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Originality-Significance Statement: This is the first study to use the proximity-dependent biotin identification to decipher the interactome of the mycobacterial heparin-binding hemagglutinin HbhA in the environmental bacteria, Mycobacterium smegmatis. This robust technique will pave the way for the study of protein-protein interactions in (pathogenic) bacteria with a complex subcellular 22 organization, such as Mycobacterium tuberculosis. 23 3

Summary

Deciphering protein-protein interactions is a critical step in the identification and the understanding of biological mechanisms deployed by pathogenic bacteria. The development of in vivo technologies to characterize these interactions is still in its infancy, especially for bacteria whose subcellular organization is particularly complex, such as mycobacteria. In this work, we used the proximitydependent biotin identification (BioID) to define the mycobacterial heparin-binding hemagglutinin (HbhA) interactome in the saprophytic bacterium Mycobacterium smegmatis. M. smegmatis is a commonly used model to study and characterize the physiology of pathogenic mycobacteria, such as Mycobacterium tuberculosis. Here, we adapted the BioID technology to in vivo protein-protein interactions studies in M. smegmatis, which presents several advantages, such as maintaining the complex organization of the mycomembrane, offering the possibility to study membrane or cell wallassociated proteins, including HbhA, in the presence of cofactors and post-translational modifications, such as the complex methylation pattern of HbhA. Using this technology, we found that HbhA is interconnected with cholesterol degradation and heme/iron pathways. These results are in line with previous studies showing the dual localization of HbhA, associated with the cell wall and intracytoplasmic lipid inclusions, and its induction under high iron growth conditions.

Introduction

As a fast growing and non-pathogenic bacterium, the environmental Mycobacterium smegmatis (now Mycolicibacterium smegmatis) represents a very attractive model organism to study pathogenic mycobacteria, such as Mycobacterium tuberculosis (Mtb), the main etiologic agent of human tuberculosis. The use of M. smegmatis as a model organism helped in the understanding of several physiological mechanisms, such as DNA repair, cell division, biofilm formation or dynamics of mycobacterial persistence [START_REF] Gong | Mechanism of nonhomologous end-joining in mycobacteria: a low-fidelity repair system driven by Ku, ligase D and ligase C[END_REF][START_REF] Aldridge | Asymmetry and aging of mycobacterial cells lead to variable growth and antibiotic susceptibility[END_REF][START_REF] Wakamoto | Dynamic persistence of antibiotic-stressed mycobacteria[END_REF]Yang et al., 2017). Moreover, screening of chemical compounds in M. smegmatis led to the identification of anti-tuberculosis drugs, such as bedaquiline, which specifically targets the mycobacterial ATP synthase [START_REF] Andries | A diarylquinoline drug active on the ATP synthase of Mycobacterium tuberculosis[END_REF]. Hence, M. smegmatis is a valuable and relevant organism to characterize Mtb proteins, as well as Mtb protein-protein interactions (PPI).

Proximity-dependent biotin identification is a powerful tool that was initially developed to detect and characterize PPI in eukaryotic cells [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]. After generating a hybrid between any protein of interest and a biotin ligase (BirA), known as the BioID approach, or an ascorbic acid peroxidase (APEX) in living cells, proximity labelling allows the identification of proteins that are strongly, weakly or transiently interacting or closely associated (i.e. without the necessity of any direct contact in a 10-to 20-nm radius) with the hybrid protein [START_REF] Kim | Probing nuclear pore complex architecture with proximity-dependent biotinylation[END_REF]. This technology can be adapted to membrane proteins, can decipher multi-partner complexes, preserves the intact subcellular structures, and allows the conservation of enzyme cofactors and post-translational modifications, as it is directly performed within the organism of interest (for review, see [START_REF] Beganton | Protein interactions study through proximity-labeling[END_REF][START_REF] Trinkle-Mulcahy | Recent advances in proximity-based labeling methods for interactome mapping[END_REF][START_REF] Bosch | Proximity-dependent labeling methods for proteomic profiling in living cells: An update[END_REF]).

Considering the complex organization of the mycomembrane (for review, see [START_REF] Angala | The cell envelope glycoconjugates of Mycobacterium tuberculosis[END_REF][START_REF] Jackson | Transporters Involved in the Biogenesis and Functionalization of the Mycobacterial Cell Envelope[END_REF]), PPI taking place at the cell wall (CW) level in mycobacteria are difficult to identify. Although there are several methods to decipher PPI in mycobacteria (for review, see [START_REF] Veyron-Churlet | In Vivo Methods to Study Protein-Protein Interactions as Key Players in Mycobacterium Tuberculosis Virulence[END_REF]), they all have their limits when the protein of interest is membrane-or CW-associated. BioID appears thus as an attractive tool to study PPI at the CW level.

