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The crystal structure of the mycobacterial trehalose monomycolate transport factor A, TtfA, reveals an atypical fold
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Trehalose monomycolate (TMM) represents an essential element of the mycobacterial envelope. While synthesized in the cytoplasm, TMM is transported across the inner membrane by MmpL3 but, little is known regarding the MmpL3 partners involved in this process. Recently, the TMM transport factor A (TtfA) was found to form a complex with MmpL3 and to participate in TMM transport, although its biological role remains to be established. Herein, we report the crystal structure of the Mycobacterium smegmatis TtfA core domain. The phylogenetic distribution of TtfA homologues in non-mycolate containing bacteria suggests that TtfA may exert additional functions.

target and a wide panel of chemical scaffolds have been shown to inhibit MmpL3 7 not only in M. tuberculosis but also in non-tuberculous mycobacteria, such as Mycobacterium abscessus, thus opening a new field in the inhibition of mycolic acid transport.

Two recent studies reported the crystal structure of Mycobacterium smegmatis MmpL3 revealing the mode of action of some of these inhibitors and providing a first glance on our understanding of TMM transport. 8,9 A contrario to other well studied RND pumps, such as AcrB from Escherichia coli that is part of a tripartite complex, the existence of MmpL3 accessory proteins was questioned. This has been partly delineated through the establishment of the MmpL3 interactome that comprises many proteins, thus supporting the occurrence of a very complex cross-talk between the cell envelope biosynthesis and cell division. 10 Additionally, the LpqN lipoprotein was demonstrated to bind to a lipid mimicking TMM and capable to interact with the periplasmic domains of MmpL3 and MmpL11 on the one hand as well as with members of Ag85 complex on the other hand. 11 Importantly, in an elegant study, 12 an essential protein MSMEG_0736 interacting with MmpL3 both in M. smegmatis and M. tuberculosis was discovered. The MSMEG_0736 protein co-eluted in pull-down experiments using MmpL3 as a bait and its essential character for mycobacterial viability was demonstrated. The protein is associated with the plasma membrane where it participates in TMM transport as evidenced by genetic studies based on a knock-down MSMEG_0736 mutant that accumulates TMM while the synthesis of TDM decreases, mirroring the phenotypes observed in either mmpL3 conditional mutants 13 or when using specific MmpL3 inhibitors. 14 Additionally, albeit non-essential for bacterial viability the MSMEG_5308 protein was also found in the MSMEG_0736/MmpL3 complex. 12 Collectively, these results indicate that MSMEG_0736/Rv0383c is a key player in TMM transport, hence was named TMM transport factor A, TtfA.

As the exact role and function of TtfA in the TMM transport is not clearly understood and as TtfA does not share any homology to any other known protein, we decided to investigate its structural characterization. Herein, we describe the high-resolution crystal structure of the core domain of TtfA from M. smegmatis.

| M A T E R I A L S A N D M E T H O D S 2.1 | Cloning, expression, and purification of MSMEG_0736 (TtfA)

The coding sequence for TtfA residues 24 to 205 was amplified by PCR using Mycobacterium smegmatis mc 2 155 genomic DNA as a template and the following forward and reverse primers: fw: 5 0atcggtaccgagaacctgtacttccagggtcatatgatcgaccgccgacgagggctgggac-3 0 ; rv: 5 0 -gcagctcgagaagcttaattaattactagctagcgttctgcggcaccggcggcagcacc-3 0 . The PCR product was cloned into pET-30a between the KpnI and XhoI restriction sites, to generate an in-frame fusion with the Nterminal 6xHis-tag and S-tag and designed so that it contains also a Tobacco Etch Virus (TEV) protease cleavage site. The pET30: MSMEG_0736_(24-205) was transformed into the E. coli B834 (DE3) methionine auxotroph strain (Merck-Millipore), used for the production of both the native and the seleno-methionine proteins.

For the native protein expression, cells were grown under agitation at 180 rpm in LB media (6 L) at 37 C supplemented with 50 μg/mL kanamycin (KAN) until OD 600 reached ~0.8. The cultures were cooled down on ice for 30 min and induced with 1 mM of isopropyl-β-Dthiogalactoside (IPTG) (Euromedex) for 16 h at 16 C. Bacteria were collected by centrifugation at 6000g for 20 min, resuspended in buffer A (50 mM Tris-HCl pH 8, 0.4 M NaCl, 0.5 mM β-mercaptoethanol, and 1 mM benzamidine) and disrupted by sonication prior to removal of the cell debris by centrifugation at 28000g at 4 C for 1 h. The clarified supernatant was then supplemented with 10 mM of imidazole pH 8, incubated with Ni-Nitrilotriacetic acid sepharose beads for 15 min and loaded onto a gravity column. Extensive washes with 16 column volumes of buffer B (50 mM Tris-HCl pH 8, 0.4 M NaCl, 20 mM imidazole, and 0.5 mM β-mercaptoethanol) were performed prior to protein elution with buffer C (50 mM Tris-HCl pH 8, 0.4 M NaCl, 300 mM imidazole, and 0.5 mM β-mercaptoethanol). The eluate was then incubated with TEV protease (1 mg of TEV protease per 40 mg of TtfA) and dialyzed overnight at 4 C against buffer D (50 mM Tris-HCl pH 8, 0.6 M NaCl, 0.5 mM β-mercaptoethanol, and 5% [v/v] glycerol). A Ni-Nitrilotriacetic acid sepharose column was used to remove the uncleaved-tagged protein as well as the His-tagged TEV protease. The tag-free protein was collected in the flow-through fractions and concentrated by ultrafiltration using a 10 kDa cut-off (Centricon; Sartorius).

The protein was further purified by size-exclusion chromatography on a Superdex 200 Increase 10/300 GL column (GE Healthcare) and eluted with buffer D. The purity of the protein was estimated by Coomassie Blue-stained SDS/PAGE.

The same E. coli strain was also used for labelling the protein with selenomethionine. Cells were first grown in 2 L of LB broth containing 50 μg/mL KAN at 37 C under agitation at 180 rpm for 24 h. This starter culture was then pelleted, washed thrice with 1× PBS buffer and resuspended with pre-warmed medium A containing M9 medium, trace elements, 20% glucose, 1 M MgSO 4 , 1 M CaCl 2 , 1 mg/L biotin, 1 mg/L thiamine, and 50 μg/mL KAN to a final OD 600 = ~0.8. The culture was incubated at 37 C for 1.5 h prior to addition of a mix D/L SeMet at a final concentration of 50 μg/mL (Sigma-Aldrich) and further incubated for 30 min. Finally, protein induction was done by adding 1 mM of IPTG and incubation for 2 days at 16 C. The purification procedure was identical to the one used for native TtfA, as described above, with the exception that the NaCl concentration of buffer B and C was increased to 0.6 M. Protein concentration was determined using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific).

| Determination of molecular weight by sizeexclusion chromatography

The oligomeric state of TtfA core domain in solution was assessed using a Superdex 200 10/300 GL column (GE Healthcare) and elution performed with buffer D. The molecular weight was calculated based on a calibration curve obtained by the elution profile of proteins standard with molecular weight ranging from 12,400 to 200,000 Da (Gel Filtration Markers Kit, Sigma-Aldrich). Dextran blue was used to determine the void volume of the column. The apparent mass was determined by plotting the partition coefficient Kav against the logarithm of the molecular weight of the standard proteins.

| Crystallization

The MSMEG_0736 native crystals were grown in sitting drops in the Swissci 48-well MRC Maxi Optimization plates (Molecular Dimension) at 18 C by mixing 2 μL of protein solution concentrated to 8 mg/mL with 2 μL of reservoir solution consisting of 28% PEG 4000 and 0.2 M (NH 4 ) 2 SO 4. The MSMEG_0736 protein labeled with selenomethionine was crystallized using the microseeding technique and the crystals of the native protein as seeds. The selenomethionine substituted protein was crystallized at 18 C by mixing 2 μL of protein solution concentrated to 8 mg/mL with 2 μL of a reservoir solution made of 0.1 M Bis-Tris pH 5.5, 27% PEG 3350 and 0.2 M Li 2 SO 4. All the crystals were cryo-cooled in liquid nitrogen without any cryoprotection.

| Data processing, structure solution, and refinement

Data collection was performed at the Swiss-Light Source, Villigen, Switzerland on the PXIII-X06DA beamline. Data were processed with XDS and scaled and merged with XSCALE. 15 Phasing was done by the single anomalous dispersion (SAD) method using the AutoSol module from the Phenix package. 16 Five out of the six potential selenium sites in the asymmetric unit were found using a resolution cut-off of 2 Å for the search of the Se atoms. After density modification, the electron density map was of high quality allowing almost automatic complete model building with autobuild. The resulting model was then used to performed molecular replacement with the 1.4 Å native dataset using Phaser 17 from the Phenix package. 16 Coot 18 was used for manual rebuilding while structure refinement and validation were performed with the Phenix package. 16 The statistics for data collection and structure refinement are displayed in 

| R E S U L T S A N D D I S C U S S I O N

| Protein expression and purification

Our cloning strategy was based on bioinformatic analysis, secondary structure prediction as well as on previous biological data whereby residues 1 to 205 were shown to be essential for the function of the protein. 12 The secondary structure prediction also attests that the Cterminal part (residues 206-278) of the protein that is not well conserved among other species is predicted to be highly disordered (Figure 1A). Furthermore, the TtfA residues 206 to 278 are dispensable for TMM transport in mycobacteria and for the interaction with MmpL3. 12 We attempted to express several constructs carrying the Nterminal transmembrane helix residues 1 to 23 but all these proteins were not soluble and found in inclusion bodies. However, discarding residues 1 to 23 allowed us to produce a truncated TtfA containing residues 24 to 205 in a soluble form. Of note, the introduction of a TEV cleavage site and our cloning strategy added three extra residues (GHM) at the N-terminus after TEV cleavage and two extra residues 
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(AS) at the C-terminus. However, due to the propensity of this protein to aggregate, high concentration of NaCl (0.6 M), and 5% glycerol were added in all buffers to maintain its solubility. Overall, this allowed to purify large amounts of pure and homogeneous TtfA (Figure 2A) following a three-step purification procedure as described in the Materials and Methods section. 

| Structural analysis

TtfA was crystallized and high-resolution datasets were collected for both the native and the selenomethionine-substituted protein. The structure was solved by SAD using a dataset collected at the Se peak.

Further, the structure of the native protein was solved by molecular replacement and refined to 1.4 Å (Table 1). The asymmetric unit contains one protein monomer and two sulfate ions. Most of the residues are well ordered and could be modeled, excepted the first six residues GHMIDR with R corresponding to residue 26 of the M. smegmatis

TtfA protein and GHM corresponding to the additional residues added by our cloning strategy. In the C-terminal of the protein, we could not build N205.

