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Protein-protein interactions are key in mycobacterial physiology, notably during the biosynthesis of the very peculiar mycobacterial cell wall. In this paper, we demonstrate that MSMEG_1285 interacts with PonA1, a bifunctional penicillin-binding protein involved in peptidoglycan biosynthesis. Deletion of MSMEG_1285 enhances Mycobacterium smegmatis resistance to penicillin antibiotics, a phenotype that is exacerbated by the additional deletion of hbhA. This also led to a substantial decrease in the amounts of porins in the cell wall, which are necessary for the import of small and hydrophilic lactams. Deletion of both MSMEG_1285 and hbhA provoked an over-representation of several enzymes involved in peptidoglycan degradation. Thus, we propose that MSMEG_1285 is part of a protein scaffold, which also involves PonA1 and HbhA, and that it is responsible for the tight regulation of peptidoglycan hydrolysis. This study provides a better understanding of the mycobacterial physiology, which is an essential step for strengthening the action of drugs that specifically target peptidoglycan biosynthesis.

Introduction

Mycobacterium tuberculosis (Mtb) is the main causative agent of tuberculosis (TB) in humans, which is the leading cause of death globally due to a single infectious agent. In 2017, TB killed an estimated 1.6 million people, according to the World Health Organization [1]. In addition, there is an alarming increase in multi-drug resistant TB cases (0.6 million cases in 2017). Hence, understanding the mechanisms leading to increased antimicrobial resistance is urgently needed to develop potent novel strategies against TB.

Deciphering the Protein-Protein Interactions (PPI) in pathogenic bacteria may help to understand the physiology of the cell and to elucidate host-pathogen interactions, in which proteins play crucial roles [START_REF] Velasco-Garcia | The study of protein-protein interactions in bacteria[END_REF]. In addition, the study of PPI may facilitate the discovery of protein functions by the 'guilty by association' principle [START_REF] Schauer | Guilty by Association' -Protein-Protein Interactions (PPIs) in Bacterial Pathogens[END_REF]. PPI are key factors in Mtb physiology and virulence [START_REF] Veyron-Churlet | In Vivo Methods to Study Protein-Protein Interactions as Key Players in Mycobacterium Tuberculosis Virulence[END_REF]. For instance, interactions between the mycobacterial virulence factors ESAT-6 and CFP-10 are necessary for their stability and secretion [START_REF] Renshaw | Conclusive evidence that the major T-cell antigens of the Mycobacterium tuberculosis complex ESAT-6 and CFP-10 form a tight, 1:1 complex and characterization of the structural properties of ESAT-6, CFP-10, and the ESAT-6*CFP-10 complex. Implications for pathogenesis and virulence[END_REF][START_REF] Renshaw | Structure and function of the complex formed by the tuberculosis virulence factors CFP-10 and ESAT-6[END_REF][START_REF] Brodin | Functional analysis of early secreted antigenic target-6, the dominant T-cell antigen of Mycobacterium tuberculosis, reveals key residues involved in secretion, complex formation, virulence, and immunogenicity[END_REF]. In addition, ESAT-6 alone or in complex with CFP-10 is able to interact with host proteins favoring dissemination of Mtb in the lungs [START_REF] Kinhikar | Potential role for ESAT6 in dissemination of M. tuberculosis via human lung epithelial cells[END_REF], to traffic into the endoplasmic reticulum and to reduce antigen presentation by host cells [START_REF] Sreejit | The ESAT-6 protein of Mycobacterium tuberculosis interacts with beta-2-microglobulin (beta2M) affecting antigen presentation function of macrophage[END_REF]. PPI also play a central role in the biosynthesis of mycobacterial cell wall (CW) components. As the Mtb CW is very peculiar, they represent attractive targets for new, specific antitubercular drugs. For example, mycolic acid biosynthesis, which is targeted by the first-line drug isoniazid, relies on specialized and interconnected protein complexes [START_REF] Veyron-Churlet | Protein-protein interactions within the Fatty Acid Synthase-II system of Mycobacterium tuberculosis are essential for mycobacterial viability[END_REF][START_REF] Veyron-Churlet | The biosynthesis of mycolic acids in Mycobacterium tuberculosis relies on multiple specialized elongation complexes interconnected by specific protein-protein interactions[END_REF][START_REF] Cantaloube | The Mycobacterium tuberculosis FAS-II dehydratases and methyltransferases define the specificity of the mycolic acid elongation complexes[END_REF]. Thus, deciphering the PPI network of Mtb should lead to a better understanding of TB pathogenesis and to the identification of new and critical steps required for infection.