In this study, we focus on the mycobacterial Heparin-binding hemAgglutinin (HbhA), which is required for adherence to non-phagocytic cells and for extrapulmonary dissemination of Mtb (Pethe et al., 2001a;[START_REF] Menozzi | Mycobacterium tuberculosis heparin-binding haemagglutinin adhesin (HBHA) triggers receptormediated transcytosis without altering the integrity of tight junctions[END_REF]. In addition, HbhA is an intrinsically disordered and a moonlighting protein, which displays several localizations [START_REF] Lebrun | Differential contribution of the repeats to heparin binding of HBHA, a major adhesin of Mycobacterium tuberculosis[END_REF][START_REF] Raze | Heparin-Binding Hemagglutinin Adhesin (HBHA) Is Involved in Intracytosolic Lipid Inclusions Formation in Mycobacteria[END_REF]. It is either cell surface associated acting as an adhesin, as seen by electron microscopy [START_REF] Menozzi | Identification of a heparin-binding hemagglutinin present in mycobacteria[END_REF], or associated with Intracytoplasmic Lipid Inclusions (ILI) to perform an unknown function probably linked to its ability to bind lipids [START_REF] Armstrong | Association of Mycobacterium Proteins with Lipid Droplets[END_REF][START_REF] Raze | Heparin-Binding Hemagglutinin Adhesin (HBHA) Is Involved in Intracytosolic Lipid Inclusions Formation in Mycobacteria[END_REF]. In M. smegmatis, HbhA is also a cell-surface protein, although it is not involved in epithelial adherence [START_REF] Biet | Mycobacterium smegmatis produces an HBHA homologue which is not involved in epithelial adherence[END_REF].

Moreover, HbhA is a post-translationally modified protein with a complex methylation pattern in both Mtb and M. smegmatis [START_REF] Pethe | Mycobacterial heparin-binding hemagglutinin and laminin-binding protein share antigenic methyllysines that confer resistance to proteolysis[END_REF][START_REF] Biet | Mycobacterium smegmatis produces an HBHA homologue which is not involved in epithelial adherence[END_REF].

In this study, we chose the BioID technology to define the interactions of HbhA with other proteins during 24 hours, instead of a "snapshot" interactome during a few minutes provided by the APEX approach. In addition, we chose BioID, as APEX relies on the addition of hydrogen peroxide, which could be detrimental to mycobacterial growth and physiology by generating an oxidative stress. We show here that a fusion between HbhA and BirA was able to partly complement a hbhA phenotype. This approach identified connections between HbhA and cholesterol degradation, as well as with the heme/iron metabolism. Thus, deciphering HbhA PPI by BioID will lead to a better understanding of Mtb virulence mechanisms in general, given the numerous properties of HbhA.

Results

Construction of a hybrid protein, HbhA-BirA-HA HbhA from M. smegmatis (MSMEG_0919) was fused to the N-terminal part of HA-tagged BirA(R118G) or to the C-terminal part of Myc-tagged BirA(R118G) (Figure 1A). Non-fused BirA-HA was used as a control to assess the specificity of detected PPI (Figure 1A).

The corresponding coding sequences were inserted into the mycobacterial vector pMV361 under the control of the strong hsp60 promoter. Both constructions, as well as empty vector and pMV361_hbhA, were introduced into electro-competent M. smegmatis mc²155 from which hbhA gene has been previously deleted [START_REF] Veyron-Churlet | Protein scaffold involving MSMEG_1285 maintains cell wall organization and mediates penicillin sensitivity in mycobacteria[END_REF]. Whereas several clones containing the HbhA-BirA-HA construct were isolated, only a few clones containing the Myc-BirA-HbhA construct were able to grow (Figure 1B).

Western-blot analysis using anti-HbhA antibodies further confirmed that HbhA-BirA-HA (62.1 kDa) was produced, whereas Myc-BirA-HbhA was not produced in any of the analysed clones (Figure 1C). This absence of production of Myc-BirA-HbhA was not surprising, since we have already observed some toxicity of recombinant HbhA when its N-terminal end was modified [START_REF] Lebrun | Differential contribution of the repeats to heparin binding of HBHA, a major adhesin of Mycobacterium tuberculosis[END_REF].

Thus, only the HbhA-BirA-HA construct was considered for the rest of the study. HbhA-BirA-HA in M. smegmatis The production of recombinant HbhA-BirA-HA in M. smegmatis did not perturb bacterial growth at 37°C in 7H9 medium, as the growth kinetics of mc 2 155/pMV361, ∆hbhA/pMV361, ∆hbhA/pMV361_hbhA and ∆hbhA/pMV361_hbhA_birA were indistinguishable in these growth conditions (Figure 2A).