Analysis of the crystal packing with the PISA server (https:// www.ebi.ac.uk/pdbe/pisa/) fails to predict the existence of stable oligomers. To confirm or infirm this hypothesis, the molecular weight of the protein in solution was assessed by size-exclusion chromatography. While the theoretical mass of TtfA (25-205) is 21.3 kDa, we estimated to 14.4 kDa the apparent molecular weight of the protein (Figure 2A). Overall, these results strongly suggest that the truncated TtfA protein is a monomer in solution. We next searched for the presence of a potential cavity which could eventually host TMM but we could neither identify any obvious pocket able to accommodate this glycolipid nor a particular hydrophobic area that could bind the long mycolic acid chains of TMM. In the absence of biochemical experiment, we cannot totally exclude that TtfA binds lipids; but the structural analysis suggesting that TtfA does not bind lipids is supported by the observation of the protein surface that is mainly positively charged on one side, especially towards the Nterminus region and negatively charged on the opposite side (Figure 2C). However, this prompted us to investigate the surface charge on the MmpL3 crystal structure which appears to be highly negative and more particularly its periplasmic domains (not shown). 8 It is tempting to speculate that the TtfA positively charged area may interact with these MmpL3 extracellular domains. However, it was reported that the C-terminal domain of TtfA (24-278) is cytoplasmic, 12 therefore excluding the possibility that TtfA interacts with the MmpL3 periplasmic domains. This suggests that TtfA may not be necessarily a direct binding partner of MmpL3. Another possibility would be that TtfA interacts with the flexible C-terminal part of MmpL3 but we could not explore this hypothesis since the MmpL3 crystal structures available do not comprise the C-terminal domain. However, in other TtfA-containing bacteria such as corynebacteria, MmpL3 homologues do not possess this C-terminal extension. It remains also possible that TtfA interacts via its N-terminal transmembrane helix with the transmembrane domains of MmpL3, but this could not be experimentally assayed as we failed to purify a soluble TtfA protein with its complete N-terminal transmembrane helix.

F I G U R E 2

| Distribution of TtfA among Actinobacteria

The search for homologues of TtfA was performed using the HMMER server. TtfA was only found in bacteria belonging to the Actinobacteria phylum as seen on the simplified phylogenetic tree in Figure 1B. As expected, the highest sequence identity was found with homologues from the mycobacterial genus (Figure 1A). Additionally, TtfA homologues were found as reported earlier 12 in other mycolic acid-producing bacteria such as corynebacteria, nocardia, or rhodococcus.

Unexpectidely, although less conserved, TtfA homologues were also identified in non-producing mycolic acid bacteria, such as pseudonocardia or streptomyces. Primary sequence alignments show for example that in the Amycolatopsis methanolica a homologue (UniProtKB -A0A076MZQ3) of TtfA shares 21%/36% of primary sequence identity/similarity with TtfA from M. smegmatis (Figure 1A).

Noteworthingly, in silico predictions attest for the presence of a transmembrane helix in the N-terminus of this protein. The genome of Amycolatopsis methanolica was next analyzed for the presence of genes encoding the two binding partners reported so far for TtfA, that is, homologues of MmpL3 and MSMEG_5308. 12 Mycobacterium abscessus is an emerging human pathogen that is notorious for being one of the most drug-resistant species of Mycobacterium. It has developed numerous strategies to overcome the antibiotic stress response, limiting treatment options and leading to frequent therapeutic failure. The panel of aminoglycosides (AG) usually used in the treatment of M. abscessus pulmonary infections is restricted by chemical modification of the drugs by the N-acetyltransferase Eis2 protein (Mabs_Eis2). This enzyme acetylates the primary amine of AGs, preventing these antibiotics from binding ribosomal RNA and thereby impairing their activity. In this study, the high-resolution crystal structures of Mabs_Eis2 in its apo-and cofactorbound forms were solved. The structural analysis of Mabs_Eis2, supported by the kinetic characterization of the enzyme, highlights the large substrate specificity of the enzyme. Furthermore, in silico docking and biochemical approaches attest that Mabs_Eis2 modifies clinically relevant drugs such as kanamycin and amikacin, with a better efficacy for the latter. In line with previous biochemical and in vivo studies, our work suggests that Mab-s_Eis2 represents an attractive pharmacological target to be further explored. The high-resolution crystal structures presented here may pave the way to the design of Eis2-specific inhibitors with the potential to counteract the intrinsic resistance levels of M. abscessus to an important class of clinically important antibiotics.

Introduction

Nontuberculous mycobacterium (NTM) infections are on the rise and even surpassing tuberculosis in industrialized countries. Among them, the fast-growing species Mycobacterium abscessus is considered as an emerging human pathogen [1]. The M. abscessus complex, comprising three subspecies, M. abscessus sensu stricto (Mabs), M. abscessus subsp. bolletii, and M. abscessus subsp. massiliense, is responsible for a large set of clinical manifestations. These include cutaneous and soft tissue infections, disseminated infections as well as pulmonary diseases, particularly in patients with an underlying lung pathology (history of tuberculosis, bronchiectasis, neoplasia). However, in 30% of the cases, the subjects are free from any respiratory pathology, reflecting the virulent nature of this bacterium [2]. Patients with cystic fibrosis (CF) are particularly susceptible to NTM infections [3]. In addition, it was proposed that Mabs infections may not only be acquired solely by environmental strains but can also be transmitted between infected individuals, particularly among CF patients [4].

Standard chemotherapy against Mabs lung diseases involves aminoglycosides (AG) [amikacin (AMK)], macrolides (clarithromycin), and b-lactams (cefoxitin and imipenem) [5]. However, one worrying aspect of the M. abscessus complex infections relies on the extreme resistance levels of these bacteria to most conventional antibiotics including all first-line antitubercular drugs (isoniazid, rifampicin, pyrazinamide) [6]. Mycobacterial species are naturally resistant to most classes of antibiotics due to the presence of a highly hydrophobic and impermeable cell wall [7] and the development of mechanisms allowing them to modify antibiotics, rendering them ineffective. For instance, RNA modifications such as methylation and mutation in target genes lead to resistance to AGs and macrolides [8,9]. Other mechanisms involve the expression of a large set of efflux pumps, involving MmpL transporter family members, leading to resistance to thiacetazone derivatives, clofazimine and bedaquiline [10][11][12]. Another class of efflux pumps, comprising the major facilitator superfamily transporter, has also been proposed recently to endorse a role in resistance to vancomycin, novobiocin, and rifampicin [13]. Antibiotic inactivation appears as another strategy employed by Mabs to overcome the effect of antibiotics [14], as exemplified by the production of a specific b-lactamase (Bla MAB ) degrading b-lactams, such as amoxicillin or imipenem, thereby considerably restricting the activity of these drugs and their use in clinical settings [15,16]. Although streptomycin is inactivated by the 3″-Ophosphotransferase [APH(3″)] encoded by MAB_2385 [17], resistance to other AGs appears mediated by an N-acetyltransferase [18], which modifies AG by adding one or several acetyl groups, ultimately impairing their binding capacity to the ribosomes.

The Mycobacterium tuberculosis (M.tb) Eis gene (Enhanced in Intracellular Survival) encodes an Nacetyltransferase belonging to the GCN5-related Nacetyltransferase (GNAT) that was originally discovered for its capacity to confer enhanced intramacrophage survival when introduced in M. smegmatis [19]. Eis was also shown to modulate the immune response by controlling the secretion of IL-10 and TNF-a by monocytes in response to M.tb infection [20]. IL-10 induction modulates autophagy as a consequence of Eis-mediated histone acetylation [21]. The implication of Eis in autophagy modulation was also shown in another study along with its capacity to regulate inflammation and macrophage cell death [22]. That Eis N-acetylates Lysine residues, and notably the HU nucleoid protein, impeding its interaction with DNA and resulting in altering DNA compaction has been reported [23]. The enzyme modifies also the Lys55 residue of the dual phosphatase DUSP16/MKP-7, thus inhibiting the JNK-dependent autophagy, phagosome maturation, and generation of reactive oxygen species, therefore, aiding M.tb to survive within macrophages [24].

However, in addition to its important contribution in host-pathogen interactions, the activity of Eis in Nacetylating various AG is well documented. Upregulation of Eis triggers resistance to kanamycin (KAN) in M.tb clinical isolates [25]. Biochemical characterization of purified Eis from M.tb demonstrated its capability to acetylate a wide range of AG and its crystal structure was solved, revealing its belonging to the GCN5related N-acetyltransferase family [26].

Eis-related proteins are also found in NTM [27], with Mabs possessing two Eis members, namely Eis1 (Mabs_Eis1) encoded by MAB_4124 and Eis2 (Mab-s_Eis2) encoded by the MAB_4532c gene. However, Mabs_Eis1 failed to show significant activity toward AG in vitro and a deletion of Mabs_eis1 was not more associated with increased susceptibility to AG than the wild-type strain. In contrast, Mabs_Eis2, similar to its M.tb homolog, exhibits a broad specificity for AG substrates and can use acetyl-CoA (ACO) as a cofactor and acetyl group donor. Consistently, a Mabs_eis2 deletion mutant was more susceptible to AG, such as hygromycin B (HYG) and another antibiotic class notably capreomycin than the wild-type strain [18,28]. In addition, this mutant showed also a reduced capacity of survival in macrophages as compared to its parental or complemented counterparts [29]. Expression of Mabs_eis2 was shown to be upregulated a 100 times upon exposure of Mabs culture to AMK, via a mechanism implicating the master transcription regulator WhiB7, known to control the expression of many genes involved in drug resistance pathways [30].

Together, these studies strongly suggest that Mab-s_Eis2 participates in AG resistance while Mabs_Eis1 is likely to exhibit another substrate specificity that remains to be discovered. That Mabs_Eis2 plays a dual role in AG resistance and persistence of the bacilli in macrophages makes it an attractive target to be exploited in future pharmacological developments against Mabs. Since Mabs_Eis2 shares only moderate sequence identity with other Eis homologs, we attempted here to solve its crystal structure, aiming that it may help in guiding the design of specific inhibitors. In this study, we provide the biochemical characterization and the high-resolution crystal structures of Mabs_Eis2 in its apo-form and bound to ACO.

Results and Discussion

Mabs_Eis2 purification and biochemical characterization

Mabs_Eis2 was expressed as a recombinant protein in Escherichia coli and purified via a three-step purification procedure (Fig. 1A). Although Mabs_Eis2 enzymatic activity has been previously investigated [28], we examined whether the protein purified under our conditions was active prior to engaging the subsequent structural studies. We determine the kinetic properties for ACO using KAN [a mixture of KAN A (96%) and KAN B (4%)] as an acetyl group acceptor. Our results indicate that Mabs_Eis2 was active and displays the following kinetic parameters: K M = 36.2 AE 2.9 lM, k cat = 2.2 AE 0.12 s À1 , V max = 0.55 AE 0.03 lMÁs À1 (Fig. 1B). These values are in good agreement with kinetic constants of Eis proteins from other bacteria and notably of other mycobacterial species [31].

Crystal structure of the Mabs_Eis2 apo-form

Comforted by the biochemical data we engaged crystallization trials of Mabs_Eis2 as well as cocrystallization experiments in the presence of ACO or HYG. Despite the possibility to obtain crystals for all the requested conditions mentioned above, we could not solve any cocrystal structure with AG. Alternative strategies relying on soaking experiments in the presence of a high concentration of either HYG or KAN also failed. However, we could solve two crystal structures of the apo-enzyme and the structure of ACObound Mabs_Eis2 complex.

All the x-ray structures of Mabs_Eis2 are belonging to the monoclinic space group P2 1 and share similar cell parameters (Table 1). The first apo-structure was obtained using the selenomethionine (SeMet)-derived protein and, was therefore, solved by the single-wavelength anomalous dispersion (SAD) method. These crystals were grown in the presence of 0.2 M ammonium acetate, 0.1 M sodium citrate pH 5.6, and 30% polyethylene glycol 4000 and 5 mM HYG. The structure was refined to 1.9

A resolution. The asymmetric unit contains six molecules of which most residues could be modeled with the exception of the three-first residues in the N terminus as well as the loops spanning from residues 234-239 in all chains and residues 119-124 in chains A, B, C. We could not observe any electron density corresponding to HYG but we could place without ambiguity six citrate, five acetate, and seven polyethylene glycol molecules.

The crystal of the native protein diffracting to 2.2 A resolution (Table 1) was obtained in the following condition : 0.2 M Lithium sulfate monohydrate, 0.1 M BIS-TRIS pH 5.5 and 25% w/v polyethylene glycol 3350. The asymmetric unit contains also six macromolecules, most residues could be modeled with the exception of a few amino acids for each chain and as described: chain A (residues 2-233 and 239-411), chain B (residues 3-233, 238-411), chain C (residues 3-233, 237-411), chain D (residues 3-233, 236-411), chain E (residues 3-233, 239-411), and chain F (residues 4-233, 238-411). Five BIS-TRIS molecules and six sulfate ions could also be placed.