We have shown that the Mtb Heparin-binding haemAgglutinin (HbhA_Mtb) interacts with Rv0613c and that MSMEG_1285, the Rv0613c orthologue in Mycobacterium smegmatis (Msmeg), is necessary for the proper cell-surface exposure of HbhA [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF]. We wondered whether Rv0613c binds to other proteins in addition to HhbA and whether Rv0613c/MSMEG_1285 is involved in the proper localization of other mycobacterial proteins. To address this issue, we used here the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system to identify additional proteins that can interact with Rv0613c and discovered interactions between Rv0613c and the mycobacterial transglycosylase/D,Dtranspeptidase PonA1. As ponA1 was previously shown to play a role in Msmeg resistance to lactams antibiotics [START_REF] Billman-Jacobe | Characterization of a Mycobacterium smegmatis mutant lacking penicillin binding protein 1[END_REF], we further demonstrate that deletion of MSMEG_1285 increases the resistance of Msmeg to ampicillin. This phenotype was augmented by the additional deletion of hbhA_Msmeg. This increased resistance was directly linked to lower amounts of porins in the CW of both MSMEG_1285 and MSMEG_1285+hbhA_Msmeg and to an over-representation of several enzymes involved in peptidoglycan (PG) hydrolysis. These data indicate that MSMEG_1285 plays an important role in the organization of the mycobacterial CW, which has a significant impact on the sensitivity to antibiotics, such as -lactams.

Results and Discussion

Full-length Rv0613c interacts with PonA1

To identify additional interactants of Rv0613c, we performed a screening using the BACTH system [START_REF] Karimova | A bacterial two-hybrid system based on a reconstituted signal transduction pathway[END_REF] with pKT25_rv0613c as a bait and the Mtb Erdman library contained in pUT18C (Table S1). A positive clone was selected accordingly to its red phenotype on MacConkey agar plates and was further streaked onto fresh plates to confirm the phenotype. DNA was then extracted and the pUT18C insert was sequenced. This led to the identification of a portion of ponA1 (rv0050), coding for amino acids 321 to 515. pUT18C_ponA1 321-515 was then introduced into E. coli DHM1 containing pKT25_rv0613c to confirm the phenotype seen in the BACTH system (Figure 1A). In parallel, the negative controls with pKT25 or pUT18C did not yield any red colony (Figure 1A). This phenotype was further confirmed using Luria Bertani (LB) agar plates supplemented with IPTG and X-gal by the blue colony phenotype in the strain harboring pUT18C_ponA1 321-515 together with pKT25_rv0613c (Figure 1B).

We have previously shown that HbhA interacts with a truncated version of Rv0613c, spanning residues 314 to 550 (Rv0613c 314-550 ) [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF]. However, truncated Rv0613c 314-550 was not able to interact with PonA1 321-515 (data not shown), inferring that the N-terminal and/or C-terminal moieties of Rv0613c are/is necessary to maintain the interaction between Rv0613c and PonA1 321-515 .

PonA1, also named Penicillin-Binding Protein 1 (PBP1), is a mycobacterial transglycosylase/D,Dtranspeptidase, which is involved in PG biosynthesis [START_REF] Kieser | How sisters grow apart: mycobacterial growth and division[END_REF]. The N-terminal region of PonA1 contains a transglycosylase domain (residues 37-218), whereas the C-terminal domain region contains a penicillin-binding transpeptidase domain (residues 310-600) [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], introducing a 4-3 crosslink in two parallel strands of the PG [START_REF] Sauvage | The penicillin-binding proteins: structure and role in peptidoglycan biosynthesis[END_REF][START_REF] Maitra | Cell wall peptidoglycan in Mycobacterium tuberculosis: An Achilles' heel for the TB-causing pathogen[END_REF]. The portion of PonA1 (PonA1 321-515 ) that interacts with Rv0613c is fully contained within the transpeptidase domain of the protein. The Mtb H37Rv genome codes for two bifunctional PBP (PonA1 and PonA2), whereas the Msmeg genome codes for three PBP (PonA1, PonA2 and PonA3) [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]. PonA1 from Mtb displays 80% of sequence identity with PonA1 from

Msmeg.

