REF] Singh | Three redundant murein endopeptidases catalyse an essential cleavage step in peptidoglycan synthesis of Escherichia coli K12[END_REF]. The From the peptidoglycan synthases to the hydrolases, bacteria contain multiple, redundant or semiredundant enzymes for each reaction [START_REF] Typas | From the regulation of peptidoglycan synthesis to bacterial growth and morphology[END_REF]. This is in sharp contrast to the cytoplasmic steps of peptidoglycan synthesis where each reaction is catalyzed by only one enzyme. Compared to the cytoplasm, the periplasm is less buffered and consequently more affected by changes in the environment. The higher redundancy for the extracytoplasmic steps could thus reflect the need for an efficient adaptation to changing environmental conditions, such as pH, osmolality, ionic concentration, and the presence of peptidoglycan-targeting antibacterial agents [START_REF] Peters | The Redundancy of Peptidoglycan Carboxypeptidases Ensures Robust Cell Shape Maintenance in Escherichia coli[END_REF].

a) Glycosyltransferases

Glycosyltransferase modules exist either as monofunctional enzymes or as the N-terminal domain of bifunctional aPBPs [START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF][START_REF] Wang | Identification and characterization of a monofunctional glycosyltransferase from Staphylococcus aureus[END_REF]. Class A PBPs have traditionally been considered as the main glycosyltransferases since monofunctional glycosyltransferases are not widely conserved and are not essential in most bacteria [START_REF] Denome | Escherichia coli mutants lacking all possible combinations of eight penicillin binding proteins: viability, characteristics, and implications for peptidoglycan synthesis[END_REF][START_REF] Reed | Monofunctional transglycosylases are not essential for Staphylococcus aureus cell wall synthesis[END_REF]. Most glycosyltransferases belong to the GT51 family according to the carbohydrate-active enzymes (CAZy) database. They contain about 200 amino acids, which are mostly arranged in alpha helices that form a globular domain (Figure 6) [START_REF] Sauvage | Glycosyltransferases and Transpeptidases/Penicillin-Binding Proteins: Valuable Targets for New Antibacterials[END_REF]. The domain is divided into two sub-domains, the "head" and "jaw" regions, by a cavity containing the active site. The "jaw" region contains a hydrophobic surface for its partial burial in the cell membrane. Glycosyltransferases possess five signature motifs, of which motif 1 contains the catalytic Glu residue [START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF] [START_REF] Terrak | Kinetic characterization of the monofunctional glycosyltransferase from Staphylococcus aureus[END_REF]. Two structures of MtgA, PDB 3VMR (yellow) and PDB 3HZS (red), are superimposed [START_REF] Heaslet | Characterization of the active site of S. aureus monofunctional glycosyltransferase (Mtg) by site-directed mutation and structural analysis of the protein complexed with moenomycin[END_REF][START_REF] Huang | Crystal structure of Staphylococcus aureus transglycosylase in complex with a lipid II analog and elucidation of peptidoglycan synthesis mechanism[END_REF]. The glycosyltransferase inhibitor, moenomycin (green) and a lipid II analogue (cyan) are represented as sticks in the donor and acceptor sites, respectively. The mobile region between the donor and acceptor sites is encircled. The protein is anchored in the cell membrane via its N-terminal helix. From reference [START_REF] Sauvage | Glycosyltransferases and Transpeptidases/Penicillin-Binding Proteins: Valuable Targets for New Antibacterials[END_REF].

Glycan strand synthesis is initiated by the transfer of the disaccharide-peptide unit from one lipid II to another. Elongation of glycan chains is sequential and proceeds through several rounds of transglycosylation since each reaction adds two sugar units (GlcNAc and MurNAc) to the growing glycan strand. Glycosyltransferases catalyze the formation of a β-1→4 glycosidic bond between C 1 of MurNAc of the growing glycan strand (i.e. its reducing end), which acts as the donor, and C 4 of GlcNAc of lipid II, which is the acceptor (Figure 5) [START_REF] Ward | The direction of glycan synthesis in a bacterial peptidoglycan[END_REF] [START_REF] Perlstein | The direction of glycan chain elongation by peptidoglycan glycosyltransferases[END_REF]. Two sub-sites have been proposed for fixation of the donor and acceptor substrates (Figure 6) [START_REF] Lovering | Structural insight into the transglycosylation step of bacterial cell-wall biosynthesis[END_REF].

Studies on the specificity of the donor and acceptor sites have demonstrated that the length of the lipid chain of the donor substrate is crucial. A lipid II mimic with a length of ten carbon atoms (or less) is not used as substrate and a length of thirty-five carbon atoms is required to produce a glycan strand of similar length as the natural substrate [START_REF] Perlstein | The role of the substrate lipid in processive glycan polymerization by the peptidoglycan glycosyltransferases[END_REF][START_REF] Ye | Better substrates for bacterial transglycosylases[END_REF]. The acceptor site is less stringent since substrate analogues containing a lipid chain of at least twenty carbon atoms are accepted. Binding of substrate analogues in the acceptor site shows allosteric activation of the donor site and increases the binding affinity of an inhibitor, moenomycin, to the donor site, suggesting a cooperative mechanism between the two sites [START_REF] Bury | Positive cooperativity between acceptor and donor sites of the peptidoglycan glycosyltransferase[END_REF]. After each round of transglycosylation, the growing glycan chain, containing n+1 disaccharide units, must move from the acceptor site to the donor site to allow binding of a new lipid II in the acceptor site. Translocation of the glycan chain could be facilitated by a protruding and mobile region located between the donor and acceptor sites (Figure 6) [START_REF] Sauvage | Glycosyltransferases and Transpeptidases/Penicillin-Binding Proteins: Valuable Targets for New Antibacterials[END_REF]. Transglycosylation frees the C55-PP moiety of lipid II, which is flipped back to the cytoplasmic face of the cell membrane to be recycled and used in the formation of lipid I (van Heijenoort, 2001b).

b) SEDS Proteins

Monofunctional glycosyltransferases and aPBPs are not the only enzymes capable of catalyzing the polymerization of glycan strands. Deletion of all aPBPs leads to growth defects but is not fatal for B. subtilis, which does not naturally produce monofunctional glycosyltransferases, suggesting that unidentified glycosyltransferase(s) collaborating with bPBPs, which are monofunctional transpeptidases, could ensure peptidoglycan polymerization [START_REF] Mcpherson | Peptidoglycan synthesis in the absence of class A penicillinbinding proteins in Bacillus subtilis[END_REF]. A similar observation was made in E. faecalis, which also lacks monofunctional glycosyltransferases. E. faecalis is viable and resistant to moenomycin (a glycosyltransferase inhibitor) in the absence of aPBPs, suggesting that moenomycin does not target the unidentified glycosyltransferase(s) [START_REF] Arbeloa | Role of class A penicillin-binding proteins in PBP5-mediated beta-lactam resistance in Enterococcus faecalis[END_REF]. Overproduction of PBP2, a bPBP, and the SEDS protein RodA was shown to be sufficient for peptidoglycan synthesis in membrane extracts from an E. coli strain whose aPBPs had been inhibited by antibiotics [START_REF] Ishino | Peptidoglycan synthetic activities in membranes of Escherichia coli caused by overproduction of penicillin-binding protein 2 and rodA protein[END_REF]. While the transpeptidase activity required for peptidoglycan synthesis was clearly shown to be due to PBP2, it was less clear for the glycosyltransferase activity.

Based on their knowledge of PBPs at the time, the authors thought that RodA was unlikely to be a glycosyltransferase and postulated that it was instead a regulator of PBP2, which would be responsible for both the transpeptidase and the glycosyltransferase activities or that PBP2 and RodA formed a complex, which would then act as a bifunctional transpeptidase-glycosyltransferase. Thirty years went by before the mystery was solved.

No earlier than 2016, RodA and its homolog FtsW, ubiquitous members of the SEDS family, were shown to possess glycosyltransferase activity [START_REF] Cho | Bacterial cell wall biogenesis is mediated by SEDS and PBP polymerase families functioning semi-autonomously[END_REF][START_REF] Emami | RodA as the missing glycosyltransferase in Bacillus subtilis and antibiotic discovery for the peptidoglycan polymerase pathway[END_REF][START_REF] Henrichfreise | Bacterial Surfaces: The Wall that SEDS Built[END_REF][START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF][START_REF] Taguchi | FtsW is a peptidoglycan polymerase that is functional only in complex with its cognate penicillin-binding protein[END_REF]. RodA and FtsW share highly conserved folds and catalytic residues. Overexpression of RodA in B. subtilis lacking aPBPs attenuates growth defects and leads to an increase in glycosyltransferase activity [START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF]. Purified RodA also shows glycosyltransferase activity, which is not inhibited by moenomycin. Depletion of RodA in B. subtilis leads to enlarged and spherical cells while depletion of FtsW results in elongated filamentous cells [START_REF] Boyle | ftsW is an essential cell-division gene in Escherichia coli[END_REF][START_REF] Gamba | Cooperative Recruitment of FtsW to the Division Site of Bacillus subtilis[END_REF][START_REF] Henriques | Control of cell shape and elongation by the rodA gene in Bacillus subtilis[END_REF]Kobayashi et al., 2003). SpoVE, another SEDS protein encoded by B. subtilis, is not essential for growth but is necessary for peptidoglycan synthesis of the spore cortex [START_REF] Fay | Interactions between late-acting proteins required for peptidoglycan synthesis during sporulation[END_REF][START_REF] Henriques | A Bacillus subtilis morphogene cluster that includes spoVE is homologous to the mra region of Escherichia coli[END_REF].

Both RodA and FtsW form glycosyltransferase-transpeptidase cognate pairs with bPBPs (Figure 7). The RodA-PBP2 and FtsW-PBP3 pairs have been demonstrated to form the core synthases of the elongasome and divisome, respectively, and to be more conserved among bacterial species than aPBPs, opposing the widely held idea that the aPBPs are the main peptidoglycan synthases in bacteria [START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF]. Single molecule tracking experiments in E. coli revealed that RodA-PBP2 displayed circumferential motion along the long axis, similar to the elongasome protein MreB [START_REF] Garner | Coupled, circumferential motions of the cell wall synthesis machinery and MreB filaments in B. subtilis[END_REF]. In contrast, aPBPs showed distinct localization dynamics from the elongasome and were not essential for lateral peptidoglycan synthesis [START_REF] Cho | Bacterial cell wall biogenesis is mediated by SEDS and PBP polymerase families functioning semi-autonomously[END_REF][START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF].

The first crystal structure of a SEDS protein was recently obtained using evolutionary covariation analysis for fold prediction since conventional methods, such as molecular replacement, which requires structural data of a homologous protein, and heavy-atom phasing methods were not applicable [START_REF] Ovchinnikov | Large-scale determination of previously unsolved protein structures using evolutionary information[END_REF][START_REF] Sjodt | Structure of the peptidoglycan polymerase RodA resolved by evolutionary coupling analysis[END_REF]. Evolutionary coupling analyses are based on the premise that pairs of residues interacting with each other will co-evolve to preserve their interactions. The crystal structure of RodA from Thermus thermophiles shows the presence of ten transmembrane folds, large extracellular loops and short intracellular loops (Figure 7). The transmembrane domain contains a highly conserved cavity, which was demonstrated to be essential for the polymerase activity of RodA by mutational studies in B. subtilis and E. coli [START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF].

The cavity is next to a hydrophobic groove, which could contain the substrate binding sites of RodA.

The extracellular loops also contain catalytically essential residues. Strong evolutionary couplings of RodA and bPBP residues predicted a transmembrane binding interface for their interaction, which has been validated by mutagenesis studies for the FtsW-PBP3 pair [START_REF] Fraipont | The integral membrane FtsW protein and peptidoglycan synthase PBP3 form a subcomplex in Escherichia coli[END_REF][START_REF] Leclercq | Interplay between Penicillin-binding proteins and SEDS proteins promotes bacterial cell wall synthesis[END_REF].

RodA and FtsW use a similar transglycosylation mechanism as classical glycosyltransferases. They use reducing end addition for glycan chain elongation, where the growing glycan chain acts as donor and lipid II as acceptor [START_REF] Welsh | The direction of chain growth and substrate preferences of SEDS-family peptidoglycan glycosyltransferases[END_REF]. Lipid length was found to be a requirement for substrate binding at the donor and acceptor sites with binding at the donor site requiring a minimum lipid length of thirty carbon atoms and the acceptor site tolerating shorter lipid chains.

Coordination of the transglycosylase activity of SEDS proteins and the transpeptidase activity of bPBPs is critical to prevent the toxic accumulation of uncross-linked glycan chains [START_REF] Cho | Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis machinery[END_REF]. A regulation mechanism of RodA by its cognate bPBP was unveiled in E. coli, in which the peptidoglycan polymerase activity of RodA-PBP2 complexes was shown to be stimulated by PBP2 variants (Rohs et al., 2018). The amino acid substitutions in these variants bypassed the requirement for MreC, another protein belonging to the elongasome, by mimicking the conformational changes induced by interaction of PBP2 with MreC. The PBP2 variants also promote the formation of MreB filaments, leading to an enhancement in the formation of active elongasome complexes [START_REF] Hussain | MreB filaments align along greatest principal membrane curvature to orient cell wall synthesis[END_REF]. Two modes of regulation of SEDS proteins by bPBPs have been identified in S. aureus [START_REF] Reichmann | SEDS-bPBP pairs direct lateral and septal peptidoglycan synthesis in Staphylococcus aureus[END_REF].

Although cocci lack an elongasome, S. aureus possesses both FtsW and RodA. The FtsW-PBP1 pair was shown to be required for inward septal peptidoglycan synthesis and for stabilization of the divisome while RodA-PBP3 promoted sidewall peptidoglycan synthesis at the future division site. The first mode of regulation concerns PBP1, which was shown to be essential not because of its transpeptidase activity but rather because it stimulates the essential glycosyltransferase activity of FtsW [START_REF] Taguchi | FtsW is a peptidoglycan polymerase that is functional only in complex with its cognate penicillin-binding protein[END_REF].

The second mode of regulation concerns PBP3, which is not only required for localization of RodA at midcell but is also expected to modulate its activity. (i) Superposition of the crystal structures of wild-type RodA (green) and RodA D255A (blue) (PDB 6BAR and 6BAS, respectively). (ii) A new model has emerged in which SEDS proteins form a complex with their cognate bPBPs for peptidoglycan polymerization. Shown here is RodA in complex with PBP2. FtsW forms a similar complex with its cognate bPBP. Not shown are the other elongasome proteins that ensure directional peptidoglycan synthesis. From reference [START_REF] Sjodt | Structure of the peptidoglycan polymerase RodA resolved by evolutionary coupling analysis[END_REF].

Studies on Listeria monocytogenes and B. subtilis showed that expression of the SEDS proteins could be induced in response to stresses targeting the cell wall, such as treatment by β-lactams or moenomycin [START_REF] Emami | RodA as the missing glycosyltransferase in Bacillus subtilis and antibiotic discovery for the peptidoglycan polymerase pathway[END_REF][START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF][START_REF] Rismondo | Cell Shape and Antibiotic Resistance Are Maintained by the Activity of Multiple FtsW and RodA Enzymes in Listeria monocytogenes[END_REF]. L. monocytogenes encodes two FtsW and three RodA homologs. Of these, FtsW2 and RodA3 are part of the same operon, which is only minimally expressed under standard laboratory conditions [START_REF] Lobel | Systems Level Analyses Reveal Multiple Regulatory Activities of CodY Controlling Metabolism, Motility and Virulence in Listeria monocytogenes[END_REF]. Its expression is regulated by CesRK, a two-component system, which is activated by cell envelope stress, such as the presence of cell wall-targeting antibiotics and lysozyme [START_REF] Kallipolitis | CesRK, a twocomponent signal transduction system in Listeria monocytogenes, responds to the presence of cell wall-acting antibiotics and affects beta-lactam resistance[END_REF]. Indeed, expression of FtsW2 and RodA3 was induced in the presence of β-lactam antibiotics and moenomycin, which respectively inactivate the transpeptidase and glycosyltransferase activities of PBPs. Similarly, deletion of aPBPs in B. subtilis led to a dependence on the alternative sigma factor, SigM for survival; SigM-mediated expression of RodA is necessary and sufficient for viability and for the natural resistance of B. subtilis to moenomycin [START_REF] Emami | RodA as the missing glycosyltransferase in Bacillus subtilis and antibiotic discovery for the peptidoglycan polymerase pathway[END_REF][START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF][START_REF] Salzberg | The Bacillus subtilis GntR family repressor YtrA responds to cell wall antibiotics[END_REF].

The essential roles of RodA and FtsW in nearly all bacteria make them promising targets for antibiotics.

A chemical screen of extracts from various actinomycete strains has led to the identification of a potential RodA inhibitor that showed antibacterial activity against B. subtilis depleted of aPBPs and acted synergistically with moenomycin against wild-type cells [START_REF] Emami | RodA as the missing glycosyltransferase in Bacillus subtilis and antibiotic discovery for the peptidoglycan polymerase pathway[END_REF]. Further work is required to elucidate the structure of the inhibitor.

c) D,D-transpeptidases

D,D-transpeptidases catalyze formation of cross-links between the peptide stems of adjacent glycan chains. In E. coli, it is estimated that around 40 to 60% of the total number of peptides is cross-linked [START_REF] Glauner | The composition of the murein of Escherichia coli[END_REF]. Most bacteria contain 43 cross-links, which are formed between D-Ala at position 4 of the donor peptide and A2pm (in E. coli) at position 3 of the acceptor peptide (Figure 5) [START_REF] Schleifer | Peptidoglycan types of bacterial cell walls and their taxonomic implications[END_REF]. The donor substrate has to contain a pentapeptide stem because in the first step of the reaction, cleavage of the D-Ala 4 -D-Ala 5 bond provides the necessary energy for formation of the cross-link [START_REF] Terrak | The catalytic, glycosyl transferase and acyl transferase modules of the cell wall peptidoglycan-polymerizing penicillin-binding protein 1b of Escherichia coli[END_REF]. The synthesis of 43 cross-links is catalyzed by the D,D-transpeptidase activity of bifunctional aPBPs or monofunctional bPBPs (detailed in Chapter 4).

Depending on the growth phase, PBPs are responsible for the synthesis of 87% (stationary phase) to 94% (exponential phase) of all cross-links in E. coli [START_REF] Pisabarro | Structural modifications in the peptidoglycan of Escherichia coli associated with changes in the state of growth of the culture[END_REF]. PBPs were first identified by their ability to covalently bind penicillin and other β-lactams [START_REF] Suginaka | Multiple penicillin-binding components in Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, and Escherichia coli[END_REF]. The β-lactam antibiotics are discussed in Chapter 2.

d) L,D-transpeptidases

A second type of cross-links, formed between the A2pm 3 residues of a donor and an acceptor peptide, was first identified in a small proportion in E. coli and other Gram-negative bacteria (Figure 5) [START_REF] Glauner | The composition of the murein of Escherichia coli[END_REF][START_REF] Pisabarro | Structural modifications in the peptidoglycan of Escherichia coli associated with changes in the state of growth of the culture[END_REF][START_REF] Quintela | Variability of peptidoglycan structural parameters in gram-negative bacteria[END_REF]. The proportion of 33 cross-links in E. coli increases from 6% during exponential growth to 13% in the stationary phase [START_REF] Pisabarro | Structural modifications in the peptidoglycan of Escherichia coli associated with changes in the state of growth of the culture[END_REF]. Some pathogenic bacteria, such as M. tuberculosis, contain a higher proportion (60% to 80%) of 33 cross-links than 43 cross-links in their peptidoglycan in all phases of growth [START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF][START_REF] Lavollay | The peptidoglycan of stationary-phase Mycobacterium tuberculosis predominantly contains cross-links generated by L,D-transpeptidation[END_REF]. The enzymes responsible for the synthesis of 33 cross-links, the L,Dtranspeptidases (LDTs), were first identified in the early 2000s by the host laboratory. They form a new family of peptidoglycan synthases. LDTs are structurally distinct from PBPs and their catalytic residue is a cysteine instead of a serine. Moreover, the substrate requirement for LDTs is different from PBPs since they require a tetrapeptide instead of a pentapeptide stem. LDTs are inhibited only by the carbapenem class of β-lactams. LDTs are further detailed in Chapter 5.

e) Peptidoglycan Hydrolases

Peptidoglycan hydrolases include lytic transglycosylases, amidases, carboxypeptidases, and endopeptidases. They have a non-negligible role in the formation of a robust and stable peptidoglycan network. Hydrolases are particularly important for the insertion of new material into the peptidoglycan layer while maintaining its thickness. Their activity has to be tightly regulated in order to prevent uncontrolled hydrolysis of peptidoglycan, which ultimately leads to cell lysis. One hypothesis regarding the regulation of the hydrolytic activity of these enzymes is that they exist in multi-enzyme complexes that also contain peptidoglycan synthases [START_REF] Holtje | Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli[END_REF]. Hydrolases have also been shown to be regulated by proteins, either other hydrolases or non-catalytic proteins that act as their cognate regulators [START_REF] Morlot | A highly coordinated cell wall degradation machine governs spore morphogenesis in Bacillus subtilis[END_REF][START_REF] Uehara | LytM-domain factors are required for daughter cell separation and rapid ampicillin-induced lysis in Escherichia coli[END_REF].

Lytic transglycosylases catalyze the cleavage of the glycosidic bond between MurNAc and GlcNAc in glycan strands, leading to the concomitant formation of disaccharide-peptides with a 1,6-anhydro bond on MurNAc [START_REF] Holtje | Novel type of murein transglycosylase in Escherichia coli[END_REF]. Amidases catalyze the cleavage of the bond connecting peptide stems to MurNAc (Vollmer et al., 2008b). Carboxypeptidases catalyze the hydrolysis of the terminal ends of peptide stems. Endopeptidases catalyze the hydrolysis of amide bonds present inside peptide stems or of PBP-or LDT-catalyzed cross-links.

E. coli encodes around twenty hydrolases, which include multiple enzymes for each hydrolytic activity.

None of these is essential for cell viability with mutants depleted of several hydrolases displaying mild phenotypes or none at all. However, some of the hydrolases have defined functions. The AmiA, AmiB, and AmiC amidases and their EnvC and NlpD regulators have redundant roles in septal peptidoglycan cleavage, which is essential for separation of daughter cells. Cells depleted of all three amidases grow as long unseparated chains, a phenotype that is exacerbated upon additional depletion of lytic transglycosylases and endopeptidases [START_REF] Heidrich | Involvement of N-acetylmuramyl-L-alanine amidases in cell separation and antibiotic-induced autolysis of Escherichia coli[END_REF]. Cell elongation also necessitates hydrolases since deletion of the genes encoding the redundant endopeptidases, MepS, MepM, and MepH, which specifically cleave 43 cross-links, leads to inhibition of peptidoglycan synthesis, followed by cell lysis [START_REF] Singh | Regulated proteolysis of a cross-link-specific peptidoglycan hydrolase contributes to bacterial morphogenesis[END_REF][START_REF] Singh | Three redundant murein endopeptidases catalyse an essential cleavage step in peptidoglycan synthesis of Escherichia coli K12[END_REF]. Another endopeptidase, MepK, was recently shown to specifically hydrolyze LDT-catalyzed 33 cross-links [START_REF] Chodisetti | Peptidoglycan hydrolase of an unusual cross-link cleavage specificity contributes to bacterial cell wall synthesis[END_REF]. The carboxypeptidase activity of the class C PBP, PBP6b, which has no significant role under standard growth conditions, becomes important for normal morphology and growth in acidic conditions (see Chapter 4) [START_REF] Peters | The Redundancy of Peptidoglycan Carboxypeptidases Ensures Robust Cell Shape Maintenance in Escherichia coli[END_REF]. The expression, stability, and activity of the protein increase at pH 5.

Similarly, a shift of temperature from 37°C to 30°C revealed an increase in activity for a lytic transglycosylase, MltA [START_REF] Lommatzsch | Outer membrane localization of murein hydrolases: MltA, a third lipoprotein lytic transglycosylase in Escherichia coli[END_REF].

Peptidoglycan fragments released by the catalytic activities of the hydrolases can be recycled in the cytoplasm. Uptake from the periplasm requires the Opp and Mpp permeases in E. coli. In the cytoplasm, the fragments are further hydrolyzed by various enzymes for re-entry into the peptidoglycan biosynthetic pathway [START_REF] Uehara | Recycling of the anhydro-N-acetylmuramic acid derived from cell wall murein involves a two-step conversion to N-acetylglucosamine-phosphate[END_REF]. In addition, peptidoglycan turnover products can act as signals for the expression of chromosomally encoded β-lactamases, enzymes that catalyze the degradation of β-lactam antibiotics (see Chapter 3) [START_REF] Jacobs | Cytosolic intermediates for cell wall biosynthesis and degradation control inducible beta-lactam resistance in gram-negative bacteria[END_REF]. Inhibition of the transpeptidation of glycan strands by β-lactams can also induce turnover of nascent peptidoglycan by lytic transglycosylases, such as Slt [START_REF] Cho | Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis machinery[END_REF]. This induces a futile cycle of peptidoglycan synthesis and degradation, which depletes the pool of peptidoglycan precursors and contributes to the bactericidal activity of β-lactams.

In M. tuberculosis, RpfB (or Resuscitation Promoting Factor B) is a lytic transglycosylase, which is able to stimulate "resuscitation" of M. tuberculosis from dormancy [START_REF] Kana | Resuscitation-promoting factors as lytic enzymes for bacterial growth and signaling[END_REF]. RpfB interacts with RipA (or Rpf interacting protein A), an essential endopeptidase that catalyzes the hydrolysis of the amide bond between D-iGln 2 and A2pm 3 of the peptide stem [START_REF] Sassetti | Genes required for mycobacterial growth defined by high density mutagenesis[END_REF]. Their concerted activity leads to the formation of a 1,6-anhydro-disaccharide-dipeptide, which was shown to be the minimal structure required for resuscitation of dormant cells [START_REF] Nikitushkin | A product of RpfB and RipA joint enzymatic action promotes the resuscitation of dormant mycobacteria[END_REF].

Antibiotics Targeting Peptidoglycan Synthesis

Peptidoglycan being an essential and unique component of most bacterial cells, its biosynthetic pathway is a validated target for the development of antibiotics. An overview of the most common peptidoglycan-targeting antibiotics is presented here.

Among antibiotics targeting the synthesis of peptidoglycan precursors are the natural products, fosfomycin and D-cycloserine [START_REF] Barreteau | Cytoplasmic steps of peptidoglycan biosynthesis[END_REF]. Fosfomycin targets the first Mur enzyme in the peptidoglycan biosynthetic pathway, MurA, which catalyzes the formation of UDP-GlcNAcenolpyruvate, the precursor of UDP-MurNAc. D-cycloserine acts as a competitive inhibitor of two enzymes, Alr and Ddl, which catalyze the formation of D-Ala by racemization of L-Ala and the condensation of two D-Ala molecules to form a dipeptide, respectively [START_REF] Prosser | Metabolomics Reveal d-Alanine:d-Alanine Ligase As the Target of d-Cycloserine in Mycobacterium tuberculosis[END_REF]. D-cycloserine is a second-line antibiotic used in the treatment of drug-resistant tuberculosis.

The formation of the lipid precursor is targeted by bacitracin, a mixture of natural cyclic polypeptides, which sequesters the undecaprenyl pyrophosphate (C55-PP) lipid carrier and thus prevents its dephosphorylation to undecaprenyl phosphate (C55-P) [START_REF] Stone | Mechanism of action of bacitracin: complexation with metal ion and C 55 -isoprenyl pyrophosphate[END_REF].

Lipid II can also be sequestered by a number of antibiotics. Glycopeptides, such as vancomycin, bind to the terminal D-Ala 4 -D-Ala 5 end of the pentapeptide stem of lipid II [START_REF] Kahne | Glycopeptide and lipoglycopeptide antibiotics[END_REF]. Nisin, a lantibiotic, has a dual mode of action since it binds to the pyrophosphate moiety of lipid II and it targets lipid II molecules to form pores in the cytoplasmic membrane [START_REF] Hsu | The nisin-lipid II complex reveals a pyrophosphate cage that provides a blueprint for novel antibiotics[END_REF]. Ramoplanin is a cyclic glycodepsipeptide, which binds to the pyrophosphate moiety and MurNAc of lipid II [START_REF] Hamburger | A crystal structure of a dimer of the antibiotic ramoplanin illustrates membrane positioning and a potential Lipid II docking interface[END_REF].