Analysis of the crystal packing with the PISA server [32] predicts the existence of a stable hexamer in the asymmetric unit. The multimeric nature of the protein was subsequently confirmed by size-exclusion chromatography (SEC), which indicated that Mabs_Eis2 behaves as a high molecular weight oligomer in solution, with an apparent calculated mass of 205 kDa, suggesting a tetramer or pentamer (M.W. theoretical of 45 kDa for the monomer) (Fig. 1A). This discrepancy could be explained by the fact that the radius of gyration (Rg) calculated with Crysol [33] of the trimer and hexamer exhibit very similar Rg values, 39 and

42

A (and therefore all intermediate forms have similar Rg). Since the SEC elution profile is inherent to the globular shape of the macromolecule it is not unexpected that the apparent mass in solution is not in full adequation with the expected hexameric form of the protein. So far, six structures of Eis proteins or 'Eislike proteins' from various microorganisms (M.tb, Mycobacterium smegmatis, Anabaena variabilis, Enteroccus faecalis, Bacillus anthracis, and Kribbella flavida) have been deposited to the protein data bank (PDB). The crystals packing analysis of these structures confirm the hexameric form for all of them.

The Mabs_Eis2 overall structure is similar to one of its orthologs and is made of two trimers superposed on top of each other (Fig. 2A). Each monomer is made of 16 beta-strands and 11 alpha helices that can be divided into three domains: the N-terminal (Nt) GNAT domain (residues 1-116), the central GNAT domain (residues 117-304), and the C-terminal (Ct) domain (residues 305-411) (Fig. 2B). Structural comparison attests that Mabs_Eis2 is similar to the Eis proteins from Mycobacterium species. Indeed, superposition of Mabs_Eis2 structure onto the M.tb protein (PDB: 3uy5, 28% primary sequence identity) [24] or onto the M. smegmatis one (PDB: 4qb9, 31% identity) [34], gives a similar r.m.s. A over 350 residues (23% identity) (Figs 3 and4). The structure analysis reveals also the presence of several ligands. The first apo-form binds to a molecule of BIS-TRIS occupying the AG-binding site while a sulfate ion is found at the same position than the phosphate group of ACO (Fig. 5A,C). In the second apo-structure obtained with the SeMet-labeled protein, a citrate molecule occupies also the phosphate binding site of ACO while a polyethylene glycol fragment is present in the AG-binding site (Fig. 5B,D). However, none of these ligands seem to trigger structural rearrangements similar to those observed upon binding to ACO (Fig. 5F) or to the movement of the loop made by residues 26-31 upon binding of AG in the M.tb: ACO:tobramycin structure (Fig. 5E,F) or seen in the M. smegmatis Eis:paromomycin structure (not shown).

d

Cocrystal structure of Mabs_Eis2 bound to acetyl-CoA

The cocrystal structure of Mabs_Eis2 bound to ACO was solved by molecular replacement and refined to a resolution of 2.3 A (Fig. 6A, Table 1). Most of the amino acids from the six monomers of the asymmetric unit could be placed with the exception of the first two or three Nt residues and the loop spanning from residues 232 to 239, which like in the apo-forms for any of the monomers, remains poorly defined. In all six subunits, a clear electron density is visible for ACO (Fig. 6B). The cofactor could be rebuilt entirely in chains A, B, and C while the acetyl and b-mercaptoethylamine groups could not be placed in the other three chains.

The ACO binding site is defined by 14 residues. Herein, we describe the interactions occurring with ACO in chain A (Fig. 6C). The N and O groups from the main chain of Val85 provide a rather weak H-bond interaction with the N and P groups of ACO. The side chain of Arg91 makes H-bonding with the ACO ribose and adenine groups. The same residue contacts with its main chain the P group and creates also a salt-bridge between its side chain and the P group. Arg92, Gly94, Leu94, Leu95 interact via their main chain with the P groups of the 3 0 ,5 0 ADP by a complex H-bond network that is completed also with the side chain of Thr96. Glu120 interacts also with adenine group via H-bonds and Ser119 completes the H-bond interaction network. The main chain of Phe117 creates a water-mediated Hbond with the acetyl group of ACO. Two hydrophobic interactions complete the interaction, notably by Val83 and Ile123. Arg126 interacts with the phosphate of the ribose by a salt-bridge and Asp226 from chain F interacts by H-bond through a water molecule with the ribose of ACO. Most of these residues are very well conserved in all Eis protein structures reported so far (Fig. 4). With the exception of Phe117, all the amino acids contacting the cofactor are strictly conserved in other mycobacterial Eis proteins (Fig. 4), further confirming the affiliation of Mabs_Eis2 to the mycobacterial clade.

The superposition of the ACO-bound structure onto the apo-form indicates that the two structures are very similar (r.m.s.d. of 0.54 A) and that only a few structural rearrangements occur upon ACO binding (Fig. 6D). Residues Ala121 to Phe127 that are part of the loop in the apo-form adopt an alpha-helical structure (a3 0 ) when ACO binds. Since these structures were obtained in the same crystal form, one can exclude that it is a packing artifact and, therefore, that ACO binding triggers this secondary structure reorganization. While this was not observed in the M.tb Eis structure, a similar structural change was reported in the M. smegmatis enzyme, whereby residues Gly124 to Gly130 that are part of a loop followed by a single helix-turn in the paromomycin-bound form (PDB id: 4qb9) adopt an alphahelical conformation in the ACO-bound structure (PDB id: 3sxn) (Fig. 6D) [24,34]. The fact that this region folds always as an alpha-helix in all the other Eis structures either bound or not to ACO (not shown), suggests that this structural feature is maybe inherent to Eis proteins from the nontuberculous mycobacterial origin.

Aminoglycosides recognition and catalytic efficiencies

As we could not solve any crystal structure of Mab-s_Eis2 bound to AG we instead performed in silico docking of several antibiotics into the Mabs_Eis2:ACO structure. The docking box search was oriented thanks to the AG-binding pockets previously identified in the M.tb [35] or Msmeg Eis [34] cocrystal structures. Docking poses allowing to position one of the primary amine group of HYG and KAN near the acetyl group of ACO could be obtained (Fig. 7A,B). Mabs_Eis2 can also accommodate AMK in the binding pocket with binding energies similar to those determined for HYG and KAN (Fig. 7B). This appears rather surprising based on previous work suggesting that AMK it is not a substrate of Mabs_Eis2 [28]. To confirm this prediction, kinetic assays were performed to compare the catalytic efficiencies of Mabs_Eis2 for the three antibiotics. All three AG were shown to be good substrates as they share similar catalytic efficiencies (k cat /K M ), although the enzyme appears better at processing HYG and AMK rather than KAN since it presents 
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These docking poses allow us to propose the binding sites of all three AG and report the major residues interacting with the antibiotics that are contacted mainly by a complex H-bond network involving either the main chain or the side chains of the different amino acids. Tyr23, Arg28, Glu34, Thr81, and Ser194 appear as key residues as they interact with the three antibiotics. Asn38 and Phe117 by H-bonds and Phe26 interact only with AMK and HYG. Ser119, Leu197, Arg228, Gln245, and Asp410 are more specific to AMK, while Trp195, Ser199, Phe411 are only interacting with KAN. The residues involved in the binding of either paromomycin or tobramycin in the M.tb or M.smeg enzymes are not well conserved in Mabs_Eis2 (Figs 4 and7D).

In summary, we report here the high-resolution xray structure of Mabs_Eis2, previously shown to participate in resistance to AG resistance in Mabs [18,30]. Of clinical importance, this work demonstrates that Mabs_Eis2 is involved in the direct modification of AMK, one of the most commonly used antibiotics for the treatment of Mabs infections [36]. Furthermore, we demonstrate the usefulness of the in silico docking strategy to assess the substrate specificity of Mab-s_Eis2. This raises the attractive hypothesis of developing specific inhibitors of Mabs_Eis2 that would increase the susceptibility of Mabs to AG, paving the way to improved therapeutic options for Mabs infections. A similar strategy has recently been applied by using avibactam, a specific inhibitor of the b-lactamase of Mabs, allowing to increase the susceptibility of Mabs to beta-lactam drugs [15,16]. The crystal structures along with the in silico screening approach reported here may represent a starting point for searching such Mabs_Eis2 inhibitors.

Materials and methods

Expression and purification of Mabs_Eis2

The optimized codon sequence of Mabs_eis2 (MAB_4532c) was synthesized (Genscript) and cloned into pET-30a between the KpnI and EcoRI restriction sites with an additional Tobacco Etch Virus (TEV) protease cleavage site in frame with the Nt 6xHis and S-tags. SEC on an ENrich TM SEC 650 column pre-equilibrated in buffer E (20 mM Tris-HCl pH7.4 and 0.2 M NaCl) for crystallization or buffer F (20 mM Tris-HCl pH8 and 0.2 M NaCl) for kinetics measurements. The purity of the protein was estimated by Coomassie Blue-stained SDS/PAGE.

For SeMet incorporation, the same expression plasmid was transformed into E. coli B834 (DE3) methionine auxotroph strain (Merck-Millipore, Molsheim, France). Cells were firstly grown in 2 L of LB medium containing 50 lgÁmL À1 KAN at 37 °C under agitation at 180 r.p.m. for 24 h. This starter culture was then pelleted, washed thrice and resuspended in prewarmed medium A containing M9 medium, trace elements, 20% glucose, 1 M MgSO 4 , 1 M CaCl 2 , biotin, thiamine, and 50 lgÁmL À1 KAN to a final OD 600 = ~0.8. The culture was incubated at 37 °C for 1.5 h prior to addition of a mix of 100 lgÁmL À1 D/L- SeMet and kept for further 30 min of incubation. Finally, 1 mM of IPTG was added to induce the protein expression for 16 h at 16 °C. The purification protocol and crystallization conditions of the SeMet-labeled protein were identical to those used for the native protein, as described above. Protein concentration was determined using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Sankt Leon-Rot, Germany) according to the extinction coefficient of Mabs_Eis2 (60975 M À1 Ácm -1 ).

Kinetics assay

For the kinetic assays, proteins were freshly purified, concentrated to 2.5 mgÁmL À1 and kept at 4 °C. The reaction was monitored at 25 °C every 5 s in a quartz cuvette using a Nanodrop 2000c spectrophotometer (Thermo Scientific) by monitoring the production of TNB (2-thio-5-nitrobenzoic acid, extinction coefficient : 14150 M À1Á cm À1 ) at 412 nm for 90 s which is generated upon reduction of 5,5dithio-bis-(nitrobenzoic acid) (DTNB) (Sigma-Aldrich, Saint-Quentin-Fallavier, France) by the free CoA-SH released during the acetyltransferase reaction. All compounds, KAN [a mixture of KAN A (96%) and B (4%), Euromedex, Souffelweyersheim, France], HYG (Euromedex), AMK (Sigma-Aldrich), and enzyme were dissolved and diluted in buffer F. The enzyme (0.25 lM) was first incubated with a saturating concentration of ACO (1 mM) (Sigma-Aldrich) for 2 min prior to initiating the reaction with DTNB (2 mM) and a range of antibiotic concentrations in a final volume of 80 lL. All absorbance values were normalized against a negative control where the antibiotic was absent and standard errors were calculated 

Determination of molecular weight by sizeexclusion chromatography

The oligomeric state of Mabs_Eis2 in solution was assessed on a Superdex 200 Increase 10/300 GL gel filtration column (GE Healthcare, Velizy Villacoublay, France) and eluted with buffer F described above at a flow rate of 0.4 mLÁmin À1 at 4 °C. The molecular weight was determined based on a calibration curve obtained using the Gel Filtration Markers Kit for protein molecular mass 12 400-200 000 Da (Sigma-Aldrich) and dextran blue to assess the column void volume. The apparent mass was obtained by plotting the partition coefficient Kav against the logarithms of the molecular weight of standard proteins.