Rv0613c- 6 His is able to co-precipitate Maltose Binding Protein (MBP)-PonA1 321-515 E. coli BL21(DE3) was co-transformed with pET24a or pET24a_rv0613c, and pMAL-c2X or pMAL-c2X::ponA1 321-515 . Total lysates were purified using Ni-NTA chromatography. As expected, MBP-PonA1 321-515 was not retained by the Ni-NTA column, whereas Rv0613c-6 His (93 kDa) could be purified by Ni-NTA chromatography, in the presence of either co-expressed MBP or MBP-PonA1 321- 515 (Figure 2, upper panel). Whereas for a similar amount of purified protein, Rv0613c- 6 His did not coprecipitate MBP (51 kDa), it did co-precipitate MBP-PonA1 321-515 (63 kDa) (Figure 2, upper panel), which was confirmed by mass spectrometry analysis of the corresponding band (data not shown).

The various fractions were further analyzed by western-blotting using an anti-MBP antibody.

Confirming the data obtained Coomassie-blue staining, MBP-PonA1 321-515 did not bind to the Ni-NTA column, but co-expression with Rv0613c- 6 His resulted in binding to the Ni-NTA column (Figure 2, lower panel). These results thus indicate that MBP-PonA1 321-515 binds to Rv0613c, thereby confirming Rv0613c-PonA1 321-515 interaction identified in the BACTH system.

Deletion of MSMEG_1285 and hbhA_Msmeg affects the resistance of Msmeg to ampicillin

It has been shown that a Msmeg ponA1 transposon mutant is more sensitive to -lactam antibiotics than its parental strain, inferring that PonA1 is involved in intrinsic Msmeg resistance to -lactams [START_REF] Billman-Jacobe | Characterization of a Mycobacterium smegmatis mutant lacking penicillin binding protein 1[END_REF]. Considering the Rv0613c/PonA1 interaction, we wondered whether the deletion of the rv0613c orthologue in Msmeg (MSMEG_1285) would also influence the intrinsic resistance of Msmeg to lactams, such as ampicillin. Overnight cultures (i.e. at the end of exponential growth phase) of Msmeg mc²155 and the deletion mutant MSMEG_1285 (MS1285) were therefore spread onto 7H11 agar plates containing ampicillin (ranging from 10 to 500 µg/ml). Surprisingly, the absence of MSMEG_1285 increased the resistance of Msmeg to ampicillin, as MS1285 was able to grow on concentrations above 250 µg/ml (Figure 3A), in contrast to ponA1 transposon mutant [START_REF] Billman-Jacobe | Characterization of a Mycobacterium smegmatis mutant lacking penicillin binding protein 1[END_REF]. As a control, we used rifampicin (ranging from 0.1 to 10 µg/ml), which does not target PG crosslinking, and found that the sensitivity to rifampicin was not altered by the deletion of MSMEG_1285 (Figure 3A). As Rv0613c interacts with both PonA1 and HbhA [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF], we wondered whether the deletion of hbhA_Msmeg (MSMEG_0919) would also affect the sensitivity to ampicillin. We thus generated a hbhA_Msmeg deletion mutant (MS0919), as well as a double deletion mutant MS1285+MS0919 (Figure 4A and4B). The single deletion of MS0919 did not affect the sensitivity to ampicillin, nor to rifampicin (Figure 3A). However, the double deletion further increased ampicillin resistance as ∆MS1285+∆MS0919 was able to grow at concentrations above 500 µg/ml, whereas sensitivity for rifampicin was not influenced (Figure 3A). Plating of serial dilutions at an intermediate ampicillin concentration (50 µg/ml) confirmed that ∆MS1285+∆MS0919 is more resistant to ampicillin than ∆MS1285, which, in turn, is more resistant than Msmeg mc²155 or MS0919, whereas the sensitivity to rifampicin was not affected (Figure 3B).