Production of a functional

We have previously shown that the deletion of hbhA in M. bovis BCG lowered the presence of ILI in in vitro grown bacteria, as evidenced by Nile Red staining [START_REF] Raze | Heparin-Binding Hemagglutinin Adhesin (HBHA) Is Involved in Intracytosolic Lipid Inclusions Formation in Mycobacteria[END_REF]. In agreement with our previous results, the hbhA deletion mutant of M. smegmatis was greatly impacted in its ability to generate ILI, as seen by a low and diffuse Nile Red staining, in comparison with the wild-type strain (Figure 2B, upper panels). HbhA-BirA-HA partially restored ILI formation, to the same extent as HbhA alone, as seen by an intense and punctiform Nile Red staining (Figure 2B, lower panels). These results suggest that HbhA-BirA-HA is correctly folded, localized and functional in M.

smegmatis.

Adaptation of the BioID technology to mycobacteria M. smegmatis mc²155 was transformed with pMV361, pMV361_hbhA, pMV361_hbhA_birA or pMV361_birA. As the corresponding deletion mutant of any protein of interest may not always be available, we assessed the BioID approach in a wild-type background. Corresponding strains were then analysed by immunoblotting for the production of HbhA-BirA-HA and BirA-HA. Although the production of HbhA-BirA-HA led to some protein degradation, its production was similar to that of BirA-HA, as seen by Western-blot analyses using anti-HA antibodies, with bands corresponding to 62.1 and 37.4 kDa, respectively (Figure 3A, left panel). Probing with the anti-HbhA antibody revealed a major band corresponding to a 62.1 kDa protein in M. smegmatis mc²155 containing pMV361_hbhA_birA, which was not seen in the other extracts (Figure 3A, right panel). In comparison, the production of HbhA (25.8 kDa) in M. smegmatis containing pMV361_hbhA was very low, suggesting that the fusion of HbhA with BirA stabilized the protein (Figure 3A, right panel).

Biotin is an essential cofactor for mycobacterial enzymes involved in key metabolic pathways (for review, see [START_REF] Salaemae | The Role of Biotin in Bacterial Physiology and Virulence: a Novel Antibiotic Target for Mycobacterium tuberculosis[END_REF]). Thus, the use and deviation of intracellular biotin by BioID could potentially have adverse effects on mycobacterial growth. Hence, we supplemented each M. smegmatis culture with 200 µM biotin in order to circumvent any growth problem. After overnight incubation of the various M. smegmatis transformants, the cells were lysed and incubated with magnetic Streptavidin-coated beads in order to purify biotinylated proteins. Ten µL of each flowthrough and elution was analysed by Western-blotting and developed using Streptavidin-HRP. The profiles of recombinant M. smegmatis containing pMV361 or pMV361_hbhA were similar to each other, whereas the eluted fraction of recombinant M. smegmatis containing pMV361_birA contained additional biotinylated proteins (Figure 3B). Further biotinylated proteins (shown by the asterisks) were detected in elution fractions of recombinant M. smegmatis mc²155 containing pMV361_hbhA_birA, suggesting specific biotinylation of proteins interacting or closely associated with HbhA-BirA-HA (Figure 3B).

Identification of HbhA partners and/or closely associated proteins by BioID

To identify the proteins that interact with HbhA, each lysate from three independent biological replicates was analysed by mass spectrometry (Table S1). Protein abundance was evaluated using spectral counting and candidate proteins were selected comparing enrichment in M. smegmatis mc²155 containing pMV361_hbhA_birA over M. smegmatis mc²155 containing pMV361 (ratio ≥ 10).

Moreover, as recombinant expression of hbhA alone or birA alone could lead to a non-specific increase in the amounts of biotinylated proteins (as observed in Figure 3B), we only considered proteins for which the (HbhA-BirA-HA / pMV361) ratios were at least three times superior to the (HbhA / pMV361) and (BirA-HA / pMV361) ratios. Therefore, proteins that displayed a high spectral ratio, such as the class II aldolase/adducin (MSMEG_6863), the TROVE domain protein (MSMEG_1193) and the uncharacterized protein (MSMEG_2782), were discarded. These stringent criteria of selection led to the identification of 13 proteins (Table 1).

To confirm these findings, we performed the same study using M. smegmatis hbhA (Table S2). The proteins HsaC, TrmD and HbhA itself were also identified as HbhA interactants using M. smegmatis hbhA, indicating the robustness of our previous analysis. In addition, universal stress protein UspA (MSMEG_3308) that nearly fulfilled our stringent criteria of selection (Table S1) was detected as a HbhA interactant in the M. smegmatis hbhA background (Table S2). Conversely, MSMEG_6863, was also detected as false positive in the M. smegmatis hbhA background.

Proteomic analysis of CW fraction from M. smegmatis hbhA

In parallel, we assessed the impact of HbhA absence on hbhA protein content, as this constitutes an additional approach, independent of the BioID technology and the production of a hybrid protein (i.e.