Polymerization of glycan strands can be inhibited by moenomycin, which is not clinically used due to poor pharmacokinetic properties [START_REF] Ostash | Moenomycin family antibiotics: chemical synthesis, biosynthesis, and biological activity[END_REF]. This molecule does not inhibit the glycosyltransferase activity of SEDS proteins.

The transpeptidases responsible for cross-linking of glycan strands are inhibited by β-lactams. These antibiotics are discussed in the next chapter.

The β-lactam antibiotics

The β-lactams are the most successful and commonly used antibiotics against infectious diseases due to their broad antibacterial spectrum, oral availability, lack of toxicity, and good pharmacokinetic properties (Kong et al., 2010). Since the discovery of penicillin by Alexander Fleming in 1928 and its subsequent use in medicine in the 1940s, several new classes and generations of β-lactams have been developed and optimized for clinical use against infectious diseases.

Mode of Action of β-lactams

The mode of action of β-lactams was identified about forty years after the discovery of penicillin [START_REF] Park | Mode of action of penicillin[END_REF][START_REF] Tipper | Mechanism of action of penicillins: a proposal based on their structural similarity to acyl-D-alanyl-D-alanine[END_REF]. β-lactams are suicide inhibitors of the Penicillin-Binding Proteins (PBPs), whose inactivation leads to cell death. PBPs are efficaciously inactivated by βlactams through the formation of a stable acylenzyme between the catalytic serine of PBPs and the carbonyl moiety of the β-lactam ring. This reaction is thought to occur because of the analogy between the structure of the β-lactam ring and that of the D-Ala 4 -D-Ala 5 end of the peptidoglycan precursor [START_REF] Tipper | Mechanism of action of penicillins: a proposal based on their structural similarity to acyl-D-alanyl-D-alanine[END_REF]. The similarity between β-lactams and the natural substrates of PBPs resides in the distribution of electrons in the β-lactam ring, which is proposed to mimic the distribution of three electrostatic-negative wells at the terminal D-Ala 4 -D-Ala 5 of the natural substrate of PBPs (Figure 8). Although the terminal D-Ala 4 -D-Ala 5 end of the pentapeptide substrate of PBPs and penams have a common backbone (red), the analogy between the peptidoglycan precursor and β-lactams lies in a similar distribution of electrons at positions I, II, and III (blue). In contrast to the reaction with their natural substrate, in which the enzyme is liberated in the final step, acylation of the active-site serine of PBPs by β-lactams is stable, leading to inactivation of the enzyme. The chain of events from PBP inhibition to cell lysis and bacterial death is not clearly understood and is under investigation in various bacteria [START_REF] Cho | Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis machinery[END_REF][START_REF] Chung | Rapid beta-lactaminduced lysis requires successful assembly of the cell division machinery[END_REF][START_REF] Giesbrecht | Staphylococcal cell wall: morphogenesis and fatal variations in the presence of penicillin[END_REF]. Loss of catalytic activity of essential PBPs has been proposed to result in an imbalance in peptidoglycan metabolism due to uncontrolled hydrolysis of the peptidoglycan network by hydrolases, which would lead to a loss of cell wall integrity and ultimately, to cell lysis [START_REF] Cho | Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis machinery[END_REF][START_REF] Park | Mode of action of penicillin[END_REF][START_REF] Tomasz | Mechanism of action of penicillin: triggering of the pneumococcal autolytic enzyme by inhibitors of cell wall synthesis[END_REF].

Classes of β-lactams

The β-lactam antibiotics in clinical use are natural, semi-synthetic, or synthesized compounds [START_REF] Bush | beta-Lactams and beta-Lactamase Inhibitors: An Overview[END_REF]. The core structure of β-lactams is the four-membered azetidin-2-one (β-lactam) ring.

β-lactams are divided into several classes based on their β-lactam-adjacent ring. The most commonly used β-lactams are the penams, cephems, carbapenems, penems, monobactams, and clavams (Table 1). 
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Penams

Penams, also known as penicillins, contain a thiazolidine ring, which is saturated and is composed of five atoms including sulfur at position 4. Various penams have been obtained by semi-synthesis by modifying the side-chain of the core penam structure, 6-aminopenicillanic acid (6-APA), which is composed of the β-lactam and thiazolidine rings and a primary amine R group [START_REF] Dalhoff | The art of fusion: from penams and cephems to penems[END_REF]. Some penams, known as amidinopenicillins, such as temocillin, contain a methoxy group at position 6 (instead of a hydrogen atom) in an attempt to prevent hydrolysis of the β-lactam ring by βlactamases [START_REF] Slocombe | BRL 17421, a novel betalactam antibiotic, highly resistant to beta-lactamases, giving high and prolonged serum levels in humans[END_REF].

Cephems

Cephems, also known as cephalosporins, contain a dihydrothiazine ring, which has an unsaturation at C2-C3 and a sulfur at position 5 [START_REF] Dalhoff | The art of fusion: from penams and cephems to penems[END_REF]. Cephems are the most abundant β-lactam class and the most widely used β-lactams in antibacterial therapy [START_REF] Hamad | The antibiotics market[END_REF]. There are currently five generations of cephalosporins, which differ by their antibacterial spectrum. Most cephalosporins derive from the core 7-aminocephalosporinic acid (7-ACA) by semi-synthesis. Similarly to penams, some cephems, known as cephamycins, contain a methoxy group at position 7 instead of a hydrogen [START_REF] Page | Emerging cephalosporins[END_REF]. Although cephamycins, such as cefoxitin, were developed to prevent hydrolysis by βlactamases, they can act as inducers of cephalosporinase (β-lactamases that hydrolyze cephalosporins) expression [START_REF] Neu | beta-Lactam antibiotics: structural relationships affecting in vitro activity and pharmacologic properties[END_REF]. Another downside of the methoxy group is that it reduces the antibacterial activity of cephamycins and amidinopenicillins against Gram-positive bacteria [START_REF] Neu | Cefoxitin, a semisynthetic cephamycin antibiotic: antibacterial spectrum and resistance to hydrolysis by gram-negative beta-lactamases[END_REF].

Carbapenems

Carbapenems contain a pyrroline ring, which is unsaturated at C2-C3 [START_REF] Papp-Wallace | Carbapenems: past, present, and future[END_REF].

Carbapenems have certain structural characteristics that contribute to their antibacterial activity. Their side-chains are different from those found in penams and cephems. All carbapenems contain a hydroxyethyl group at position 6 of the β-lactam ring. The side-chain (R1) linked at position 3 of the pyrroline starts with a sulfur atom. The C5-C6 bond has a trans configuration in carbapenems, compared to the cis configuration of penams and cephems. Position 4 of the pyrroline is substituted by a methyl group (R2) for all carbapenems, except thienamycin and imipenem. Owing to their broadspectrum activity and high potency, carbapenems are considered as last resort antibiotics. An inconvenience of carbapenems is that they can only be administered intravenously.

Penems

The β-lactam-adjacent ring of penems is similar to that of carbapenems except for a sulfur atom at position 4 [START_REF] Dalhoff | The art of fusion: from penams and cephems to penems[END_REF]. Compared to carbapenems, the faropenem penem can be administered orally [START_REF] Schurek | Faropenem: review of a new oral penem[END_REF]. (Carba)penems have shown potent antibacterial activity against M. tuberculosis both in vitro, in mice models, and in a clinical trial [START_REF] Dhar | Rapid cytolysis of Mycobacterium tuberculosis by faropenem, an orally bioavailable beta-lactam antibiotic[END_REF][START_REF] Diacon | beta-Lactams against Tuberculosis--New Trick for an Old Dog?[END_REF][START_REF] Hugonnet | Meropenemclavulanate is effective against extensively drug-resistant Mycobacterium tuberculosis[END_REF][START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF] (see Chapter 5.5.2).

Monobactams

Monobactams contain only one cycle, the β-lactam ring [START_REF] Sykes | Monocyclic beta-lactam antibiotics produced by bacteria[END_REF]. Aztreonam is the only clinically used monobactam [START_REF] Bush | beta-Lactams and beta-Lactamase Inhibitors: An Overview[END_REF]. Monobactams have a more restrained antibacterial spectrum than the other β-lactam classes. Aztreonam is one of the few β-lactams that has a highly preferred target among the PBPs. It preferentially targets the class B PBP, PBP3, which is present in the divisome of E. coli.

Clavams

Clavams are inhibitors of β-lactamases [START_REF] Bush | beta-Lactams and beta-Lactamase Inhibitors: An Overview[END_REF]. They are used in association with the other β-lactam classes to target β-lactamase-producing bacteria. Clavulanic acid is the only natural representative of the clavams (see Chapter 3.2.1).

Resistance to β-lactams

Bacteria have developed several resistance mechanisms to combat β-lactams (Figure 9) [START_REF] Walsh | Molecular mechanisms that confer antibacterial drug resistance[END_REF].

In Gram-negative bacteria, β-lactams have to cross the outer membrane in order to penetrate the periplasm to target the PBPs. β-lactams cross the outer membrane by using porins, which has led to the emergence of amino acid substitutions preventing β-lactam entry, reducing the permeability of the outer membrane [START_REF] Cohen | marA locus causes decreased expression of OmpF porin in multiple-antibiotic-resistant (Mar) mutants of Escherichia coli[END_REF]. Even if the β-lactam manages to reach the periplasm, it can be subjected to export by multidrug efflux pumps [START_REF] Zgurskaya | Multidrug resistance mechanisms: drug efflux across two membranes[END_REF]. The PBPs themselves can harbor substitutions (target modification) to alter the acylation efficacy by β-lactams [START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF]. This is more common in Gram-positive bacteria, in which PBP-encoding genes are mutated or intrinsically resistant PBPs are expressed (see Chapter 4.3.2). In Gram-negative bacteria, the main resistance mechanism is the expression of β-lactamases, which rapidly hydrolyze β-lactams before they can inactivate their targets [START_REF] Bush | Past and Present Perspectives on beta-Lactamases[END_REF] (see Chapter 3). Bypass of the transpeptidase activity of PBPs by another enzyme family, the L,D-transpeptidases (LDTs), has been shown to confer resistance to penams and cephems in laboratory-selected mutants of E. faecium and E. coli [START_REF] Hugonnet | Factors essential for L,D-transpeptidase-mediated peptidoglycan cross-linking and beta-lactam resistance in Escherichia coli[END_REF][START_REF] Mainardi | Novel mechanism of beta-lactam resistance due to bypass of DD-transpeptidation in Enterococcus faecium[END_REF] (see Chapter 5). 

β-lactamases

Expression of β-lactamases constitutes the primary resistance mechanism of Gram-negative bacteria against β-lactams [START_REF] Bush | Past and Present Perspectives on beta-Lactamases[END_REF]. Although Gram-positive bacteria also produce β-lactamases, they mostly rely on "low-affinity" PBPs to resist the antibacterial action of β-lactams [START_REF] Fisher | beta-Lactam Resistance Mechanisms: Gram-Positive Bacteria and Mycobacterium tuberculosis[END_REF] (see Chapter 4). To combat bacterial resistance arising due to β-lactamases, β-lactamase inhibitors and β-lactamase-resistant β-lactams have been developed [START_REF] Bush | beta-Lactams and beta-Lactamase Inhibitors: An Overview[END_REF].

Classification of β-lactamases

β-lactamases are classified according to the Ambler system, which divides β-lactamases into four classes, A, B, C, and D, based on amino-acid sequence homology [START_REF] Ambler | The structure of beta-lactamases[END_REF]. The A, B, and C classes are serine β-lactamases since their catalytic residue is a serine while class B enzymes are zincdependent metallo-β-lactamases. Within these four classes, β-lactamases can further be subdivided based on their preferred substrates: penicillinases, cephalosporinases, carbapenemases, and extended-spectrum β-lactamases (ESBLs), which hydrolyze penams, broad-spectrum cephems, and carbapenems [START_REF] Rawat | Extended-spectrum beta-lactamases in Gram Negative Bacteria[END_REF].

Serine β-lactamases

Serine β-lactamases contain structural and functional elements, which are equivalent to the PBPs [START_REF] Joris | The active-site-serine penicillin-recognizing enzymes as members of the Streptomyces R61 DD-peptidase family[END_REF][START_REF] Knox | Molecular evolution of bacterial beta-lactam resistance[END_REF][START_REF] Massova | Kinship and diversification of bacterial penicillin-binding proteins and beta-lactamases[END_REF]. Reaction of serine β-lactamases with βlactams proceeds through a similar three-step pathway as that of PBPs [START_REF] Matagne | The beta-lactamase cycle: a tale of selective pressure and bacterial ingenuity[END_REF]) (Figure 10). Interaction of the enzyme with β-lactams leads to the formation of a non-covalent Michaelis-Menten complex. Nucleophilic attack of the catalytic serine on the carbonyl carbon of the β-lactam ring results in formation of an acylenzyme, which is then hydrolyzed. The main difference in the reaction mechanism concerns the hydrolytic step, which proceeds with a much higher rate in βlactamases than in PBPs. The first step of the catalytic pathway involves formation of a Michaelis-Menten complex (ES) between the βlactamase (E) and the β-lactam (S), with the kinetic constants k1 and k-1. Nucleophilic attack of the catalytic serine residue on the β-lactam carbonyl leads to formation of an acylenzyme (ES*) with the kinetic constant k2. Hydrolysis of the acylenzyme liberates the native enzyme and the hydrolyzed β-lactam molecule (P) with the kinetic constant k3 [START_REF] Frere | Kinetics of interaction between the exocellular DDcarboxypeptidase-transpeptidase from Streptomyces R61 and beta-lactam antibiotics. A choice of models[END_REF].

Class A

The main clinically significant class A β-lactamases are TEM, SHV, CTX-M, and KPC [START_REF] Bush | Past and Present Perspectives on beta-Lactamases[END_REF]. The TEM and SHV enzymes are mostly penicillinases. Some TEM and SHV enzymes, as well as the CTX-M cephalosporinase, are ESBLs [START_REF] Chong | Current epidemiology, genetic evolution and clinical impact of extended-spectrum beta-lactamase-producing Escherichia coli and Klebsiella pneumoniae[END_REF]. KPC is a carbapenemase [START_REF] Rapp | Klebsiella pneumoniae carbapenemases in Enterobacteriaceae: history, evolution, and microbiology concerns[END_REF].

BlaC is a class A β-lactamase chromosomally encoded by M. tuberculosis, which hydrolyzes penams, cephems, and to a lesser extent, carbapenems [START_REF] Hugonnet | Meropenemclavulanate is effective against extensively drug-resistant Mycobacterium tuberculosis[END_REF][START_REF] Voladri | Recombinant expression and characterization of the major beta-lactamase of Mycobacterium tuberculosis[END_REF]. Deletion of the blaC gene results in enhanced susceptibility to β-lactams [START_REF] Flores | Genetic analysis of the beta-lactamases of Mycobacterium tuberculosis and Mycobacterium smegmatis and susceptibility to beta-lactam antibiotics[END_REF]. BlaC was shown to be efficaciously inhibited by the β-lactamase inhibitor, clavulanic acid [START_REF] Hugonnet | Irreversible inhibition of the Mycobacterium tuberculosis beta-lactamase by clavulanate[END_REF]. Clavulanic acid potentiates the antibacterial activity of meropenem against M. tuberculosis [START_REF] Hugonnet | Meropenemclavulanate is effective against extensively drug-resistant Mycobacterium tuberculosis[END_REF].

Class C

Class C β-lactamases are also known as AmpC enzymes since they are usually encoded by chromosomal ampC genes although certain class C enzymes are also disseminated on mobile genetic elements [START_REF] Jacoby | AmpC beta-lactamases[END_REF]. AmpC β-lactamases confer resistance to penams and some cephems.

In some organisms, expression of the chromosomal ampC gene is controlled by the transcriptional regulator AmpR, which normally represses ampC expression [START_REF] Juan | Diversity and regulation of intrinsic beta-lactamases from non-fermenting and other Gram-negative opportunistic pathogens[END_REF]. β-lactam treatment has been shown to lead to degradation of nascent peptidoglycan by the lytic transglycosylase, Slt [START_REF] Cho | Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis machinery[END_REF]. In turn, accumulation of anhydro MurNAc-peptide turnover products in the cytoplasm serves as a signal for induction of ampC [START_REF] Fisher | The sentinel role of peptidoglycan recycling in the beta-lactam resistance of the Gram-negative Enterobacteriaceae and Pseudomonas aeruginosa[END_REF].

Class D

Class D β-lactamases (or oxacillinases) have a broad spectrum of activity towards penams, extendedspectrum cephems, and carbapenems [START_REF] Evans | OXA beta-lactamases[END_REF][START_REF] Leonard | Class D beta-lactamases: a reappraisal after five decades[END_REF]. Both chromosomal
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and disseminated members of this family have been described [START_REF] Poirel | OXA-48-like carbapenemases: the phantom menace[END_REF][START_REF] Toth | Class D beta-lactamases do exist in Gram-positive bacteria[END_REF].

Emergence of OXA-producing Pseudomonas aeruginosa and Acinetobacter baumanii is particularly alarming [START_REF] Potron | Emerging broad-spectrum resistance in Pseudomonas aeruginosa and Acinetobacter baumannii: Mechanisms and epidemiology[END_REF].

Metallo β-lactamases (Class B)

Class B β-lactamases are zinc-dependent metalloenzymes [START_REF] Crowder | Metallo-beta-lactamases: novel weaponry for antibiotic resistance in bacteria[END_REF]. Instead of a catalytic serine residue, the nucleophile is a water molecule, which is activated by coordination to zinc ion(s)

present in the active site of these metalloenzymes. They contain an HXHXD motif that forms a metal center at the core of the enzyme. Metallo β-lactamases have a broad hydrolytic spectrum towards all classes of β-lactams, except monobactams [START_REF] Lohans | New Delhi Metallo-beta-Lactamase 1 Catalyzes Avibactam and Aztreonam Hydrolysis[END_REF]. The most clinically important metallo β-lactamases are NDM, VIM, and IMP [START_REF] Wang | Metallo-beta-lactamases: structural features, antibiotic recognition, inhibition, and inhibitor design[END_REF]. There is currently no inhibitor in clinical development for these enzymes although their dissemination and ability to hydrolyze carbapenems, which are considered as last-resort antibiotics, are particularly worrisome.

β-lactamase Inhibitors

β-lactamase inhibitors include the first-generation inhibitors, which contain a β-lactam ring, and novel inhibitors, which contain a non-β-lactam scaffold. Inhibitors that are being used in therapy and some diazabicyclooctane inhibitors currently in clinical development are discussed below (Figure 11). 

First-Generation Inhibitors

First-generation inhibitors contain a β-lactam ring and act as suicide inhibitors of β-lactamases. The first identified β-lactamase inhibitor was a natural compound, clavulanic acid (a clavam) (Figure 11) [START_REF] Reading | Clavulanic acid: a beta-lactamase-inhiting beta-lactam from Streptomyces clavuligerus[END_REF]. Clavulanic acid reacts with the catalytic serine of β-lactamases, leading to the formation of an acylenzyme. Following acylation, secondary modifications can occur (Figure 12) [START_REF] Drawz | Three decades of beta-lactamase inhibitors[END_REF]. Opening of the five-membered ring of clavulanic acid can lead to formation of a transient imine intermediate, which rearranges to form an enamine. The reaction can proceed to prolonged enzyme inactivation or slow deacylation by hydrolysis of the inhibitor. Clavulanic acid is active against most class A β-lactamases, including ESBLs but excluding most carbapenemases.

Clavulanic acid is commercialized in combination with either ticarcillin or amoxicillin. The sulbactam and tazobactam sulfones are two other first-generation β-lactamase inhibitors, which are commercialized (Figure 11) [START_REF] Bebrone | Current challenges in antimicrobial chemotherapy: focus on ss-lactamase inhibition[END_REF]. They belong to the penicillanic sulfone class, which contain a sulfone group at position 4 instead of the oxygen of clavams [START_REF] King | One ring to rule them all: Current trends in combating bacterial resistance to the beta-lactams[END_REF]. They have a similar inhibitory spectrum as clavulanic acid against class A β-lactamases and they are better inhibitors of class C cephalosporinases. Sulbactam is commercialized with ampicillin or cefoperazone while tazobactam is combined with piperacillin, cefoperazone, or ceftolozane. None of the β-lactamase inhibitors inactivates metallo β-lactamases [START_REF] King | One ring to rule them all: Current trends in combating bacterial resistance to the beta-lactams[END_REF]. None has antibacterial activity on their own although some exceptions have been described [START_REF] Bush | beta-Lactams and beta-Lactamase Inhibitors: An Overview[END_REF].

Boronate-Based Compounds

Vaborbactam contains a cyclic boronate pharmacophore (Figure 11). It is active against β-lactamases belonging to classes A and C [START_REF] Hecker | Discovery of a Cyclic Boronic Acid beta-Lactamase Inhibitor (RPX7009) with Utility vs Class A Serine Carbapenemases[END_REF]. It was recently introduced in the clinic in combination with the meropenem carbapenem [START_REF] Wu | Meropenem-vaborbactam for the treatment of complicated urinary tract infections including acute pyelonephritis[END_REF]. Boronate-based compounds have long been used as inhibitors and as tools by various research groups to study β-lactamases and PBPs because the tetrahedral geometry of boron mimics the tetrahedral intermediate (oxyanion) proposed to be formed upon nucleophilic attack of the catalytic serine on the β-lactam carbonyl [START_REF] Fu | Boronic acid-based enzyme inhibitors: a review of recent progress[END_REF]. Boronates function as analogues of the intermediate. They form a reversible and non-hydrolysable bond with the catalytic serine.

Diazabicyclooctanes

Avibactam (formerly NXL104) is a non-β-lactam β-lactamase inhibitor with a novel diazabicyclooctane (DBO) scaffold (Figure 11) [START_REF] Coleman | Diazabicyclooctanes (DBOs): a potent new class of non-beta-lactam betalactamase inhibitors[END_REF]. It differs from first-generation inhibitors due to its non-βlactam bicyclic core and its reversible acylation of serine β-lactamases [START_REF] Ehmann | Avibactam is a covalent, reversible, non-beta-lactam beta-lactamase inhibitor[END_REF].

Avibactam has a broader spectrum of activity than the first-generation β-lactamase inhibitors since it is active against class A penicillinases, ESBLs, and carbapenemases, class C cephalosporinases, and a subset of class D oxacillinases [START_REF] Ehmann | Kinetics of avibactam inhibition against Class A, C, and D beta-lactamases[END_REF]. It has been approved for use in combination with ceftazidime.

Avibactam is a covalent and reversible inhibitor. Recyclization of the DBO scaffold has been observed

with most β-lactamases, except KPC-2 with which slow desulfation followed by hydrolysis has been described. Nucleophilic attack of the catalytic serine of β-lactamases on the carbonyl moiety of avibactam leads to formation of a carbamoyl-enzyme (Figure 13) [START_REF] Ehmann | Avibactam is a covalent, reversible, non-beta-lactam beta-lactamase inhibitor[END_REF][START_REF] Lahiri | Structural insight into potent broad-spectrum inhibition with reversible recyclization mechanism: avibactam in complex with CTX-M-15 and Pseudomonas aeruginosa AmpC betalactamases[END_REF]. The sulfate of avibactam, similarly to the β-lactam carboxylate, occupies an electropositive pocket. Another DBO, relebactam, has recently been approved in the United States (Figure 11) [START_REF] Durand-Reville | ETX2514 is a broad-spectrum beta-lactamase inhibitor for the treatment of drug-resistant Gram-negative bacteria including Acinetobacter baumannii[END_REF]. Relebactam has a similar inhibitory spectrum as avibactam. Other new DBOs include zidebactam, nacubactam, and ETX2514 (Figure 11). They have similar inhibitory activities as avibactam and relebactam and they display antibacterial activity on their own, mainly due to inactivation of PBP2, a class B PBP [START_REF] Morinaka | OP0595, a new diazabicyclooctane: mode of action as a serine beta-lactamase inhibitor, antibiotic and betalactam 'enhancer[END_REF][START_REF] Moya | Potent beta-Lactam Enhancer Activity of Zidebactam and WCK 5153 against Acinetobacter baumannii, Including Carbapenemase-Producing Clinical Isolates[END_REF].
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Penicillin-Binding Proteins

Penicillin-Binding Proteins (PBPs) are thus called because they were identified by their ability to covalently bind penicillin, the first member of the β-lactam family of antibiotics [START_REF] Suginaka | Multiple penicillin-binding components in Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, and Escherichia coli[END_REF][START_REF] Tipper | Mechanism of action of penicillins: a proposal based on their structural similarity to acyl-D-alanyl-D-alanine[END_REF][START_REF] Wise | Penicillin: its basic site of action as an inhibitor of a peptide crosslinking reaction in cell wall mucopeptide synthesis[END_REF]. After the reaction of membrane extracts with radioactive penicillin, PBPs are separated by SDS-PAGE and numbered according to their relative mobility in descending order of size [START_REF] Spratt | Distinct penicillin binding proteins involved in the division, elongation, and shape of Escherichia coli K12[END_REF]. PBPs are thus divided into two groups, the high (HMW) and low (LMW) molecular weight PBPs [START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF]. In addition to protein size, the two groups reflect the functions of the proteins: HMW-PBPs are involved in the final stages of peptidoglycan synthesis while LMW-PBPs are mostly involved in peptidoglycan recycling and maintenance [START_REF] Denome | Escherichia coli mutants lacking all possible combinations of eight penicillin binding proteins: viability, characteristics, and implications for peptidoglycan synthesis[END_REF]. Peptidoglycan biosynthesis requires the coordinated participation of both HMW and LMW PBPs. PBPs are further divided into three classes, A, B, and C, based on their domain organization and function [START_REF] Goffin | Biochemistry and comparative genomics of SxxK superfamily acyltransferases offer a clue to the mycobacterial paradox: presence of penicillin-susceptible target proteins versus lack of efficiency of penicillin as therapeutic agent[END_REF]. Classes A and B (aPBPs and bPBPs) are HMW-PBPs while class C PBPs (cPBPs) are LMW-PBPs. Many bacteria express multiple PBPs, reflecting the importance of these proteins for maintaining cell wall integrity and ensuring bacterial growth [START_REF] Macheboeuf | Penicillin binding proteins: key players in bacterial cell cycle and drug resistance processes[END_REF]. For instance, E. coli possesses three aPBPs (PBP1a, PBP1b, and PBP1c), two bPBPs (PBP2 and PBP3), and seven cPBPs (PBP4, PBP4b, PBP5, PBP6, PBP6b, PBP7, and AmpH) [START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF][START_REF] Typas | From the regulation of peptidoglycan synthesis to bacterial growth and morphology[END_REF].

HMW PBPs belonging to classes A and B contain two domains, including a C-terminal transpeptidation domain [START_REF] Goffin | Biochemistry and comparative genomics of SxxK superfamily acyltransferases offer a clue to the mycobacterial paradox: presence of penicillin-susceptible target proteins versus lack of efficiency of penicillin as therapeutic agent[END_REF]. The N-terminal transglycosylase domain of the bifunctional aPBPs is involved in polymerization of glycan strands. The N-terminal module of bPBPs has no known enzymatic activity [START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF][START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF]. Class C PBPs are characterized as monofunctional or bifunctional D,D-peptidases that possess either D,D-carboxypeptidase or endopeptidase activity or both. D,D-carboxypeptidases catalyze the cleavage of the terminal D-Ala 5 from pentapeptide stems. Endopeptidases hydrolyze the cross-links formed during transpeptidation.

These hydrolytic activities modulate the number of peptide stems available for transpeptidation and regulate the extent of peptidoglycan cross-linking [START_REF] Vermassen | Cell Wall Hydrolases in Bacteria: Insight on the Diversity of Cell Wall Amidases, Glycosidases and Peptidases Toward Peptidoglycan[END_REF].

Catalytic Mechanism

PBPs employ a two-step catalytic mechanism, the first step of which is common to both the formation of peptide cross-links by aPBPs and bPBPs and the hydrolysis of peptide stems by cPBPs (Figure 14) [START_REF] Macheboeuf | Penicillin binding proteins: key players in bacterial cell cycle and drug resistance processes[END_REF]. The first step involves the nucleophilic attack of the catalytic serine residue of the PBP on the amide carbonyl of the terminal peptide bond of the donor substrate, which contains a pentapeptide stem. This leads to release of D-Ala The transpeptidase domain of PBPs is stringent for the donor substrate since a pentapeptide stem ending in D-Ala 4 -D-Ala 5 is necessary for acylation to occur [START_REF] Macheboeuf | Penicillin binding proteins: key players in bacterial cell cycle and drug resistance processes[END_REF]. However, less stringency is shown for the acceptor substrate; shorter peptide stems and even free D-amino acids can be used as acceptor [START_REF] Adam | Acyltransferase activities of the high-molecular-mass essential penicillin-binding proteins[END_REF][START_REF] Lupoli | Transpeptidasemediated incorporation of D-amino acids into bacterial peptidoglycan[END_REF]. The incorporation or exchange of D-amino acids into the peptidoglycan by transpeptidases has been exploited to label peptidoglycan with fluorescent D-amino acids, enabling real-time study of peptidoglycan synthesis and maintenance as well as bacterial morphology in living cells [START_REF] Kuru | In Situ probing of newly synthesized peptidoglycan in live bacteria with fluorescent D-amino acids[END_REF].