Proteomics analysis of the Msmeg deletion mutants

Four Msmeg porins (MspA to MspD) have been shown to be involved in antibiotic resistance by directly transporting small -lactam antibiotics, such as ampicillin [START_REF] Danilchanka | Role of porins for uptake of antibiotics by Mycobacterium smegmatis[END_REF]. To determine whether the deletion of MS1285 and/or MS0919 impacts on the presence of these porins in the bacterial membrane (MB) or CW, we performed proteomic analyses on MB and CW preparations from Msmeg mc²155, MS0919, MS1285 and MS1285+MS0919. We used a spectral counting approach [START_REF] Nahnsen | Tools for label-free peptide quantification[END_REF] and defined a ratio for each protein as the total number of spectra for each mutant divided by the total number of spectra for Msmeg mc²155 (for convenience, the absence of any spectrum was replaced by 0.5, when needed). Only ratios ≥5 were considered as significant. Controls confirmed that neither HbhA_Msmeg nor MSMEG_1285 were detected in the corresponding deletion mutants (Table 1). In addition, the total amounts (CW plus MB fractions) of PonA1 and PonA2 were barely affected, inferring that any difference in the ampicillin sensitivity was not linked to the total amount of D,Dtranspeptidases (Table 1), whereas PonA3 (MSMEG_4388) was not detected in any sample tested (data not shown). Although the difference in the distribution of PonA1 in the CW and MB fractions between deletion mutants and wild-type strain seems to be rather modest, an impact of this difference on CW properties can nevertheless not be excluded (Table 1).

As expected, peptides corresponding to MspA, B, C, and D (LIASTGDSVTTYGEPWNmN and TLTVQQWDTFLNGVFPLDR) were only detected in the CW fraction, confirming the efficacy of the cell fractionation (Table 1). As the first peptide is common to the four porins and the second one is common to MspA, MspB and MspC, it was not possible to distinguish between the four Msp-like porins. The absence of HbhA_Msmeg slightly decreased the abundance of the porins by two fold, whereas the absence of MSMEG_1285 (with or without HbhA_Msmeg) reduced their abundance by at least eight fold (Table 1). Thus, the higher ampicillin resistance of MS1285 and MS1285+MS0919 mutants compared to Msmeg mc²155 is paralleled by a decreased level of porins in the mycobacterial CW, thereby most likely limiting the import of small -lactams like ampicillin.

The deletion of MS0919 together with that of MS1285 did not further decrease the amount of porins in the CW, despite the fact that the double mutant is more resistant to ampicillin than either strain containing a single deletion (Figure 3). Therefore, we further analyzed the proteomic content of CW plus MB fractions from MS1285+MS0919 and compared them to those of Msmeg mc²155. Among 31 over-represented proteins (ratio ≥5) in the double mutant (Table S3), the most strongly overrepresented one was MSMEG_3145 (Table 1), the orthologue of the PG endopeptidase RipA in Mtb [START_REF] Hett | A partner for the resuscitation-promoting factors of Mycobacterium tuberculosis[END_REF]. RipA_Msmeg was also slightly over-represented in the single deletion mutant MS0919 but not in MS1285. At least two other proteins involved in PG hydrolysis were detected with a ratio ≥5: MSMEG_6815, which displays similarities with phage lysins and with the Mtb PG hydrolase Rv2525c [START_REF] Bellinzoni | Structural studies suggest a peptidoglycan hydrolase function for the Mycobacterium tuberculosis Tat-secreted protein Rv2525c[END_REF], and MSMEG_6281, known as the PG amidase Ami1_Msmeg [START_REF] Senzani | An Amidase_3 domain-containing N-acetylmuramyl-L-alanine amidase is required for mycobacterial cell division[END_REF] (Table 1). Interestingly, a transcriptomics study showed that ripA_Mtb (rv1477), rv2525c and ami1_Mtb (rv3717) are co-regulated, suggesting a controlled and complementary role in the PG hydrolysis for the three corresponding enzymes in Mtb [START_REF] Saint-Joanis | Inactivation of Rv2525c, a substrate of the twin arginine translocation (Tat) system of Mycobacterium tuberculosis, increases beta-lactam susceptibility and virulence[END_REF].

