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Abstract

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 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 aminoglycosides, 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 cofactor-bound 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 Mabs_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.
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Introduction

Non-tuberculous 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 tissues 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 (amikacin),
macrolides (clarithromycin) and B8-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 anti-tubercular 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
aminoglycosides 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 (MFS) 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 8-lactamase (Blayas) degrading 8-lactams, such as amoxicillin or imipenem,
thereby considerably restricting the activity of these drugs and their use in clinical settings [15],[16].
Whereas streptomycin is inactivated by the 3”-O-phosphotransferase [APH(3”)] encoded by
MAB_2385 [17], resistance to other aminoglycosides (AG) 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.
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The M. tuberculosis (M.tb) Eis gene (Enhanced in Intracellular Survival) encodes an N-
acetyltransferase belonging to the GCN5-related N-acetyltransferase (GNAT) that was originally
discovered for its capacity to confer enhanced intra-macrophage 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 N-acetylating various AG is well documented. Up-regulation of Eis triggers resistance to
kanamycin 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 GCN5-related N-acetyltransferase family [26].

Eis-related proteins are also found in NTM [27], with Mabs possessing two Eis members,
namely Eisl (Mabs_Eis1) encoded by MAB_4124 and Eis2 (Mabs_Eis2) encoded by the MAB_4532c
gene. However, Mabs_Eis1 failed to show significant activity towards 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 similarly to its M.tb homologue exhibits a broad specificity for AG substrates
and can use acetyl-CoA 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 [28],[18]. 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 up-regulated a 100 times upon exposure of Mabs culture
to amikacin, 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 Mabs_Eis2 participates in AG resistance while
Mabs_Eisl 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
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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 inits apo-form and bound to acetyl-CoA.

Results and Discussion

Mabs_Eis2 purification and biochemical characterization

Mabs_Eis2 was expressed as a recombinant protein in E. 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 acetyl-CoA
(ACO) using kanamycin (KAN) (a mixture of kanamycin A (96%) and kanamycin B (4%)) as an acetyl
group acceptor. Our results indicate that Mabs_Eis2 was active and displays the following kinetic
parameters: Ky=36.2+2.9 UM, k.,=2.2 £ 0.12 s, V,.,=0.55 + 0.03 uM.s'1 (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
co-crystallization experiments in presence of ACO or HYG. Despite the possibility to obtain crystals
for all the requested conditions mentioned above, we could not solve any co-crystal 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 ACO-bound Mabs_Eis2 complex.

All the x-ray structures of Mabs_Eis2 are belonging to the monoclinic space group P2, 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 presence of 0.2 M ammonium
acetate, 0.1 M sodium citrate pH 5.6 and 30% polyethylene glycol (PEG) 4000 and 5 mM HYG. The

structure was refined to 1.9 A resolution. The asymmetric unit contains six molecules of which most
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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 to 239 in all chains and residues 119 to 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 PEG 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 PEG
3,350. 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 the expected hexameric
form of the protein. So far, six structures of Eis proteins or “Eis-like 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. 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 GNAT domain (residues 1-116), the
central GNAT domain (residues 117-304) and the C-terminal 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 : 4gb9, 31% identity) [34], gives
a similar r.m.s.d of 1.8 A. This structural analysis indicates that Mabs_Eis2 is nonetheless more

distant from the M.tb and M. smegmatis Eis proteins than they are from each other as they share
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60% sequence identity and a low r.m.s.d (0.6 A) when superposed on each other. Mabs_Eis2
diverges from the structures of Eis proteins of other bacterial genus since superposition of the
structures with Bacillus anthracis protein (PDB id: 3n7z), Enterococcus faecalis (PDB id : 2hv2,
unpublished), Anabaena variabilis (PDB id : 20zg, unpublished) and Kribbella flavida (PDB id : 4my3,
unpublished) generates respectively an r.m.s.d. of 2.1 A over 350 residues (18% identity) [31], 2.3 A
over 356 residues (17% identity), 2.3 A over 355 residues (18% identity), 2.7 A over 350 residues
(23% identity) (Fig.3 and Fig.4).

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 and 5C). In the second apo-structure obtained
with the SeMet-labeled protein, a citrate molecule occupies also the phosphate binding site of ACO
while a PEG fragment is present in the AG-binding site (Fig.5B and 5D). 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 and 5F) or seen in the M. smegmatis Eis:paromomycin

structure (not shown).

Co-crystal structure of Mabs_Eis2 bound to acetyl-CoA

The co-crystal 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 8-mercapto-

ethylamine groups could not be placed in the other three chains.

The ACO binding site is defined by fourteen 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’,5" 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 Phell7 creates a
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water-mediated H-bond with the acetyl group of ACO. Two hydrophobic interactions complete the
interaction, notably by Val83 and lle123. Argl26 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 Phell?7, 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 Alal21 to Phel27 that are part of the loop in the apo-form
adopt an alpha-helical structure (a3’) 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: 4gb9) adopt an alpha-helical conformation in the ACO-bound structure (PDB id : 3sxn)
(Fig.6D) [34],[24]. 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 non-tuberculous mycobacterial origin.