HbhA-BirA-HA). For that purpose, we performed a proteomic analysis with hbhA mutant in comparison with M. smegmatis mc²155, focusing on the CW fraction, as this is one known localization of HbhA (Table S3) [START_REF] Raze | Heparin-Binding Hemagglutinin Adhesin (HBHA) Is Involved in Intracytosolic Lipid Inclusions Formation in Mycobacteria[END_REF]. We only considered the proteins with a ratio superior or equal to seven, inferring that the corresponding protein was at least sevenfold less abundant in the hbhA mutant than in the parental strain. This led to the identification of 16 proteins (Table 2). As expected, HbhA was absent in CW fraction of the hbhA mutant but detected in the wild-type strain with a ratio of 14 (Table 2).

Discussion

The BioID technology is based on the biotinylation of lysine residues of protein of interest when BirA is close enough to its protein substrate, but not necessarily in direct contact [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]. As the HbhA sequence contains several lysine residues in its C-terminal part and since HbhA has been shown to multimerize [START_REF] Delogu | Functional domains present in the mycobacterial hemagglutinin, HBHA[END_REF], it was not surprising to identify HbhA/MSMEG_0919 itself as an interactant (Table 1).

Another protein identified by BioID was HsaC/MSMEG_6036 (Table 1). HbhA is a moonlighting protein that displays several functions according to its localization, which is either cell-surface exposed or associated with ILI [START_REF] Menozzi | Identification of a heparin-binding hemagglutinin present in mycobacteria[END_REF][START_REF] Armstrong | Association of Mycobacterium Proteins with Lipid Droplets[END_REF][START_REF] Raze | Heparin-Binding Hemagglutinin Adhesin (HBHA) Is Involved in Intracytosolic Lipid Inclusions Formation in Mycobacteria[END_REF].

Interestingly, lipid droplets are mainly composed of neutral lipids, such as sterol esters and triacylglycerols, surrounded by a monolayer of phospholipids, in which cholesterol and proteins are inserted [START_REF] Santucci | Experimental Models of Foamy Macrophages and Approaches for Dissecting the Mechanisms of Lipid Accumulation and Consumption during Dormancy and Reactivation of Tuberculosis[END_REF]. In addition, fluorescently-labelled cholesterol predominantly localizes in lipid droplets in mycobacteria [START_REF] Faletrov | Uptake and metabolism of fluorescent steroids by mycobacterial cells[END_REF]. Moreover, recent work demonstrated that Actinobacteria, such as Rhodococcus jostii, M. smegmatis and Mtb, are able to generate cholesteryl esters and to store them within intracytoplasmic lipid droplets [START_REF] Holert | Steryl Ester Formation and Accumulation in Steroid-Degrading Bacteria[END_REF]. It is thus tempting to hypothesize that cholesterol degradation and/or steryl ester biosynthesis may occur in proximity of ILI in mycobacteria. Hence, the strong interaction (ratio = 21.2) between HbhA and HsaC/MSMEG_6036 would be consistent with the fact that HsaC is involved in the catabolism of the cholesterol ring [START_REF] Yam | Studies of a ring-cleaving dioxygenase illuminate the role of cholesterol metabolism in the pathogenesis of Mycobacterium tuberculosis[END_REF][START_REF] Ouellet | Cholesterol catabolism as a therapeutic target in Mycobacterium tuberculosis[END_REF]. In addition, FadD19/MSMEG_5914 was identified as a HbhA interactant, and this protein is involved in the degradation of the aliphatic chain of cholesterol [START_REF] Ouellet | Cholesterol catabolism as a therapeutic target in Mycobacterium tuberculosis[END_REF][START_REF] Casabon | Actinobacterial acyl coenzyme A synthetases involved in steroid side-chain catabolism[END_REF]. Thus, our results suggests that the ILIassociated form of HbhA is closely connected to the protein complexes in charge of cholesterol degradation, which likely takes place near ILI in mycobacteria (Figure 4). Nevertheless, the fact that cholesterol catabolizing enzymes are associated with ILI remains to be confirmed.