Crystallization

The apo-form of the Mabs_Eis2 SeMet crystals were grown in sitting drops in MR Crystallization Plates TM (Hampton Research, Aliso Viejo, CA, USA) at 18 °C by mixing 2 lL of protein solution concentrated to 4 mgÁmL À1 with 2 lL of reservoir solution consisting of 0.2 M ammonium acetate, 0.1 M sodium citrate pH 5.5, 24% w/v polyethylene glycol 4000 and 5 mM HYG. Crystals were cryoprotected by a brief soaking step into a solution of 0. 

4352

The FEBS Journal 286 (2019) 4342-4355 ª 2019 Federation of European Biochemical Societies glycol 4000, 5 mM HYG and 10% polyethylene glycol 400 prior to being cryo-cooled in liquid nitrogen.

The crystals of the native Mabs_Eis2 protein were obtained in sitting drops in 96-well SWISSCI MRC plates (Molecular Dimension, Suffolk, UK) at 18 °C by mixing 0.8 lL of protein solution at 12 mgÁmL À1 with 0.8 lL of reservoir solution made of 0.2 M lithium sulfate monohydrate, 0.1 M BIS-TRIS pH 5.5, 25% w/v polyethylene glycol 3350. Crystals were not cryoprotected prior to being stored in liquid nitrogen.

The ACO-bound form of Mabs_Eis2 crystals was obtained using the SeMet-labeled protein and were grown in sitting drops in MR Crystallization Plates TM (Hampton Research) at 18 °C by mixing 2 lL of protein solution concentrated to 4 mgÁmL À1 with 2 lL of reservoir solution consisting of 0.1 M BIS-TRIS pH 5.5, 27% polyethylene glycol 3350 and 2 mM ACO. Crystals were briefly soaked into a solution containing 0.1 M BIS-TRIS pH 5.5, 30% polyethylene glycol 3350, 2 mM ACO, and 10% polyethylene glycol 400 prior to being cryo-cooled in liquid nitrogen.

Data collection, structure determination, and refinement

All datasets were collected at the X06DA-PXIII beamline at the Swiss Light Source, Villigen, Switzerland. Data were processed, scaled, and merged with XDS [37] and the highresolution limit was determined according to the CC 1/2 values [38]. The Mabs_Eis2 structure was solved by the SAD method using Autosol from the Phenix package [39]. The two other structures were solved by molecular replacement performed with Phaser [40] from the Phenix package and using the Mabs_Eis2:ACO model as a search model. Coot [START_REF] Emsley | Features and development of Coot[END_REF] was used for manual rebuilding, while structure refinement and validation were performed with the Phenix package. The statistics for the data collection and structure refinement are displayed in Table 1. Figures were prepared with PyMOL (www.pymol.org).

In silico docking

The AGs docking was performed with the PyRx software [START_REF] Dallakyan | Small-molecule library screening by docking with PyRx[END_REF] running AutoDock Vina [START_REF] Trott | AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading[END_REF] and using the chain A of the Mabs_Eis2:ACO crystal structure as a receptor. HYG, KAN, and AMK were all docked with the following grid parameters center X = 29.5, Y = 7.2, and Z = 59. 

R E S E A R C H A R T I C L E

Structural analysis of the N-acetyltransferase Eis1 from Mycobacterium abscessus reveals the molecular determinants of its incapacity to modify aminoglycosides The structural analysis supported by biochemical approaches demonstrated that while Eis1 Mab can acetylate small substrates, its active site is too narrow to accommodate aminoglycosides. Comparison with other Eis structures showed that an extended loop between strands 9 and 10 is blocking the access of large substrates to the active site and movement of helices 4 and 5 reduces the volume of the substrate-binding pocket to these compounds in Eis1 Mab . Overall, this study underscores the molecular determinants explaining functional differences between Eis1 Mab and Eis2 Mab, especially those inherent to their capacity to modify aminoglycosides.

K E Y W O R D S
aminoglycosides, Eis, GCN5, Mycobacterium abscessus, N-acetyltransferase, X-ray structure or can modify bacterial peptides/proteins as well as host proteins in the case of pathogenic bacteria. 1 The Eis protein was initially discovered to confer enhanced survival of Mycobacterium smegmatis in macrophages, hence its designation as Enhanced intracellular survival (Eis). 2 Numerous studies have subsequently addressed the function of Eis from Mycobacterium tuberculosis (Eis Mtb ) emphasizing its capacity to modulate the host inflammatory response and autophagy 3,4,5 as well as its activity to acetylate various proteins, including the host histone H3 3 and the mycobacterial nucleoid-associated protein heat-unstable (HU). 6 In M. tuberculosis clinical strains, mutations in the eis promoter resulted in the upregulation of eis expression and resistance to kanamycin. 7 The role of Eis Mtb in the modification of aminoglycosides has been the subject of deep biochemical and structural investigations, demonstrating that it belongs to the GNAT superfamily of proteins. Eis Mtb forms a homohexamer and can modify a wide range of aminoglycosides through mono-or poly-acetylations of their primary amine groups. 8,9 Consistent with these findings, the Eis2 protein (Eis2 Mab ) has been shown to also play a key role in Mycobacterium abscessus, a nontuberculous mycobacterium (NTM), recognized as an emerging human pathogen. 10 The M. abscessus complex comprises three subspecies, M. abscessus sensu stricto, M. abscessus subsp. bolletii, and M. abscessus subsp. massiliense and has been associated with various clinical manifestations, including cutaneous, soft tissues, disseminated infections, or lung infections. The pulmonary infections are particularly problematic to treat in the context of cystic fibrosis patients that are highly vulnerable to M. abscessus complex. 11,12 M. abscessus is also recognized as one of the most antibiotic-resistant mycobacterial species, leaving clinicians with few therapeutic options. 13 Standard drug regimens against M. abscessus lung diseases usually combine three antibiotic classes: an aminoglycoside (amikacin), a macrolide (clarithromycin), and a β-lactam (cefoxitin or imipenem). 14 However, M. abscessus is often refractory to these chemotherapies. The extreme resistance levels of this bacteria to most conventional antibiotics is notably well exemplified by the fact that M. abscessus is resistant to all first-line antitubercular drugs (isoniazid, rifampicin, pyrazinamide). 13 In addition to drug target modification, resistance mechanisms in M. abscessus involve also intrinsic drug resistance, low permeability of the cell wall, induction of drug efflux pumps, absence or nonfunctional drug-activating enzymes which no longer convert prodrugs into active metabolites. 15,16 Amikacin (AMK), a widely used antibiotic for the treatment of M. abscessus lung infection, is inactivated by the N-acetyltransferase Eis2 Mab . 17,18 Biochemical and structural studies indicated that Eis2 Mab accommodates a wide range of aminoglycosides in its active site where they are modified by the addition of one or several acetyl groups on their primary amine function, thus impeding their interaction with the ribosome. 18,8 Solving the high-resolution structure of Eis2 Mab proved that this protein accommodates AMK in its active site where the drug undergoes acetylation as supported in enzymatic assays. 18 Importantly, the deletion of eis2 Mab increases the susceptibility of M. abscessus to aminoglycosides, thus supporting our findings. 17 Noteworthy, a recent study demonstrated the Eis2 Mab -dependent enhanced intracellular survival of M. abscessus in human macrophages, suggesting that Eis2 Mab and Eis Mtb share a similar biological function. 19 In contrast to M. tuberculosis, the M. abscessus genome encodes a second Eis protein homologous to Eis2 Mab , designated Eis1 Mab and encoded by MAB_4124. However, inactivation of eis1 Mab only modestly impacted the capacity of the mutant strain to infect macrophages and failed to modify the susceptibility to aminoglycosides as compared to an eis2 Mab mutant. 19 This suggests that Eis1 Mab and Eis2 Mab share very limited overlapping functions. 17,19 The reasons for these differential biological functions between Eis1-Mab and Eis2 Mab remain obscure when considering the primary sequence identity (31%) between the two proteins. To fill this gap, and in order to provide the mechanistic basis explaining these differential aminoglycoside-modifying properties, a thorough structural and biochemical study of Eis1 Mab was undertaken.

2 | M A T E R I A L S A N D M ET H O D S 2.1 | Inactivation of eis1 in M. abscessus
Deletion of MAB_4124 (eis1 Mab ) and MAB_4532c (eis2 Mab ) in the reference strain M. abscessus CIP104536 was carried out using the double homologous recombination unmarked strategy, reported previously. 20 The DNA sequences located upstream and downstream the eis1 Mab The parental, Δeis1 and Δeis2 M. abscessus strains were transformed with pMV261-Zeo, pMV261-Zeo-eis1, or pMV261-Zeo-eis2

and selected onto 7H10 agar supplemented with OADC and 50 μg.

mL -1 zeocin (ZEO).

| AMK susceptibility assessment

The different strains were grown in Sauton's broth medium supplemented with 10% (vol/vol) OADC/0.025% (vol/vol) tyloxapol and 50 μg.mL -1 ZEO. The exponential bacterial cultures were pelleted and resuspended in Phosphate-Buffered Saline (PBS) buffer. Five microliters of 10-fold serially diluted M abscessus cultures were spotted on LB plates in the absence or presence of 4, 8, and 12 μg.mL -1 AMK.

Plates were incubated at 37 C for 3 days.

| Cloning, protein expression, and purification

The 

| Assessment of protein expression by Western blot

Single colonies were inoculated in 100 mL of Sauton's broth supplemented with 10% (vol/vol) OADC/0.025% (vol/vol) tyloxapol and 50 μg.mL -1 ZEO and grown for 3 days at 37 C, under agitation at 120 rpm. Bacteria were harvested by centrifugation and resuspended in buffer A, described above. After opening bacteria by bead-beating and sonication, samples were centrifuged at 20000g, at 4 C. The supernatant was collected, mixed with loading-blue buffer, and separated on SDS-PAGE. Proteins were then transferred onto a nitrocellulose membrane (GE Healthcare) in transfer buffer (20 mM Tris, 150 mM Glycine, 20% (vol/vol) ethanol). The membrane was saturated by blocking buffer (PBS 1X, 5% (wt/vol) skimmed milk, 0.2% (vol/vol) Tween 20) followed by incubation with primary monoclonal Anti-Strep-tag antibodies produced in mouse (dilution 1/10000) (Sigma-Aldrich). Bands were revealed by polyclonal anti-mouse antibodies conjugated to the horseradish peroxidase (dilution 1/5000) (Sigma-Aldrich). Proteins were detected by the luminol-based reaction (SuperSignal-Thermo Fisher Scientific) and imaged by a Chemidoc (Bio-Rad). 

| Crystallization and X-ray data collection

PDB accession 6YCA

Both the parental and Δeis1 Mab strains were transformed with either the empty pMV261-Zeo or pMV261-Zeo-eis1. Zeocin was chosen as a selection marker as it does not belong to the aminoglycoside class of antibiotics and thus, the ZEO resistance cassette is very unlikely to affect the aminoglycoside susceptibility profile of the different strains tested. To include a control strain with increased susceptibility to aminoglycosides, we also generated a Δeis2 Mab deletion mutant known to be susceptible to AMK 17 and complemented strain (Figure S1).