The active site of the penicillin-binding domain of PBPs harbors three highly conserved motifs [START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF]. Motif I, SXXK, where X is a variable residue, contains the catalytic serine residue.

Motif II, (S/Y)XN, constitutes one of the walls of the catalytic cavity. Motif III, (K/H)(S/T)G, also constitutes a wall of the catalytic cleft [START_REF] Macheboeuf | Penicillin binding proteins: key players in bacterial cell cycle and drug resistance processes[END_REF][START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF]. The organization of the three motifs defines the catalytic cavity of the penicillin-binding domain. The cavity is located at the interface of two subdomains (Figure 15) [START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF]. The flexibility of the two subdomains can influence the affinity of PBPs for various ligands, such as β-lactams and substrate

analogues [START_REF] Lim | Structural basis for the beta lactam resistance of PBP2a from methicillin-resistant Staphylococcus aureus[END_REF]. The active site of PBP1B, a pneumococcal aPBP, was shown to vary between open and closed states [START_REF] Macheboeuf | Active site restructuring regulates ligand recognition in class A penicillin-binding proteins[END_REF]. In the absence of ligands (β-lactams or substrate analogues), the active site is in a closed and inactive configuration whereas in the presence of ligands, conformational changes in the active site lead to an opened and active configuration, suggesting that during periods when their activity is not necessary, PBPs might be in an inactive state [START_REF] Macheboeuf | Penicillin binding proteins: key players in bacterial cell cycle and drug resistance processes[END_REF]. Labelling of the secondary elements of the penicillin-binding domain is done according to a numbering scheme that applies to all penicillin-binding domains. Motif I, SXXK, on α2 is shown in yellow with black letters for the amino acid residues. The catalytic serine is shown by an asterisk. Motif II, (S/Y)XN, is on the loop between α4 and α5 and is colored green with green letters. Motif III, (K/H)(S/T)G, on β3 is in cyan with white letters. The variable residues (X) are not shown. From reference (Sauvage Charlier, FEMS 2007).

Structural studies of PBPs in complex with β-lactams or with substrate analogues and in silico simulations have provided information concerning the catalytic mechanism and the relative contribution of the active-site residues [START_REF] Lee | A 1.2-A snapshot of the final step of bacterial cell wall biosynthesis[END_REF][START_REF] Sauvage | Crystal structure of the Bacillus subtilis penicillin-binding protein 4a, and its complex with a peptidoglycan mimetic peptide[END_REF]. The first published structure of a PBP was that of R61 from Streptomyces strains [START_REF] Kelly | Penicillin target enzyme and the antibiotic binding site[END_REF]. Together with R61, two other Streptomyces PBPs, K11 and R39, were used to study transpeptidation owing to their solubility and to the use of small and soluble peptide substrates [START_REF] Perkins | Streptomyces DDcarboxypeptidases as transpeptidases. The specificity for amino compounds acting as carboxyl acceptors[END_REF]. The structure of R61 in complex with a cephalosporin harboring a side-chain mimicking the 43 cross-link between a donor and an acceptor peptide has notably revealed the presence at the surface of R61 of two pockets for interaction with the donor and acceptor substrates [START_REF] Lee | A 1.2-A snapshot of the final step of bacterial cell wall biosynthesis[END_REF].

Information gleaned from structural studies have been employed in in silico simulations, using quantum mechanics/molecular mechanics (QM/MM) and molecular dynamics (MD), in order to propose a reaction scheme for the transpeptidation reaction [START_REF] Shi | A computational evaluation of the mechanism of penicillin-binding protein-catalyzed cross-linking of the bacterial cell wall[END_REF]. In the non-covalent complex formed between the penicillin-binding domain and the donor peptide, a network of hydrogen bonds stabilizes the pentapeptide stem in the active site. Nucleophilic attack on the terminal peptide bond of the donor peptide requires activation of the catalytic serine (motif I) through withdrawal of the proton of its hydroxyl group. The deprotonated lysine of motif I has been proposed for removal of the proton [START_REF] Lim | Structural basis for the beta lactam resistance of PBP2a from methicillin-resistant Staphylococcus aureus[END_REF][START_REF] Sauvage | Crystal structure of the Bacillus subtilis penicillin-binding protein 4a, and its complex with a peptidoglycan mimetic peptide[END_REF][START_REF] Shi | A computational evaluation of the mechanism of penicillin-binding protein-catalyzed cross-linking of the bacterial cell wall[END_REF]. Nucleophilic attack of the activated serine on the peptide stem is proposed to lead to the formation of a tetrahedral oxyanion intermediate [START_REF] Shi | A computational evaluation of the mechanism of penicillin-binding protein-catalyzed cross-linking of the bacterial cell wall[END_REF]. The negative charge developed on the carbonyl oxygen of the D-Ala 4 -D-Ala 5 bond is stabilized by the backbone nitrogen atoms of motif III in an "oxyanion hole". Protonation of the amine of the leaving D-Ala 5 leads to the formation of a PBP-tetrapeptide acylenzyme. For the deacylation step, the acceptor (either water for carboxypeptidation or the attacking amine group of a peptide for transpeptidation) has to be activated by removal of a proton for nucleophilic attack on the ester bond of the acylenzyme [START_REF] Ghuysen | Serine beta-lactamases and penicillin-binding proteins[END_REF][START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF]. The proton is subsequently transferred to the catalytic serine. Reprotonation of the catalytic serine liberates the reaction product, either a tetrapeptide for D,D-carboxypeptidases or a 43 cross-linked dipeptide for D,Dtranspeptidases.

Classification of PBPs

Class A PBPs

Class A PBPs are bifunctional enzymes possessing both glycosyltransferase and transpeptidase activities. The N-terminal glycosyltransferase domain is connected to the C-terminal transpeptidase or penicillin-binding domain by a linker region (Figure 16) [START_REF] King | Structural Insights into Inhibition of Escherichia coli Penicillin-binding Protein 1B[END_REF][START_REF] Lovering | Structural insight into the transglycosylation step of bacterial cell-wall biosynthesis[END_REF]. Class A PBPs are anchored to the cytoplasmic membrane by an N-terminal transmembrane domain. Some aPBPs contain an additional C-terminal domain, which consists of one or two repeating PASTA (Penicillin-binding protein And Serine/Threonine kinase Associated) units [START_REF] Young | Structure of Mycobacterium tuberculosis PknB supports a universal activation mechanism for Ser/Thr protein kinases[END_REF]. PASTA domains are globular and contain three β-strands and one α-helix. They are proposed to be implicated in protein-protein interaction, protein stabilization and localization, and maintenance of cell morphology [START_REF] Peters | Streptococcus pneumoniae PBP2x mid-cell localization requires the C-terminal PASTA domains and is essential for cell shape maintenance[END_REF][START_REF] Zucchini | PASTA repeats of the protein kinase StkP interconnect cell constriction and separation of Streptococcus pneumoniae[END_REF].

Figure 16. Structure of PBP1B of E. coli.
The structure of PBP1B is shown in surface representation. The transmembrane (TM) helix, the glycosyltransferase (GTase) domain, the linker, the UB2H domain, and the transpeptidase (TPase) domain are colored cyan, beige, blue, pink, and green, respectively. Moenomycin and ampicillin are shown as yellow sticks in the GTase and TPase domains, respectively. From reference [START_REF] King | One ring to rule them all: Current trends in combating bacterial resistance to the beta-lactams[END_REF].

Class A PBPs only exhibit transpeptidase activity if there is ongoing glycosyltransferase activity.

Inhibition of the glycosyltransferase domain by moenomycin or by substitution of the catalytic glutamic acid residue results in abolishment of the transpeptidase activity [START_REF] Born | In vitro synthesis of cross-linked murein and its attachment to sacculi by PBP1A from Escherichia coli[END_REF]Terrak et Cytoplasmic membrane al., 1999). In contrast, aPBPs continue to exhibit glycosyltransferase activity in the absence of transpeptidase activity, which can result from an inhibition of the transpeptidase domain by β-lactams or by substitution of the catalytic serine residue.

E. coli contains three aPBPs, PBP1A, PBP1B, and PBP1C. PBP1A and PBP1B are partially redundant since only one of them is sufficient for viability [START_REF] Yousif | Lysis of Escherichia coli by beta-lactam antibiotics: deletion analysis of the role of penicillin-binding proteins 1A and 1B[END_REF]. The cellular role of PBP1C is unknown and is dispensable for normal growth [START_REF] Schiffer | Cloning and characterization of PBP 1C, a third member of the multimodular class A penicillin-binding proteins of Escherichia coli[END_REF]. Combined depletion of PBP1C and PBP1A or PBP1B is tolerated while depletion of both PBP1A and PBP1B is lethal [START_REF] Denome | Escherichia coli mutants lacking all possible combinations of eight penicillin binding proteins: viability, characteristics, and implications for peptidoglycan synthesis[END_REF].

PBP1A and PBP1B of E. coli require interaction with a cognate outer-membrane lipoprotein, LpoA or LpoB, for function [START_REF] Paradis-Bleau | Lipoprotein cofactors located in the outer membrane activate bacterial cell wall polymerases[END_REF][START_REF] Typas | Regulation of peptidoglycan synthesis by outer-membrane proteins[END_REF]. Cells depleted of either PBP1A-LpoA or PBP1B-LpoB do not display severe defects under standard laboratory conditions [START_REF] Yousif | Lysis of Escherichia coli by beta-lactam antibiotics: deletion analysis of the role of penicillin-binding proteins 1A and 1B[END_REF].

However, more stringent conditions, such as the presence of β-lactams or lysozyme, or a decrease in the intracellular pool of the C55-P lipid carrier, show that PBP1A-LpoA and PBP1B-LpoB are only semiredundant [START_REF] Banzhaf | Cooperativity of peptidoglycan synthases active in bacterial cell elongation[END_REF][START_REF] Del Portillo | Differential effect of mutational impairment of penicillin-binding proteins 1A and 1B on Escherichia coli strains harboring thermosensitive mutations in the cell division genes ftsA, ftsQ, ftsZ, and pbpB[END_REF][START_REF] Jorgenson | Simultaneously inhibiting undecaprenyl phosphate production and peptidoglycan synthases promotes rapid lysis in Escherichia coli[END_REF][START_REF] Ranjit | PBP1B Glycosyltransferase and Transpeptidase Activities Play Different Essential Roles during the De Novo Regeneration of Rod Morphology in Escherichia coli[END_REF].

Interaction of PBP1A with LpoA and PBP1B with LpoB is essential for the in vivo function of the synthases [START_REF] Paradis-Bleau | Lipoprotein cofactors located in the outer membrane activate bacterial cell wall polymerases[END_REF][START_REF] Typas | Regulation of peptidoglycan synthesis by outer-membrane proteins[END_REF]. In vitro assays have shown that in the presence of their cognate lipoproteins, enzymatic activity of PBP1A and PBP1B is increased, leading to a 20% increase of cross-links. A stimulation of the rates of transglycosylation and transpeptidation have also been detected although the fold increase depended on the PBP [START_REF] Egan | Outer-membrane lipoprotein LpoB spans the periplasm to stimulate the peptidoglycan synthase PBP1B[END_REF][START_REF] Lupoli | Lipoprotein activators stimulate Escherichia coli penicillin-binding proteins by different mechanisms[END_REF].

Of the two lipoproteins, interaction of LpoB with PBP1B is better understood. LpoB contains a prolinerich and disordered N-terminal region, which extends LpoB from the outer membrane to PBP1B [START_REF] Egan | Outer-membrane lipoprotein LpoB spans the periplasm to stimulate the peptidoglycan synthase PBP1B[END_REF][START_REF] King | Structural insights into the lipoprotein outer membrane regulator of penicillin-binding protein 1B[END_REF]. Interaction of LpoB with PBP1B is mediated by the globular C-terminal domain of LpoB and the UB2H (UvrB domain 2 homologue) domain of PBP1B, located between its glycosyltransferase and transpeptidase domains (Figure 16) [START_REF] King | Structural Insights into Inhibition of Escherichia coli Penicillin-binding Protein 1B[END_REF][START_REF] Sung | Crystal structure of the membrane-bound bifunctional transglycosylase PBP1b from Escherichia coli[END_REF].

Binding of LpoB leads to conformational and dynamic changes in UB2H, which induces two distinct allosteric mechanisms for activation of the glycosyltransferase and the transpeptidase domains of PBP1B [START_REF] Egan | Induced conformational changes activate the peptidoglycan synthase PBP1B[END_REF]. PBP1B of Pseudomonas aeruginosa, which contains a UB2H domain but no LpoB homologue, was shown to be activated by an unrelated lipoprotein, LpoP, which is essential for the function of the PBP in a similar mechanism to PBP1B-LpoB activation in E. coli [START_REF] Greene | Conserved mechanism of cell-wall synthase regulation revealed by the identification of a new PBP activator in Pseudomonas aeruginosa[END_REF].

In addition to LpoB, stimulation of the activity of PBP1B is modulated by proteins of the Tol system [START_REF] Gray | Coordination of peptidoglycan synthesis and outer membrane constriction during Escherichia coli cell division[END_REF]. In E. coli, the Tol system is comprised of a complex of three inner membraneanchored proteins, TolA, TolQ, and TolR, and a periplasmic protein, TolB, which interacts with TolA and a lipoprotein, Pal [START_REF] Derouiche | Protein complex within Escherichia coli inner membrane. TolA N-terminal domain interacts with TolQ and TolR proteins[END_REF]. A tol-pal phenotype, manifested by severe instability of the outer membrane and delayed constriction during cell division, is observed upon depletion of any of the components of the Tol system [START_REF] Gerding | The trans-envelope Tol-Pal complex is part of the cell division machinery and required for proper outer-membrane invagination during cell constriction in E. coli[END_REF]. TolA and another protein, CpoB, have been shown to have a direct interaction with PBP1B-LpoB [START_REF] Gray | Coordination of peptidoglycan synthesis and outer membrane constriction during Escherichia coli cell division[END_REF]. CpoB binds to PBP1B between the UB2H and the transpeptidase domains, inhibiting stimulation of the transpeptidase activity of PBP1B by LpoB without impacting activation of the glycosyltransferase domain [START_REF] Egan | Induced conformational changes activate the peptidoglycan synthase PBP1B[END_REF]. TolA interacts with PBP1B closest to the membrane and abolishes the inhibitory effect of CpoB. The activity of PBP1B is also modulated by proteins belonging to the divisome, such as FtsN and the FtsQLB complex [START_REF] Boes | Regulation of the Peptidoglycan Polymerase Activity of PBP1b by Antagonist Actions of the Core Divisome Proteins FtsBLQ and FtsN[END_REF]. PBP1A and PBP1B can also display carboxypeptidase activity in the presence of their cognate lipoprotein at mild acidic pH [START_REF] Egan | Activities and regulation of peptidoglycan synthases[END_REF]. Such an activity might be important when the PBPs are trapped in an acylenzyme adduct with the donor substrate in the absence of available acceptor peptides. An effect of the pH was also observed on the glycosyltransferase activity of PBP1B; a pH of 4.5 was associated with a reduction in activity, which was rescued by the presence of LpoB [START_REF] Egan | Outer-membrane lipoprotein LpoB spans the periplasm to stimulate the peptidoglycan synthase PBP1B[END_REF]. In summary, these observations show that the dual activities of aPBPs can be modulated by a large number of accessory elements, allowing adaptation of the rate of peptidoglycan synthesis to the phase of growth, localization of PBPs, and environmental factors.

Until recently, aPBPs were thought to be important parts of the elongasome and divisome protein complexes. PBP1A has been linked to cell wall elongation while PBP1B was shown to be enriched at cell division sites [START_REF] Bertsche | Interaction between two murein (peptidoglycan) synthases, PBP3 and PBP1B, in Escherichia coli[END_REF]. The glycosyltransferase domain of aPBPs was thought to be crucial for the synthesis of glycan strands, which would then be cross-linked by their transpeptidase domain and by bPBPs. However, recent experiments have demonstrated that the glycosyltransferase activity for both the elongasome and the divisome is instead catalyzed by the SEDS proteins (see Chapter 1.2.2b). Single-molecule tracking experiments in E. coli and B. subtilis have revealed that the localization of aPBPs is independent of the movement of the elongasome [START_REF] Cho | Bacterial cell wall biogenesis is mediated by SEDS and PBP polymerase families functioning semi-autonomously[END_REF]. Class A PBPs show a bimodal movement pattern with two subpopulations. One aPBP subpopulation has a very fast and diffusive motion while the second has a lower speed by one magnitude [START_REF] Cho | Bacterial cell wall biogenesis is mediated by SEDS and PBP polymerase families functioning semi-autonomously[END_REF][START_REF] Lee | A dynamically assembled cell wall synthesis machinery buffers cell growth[END_REF]. This bimodal behavior can be interpreted as one aPBP molecule exhibiting fast diffusion for short intervals of time separated by temporary pauses. Thus, the role of aPBPs could be to diffuse freely until they come across a gap in the peptidoglycan network, where they would incorporate new material. This hypothesis is corroborated by experiments in E. coli that showed that an increase in endopeptidase activity caused an increase in aPBP-mediated peptidoglycan synthesis when PBP2, a bPBP present in the elongasome, was specifically inhibited, indicating that endopeptidases could create gaps that are filled by aPBPs [START_REF] Lai | The mecillinam resistome reveals a role for peptidoglycan endopeptidases in stimulating cell wall synthesis in Escherichia coli[END_REF].

As previously mentioned, some bacteria can be depleted of aPBPs without any major consequence on cell survival and morphology (see Chapter 1.2.2b). In B. subtilis, it was shown that such depletion was accompanied by an upregulation of the RodA-encoding gene, illustrating that peptidoglycan synthesis can entirely rely on SEDS proteins in the absence of aPBPs. However, in Gram-negative bacteria, like E.

coli, inhibition or depletion of aPBPs leads to a complete loss of peptidoglycan synthesis, which coincides with the onset of cell lysis [START_REF] Wientjes | On the role of the high molecular weight penicillin-binding proteins in the cell cycle of Escherichia coli[END_REF][START_REF] Yousif | Lysis of Escherichia coli by beta-lactam antibiotics: deletion analysis of the role of penicillin-binding proteins 1A and 1B[END_REF].

Class B PBPs

Class B PBPs are monofunctional enzymes with a C-terminal transpeptidase domain, which has a similar amino acid sequence and structure as the transpeptidase domain of aPBPs. The N-terminal domain of bPBPs has no known catalytic activity. Nevertheless, a number of roles have been proposed

for this domain [START_REF] Macheboeuf | Penicillin binding proteins: key players in bacterial cell cycle and drug resistance processes[END_REF][START_REF] Marrec-Fairley | Differential functionalities of amphiphilic peptide segments of the cellseptation penicillin-binding protein 3 of Escherichia coli[END_REF][START_REF] Moon | The structures of penicillin-binding protein 4 (PBP4) and PBP5 from Enterococci provide structural insights into beta-lactam resistance[END_REF][START_REF] Sauvage | Crystal structure of penicillin-binding protein 3 (PBP3) from Escherichia coli[END_REF]. It can act as a spacer between the membrane and the transpeptidase domain, allowing the latter to reach the peptidoglycan. It can also have a regulatory role and provide an interface for interaction between the bPBP and other proteins. For instance, the interaction of the N-terminal Class B PBPs are subdivided based on their sequences [START_REF] Goffin | Multimodular penicillin-binding proteins: an enigmatic family of orthologs and paralogs[END_REF]. B1-PBPs have a low affinity for β-lactams (e.g. PBP2a of S. aureus and PBP5 of E. faecium). B2-and B3-PBPs are respectively part of the elongasome and divisome in Gram-negative bacteria (e.g. PBP2 and PBP3 of E. coli). B4and B5-PBPs are found in Gram-positive bacteria. All B4-PBPs contain a supplementary C-terminal domain made of two PASTA units [START_REF] Pares | X-ray structure of Streptococcus pneumoniae PBP2x, a primary penicillin target enzyme[END_REF].

Class B PBPs have an essential role in cell morphology. The bPBPs of E. coli, PBP2 and PBP3, are essential parts of the elongasome and divisome, respectively [START_REF] Cho | Bacterial cell wall biogenesis is mediated by SEDS and PBP polymerase families functioning semi-autonomously[END_REF][START_REF] Spratt | Distinct penicillin binding proteins involved in the division, elongation, and shape of Escherichia coli K12[END_REF]. Depletion of PBP2 results in spherical cells while depletion of PBP3 leads to the formation of filamentous cells that are unable to divide. Both bPBPs are functionally linked to their cognate SEDS protein (RodA-PBP2

and FtsW-PBP3) for lateral and septal peptidoglycan synthesis (see Chapter 1.2.2b).

In Gram-positive bacteria, resistance to β-lactams is often mediated by B1-PBPs, such as PBP2a in S.

aureus and PBP5 in E. faecium, which are called "low-affinity PBPs". These bPBPs can confer high-level

Inhibition of PBPs by β-lactams

β-lactams act as suicide substrates of the transpeptidase domain of PBPs by forming stable adducts with their catalytic serine residue [START_REF] Frere | Penicillin-sensitive enzymes in peptidoglycan biosynthesis[END_REF].

Reaction Mechanism

The reaction of PBPs with β-lactams is modelled by a three-step reaction scheme, which was first proposed by studying the reaction of soluble PBPs, such as R61, with various β-lactams (Figure 17) [START_REF] Frere | Kinetics of interaction between the exocellular DDcarboxypeptidase-transpeptidase from Streptomyces R61 and beta-lactam antibiotics. A choice of models[END_REF][START_REF] Frere | Penicillin-binding proteins: evergreen drug targets[END_REF]. The first step represents the reversible formation of a noncovalent complex (EI) between the enzyme (E) and the β-lactam (I) with a dissociation constant, Kd, which is equal to the reverse rate (k-1) divided by the forward rate (k1). The second step leads to the formation of a covalent adduct, the acylenzyme (EI*), with the acylation rate k2. This step has been proposed to be irreversible based on the strain of the β-lactam ring since reversibility would entail recircularization of the β-lactam ring. The third step concerns the hydrolysis of EI* into the free enzyme E and the hydrolyzed β-lactam (P) with the rate k3. This reaction scheme is similar to that proposed for β-lactamases except for the hydrolysis rate (k3), which is much lower for PBPs than for β-lactamases.

The stability of the acylenzyme is thus reflected by the low k3 value of PBPs, which varies between 3 x 10 -4 and 10 -6 s -1 [START_REF] Frere | Penicillin-binding proteins: evergreen drug targets[END_REF]. Interaction of PBPs (E) with β-lactams (I) leads to the formation of a Michaelis-Menten complex (EI) with forward rate k1 and reverse rate k-1. The non-covalent complex gives way to an acylenzyme (EI*) with rate k2. Hydrolysis of the acylenzyme with rate k3 liberates the enzyme and the hydrolyzed β-lactam (P) [START_REF] Frere | Kinetics of interaction between the exocellular DDcarboxypeptidase-transpeptidase from Streptomyces R61 and beta-lactam antibiotics. A choice of models[END_REF]. The equations for calculation of the dissociation constant Kd and the acylation efficacy are also given.

The dissociation constant Kd is usually very high, in the mM range [START_REF] Frere | Penicillin-binding proteins: evergreen drug targets[END_REF]. The sensitivity of PBPs to inhibition by β-lactams is thus best characterized by the acylation efficacy (k2/Kd). The "lowaffinity" β-lactam-insensitive PBPs in fact do not significantly differ from the β-lactam-sensitive PBPs by their Kd but rather by their k2/Kd values. For instance, the acylation efficacy is in the range of 5-15 M -1 s -1 for S. aureus PBP2a and 20 M -1 s -1 for E. faecium PBP5 while that of β-lactam-sensitive PBPs is around 100,000 to 1,000,000 M -1 s -1 [START_REF] Frere | Penicillin-binding proteins: evergreen drug targets[END_REF].

E I EI EI* + E P + k 1 k -1 k 2 k 3 K d = k -1 k 1 Acylation efficacy = k 2 K d
Nucleophilic attack of the catalytic serine on the carbonyl carbon of the β-lactam ring requires activation of Ser through removal of the proton of its hydroxyl group. Like for the interaction with the donor peptide during transpeptidation, the deprotonated lysine of motif I has been proposed for removal of the proton [START_REF] Lim | Structural basis for the beta lactam resistance of PBP2a from methicillin-resistant Staphylococcus aureus[END_REF][START_REF] Sauvage | Crystal structure of the Bacillus subtilis penicillin-binding protein 4a, and its complex with a peptidoglycan mimetic peptide[END_REF]. The motif II serine is proposed to be involved in protonation of the leaving group of some β-lactams, which is liberated upon acylation.

Motif III plays a role in facilitating binding and constitutes an oxyanion hole for stabilization of the negative charge developed on the carbonyl oxygen following nucleophilic attack of the catalytic Ser [START_REF] Ghuysen | Serine beta-lactamases and penicillin-binding proteins[END_REF].

The active site of PBPs is proposed to be in a closed and inactive conformation in the absence of βlactams or substrate analogues. The presence of ligands induces conformational changes in and around the active site, which are expected to stabilize the PBP-ligand adduct [START_REF] Chittock | Hydrogen bonding and protein perturbation in beta-lactam acyl-enzymes of Streptococcus pneumoniae penicillin-binding protein PBP2x[END_REF][START_REF] Filippova | Crystal structures of the transpeptidase domain of the Mycobacterium tuberculosis penicillin-binding protein PonA1 reveal potential mechanisms of antibiotic resistance[END_REF][START_REF] Lim | Structural basis for the beta lactam resistance of PBP2a from methicillin-resistant Staphylococcus aureus[END_REF]. The trigger for ligand-induced conformational changes is not known although it has been suggested that for PBP2 of Nesseria gonorrhoeae, the signal could be the recognition of the carboxylate group of β-lactams by the PBP [START_REF] Singh | Recognition of the beta-lactam carboxylate triggers acylation of Neisseria gonorrhoeae penicillin-binding protein 2[END_REF].

PBP-Mediated β-lactam Resistance

Some pathogenic Gram-positive bacteria, such as S. aureus, E. faecium, and S. pneumoniae, contain endogenous or acquired PBPs that are not efficiently inhibited by β-lactams, accounting for resistance of these bacteria to the antibiotics [START_REF] Zapun | Penicillin-binding proteins and beta-lactam resistance[END_REF]. The PBP-based mechanisms of resistance employed by these bacteria are discussed below.

Methicillin, a β-lactam that was used clinically against S. aureus strains resistant to penicillin due to acquisition of a β-lactamase, led to the development of methicillin-resistant S. aureus (MRSA) strains [START_REF] Jevons | Methicillin resistance in staphylococci[END_REF]. These strains often also display resistance to many other β-lactams, making their eradication very difficult. β-lactam resistance in MRSA strains stems from the expression of an acquired low-affinity bPBP, PBP2a or PBP2', in addition to four endogenous β-lactam-sensitive PBPs [START_REF] Hartman | Low-affinity penicillin-binding protein associated with beta-lactam resistance in Staphylococcus aureus[END_REF]. The transcription of the PBP2a-encoding gene, mecA, is controlled by the MecI/MecR1 regulation system, whose genes are found with mecA on a mobile genetic element, mec.

The extracellular domain of MecR1 acts as a β-lactam sensor and activates its cytoplasmic protease domain in the presence of β-lactams. Activation of the protease domain leads to cleavage of the MecI repressor, thus alleviating repression of the transcription of PBP2a. A second β-lactam resistance mechanism, which is independent of PBP2a, has also been described in S. aureus [START_REF] Banerjee | A mecA-negative strain of methicillin-resistant Staphylococcus aureus with high-level beta-lactam resistance contains mutations in three genes[END_REF]. Overexpression of PBP4, a bPBP, and the presence of substitutions increasing its transpeptidase activity can indeed lead to resistance to methicillin and to new-generation cephalosporins active against MRSA, such as ceftobiprole [START_REF] Hamilton | High-Level Resistance of Staphylococcus aureus to beta-Lactam Antibiotics Mediated by Penicillin-Binding Protein 4 (PBP4)[END_REF].