The proteins involved in iron/heme acquisition, such as MhuD/MSMEG_6086, appeared also to be tightly linked to HbhA (Table 1). The role of MhuD in heme storage and degradation is well documented [START_REF] Chim | Unusual diheme conformation of the heme-degrading protein from Mycobacterium tuberculosis[END_REF][START_REF] Matthews | MhuD from Mycobacterium tuberculosis: Probing a Dual Role in Heme Storage and Degradation[END_REF]. It was hypothesized that, after import by Mmp3 and MmpL11 into the mycobacterial cytosol, heme is taken up by MhuD and degraded to release iron in Mtb (for review, see [START_REF] Chao | Iron Acquisition in Mycobacterium tuberculosis[END_REF]). However, considering that MmpL proteins act as unidirectional transporters and are involved only in export, this hypothesis remains controversial [START_REF] Jackson | Transporters Involved in the Biogenesis and Functionalization of the Mycobacterial Cell Envelope[END_REF], and it was proposed that MmpL3 and MmpL11 play a role in detoxification efflux to prevent heme toxicity [START_REF] Mitra | Heme and hemoglobin utilization by Mycobacterium tuberculosis[END_REF]. In a previous study using a bacterial two-hybrid system, we had identified an interaction between Mtb HbhA and MmpL14, whose function is unknown [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF]. Considering that MmpL3 and MmpL11 are important for both transport of mycolic-acid containing lipids and heme import/detoxification [START_REF] Tullius | Discovery and characterization of a unique mycobacterial heme acquisition system[END_REF][START_REF] Owens | The Mycobacterium tuberculosis secreted protein Rv0203 transfers heme to membrane proteins MmpL3 and MmpL11[END_REF][START_REF] Pacheco | MmpL11 protein transports mycolic acid-containing lipids to the mycobacterial cell wall and contributes to biofilm formation in Mycobacterium smegmatis[END_REF], it is tempting to hypothesize that HbhA, through its lipidbinding activity, and MhuD, through its heme-binding activity, are in proximity via a common MmpL protein (Figure 4). The previously identified interaction between HbhA and MSMEG_1285 detected by the bacterial two-hybrid system was not identified by the BioID approach described here [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF]. One explanation could be that the C-terminal fusion of BirA with HbhA prevented its interaction with MSMEG_1285. Alternatively, the export to the cell surface of the hybrid protein (i.e. HbhA-BirA-HA) could be affected, thus precluding its interaction with MSMEG_1285 at the CW level.

Interestingly, the proteomic analysis of the CW fraction of the hbhA mutant led to the identification of several heme-binding proteins (MSMEG_0681, MSMEG_0968 and MSMEG_0243), as being depleted in the absence of HbhA. Among them, the annotated periplasmic MSMEG_0243 was very recently proposed to be part of a sensing mechanism involving heme as a ligand [START_REF] Li | The Two-Component Locus MSMEG_0244/0246 Together With MSMEG_0243 Affects Biofilm Assembly in M. smegmatis Correlating With Changes in Phosphatidylinositol Mannosides Acylation[END_REF].

Furthermore, a triple deletion mutant (with deletions of MSMEG_0243, as well as its two neighbouring genes MSMEG_0244 and MSMEG_0246) displayed an altered profile in phosphatidyl-myo-inositol mannoside acylation [START_REF] Li | The Two-Component Locus MSMEG_0244/0246 Together With MSMEG_0243 Affects Biofilm Assembly in M. smegmatis Correlating With Changes in Phosphatidylinositol Mannosides Acylation[END_REF]. Convincingly, the protein in charge of this acylation step, MSMEG_2934 [START_REF] Guerin | New insights into the early steps of phosphatidylinositol mannoside biosynthesis in mycobacteria: PimB' is an essential enzyme of Mycobacterium smegmatis[END_REF], was also depleted in the CW fraction of the hbhA mutant. Of note, MSMEG_0382/MmpL4, involved in (carboxy)mycobactin export in Mtb [START_REF] Wells | Discovery of a siderophore export system essential for virulence of Mycobacterium tuberculosis[END_REF], and MSMEG_6062, an annotated iron uptake permease, were also depleted in the hbhA mutant, although they were just under our defined threshold with a ratio of six. Thus, the analysis of the CW fraction of the hbhA mutant, which independent of the BioID approach, confirms a connection between HbhA and iron/heme pathways, through a link between HbhA and MSMEG_0243 (Figure 4).

Lsr2 is another protein found to be closely associated with HbhA using the BioID technology (Table 1). HbhA has previously been referred to as an iron-regulated heparin-binding hemagglutinin, due to its overproduction under high iron (70 µM) growth conditions in Mtb [START_REF] Wong | Identification of fur, aconitase, and other proteins expressed by Mycobacterium tuberculosis under conditions of low and high concentrations of iron by combined two-dimensional gel electrophoresis and mass spectrometry[END_REF]. Among 15 induced proteins identified in that study, Lsr2 followed exactly the same trend as HbhA [START_REF] Wong | Identification of fur, aconitase, and other proteins expressed by Mycobacterium tuberculosis under conditions of low and high concentrations of iron by combined two-dimensional gel electrophoresis and mass spectrometry[END_REF]. Lsr2 was later characterized as a DNA-binding protein and as a member of histone-like nucleoid-structuring protein family [START_REF] Chen | Lsr2 of Mycobacterium tuberculosis is a DNA-bridging protein[END_REF][START_REF] Gordon | Lsr2 is a nucleoidassociated protein that targets AT-rich sequences and virulence genes in Mycobacterium tuberculosis[END_REF]. More recently, a link between iron levels and Lsr2 was established by showing that Lsr2 contributes to iron homeostasis in mycobacteria through transcriptional repression of the gene coding for the major iron-storage protein BfrB [START_REF] Kurthkoti | The mycobacterial iron-dependent regulator IdeR induces ferritin (bfrB) by alleviating Lsr2 repression[END_REF]. Under high iron conditions, mycobacteria may not need to store iron, and Lsr2 therefore represses BfrB production. Interestingly, MLSD, a HbhA homologue in R. jostii, is able to bind DNA, similarly to Lsr2, connecting DNA to ILI [START_REF] Zhang | Bacterial lipid droplets bind to DNA via an intermediary protein that enhances survival under stress[END_REF]. Perhaps under high iron conditions, HbhA and Lsr2 may perform a similar role and binding of these proteins to DNA may protect against DNA damage, since heme is cytotoxic at concentrations above 1 µM. Moreover, HbhA and HupB are both mycobacterial histone-like proteins, whose moonlighting functions overlaps (Pethe et al., 2001b;[START_REF] Mueller-Ortiz | Decreased infectivity despite unaltered C3 binding by a DeltahbhA mutant of Mycobacterium tuberculosis[END_REF]. Very recently, HupB was proposed to be an iron transporter in Mtb [START_REF] Choudhury | Iron uptake and transport by the carboxymycobactin-mycobactin siderophore machinery of Mycobacterium tuberculosis is dependent on the iron-regulated protein HupB[END_REF] displaying both cytosolic and cell surface localization, similarly to HbhA.