Probing bacterial lysates of three independent clones using anti-Strep tag antibodies testified that high expression levels of Eis1 Mab and Eis2 Mab were achieved in both the wild type, Δeis1 Mab , and Δeis2 Mab strains carrying pMV261-Zeo-eis1 or pMV261-Zeo-eis2 (Figure 1C and Figure S1). Next, we tested whether overexpression of Eis1 Mab in both wild type and Δeis1 Mab strains was associated with increased resistance to aminoglycosides on agar plates supplemented with increasing concentrations of APR, HYG, or AMK. No major growth defect was noticed between the different strains plated on either drug as shown for AMK (Figure 1D). Conversely, the Δeis2 Mab mutant was hypersensitive to AMK as compare to all the other strains (Figure 1D). Overexpression of Eis2 Mab in the mutant rescued this effect and growth occurred even in the presence of 12 μg.mL -1 of 1D). These results corroborate previous findings suggesting that unlike Eis2 Mab , Eis1 Mab is not a primary determinant of resistance to aminoglycosides. 17 

F I G U R E

| Eis1

Mab is an active N-acetyltransferase but does not modify aminoglycosides

We next investigated the biochemical properties of Eis1 Mab . It was previously reported that recombinant Eis1 Mab tends to aggregate, rendering the purification procedure challenging. 8 Likewise, we were facing the same issues when Eis1 Mab was fused to small tags at its N-terminus, such as His-and S-tags. This tendency to aggregate may suggest a folding issue of the protein and, may explain, at least partly, the lack of activity of Eis1 Mab . 8 To circumvent this problem, we attempted to increase protein solubility by overexpressing Eis1 Mab fused to the GST in its Nterminus. This greatly increased the solubility of the protein and allowed to purify it via a three-step purification procedure. Eis1 Mab did not aggregate after removal of the GST-tag and, as long it was not too concentrated, a homogeneous and sharp peak could be observed on gelfiltration (Figure 2). The size-exclusion elution profile strongly suggests that Eis1 Mab behaves as a multimer in solution. A calibration curve allowed to calculate an apparent molecular weight of 198 kDa, similar to the one reported for its closest homologue Eis2 Mab 18 or to those of Eis from M. tuberculosis or M. smegmatis. 25 From this, it can be inferred that Eis1 Mab is a hexamer in solution.

The substrate specificity of Eis1 Mab was next assessed in vitro by enzymatic assay but no activity was detected towards a range of aminoglycoside antibiotics. However, an N-acetyltransferase activity was detected when using arylalkylamine substrates, such as TYR and HIS (Figure 3A,B). These two substrates are smaller compare with aminoglycosides (Figure 3A) and possess primary amine groups. TYR and HIS are known to be acetylated by different N-acetyltransferases and are substrates of Eis from M. tuberculosis and M. smegmatis. 26 Interestingly, Eis1 Mab was found to be more active towards TYR and HIS than Eis2 Mab (Figure 3B).

This prompted us to determine the kinetic constants of Eis1 Mab for TYR, which appears as the preferred substrate of the enzyme (Figure 3B). As could be expected for noncognate substrates the 
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| Overall crystal structure of Eis1 Mab

To get insights into the molecular basis driving the Eis1 Mab substrate specificity, we aimed at solving the crystal structure of the protein.

Extensive screening for crystallization conditions using either the apo- model and the model was refined to a resolution of 2.9 Å (Table 1).

Most residues could be modeled except for the first 23 N-terminus amino acids and part of helix 2 in all monomers.

The overall structure of Eis1 Mab is a multimer formed by six monomers. This hexameric architecture is similar to the organization of proteins belonging to the GNAT superfamily and also to Eis2 Mab and to its homologues in M. tuberculosis (Eis Mtb ) and M. smegmatis (Eis Msm ). It consists of the superposition of two homotrimers with a central vestibule (Figure 4A). This oligomeric state fully agrees with the apparent molecular mass determined by size-exclusion chromatography (Figure 2). The structure of the Eis1 Mab monomer can be divided into three subdomains: the N-terminal GNAT domain (residues 1-135), the central GNAT domain (residues 136-312), and the Cterminal domain (residues 313-415). Each monomer is composed of seventeen β-strands (β1-β17), ten α-helices (α1-α10), and seven 3 10 helices (η1-η7) (Figure 4B). The Arg145 guanidium group recognizes the O4 of the ribose of ACO (Figure 4D). Additionally, multiple primary sequence alignments indicate that the cofactor-binding site is relatively well conserved among the mycobacterial Eis proteins (Figure 5). Therefore, we rule out the possibility that these few amino acid substitutions in the cofactorbinding site of Eis1 Mab would explain the difference of the substrate specificity between Eis1 Mab and the other Eis proteins.

| The structural basis for Eis1 Mab substrate specificity

We next searched at the Protein Data Dank using the eFOLD (https://www.ebi.ac.uk/msd-srv/ssm/) and DALI 27 To understand the structural features responsible for Eis1 Mab 's preferences for small substrates, the crystal structure of Eis1 Mab was compared with those of Eis Mtb and Eis Msm , which were solved in the presence of aminoglycosides. Eis Mtb was co-crystallized with tobramycin (PDB id: 4JD6) 9 and Eis Msm with paromomycin (PDB id: 4QB9). 31 Most residues seen interacting with tobramycin in Eis1 Mab are not conserved except for the ultra-conserved carboxy-terminal Phe residue (Figure 5). Furthermore, among the eleven residues contacting paromomycin in Eis Msm , only three residues are semiconserved (Thr100, His101, and Glu307) in Eis1 Mab while two others are strictly conserved (Ser138 and Phe415 at the C-terminus) (Figure 5). However, due to the partial conservation in the overall primary sequence between Eis Mtb , Eis Msm , and Eis2 Mab (Figure 5), it remains difficult to state that the inability of Eis1 Mab to modify aminoglycosides is inherent to the absence of amino acids conservation in the substrate-binding pocket. We, therefore, hypothesized that the size of Eis1 Mab active site pocket may be reduced as compared with other Eis proteins. Determination of the central cavity volume that includes both the cofactor and substrate binding sites of each Eis protein was carried out with the CASTp server and, using its default 6B).

F I G U R
Comparison of Eis1 Mab with Eis Mtb , which possesses the largest cavity allows proposing that the small cavity in Eis1 Mab results of the positioning of helix 4 which pushes further away helix 5. Consequently, this places the bulky side chains of residues Trp205, His210, and Phe213 closer to the Phe415 at the C-terminus, known to be required for substrate recognition in other Eis homologues (Figure 6C). These structural features reducing the volume of the Eis1 Mab substrate cavity are not seen in Eis Mtb , as the less bulky side chains of the equivalent residues Leu196, Leu200, and Glu202 are not protruding into the aminoglycoside-binding cavity (Figure 6C).

The structural comparison of the various Eis proteins unraveled an atypical feature in the central GNAT domain of Eis1 Mab (Figure 5 and Figure 6A). The region composed of fourteen residues and ranging from residues 235 to 248 (235-PQDTAEWFSSSART-248) is forming a loop and a 3 10 helix (η4, Figure 4B). This region spanning between strands β9 and β10 is extended in Eis1 Mab as compared with the other Eis proteins. This loop seems to act as a lid covering the substrate-binding site of the neighbor subunit (Figure 7A). Hence, this region might restrict the accessibility of the substrate-binding pocket to bulky molecules. Furthermore, Phe242, which is not conserved in other Eis homologues (Figure 5) seems of particular interest since its bulky side chain is protruding into the substrate-binding pocket, as can be appreciated when Eis1 Mab is superposed onto the tobramycinbound Eis Mtb structure (Figure 7A). This may further reduce the volume of the substrate-binding site, thus compromising the access to large substrates, like aminoglycosides. Of note, this loop between strands β9 and β10 as well as Phe242 is strictly conserved in all subspecies of the M. abscessus complex (data not shown). Moreover, the corresponding loop was found to be much shorter in all the Eis proteins for which the enzymatic activity towards aminoglycosides was experimentally demonstrated. The loop of Eis Mtb or Eis Msm possesses 8 residues (228-VDRTDLKL-235) and 7 residues (226-RGPDGRR-232), respectively (Figure 7B). Additionally, even shorter loops are seen in two other Eis proteins whose activity towards aminoglycosides was demonstrated 29,28 the loops in the Eis Ban (219-ENYK-222) and Eis Ava (221-RTRDGS-226) crystal structures are made of 4 and 6 residues, respectively (Figure 7B).

| DI SCU SSION

Mycobacterial N-acetyltransferases and particularly Eis proteins play important roles in macrophage invasion, persistence, modulation of the immune response and antibiotic resistance. 33 Eis proteins modify a large set of aminoglycosides and have an impact on antibiotic resistance in numerous mycobacterial species, notably in M. tuberculosis and in NTM, including M. abscessus 18,17 and M. fortuitum. 33 

F I G U R E 1

 1 Primary sequence conservation of TtfA. A, Multiple sequence alignment of TtfA from different species. The figure was generated with the ESPript server (http://espript.ibcp.fr/ESPript/ESPript/). Secondary structure corresponding to the M. smegmatis TtfA crystal structure is displayed on top of the alignment. Red color indicates strict conservation while yellow is for semi-conserved amino acids. Residues corresponding to the C-terminal extension of TtfA proteins and that are not well conserved are not displayed. The TtfA homologues primary sequences are from the following species: Mycobacterium smegmatis, Mycobacterium tuberculosis, Mycobacterium marinum, Mycobacterium leprae, Mycobacterium abscessus, Nocardia terpenica, Rhodococcus kyotonensis, Saccharomonospora marina, Saccharomonospora viridis, Streptomyces regensis, Amycolatopsis methanolica and Corynebacterium diphtheriae. B, Phylogenetic repartition of TtfA homologues in 250 species. Sequences were retrieved from a TtfA homologues search on the HMMER server (https://www.ebi.ac.uk/Tools/hmmer/) using the TtfA sequence from M. smegmatis as a search request. ClustalX was used to performed multiple sequence alignment and the iTOL server (https://itol.embl.de/) was used to generate the unrooted tree, which was further manually edited using the Inkscape software [Color figure can be viewed at wileyonlinelibrary.com]
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 1 Fig. 1. Biochemical characterization of Mabs_Eis2. (A) Coomassie Blue-stained SDS/PAGE of Mabs_Eis2 obtained after three steps of purification (10 lg of protein were loaded on the gel). Estimation of the oligomeric state of Mabs_Eis2 depleted from its tags by SEC. The elution profile of the proteins used for calibration is displayed as a black line and the elution profile of Mabs_Eis2 is shown in red. Calibration was established using b-amylase (1) (200 kDa), bovine serum albumin (2) (66 kDa), carbonic anhydrase (3) (29 kDa), and cytochrome C (4) (12.4 kDa), eluted with estimated volumes of 11.06, 13.23, 15.85, and 17.38 mL, respectively. The void volume was estimated at 8.23 mL with dextran blue. The Mabs_Eis2 elution peak at 10.91 mL corresponds to an apparent molecular weight of 205 kDa. (B) Michaelis-Menten curve used to determine the kinetic constants for ACO in the presence of KAN.

AFig. 2 .

 2 Fig. 2. Overall structure of the Mabs_Eis2 apo-form. (A) The figure displays the asymmetric unit composition reflecting the biological oligomeric state of Mabs_Eis2. (B) Stereo-view of the monomeric form of Mabs_Eis2. The protein can be divided into three domains the Nt domain GNAT colored in magenta, the central GNAT domain in blue slate ,and the Ct domain in orange. The a and b signs followed by numbers indicate respectively the alpha-helices and beta-strands numbering.