The intrinsic resistance of enterococci to β-lactams is due to the expression of a low-affinity bPBP, PBP4 (in E. faecalis) or PBP5 (in E. faecium) [START_REF] Duez | The penicillin resistance of Enterococcus faecalis JH2-2r results from an overproduction of the low-affinity penicillinbinding protein PBP4 and does not involve a psr-like gene[END_REF][START_REF] Sifaoui | Role of penicillin-binding protein 5 in expression of ampicillin resistance and peptidoglycan structure in Enterococcus faecium[END_REF]. Clinical isolates of E. faecium with high β-lactam-resistance have an increased expression of PBP5 combined to amino acid substitutions that confer a low acylation efficacy by β-lactams [START_REF] Klare | Overproduction of a penicillinbinding protein is not the only mechanism of penicillin resistance in Enterococcus faecium[END_REF]. Overexpression of PBP5 results in a low level of resistance but acquisition of mutations in the PBP5-encoding gene leads to increased resistance [START_REF] Rybkine | Penicillin-binding protein 5 sequence alterations in clinical isolates of Enterococcus faecium with different levels of betalactam resistance[END_REF]. The same phenomenon is seen in E. faecalis, in which mutations in the PBP4-encoding gene emerge following prolonged β-lactam treatments, leading to elevated β-lactam-resistance [START_REF] Rice | Structural and Regulatory Changes in PBP4 Trigger Decreased beta-Lactam Susceptibility in Enterococcus faecalis[END_REF].

In Streptococcus pneumoniae strains, β-lactam resistance arises through recombination events between different alleles within a species or between orthologous genes of related species [START_REF] Zapun | Penicillin-binding proteins and beta-lactam resistance[END_REF]. This results in mosaic PBP-encoding genes [START_REF] Dowson | Horizontal transfer of penicillin-binding protein genes in penicillinresistant clinical isolates of Streptococcus pneumoniae[END_REF][START_REF] Sibold | Mosaic pbpX genes of major clones of penicillin-resistant Streptococcus pneumoniae have evolved from pbpX genes of a penicillin-sensitive Streptococcus oralis[END_REF]. Mosaic

variants of four of the six PBPs of S. pneumoniae, PBP1a, PBP2b, PBP2x, and PBP2a, have been found

in resistant clinical isolates.

L,D-transpeptidases

The classical 43 cross-links, which are synthesized by PBPs, are not the only cross-links that can be found in the peptidoglycan network. Although 33 cross-links were initially detected in the 1960s in E. coli peptidoglycan, the enzymes that catalyze their synthesis, the L,D-transpeptidases (LDTs), were only discovered in the early 2000s [START_REF] Mainardi | Novel mechanism of beta-lactam resistance due to bypass of DD-transpeptidation in Enterococcus faecium[END_REF][START_REF] Schwarz | Autolytic enzymes and cell division of Escherichia coli[END_REF]. During exponential growth, E. coli contains 6% of 33 cross-links [START_REF] Glauner | The composition of the murein of Escherichia coli[END_REF][START_REF] Pisabarro | Structural modifications in the peptidoglycan of Escherichia coli associated with changes in the state of growth of the culture[END_REF]. This proportion increases to 13% during the stationary phase [START_REF] Blasco | Peptidoglycan biosynthesis in stationary-phase cells of Escherichia coli[END_REF]. The proportion of 33 cross-links is higher (around 60 to 80%) in some clinically relevant bacteria, such as M. tuberculosis and Clostridium difficile [START_REF] Lavollay | The peptidoglycan of stationary-phase Mycobacterium tuberculosis predominantly contains cross-links generated by L,D-transpeptidation[END_REF][START_REF] Peltier | Clostridium difficile has an original peptidoglycan structure with a high level of N-acetylglucosamine deacetylation and mainly 3-3 cross-links[END_REF]. The first member of the LDT family was identified in a laboratory-selected ampicillin-resistant mutant of E. faecium [START_REF] Mainardi | A novel peptidoglycan cross-linking enzyme for a betalactam-resistant transpeptidation pathway[END_REF][START_REF] Mainardi | Novel mechanism of beta-lactam resistance due to bypass of DD-transpeptidation in Enterococcus faecium[END_REF]. In this mutant, peptidoglycan cross-linking by one LDT (named Ldtfm) instead of classical PBPs confers resistance to all β-lactams, except carbapenems [START_REF] Mainardi | Unexpected inhibition of peptidoglycan LD-transpeptidase from Enterococcus faecium by the beta-lactam imipenem[END_REF][START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. Many LDT homologues have since been described and characterized in both Grampositive and Gram-negative bacteria. Various research groups are also exploring the potential physiological roles of LDTs.

Identification of LDTs

Bypass of classical PBPs by LDTs

The L,D-transpeptidase family was first identified in the host laboratory in the course of a project whose primary aim was to identify mutations conferring ampicillin resistance in E. faecium [START_REF] Mainardi | Novel mechanism of beta-lactam resistance due to bypass of DD-transpeptidation in Enterococcus faecium[END_REF]. A strain (named D344S), which contains a deletion of the gene encoding the low-affinity PBP5 of E. faecium, was used to investigate substitutions that might confer ampicillin resistance in other PBPs. After five consecutive selection steps on media containing increasing ampicillin concentrations, a highly resistant mutant (named M512) was obtained. The minimal inhibitory concentration (MIC) of ampicillin was 0.06 µg/ml for D344S while it was higher than 2,000 µg/ml for M512, indicating a fold increase of at least 30,000 (Table 2). Analysis of the muropeptide composition of peptidoglycan from each strain by High Performance Liquid Chromatography (HPLC) coupled to mass spectrometry revealed that all 43 cross-links in peptidoglycan of the susceptible strain were replaced by 33 cross-links in the resistant strain (Table 2). Characterization of mutants M1, M2, M3, and M4 from the first four selection steps (before selection of M512) showed that increase in ampicillin resistance was associated with a gradual replacement of 43 by 33 cross-links [START_REF] Mainardi | Balance between two transpeptidation mechanisms determines the expression of beta-lactam resistance in Enterococcus faecium[END_REF]. Bypass of the transpeptidase activity of PBPs by β-lactam-insensitive L,D-transpeptidase activity thus conferred resistance to ampicillin in the M512 mutant. The enzyme responsible for formation of 33 cross-links in M512 was identified by reverse genetics:

the enzyme was purified from E. faecium extracts using a radioactive exchange assay to identify active fractions, followed by N-terminal sequencing, and finally, performing similarity searches in the genome of E. faecium to identify the corresponding gene [START_REF] Mainardi | Balance between two transpeptidation mechanisms determines the expression of beta-lactam resistance in Enterococcus faecium[END_REF]. The radioactive assay Activity assays using purified muropeptides showed that Ldtfm was also able to catalyze formation of 33 cross-linked dimers in vitro. The presence of D-iAsn-substituted L-Lys 3 was also found to be essential on the acceptor substrate since Ldtfm catalyzed reactions using unsubstituted-L-Lys-peptides as donors but not as acceptors. The authors also identified the highly conserved Cys 442 residue as the catalytic residue of Ldtfm since no catalytic activity was detected with a C442A Ldtfm variant. These studies on Ldtfm and the M512 mutant identified three major differences between LDTs and PBPs regarding substrate selectivity (tetrapeptide vs. pentapeptide), the catalytic residue (Cys vs. Ser), and susceptibility to β-lactams.

Activation of the LDT pathway by a β-lactaminsensitive D,D-carboxypeptidase in E. faecium

Following identification of the enzyme, the mechanism of activation of the L,D-transpeptidation pathway was investigated in E. faecium. L,D-transpeptidase activity was detected in membrane extracts from both the ampicillin-susceptible (D344S) and resistant (M512) strains but no increase in Ldtfm production was detected by Western Blot in M512 compared to D344S [START_REF] Mainardi | Balance between two transpeptidation mechanisms determines the expression of beta-lactam resistance in Enterococcus faecium[END_REF]. In spite of this, Ldtfm-catalyzed 33 cross-links were negligible in D344S peptidoglycan while they were the only cross-links found in M512 (Table 2). One of the limiting factors for activation of the LDT pathway was shown to be the availability of the tetrapeptide substrate of Ldtfm [START_REF] Mainardi | Balance between two transpeptidation mechanisms determines the expression of beta-lactam resistance in Enterococcus faecium[END_REF].

Increased D,D-carboxypeptidase activity, responsible for hydrolysis of pentapeptide precursors into tetrapeptides, was detected in the M4 and M512 ampicillin-resistant strains [START_REF] Mainardi | Novel mechanism of beta-lactam resistance due to bypass of DD-transpeptidation in Enterococcus faecium[END_REF][START_REF] Sacco | Activation of the L,D-transpeptidation peptidoglycan cross-linking pathway by a metallo-D,D-carboxypeptidase in Enterococcus faecium[END_REF]. The enzyme responsible for this activity is a β-lactam-insensitive metallo D,Dcarboxypeptidase, DdcY. DdcY bears sequence homology to the VanY metallo D,D-carboxypeptidase, an enzyme essential for vancomycin resistance in enterococci [START_REF] Arthur | Requirement of the VanY and VanX D,D-peptidases for glycopeptide resistance in enterococci[END_REF][START_REF] Sacco | Activation of the L,D-transpeptidation peptidoglycan cross-linking pathway by a metallo-D,D-carboxypeptidase in Enterococcus faecium[END_REF].

DdcY was active in vitro for the hydrolysis of the cytoplasmic UDP-MurNAc-pentapeptide precursor into UDP-MurNAc-tetrapeptide.

Expression of DdcY is controlled by a two-component regulatory system, DdcR/DdcS. The DdcS sensor contains a transmembrane segment in its N-terminal domain and its C-terminal domain bears homology to kinase domains. The DdcR response regulator contains an N-terminal effector domain and a C-terminal DNA-binding domain [START_REF] Itou | The OmpR-family of proteins: insight into the tertiary structure and functions of two-component regulator proteins[END_REF]. Activation of the ddc locus in M512 resulted from acquisition of the T161A substitution in the kinase domain of DdcS. Substitution of the equivalent Thr in related kinases selectively inactivates the phosphatase activity of the enzyme [START_REF] Arthur | Regulation of VanA-and VanB-type glycopeptide resistance in enterococci[END_REF][START_REF] Dutta | The critical role of the conserved Thr247 residue in the functioning of the osmosensor EnvZ, a histidine Kinase/Phosphatase, in Escherichia coli[END_REF].

Expression of DdcY was necessary but not sufficient for emergence of ampicillin-resistance resulting from activation of the LDT pathway [START_REF] Sacco | Serine/threonine protein phosphatase-mediated control of the peptidoglycan cross-linking L,D-transpeptidase pathway in Enterococcus faecium[END_REF]. Introduction of a multi-copy vector allowing constitutive expression of ddcY in the D344S parental strain only resulted in a small gain of ampicillinresistance (8-fold increase in MIC). Conversely, introduction of the same vector in the M1 mutant (obtained after the first selection step of D344S on ampicillin) conferred a similar level of ampicillinresistance as that of M512 (MIC = 2000 µg/ml). Compared to D344S, M1 has a mutation in an operon containing two genes, stpA and stkA, which encode a eukaryotic-like Ser/Thr phosphatase and kinase, respectively [START_REF] Sacco | Mutation landscape of acquired cross-resistance to glycopeptide and beta-lactam antibiotics in Enterococcus faecium[END_REF]. In M1, StpA contains the T101R substitution, which nearly abolishes its activity [START_REF] Sacco | Serine/threonine protein phosphatase-mediated control of the peptidoglycan cross-linking L,D-transpeptidase pathway in Enterococcus faecium[END_REF]. This is expected to lead to a hyper phosphorylation of as yet unidentified targets. Two factors have thus been identified as being necessary and sufficient for acquisition of ampicillin-resistance by the LDT pathway in E. faecium: expression of DdcY and hyper phosphorylation of proteins due to inactivation of StpA.

Hydrolysis of the pentapeptide stem by D,D-carboxypeptidases also leads to cross-resistance to glycopeptides, which bind to the D-Ala 4 -D-Ala 5 end [START_REF] Cremniter | Novel mechanism of resistance to glycopeptide antibiotics in Enterococcus faecium[END_REF]. The M512 ampicillinresistant mutant was susceptible to glycopeptides. Four additional selection steps on glycopeptides led to mutant M9, which displayed high-level cross-resistance to both ampicillin and glycopeptides and a higher proportion of UDP-MurNAc-tetrapeptide than M512 (>99% vs. 60%). Compared to M512, M9 contained two substitutions, E127K and I14N, in DdcY [START_REF] Sacco | Activation of the L,D-transpeptidation peptidoglycan cross-linking pathway by a metallo-D,D-carboxypeptidase in Enterococcus faecium[END_REF]. The first substitution increased the catalytic activity of DdcY while the second, present in its membrane anchor, was suggested to affect localization of DdcY or its interaction with membrane proteins. Remarkably, selection of glycopeptide-resistant mutants of the glycopeptide-sensitive D344S strain also led to highlevel resistance to ampicillin and to an exclusively 33 cross-linked peptidoglycan, indicating that the selective pressure of glycopeptides can also lead to activation of the L,D-transpeptidation pathway [START_REF] Cremniter | Novel mechanism of resistance to glycopeptide antibiotics in Enterococcus faecium[END_REF]. Of note, replacement of 43 cross-links by 33 cross-links has also been described as a glycopeptide-resistance mechanism in Nonomuraea ATCC 39727, the producer of the dalbavancin glycopeptide [START_REF] Hugonnet | Peptidoglycan cross-linking in glycopeptide-resistant Actinomycetales[END_REF][START_REF] Marcone | Novel mechanism of glycopeptide resistance in the A40926 producer Nonomuraea sp. ATCC 39727[END_REF]. The VanYn D,Dcarboxypeptidase is responsible for hydrolysis of the pentapeptide stems of muropeptides into tetrapeptides in this species [START_REF] Binda | Characterization of VanYn, a novel D,Dpeptidase/D,D-carboxypeptidase involved in glycopeptide antibiotic resistance in Nonomuraea sp. ATCC 39727[END_REF].

Role of LDTs in various bacteria

Since the identification and characterization of Ldtfm, other members of the L,D-transpeptidase family have been described in multiple bacterial species and their roles and functions have started to come to light. The proportion of LDT-catalyzed 33 cross-links in various bacterial species is shown in Table 3. The substrate specificity of LDTs suggests that they may have play a role in maintenance and remodeling of mature peptidoglycan, in which there is a shorter supply of pentapeptide than tetrapeptide stems resulting from the action of D,D-carboxypeptidases and D,D-endopeptidases. LDTs might also be the main peptidoglycan transpeptidases in the absence of precursor synthesis since they are able to catalyze the formation of cross-links without relying on the de novo incorporation of pentapeptide-containing precursors [START_REF] Mainardi | Evolution of peptidoglycan biosynthesis under the selective pressure of antibiotics in Gram-positive bacteria[END_REF]. This hypothesis is corroborated by the increase in the proportion of 33 cross-links in E. coli peptidoglycan during the stationary phase [START_REF] Blasco | Peptidoglycan biosynthesis in stationary-phase cells of Escherichia coli[END_REF][START_REF] Driehuis | Effect of growth rate and cell shape on the peptidoglycan composition in Escherichia coli[END_REF][START_REF] Pisabarro | Structural modifications in the peptidoglycan of Escherichia coli associated with changes in the state of growth of the culture[END_REF][START_REF] Tuomanen | Changes in peptidoglycan composition and penicillin-binding proteins in slowly growing Escherichia coli[END_REF].

Other roles have also been described or hypothesized for LDTs in various bacteria, such as attachment of Braun's lipoprotein in E. coli, resistance to endopeptidases that specifically catalyze the hydrolysis of 43 cross-links, and resistance to lysozyme (Magnet et al., 2007b;[START_REF] Stankeviciute | Differential modes of crosslinking establish spatially distinct regions of peptidoglycan in Caulobacter crescentus[END_REF].

Resistance to endopeptidases, which cleave 43-cross-links, by increasing the proportion of 33 cross-links might be a protective strategy against Type VI secretion (T6S) systems that some bacteria use to kill neighboring cells. Indeed, some T6S effectors function by degrading prey peptidoglycan, such as the T6S amidase effector (Tae3) of Salmonella enterica, which specifically cleaves 43 crosslinks [START_REF] Russell | Type VI secretion delivers bacteriolytic effectors to target cells[END_REF][START_REF] Russell | A widespread bacterial type VI secretion effector superfamily identified using a heuristic approach[END_REF]. The roles of LDTs and 33 cross-links in some bacteria are discussed below. 

LDTs in Escherichia coli

Six genes encoding LDTs, ErfK (LdtA), YbiS (LdtB), YcfS (LdtC), YcbB (LdtD), YnhG (LdtE), and YafK (LdtF), have been identified in the genome of E. coli (Magnet et al., 2007b;[START_REF] Magnet | Identification of the L,Dtranspeptidases for peptidoglycan cross-linking in Escherichia coli[END_REF][START_REF] Sanders | Phenotypic analysis of Eschericia coli mutants lacking L,Dtranspeptidases[END_REF][START_REF] Sheikh | Roles for Fis and YafK in biofilm formation by enteroaggregative Escherichia coli[END_REF].

Three of these proteins, ErfK, YcfS, and YbiS, are responsible for anchoring Braun's lipoprotein (or Lpp)

to peptidoglycan (Magnet et al., 2007b). Lpp is also anchored to the outer membrane, thus contributing to the integrity of the cell wall by providing a covalent link between peptidoglycan and the outer membrane [START_REF] Asmar | Lpp, the Braun lipoprotein, turns 50-major achievements and remaining issues[END_REF]. Depletion of Lpp leads to instability of the outer membrane, which causes leakage of periplasmic proteins and hypersensitivity to various antibiotics [START_REF] Braun | The murein-lipoprotein linkage in the cell wall of Escherichia coli[END_REF]. ErfK, YcfS, and YbiS are able to independently catalyze the formation of an amide bond between A2pm 3 of a donor peptide and the side-chain amine of the C-terminal Lys 58 of Braun's lipoprotein. Deletion of the three LDT-encoding genes results in a similar phenotype to deletion of the Lpp-encoding gene [START_REF] Sanders | Phenotypic analysis of Eschericia coli mutants lacking L,Dtranspeptidases[END_REF].

YnhG and YcbB catalyze formation of 33 cross-links [START_REF] Magnet | Identification of the L,Dtranspeptidases for peptidoglycan cross-linking in Escherichia coli[END_REF]. The increase in the proportion of 33 cross-links in E. coli peptidoglycan during the stationary phase suggests that YnhG and YcbB are more involved in peptidoglycan cross-linking in the stationary phase than during exponential growth. However, the role of the 33 cross-links has not yet been identified. They are not essential and depletion of YcbB and YnhG does not impact survival in the stationary phase, resistance to low osmolarity, and sensitivity to β-lactams [START_REF] Sanders | Phenotypic analysis of Eschericia coli mutants lacking L,Dtranspeptidases[END_REF]. Nevertheless, overexpression of YcbB has enabled selection of ampicillin-resistant E. coli mutants, in which the constitutive production of the guanosine penta/tetraphosphate alarmone, also known as (p)ppGpp, is required to activate the L,D-transpeptidation pathway [START_REF] Hugonnet | Factors essential for L,D-transpeptidase-mediated peptidoglycan cross-linking and beta-lactam resistance in Escherichia coli[END_REF]. Full bypass of the D,Dtranspeptidase activity of PBPs by the LDT activity of YcbB was observed in the resistant mutants in the presence of ampicillin. The functional partners of YcbB that have been identified are the glycosyltransferase activity of PBP1B and the D,D-carboxypeptidase activity of PBP5 for glycan strand polymerization and supply of the tetrapeptide substrate of YcbB, respectively [START_REF] Hugonnet | Factors essential for L,D-transpeptidase-mediated peptidoglycan cross-linking and beta-lactam resistance in Escherichia coli[END_REF][START_REF] Silva | The Fluorescent D-Amino Acid NADA as a Tool to Study the Conditional Activity of Transpeptidases in Escherichia coli[END_REF]. Moreover, expression of YcbB is induced by the Cpx-mediated stress response, which suggests that although 33 cross-links are not essential during normal growth, they might confer protection against cell wall damage (Bernal- [START_REF] Bernal-Cabas | The Cpx envelope stress response modifies peptidoglycan cross-linking via the L,D-transpeptidase LdtD and the novel protein YgaU[END_REF][START_REF] Delhaye | Fine-Tuning of the Cpx Envelope Stress Response Is Required for Cell Wall Homeostasis in Escherichia coli[END_REF]. For instance, the proportion of 33 cross-links increases when export of lipopolysaccharides to the outer membrane of E. coli is impaired [START_REF] More | Peptidoglycan Remodeling Enables Escherichia coli To Survive Severe Outer Membrane Assembly Defect[END_REF].

YbiS, ErfK, and YnhG are the substrates of a periplasmic cysteine reductase, DsbG, which preserves their catalytic Cys against oxidation, thus aiding in the maintenance of LDTs in a reduced, catalytically active state [START_REF] Depuydt | A periplasmic reducing system protects single cysteine residues from oxidation[END_REF].

The physiological function of the last LDT, YafK, is as yet undescribed although YafK has been identified as being essential for the formation of biofilms [START_REF] Sheikh | Roles for Fis and YafK in biofilm formation by enteroaggregative Escherichia coli[END_REF]. A potential stimulatory role has been suggested for YafK since its presence led to an increase in the transpeptidase activities of YcbB and YnhG [START_REF] More | Peptidoglycan Remodeling Enables Escherichia coli To Survive Severe Outer Membrane Assembly Defect[END_REF]. Furthermore, this effect was also shown in acidic pH (pH 5.0) with YnhG, which suggests that YafK and YnhG might be involved in bacterial adaptation to acidic pH (Monton [START_REF] Silva | The Fluorescent D-Amino Acid NADA as a Tool to Study the Conditional Activity of Transpeptidases in Escherichia coli[END_REF].

LDTs in mycobacteria a) Mycobacterium tuberculosis

The peptidoglycan of M. tuberculosis is extensively cross-linked, containing around 70 to 80% of crosslinks [START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF][START_REF] Lavollay | The peptidoglycan of stationary-phase Mycobacterium tuberculosis predominantly contains cross-links generated by L,D-transpeptidation[END_REF]. Analysis of the peptidoglycan of stationary-phase M.

tuberculosis has revealed an 80% proportion of 33 cross-links [START_REF] Lavollay | The peptidoglycan of stationary-phase Mycobacterium tuberculosis predominantly contains cross-links generated by L,D-transpeptidation[END_REF]. Although the authors postulated that such a high proportion of 33 cross-links was observed due to adaptation of M. tuberculosis to stationary growth phase, a more thorough analysis of peptidoglycan composition at all stages of growth showed that 33 cross-links are always predominant in M. tuberculosis peptidoglycan [START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF]. According to this study, peptidoglycan of both exponential-and stationary-phase M. tuberculosis contained 60% of 33 cross-links.

Five genes encoding LdtMt1 (LdtA), LdtMt2 (LdtB), LdtMt3 (LdtD), LdtMt4 (LdtE), and LdtMt5 (LdtC) have been identified in the genome of M. tuberculosis [START_REF] Cordillot | In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,Dtranspeptidases and inactivation of these enzymes by carbapenems[END_REF][START_REF] Sanders | Phenotypic analysis of Eschericia coli mutants lacking L,Dtranspeptidases[END_REF]. All of the enzymes have been shown to catalyze the formation of 33 cross-links in vitro, except LdtMt3. LdtMt3 was shown to be catalytically active since it formed covalent adducts with carbapenems.

In addition to emergence of drug resistance, the treatment of tuberculosis is further challenged by dormant or non-replicating forms of M. tuberculosis, which typically persist in environments that are hard for antibiotics to penetrate, such as granuloma and caseum [START_REF] Manabe | Latent Mycobacterium tuberculosis-persistence, patience, and winning by waiting[END_REF]. In a nutrient-starvation dormancy model, the expression of LdtMt1 was 17-fold increased [START_REF] Betts | Evaluation of a nutrient starvation model of Mycobacterium tuberculosis persistence by gene and protein expression profiling[END_REF][START_REF] Hampshire | Stationary phase gene expression of Mycobacterium tuberculosis following a progressive nutrient depletion: a model for persistent organisms?[END_REF]. LdtMt2 was conversely shown to be expressed at the same level in all growth phases [START_REF] Gupta | The Mycobacterium tuberculosis protein LdtMt2 is a nonclassical transpeptidase required for virulence and resistance to amoxicillin[END_REF]. LdtMt2 is suggested to be the most abundant LDT protein in M. tuberculosis since there is five-fold more ldtMt2 mRNA than the combined mRNA pool of the other four LDTs.

Inactivation of the LdtMt2-encoding gene results in alterations in colony morphology (small and smooth mutants vs. large and rough wild-type cells), loss of virulence during the chronic stage of infection (after the first two weeks following infection) in mice, and increased susceptibility to the amoxicillinclavulanic acid combination both in vitro and during the chronic infection phase in mice [START_REF] Gupta | The Mycobacterium tuberculosis protein LdtMt2 is a nonclassical transpeptidase required for virulence and resistance to amoxicillin[END_REF][START_REF] Kieser | Peptidoglycan synthesis in Mycobacterium tuberculosis is organized into networks with varying drug susceptibility[END_REF]. Although deletion of LdtMt1 does not result in significant differences in morphology, virulence, and susceptibility to β-lactams, the combined deletion of LdtMt1 and LdtMt2 intensified the effects caused by deletion of LdtMt2 only [START_REF] Schoonmaker | Nonclassical transpeptidases of Mycobacterium tuberculosis alter cell size, morphology, the cytosolic matrix, protein localization, virulence, and resistance to beta-lactams[END_REF].

A recent study performed in M. tuberculosis and M. smegmatis has proposed a model for peptidoglycan synthesis in mycobacteria (Figure 18) [START_REF] Baranowski | Maturing Mycobacterium smegmatis peptidoglycan requires non-canonical crosslinks to maintain shape[END_REF][START_REF] Garcia-Heredia | Peptidoglycan precursor synthesis along the sidewall of pole-growing mycobacteria[END_REF][START_REF] Shaku | Breaking down walls[END_REF]. Neo-synthesized peptidoglycan is incorporated at the poles in mycobacteria and is associated with cell elongation since mycobacteria exhibit polar instead of lateral growth. Neo-synthesized peptidoglycan mostly contains 43 cross-links, which are cleaved by the DacB2 endopeptidase. This liberates tetrapeptide stems, which are subsequently used as substrates by LDTs for formation of 33 cross-links. The presence of these cross-links is the trademark of maturing peptidoglycan. They are required for stabilization of the cell wall, prevention of cell lysis, and maintenance of rod shape. Mycobacteria grow from the poles. Sites of new growth contain 43 cross-links, which are inserted by PBPs. These cross-links are then cleaved by D,D-endopeptidases, liberating free tetrapeptides, which are used by LDTs for synthesis of 33 cross-links. This process occurs over time during polar growth. This accounts for the movement of the aging peptidoglycan towards midcell. From reference [START_REF] Baranowski | Maturing Mycobacterium smegmatis peptidoglycan requires non-canonical crosslinks to maintain shape[END_REF].

b) Mycobacterium abscessus

The genome of M. abscessus encodes five LDTs, LdtMab1 to LdtMab5, each of which bears a high sequence identity with the corresponding M. tuberculosis LDT. M. abscessus is responsible for pulmonary infections in cystic fibrosis patients and patients suffering from pulmonary obstructive disorder [START_REF] Bar-On | Increasing nontuberculous mycobacteria infection in cystic fibrosis[END_REF][START_REF] Mehta | Impaired health-related quality of life in pulmonary nontuberculous mycobacterial disease[END_REF]. M. abscessus is naturally resistant to β-lactams due to the expression of a β-lactamase, BlaMab. Compared to the highly cross-linked M. tuberculosis peptidoglycan, that of M. abscessus is moderately (40%) cross-linked [START_REF] Lavollay | The peptidoglycan of Mycobacterium abscessus is predominantly cross-linked by L,D-transpeptidases[END_REF]. A 70% proportion of 33 cross-links is found in M. abscessus, irrespective of growth phase or morphotype (rough or smooth).

c) Mycobacterium smegmatis

M. smegmatis is a non-pathogenic mycobacterium. It contains 30% of 33 cross-links in its peptidoglycan [START_REF] Wietzerbin | Occurrence of D-alanyl-(D)-meso-diaminopimelic acid and meso-diaminopimelyl-meso-diaminopimelic acid interpeptide linkages in the peptidoglycan of Mycobacteria[END_REF]. Six genes encoding LdtA, LdtB, LdtC, LdtE, LdtF, and LdtG have been identified in the genome of M. smegmatis [START_REF] Sanders | Phenotypic analysis of Eschericia coli mutants lacking L,Dtranspeptidases[END_REF] 

LDTs in Clostridium difficile

C. difficile, a Gram-positive spore-forming toxin-producing anaerobic bacterium, is the leading cause of nosocomial antibiotic-associated intestinal disease [START_REF] Viswanathan | Clostridium difficile infection: An overview of the disease and its pathogenesis, epidemiology and interventions[END_REF]. Peptidoglycan of exponential-and stationary-phase C. difficile was shown to mostly contain 33 cross-links (around 70%) and tetrapeptides ending in Gly instead of D-Ala [START_REF] Peltier | Clostridium difficile has an original peptidoglycan structure with a high level of N-acetylglucosamine deacetylation and mainly 3-3 cross-links[END_REF]. The genome of C. difficile encodes three LDTs, LdtCd1 (CD2963), LdtCd2 (CD2713), and LdtCd3 (CD3007). Inactivation of either or both ldtCd1 and ldtCd2 (inactivation of CD3007 was not possible) led to a similar significant decrease in peptidoglycan cross-linking, which was due to a reduction in the proportion of 33 cross-links, and resulted in an increase in tetrapeptide monomers. The similarity of the muropeptide profile of peptidoglycan isolated from the single and double mutants indicates that LdtCd1 and LdtCd2 are functionally redundant and LdtCd3 is able to compensate for the absence of LdtCd1 and LdtCd2. Addition of a sub-inhibitory concentration of ampicillin to C. difficile cultures showed that there was partial inhibition of PBPs, which led to a decrease in the abundance of 43 cross-links. However, the degree of peptidoglycan cross-linking remained unchanged because the reduction in 43 cross-links was compensated by an increase in LDT-catalyzed 33 cross-links. Although most of its peptidoglycan cross-links are synthesized by the LDTs, C. difficile is sensitive to ampicillin, suggesting that the D,Dtranspeptidase or D,D-carboxypeptidase activity of PBPs is essential for peptidoglycan synthesis.