Overexpression of ripA_Mtb or ami1 increases resistance of Msmeg to ampicillin

As deletion of ripA increases susceptibility to -lactams like carbenicillin [START_REF] Hett | A mycobacterial enzyme essential for cell division synergizes with resuscitation-promoting factor[END_REF], we investigated whether over-representation of RipA in MS1285+MS0919 could account for the increased resistance to ampicillin. Whereas constitutive overexpression of ripA_Msmeg using the expression vector pVV16 was detrimental to the growth of Msmeg and yielded no colony (data not shown), as previously demonstrated with an inducible system [START_REF] Chao | Protein complexes and proteolytic activation of the cell wall hydrolase RipA regulate septal resolution in mycobacteria[END_REF], overexpression of ripA_Mtb was well tolerated in Msmeg. Using this recombinant strain of Msmeg, we found that overexpression of ripA_Mtb in Msmeg mc²155 increased resistance to ampicillin by one order of magnitude at 500 µg/ml (Figure 5).

The deletion of ami1_Msmeg was also reported to increase Msmeg susceptibility to ampicillin by 2 fold [START_REF] Senzani | An Amidase_3 domain-containing N-acetylmuramyl-L-alanine amidase is required for mycobacterial cell division[END_REF]. Thus, we wondered whether over-representation of either ami1_Msmeg or ami1_Mtb could account for the increased ampicillin resistance observed in MS1285+MS0919. We found that overexpression of ami1_Msmeg and ami1_Mtb also increased the resistance to ampicillin by two and three orders of magnitude, respectively, at 500 µg/ml (Figure 5). As MSMEG_6815 was overrepresented in both MS0919 and MS1285+MS0919 (Table 1), this protein is most likely not responsible for the increased resistance to ampicillin seen only with the double mutant.

The basal resistance observed in both MS1285 and MS1285+MS0919 is due to the reduced presence of porins in the CW, whereas further increased resistance to ampicillin in the case of MS1285+MS0919 is linked to the over-representation of both RipA_Msmeg and Ami1_Msmeg (Figure 3 and Table 1).

Effect of MS1285+MS0919 complementation on penicillin and antitubercular drug resistance

The double mutant was transformed with pMV361, pMV361_MS0919, pMV361_MS1285 and pMV361_MS1285_MS0919. As expected, pMV361 and pMV361_MS0919 did not modify the increased resistance to ampicillin (50 µg/ml), in contrast to pMV361_MS1285, which restored the sensitivity to a level similar to that of Msmeg mc²155 or MS0919 (Figure 6). Surprisingly, simultaneous expression of MS1285 and MS0919 did not restore sensitivity to ampicillin. This was not due to a lack of expression of MS0919 (located downstream of MS1285 in the pMV361 construct), as HbhA_Msmeg was detected by western-blot analysis (Figure 4C). Instead, it is likely that the low amount of HbhA_Msmeg in MS1285+MS0919 containing pMV361_MS1285_MS0919 was not enough to fully restore the phenotype, in comparison with the level of endogenous HbhA_Msmeg in Msmeg mc²155 (Figure 4C).

We also tested carbenicillin (1,000 µg/ml) as another antibiotic belonging to the penicillin family.

Similar to ampicillin, MS1285+MS0919 was one log more resistant to carbenicillin than Msmeg mc²155 or MS0919 (Figure 6). Complementation by pMV361_MS1285 was enough to restore sensitivity to carbenicillin (Figure 6). Thus, deletion of both MS1285 and MS0919 increases resistance to several members of the penicillin family like ampicillin and carbenicillin.

To examine whether this phenotype was limited to antibiotics targeting the PG biosynthesis, we also tested the antitubercular drugs isoniazid (5 µg/ml) and ethionamide (5 µg/ml). However, MS1285+MS0919 showed no difference in sensitivity to these drugs at the tested concentrations, as compared to Msmeg mc²155 (Figure 6).