  E. coli BL21 (DE3) strain resistant to Phage T1 (New England Biolabs, Evry, France) carrying the pRARE2 plasmid and transformed with pET-30a:Mabs_eis2 was grown in 6-L flasks containing LB broth at 37 °C, under agitation at 180 r.p.m., and supplemented with 50 lgÁmL À1 KAN and 30 lgÁmL À1 chloramphenicol. When the OD 600 reached ~0.8, cultures were chilled on ice for 30 min and induced with 1 mM of Isopropyl-b-D-thiogalactoside (IPTG) (Euromedex) for 16 h at 16 °C. Bacteria were pelleted by centrifugation at 6000 g for 20 min and resuspended in buffer A (50 mM Tris-HCl pH 8, 0.4 M NaCl, 20 mM imidazole, 5 mM b-mercaptoethanol, and 1 mM benzamidine). The cell lysate was obtained by sonication and subsequently clarified by centrifugation at 28 000 g, at 4 °C for 1 h. The resulting supernatant was loaded onto Ni-nitrilotriacetic acid sepharose resin by gravity and unbound proteins were discarded following washing with three column volumes with buffer A and buffer B (50 mM Tris-HCl pH 8, 1 M NaCl and 5 mM b-mercaptoethanol). Mabs_Eis2 was eluted with buffer C (50 mM Tris-HCl pH8, 0.2 M NaCl, 5 mM b-mercaptoethanol, and 250 mM imidazole). The eluate was incubated with TEV protease (1 mg of TEV protease per 40 mg of proteins) and dialyzed overnight against buffer D (20 mM Tris-HCl pH 7.4, 0.2 M NaCl, and 5 mM b-mercaptoethanol). Uncleaved Mabs_Eis2 and the TEV His-tagged were removed by passing the dialyzed eluate through a Ninitrilotriacetic acid column washed with one column volume of Buffer D. The flow-through containing the protein lacking the tag was collected and concentrated by ultra-filtration (centricon 10 kDa CW-Sartorius) and further purified by

Fig. 3 .

 3 Fig. 3. Structural comparison of Eis protein structures. Superposition of all the bacterial Eis protein structures retrieved from the PDB onto Mabs_Eis2. The different proteins are in ribbon representation and with the following colors: M. abscessus Eis2 in slate blue, M. tuberculosis (PDB: 3uy5) in yellow, M. smegmatis (PDB: 4qb9) in gray, Bacillus anthracis (PDB: 3n7z) in magenta, E. faecalis (PDB: 2hv2) in green, A. variabilis (PDB: 2ozg) in cyan blue, and Kribbella flavida (PDB: 4my3) in salmon. The different domains are indicated, Nt and Ct stand for N-and C terminus, respectively.

Fig. 4 .

 4 Fig. 4. Multiple sequence alignment of Eis and Eis-like proteins. The multiple sequence alignment was performed with ClustalX and the display was made using the ESPript 3 server [44]. The secondary structure (a, a-helix; b, b-strand, TT, b-turn; g, 3 10 -helix) of Mabs_Eis2 extracted from its crystal structure, is indicated on top of the alignment. Residues involved in ACO binding in Mabs_Eis2 are indicated by the green circles.

Fig. 5 .

 5 Fig. 5. Binding of ligands found in the crystallization conditions. All the structures are shown in cartoon representation. (A, B) represent the 2Fo-Fc electron density map, shown as a blue mesh and contoured at 1 r level for the residues surrounding the ligands : BIS-TRIS, citrate, and polyethylene glycol, as seen in the two crystal structures of the apo-form. The simulated annealed Fo-Fc omit map for each ligand is contoured at 2.8 r level and shown in green mesh. (C) shows the apo-form structure (in red) bound to a BIS-TRIS molecule, (D) represents the apo-form structure (in gray) obtained with the SeMet-labeled protein bound to a citrate and polyethylene glycol molecules. E displays the M. tuberculosis Eis crystal structure (wheat color) bound to ACO (not shown) and tobramycin (PDB: 4jd6). The superposition of all the structures is depicted in F and shows that the SO 2À 4 ion or citrate occupy the ACO binding site as in the Mabs_Eis2 structure bound to ACO (in blue) and that BIS-TRIS or polyethylene glycol share the same cavity than tobramycin. The black arrows point the loop region moving upon AG binding in the M. tuberculosis Eis crystal structure, the same region in the Mabs_Eis2 structure is not affected upon binding of polyethylene glycol or BIS-TRIS.

Fig. 6 .

 6 Fig. 6. Crystal structure of Mabs_Eis2 bound to ACO. (A) The overall structure of the monomer of Mabs_Eis2 bound to ACO is shown in cartoon representation. The cofactor (ACO) shown as yellow sticks is binding between the Nt and central GNAT domains. The helix appearing after ACO binding was named a3 0 . (B) The panel displays the 2 F o -F c electron density map in and at 1 level of the modeled residues in the vicinity of ACO. The simulated annealed F o -F c OMIT map contoured at 2.8 r level and displayed as a green mesh and as seen in chain A attests to the presence of ACO in the crystal structure. (C) Stereo-view of the ACO (in yellow) binding site. H-bonds are indicated by the black dashed lines while the saltbridge is marked with the dashed green line. Water molecules are represented by the red spheres. (D) Superimposition of the apo-form in gray onto the ACO bound form of Mabs_Eis2 (blue slate). The figure illustrates the structural rearrangement of residues Ala121 to Phe127 (helix a3 0 ) upon ACO recognition, a similar conformational change was observed in the M. smegmatis Eis structure (Gly124 to Gly130). The paromomycin-bound form (PDB: 4qb9) is in yellow and ACO-bound complex is in green (PDB: 3sxn).

Fig. 7 .

 7 Fig. 7. AGs recognition. (A) Chemical structures of KAN A, HYG, and AMK. (B) Docking poses of the three different AG and mapping of the potential interacting amino acids. The scoring indicated by the DG values predicts similar binding energies for the three antibiotics. The black arrows indicate the position that can be acetylated in the proximity of the acetyl group of ACO shown in green sticks. (C) Michaelis-Menten curves used to determine the kinetic constants for the three AG. KAN corresponds to a mixture of KAN A (96%) and B (4%). (D) Binding sites of tobramycin and paromomycin as seen in the cocrystal structures of Eis bound to AG from M. tuberculosis (PDB: 4jd6) and M. smegmatis (PDB: 4qb9).

  7 and dimensions ( A) X = 25.9, Y = 20.5, and Z = 24.5. Residues 26, 117, 195, 228, 245, 274, 410, and 411 were defined as flexible.

1 |

 1 I N T RO DU CT I O NN-acetyltransferases are enzymes catalyzing the transfer of acyl groups from acyl-CoA to a wide panel of substrates, ranging from small molecules like spermine to large macromolecules, such as histones. Prokaryotic N-acetyltransferases belonging to the GCN5-related N-acetyltransferases family (GNAT) are capable to modify a large set of small substrates, including aminoglycoside antibiotics. They can exert pleiotropic effects, participating for instance in the biosynthesis of mycothiol, a mycobacterial antioxidant,

  gene were PCR amplified and subsequently cloned into pUX1-katG using the following primers and containing specific restriction sites (capital letters): fw_up_eis1_NheI 5 0 -gatcCGCTAGcccgaacccgtcgata caggagttctcgtc-3 0 ; rv_up__eis1_MfeI 5 0 -ggatcCAATTGcggtcacggcttc ttgccctgtgttgtttc-3 0 ; fw_down_eis1_MfeI 5 0 -gatccCAATTGacttctagga gtctgccgtgtcatccaggaac-3 0 ; rv_down_eis1_HpaI 5 0 -ggatcGTTAACcaag gctagatgctcgcgcagcgtcgacccg-3 0 . The DNA sequences located upstream and downstream the eis2 gene were PCR amplified and subsequently cloned into pUX1-katG using the following primers and containing specific restriction sites (capital letters): fw_up_eis2_HpaI: 5 0 -catccGTTAACctggagctgctccgatgagccgaaatatgc-3 0 ; rv_up_eis2_MfeI: 5 0 -gatccCAATTGgtgcgtagggtcagctcagacacatacccatg-3 0 ; fw_down_e is2_NheI: 5 0 -gatccGCTAGCgggatcgatcagcattactgtgtacagtcc-3 0 ; rv_do wn_eis2_MfeI: 5 0 -gatccCAATTGgtttggctggcccgtcgcacccagtgcgcc-3 0 . The resulting plasmids were introduced by electroporation in the smooth (S) variant of M. abscessus and the red fluorescent, kanamycin (KAN)-resistant colonies which underwent the first homologous recombination event were selected on Middlebrook 7H10 agar supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC) in the presence of 200 μg.mL -1 KAN. Cultures of selected colonies were then subjected to a counter-selection on 7H10 agar plates supplemented with OADC containing 50 μg.mL -1 isoniazid (INH) to promote a second homologous recombination and removal of the KAN cassette. Nonfluorescent, INH-resistant colonies were picked up and further genotyped for eis1 Mab deletion following PCR using two pairs of primers: fw_up_eis1_NheI with SQ2_b_down: 5 0 -cttactagag gagccatgggttctc-3 0 and SQ2_a_down: 5 0 -cgccaactccgttggtttggatatc-3 0 with SQ2_b_down. Identification of eis2 mutants was performed by PCR using this pair of primers: SQ1_a_up: 5 0 -gctgggatgacggc ggatgggacgg-3 0 and SQ1_b_up: 5 0 -ggtggagcgaatagatcgcgtcatg-3 0 . The positive clones were further confirmed by DNA sequencing of the genomic region surrounding the site of gene deletion. For functional complementation of the eis1 Mab deletion mutant (Δeis1 Mab ), the genomic sequence of eis1 Mab was fused at its 5 0 end in frame with the sequence encoding the Streptag-II (italic letters), using the following primers (restriction sites in capital letters): fw_Eis1_261_NdeI 5 0 -ctcaaCATATGatgTGGAGCCACCCGCAGTTCG AGAAGatggccttcaccgcgcagcctcaatggcc-3 0 and rv_Eis1_261_HindIII 5 0 -caatgAAGCTTtcagaagttggtacctgcgaaaggttgc-3 0 and subsequently cloned into pMV261-Zeo 21 in which the KAN cassette has been replaced by a zeocine resistance cassette, between NdeI and HindIII. We used similar strategy to complement the Δeis2 Mab mutant by cloning the eis2 gene into pMV261-Zeo using the following primers (restriction sites in capital letters): fw_Eis2_261_NdeI 5 0 -ctcaaCA-TATGatgTGGAGCCACCCGCAGTTCGAGAAGatgtctgagctgaccctacgcaccattg-3 0 and rv_Eis2_261_HindIII 5 0 -caatgAAGCTTtcagaagtcgtcg ggcgcactgggtgc-3 0 .
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 184 codon-optimized sequence (GenScript) encoding eis1 Mab was cloned into pET-41 between the KpnI and EcoRI restriction sites in frame with the N-terminal Glutathione S-transferase (GST) tag followed by a Tobacco Etch Virus (TEV) protease cleavage site. An overnight culture of Escherichia coli BL21 (DE3) strain resistant to Phage T1 (New England Biolabs, Evry, France) carrying pRARE2 and transformed with pET41-eis1 Mab was grown under agitation at 180 rpm at 37 C in Luria-Bertani broth (LB) supplemented with 50 μg. mL -1 KAN and 30 μg.mL -1 chloramphenicol. This preculture was used to inoculate 6 L of LB broth supplemented with the same antibiotics at 37 C. The cultures were cooled down in ice for 30 minutes when OD 600 reached 0.8 and protein expression was induced with 1 mM of isopropyl-β-D-thiogalactoside (Euromedex) for 16 hours at 18 C. Cell pellets were collected by centrifugation at 6000g for 20 minutes and resuspended in buffer A (50 mM Tris-HCl pH 8, 0.4 M NaCl, 1 mM β-mercaptoethanol, and 1 mM benzamidine). Bacteria were lysed by sonication and cell lysates were clarified by centrifugation at 28000g at 4 C for 1 hour. The supernatant was then incubated 30 minutes with GST-sepharose beads with gentle agitation before being loaded onto a gravity column. Beads were washed with 10 column volumes of buffer B (50 mM Tris-HCl pH 8, 0.4 M NaCl, 1 mM β-mercaptoethanol) and buffer C (50 mM Tris-HCl pH 8, 1 M NaCl, 1 mM β-mercaptoethanol). Proteins were finally eluted with buffer D (50 mM Tris-HCl pH 8, 0.2 M NaCl, 1 mM β-mercaptoethanol and 15 mM glutathione). The eluate was incubated with TEV protease (1 mg of TEV protease per 40 mg of protein) and dialyzed overnight against buffer E (20 mM Tris-HCl pH 8, 0.2 M NaCl, 1 mM β-mercaptoethanol). A Nickel-Nitrilotriacetic acid sepharose column was used to adsorb the His-tagged TEV protease, the cleaved tag and the uncleaved tagged protein. The tag-free protein that weakly binds to the column was collected by washing the column with buffer E supplemented with 50 mM imidazole. The protein was concentrated using a 10 kDa cutoff centricon (Sartorius) and purified by sizeexclusion chromatography on a Superdex 200 Increase 10/300 GL column (GE Healthcare) with buffer F (20 mM Tris-HCl pH 8, 0.2 M NaCl). The protein concentration was determined using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific) and the protein purity was estimated on SDS-PAGE by Coomassie blue staining. Eis2-Mab was expressed and purified, as described previously. Enzyme kinetic assays Eis1 Mab and Eis2 Mab were freshly purified in buffer F. The CoA-SH product of the acetyltransferase reaction triggers the reduction of 5,5-dithiobis(nitrobenzoic acid (DNTB) to form 2-thio-5-nitrobenzoic acid, extinction coefficient: 14150 M -1 .cm -1 with a peak of absorption at 412 nm. A master stock of KAN (containing 96% Kanamycin A and 4% KAN B), Apramycin (APR), ZEO, AMK, Hygromycin B (HYG), Tyramine (TYR), Histamine (HIS), acetyl-CoA (ACO) and enzymes were dissolved and diluted in buffer F. The premix A (enzyme, ACO, DTNB) and premix B (DTNB, substrate) were first incubated for 5 minutes at 25 C. The reaction was initiated and measured immediately after combining both premixes to a final volume of 100 μL containing 0.25 μM enzyme, 0.5 mM ACO, 2 mM DTNB, and 5 mM of each substrate for assessment of the enzyme specificity. For kinetic constants determination one of the concentration either 5 mM TYR or 0.5 mM ACO was kept constant and the concentration of the other one varied. The reaction was followed at 25 C and data points were recorded every 5 seconds for 90 seconds in a quartz cuvette and using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific). All absorbance values were normalized against a negative control where the substrate was absent and standard errors were calculated from three replicates. Nonlinear least-squares regression was used to determine the Michaelis-Menten equation (Prism software, GraphPad).