LDTs in Other Bacteria

a) Bacillus subtilis

The genome of B. subtilis encodes three LDTs, YkuD (or LdtBs), YciB, and YqjB [START_REF] Bielnicki | B. subtilis ykuD protein at 2.0 A resolution: insights into the structure and function of a novel, ubiquitous family of bacterial enzymes[END_REF].

Expression of the LdtBs-encoding gene is under the control of a sporulation-specific promoter, suggesting that LdtBs might participate in formation of spore peptidoglycan [START_REF] Kodama | Synthesis and characterization of the spore proteins of Bacillus subtilis YdhD, YkuD, and YkvP, which carry a motif conserved among cell wall binding proteins[END_REF]. The expression of the YciB LDT is regulated by a zinc uptake repressor, Zur [START_REF] Gaballa | Functional analysis of the Bacillus subtilis Zur regulon[END_REF]. YciB interacts with the MinJ divisome protein and localizes to cell poles of B. subtilis in a divisomedependent manner, suggesting that similarly to PBPs, the activity of LDTs may also be spatially and temporally organized by cell wall machineries [START_REF] Bramkamp | The putative Bacillus subtilis L,D-transpeptidase YciB is a lipoprotein that localizes to the cell poles in a divisome-dependent manner[END_REF].

b) Vibrio cholerae

V. cholerae contains two LDT homologues, LdtA and LdtB, which respectively bear a higher sequence identity to the YcbB/YnhG or the ErfK/YcfS/YbiS E. coli proteins (Magnet et al., 2007b;[START_REF] Magnet | Identification of the L,Dtranspeptidases for peptidoglycan cross-linking in Escherichia coli[END_REF]. LdtA and LdtB were shown to have similar exclusive roles as their E. coli homologues, i.e. LdtA catalyzes the formation of 33 cross-links while LdtB catalyzes anchoring of the Braun's lipoprotein homologue of V. cholerae to peptidoglycan (Cava et al., 2011a). In addition, both proteins catalyze an "exchange reaction" at the fourth position of muropeptide stems. The exchange reaction requires a donor tetrapeptide substrate, as described for other LDTs, and a D-amino acid acceptor. Non-canonical D-amino acids (NCDAAs), i.e. amino acids other than those typically found (e.g. D-Met), are found at the fourth position of tetrapeptide stems in the peptidoglycan network of V. cholera (Cava et al., 2011a;[START_REF] Lam | D-amino acids govern stationary phase cell wall remodeling in bacteria[END_REF]. Incorporation of NCDAAs is proposed to alter cell wall properties by regulating the amount and strength of peptidoglycan or by affecting the activity of PBPs [START_REF] Lam | D-amino acids govern stationary phase cell wall remodeling in bacteria[END_REF].

Preventing NCDAA incorporation in V. cholerae, by deleting both LDT genes or the gene encoding the BsrV racemase responsible for D-Met production, leads to excess accumulation of peptidoglycan in the cell wall and to increased susceptibility to osmotic shock during the stationary phase. This observation suggests that LDT-mediated NCDAA incorporation is important for bacterial adaptation to the stationary phase. Expression of the BsrV-encoding gene is dependent on the stress-associated regulator, RpoS, which is not critical for but increases LDT-expression, implying that synthesis and incorporation of NCDAAs might also be involved in bacterial resistance to environmental challenges.

c) Caulobacter crescentus

C. crescentus has a dimorphic life cycle since it produces one motile and one adherent cell. The adherent cell contains a stalk, which is an extension of the cell envelope at one pole of its cell body [START_REF] Tsang | Adhesion of single bacterial cells in the micronewton range[END_REF]. Stalks contain a higher proportion of 33 cross-links than cell bodies [START_REF] Stankeviciute | Differential modes of crosslinking establish spatially distinct regions of peptidoglycan in Caulobacter crescentus[END_REF]. Two LDT-encoding genes were identified in the genome of C. crescentus, ldtD and ykuD. The 33 cross-links are mostly synthesized by LdtD, whose expression is increased during stalk elongation. The high proportion of 33 cross-links in stalks was proposed to reflect an ageing process, as a result of the low peptidoglycan turnover in stalks. The presence of 33 cross-links also confers lysozyme resistance to stalks.

d) Salmonella enterica

S. enterica serovar Typhi is a Gram-negative bacterium that causes typhoid fever [START_REF] Dougan | Salmonella enterica serovar Typhi and the pathogenesis of typhoid fever[END_REF]. Like E. coli, it produces six LDTs, ErfK (LdtA), YbiS (LdtB), YcfS (LdtC), YcbB (LdtD), YnhG (LdtE),

and YafK (LdtF) [START_REF] Sanders | Phenotypic analysis of Eschericia coli mutants lacking L,Dtranspeptidases[END_REF]. The main virulence factor of S. Typhi is the typhoid toxin, which is produced by intracellular bacteria and exported into the periplasm before being secreted across the outer membrane of bacterial poles into Salmonella-containing vacuoles [START_REF] Song | Structure and function of the Salmonella Typhi chimaeric A(2)B(5) typhoid toxin[END_REF].

Translocation of the toxin across the peptidoglycan layer was shown to require an LDT and a muramidase [START_REF] Geiger | Peptidoglycan editing by a specific LD-transpeptidase controls the muramidase-dependent secretion of typhoid toxin[END_REF]. Peptidoglycan at the poles is edited by YcbB-catalyzed 33 crosslinks and glycan strands whose peptide stems are 33 cross-linked are then hydrolyzed by the TtsA muramidase, which allows diffusion of toxins across the digested peptidoglycan layer. This study revealed a new role of LDTs, whose transpeptidase activity is required for toxin secretion by intracellular bacteria.

Structure of LDTs

Structural studies of LDTs from various bacteria have shown that the global architecture of LDTs is conserved. LDTs exist as monomers in solution and in crystals [START_REF] Biarrotte-Sorin | Crystal structure of a novel beta-lactam-insensitive peptidoglycan transpeptidase[END_REF][START_REF] Both | Structure of LdtMt2, an L,D-transpeptidase from Mycobacterium tuberculosis[END_REF][START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF][START_REF] Correale | Structures of free and inhibited forms of the L,D-transpeptidase LdtMt1 from Mycobacterium tuberculosis[END_REF]. LDTs are composed of a C-terminal catalytic domain and an N-terminal non-catalytic domain, which is often connected to a transmembrane segment although no membrane anchor has been detected for some LDTs (e.g. YcbB, LdtMt4, and LdtMt5) (Figure 19). The C-terminal domain contains conserved residues implicated in the catalytic mechanism of the LDTs while the N-terminal domain is expected to act as a "spacer" between the cytoplasmic membrane and the peptidoglycan, ensuring optimal positioning of the transpeptidase domain on the peptidoglycan layer. The N-terminal domain has also been proposed to be involved in peptidoglycan interaction. These studies have revealed that LDTs and PBPs are structurally unrelated and differ by the architecture of their active site and the nature of their catalytic residues.

Domain Organization

The first published crystal structure of an LDT was that of the B. subtilis protein, YkuD or LdtBs [START_REF] Bielnicki | B. subtilis ykuD protein at 2.0 A resolution: insights into the structure and function of a novel, ubiquitous family of bacterial enzymes[END_REF]. LdtBs is composed of a C-terminal catalytic domain and a LysM peptidoglycan-binding Nterminal domain. The importance of LysM for peptidoglycan interaction has been confirmed by solidstate NMR using LdtBs and intact peptidoglycan [START_REF] Schanda | Atomic model of a cell-wall cross-linking enzyme in complex with an intact bacterial peptidoglycan[END_REF]. Glycan strands were shown to localize in a groove formed between LysM and the catalytic domain, which rigidifies the glycan chains while the more flexible peptide stems reach into the active site.

E. faecium Ldtfm contains a C-terminal catalytic domain connected to two N-terminal "PG Binding 4" domains (Figure 19) [START_REF] Biarrotte-Sorin | Crystal structure of a novel beta-lactam-insensitive peptidoglycan transpeptidase[END_REF]. The PG Binding 4 domains are proposed to play a role in peptidoglycan interaction. This hypothesis has not been experimentally demonstrated. It relies on the abundance of this domain in peptidoglycan-interacting proteins.

The LDTs of M. tuberculosis contain one or two immunoglobulin-like domains (named IgD or Big_5) in addition to the catalytic domain (Figure 19) [START_REF] Both | Structure of LdtMt2, an L,D-transpeptidase from Mycobacterium tuberculosis[END_REF][START_REF] Correale | Structures of free and inhibited forms of the L,D-transpeptidase LdtMt1 from Mycobacterium tuberculosis[END_REF][START_REF] Erdemli | Targeting the cell wall of Mycobacterium tuberculosis: structure and mechanism of L,D-transpeptidase 2[END_REF]. The N-terminal domain has a similar structure to domains found in immunoglobulins and in proteins that interact with polysaccharides, suggesting that the N-terminal domain of M. tuberculosis

LDTs might interact with the glycan chains of peptidoglycan in addition to extending the transpeptidase domain to the peptidoglycan layer [START_REF] Bork | The immunoglobulin fold. Structural classification, sequence patterns and common core[END_REF][START_REF] Hekmat | Rational engineering of mannosyl binding in the distal glycone subsites of Cellulomonas fimi endo-beta-1,4-mannanase: mannosyl binding promoted at subsite -2 and demoted at subsite -3[END_REF][START_REF] Tan | Crystal structure of the polyextremophilic alpha-amylase AmyB from Halothermothrix orenii: details of a productive enzyme-substrate complex and an N domain with a role in binding raw starch[END_REF]. LdtMt1, LdtMt3, and LdtMt4 possess one such domain while LdtMt2 and LdtMt5 possess two.

The E. coli LDT, YcbB, has a unique architecture compared to the other LDTs whose structure has been determined (Figure 19) [START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF]. YcbB contains a large N-terminal scaffolding domain connected to a putative peptidoglycan-binding domain. Moreover, its catalytic domain contains a substrate-capping sub-domain (instead of the more simple substrate-capping loop found in Ldtfm). The scaffolding domain is predicted to be involved in protein-protein interaction with the partners of YcbB. 

Structure of Ldt fm

Ldtfm contains two N-terminal "PG Binding 4" domains [START_REF] Biarrotte-Sorin | Crystal structure of a novel beta-lactam-insensitive peptidoglycan transpeptidase[END_REF]. The structure of the domain (residues 217 -338) closest to the catalytic domain has been determined. It is elongated and comprises nine β-strands and four α-helices, constituting a mixed alpha-beta fold (Figure 20A).

The C-terminal globular domain (residues 339 to 466) contains ten β-strands, which are folded into two β-sheets. It contains the active site of Ldtfm, which is conserved among LDTs (Pfam 03734) (Figure 20A). The catalytic domain contains the (S/T)XGC conserved motif (X is a variable residue), containing the catalytic Cys 442 residue, and a highly conserved His 421 residue. A hydrogen bond network connects the catalytic Cys 442 , His 421 , and Asp 422 , which make up the Cys-His-Asp catalytic triad of Ldtfm. The thiol group of the catalytic cysteine of Ldtfm is oriented towards the imidazole ring of His 421 [START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF]. This orientation is stabilized by a hydrogen bond between the ε2-amino group of His 421 and the thiol group of Cys 442 . The hydrogen bond between the δ1-amino group of His 421 and the backbone carbonyl oxygen of Asp 422 contributes to stabilization of the imidazole ring of His 421 and to its optimal positioning relative to the catalytic Cys (Figure 20B). The Cys and His residues of the catalytic triad are invariant in LDTs but the third residue (Asp 422 in Ldtfm) can be different since its interaction within the hydrogen network relies on its backbone carbonyl. For instance, the third residue of the catalytic triad is Gly in LdtBs and Ser in LdtMt1 and LdtMt2 [START_REF] Correale | Structures of free and inhibited forms of the L,D-transpeptidase LdtMt1 from Mycobacterium tuberculosis[END_REF][START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Lecoq | Dynamics induced by beta-lactam antibiotics in the active site of Bacillus subtilis L,Dtranspeptidase[END_REF]. 2 for binding of the acceptor substrate (Figure 21) [START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF][START_REF] Triboulet | Acyl acceptor recognition by Enterococcus faecium L,D-transpeptidase Ldtfm[END_REF].

Conversely, access to the active site through a unique path (Pocket 2) has been proposed for LdtMt2 based on the crystal structure of the enzyme fortuitously bound to a peptidoglycan fragment, corresponding to a γ-D-Glu-A2pm dipeptide (believed to originate from the E. coli expression host) [START_REF] Erdemli | Targeting the cell wall of Mycobacterium tuberculosis: structure and mechanism of L,D-transpeptidase 2[END_REF]. However, numerous other structural and molecular modelling studies have proposed two distinct paths for access to the catalytic Cys of LdtMt2 and other LDTs [START_REF] Baldin | Building a Full-Atom Model of L,Dtranspeptidase 2 from Mycobacterium tuberculosis for Screening New Inhibitors[END_REF][START_REF] Biarrotte-Sorin | Crystal structure of a novel beta-lactam-insensitive peptidoglycan transpeptidase[END_REF][START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF][START_REF] Triboulet | Acyl acceptor recognition by Enterococcus faecium L,D-transpeptidase Ldtfm[END_REF]. Triboulet et al. have constructed an NMR-driven structural model of an Ldtfm-ertapenem acylenzyme in complex with a disaccharide-peptide acceptor substrate (Figure 21) [START_REF] Triboulet | Acyl acceptor recognition by Enterococcus faecium L,D-transpeptidase Ldtfm[END_REF]. This study confirmed the specificity of Pocket 1 and Pocket 2 for the donor substrate (or a β-lactam) and the acceptor substrate, respectively. Chemical shift perturbation analyses revealed that amino acid residues of Pocket 2 are potentially involved in hydrogen bonds with the peptide stem of the acceptor and thus bind and stabilize the acceptor substrate. The importance of the residues for acceptor binding was confirmed by transpeptidation assays using disaccharide-peptides that can only be used as a donor or an acceptor. [START_REF] Triboulet | Acyl acceptor recognition by Enterococcus faecium L,D-transpeptidase Ldtfm[END_REF].

Crystal structures of LdtMt1 and LdtMt2 showed that they contain a more structured substrate-capping loop [START_REF] Both | Structure of LdtMt2, an L,D-transpeptidase from Mycobacterium tuberculosis[END_REF][START_REF] Correale | Structures of free and inhibited forms of the L,D-transpeptidase LdtMt1 from Mycobacterium tuberculosis[END_REF]. In the E. coli LDT, YcbB, the loop is replaced by a substratecapping subdomain. Conversely, the active site of B. subtilis LDT, LdtBs, is solvent-exposed since there is no loop covering it [START_REF] Bielnicki | B. subtilis ykuD protein at 2.0 A resolution: insights into the structure and function of a novel, ubiquitous family of bacterial enzymes[END_REF]. The presence of a loop (or a sub-domain) on the active site poses the question of product release once the transpeptidation reaction is catalyzed. One hypothesis is that the loop opens after formation of the 33 cross-link, thus releasing the product [START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF].
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Catalytic Mechanism of L,D-transpeptidation

The L,D-transpeptidation reaction takes place in two steps (Figure 22). (i) The catalytic Cys of LDTs attacks the carbonyl of the terminal amide bond between L-Lys 3 (in E. faecium) and D-Ala 4 of an acyl donor. This leads to the release of D-Ala 4 and to the formation of an acylenzyme containing a thioester bond between the catalytic Cys and the remaining tripeptide [START_REF] Mainardi | A novel peptidoglycan cross-linking enzyme for a betalactam-resistant transpeptidation pathway[END_REF]. (ii) The thioester bond of the acylenzyme is attacked by the amine group of the third residue of an acyl acceptor, releasing the enzyme. A 33 cross-link is thus formed between the third residues of the donor and acceptor substrates. L,D-carboxypeptidase activity of LDTs, whereby a water molecule attacks the acylenzyme and frees the remaining tripeptide stem, has been shown in vitro [START_REF] Triboulet | Acyl acceptor recognition by Enterococcus faecium L,D-transpeptidase Ldtfm[END_REF].

Exchange reactions, in which the acylenzyme is attacked by a free D-amino acid, can also occur. This reaction has been exploited to visualize peptidoglycan synthesis by LDTs in real time by studying the LDT-mediated incorporation of fluorescent D-amino acids (FDAAs) into peptidoglycan of live cells [START_REF] Baranowski | Maturing Mycobacterium smegmatis peptidoglycan requires non-canonical crosslinks to maintain shape[END_REF][START_REF] Garcia-Heredia | Peptidoglycan precursor synthesis along the sidewall of pole-growing mycobacteria[END_REF][START_REF] Hsu | Fluorogenic D-amino acids enable real-time monitoring of peptidoglycan biosynthesis and high-throughput transpeptidation assays[END_REF][START_REF] Kuru | In Situ probing of newly synthesized peptidoglycan in live bacteria with fluorescent D-amino acids[END_REF]. A. Nucleophilic attack of the catalytic cysteine of LDTs on the amide bond between the third residue and D-Ala 4 of a donor substrate leads to liberation of D-Ala 4 and formation of an acylenzyme containing a thioester bond between the active Cys and the remaining tripeptide stem. Nucleophilic attack of the amine group of the 3 rd residue of an acceptor on the thioester linkage leads to formation of a 33 cross-linked dimer. B. The identity of the dimer depends on the bacterial species. In E. faecium (right), 33 cross-links are formed between the αcarboxyl of L-Lys 3 of a donor and the α-amine of D-iAsn substituted on L-Lys 3 of an acceptor. In E. coli (middle), 33 cross-links are formed between the α-and ε-amines of A2pm 3 of a donor and an acceptor, respectively. In M. tuberculosis (left), 33 cross-links are formed between the α-and ε-amines of amidated A2pm 3 of a donor and an acceptor, respectively. G, GlcNAc; M, MurNAc. The specificity of LDTs for the donor and acceptor substrates has been studied for various LDTs. The first studies on LDT specificity involved in vitro cross-linking assays using purified LDTs and muropeptides from three bacterial species, E. faecium, E. faecalis, and B. subtilis (Magnet et al., 2007a).

G M L-Ala 1 D-Glu 2 A 2 pm 3 G M L-Ala 1 D-Glu 2 A 2 pm 3 D-Ala 4 G M L-Ala 1 D-iGln 2 A 2 pm 3 G M L-Ala 1 D-iGln 2 A 2 pm 3 D-Ala 4 G M L-Ala 1 D-iGln 2 L-Lys 3 G M L-Ala 1 D-iGln 2 L-Lys 3 D-Ala 4 D-iAsn     ε ε D-iAsn
The muropeptides differ by the residue at the third position, L-Lys 3 -D-iAsn from E. faecium, L-Lys 3 -L-Ala-L-Ala from E. faecalis, and A2pm 3 from B. subtilis. None of the three LDTs, Ldtfm (E. faecium), Ldtfs (E. faecalis), and LdtBs (B. subtilis), tolerate variations at the third position of the acceptor, showing specificity for their cognate acyl acceptors. Of the three, only Ldtfs does not show specificity for the peptide length of its donor substrate since it is able to catalyze the hydrolysis of the L-Lys 3 -D-Ala 4 bond of both tetrapeptides and pentapeptides, showing L,D-carboxypeptidase and L,D-endopeptidase activities. LDTs also show specificity for the amidation state of their substrates [START_REF] Ngadjeua | Critical Impact of Peptidoglycan Precursor Amidation on the Activity of l,d-Transpeptidases from Enterococcus faecium and Mycobacterium tuberculosis[END_REF].

In vitro cross-linking assays were performed with Ldtfm or LdtMt2 and their cognate acceptor substrate was synthesized with or without amidation at positions 2 and 3 of the peptide stem. The peptidoglycan subunit of E. faecium and M. tuberculosis is amidated at both positions 2 (D-iGln) and 3 (L-Lys-D-iAsn in E. faecium and amidated A2pm in M. tuberculosis) (Figure 22B). The cross-linking efficacy of Ldtfm decreased when the acceptor was not amidated; lack of amidation at position 3 had a greater impact and lack of amidation at both positions almost completely prevented cross-linking (0.8% residual activity). The effect was more pronounced for LdtMt2 since no dimer was formed if the acceptor lacked amidation at either position. Amidation of A2pm is essential for M. tuberculosis since a mutant conditionally expressing the AsnB amidotransferase required induction of transcription of the gene for growth.

Hybrid QM/MM and MD simulations of L,D-transpeptidation in the active site of LdtMt2 using a tripeptide donor substrate analogue (D-Glu-A2pm-D-Ala) and A2pm as acyl acceptor have proposed a catalytic mechanism for the formation of 33 cross-links [START_REF] Silva | Catalytic mechanism of L,D-transpeptidase 2 from Mycobacterium tuberculosis described by a computational approach: insights for the design of new antibiotics drugs[END_REF]. For the starting point of the simulation, the authors used a non-covalent complex formed between the donor substrate and LdtMt2 containing a thiolate/imidazolium pair (due to transfer of the sulfhydryl proton of the catalytic Cys to the ε2-amine of the imidazole ring of His belonging to the catalytic triad). The proposed mechanism consists of two steps. (i) Nucleophilic attack of the Cys thiolate on the A2pm-D-Ala bond of the donor leads to formation of an acylenzyme and to release of D-Ala, whose amine is protonated by proton capture from the His imidazolium. (ii) Three concomitant events result in deacylation of the enzyme and formation of a cross-link between the donor and acceptor. The proton of the acceptor amine is captured by the ε2-amine of the imidazole ring of His and nucleophilic attack of the acceptor on the thioester carbonyl results in rupture of the thioester linkage and formation of a donor-acceptor cross-link. Throughout the catalytic mechanism, the backbone of the third residue of the catalytic triad (Ser in LdtMt2) stays hydrogen-bonded to the δ1-amine of His. The higher energy barrier calculated for the transition state of the first step than for the second step and the movement of the loop covering the active site during acylation by the acyl donor suggest that acylation is the limiting step of the reaction due to reorganization of the active site [START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Li | Crystal structure of L,Dtranspeptidase LdtMt2 in complex with meropenem reveals the mechanism of carbapenem against Mycobacterium tuberculosis[END_REF][START_REF] Silva | Catalytic mechanism of L,D-transpeptidase 2 from Mycobacterium tuberculosis described by a computational approach: insights for the design of new antibiotics drugs[END_REF]. The residues proposed to be implicated in the catalytic mechanism are further discussed below (in Chapter 5.5.3d).

Inhibition of LDTs by β-lactams

LDTs were initially thought to be resistant to inactivation by β-lactams since they conferred high-level resistance to ampicillin (a penam) in E. faecium mutants and they are structurally unrelated to and have none of the conserved motifs of the targets of β-lactams, the PBPs. However, later studies have shown that LDTs are efficaciously inhibited by one class of β-lactams, the carbapenems (Mainardi et al., 2007;[START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. LDTs may thus constitute an additional or alternative target of carbapenems in bacteria.

Inhibition of Ldt fm by carbapenems

Preliminary experiments showed that the M512 mutant that relies solely on Ldtfm for peptidoglycan cross-linking did not grow in the presence of imipenem (MIC = 0.5 µg/ml) [START_REF] Mainardi | Unexpected inhibition of peptidoglycan LD-transpeptidase from Enterococcus faecium by the beta-lactam imipenem[END_REF].

Expression from a plasmid encoding the low-affinity PBP5 of E. faecium in M512 allowed bacterial growth in imipenem-containing media but all Ldtfm-catalyzed 33 cross-links were replaced by PBP5catalyzed 43 cross-links, indicating that M512 was sensitive to imipenem due to inhibition of Ldtfm.

In vitro assays were performed by incubating purified Ldtfm with various concentrations of imipenem or ampicillin before measuring the residual activity of the enzyme by a radioactive exchange assay with a substrate analogue (Ac2-L-Lys-D-Ala) and [ 14 C]-D-Ala. Full inhibition of Ldtfm (1 µg) was obtained with a low concentration of imipenem (0.5 µg/ml). The ceftriaxone cephem also fully inhibited Ldtfm but a higher concentration was required (100 µg/ml) compared to imipenem (0.5 µg/ml). However, ampicillin at the highest concentration tested (3,200 µg/ml) caused less than 50% decrease in the residual activity of Ldtfm. Mass spectrometry experiments showed that inhibition of Ldtfm was due to formation of a covalent adduct with imipenem. Substitution of the catalytic Cys 442 by Ala abrogated inhibition by imipenem, indicating that imipenem acylated the catalytic Cys of Ldtfm.

β-lactams Against M. tuberculosis

β-lactams are not part of the antitubercular regimen mainly because of production of a chromosomally encoded broad-spectrum class A β-lactamase, BlaC, which effectively hydrolyzes penams, cephems, and carbapenems to a lesser extent (see Chapter 3) [START_REF] Bush | How beta-lactamases have driven pharmaceutical drug discovery. From mechanistic knowledge to clinical circumvention[END_REF][START_REF] Cole | Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence[END_REF].