Conclusion

In the present study, we show that Rv0613c interacts with a region of PonA1 fully contained within its transpeptidase domain. We have previously uncovered interactions between HbhA and Rv0613c, as well as between HbhA and a domain within the second extracellular loop of MmpL14 [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF]. Another study demonstrated that a C-terminal portion of PonA1, different from the portion interacting with Rv0613c, interacts with RipA [START_REF] Hett | Interaction and modulation of two antagonistic cell wall enzymes of mycobacteria[END_REF]. Based on this PPI network, we hypothesize that Rv0613c/MSMEG_1285 may be a scaffold protein responsible for the formation of protein complexes involved in CW organization and PG biosynthesis (Figure 7). Thus, deletion of rv0613c or MSMEG_1285 result in (i) an improper localization of both PonA1 and HbhA, as previously shown for HbhA by atomic force microscopy [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF], (ii) an accumulation of RipA, MSMEG_6815 and Ami1, when hbhA is additionally deleted, and (iii) a decrease in porin levels and the subsequent increased resistance to -lactams in Msmeg. This hypothesis is consistent with the CW localization of MSMEG_1285 (and porins) as evidenced by our proteomic analyses of the various Msmeg strains (Table 1) and by another independent proteomics study [START_REF] Chiaradia | Dissecting the mycobacterial cell envelope and defining the composition of the native mycomembrane[END_REF]. Interestingly, it was recently shown that PPI between HtrA and LppZ are responsible for the control of Ami3_Msmeg toxicity, inferring a tight spatiotemporal coordination of PG expansion and division [START_REF] Wu | Mycobacterium smegmatis HtrA Blocks the Toxic Activity of a Putative Cell Wall Amidase[END_REF]. Moreover, deciphering the MmpL3 interactome led to the identification of functional links between the MmpL protein family and the assembling and export of PG [START_REF] Belardinelli | The MmpL3 interactome reveals a complex crosstalk between cell envelope biosynthesis and cell elongation and division in mycobacteria[END_REF]. Here, we hypothesize that Rv0613c/MSMEG_1285, interacting with PonA1 and HbhA, might be part of a protein scaffold that is necessary for the proper localization of PG hydrolyzing enzymes (RipA, MSMEG_6815 and Ami1) (Figure 7), as PG degradation is a process that is tightly regulated in mycobacteria [START_REF] Kieser | How sisters grow apart: mycobacterial growth and division[END_REF]. The characterization of such protein complexes at the CW level will facilitate the understanding of Mtb physiology and may pave the way for strengthening the action of drugs targeting mycobacterial PG biosynthesis, like carbapenems [START_REF] Dubee | Inactivation of Mycobacterium tuberculosis l,d-transpeptidase LdtMt(1) by carbapenems and cephalosporins[END_REF][START_REF] Diacon | beta-Lactams against Tuberculosis--New Trick for an Old Dog?[END_REF].

Methods

Bacterial strains and media

E. coli TOP10 (Invitrogen, Carlsbad, CA, USA) was used for cloning, E. coli DHM1 was used for BACTH assays and E. coli BL21(DE3) (Agilent, Santa Clara, CA, USA) was used for purification of recombinant proteins (Table S1). The E. coli strains were grown in LB medium (MP Biomedicals, Illkirch, France) at 37 °C supplemented with ampicillin (100 μg/ml), apramycin (25 µg/ml) and/or kanamycin (25 μg/ml), when required. Msmeg mc 2 155, the deletion mutants ΔMS0919, ΔMS1285, MS1285+MS0919 and the corresponding complemented strains (Table S1) were grown in Middlebrook 7H9 broth or on 7H11 agar plates supplemented with OADC enrichment (Becton Dickinson, Le Pont-de-Claix, France), apramycin (25 µg/ml), hygromycin (50 μg/mL) and/or kanamycin (25 μg/mL), when required. Growth curves in Middlebrook 7H9 supplemented with OADC did not manifest any growth difference between wild-type, simple and/or double mutants (data not shown).

Plasmid constructions

DNA encoding full-length Rv0613c and truncated Rv0613c 314-550 were amplified by PCR using Mtb H37Rv genomic DNA and the pairs of primers [pKT25_rv0613c_dir + pKT25_rv0613c_rev] and [pKT25_rv0613c 314-550 _dir + pKT25_rv0613c 314-550 _rev] (Table S2). The PCR fragments were digested with PstI and KpnI and ligated into pKT25 digested with the same enzymes, generating pKT25_rv0613c and pKT25_rv0613c 314-550 (Table S1). The rv0613c gene was also amplified by PCR using the pair of primers [pET24a_rv0613c_dir + pET24a_rv0613c_rev] (Table S2). The PCR fragment was digested with NdeI and HindIII and ligated into pET24a digested with the same enzymes, generating pET24a_rv0613c (Table S1). DNA encoding the portion 321-515 of PonA1 was amplified by PCR using Mtb H37Rv genomic DNA and the pair of primers [pMAL-c2X_ponA1 321- 515 _dir + pMAL-c2X_ponA1 321-515 _rev] (Table S2). The PCR fragment was digested with EcoRI and HindIII and inserted into pMAL-c2X digested with the same enzymes, generating pMAL-c2X _ponA1 321-515 (Table S1). The genes ripA and ami1 were amplified by PCR using Msmeg mc²155 or Mtb H37Rv genomic DNA and the pairs of primers [pVV16_ripA_Msmeg_dir + pVV16_ripA_Msmeg_rev],