  Crystals were grown in sitting drops in MR Crystallization Plates (Hampton Research) at 18 C by mixing 2 μL of protein solution concentrated to 0.4 mg.mL -1 and containing 2 mM ACO with 2 μL of reservoir solution consisting of 0.8 M ammonium sulfate, 0.1 M Bis-Tris pH 5.5 and 1% (wt/vol) PEG 3350. Crystals were grown for one month and cryoprotected by a brief soaking step into a solution made of 1.4 M ammonium sulfate, 0.1 M Bis-Tris pH 5.5, 1% (wt/vol) PEG 3350 and 10% glycerol (vol/vol) prior being cryo-cooled in liquid nitrogen. X-ray diffraction data were collected at the Swiss-light source on the X06DA-PXIII beamline.

  However, as emphasized by these authors, additional studies are required to confirm or dismiss the implication of Eis1 Mab in aminoglycoside resistance, particularly by determining the antibiotic susceptibility pattern of a strain overexpressing Eis1 Mab . To address these two possibilities, eis1 Mab was cloned into the episomal pMV261-Zeo construct under the control of the strong hsp60 promoter, yielding pMV261-Zeo-eis1, to achieve high levels of protein expression. To easily monitor the expression of Eis1 Mab by Western blotting, the protein was expressed as a fusion protein harboring a Streptag-II in its N-terminus. Moreover, a Δeis1 Mab deletion mutant was generated in the smooth variant of M. abscessus using a recently established recombineering procedure that allows the generation of unmarked gene deletion (Figure1A,B).20 

F I G U R E 2

 2 Determination of the oligomeric state of Eis1 Mab . Estimation of the oligomeric state of recombinant Eis1 Mab by size-exclusion chromatography (left panel). The elution profile of the proteins used for calibration is displayed as a black line and the elution profile of Eis1 Mab is shown in red. The calibration curve was established using β-amylase (1) (200 kDa), bovine serum albumin (2) (66 kDa), carbonic anhydrase (3) (29 kDa) and cytochrome C (4) (12.4 kDa), eluted with estimated volumes of 11.02, 13.2, 15.8, and 17.4 mL, respectively. The void volume corresponds to the dextran blue elution peak at 8.5 mL. The elution peak of Eis1 Mab at 10.9 mL matches an apparent molecular weight of 198 kDa. Coomassie Blue-stained SDS polyacrylamide gel electrophoresis of Eis1 Mab produced after the last step of purification on size-exclusion chromatography (10 μg of protein; right panel) or ACO-bound form of Eis1 Mab generated numerous crystals. However, only crystals of the ACO-bound form of Eis1 Mab allowed the collection of exploitable datasets. We solved the crystal structure by molecular replacement using the Eis2 Mab crystal structure as a search
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 4 The acetyl-CoA binding site of Eis1 MabThe best diffracting Eis1 Mab crystals were obtained in the presence of ACO. The simulated-annealed OMIT electron density map certifies the presence of the cofactor in the Eis1 Mab structure (Figure4C). Due to the medium resolution, no water molecule could be modeled but fourteen residues involved in cofactor recognition could be identified (Figure4D). While the side chains of Leu135 and Ile142 are involved in hydrophobic interactions, the His101 main chain provides a weak H-bond with the oxygen of the acetyl moiety. The carbonyl of Ile102 and Val104 establish also H-bonds. The ACO phosphate groups are recognized by the main chains of Arg110, Gly112, Ile114, and Thr115, as well as by the side chain of Thr115. Arg110 plays a key role in the interaction by making a salt-bridge with the phosphate group, creating a H-bond with the O group and a stacking interaction with the adenine ring of ACO. The carboxyl group of Glu139 binds to the NH2 of the adenine ring whereas Ser138 interacts with the O group of ACO.

  Thus, molecules inhibiting Eis proteins given in combination with aminoglycosides would broaden the efficacy of this class of antibiotics in the fight against mycobacterial infections. 34 The other biological functions of Eis proteins related to the enhanced intracellular survival or to the modulation of the immune response of the host are also of interest in terms of druggability. Despite being closely related, the contribution of Eis1 Mab and Eis2 Mab to the intracellular survival of M. abscessus differs. While the deletion of eis1 Mab only slightly impairs
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  . Figures were prepared with PyMOL (www.pymol.org).

  T A B L E 1 Data collection and refinement statistics

	Data collection		
	statistics	TtfA_native	TtfA_SeMet
	Beamline	X06DA-PXIII	X06DA-PXIII
	Wavelength (Å)	0.979	0.979
	Resolution range (Å)	46.54-1.4	46.59-1.45
		(1.45-1.4)	(1.5-1.45)
	Space group	I 2 2 2	I 2 2 2
	Unit cell (Å, )	62.24 70.09 86.01	62.15 70.39 85.69
		90 90 90	90 90 90
	Total reflections	168 405 (15 945)	440 624 (42 702)
	Multiplicity	4.5 (4.3)	13.3 (13.3)
	Completeness (%)	99.7 (99.4)	98.3 (96.7)
	Mean I/sigma(I)	14.7 (1.3)	22.9 (1.9)
	Wilson B-factor (Å 2 )	17.93	20.1
	R-meas	0.057 (1.1)	0.087 (1.4)
	CC1/2	0.99 (0.59)	0.99 (0.69
	Data refinement statistics		
	Reflections used in	37 303 (3670)	
	refinement		
	R-work	0.1739 (0.2885)	
	R-free	0.1984 (0.3149)	
	Number of non-H atoms	1734	
	Macromolecules	1541	
	Ligands	10	
	Solvent	183	
	Protein residues	178	
	RMS bonds (Å)	0.013	
	RMS angles ( )	1.23	
	Ramachandran	97.73	
	favored (%)		
	Ramachandran	2.27	
	allowed (%)		
	Ramachandran outliers (%) 0.00	
	Rotamer outliers (%)	0.00	
	Average B-factor (Å 2 )	28.14	
	macromolecules	27.37	
	ligands	33.71	
	solvent	34.29	
	Clashscore	4.15	

  The overall structure of TtfA is made of a central antiparallel β-sheet flanked by α-helices. The β-sheet is made of nine β-strands formed by the following residues: β1 (residues: 44-47), β2 (71-77), β3

	(80-87), β4 (90-97), β5 (106-110), β6 (120-125), β7 (130-134), β8
	(161-165), and β9 (168-173). The central core of the structure is sur-
	rounded by four α-helices: α1 (30-41), α2 (137-143), α3 (146-1154),
	and α4 (179-197). The fold is finally completed by three 3 10 helices:
	η1 (52-56), η2 (60-63), and η3 (157-160) (Figures 1A and 2B).
	We next searched for structures similar to TtfA using the DALI
	server 19 but failed to retrieve significant hits. Only structures dis-
	playing a central antiparallel β-sheet but sharing a very low primary
	sequence identity matched the TtfA structure. The best Z-score
	obtained corresponds to the structure of tAvrPphF, the chaperone for
	the Type III Effector AvrPphF from Pseudomonas syringae (PDB
	entry1s28), which shares only 4% of primary sequence identity and an
	r.m.s.d. of 3.3 Å. This analysis attests for a hitherto unseen and atypi-Biochemical and structural characterization of cal fold that characterizes TtfA.
	TtfA. A, Determination of the
	oligomeric state of TtfA in
	solution. The elution profile of
	the proteins used for calibration
	is displayed as a black line and
	the elution profile of TtfA is in
	red. Calibration was established
	using β-amylase (1) (200 kDa),
	bovine serum albumin
	(2) (66 kDa), carbonic anhydrase
	(3) (29 kDa), and cytochrome C
	(4) (12.4 kDa) as standards and
	eluted with estimated volumes of
	10.9, 13.1, 15.7, and 17.1 mL,
	respectively. The void volume
	was estimated at 8.2 mL. TtfA
	elutes at 16.9 mL which
	corresponds to an apparent
	molecular weight of 14.4 kDa.
	The purity of TtfA after a three-
	step purification procedure is
	shown on the Coomassie Blue-
	stained SDS polyacrylamide gel
	electrophoresis, 10 μg of protein
	were loaded. B, Overall cartoon
	representation of the TtfA crystal
	structure. Beta-strands colored in
	magenta are indicated with the β
	sign followed by a number, alpha
	and 3 10 helices are in slate color
	and are labeled with the α and η
	signs, respectively. Nt and Ct
	stand for N-terminal and C-
	terminal. C, Surface
	representation of TtfA. The
	electrostatic potential of the
	protein was calculated with the
	PDB2PQR Server, and displayed
	with the APBS module from
	Pymol. Red and blue color
	indicate negative and positive
	charges, respectively

Table 1 .