Deletion of the blaC gene results in a higher sensitivity of M. tuberculosis to β-lactams [START_REF] Flores | Genetic analysis of the beta-lactamases of Mycobacterium tuberculosis and Mycobacterium smegmatis and susceptibility to beta-lactam antibiotics[END_REF]. BlaC was shown to be irreversibly inhibited by a β-lactamase inhibitor, clavulanic acid [START_REF] Hugonnet | Irreversible inhibition of the Mycobacterium tuberculosis beta-lactamase by clavulanate[END_REF]. Clavulanic acid potentiates the inhibitory activity of various β-lactams against susceptible and drug-resistant M. tuberculosis strains [START_REF] Chambers | Activity of amoxicillin/clavulanate in patients with tuberculosis[END_REF][START_REF] Cynamon | In vitro activity of amoxicillin in combination with clavulanic acid against Mycobacterium tuberculosis[END_REF][START_REF] Dincer | The vitro efficacy of beta-lactam and beta-lactamase inhibitors against multidrug resistant clinical strains of Mycobacterium tuberculosis[END_REF][START_REF] Segura | Contribution of beta-lactamases to beta-lactam susceptibilities of susceptible and multidrug-resistant Mycobacterium tuberculosis clinical isolates[END_REF]. Meropenem is a poor substrate of BlaC since formation of a BlaC-meropenem covalent adduct is fast compared to the turnover rate, which transiently traps BlaC in an acylenzyme with meropenem. The poor hydrolysis of meropenem by BlaC prompted Hugonnet et al. to test the combination of meropenem and clavulanic acid against M. tuberculosis strains [START_REF] Hugonnet | Meropenemclavulanate is effective against extensively drug-resistant Mycobacterium tuberculosis[END_REF]. They showed that meropenem was active against M. tuberculosis both in aerobic cultures and in anaerobic conditions that mimic the persistent state. Meropenem-clavulanic acid also inhibited the growth of extensively drug-resistant (XDR) clinical isolates and of M. tuberculosis in a murine infection model, improving survival of infected mice [START_REF] Hugonnet | Meropenemclavulanate is effective against extensively drug-resistant Mycobacterium tuberculosis[END_REF][START_REF] Veziris | Activity of carbapenems combined with clavulanate against murine tuberculosis[END_REF]. The meropenem-clavulanic acid combination has since been successfully tested in a clinical trial, which showed significant early bactericidal activity (EBA, reduction in bacterial burden that a drug produces after a few days of treatment) of the combination in patients [START_REF] Diacon | beta-Lactams against Tuberculosis--New Trick for an Old Dog?[END_REF]. Electron microscopy images of exponentially growing M. tuberculosis cells showed that meropenem treatment led to swelling at the poles and to leakage of material from the poles when higher concentrations of meropenem were used [START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF]. Addition of sub-inhibitory (and higher) concentrations of meropenem to exponentially growing M. tuberculosis leads to an increase in the abundance of pentapeptide peptidoglycan monomers and of 43 cross-linked dimers. The increase in the pentapeptide supply indicates inhibition of a D,D-carboxypeptidase by meropenem. Purified DacB2, a cPBP with dual D,D-carboxypeptidase and endopeptidase activities, is indeed inactivated by meropenem. Inhibition of both LDTs and PBPs by carbapenems may lead to synergistic killing of M.

tuberculosis. A similar observation was made in the nosocomial pathogen Corynebacterium jekeium, which contains 40% of 33 cross-links in its peptidoglycan (Table 3) [START_REF] Lavollay | The beta-lactam-sensitive D,D-carboxypeptidase activity of Pbp4 controls the L,D and D,D transpeptidation pathways in Corynebacterium jeikeium[END_REF]. Ampicillin treatment led to inhibition of a D,D-carboxypeptidase, PBP4, and thus to accumulation of pentapeptides and to a significant decrease in the tetrapeptide pool. The lack of tetrapeptide substrates may in turn account for the decrease in the proportion of 33 cross-links observed upon ampicillin treatment.

Kinetics of LDT Inactivation by β-lactams

Inhibition of LDTs by β-lactams has been extensively characterized for the LDTs of E. faecium and M.

tuberculosis [START_REF] Cordillot | In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,Dtranspeptidases and inactivation of these enzymes by carbapenems[END_REF]Dubee et al., 2012a;Dubee et al., 2012b;[START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF][START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. Covalent LDT-β-lactam adducts are detected by mass spectrometry, which also enables detection of secondary modifications of the β-lactam in the LDT active site [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. Enzyme assays, which have been used to study the inactivation kinetics of LDTs, include spectrophotometry, spectrofluorimetry, isothermal titration calorimetry, colorimetric assays involving the thiol-reactive compound 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB or Ellman's reagent), and hydrolysis of chromophore-containing β-lactams, such as nitrocefin [START_REF] Bianchet | Structural insight into the inactivation of Mycobacterium tuberculosis non-classical transpeptidase LdtMt2 by biapenem and tebipenem[END_REF]Kumar et al., 2017;[START_REF] Li | Crystal structure of L,Dtranspeptidase LdtMt2 in complex with meropenem reveals the mechanism of carbapenem against Mycobacterium tuberculosis[END_REF][START_REF] Steiner | Binding and processing of beta-lactam antibiotics by the transpeptidase LdtMt2 from Mycobacterium tuberculosis[END_REF][START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. A high-throughput assay using a cysteine-selective fluorogenic probe was recently described [START_REF] De Munnik | A Fluorescencebased Assay for Screening beta-Lactams Targeting the Mycobacterium tuberculosis Transpeptidase LdtMt2[END_REF]. The two most used methods in the host laboratory, based on spectrophotometry and spectrofluorimetry, are described below [START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF].

a) Spectrophotometry

Spectrophotometry enables measurement of the decrease in absorbance that results from opening of the β-lactam ring (Figure 23A). Absorbance is measured over time at a given wavelength (e.g. 299 nm for imipenem) during the reaction of LDTs with β-lactams. The β-lactam concentration that has reacted with LDTs can be calculated using the change in observed absorbance and the Δε value of the β-lactam.

The rate of the reaction allows calculation of the overall efficacy of the reaction. Spectrophotometry can be used to study the stoichiometric reaction of LDTs with β-lactams, i.e. the acylation reaction, and the turnover of the acylenzyme, i.e. hydrolysis of the β-lactam. For the acylation reaction, which is usually very fast (a few seconds) for carbapenems, a stopped-flow system is used since it allows rapid mixing and injection of the reactants into the spectrophotometer. 

b) Spectrofluorimetry

Variations in the fluorescence of Trp residues of enzymes, occurring during enzymatic reactions, can be used to monitor the reactions [START_REF] Eftink | Fluorescence quenching studies with proteins[END_REF][START_REF] Jackson | Transient-kinetic studies of the adenosine triphosphatase activity of scallop heavy meromyosin[END_REF][START_REF] Nieto | Fluorescence and circular dichroism studies on the Streptomyces R61 DD-carboxypeptidase-transpeptidase. Penicillin binding by the enzyme[END_REF][START_REF] Ohnishi | Static and kinetic studies by fluorometry on the interaction between gluconolactone and glucoamylase from Rh. niveus[END_REF][START_REF] Thomas | Kinetic and mechanistic studies of penicillin-binding protein 2x from Streptococcus pneumoniae[END_REF][START_REF] Vivian | Mechanisms of tryptophan fluorescence shifts in proteins[END_REF]. Acylation of Ldtfm by carbapenems leads to biphasic fluorescence quenching (Figure 23A) [START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. A reaction scheme comprising two steps was proposed to account for the acylation of LDTs by carbapenems (Figure 23B). In the first step, reaction of the enzyme (E) with the carbapenem (I) leads to formation of an intermediate. This acylenzyme (EC*) is accompanied by an increase in fluorescence intensity. In the first model that was proposed, the intermediate was considered as the Michaelis-Menten non-covalent complex [START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. However, subsequent studies showed that the non-covalent complex did not accumulate and they instead proposed that the intermediate was an oxyanion (EI Ox ).

Chemical shift perturbation experiments by NMR using the inactive C442A Ldtfm variant and various βlactams showed that Ldtfm has a similar low affinity (Kd around 50 mM) for all β-lactam classes [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. Imipenem was shown to have a similar low affinity for the C142A LdtBs (Kd > 38 mM) and C354A LdtMt2 variants (Kd > 1 mM) [START_REF] Erdemli | Targeting the cell wall of Mycobacterium tuberculosis: structure and mechanism of L,D-transpeptidase 2[END_REF][START_REF] Lecoq | Dynamics induced by beta-lactam antibiotics in the active site of Bacillus subtilis L,Dtranspeptidase[END_REF]. The high Kd values indicate that there is no significant accumulation of the Michaelis-Menten complex at the β-lactam concentrations (> 100-fold lower than Kd) used for enzyme kinetics studies [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF].

Thus, the intermediate responsible for the biphasic fluorescence quenching observed with carbapenems cannot be the Michaelis-Menten complex. In analogy to the acylation of PBPs and βlactamases by β-lactams, the intermediate was subsequently proposed to be an oxyanion (Figure 23) [START_REF] Herzberg | Bacterial resistance to beta-lactam antibiotics: crystal structure of beta-lactamase from Staphylococcus aureus PC1 at 2.5 A resolution[END_REF][START_REF] Murphy | Evidence for an oxyanion hole in serine beta-lactamases and DDpeptidases[END_REF]. The interaction of penams and carbapenems with LDTs with similar low affinities also implies that the higher acylation efficacy of LDTs by carbapenems is determined by the chemical step of the reaction.

The biphasic fluorescence quenching observed during acylation of LDTs implies that the enzyme has a different intrinsic fluorescence (F) according to its form: F(E) > F(EI*) > F(EI ox ) (Figure 23A). Kinetic constants were determined by simulation methods (Dubee et al., 2012a;[START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. The variation in concentrations of the inhibitor (I) and the three forms of the enzyme (E, EI ox , and EI*) is defined according to the reaction scheme and using the law of mass action, which proposes the rate of a chemical reaction to be directly proportional to the product of the concentrations of reactants [START_REF] Chen | Classic and contemporary approaches to modeling biochemical reactions[END_REF]. A system of ordinary differential equations is thus obtained and an iterative approximate solution can be reached. The concentrations of the three enzyme forms are iteratively calculated for small increments (such as 0.005 min) using a spreadsheet [START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. The total fluorescence intensity at a given time is calculated by adding the relative fluorescence of each enzyme form. The simulated data is fit to experimental data for a minimum of four carbapenem concentrations. The kinetic constants and the relative fluorescence intensity of the intermediate (EI) are adjusted to obtain the best superposition between simulated and experimental data for all four concentrations. This method enables the determination of kinetic constants k1 and k2, as well as an upper limit for k-1, for carbapenems. For cephems and penams, acylation of LDTs leads to monophasic fluorescence variations, thus precluding determination of the k1 and k2 kinetic constants and only enabling determination of an overall kinetic constant (kobs), which is used for calculation of the acylation efficacy [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. The acylation efficacy is used to compare inactivation of LDTs by different β-lactams. Similar results were obtained using simulation programs, such as Dynafit, and by the least squares method.

c) Inactivation Kinetics

Inactivation of LDTs has been studied in the presence of representatives of the β-lactam classes, penams, cephems, and carbapenems [START_REF] Cordillot | In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,Dtranspeptidases and inactivation of these enzymes by carbapenems[END_REF]Dubee et al., 2012b;[START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF] (Figure 24). Based on acylation assays using mass spectrometry, spectrophotometry, and spectrofluorimetry and hydrolysis assays using spectrophotometry, a three-step reaction scheme has been proposed for the interaction of LDTs with β-lactams [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. 
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The efficacy of inactivation of LDTs by β-lactams varies according to the β-lactam class. Acylation of Ldtfm is 150 times more efficacious by imipenem (carbapenems) than by ceftriaxone (cephem) and 6 times more efficacious by ceftriaxone than by ampicillin (penam) [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. This was demonstrated to be due to a lower rate of acylenzyme formation combined to a higher rate of hydrolysis for cephems and penams than for carbapenems. Acylation efficacy of LdtMt1 is also higher for carbapenems than for cephems (Dubee et al., 2012b). These observations illustrate that the antibacterial activity of β-lactams depends on two factors, the efficacy of acylation and the stability of the acylenzyme.

The nature of the lateral chain of carbapenems influences the inactivation kinetics of M. tuberculosis

LDTs [START_REF] Cordillot | In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,Dtranspeptidases and inactivation of these enzymes by carbapenems[END_REF]Dubee et al., 2012b;[START_REF] Erdemli | Targeting the cell wall of Mycobacterium tuberculosis: structure and mechanism of L,D-transpeptidase 2[END_REF]. For instance, the acylation efficacy of M. tuberculosis LDTs by imipenem was between 7 and 100 higher than meropenem, which was proposed to be due to the thermodynamically unfavorable hydrophobicity of the side-chain of the pyrroline ring of meropenem [START_REF] Cordillot | In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,Dtranspeptidases and inactivation of these enzymes by carbapenems[END_REF][START_REF] Erdemli | Targeting the cell wall of Mycobacterium tuberculosis: structure and mechanism of L,D-transpeptidase 2[END_REF]. This has prompted the synthesis of carbapenem analogues with different side-chains in order to optimize inactivation of LdtMt1 while escaping hydrolysis of the β-lactam ring by the BlaC β-lactamase of M. tuberculosis [START_REF] Iannazzo | Routes of Synthesis of Carbapenems for Optimizing Both the Inactivation of L,D-Transpeptidase LdtMt1 of Mycobacterium tuberculosis and the Stability toward Hydrolysis by beta-Lactamase BlaC[END_REF]. The nature of the lateral chain of cephems was also shown to impact acylation of LdtMt1 (Dubee et al., 2012b). The R2 side-chain of ceftriaxone, which is cleaved during acylation of LDTs, positively impacts acylation compared to that of cephalothin and cefotaxime (Figure 24), indicating that the R2 group can be modified to improve the acylation efficacy of LDTs by cephems. In contrast, since the R1 side-chain has no impact on acylation rate, it could be modified to enhance the pharmacokinetic properties of cephems without any impact on their inhibitory activity against LDTs.

Cleavage of the side-chain of cephems during acylation is not specific to LDTs since it has also been observed with β-lactamases and PBPs [START_REF] Bryskier | Dual beta-lactam-fluoroquinolone compounds: a novel approach to antibacterial treatment[END_REF][START_REF] Gao | Novel fluorogenic substrates for imaging beta-lactamase gene expression[END_REF]. Cephems that contain a fluorochrome in their side-chain have been used to detect β-lactamases [START_REF] Cheng | Fluorogenic probes with substitutions at the 2 and 7 positions of cephalosporin are highly BlaCspecific for rapid Mycobacterium tuberculosis detection[END_REF][START_REF] Xie | Rapid point-of-care detection of the tuberculosis pathogen using a BlaC-specific fluorogenic probe[END_REF]. This strategy has also been used to release other antibacterial agents, such as fluoroquinolones, so that once the cephem is hydrolyzed by β-lactamases, the second pharmacophore is released and can inactivate its target [START_REF] Greenwood | Dual-action cephalosporin utilizing a novel therapeutic principle[END_REF]. This strategy was recently described in M.

tuberculosis [START_REF] Lopez Quezada | Dual-Pharmacophore Pyrithione-Containing Cephalosporins Kill Both Replicating and Nonreplicating Mycobacterium tuberculosis[END_REF]. A high-throughput screen of β-lactams led to the identification of dual-active cephems containing a pyrithione moiety, which when released, was active against both replicating and non-replicating M. tuberculosis (Figure 25). 

d) Structure of LDT-β-lactam Adducts and Catalytic Mechanism

Structural studies on the inactivation of LDTs by β-lactams have mostly been performed with M.

tuberculosis LdtMt2, E. faecium Ldtfm, and B. subtilis LdtBs, and carbapenems. Structural determination of the LDT-carbapenem acylenzyme and molecular modelling approaches have shown that the carbapenems bind to Pocket 1 of the catalytic domain, which is also the binding site of the donor substrate of LDTs (Figure 21) [START_REF] Baldin | Building a Full-Atom Model of L,Dtranspeptidase 2 from Mycobacterium tuberculosis for Screening New Inhibitors[END_REF][START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF][START_REF] Li | Crystal structure of L,Dtranspeptidase LdtMt2 in complex with meropenem reveals the mechanism of carbapenem against Mycobacterium tuberculosis[END_REF].

The NMR structures of LdtBs in its apo form and acylated by imipenem confirmed the involvement of a catalytic triad in the catalytic mechanism of inactivation of LDTs by carbapenems [START_REF] Lecoq | Dynamics induced by beta-lactam antibiotics in the active site of Bacillus subtilis L,Dtranspeptidase[END_REF].

The catalytic triad (Cys 142 -His 126 -Gly 127 ) of LdtBs was shown to be pH-dependent since the hydrogenbond network within the triad was stable between pH values of 3.6 and 10.0. In this pH range, the imidazole ring of His 126 bears no net charge and the thiol sulfur of Cys 142 is protonated, indicating pKa values below 3.5 for His 126 and above 10.5 for Cys 142 . The catalytic Cys is activated for nucleophilic attack by His whose ε2-amino group captures the sulfhydryl proton of Cys to generate an imidazoliumthiolate pair, enabling nucleophilic attack of the thiolate on the carbonyl carbon of the β-lactam ring.

This leads to formation of an oxyanion intermediate. The proton captured by His is transferred to the nitrogen of the β-lactam ring, thus forming an acylenzyme. The same proton shuttle mechanism has been proposed for acylation of other members of the LDT family [START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF][START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Steiner | Binding and processing of beta-lactam antibiotics by the transpeptidase LdtMt2 from Mycobacterium tuberculosis[END_REF]. However, for YcbB and Ldtfm, although the proton acceptor for the first step of the catalytic mechanism has also been proposed to be the His residue of the catalytic triad, the identity of the proton donor for the second step is more controversial since the distance between His (at position 421 in Ldtfm or 509 in YcbB) and the β-lactam nitrogen was deemed too large (5.9 Å in Ldtfm and 7.2 Å in YcbB) for there to be proton transfer [START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF][START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF]. Instead, Tyr 507 was deemed a more likely candidate for proton transfer in YcbB [START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF]. For Ldtfm, the potential proton donors that have been proposed are the ε2-or δ1-amino group of His 440 or the hydroxyl of Tyr 403 [START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF]. However, the kinetics of inactivation of the H440A or Y403A

Ldtfm variants by imipenem and ertapenem have shown that the proton donor is neither of the two residues, implying that another unidentified residue or water is the actual proton donor (unpublished results). The carboxylic acid of the carbapenem pyrroline group has also been proposed as a potential proton donor [START_REF] Bhattacharjee | Hybrid Potential Simulation of the Acylation of Enterococcus faecium l,d-Transpeptidase by Carbapenems[END_REF]. Crystal structures of the acylenzyme formed between LdtMt2 and meropenem showed that acylation of the catalytic Cys by meropenem induces a conformational change in the "lid" covering the active site, which was not the case for acylation of LdtMt1 by imipenem or Ldtfm by ertapenem [START_REF] Correale | Structures of free and inhibited forms of the L,D-transpeptidase LdtMt1 from Mycobacterium tuberculosis[END_REF][START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Li | Crystal structure of L,Dtranspeptidase LdtMt2 in complex with meropenem reveals the mechanism of carbapenem against Mycobacterium tuberculosis[END_REF]. In the apo enzyme, the lid of LdtMt2 is in the open conformation [START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF]. Upon acylation, conformational change in the lid is such that it partially covers the active site. Movement of the loop results in establishment of a hydrogen bond network between meropenem and the hydroxyl of Tyr 308 and Tyr 318 of LdtMt2, which have been shown to stabilize the acylenzyme and to deter its hydrolysis [START_REF] Gokulan | Drug resistance in Mycobacterium tuberculosis and targeting the l,d-transpeptidase enzyme[END_REF][START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF][START_REF] Li | Crystal structure of L,Dtranspeptidase LdtMt2 in complex with meropenem reveals the mechanism of carbapenem against Mycobacterium tuberculosis[END_REF].

The closed conformation of the lid and the hydrogen bond network involving the Tyr residues have also been described by molecular modelling studies of LdtMt2 acylenzymes with other carbapenems [START_REF] Silva | Simulating the inhibition reaction of Mycobacterium tuberculosis L,D-transpeptidase 2 by carbapenems[END_REF][START_REF] Steiner | Binding and processing of beta-lactam antibiotics by the transpeptidase LdtMt2 from Mycobacterium tuberculosis[END_REF]. The crystal structure of the LdtMt2-meropenem acylenzyme has also revealed that the pyrroline ring and the R1 side-chain of meropenem pivot around the C5-C6 bond of the β-lactam ring, which distances the carbonyl carbon and the nitrogen of the β-lactam ring, thus preventing recyclization of the ring [START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF]. Hydrolysis of the acylenzyme and recyclization Gly 127

of the β-lactam ring can also be prevented by structural rearrangements or partial decomposition of the β-lactam side-chain in the acylenzyme. For instance, mass spectrometry and X-Ray crystallography analyses of LdtMt2 acylenzymes with biapenem, tebipenem, and faropenem have shown that the (carba)penems are degraded in the active site of the enzyme with only a fragment of the molecule covalently bound to the catalytic Cys [START_REF] Bianchet | Structural insight into the inactivation of Mycobacterium tuberculosis non-classical transpeptidase LdtMt2 by biapenem and tebipenem[END_REF][START_REF] Steiner | Binding and processing of beta-lactam antibiotics by the transpeptidase LdtMt2 from Mycobacterium tuberculosis[END_REF]. Similar observations were made for acylation of LdtMt2 and Ldtfm by the ampicillin penam, where cleavage of the C5-C6 bond of ampicillin occurred in the acylenzyme [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. The fragmentation of penams and

(carba)penems is not typically observed for most serine-active PBPs and β-lactamases. This difference was shown to be mostly due to the different chemical properties of the thioester and ester linkages in the LDT and PBP or β-lactamase acylenzymes, respectively [START_REF] Lohans | Non-Hydrolytic beta-Lactam Antibiotic Fragmentation by l,d-Transpeptidases and Serine beta-Lactamase Cysteine Variants[END_REF].

A so-called "oxyanion hole" has been described in LdtMt2 for stabilization of the β-lactam carbonyl of the tetrahedral oxyanion intermediate [START_REF] Kim | Structural basis for the inhibition of Mycobacterium tuberculosis L,D-transpeptidase by meropenem, a drug effective against extensively drugresistant strains[END_REF]. The nitrogen atom of the backbone amide of the catalytic Cys and the two residues preceding it (Gly and His) have been proposed to be hydrogen bonded to the β-lactam carbonyl group. The consecutive Gly, His, and catalytic Cys residues have also been proposed for stabilization of the β-lactam carbonyl of carbapenems in LdtMt1 and Ldtfm [START_REF] Correale | Structures of free and inhibited forms of the L,D-transpeptidase LdtMt1 from Mycobacterium tuberculosis[END_REF][START_REF] Lecoq | Structure of Enterococcus faeciuml,d-transpeptidase acylated by ertapenem provides insight into the inactivation mechanism[END_REF]. However, molecular modelling studies of LDT acylation by carbapenems do not endorse formation of an oxyanion intermediate [START_REF] Bhattacharjee | Hybrid Potential Simulation of the Acylation of Enterococcus faecium l,d-Transpeptidase by Carbapenems[END_REF][START_REF] Silva | Simulating the inhibition reaction of Mycobacterium tuberculosis L,D-transpeptidase 2 by carbapenems[END_REF]. They rather propose a concerted mechanism for nucleophilic attack of the catalytic Cys thiolate on the β-lactam carbonyl and opening of the β-lactam ring (Figure 27). Such a mechanism has been independently proposed for acylation of LdtMt2 by meropenem and imipenem and acylation of Ldtfm by ertapenem. The concerted mechanism for acylation of LDTs has previously been described for cysteine peptidases but it differs from the mechanism proposed for acylation of PBPs and βlactamases, in which the formation of an oxyanion intermediate has been described [START_REF] Fonseca | The basis for carbapenem hydrolysis by class A beta-lactamases: a combined investigation using crystallography and simulations[END_REF][START_REF] Hermann | High level QM/MM modeling of the formation of the tetrahedral intermediate in the acylation of wild type and K73A mutant TEM-1 class A beta-lactamase[END_REF][START_REF] Wei | Reaction pathway and free energy profile for papain-catalyzed hydrolysis of N-acetyl-Phe-Gly 4-nitroanilide[END_REF]. Further work on the inactivation of LDTs by β-lactams is thus needed to investigate the catalytic mechanism. The catalytic Cys 442 is activated when its proton is captured by a proton acceptor (A), which is proposed to be His 421 in Ldtfm. Attack of the thiolate on the β-lactam carbonyl and opening of the β-lactam ring is proposed to be concerted. A negative charge develops on the β-lactam nitrogen, which is protonated by capturing the proton of a proton donor (DH + ). The identity of the donor is unknown in Ldtfm but is proposed to be either a residue of the active site, the pyrroline carboxylate, or a water molecule. 

Introduction

Because of their predominant role in peptidoglycan cross-linking in only some pathogenic bacteria, L,D-transpeptidases (LDTs) are attractive targets for the development of new antibiotics [START_REF] Lavollay | The peptidoglycan of stationary-phase Mycobacterium tuberculosis predominantly contains cross-links generated by L,D-transpeptidation[END_REF][START_REF] Lavollay | The peptidoglycan of Mycobacterium abscessus is predominantly cross-linked by L,D-transpeptidases[END_REF][START_REF] Peltier | Clostridium difficile has an original peptidoglycan structure with a high level of N-acetylglucosamine deacetylation and mainly 3-3 cross-links[END_REF]. In contrast to the Penicillin-Binding Proteins (PBPs), which catalyze peptidoglycan cross-linking in most bacteria, LDTs are only efficaciously inactivated by one class of β-lactam antibiotics, the carbapenems [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. The first part of the results concerns the investigation of the mechanism of inhibition of LDTs by β-lactams.

The first publication investigates the reversibility of acylation of LDTs by β-lactams. Acylation of PBPs by β-lactams has been postulated to be irreversible due to the strain of the β-lactam ring. We used Avibactam is a novel β-lactamase inhibitor that contains a diazabicyclooctane (DBO) scaffold, instead of the classical β-lactam scaffold [START_REF] Ehmann | Avibactam is a covalent, reversible, non-beta-lactam beta-lactamase inhibitor[END_REF]. Avibactam efficaciously inactivates βlactamases belonging to classes A and C, and to a lesser extent, those belonging to class D.

This part of the results investigates the antibacterial activity of the amoxicillin β-lactam in combination with avibactam against M. tuberculosis (Publication 4). We show that the amoxicillin-avibactam combination is active against M. tuberculosis. Since avibactam is not a potent inhibitor of the class A β-lactamase, BlaC, of M. tuberculosis, we hypothesize that avibactam potentiates the antibacterial activity of amoxicillin because avibactam itself has a target in M. tuberculosis. Since LDTs are the major cross-linking enzymes in M. tuberculosis, we tested the inactivation of LdtMt2, the most important LDT, by avibactam [START_REF] Gupta | The Mycobacterium tuberculosis protein LdtMt2 is a nonclassical transpeptidase required for virulence and resistance to amoxicillin[END_REF][START_REF] Kieser | Peptidoglycan synthesis in Mycobacterium tuberculosis is organized into networks with varying drug susceptibility[END_REF]. We show by stopped-flow spectrophotometry and using nitrocefin as a reporter substrate, that inhibition of LdtMt2 by avibactam is time-dependent and complete. Determination of the crystal structure of the adduct reveals a thioester bond between the catalytic cysteine and the carbonyl of avibactam. A synthetic pathway for optimization of the DBO scaffold of avibactam is also described in the publication. Classical model. The first model proposed for acylation of LDTs by carbapenems involves the reversible formation of a Michaelis-Menten non-covalent complex followed by irreversible formation of the acylenzyme (Figure 28A) [START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF]. This two-step acylation scheme was inspired from that initially proposed for acylation of the R61 PBP from Streptomyces by β-lactams [START_REF] Frere | Kinetics of interaction between the exocellular DDcarboxypeptidase-transpeptidase from Streptomyces R61 and beta-lactam antibiotics. A choice of models[END_REF]. This scheme is still extensively employed for studying the kinetics of PBP inactivation by β-lactams [START_REF] Frere | Penicillin-binding proteins: evergreen drug targets[END_REF]. The dissociation constant of the Michaelis-Menten complex (Kd) is generally large so that the sensitivity of PBPs to β-lactams is best characterized by the k2/Kd ratio [START_REF] Frere | Kinetics of interaction between the exocellular DDcarboxypeptidase-transpeptidase from Streptomyces R61 and beta-lactam antibiotics. A choice of models[END_REF]. This ratio varies from 100,000 to 1,000,000 M -1 s -1 for the most sensitive PBPs to less than 1 for the most resistant. Acylation of Ldtfm by imipenem revealed a k2/Kd ratio of 2,000 M -1 s -1 with apparent k2 and Kd values of 0.08 s -1 and 40 µM, respectively [START_REF] Triboulet | Inactivation kinetics of a new target of beta-lactam antibiotics[END_REF].

Subsequent studies indicated that the intermediate accumulating during the acylation reaction could not correspond to a non-covalent Michaelis-Menten complex [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. Indeed, NMRbased analyses of the binding of ertapenem to a derivative of Ldtfm obtained by substitution of the catalytic Cys by Ala revealed a dissociation constant of 50 mM, a value 1,000-fold higher than that observed by kinetic analyses (40 µM, above). Thus, the classical reaction scheme used for PBPs is unlikely to apply to acylation of LDTs by β-lactams.