There may also be a connection between HbhA and detoxification processes, through the biosynthesis and the use of coenzyme F 420 , as three different proteins involved in that process were identified as HbhA interactants, MSMEG_0048, FbiD/MSMEG_2392 and FbiC/MSMEG_5126. Moreover, FbiC and FbiD are functionally related, as they are both involved in cofactor F 420 biosynthesis and in trephenylmethane dye decolorization [START_REF] Guerra-Lopez | Mycobacterium smegmatis mc2 155 fbiC and MSMEG_2392 are involved in triphenylmethane dye decolorization and coenzyme F420 biosynthesis[END_REF][START_REF] Bashiri | A revised biosynthetic pathway for the cofactor F420 in prokaryotes[END_REF]. In addition, the redox cofactor F 420 protects mycobacteria from diverse antimicrobial compounds and mediates a reductive detoxification though the activity of several F 420 H 2 -dependent reductases of the flavin/deazaflavin oxidoreductase superfamily, such as MSMEG_0048 [START_REF] Jirapanjawat | The Redox Cofactor F420 Protects Mycobacteria from Diverse Antimicrobial Compounds and Mediates a Reductive Detoxification System[END_REF].

Obviously, the link between these detoxification pathways using coenzyme F 420 and HbhA needs to be confirmed in future studies.

Finally, the cell-surface exposed form of HbhA may encounter mycobacterial proteins localized at the CW level and involved in its biosynthesis. The interaction identified here between HbhA and the Fatty Acid Synthase-II component HadB/MSMEG_1341 [START_REF] Brown | Identification of the dehydratase component of the mycobacterial mycolic acid-synthesizing fatty acid synthase-II complex[END_REF][START_REF] Sacco | The missing piece of the type II fatty acid synthase system from Mycobacterium tuberculosis[END_REF][START_REF] Cantaloube | The Mycobacterium tuberculosis FAS-II dehydratases and methyltransferases define the specificity of the mycolic acid elongation complexes[END_REF], which is a CW-associated protein in Mtb [START_REF] Mawuenyega | Mycobacterium tuberculosis functional network analysis by global subcellular protein profiling[END_REF], suggests proximity between HbhA and the complexes in charge of mycolic acid biosynthesis (Figure 4).

Conclusion

We show here that BioID can be used in mycobacteria, such as M. smegmatis, to decipher the interactome of the mycobacterial HbhA. Using this technology and an independent proteomic approach, we could establish a connection between HbhA and cholesterol degradation, through links between HbhA and HsaC or FadD19, and between HbhA and heme/iron pathways, through links between HbhA and MSMEG_0243, MhuD or Lsr2. BioID also confirmed our previous findings on the dual localization of HbhA, as cholesterol degradation likely takes place in proximity of ILI in mycobacteria. In addition, the association of HbhA with the mycobacterial cell surface is illustrated by its interaction with the CW-associated protein HadB, as well as its potential link with MmpL proteins involved in the transport of lipids and in heme import/detoxification. Thus, BioID represents a robust and very promising tool to study PPI in bacteria, especially those with a complex subcellular organization, such as the mycomembrane. As M. smegmatis is often used as a model organism, BioID could be used to identify and characterize mechanisms that are also relevant for pathogenic mycobacteria. Alternatively, BioID could be directly deployed in vivo with pathogenic species, such as Mtb, to investigate proteins and PPI involved in virulence mechanisms, such as those involving PE/PPE or MmpL proteins.