[pVV16_ripA_Mtb_dir + pVV16_ripA_Mtb_rev],

[pVV16_ami1_Msmeg_dir + pVV16_ami1_Msmeg_rev] and [pVV16_ami1_Mtb_dir + pVV16_ami1_Mtb_rev] (Table S2). The PCR fragments were digested with NdeI and HindIII and ligated into pVV16 digested with the same enzymes, generating pVV16_ripA_Msmeg, pVV16_ripA_Mtb, pVV16_ami1_Msmeg and pVV16_ami1_Mtb, respectively (Table S1). The hbhA_Msmeg (MSMEG_0919) gene was amplified by PCR using Msmeg mc²155 genomic DNA and the pair of primers [pMV361_MS0919_dir + pMV361_MS0919_rev] (Table S2). The PCR fragment was digested with ClaI and HpaI and ligated into pMV361 digested with the same enzymes, generating pMV361_MS0919 (Table S1). The MSMEG_1285 gene was amplified by PCR using Msmeg mc²155 genomic DNA and the pair of primers [pMV361_MS1285_dir + pMV361_MS1285_rev] (Table S2). The PCR fragment was digested with MunI and HindI and ligated into pMV361 or pMV361_MS0919 digested with the same enzymes, generating pMV361_MS1285 or pMV361_MS1285_MS0919, respectively (Table S1). All plasmids were checked by sequencing.

BACTH assays

One hundred ng of the Mtb Erdman library contained in pUT18C (Table S1) was electroporated into E. coli DHM1 containing pKT25_rv0613c. Transformants were plated onto MacConkey agar (Becton Dickinson) supplemented with ampicillin (100 μg/ml), kanamycin (25 μg/ml), IPTG (0.5 mM) and maltose 1%. After 6 days at 30 °C, a clone was selected based on its red color and transferred onto fresh MacConkey agar plates to confirm the red phenotype. DNA was extracted from the selected colony and pUT18C insert was sequenced using the Seq_pUT18C_dir primer (Table S2). To confirm the phenotype, pUT18C containing ponA1 321-515 was re-introduced into E. coli DHM1 containing either pKT25_rv0613c or pKT25_rv0613c 314-550 . Transformants were plated onto both MacConkey agar or LB agar supplemented with ampicillin (100 μg/ml), kanamycin (25 μg/ml), IPTG (0.5 mM) and X-gal (50 μg/ml) and incubated for 3 days at 30 °C.

Co-precipitation assays

E. coli BL21(DE3) was co-transformed with pET24a_rv0613c and pMAL-c2X_ponA1 321-515 . As a control, E. coli BL21(DE3) was co-transformed with pMAL-c2X_ponA1 321-515 together with pET24a, or with pET24a_rv0613c together with pMAL-c2X. E. coli cells were grown until OD 600 = 0.5 and induced with 1 mM IPTG at 37°C for 3 hrs. Cells were disrupted using a French pressure cell in purification buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA, 10 mM imidazole). Each lysate was subjected to HisPur Ni-NTA chromatography (ThermoFisher, Waltham, MA, USA) following manufacturer's protocol. Recombinant (and co-precipitating) proteins were eluted in 1 ml of purification buffer containing 200 mM imidazole. Eluted proteins were then analyzed on SDS-PAGE and Coomassie-blue staining.