Oxyanion model. Since the kinetic intermediate detected during acylation of Ldtfm by carbapenems

could not correspond to a non-covalent complex it was subsequently proposed to correspond to an oxyanion (Figure 28B). This possibility was considered based on the mechanism commonly admitted for the chemical step of the acylation of PBPs and β-lactamases by β-lactams. It is worth noting that an oxyanion intermediate has never been trapped to provide structural evidence for its stabilization [START_REF] Herzberg | Bacterial resistance to beta-lactam antibiotics: crystal structure of beta-lactamase from Staphylococcus aureus PC1 at 2.5 A resolution[END_REF][START_REF] Murphy | Evidence for an oxyanion hole in serine beta-lactamases and DDpeptidases[END_REF]. Nonetheless, the structures of covalent adducts comprising boronate and phosphonate inhibitors, which are thought to mimic the tetrahedral intermediate, indicate that such stabilization is possible [START_REF] Drawz | Three decades of beta-lactamase inhibitors[END_REF][START_REF] Dzhekieva | Crystal structure of a complex between the Actinomadura R39 DD-peptidase and a peptidoglycan-mimetic boronate inhibitor: interpretation of a transition state analogue in terms of catalytic mechanism[END_REF]. Hybrid QM/MM modelling was therefore applied to investigate formation of an oxyanion intermediate during acylation of LDTs by β-lactams (Publication 2) [START_REF] Bhattacharjee | Hybrid Potential Simulation of the Acylation of Enterococcus faecium l,d-Transpeptidase by Carbapenems[END_REF][START_REF] Silva | Simulating the inhibition reaction of Mycobacterium tuberculosis L,D-transpeptidase 2 by carbapenems[END_REF]. Oxyanion-like structures possibly occurred as transition states but no stable oxyanion intermediate could be identified in any of the reaction paths that were considered [START_REF] Bhattacharjee | Hybrid Potential Simulation of the Acylation of Enterococcus faecium l,d-Transpeptidase by Carbapenems[END_REF]. Thus, formation of an oxyanion intermediate is not thermodynamically favored and cannot correspond to the kinetic intermediate detected by fluorescence spectroscopy.

Amine anion model. Molecular modelling studies of LDT acylation by β-lactams identified a concerted mechanism involving formation of an amine anion intermediate (Publication 2) (Figure 28C). The acylenzyme is subsequently formed by protonation of the amine anion (e.g. imipenem) or formation of a conjugated imine and elimination of the leaving group (e.g. ceftriaxone). For nitrocefin, the amine anion does not further evolve since the negative charge on the β-lactam nitrogen is stabilized by its electron withdrawing side-chain. This accounts for the monophasic fluorescence kinetics observed with nitrocefin. In contrast, fluorescence kinetics with carbapenems is biphasic since formation of the amine anion is followed by protonation. 
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The reactivity of β-lactams has a key role in the efficacy of L,D-transpeptidase acylation

As opposed to PBPs, which are potentially inhibited by all β-lactam classes, LDTs are efficaciously inactivated only by the carbapenem class of β-lactams [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. Various studies have indicated that all β-lactam classes have similar low affinities for LDTs, suggesting that the increase in acylation efficacy obtained with carbapenems compared to cephems and penams is due to the chemical step of the reaction [START_REF] Erdemli | Targeting the cell wall of Mycobacterium tuberculosis: structure and mechanism of L,D-transpeptidase 2[END_REF][START_REF] Lecoq | Dynamics induced by beta-lactam antibiotics in the active site of Bacillus subtilis L,Dtranspeptidase[END_REF][START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. The intrinsic reactivity of the β-lactam classes towards a cysteine nucleophile was determined by molecular modelling studies using a cyclic Cys-Asn dipeptide (Publication 2). This approach revealed that nonmethylated carbapenems are the most reactive β-lactams, followed by methylated carbapenems and cephems, and finally, penams. Accordingly, acylation of the Cys-Asn dipeptide was observed for a nonmethylated carbapenem by spectrophotometry whereas the reaction rate was below the detection threshold for other β-lactams except nitrocefin. In comparison to the Cys-Asn dipeptide, the environment of the Ldtfm catalytic site increased the rate of acylation (10 5 fold). However, acylation of Ldtfm by β-lactams was shown to primarily depend on the intrinsic reactivity of β-lactams, as deduced from molecular modelling, except for methylated carbapenems. In the latter case, the active site compensated for the unfavorable effect of carbapenem methylation.

Multiple potential targets of DBOs in M. tuberculosis

Avibactam was the first non-β-lactam molecule to be approved for inactivation of β-lactamases.

Instead of the β-lactam ring of classical β-lactamase inhibitors, avibactam contains a bicyclic diazabicyclooctane (DBO) scaffold [START_REF] Ehmann | Avibactam is a covalent, reversible, non-beta-lactam beta-lactamase inhibitor[END_REF]. Like β-lactam-based inhibitors, avibactam inactivates β-lactamases by covalently binding to the catalytic serine residue. However, unlike β-lactam inhibitors, inhibition by avibactam is reversible. Avibactam is a potent inhibitor of β-lactamases belonging to classes A and C, and to a lesser extent, class D [START_REF] Ehmann | Kinetics of avibactam inhibition against Class A, C, and D beta-lactamases[END_REF]. It has been approved for clinical use in combination with ceftazidime, a third-generation cephalosporin, for treatment of serious infections caused by β-lactamase-producing Gram-negative bacteria [START_REF] Tooke | beta-Lactamases and beta-Lactamase Inhibitors in the 21st Century[END_REF].

The combination of avibactam with various β-lactams has been shown to be active against M. abscessus in culture and in macrophages [START_REF] Dubee | beta-Lactamase inhibition by avibactam in Mycobacterium abscessus[END_REF][START_REF] Le Run | In Vitro and Intracellular Activity of Imipenem Combined with Tedizolid, Rifabutin, and Avibactam against Mycobacterium abscessus[END_REF][START_REF] Lefebvre | Bactericidal and intracellular activity of beta-lactams against Mycobacterium abscessus[END_REF].

Avibactam is a potent inhibitor of the class A β-lactamase, BlaMab, of M. abscessus. Conversely, inactivation of the class A β-lactamase of M. tuberculosis, BlaC, by avibactam is almost 10,000 times less potent (inhibition efficacy, k2/Ki = 2.4 x 10 1 M -1 s -1 for BlaC vs. 1.7 x 10 5 M -1 s -1 for BlaMab) (Publication 4) [START_REF] Soroka | Inhibition of beta-lactamases of mycobacteria by avibactam and clavulanate[END_REF][START_REF] Xu | NXL104 irreversibly inhibits the beta-lactamase from Mycobacterium tuberculosis[END_REF]. Paradoxically, we showed that the combination of avibactam with the amoxicillin penam is active against M. tuberculosis (Publication 4). The MIC of amoxicillin against M. tuberculosis H37Rv decreases from 128 to 8 µg/ml in the presence of avibactam (4 µg/ml). This observation is in agreement with other studies that determined the antibacterial activity of various β-lactams combined with avibactam against H37Rv and clinical M. tuberculosis isolates [START_REF] Deshpande | Ceftazidime-avibactam has potent sterilizing activity against highly drug-resistant tuberculosis[END_REF][START_REF] Horita | In vitro susceptibility of Mycobacterium tuberculosis isolates to an oral carbapenem alone or in combination with beta-lactamase inhibitors[END_REF]. Two mutually non-exclusive modes of action can be proposed to account for the antibacterial activity of the amoxicillin-avibactam combination.

(i) Avibactam could potentiate the antibacterial activity of amoxicillin by preventing its hydrolysis by the BlaC β-lactamase (Figure 29). BlaC is chromosomally encoded by all M. tuberculosis strains and it efficaciously hydrolyzes penams (such as amoxicillin), cephems, and to a lesser extent, carbapenems [START_REF] Hugonnet | Irreversible inhibition of the Mycobacterium tuberculosis beta-lactamase by clavulanate[END_REF][START_REF] Voladri | Recombinant expression and characterization of the major beta-lactamase of Mycobacterium tuberculosis[END_REF]. In agreement with previous studies, we have shown that the inhibition efficacy of BlaC by avibactam is low (k2/Ki = 2.4 x 10 1 M -1 s -1 ) (Publication 4) [START_REF] Soroka | Inhibition of beta-lactamases of mycobacteria by avibactam and clavulanate[END_REF][START_REF] Xu | NXL104 irreversibly inhibits the beta-lactamase from Mycobacterium tuberculosis[END_REF]. Comparison of the inhibition of BlaC by avibactam and clavulanic acid, which contains a β-lactam scaffold, showed that the inhibition efficacy of BlaC by avibactam is 100-fold lower than that of clavulanic acid [START_REF] Xu | NXL104 irreversibly inhibits the beta-lactamase from Mycobacterium tuberculosis[END_REF]. The authors also determined a low binding affinity of avibactam for BlaC (Kd > 500 µM) and postulated that the affinity was too low for avibactam to be used as a β-lactamase inhibitor in combination with a β-lactam antibiotic for treatment of tuberculosis. In E. coli, production of a β-lactamase, which is similarly poorly inhibited by avibactam (k2/Ki = 5.3 x 10 1 M -1 s -1 ), does not confer resistance to the combination of avibactam with the amoxicillin penam (the MIC of amoxicillin is 2,048 µg/ml in the presence or absence of avibactam) [START_REF] Ourghanlian | Inhibition by Avibactam and Clavulanate of the beta-Lactamases KPC-2 and CTX-M-15 Harboring the Substitution N(132)G in the Conserved SDN Motif[END_REF]. Moreover, avibactam analogues that do not inactivate BlaC in vitro (k2/Ki < 5 M -1 s -1 ) are able to potentiate the antibacterial activity of amoxicillin against M. tuberculosis to the same extent as avibactam (Publication 4 and unpublished results). These observations suggest that inactivation of BlaC by avibactam is not potent enough to account for the antibacterial activity of the amoxicillin-avibactam combination. However, structural studies of the BlaC-avibactam carbamoylenzyme have shown that avibactam is stabilized in the active site by hydrogen bonds and hydrophobic interactions between the active-site residues and the avibactam sulfate and piperidine ring, respectively, such that native enzyme was not detected 48 h after inhibition of BlaC by avibactam [START_REF] Tassoni | New Conformations of Acylation Adducts of Inhibitors of beta-Lactamase from Mycobacterium tuberculosis[END_REF][START_REF] Xu | NXL104 irreversibly inhibits the beta-lactamase from Mycobacterium tuberculosis[END_REF]. Even if the BlaC-avibactam adduct is formed slowly, its stabilization makes it difficult to formally rule out the postulate that inhibition of BlaC by avibactam is not potent enough to account for the antibacterial activity of the amoxicillin-avibactam combination.

It is also worthwhile to note that M. tuberculosis replicates very slowly with a generation time of 24 h compared to 20 min for E. coli. Thus, even if a slow carbamoylation of β-lactamases by avibactam cannot prevent hydrolysis of β-lactams in fast-growing bacteria, this might not be the case for slowgrowing bacteria.

(ii) Avibactam itself might directly inhibit one or several enzymes involved in peptidoglycan synthesis in M. tuberculosis (Figure 29). The antibacterial activity of the amoxicillin-avibactam combination might be due to the combined inactivation of PBPs by amoxicillin and of other enzymes by avibactam.

The number of potential targets of avibactam is large in M. tuberculosis since there are five LDTs, four HMW PBPs, and three LMW PBPs [START_REF] Machowski | Comparative genomics for mycobacterial peptidoglycan remodelling enzymes reveals extensive genetic multiplicity[END_REF][START_REF] Maitra | Cell wall peptidoglycan in Mycobacterium tuberculosis: An Achilles' heel for the TB-causing pathogen[END_REF][START_REF] Wivagg | Mechanisms of beta-lactam killing and resistance in the context of Mycobacterium tuberculosis[END_REF].

Inhibition of these three groups of enzymes by avibactam is discussed below.

(a) L,D-transpeptidases. We have shown that avibactam is a slow-binding inhibitor of LdtMt2, which has been described as the major LDT of M. tuberculosis (Publication 4). Mass spectrometry and structural studies using a model LDT, Ldtfm (from E. faecium), showed that inhibition is due to Scarbamoylation of the catalytic cysteine. However, inhibition of LDTs by avibactam is slow (Scarbamoylation efficacy of Ldtfm by avibactam = 0.7 M -1 s -1 ) and may not be sufficient to account for the antibacterial activity displayed by the amoxicillin-avibactam combination against M. tuberculosis. This conclusion is supported by the poor correlation between inhibition of LdtMt2 by avibactam analogues and the antibacterial activity of amoxicillin combined to the analogues since avibactam analogues that do not potently inactivate LdtMt2 are able to potentiate the antibacterial activity of amoxicillin to the same extent as avibactam (Publication 4 and unpublished results). M. tuberculosis encodes four other LDTs, which could be more potently inhibited by avibactam than LdtMt2. Compared to depletion of LdtMt2, independent depletion of the other LDTs does not result in any negative phenotype. However, combined deletion of the genes encoding LdtMt1 and LdtMt2 exacerbates the effects caused by deletion of LdtMt2 only [START_REF] Schoonmaker | Nonclassical transpeptidases of Mycobacterium tuberculosis alter cell size, morphology, the cytosolic matrix, protein localization, virulence, and resistance to beta-lactams[END_REF]. Depletion of LdtMt1 and LdtMt2 leads to changes in cellular morphology and growth and increases the susceptibility to β-lactams and glycopeptides. In M. smegmatis, depletion of the LdtMt5 homologue was shown to increase bacterial susceptibility to carbapenems [START_REF] Sanders | Genetic characterization of mycobacterial L,Dtranspeptidases[END_REF]. These observations suggest that inhibition of the other LDTs of M.

tuberculosis by avibactam could contribute to the antibacterial activity of amoxicillin-avibactam.

However, preliminary results on inhibition of the other LDTs by avibactam revealed that none of them was more potently inhibited by avibactam than LdtMt2 (unpublished results). Inactivation of only the LDTs by avibactam might thus not be sufficient to account for the observed antibacterial activity of the amoxicillin-avibactam combination against M. tuberculosis.

(b) High-molecular weight Penicillin-Binding Proteins. Avibactam has been shown to inactivate PBPs of Gram-negative and Gram-positive bacteria [START_REF] Asli | Distinctive Binding of Avibactam to Penicillin-Binding Proteins of Gram-Negative and Gram-Positive Bacteria[END_REF]. Avibactam was added to bacterial membrane extracts before addition of the fluorescent penam, Bocillin FL. Fluorescence was quantified after SDS-PAGE migration of the PBPs. Avibactam mainly inhibited fluorescence labeling of PBP2, a class B2 PBP, in E. coli and P. aeruginosa [START_REF] Asli | Distinctive Binding of Avibactam to Penicillin-Binding Proteins of Gram-Negative and Gram-Positive Bacteria[END_REF][START_REF] Levy | Structural Basis for E. coli Penicillin Binding Protein (PBP) 2 Inhibition, a Platform for Drug Design[END_REF]. Similar results have been obtained for the nacubactam and zidebactam DBOs, which inhibit PBP2 more potently than avibactam and display more potent antibacterial activity on their own [START_REF] Morinaka | OP0595, a new diazabicyclooctane: mode of action as a serine beta-lactamase inhibitor, antibiotic and betalactam 'enhancer[END_REF][START_REF] Moya | Potent beta-Lactam Enhancer Activity of Zidebactam and WCK 5153 against Acinetobacter baumannii, Including Carbapenemase-Producing Clinical Isolates[END_REF].

Zidebactam was developed with the aim of increasing PBP2 binding in P. aeruginosa and Acinetobacter baumanii instead of the conventional approach of developing either β-lactams resistant to hydrolysis by β-lactamases or β-lactamase inhibitors with optimized inhibitory activity against β-lactamases [START_REF] Moya | Potent beta-Lactam Enhancer Activity of Zidebactam and WCK 5153 against Acinetobacter baumannii, Including Carbapenemase-Producing Clinical Isolates[END_REF]. Zidebactam showed specific and potent inhibition of PBP2 and displayed antibacterial activity when administered alone against drug-resistant P. aeruginosa strains. These studies showed that in addition to being β-lactamase inhibitors, DBOs can act as "β-lactam enhancers" by improving the bactericidal action of β-lactams through concomitant inhibition of different subsets of essential PBPs. The genome of M. tuberculosis encodes two class A PBPs, PonA1 and PonA2, and two class B PBPs, PBPA and PBPB [START_REF] Kieser | How sisters grow apart: mycobacterial growth and division[END_REF]. The expression of either PonA1 or PonA2 is required for M. tuberculosis growth [START_REF] Kieser | Peptidoglycan synthesis in Mycobacterium tuberculosis is organized into networks with varying drug susceptibility[END_REF]. Although each aPBP is not essential, their independent loss results in morphological changes and growth attenuation during infection [START_REF] Kieser | Peptidoglycan synthesis in Mycobacterium tuberculosis is organized into networks with varying drug susceptibility[END_REF][START_REF] Patru | A role for the class A penicillin-binding protein PonA2 in the survival of Mycobacterium smegmatis under conditions of nonreplication[END_REF]. PBPA is the homologue of E. coli PBP2. Inhibition of PBPA by avibactam in combination with inhibition of other PBPs by amoxicillin could therefore account for the antibacterial activity of the combination. Thus, the PBPs, in particular PBPA, should be considered as putative avibactam targets in M. tuberculosis.

(c) Low-molecular weight Penicillin-Binding Proteins. Class C PBPs have been shown to be unessential in most bacteria [START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF]. However, their role might be more important in mycobacteria because of the extensive cross-linking of mycobacterial peptidoglycan by LDTs. Since LDTs are specifically active on tetrapeptide acyl donors, they depend on D,D-carboxypeptidases and endopeptidases to obtain their tetrapeptide substrates for synthesis of 33 cross-links. The endopeptidase activity of DacB2, which also displays D,D-carboxypeptidase activity in vitro, has been shown to be responsible for hydrolysis of 43 cross-links, which liberates tetrapeptides that are used as substrates by LDTs [START_REF] Baranowski | Maturing Mycobacterium smegmatis peptidoglycan requires non-canonical crosslinks to maintain shape[END_REF]. The net result is a replacement of 43 cross-links by 33 cross-links, a maturation process that was shown to be important to maintain the integrity of the cell wall and prevent lysis. In a separate study, D,D-carboxypeptidase inhibition by meropenem was found to lead to accumulation of unlinked pentapeptide stems, which cannot be used as substrates by LDTs [START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF]. Thus, the antibacterial activity of the amoxicillin-avibactam combination may depend upon indirect inhibition of LDTs by depletion of their substrate following inhibition of class C PBPs, in addition to direct inhibition of the LDT and PBP peptidoglycan polymerases.

(d) Unknown targets. Recent studies indicated that β-lactams might have non-classical targets in M. tuberculosis [START_REF] Gold | Novel Cephalosporins Selectively Active on Nonreplicating Mycobacterium tuberculosis[END_REF]. It is well established that the free carboxylic acid adjacent to the β-lactam ring is essential for acylation of PBPs and β-lactamases [START_REF] Chauvette | Chemistry of cephalosporin antibiotics. V. Amides and esters of cephalothin[END_REF][START_REF] Jen | Novel cephalosporins. Modification of the C-4 carboxyl group[END_REF][START_REF] Varetto | The importance of the negative charge of beta-lactam compounds for the inactivation of the active-site serine DD-peptidase of Streptomyces R61[END_REF]. However, substitution of the carboxyl group of cephalosporins by an oxadiazole was shown to lead to compounds that were selectively active against non-replicating M.

tuberculosis [START_REF] Gold | Novel Cephalosporins Selectively Active on Nonreplicating Mycobacterium tuberculosis[END_REF]. In addition, I showed that these compounds do not interact with LDTs of M. tuberculosis (unpublished results). Thus, the antibacterial activity of the oxadiazole-containing cephalosporin derivatives cannot rely on inhibition of known targets of β-lactams. It therefore remains to be determined whether avibactam could inhibit these unknown β-lactam targets. 

Optimization of inhibitors targeting L,Dtranspeptidases

The targets of β-lactams are the PBPs in most bacteria. However, LDTs represent additional or alternate targets of β-lactams of the carbapenem class in bacteria that mainly rely on LDTs for peptidoglycan cross-linking, such as M. tuberculosis, M. abscessus, and C. difficile [START_REF] Cordillot | In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,Dtranspeptidases and inactivation of these enzymes by carbapenems[END_REF][START_REF] Peltier | Clostridium difficile has an original peptidoglycan structure with a high level of N-acetylglucosamine deacetylation and mainly 3-3 cross-links[END_REF]. It is worth reminding that meropenem, which is a potent inhibitor of M. tuberculosis LDTs, was recently shown to be active in combination with clavulanic acid in a phase II clinical trial in patients suffering from tuberculosis [START_REF] Diacon | beta-Lactams against Tuberculosis--New Trick for an Old Dog?[END_REF]. β-lactams have primarily been optimized to evade hydrolysis by β-lactamases while better inactivation of their PBP targets has at best been a side benefit [START_REF] Bush | beta-Lactams and beta-Lactamase Inhibitors: An Overview[END_REF]. The results obtained during my thesis suggest several strategies for optimizing the structures of β-lactams in order to improve LDT inactivation (Publications 1, 2, and 3). (i) The side-chains of β-lactams can be optimized by introducing chemical modifications that would promote drug binding, i.e. stabilize a non-covalent complex. (ii) Another approach would be to increase the reactivity of the β-lactam carbonyl by introducing electron- withdrawing groups (Publication 2). (iii) Side-chains may be introduced to stabilize acyl-enzymes. This could for example be used to stabilize acyl-enzymes involving penams and cephems, which are prone to significant hydrolysis [START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF]. (iv) Structural modifications may be introduced to promote the irreversible step of the acylation reaction that follows formation of the amine anion intermediate. Indeed, studies performed with nitrocefin revealed a discrepancy between the rapid acylation of Ldtfm by this drug and its relatively poor antibacterial activity (Publication 1). We proposed that this discrepancy could be accounted for by the unexpected reversibility of the acylation of Ldtfm by nitrocefin. We also proposed that the reaction of Ldtfm with other β-lactams involves secondary modifications that render acylation irreversible and are important for antibacterial activity. For carbapenems, irreversibility is achieved by protonation of the amine anion. For cephems, a concerted mechanism leads to imine formation and departure of a leaving group. By analogy, approaches (i) to (iii) could potentially be used to improve the inhibition of LDTs by DBOs as we have shown that these molecules can covalently bind to the active-site cysteine (Publication 4). The advantages of DBOs over β-lactams are potentially two-fold. First, DBOs are not inactivated by the mycobacterial β-lactamases.

Second, certain DBOs, including avibactam, have essentially no antibacterial activity against enterobacteria. Optimization of the DBO scaffold for inhibition of LDTs could therefore lead to antibiotics that are selectively active on mycobacteria, which are the only known bacteria, with C.

difficile, that extensively rely on LDTs for peptidoglycan polymerization. Selectivity is important since this would prevent dysbiosis induced by exposure to broad-spectrum antibiotics, such as carbapenems.

Selectivity is also important to prevent selection of resistance in enterobacteria during the long antibacterial treatment required to cure mycobacterial infections.

Mechanism of L,D-transpeptidase inhibition by β-lactams and diazabicyclooctanes.

Antibiotic resistance is a growing and global threat to human health that has led to an acute need for the development of new antibiotics. Elucidating the mechanism of inhibition of antibiotic targets is crucial for the development of more potent drugs. The essentiality of peptidoglycan and more than seventy years of successful use of β-lactams have made polymerization of this major cell wall component an attractive and validated target for drug development. Active-site serine Penicillin-Binding Proteins (PBPs) have long been considered as the only enzymes catalyzing the essential crosslinking step of peptidoglycan polymerization. The thesis explores inhibition of a distinct family of enzymes, the active-site cysteine L,D-transpeptidases (LDTs), that have a preponderant role in peptidoglycan synthesis in Mycobacterium tuberculosis. We show that the efficacy of LDT inhibition by β-lactams is primarily governed by the reactivity of the four-membered ring. We propose that acylation of LDTs by β-lactams proceeds through formation of an amine anion intermediate, followed by a subsequent irreversible step that is essential for the antibacterial activity of the drugs. A fluorescence spectroscopy approach enabling kinetic analyses of the acylation steps was developed to explore inactivation mechanisms and to evaluate the efficacy of new synthetic drugs. We also identify diazabicyclooctanes (DBOs) as new pharmacophores that inactivate LDTs by formation of a thiocarbamoyl-enzyme. We discuss several mechanism-based strategies for rational optimization of LDT inhibitors belonging to the β-lactam and DBO families. 

Figure 1 .

 1 Figure 1. Structure of the bacterial cell wall.
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 2 Figure 2. The peptidoglycan subunit and its synthesis.
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 3 Figure 3. Common variations found in the peptidoglycan subunit of E. coli, E. faecium, and M. tuberculosis. The variations found in the peptidoglycan subunits, compared to that of E. coli, are shown in red. The terminal end of glycan chains in E. coli usually contains 1,6-anhydroMurNAc. The peptidoglycan subunit of E. faecium is O-acetylated on MurNAc and contains D-iGln and L-Lys substituted by D-iAsn. The subunit of M. tuberculosis is N-glycolylated on MurNAc and amidated on D-Glu and A2pm.

Figure 4 .

 4 Figure 4. Structure of MurJ and the conformational change required for its activity as a flippase.(i) Structure of MurJ from Thermosipho africanus (PDB 5T77) in its inward-facing conformation. The N lobe (blue), the C lobe (purple), and transmembrane folds 13-14 (green) are organized in an N-shaped architecture. (ii) The proposed mechanism for lipid II flipping consists of a change of conformation upon substrate binding from an Nshaped inward-facing conformation to a V-shaped outward-facing conformation. From reference[START_REF] Caveney | Enzyme structures of the bacterial peptidoglycan and wall teichoic acid biogenesis pathways[END_REF].

Figure 5 .

 5 Figure 5. Peptidoglycan polymerization scheme.Once lipid II is flipped across the cytoplasmic membrane, it is polymerized into growing glycan strands by glycosyltransferases that catalyze the formation of a β-1→4 glycosidic bond (purple) between GlcNAc of lipid II and MurNAc of the glycan chain. This reaction frees the phospholipid moiety of the glycan chain. Newly formed glycan strands are incorporated into the existing peptidoglycan by formation of peptide cross-links. D,Dtranspeptidases use a pentapeptide donor substrate and catalyze the formation of 4→3 cross-links (blue) between the peptide stems. L,D-transpeptidases use a tetrapeptide donor substrate and catalyze the formation of 3→3 cross-links (green) between the peptide stems.

  of lytic transglycosylases, amidases, endopeptidases, and carboxypeptidases. The activity of these enzymes has to be regulated to prevent uncontrolled peptidoglycan hydrolysis, which can lead to cell lysis.
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 6 Figure 6. Structure of the monofunctional glycosyltransferase MtgA of S. aureus.
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 7 Figure 7. Structure of RodA and model of peptidoglycan synthesis by the RodA-PBP2 pair.
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 8 Figure 8. Analogy between the natural substrate of PBPs and β-lactams.
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 9 Figure 9. Mechanisms of β-lactam resistance in Gram-negative bacteria.β-lactams penetrate Gram-negative bacteria by porins present in the outer membrane. β-lactam-susceptible bacteria (orange background) are killed due to inactivation of PBPs by β-lactams. Bacteria develop resistance (blue background) by reducing expression of porins (reduced permeability), by producing efflux pumps (antibiotic efflux), by expressing β-lactamases that efficiently hydrolyze β-lactams (antibiotic degradation), and by expressing "low-affinity" PBPs, which are not efficiently inactivated by β-lactams (target modification).
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 10 Figure 10. Reaction scheme for the hydrolysis of β-lactams by serine β-lactamases.
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 11 Figure 11. β-lactamase inhibitors of current interest.
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 12 Figure 12. Proposed mechanism for acylation of class A β-lactamases by clavulanate. Various fragmentation products, which have been experimentally observed following acylation of the catalytic Ser 70 by clavulanate, are shown. The mass of the products (in Da) correspond to the sum of the mass of the native enzyme (E) and the mass of the fragmented clavulanate molecule. From reference (Drawz & Bonomo, 2010).

Figure 13 .

 13 Figure 13. Reversible inactivation of β-lactamases by avibactam. A. Reaction scheme proposed for carbamoylation of β-lactamases by avibactam. E, Enzyme; I, Avibactam; EI, Michaelis-Menten complex; EI*, Carbamoyl-enzyme. B. Schematic representation of a carbamoyl-enzyme formed between the catalytic serine of β-lactamases and avibactam.