Experimental procedures

Bacterial strains and culture conditions Escherichia coli TOP10 (Invitrogen, Carlsbad, CA, USA) used for cloning steps was cultured in Luria-Bertani medium (MP Biomedicals, Illkirch, France) at 37 °C supplemented with ampicillin (100 μg/ml) or kanamycin (25 μg/ml), when required. M. smegmatis mc 2 155, the deletion mutant ΔhbhA and the strains expressing hbhA, hbhA_birA, birA_hbhA or birA constructed in this study (Table S4) were grown in Middlebrook 7H9 broth or on 7H11 agar plates supplemented with OADC enrichment (Becton Dickinson, Le Pont-de-Claix, France), containing apramycin (25 µg/ml) and/or kanamycin (25 μg/mL), when required.

Genetic constructions

The hbhA gene (MSMEG_0919) was PCR amplified from M. smegmatis mc²155 genomic DNA using primers pMV361_hbhA_dir and pMV361_hbhA_rev (Table S5). The corresponding amplicons were digested by EcoRI and HpaI and inserted into pMV361 digested by the same enzymes to yield pMV361_hbhA. To generate the vectors expressing the fusion between hbhA and birA, the hbhA gene was PCR amplified from M. smegmatis mc²155 genomic DNA using primers pcDNA_hbhA_birA_dir and pcDNA_hbhA_birA_rev, or pcDNA_birA_hbhA_dir and pcDNA_birA_hbhA_rev (Table S5). The first amplicon was digested by EcoRI and BamHI and inserted into pcDNA3.1 MCS-BirA(R118G)-HA (Addgene, [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]) digested with the same enzymes, whereas the second amplicon was digested by EcoRI and HindIII and inserted into pcDNA3.1 mycBioID (Addgene, [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF] digested with the same enzymes to yield pcDNA3.1_hbhA_birA and pcDNA3.1_birA_hbhA, respectively. The hbhA_birA fragment was obtained after digestion of pcDNA3.1_hbhA_birA by EcoRI and PmeI and inserted into pMV361, digested by EcoRI and HpaI, to yield pMV361_hbhA_birA. The birA_hbhA fragment was amplified from pcDNA3.1_birA_hbhA using primers pMV361_birA_hbhA_dir and pcDNA_birA_hbhA_rev (Table S5), digested by HindIII and inserted into pMV361, previously digested by HindIII and PvuII, to yield pMV361_birA_hbhA. The birA gene was amplified from pMV361_hbhA_birA using primers pMV361_birA_dir and pMV361_birA_rev (Table S5), digested by EcoRI and HpaI and inserted into pMV361 digested with the same enzymes to yield pMV361_birA.

BioID protocol with M. smegmatis cultures Fifty-ml cultures of M. smegmatis were inoculated at OD 600nm =0.025 from 3-days saturated cultures and grown overnight at 37°C under agitation. Biotin was added at a final concentration of 200 µM and cultures were grown for 24 additional hours. Cultures were centrifuged at 4,000 x g for 10 min and then rinsed twice with Phosphate-Buffered Saline (PBS). Each pellet was resuspended in 1 ml of PBS per 200 mg of bacterial weight. One ml of each culture was transferred into Lysing Matrix B tubes (MP Biomedicals) and the tubes were subjected to Ribolyzer treatment (6 cycles at maximum speed for 1 min, 1 min of incubation on ice). After quick spin, 700 µl of lysates was transferred to new Eppendorf tubes and centrifuged at 16,500 x g for 1 hr at 4°C. Dynabeads MyOne Streptavidin C1 (ThermoFisher Scientific) were rinsed three times with PBS and 100 µL of beads was incubated at 4°C with each cleared lysate using a rotating wheel. After overnight incubation, beads were washed three times with PBS containing 0.1% bovine serum albumin (first supernatant was kept as flowthrough fraction) and two times with PBS (to decrease BSA signal during mass spectrometry analysis). Finally, enriched biotinylated proteins were eluted using Laemmli buffer.

Western-blot analysis

Ten µL of total proteins was resolved by SDS-PAGE using 12% acrylamide gels and then electrotransferred 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] or with anti-HA monoclonal antibody (BioLegend, San Diego, CA, USA, dilution 1:1,000) in TBS-Tween-3% milk. Finally, the membrane was incubated for 1 hr at room temperature with goat anti-mouse horseradish peroxidase-conjugated secondary antibodies (Abcam, Paris, France, diluted 1:5,000) in TBS-Tween-3% milk. Alternatively, the biotinylated proteins were directly probed with streptavidin-HRP (BD Pharmingen, San Diego, CA, USA, dilution 1:1,000). 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).

Induction and Nile Red staining of ILI

Ten-ml cultures of M. smegmatis strains were inoculated at an OD 600nm of 0.2 in 7H9 without detergent and incubated for 6 hr at 37°C. The cultures were centrifuged at 4,000 x g for 10 min, rinsed with 10 ml of milli-Q water, centrifuged at 4,000 x g for 10 min and resuspended in 10 ml of milli-Q water.