Immunoblot analysis

Total proteins were resolved by SDS-PAGE using 12% acrylamide gels and then electro-transferred onto a nitrocellulose membrane. The membrane was saturated with Tris-Buffered Saline (TBS) pH 7.5 containing 0.05% Tween 80 and 5% milk and probed overnight at 4 °C with anti-HbhA monoclonal antibody VF2 [START_REF] Raze | Heparin-Binding Hemagglutinin Adhesin (HBHA) Is Involved in Intracytosolic Lipid Inclusions Formation in Mycobacteria[END_REF], anti-Hsp65/GroL1 monoclonal antibody (Abcam, Paris, France, dilution 1:1,000), or anti-MBP (NEB Biolabs, Evry, France, dilution 1:10,000) in TBS-Tween-3% milk. Finally, the membrane was incubated for 1 hr at room temperature with goat anti-mouse horseradish peroxidaseconjugated secondary antibodies (Abcam, diluted 1:5,000) in TBS-Tween-3% milk. The blots were developed using the Amersham ECL Prime Western-Blotting Detection Reagent (GE Healthcare, Velizy-Villacoublay, France) and chemiluminescence was detected using the Amersham Imager 600 (GE Healthcare).

Generation of deletion mutants in Msmeg

To delete hbhA_Msmeg (MSMEG_0919) in Msmeg mc²155 and in the MS1285 mutant, we followed the protocol previously described by van Kessel et al. [START_REF] Van Kessel | Recombineering mycobacteria and their phages[END_REF]. Briefly, upstream and downstream regions of hbhA_Msmeg were amplified from Msmeg mc 2 155 genomic DNA using the pairs of primers [Up_hbhA_Msmeg_dir + Up_hbhA_Msmeg_rev] and [Down_hbhA_Msmeg_dir + Down_hbhA_Msmeg_rev] (Table S2). These upstream and downstream fragments were inserted at either side of an apramycin resistance cassette in pCR-BluntII-TOPO (ThermoFisher) (Table S1).

After digestion by XbaI and HindIII, the allelic exchange substrate was electroporated into competent Msmeg mc 2 155 and the MS1285 mutant containing pJV53 (Table S1), following induction by 0.2% acetamide for 3 hrs. Several apramycin-resistant clones were selected and tested for the insertion of S2).

Drug susceptibility testing

Susceptibility of Msmeg, the deletion mutants and the complemented strains to several antibiotics (rifampicin, ampicillin, carbenicillin, isoniazid, ethionamide) was determined on Middlebrook 7H11 solid medium containing OADC enrichment with various drug concentrations. Overnight cultures of Msmeg were all diluted at OD 600 = 0.5 and 5 µL of this dilution or 5 µL of ten-fold serial dilutions (10 - 1 to 10 -5 ) of each culture were plated and incubated at 37°C for 3 days.

Fractionation protocol

Msmeg and mutant strains were disrupted in a French pressure cell and the lysates were centrifuged at 3,000 × g for 10 min at 4 °C to eliminate cellular debris and non-lysed cells. The supernatants were pelleted at 27,000 × g for 30 min at 4 °C in order to collect CW fractions. The remaining supernatants were centrifuged at 100,000 × g for 2 hrs at 4 °C to separate the membrane MB fractions from the cytosolic fractions. Each fraction was resuspended in an appropriate volume of denaturing buffer (0.1% -mercaptoethanol, 0.0005% bromophenol blue, 10% glycerol, 2% SDS, 63 mM Tris-HCl, pH 6.8).

Mass spectrometry proteomic analysis

Mass spectrometry proteomic analysis was performed as described [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF].

Proteomic Data Analysis

Proteomic data analysis was performed as described [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF] Ampicillin (50 µg/ml), Carbenicillin (1,000 µg/ml), Isoniazid (5 µg/ml) or Ethionamide (5 µg/ml). 
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	483	fractions.				
		Protein	Fraction	mc²155	MS0919	MS1285	MS1285+ MS0919
			CW	2	1	0
		MSMEG_1285	MB	0	0	0
			Total	2	1	0
		MSMEG_0919 (HbhA_Msmeg)	CW MB Total	7 10 17	0 0 0	10 9 19
		MSMEG_6900 (PonA1)	CW MB Total	21 12 33	7 17 24	16 14 30	13 10 23
		MSMEG_6201 (PonA2)	CW MB Total	16 8 24	9 11 20	16 6 22	12 17
			CW	31	15	4
		MspA/B/C/D	MB	0	0	0
			Total	31	15	4
		MSMEG_3145 (RipA_Msmeg)	CW MB Total	0 0 0	3 1 4	0 0 0	11
			CW	1	5	0
		MSMEG_6815	MB	0	1	1
			Total	1	6	1
		MSMEG_6281 (Ami1_Msmeg)	CW MB Total	2 0 2	2 0 2	2 1 3	11
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