  5 and formation of an acylenzyme intermediate containing an ester bond between the catalytic Ser of the enzyme and D-Ala 4 of the remaining tetrapeptide stem. The second step of the catalytic mechanism differs according to the reaction being catalyzed: hydrolysis of the pentapeptide stem by cPBPs or transpeptidation by aPBPs and bPBPs. In D,D-carboxypeptidases (cPBPs), the ester bond is attacked by a water molecule, leading to hydrolysis of the acylenzyme, which liberates the tetrapeptide stem and the enzyme. In transpeptidases (aPBPs and bPBPs), the ester bond is attacked by the amine of the third residue (A2pm 3 in E. coli) of a second peptide stem (the acceptor substrate), leading to release of the enzyme and formation of a 43 crosslink between the fourth and third residues of the donor and acceptor peptides.

Figure 14 .

 14 Figure 14. D,D-carboxypeptidation and D,D-transpeptidation catalyzed by PBPs.Nucleophilic attack of the catalytic serine of PBPs on the amide bond between D-Ala 4 and D-Ala 5 of a donor substrate leads to the formation of an acylenzyme containing an ester bond between the active Ser and the carbonyl of D-Ala 4 , with liberation of D-Ala 5 . In D,D-carboxypeptidases, nucleophilic attack of a water molecule on the ester linkage leads to hydrolysis of the acylenzyme and formation of a disaccharide-tetrapeptide. In D,Dtranspeptidases, the acylenzyme is attacked by the amine group of the 3 rd residue of an acceptor, leading to formation of a 43 cross-linked dimer.

Figure 15 .

 15 Figure 15. Penicillin-binding domain and conserved motifs of B. subtilis PBP4a.

  domain of PBP2 with the MreC elongasome protein in E. coli increases the polymerase activity of RodA (see Chapter 1.2.2b)[START_REF] Contreras-Martel | Molecular architecture of the PBP2-MreC core bacterial cell wall synthesis complex[END_REF][START_REF] Rohs | A central role for PBP2 in the activation of peptidoglycan polymerization by the bacterial cell elongation machinery[END_REF]. Some bPBPs harbor additional domains. For instance, streptococcal PBP2x contains a C-terminal domain composed of two PASTA units located after the transpeptidase domain and enterococcal PBP5 contains an NTF2-like (nuclear transport factor 2-like) domain upstream of the N-terminal domain.

Figure 17 .

 17 Figure 17. Reaction scheme for acylation of PBPs by β-lactams.

  comprised of two substrates, a synthetic substrate analogue (Ac2-L-Lys-D-Ala) mimicking the C-terminal of the tetrapeptide donor and [ 14 C]-D-Ala. The enzyme (Ldtfm) catalyzed the exchange of the terminal non-radioactive D-Ala of the substrate analogue by radioactive [ 14 C]-D-Ala. The product, Ac2-L-Lys-[ 14 C]-D-Ala, was visualized by HPLC coupled to a radio-detector. Subsequent heterologous expression of Ldtfm in E. coli enabled the confirmation of its activity. The enzyme was found to be the first characterized representative of a new family of enzymes, which has no similarity to the classical PBPs. Ldtfm was shown to be stereospecific and selectively active on tetrapeptides ending with D-Ala. No activity was detected with the pentapeptide substrate of PBPs.

Figure 18 .

 18 Figure 18. Model for peptidoglycan synthesis in mycobacteria.

  . The six LDTs, as well as the five LDTs of M. tuberculosis and M. abscessus, have been classified in six classes based on their homology. M. tuberculosis does not contain homologues of LdtF and LdtG while M. smegmatis does not contain a homologue of LdtMt3. Depletion of LdtC (the LdtMt5 homologue) from M. smegmatis leads to increased susceptibility to carbapenems, which further increases if LdtB (the LdtMt2 homologue) and LdtF are also depleted. The triple mutant is also more sensitive to lysozyme and has an altered morphology, compared to the wild-type cell. Depletion of the other three LDTs (alone or in combination) does not affect the morphology or the sensitivity of M. smegmatis to carbapenems and lysozyme.

Figure 19 .

 19 Figure 19. Structural diversity in the domain organization of LDTs.Examples of the overall architecture of LDTs from Gram-negative bacteria, mycobacteria, and Gram-positive bacteria are shown here. YcbB (sky blue, PDB 6NTW) is a soluble LDT in the periplasm of E. coli (green background). LdtMt1 (red, PDB 5E5L) and LdtMt2 (green, PDB 5DU7) are lipoproteins found in M. tuberculosis (blue background). Ldtfm (dark blue, PDB 1ZAT) is anchored to the cytoplasmic membrane of E. faecium (red background). From reference[START_REF] Caveney | Structural insight into YcbB-mediated beta-lactam resistance in Escherichia coli[END_REF].
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 20 Figure 20. Structure of Ldtfm and its catalytic triad. A. The N-terminal "PG Binding 4" domain (pink) and C-terminal catalytic domain (blue) of Ldtfm (PDB 1ZAT) are shown. B. The catalytic triad of Ldtfm consists of the catalytic Cys 442 , His 421 , and Asp 422 , which are connected by a hydrogen bond network. The catalytic triad is located in a buried cavity, which is accessible by two paths located on each side of the protein. The two paths are separated by a highly flexible loop and are the binding sites of the donor and acceptor substrates: Pocket 1 for binding of the donor substrate and β-lactams and Pocket

Figure 21 .

 21 Figure 21. Binding of β-lactams and of acyl donor and acceptor substrates to Ldtfm.A. NMR-data driven model of an acceptor muropeptide (GlcNAc-MurNAc-L-Ala 1 -D-iGln 2 -L-Lys 3 (D-iAsn)-D-Ala 4 ) docked into the ertapenem-Ldtfm acylenzyme. Ertapenem (green) occupies Pocket 1 while the acceptor (red) occupies Pocket 2. B. A model of Ldtfm in complex with a donor (blue) and acceptor (red) substrate. From reference[START_REF] Triboulet | Acyl acceptor recognition by Enterococcus faecium L,D-transpeptidase Ldtfm[END_REF].
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 22 Figure 22. Formation of 33 cross-links by LDTs.
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 23 Figure 23. Variations in absorbance and in protein fluorescence during acylation of Ldtfm by imipenem and proposed reaction scheme.A. Acylation of Ldtfm (E) by imipenem (I) leads to a decrease in absorbance (black, milliabsorbance units) at 299 nm. The ε and Δε values of imipenem at 299 nm are shown. The reaction is also accompanied by biphasic fluorescence quenching (grey, arbitrary units) of the enzyme. Fluorescence kinetics show the formation of an intermediate (proposed to be an oxyanion EI Ox ) with less fluorescence intensity than the native enzyme and the acylenzyme (EI*). The excitation and emission wavelengths for fluorescence are 224 and 335 nm, respectively. B. Reaction scheme proposed for the formation of an acylenzyme between LDTs and carbapenems. E, LDT; I, Inhibitor; EI Ox , Oxyanion intermediate; EI*, Acylenzyme.

  step is accompanied by extensive fluorescence quenching. In the second step, formation of the

  (i) Nucleophilic attack of the catalytic Cys on the β-lactam carbonyl leads to the reversible formation of an oxyanion intermediate, in which there is a thioester bond connecting the catalytic Cys residue to the β-lactam carbonyl and a negative charge on the β-lactam carbonyl oxygen. (ii) Rupture of the C-N bond of the β-lactam ring leads to formation of an acylenzyme. Structural rearrangements of the β-lactam, such as departure of a leaving group for cephems, can occur during acylation. (iii) In the case of penams and cephems, hydrolysis of the acylenzyme leads to release of the enzyme and the hydrolyzed β-lactam.

Figure 24 .

 24 Figure 24. Acylation of Ldtfm by a representative of the penams, cephems, and carbapenems.A. Reaction scheme for the formation of an LDT-β-lactam acylenzyme and its hydrolysis. P, Product. B. Acylation of Ldtfm by imipenem. C. Acylation of Ldtfm by ceftriaxone leads to departure of its leaving group. The acylenzyme is prone to hydrolysis. D. Acylation of Ldtfm by ampicillin, secondary modifications of ampicillin in the enzyme, and hydrolysis of the acylenzyme. From reference[START_REF] Triboulet | Kinetic features of L,D-transpeptidase inactivation critical for beta-lactam antibacterial activity[END_REF].

Figure 25 .

 25 Figure 25. Dual-active cephems for M. tuberculosis. Cleavage of the β-lactam ring of the cephem leads to release of pyrithione, which is active against both replicating and non-replicating M. tuberculosis. From reference (Lopez Quezada et al., 2019).

Figure 26 .

 26 Figure 26. Oxyanion-forming catalytic mechanism for acylation of LdtBs by carbapenems.The catalytic Cys 142 is activated for nucleophilic attack by His 126 whose ε2-amino group captures the sulfhydryl proton of Cys to generate an imidazolium-thiolate pair, enabling nucleophilic attack of the thiolate on the carbonyl carbon of the β-lactam ring. (ii) The nitrogen of the β-lactam ring is protonated by transfer of the proton from His. The backbone carbonyl of Gly 127 stabilizes His 126 .

Figure 27 .

 27 Figure 27. Concerted catalytic mechanism proposed for acylation of Ldtfm by carbapenems.

  -linked by high-molecular weight Penicillin-Binding Proteins (PBPs) in most bacteria and predominantly by L,D-transpeptidases (LDTs) in a few pathogenic bacteria, including Mycobacterium tuberculosis. PBPs are potentially inhibited by all classes of β-lactams through the formation of an acylenzyme containing an ester bond between the catalytic serine and the carbonyl group of the β-lactam ring. It has been proposed that nucleophilic attack of the serine residue on the β-lactam carbonyl leads to formation of an oxyanion intermediate followed by rupture of the carbonnitrogen bond of the β-lactam ring. Formation of the acylenzyme is postulated to be irreversible due to the strain of the four-membered β-lactam ring. In contrast to PBPs, LDTs are only inactivated by the carbapenem class of β-lactams. The mechanism of inhibition of LDTs has been less extensively studied than that of PBPs. The first objective of the thesis is to investigate LDT inactivation by β-lactams (i) to determine whether acylenzyme formation between LDTs and β-lactams is also irreversible, (ii) to identify the intermediate formed during acylation of LDTs, and (iii) to decipher the basis for fluorescence quenching observed during acylation of these enzymes by β-lactams.One of the resistance mechanisms used by bacteria against β-lactam antibiotics is the expression of βlactamases, which hydrolyze β-lactams before they can inactivate their targets. To prevent hydrolysis of β-lactams and thus maintain their efficacy, β-lactamase inhibitors have been developed for coadministration with β-lactams. Recently, a novel family of inhibitors has been developed, the first member of which is avibactam. These inhibitors contain a diazabicyclooctane (DBO) scaffold. The second objective consists (i) in determining whether DBOs also inhibit LDTs and (ii) in exploring the mode of action of these molecules in Mycobacterium tuberculosis, which produces a broad-spectrum β-lactamase and mainly relies on LDTs for peptidoglycan cross-linking.

  spectrophotometry and mass spectrometry to study the acylation of a model LDT, Ldtfm from E. faecium, by nitrocefin. Nitrocefin is a chromogenic cephem, which is commonly used as a reporter substrate to study inhibition of β-lactamases. We show that the β-lactam ring of nitrocefin is recircularized in the active site following acylation of the catalytic cysteine of Ldtfm. Irreversibility of the acylation reaction is also shown to be essential for antibacterial activity since nitrocefin only showed moderate activity in spite of a high acylation efficacy.The second publication explores the mechanism of inhibition of LDTs by β-lactams. It had previously been proposed that an oxyanion intermediate was formed during acylation of LDTs by β-lactams, in analogy to the transition-state intermediate proposed for acylation of PBPs[START_REF] Murphy | Evidence for an oxyanion hole in serine beta-lactamases and DDpeptidases[END_REF]. In Publication 2, our collaborators (N Bhattacharjee, M Field, C Bougault) show by molecular modelling studies that formation of the oxyanion intermediate is not thermodynamically favored and that acylation rather occurs by a concerted mechanism involving formation of an amine anion intermediate. This approach, in conjunction with spectrophotometric analyses, also revealed that the acylation efficacy of LDTs by β-lactams is primarily determined by the intrinsic reactivity of β-lactams for a cysteine nucleophile.Publication 3 concerns the determination of the basis of fluorescence quenching observed during acylation of LDTs by β-lactams. We show that fluorescence quenching is not due to the environment of Trp residues of LDTs but instead depends on the status of the β-lactam nitrogen when the carbapenem carbonyl is linked to the active-site cysteine.DiscussionPart 1 of the results investigated the mechanism of inhibition of L,D-transpeptidases by β-lactams.We demonstrate that acylation of Ldtfm, the LDT of Enterococcus faecium, by nitrocefin, a chromogenic β-lactam, is reversible, showing that contrary to what was generally believed, the β-lactam ring can be recircularized (Publication 1). Although the acylation efficacy of Ldtfm is higher for nitrocefin than for carbapenems, nitrocefin has poorer antibacterial activity, illustrating that irreversibility of the acylation reaction is essential for potent antibacterial activity. Through quantum calculations, a thermodynamically favored pathway for acylation of LDTs by β-lactams is identified, involving the concerted rupture of the β-lactam amide bond and formation of an amine anion intermediate before formation of an acylenzyme (Publication 2). This study also shows that the inhibition efficacy of LDTs by β-lactams is primarily governed by the intrinsic reactivity of β-lactams. Non-methylated carbapenems and nitrocefin are the most reactive β-lactams, followed by methylated carbapenems and cephems, and finally, penams. The status of the β-lactam nitrogen is shown to account for the fluorescence quenching observed during acylation of LDTs by carbapenems (Publication 3). In the case of carbapenems, fluorescence quenching is biphasic since formation of the amine anion intermediate leads to extensive quenching and protonation of the amine anion subsequently leads to an increase in fluorescence intensity. For nitrocefin, fluorescence quenching is monophasic and extensive since nitrocefin contains an electron-withdrawing side-chain, which stabilizes the negatively charged βlactam nitrogen.These results have contributed to the elucidation of the mechanism of acylation of LDTs by β-lactams, in particular by nitrocefin and carbapenems. We have also shown that fluorescence spectroscopy is an informative tool since it discloses not only the acylation efficacy of LDTs by β-lactams but also the intermediates formed during the reaction. Information gleaned through these studies are expected to contribute to the development and optimization of LDT-targeting inhibitors. The second part of the results concerns the inactivation of LDTs by an inhibitor bearing a novel scaffold.IntroductionAccording to the 2018 tuberculosis report of the World Health Organization (WHO), tuberculosis is the first global cause of death due to an infectious disease(World Health Organization, 2018). The efficacy of tuberculosis treatment is particularly threatened by drug-resistant strains, which are considered by the WHO as the main obstacle to eradication of tuberculosis. L,D-transpeptidases (LDTs) are promising targets for the development of new antibiotics against M. tuberculosis since its peptidoglycan is predominantly cross-linked by LDTs.

1 .

 1 Contribution to the presented results (Publication 4): Chemical synthesis of diazabicyclooctanes was performed by Flavie Bouchet, Laura Iannazzo, and Mélanie Ethève-Quelquejeu (Université de Paris). Crystallography experiments were undertaken by Ines Gallay and Herman van Tilbeurgh (Université Paris Saclay). I performed the enzyme kinetics experiments to investigate the inhibition of LDTs by avibactam and its analogues, determined antibacterial activity of drugs against M. tuberculosis, and purified Ldtfm for crystallography experiments. Mass spectrometry experiments were performed in collaboration with Lionel Dubost (Muséum national d'histoire naturelle). Models accounting for acylation of L,Dtranspeptidases by β-lactams Historically, investigation of the acylation of LDTs by β-lactams has led to the sequential consideration of two reaction schemes. The reasons for considering these models and proposing a third one are discussed below. In this process, our concern was to elucidate the nature of the kinetic intermediate identified by fluorescence spectroscopy.

Figure 28 .

 28 Figure 28. Models proposed for acylation of LDTs by β-lactams.

EI

  for fluorescence quenching observed upon L,D-transpeptidase acylation by β-lactamsThe basis for fluorescence quenching during enzyme acylation was investigated by studying the acylation of LDTs by various β-lactams and avibactam and the acylation of β-lactamases by these drugs (Publication 3). Removal of Trp residues in various combinations and ectopic insertion of a Trp residue indicated that fluorescence quenching did not depend upon modifications of the environment of one or several specific Trp residue(s). Fluorescence quenching was rather quantitatively determined by the status of the β-lactam nitrogen. Quenching was maximal for reaction intermediates containing an amine anion or an imine stabilized by mesomeric effect. Thus, fluorescence kinetics can provide information on the reaction steps that determine the overall efficacy of enzyme inactivation. In contrast, classical analysis of PBP inactivation by β-lactams by spectrophotometry only investigates the kinetics of rupture of the β-lactam ring and is unable to resolve reaction intermediates.

Figure 29 .

 29 Figure 29. Targets of amoxicillin and avibactam in M. tuberculosis. Antibacterial activity of the amoxicillin-avibactam combination against M. tuberculosis is likely to involve inhibition of multiple targets. In these bacteria, peptidoglycan cross-linking involves two families of transpeptidases, classical PBPs and LDTs. Amoxicillin only inactivates PBPs and its activity depends upon inhibition of BlaC by avibactam. LDTs are potentially directly inhibited by avibactam and indirectly inhibited through depletion of their essential tetrapeptide substrate, following inhibition of class C PBPs (such as DacB2) by avibactam and amoxicillin. Potent interactions (inhibition or hydrolysis), full black line; Poor inhibition, dotted line; Potential inhibition, blue line; Indirect inhibition of LDTs due to substrate depletion following inhibition of DacB2, grey line.

  Keywords: L,D-transpeptidase; β-lactam; Avibactam; Diazabicyclooctane; Antibiotic; Peptidoglycan.Mécanisme d'inhibition des L,D-transpeptidases par les β-lactamines et les diazabicyclooctanes.La résistance aux antibiotiques est une menace mondiale qui conduit à un besoin urgent de développement de nouveaux antibiotiques. L'étude du mécanisme d'inhibition des cibles des antibiotiques est cruciale pour le développement de nouvelles molécules. Le caractère essentiel du peptidoglycane, le composant majeur de la paroi bactérienne, ainsi que soixante-dix ans d'utilisation des β-lactamines ont fait de la polymérisation du peptidoglycane une cible attractive et validée pour les antibiotiques. Les protéines de liaison à la pénicilline (PLP) ont longtemps été considérées comme les seules enzymes catalysant l'étape essentielle de réticulation du peptidoglycane. La thèse explore l'inhibition d'une famille distincte d'enzymes, les L,D-transpeptidases (LDT), qui jouent un rôle prépondérant dans la réticulation chez Mycobacterium tuberculosis. Nous avons montré que l'efficacité d'inhibition des LDT par les β-lactamines est principalement régie par la réactivité du noyau β-lactame. Nous proposons que l'acylation des LDT par les β-lactamines implique la formation d'un intermédiaire, une amine anionique, suivie d'une étape irréversible qui est essentielle pour l'activité antibactérienne. Une approche par spectroscopie de fluorescence a été développée pour explorer les mécanismes d'inactivation et évaluer l'efficacité de nouvelles molécules. Nous avons également identifié une nouvelle famille de molécules, les diazabicyclooctanes (DBO), qui inactivent les LDT par la formation d'un thio-carbamoyl-enzyme. Nous discutons de plusieurs stratégies basées sur le mécanisme d'inactivation pour l'optimisation rationnelle d'inhibiteurs appartenant aux familles des βlactamines et des DBO.Mots clés: L,D-transpeptidase; β-lactamine; Avibactam; Diazabicyclooctane; Antibiotique; Peptidoglycane.

  

Table 1 .

 1 Structures of the most common β-lactam classes and of one representative of each class.

	β-lactam class	Structure	Side-chain(s) of a representative

Penam

Ampicillin

Cephem

Ceftriaxone

Carbapenem

Imipenem

Penem

Faropenem

Monobactam

Aztreonam

Clavam

Clavulanic acid

Table 2 .

 2 Antibiotic susceptibility and proportion of 33 cross-links in the D344S and M512 strains.MIC values for a representative of the penams, cephems, and carbapenems, as well as the proportion of 33 cross-links in each strain are shown.* in the presence of ampicillin 32 µg/ml

			MIC (µg/ml)		Proportion of 3→3
	Strain	Ampicillin	Ceftriaxone	Imipenem	cross-links (%)
	D344S	0.06	2	0.25	0.7
	M512	> 2000	128	0.5	100*

Table 3 .

 3 An example of the variation in the proportion of 33 cross-links among selected bacterial species from four phyla.

	Phylum/Species	Proportion of 3→3 cross-links (%)
	Firmicutes	
	Enterococcus faecium	3
	Clostridium difficile	70
	Gammaproteobacteria	
	Escherichia coli	6
	Pseudomonas aeruginosa	7
	Enterobacter cloacae	20
	Vibrio cholerae	2
	Actinomycetales	
	Mycobacterium tuberculosis	60 -80
	Mycobacterium smegmatis	30
	Mycobacterium abscessus	70
	Corynebacterium jeikeium	40
	Streptomyces coelicolor	60
	Alphaproteobacteria	
	Agrobacterium tumefasciens	40 -60

  Classical model involving formation of a Michaelis-Menten complex. B. Oxyanion model involving formation of an oxyanion intermediate. C. Amine anion models proposed for (i) acylation of LDTs by imipenem and (ii) acylation of LDTs by nitrocefin. The negative charge developed on the β-lactam nitrogen is proposed to be stabilized by mesomeric effect with the conjugated side-chain of nitrocefin. E, enzyme; I, inhibitor; EI, Michaelis-Menten complex; EI*, acylenzyme; EI Ox , oxyanion intermediate; EI An , amine anion intermediate.

A.

The values for the proportion of 33 cross-links were obtained from references[START_REF] Brown | Polar growth in the Alphaproteobacterial order Rhizobiales[END_REF] Cava et al., 2011a;[START_REF] Hugonnet | Peptidoglycan cross-linking in glycopeptide-resistant Actinomycetales[END_REF][START_REF] Kumar | Meropenem inhibits D,D-carboxypeptidase activity in Mycobacterium tuberculosis[END_REF][START_REF] Lavollay | The beta-lactam-sensitive D,D-carboxypeptidase activity of Pbp4 controls the L,D and D,D transpeptidation pathways in Corynebacterium jeikeium[END_REF][START_REF] Lavollay | The peptidoglycan of stationary-phase Mycobacterium tuberculosis predominantly contains cross-links generated by L,D-transpeptidation[END_REF][START_REF] Lavollay | The peptidoglycan of Mycobacterium abscessus is predominantly cross-linked by L,D-transpeptidases[END_REF][START_REF] Mainardi | Balance between two transpeptidation mechanisms determines the expression of beta-lactam resistance in Enterococcus faecium[END_REF][START_REF] Peltier | Clostridium difficile has an original peptidoglycan structure with a high level of N-acetylglucosamine deacetylation and mainly 3-3 cross-links[END_REF][START_REF] Pisabarro | Structural modifications in the peptidoglycan of Escherichia coli associated with changes in the state of growth of the culture[END_REF][START_REF] Quintela | Variability of peptidoglycan structural parameters in gram-negative bacteria[END_REF].

Inhibition of

L,D-transpeptidases by a Novel Diazabicyclooctane Scaffold and Mode of Action of the Molecules in M. tuberculosis

resistance to β-lactams by taking over the transpeptidase function when the other PBPs are inactivated (see Chapter 4.3.2).

Class C PBPs

The cPBPs are involved in peptidoglycan remodeling. They control the degree of peptide cross-linking, either by limiting the number of pentapeptide donors through their D,D-carboxypeptidase activity or by hydrolyzing existing cross-links through their endopeptidase activity. Among the seven cPBPs of E. coli, PBP4 (or DacB) and AmpH are bifunctional enzymes that have both D,D-carboxypeptidase and endopeptidase activities [START_REF] Gonzalez-Leiza | AmpH, a bifunctional DD-endopeptidase and DD-carboxypeptidase of Escherichia coli[END_REF][START_REF] Korat | Penicillin-binding protein 4 of Escherichia coli: molecular cloning of the dacB gene, controlled overexpression, and alterations in murein composition[END_REF]. PBP5 (DacA), PBP6 (DacC) and PBP6b (DacD) are monofunctional D,D-carboxypeptidases [START_REF] Amanuma | Purification and properties of penicillin-binding proteins 5 and 6 from Escherichia coli membranes[END_REF][START_REF] Baquero | dacD, an Escherichia coli gene encoding a novel penicillin-binding protein (PBP6b) with DD-carboxypeptidase activity[END_REF][START_REF] Matsuhashi | Mutational evidence for identity of penicillin-binding protein 5 in Escherichia coli with the major D-alanine carboxypeptidase IA activity[END_REF]. The most abundant and most active D,D-carboxypeptidase of E. coli is PBP5 [START_REF] Matsuhashi | Mutational evidence for identity of penicillin-binding protein 5 in Escherichia coli with the major D-alanine carboxypeptidase IA activity[END_REF]. It is anchored to the cytoplasmic membrane by an amphiphilic helix, which is necessary for its in vivo activity [START_REF] Nelson | Contributions of PBP 5 and DD-carboxypeptidase penicillin binding proteins to maintenance of cell shape in Escherichia coli[END_REF][START_REF] O'daniel | Elucidation of the structure of the membrane anchor of penicillin-binding protein 5 of Escherichia coli[END_REF]. PBP5 is the only PBP that participates in both the elongasome and the divisome [START_REF] Potluri | Escherichia coli low-molecular-weight penicillinbinding proteins help orient septal FtsZ, and their absence leads to asymmetric cell division and branching[END_REF]. Its depletion leads to a sharp increase in free pentapeptides and alterations in cellular morphology. Branching, i.e. formation of cells with X and Y shapes, occurs if additional PBPs are deleted [START_REF] De Pedro | Branching of Escherichia coli cells arises from multiple sites of inert peptidoglycan[END_REF][START_REF] Nelson | Penicillin binding protein 5 affects cell diameter, contour, and morphology of Escherichia coli[END_REF]. Overexpression of PBP5 leads to the formation of spherical cells that are osmotically stable [START_REF] Varma | FtsZ collaborates with penicillin binding proteins to generate bacterial cell shape in Escherichia coli[END_REF]. PBP4 is also involved in the maintenance of normal cell morphology [START_REF] Korat | Penicillin-binding protein 4 of Escherichia coli: molecular cloning of the dacB gene, controlled overexpression, and alterations in murein composition[END_REF]. PBP6 has been proposed to play a role during the stationary phase since there is an increase in its expression level [START_REF] Van Der Linden | Possible role of Escherichia coli penicillin-binding protein 6 in stabilization of stationary-phase peptidoglycan[END_REF]. PBP7 (PbpG) is a monofunctional endopeptidase [START_REF] Henderson | Identification and cloning of the gene encoding penicillin-binding protein 7 of Escherichia coli[END_REF]. PBP4b shows weak D,D-carboxypeptidase activity in vitro but its cellular role is undetermined [START_REF] Vega | The DD-carboxypeptidase activity encoded by pbp4B is not essential for the cell growth of Escherichia coli[END_REF]. The presence of avibactam (4 µg/ml) potentiates the activity of amoxicillin (16-fold decrease in MIC of amoxicillin) against M. tuberculosis H37Rv. However, this observation does not conform to the poor inhibition of BlaC, the class A β-lactamase produced by M. tuberculosis, by avibactam. BlaC is 10,000 times less potently inactivated by avibactam than known targets of avibactam. Similar results are obtained with the avibactam analogue, compound 15a, synthesized by our chemist collaborators.

Results

Contribution to the presented results (

Combination of amoxicillin with 15a produces an 8-fold decrease in the MIC of amoxicillin although no inhibition of BlaC is detected in vitro. Based on the hypothesis that avibactam might potentiate the activity of amoxicillin by targeting another enzyme, we tested LdtMt2, the major LDT of M. tuberculosis, as a putative target of avibactam.

We show that inhibition of LdtMt2 by avibactam is time-dependent and complete. Mass spectrometry and structural studies using Ldtfm of E. faecium show that inhibition is due to S-carbamoylation of the catalytic cysteine. However, it is likely that inhibition of LDTs by avibactam is too slow (Scarbamoylation efficacy of Ldtfm by avibactam = 0.7 M -1 s -1 ) to account for the antibacterial activity displayed by the amoxicillin-avibactam combination against M. tuberculosis. It is thus likely that avibactam has other as yet unidentified targets in M. tuberculosis.

Although avibactam may not potentiate the antibacterial activity of amoxicillin only by targeting LDTs, inactivation of LDTs by the diazabicyclooctane scaffold of avibactam suggests that it can be optimized for more potent inhibition of this family of enzymes. The synthetic pathway developed by our chemist collaborators is expected to contribute to functionalization of the DBO scaffold.

Discussion

ANNEX Annex 1

Annex 2