Fifty microliters of each culture was dropped onto Teflon printed diagnostic slides and fixed by heating at 95°C. After cooling, the slides were incubated with a Nile Red solution (100 ng/ml in ethanol) for 15 min in the dark. The slides were gently washed twice with milli-Q water and further incubated with 1% KMnO 4 for 1 min, followed by two washes with milli-Q water. The slides were observed using an EVOS Cell Imaging Systems M5000 (ThermoFisher Scientific) with a 60× oil immersion lens. At least three different fields (each field containing hundreds of bacteria) were acquired for each different strain in the course of two independent experiments.

Fractionation protocol

M. smegmatis mc 2 155 and hbhA mutant 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. Each fraction was resuspended in an appropriate volume of Laemmli buffer, according to CW fraction weight.

Mass spectrometry proteomic analysis

Mass spectrometry proteomic analysis was performed as previously described [START_REF] Veyron-Churlet | Rv0613c/MSMEG_1285 Interacts with HBHA and Mediates Its Proper Cell-Surface Exposure in Mycobacteria[END_REF], using a M. smegmatis mc²155 UniProt database (strain ATCC 700084/mc (2)155, taxo 246196, October 2014, 8805 entries) fused with recombinant trypsin and a list of classical contaminants (119 entries).

For BioID analysis, considering that the total number of spectra varied between replicates (from 5, 413 to 12, 465 in case of HbhA-BirA-HA), we introduced a corrective factor to compare the results. For one condition (pMV361, HbhA alone, HbhA-BirA-HA or BirA-HA alone), the number of spectra for one protein was normalized against Replicate 1 and was calculated as follows: Normalized number of spectra (Protein X) = Number of spectra (Protein X) in Replicate 1 + [Number of spectra (Protein X) in Replicate 2 * Total number of spectra in Replicate 1 / Total number of spectra in Replicate 2] + [Number of spectra (Protein X) in Replicate 3 * Total number of spectra in Replicate 1 / Total number of spectra in Replicate 3]. Thus, the ratio was calculated as follows: Ratio (Protein X) = Normalized number of spectra (HbhA alone, HbhA-BirA-HA or BirA-HA alone) / Normalized number of spectra (pMV361). For calculation purpose, when the normalized number of spectra (pMV361) for one protein was zero, it was arbitrarily set to 0.5 (between 0 and 1 spectrum) in order to calculate a ratio.

Only ratios ≥ 10 were considered, meaning that the protein X is at least ten time more enriched in that specific condition in comparison with control (pMV361). As the heterologous expression of hbhA and birA alone could lead to non-specific biotinylation of proteins (as observed in Figure 3B), the ratio of (HbhA-BirA-HA / pMV361) should be at least three times superior to (HbhA alone / pMV361) and (BirA-HA alone / pMV361). Table 1. List of M. smegmatis proteins interacting or closely associated with HbhA-BirA-HA and displaying a ratio superior or equal to ten. 
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 1 Figure 1. Production of HbhA-BirA-HA in M. smegmatis mc²155 hbhA (A) Schematic
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 2 Figure 2. HbhA-BirA-HA does not affect planktonic growth and partly complements M.
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 3 Figure 3. HbhA-BirA-HA is able to specifically biotinylate M. smegmatis mc²155 proteins. (A)

Table 2 .

 2 List of M. smegmatis proteins identified as substantially decreased in the CW fraction of hbhA mutant compared to wild-type M. smegmatis mc²155 and displaying a ratio superior or equal to seven.
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		Product	Functional category Ratio
	number	number
		Biphenyl-2,3-diol 1,2-	Cholesterol
	MSMEG_6036 Rv3568c	21.2
		dioxygenase, HsaC	metabolism
	MSMEG_0048 Rv2991 F 420 H 2 -dependent reductase Detoxification process 20.1

Acknowledgements

This work was supported by Région Hauts-de-France through a "Soutien aux Travaux Interdisciplinaires -volet Recherche exploratoire" (STIR) grant to RVC.

Conflict of Interests

The authors declare no conflict of interests. 

Supporting Information

Table S1. Mass spectrometry analysis of enriched biotinylated proteins from purified lysates of M. smegmatis mc²155 transformed with pMV361, pMV361_hbhA, pMV361_hbhA_birA or pMV361_birA (from three independent biological replicates).

Table S2. Mass spectrometry analysis of enriched biotinylated proteins from purified lysates of M. smegmatis mc²155 hbhA transformed with pMV361, pMV361_hbhA or pMV361_hbhA_birA (one experiment). . Table S3. Mass spectrometry analysis of decreased proteins from the CW fraction of hbhA mutant compared to wild-type M. smegmatis mc²155.

Table S4. List of strains and plasmids used in this study.