 1 Data collection and refinement statistics.

	Data collection statistics	Eis2_apo_form	Eis2_apo_form_SeMet	Eis2_ACO
	Beamline	X06DA-PXIII	X06DA-PXIII	X06DA-PXIII
	Wavelength ( A)	0.99	0.979	0.979
	Resolution range ( A)	46.4-2.2 (2.27-2.2)	49.6-1.9 (1.96-1.9)	48.9-2.3 (2.38-2.3)
	Space group	P 1 21 1	P 1 21 1	P 1 21 1
	Unit cell ( A,°)	112.6 79.8 152.890 90.2 90	112.4 79.8 152.690 90.2 90	111.6 76.9 152.5 90 90.8 90
	Total reflections	919 521 (94 036)	1 452 488 (145 654)	785 863 (79 328)
	Multiplicity	6.7 (6.8)	6.8 (6.9)	6.8 (6.9)
	Completeness (%)	99.9 (99.6)	98.9 (90.5)	99.9 (99.9)
	Mean I/sigma(I)	12.2 (1.4)	11.8 (1.1)	8.9 (1.8)
	Wilson B-factor ( A 2 )	42.5	30.0	30.3
	R-meas	0.141 (1.61)	0.133 (1.81)	0.228 (1.16)
	CC1/2	0.99 (0.60)	0.99 (0.51)	0.99 (0.53)
	CC*	1 (0.86)	1 (0.82)	0.99 (0.83)
	Data refinement statistics			
	Reflections used in refinement	137 956 (13 688)	210 833 (19 143)	115 358 (11 494)
	R-work	0.199 (0.387)	0.201 (0.403)	0.229 (0.298)
	R-free	0.230 (0.415)	0.226 (0.431)	0.266 (0.337)
	Number of non-H atoms	19 964	20 624	20 077
	Macromolecules	18 878	18 820	18 824
	Ligands	100	190	285
	Solvent	986	1614	968
	Protein residues	2431	2424	2425
	RMS bonds ( A)	0.002	0.003	0.002
	RMS angles (°)	0.55	0.57	0.48
	Ramachandran favored (%)	98.59	97.99	97.88
	Ramachandran allowed (%)	1.41	2.01	2.12
	Ramachandran outliers (%)	0	0	0
	Rotamer outliers (%)	0.61	0.96	0.66
	Average B-factor ( A 2 )	54.7	43.9	41.9
	Macromolecules	54.9	43.8	41.8
	Ligands	79.6	58.4	68.9
	Solvent	49.0	43.6	35.4
	Clashscore	2.53	2.18	4.16
	PDB accession number	6RFY	6RFX	6RFT

  Autobuild from the Phenix software suite23 was further used to automatically improved the model building which led to R/Rfree: 0.32/0.41. The model was further manually rebuilt and refined using Coot24 and the Phenix software suite. This led to a final model with refinement statistics shown in Table1. The coordinates and structures Overexpression of Eis1 Mab does not induce aminoglycoside resistance in M. abscessus A previous study reported that the deletion of eis1 Mab , but not eis2-Mab , was associated with an unchanged susceptibility profile to aminoglycosides, leading the authors to conclude that only eis2 Mab participates in resistance to this class of antibiotics.17 

	2.7 | Structure solving and refinement
	The Eis1 Mab structure was solved by molecular replacement using the
	crystal structure of the Eis2 Mab monomer bound to ACO (PDB: 6RFT)
	as a search request and sharing 31% primary sequence identity with
	Eis1 Mab . Molrep from the CCP4i package 22 was used to performed
	molecular replacement. Six molecules were found in the asymmetric
	unit. After a first refinement step leading to R/Rfree of 0.46/0.5,
	factors have been deposited at the protein data bank under accession
	number: 6YCA.
	3 | R E S U L T S
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1

  Aminoglycosides susceptibility assessment of Eis1-overexpressing

	AMK, the highest concentration tested (Figure
	Mycobacterium abscessus strains. A, Schematic
	representation of the genomic region around
	eis1 in the parental (WT) and Δeis1 mutant
	strains of M. abscessus. Sizes of the PCR
	amplicons used for genotyping of the Δeis1
	mutant are shown. B, PCR profile confirming the
	proper deletion of eis1 in the mutant strain. Two
	PCR products of 1.8 and 2.9 kb were amplified
	from Δeis1 genomic DNA while two bands at
	4 and 2.9 kb are expected for the WT strain. C,
	Protein expression pattern of Eis1 Mab in parental
	(WT) and knockout strains. Western blotting
	using anti-Strep-tag primary antibodies attest for
	the expression of Eis1 Mab in the two strains
	transformed with pMV261-Zeo-eis1 in three
	individual colonies (C1-C3). Strain transformed
	with the empty pMV261-Zeo were included as
	negative controls. The band at 70 kDa of the
	protein ladder possesses also a Strep-tag
	explaining its immune reactivity with the
	antibody. D, Amikacin susceptibility profile of
	parental (WT), Δeis1 M. abscessus strains
	overexpressing Eis1 Mab and Δeis2 M. abscessus
	strains overexpressing Eis2 Mab . Serial dilutions of
	bacteria carrying pMV261-Zeo, pMV261-Zeo-
	eis1, or pMV261-Zeo-eis2 were spotted onto LB
	agar supplemented with increasing
	concentrations of AMK and incubated at 37 C
	for 3 days. The figure is representative of two
	independent experiments. AMK, Amikacin

  722 ± 21 μM and k cat = 11 ± 0.5 second -1 for TYR are suggestive of moderate activity. Eis1 Mab displays also a slightly lower affinity (K M= 144 ± 19 μM) for ACO as compared to Eis2 Mab (K M = 36.2 ± 2.9 μM)18 and to Eis homologous proteins8 which all display K M values <50 μM (Figure3C). Nonetheless, these in vitro data support the view that Eis1 Mab purified under our experimental procedure is an active N-acetyltransferase and, in contrast to Eis2 Mab, does not modify aminoglycosides. The smaller substrate preference of Eis1-Mab as compared to Eis2 Mab makes it a noticeable feature that distinguishes the two enzymes.

  servers for the closest homologues of Eis1 Mab . First of all, we superposed Eis F I G U R E 4 Three-dimensional structure of Eis1 Mab . A, Overall crystal structure of Eis1 Mab bound to ACO. The structure of the Eis1 Mab hexamer is depicted as a cartoon representation where each chain is colored differently. The left panel is a top view of the structure and the right Structural comparison of mycobacterial Eis proteins. The multiple sequence alignment was performed with ENDscript 40 and adjusted manually. The secondary structure (α, α-helix; β, β-strand, η, 3 10 -helix) of Eis1 Mab extracted from its crystal structure is indicated above the alignment. Residues involved in ACO binding in Eis1 Mab are indicated by the green circles, residues involved in aminoglycoside recognition in Mycobacterium tuberculosis (Eis Mtb ) and Mycobacterium smegmatis (Eis Msm ) Eis are depicted by the black and cyan square, respectively. ACO, acetyl-CoA [Color figure can be viewed at wileyonlinelibrary.com]

	one is rotated by 90 . ACO is pictured in each			
	chain as a sphere representation. B, Cross-eye			
	stereo view of the Eis1 Mab monomer. The three			
	domains are displayed as a cartoon representation			
	where the N-terminal (Nt) GNAT domain is				
	displayed as raspberry color, the central GNAT			
	domain is in blue and the C-terminal (Ct) GNAT			
	domain is in yellow. α, β, and η indicate α-helices,			
	β-strands, and 3 10 helices, respectively. C, Fo-Fc			
	simulated-annealed OMIT map. The electron			
	density map surrounding the ACO ligand is				
	displayed as a grey mesh and contoured at 2.8 σ			
	level. D, ACO interactions with the Eis1 residues			
	are shown as white sticks. Hydrogen bond and			
	the salt-bridge interactions are shown as black			
	dashed lines. ACO, acetyl-CoA; GNAT,				
	GCN5-related N-acetyltransferases family [Color			
	figure can be viewed at wileyonlinelibrary.com]			
	homologues structures from proteins that have been biochemically	unpublished. Additionally, the structure of Eis Ban from Bacillus
	characterized	and	have	been	reported	to	modify	anthracis (PDB id: 3N7Z) 29 solved without cofactor displays low
	aminoglycosides. 8,28,29 The multiple sequence alignments (Figure 5)	sequence identity, 17% but a similar r.s.m.d of 2.1 Å. Our search
	and superposition of the Eis1 Mab monomer to the other Eis:ACO or	allowed the comparison of two other Eis homologues that were not
	Eis:CoA bound structures (Figure 6A) generated the following primary	biochemically characterized, for instance, the Eis Efa from Enterococcus

sequence identity and root mean square deviation (r.m.s.d.) values: Eis Mtb (PDB id: 3RYO, 30% seq. identity, r.m.s.d. 1.8 Å),

30 

Eis Msm (PDB id: 3SXN, 31% seq. identity and r.s.m.d. 1.8 Å),

30 

Eis2 Mab (PDB id: 6RFT, 31% seq. identity, r.m.s.d. 2.1 Å)

18 

and Anabaena variabilis, Eis Ava , (PDB id: 2OZG, 20% seq. identity and r.m.s.d. 2.2 Å), faecalis, with no ligand (PDB id: 2I00, 17% seq. identity and r.m.s.d. 2.10 Å), and Eis Kfl from Kribbella flavida (PDB id: 4MY0, 21% seq. identity and r.m.s.d. 2.4 Å). This structural comparison indicates that the closest homologues of Eis1 Mab are Eis proteins from the mycobacterium phylum.

F I G U R E 5

  E 6 Structural comparison of Eis proteins reveals unique features in Eis1 Mab . A, Superposition of Eis crystal structures. All the structures are displayed as a ribbon representation with the following color codes: Eis1 Mab in slate, Eis Mtb in yellow, Eis2 Mab in raspberry, Eis Msm in magenta, Eis Ban in cyan, Eis Ava in orange, Eis Efa in salmon, and Eis Kfl in red. Superposition of the carbon α was performed in Coot. The arrow indicates the loop between strands 9 and 10, which appears particularly extended in Eis1 Mab . B, Comparison of the volume (grey surface area) of the active sites of the structures of Eis proteins that have been biochemically characterized, the color code is the same as in, A. For structures solved with either ACO or CoA, the cofactor is shown as yellow sticks. C, Key structural features restricting the size of the Eis1 Mab (slate) substrate-binding pocket. Arrows highlight the helices α4 and α5 movements seen in Eis1 Mab as compare with Eis Mtb (in yellow). Eis1 Mab residues side chains that protrude towards the substrate binding-site are shown as sticks and their equivalent residues in Eis Mtb that are not pointing towards the substrate pocket are also indicated. ACO, acetyl CoA [Color figure can be viewed at wileyonlinelibrary.com] settings. 32 This analysis showed that Eis1 Mab has a rather small cavity of 651 Å 3 in comparison with the other Eis members that were experimentally shown to acetylate aminoglycosides (2005 Å 3 for Eis Mtb , 1678 Å 3 for Eis Msm , 1371 Å 3 for Eis Ava and 1274 Å 3 for Eis2 Mab ). Only Eis Ban has a slightly bigger volume than Eis1 Mab (695 Å 3 ) (Figure

  Comparison of the extended loop size and conformation. A, Close up at the interface of two Eis1 Mab monomers. The extended loop of monomer 2 in slate is covering the active site of monomer 1 (in white) and the Phe242 side chain is pointing towards the substrate-binding site of monomer 1 that is close to the ACO (stick representation) binding pocket. The superposition of Eis Mtb structure (PDB id: 4JD6) bound to tobramycin in yellow, to Eis1 Mab highlights the steric hindrance of Phe242, presumably preventing the binding of aminoglycosides. B, Comparison of the same loop region with the one in other Eis crystal structures from various bacterial origins. Eis Mtb is in yellow, Eis Msm in magenta, Eis Ban in cyan, and Eis Ava in orange. ACO, acetyl-CoA [Color figure can be viewed at wileyonlinelibrary.com]
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