Aminoglycosides recognition and catalytic efficiencies

As we could not solve any crystal structure of Mabs_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]
co-crystal 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 and 7B). 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..:/Kw), although the enzyme appears
better at processing HYG and AMK rather than KAN since it presents about a ten times higher
catalytic efficiency in the presence of HYG and AMK than KAN (Fig.7C and Table 2).
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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 Phell7 by H-bonds and Phe26 interact only with AMK and HYG. Ser119, Leul97, Arg228,
GIn245, 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 (Fig.4 and Fig.7D).

In summary, we report here the high-resolution x-ray 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 Mabs_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
beta-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 Kpnl and EcoRI restriction sites with an additional Tobacco Etch
Virus (TEV) protease cleavage site in frame with the N-terminal 6xHis and S-tags. Escherichia coli
BL21 (DE3) strain resistant to Phage T1 (New England Biolabs) carrying the pRARE2 plasmid and
transformed with pET-30a:Mabs_eis2 was grown in six-liters flasks containing LB broth at 37°C,
under agitation at 180 rpm, and supplemented with 50 pg/mL KAN and 30 pg/mL chloramphenicol.
When the ODgy reached ~0.8, cultures were chilled on ice for 30 min and induced with 1 mM of

Isopropyl-8-D-thiogalactoside (IPTG) (Euromedex) for 16 h at 16°C. Bacteria were pelleted by
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centrifugation at 6,000 x g for 20 min and resuspended in buffer A (50 mM Tris-HCI 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 x g, at 4°C for 1 h. The resulting
supernatant was loaded onto Ni-NTA sepharose resin by gravity and unbound proteins were
discarded following washing with three column volumes with buffer A and buffer B (50 mM Tris-HCI
pH 8, 1M 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 Ni-NTA 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 size-exclusion chromatography on an ENrich™ 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-HCI 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 (Novagen). Cells were firstly grown in 2 liters of LB medium
containing 50 ug/mL KAN at 37°C under agitation at 180 rpm for 24 h. This starter culture was then
pelleted, washed thrice and resuspended in pre-warmed medium A containing M9 medium, trace
elements, 20% glucose, 1M MgS0O,, 1M CaCl,, biotin, thiamine and 50 pug/mL KAN to a final ODgy =
~0.8. The culture was incubated at 37°C for 1.5 h prior to addition of a mix of 100 pug/mL 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-
labelled protein were identical to those used for the native protein, as described above. Protein
concentration was determined using a Nanodrop 2000c spectrophotometer (Thermo Scientific)

according to the extinction coefficient of Mabs_Eis2 (60975 M™*.cm™).

Kinetics assay
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For the kinetic assays, proteins were freshly purified, concentrated to 2.5 mg/mL and kept at
4°C. The reaction was monitored at 25°C every 5 sec 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™'cm™) at 412 nm for 90 s which is generated upon reduction of
DTNB (5,5-dithio-bis-(nitrobenzoic acid) (Sigma-Aldrich) by the free CoA-SH released during the
acetyltransferase reaction. All compounds, KAN (a mixture of kanamycin A (96%) and B (4%),
Euromedex), HYG (Euromedex), AMK (Sigma-Aldrich) and enzyme were dissolved and diluted in
buffer F. The enzyme (0.25 uM) was first incubated with a saturating concentration of acetyl-CoA (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 ul. All absorbance values were normalized against a
negative control where the antibiotic was absent and standard errors were calculated from three
replicates. Nonlinear least-squares regression algorithm was used to determine the Michaelis-

Menten equation (GraphPad Prism software).

Determination of molecular weight by size-exclusion chromatography

The oligomeric state of Mabs_Eis2 in solution was assessed on a Superdex 200 Increase
10/300 GL gel filtration column (GE healthcare) and eluted with buffer F described above at a flow
rate of 0.4 mL/min 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™ (Hampton Research) at 18°C by mixing 2 pl of protein solution concentrated
to 4 mg/mL with 2 pL of reservoir solution consisting of 0.2 M ammonium acetate, 0.1 M sodium
citrate pH 5.5, 24% w/v PEG 4000 and 5 mM HYG. Crystals were cryoprotected by a brief soaking
step into a solution of 0.2 M Ammonium acetate, 0.1 M sodium citrate pH 5.5, 30% w/v PEG 4000, 5

mM HYG and 10% PEG 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) at 18°C by mixing 0.8 ul of protein solution at 12 mg/mL
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with 0.8 uL of reservoir solution made of 0.2 M lithium sulfate monohydrate, 0.1 M BIS-TRIS pH 5.5,

25% w/v PEG 3350. Crystals were not cryo-protected prior to being stored in liquid nitrogen.

The acetyl-CoA bound form of Mabs_Eis2 crystals was obtained using the SeMet-labeled
protein and were grown in sitting drops in MR Crystallization Plates™ (Hampton Research) at 18°C by
mixing 2 ulL of protein solution concentrated to 4 mg/mL with 2 uL of reservoir solution consisting of
0.1 M BIS-TRIS pH 5.5, 27% PEG 3350 and 2 mM acetyl-CoA. Crystals were briefly soaked into a
solution containing 0.1 M BIS-TRIS pH 5.5, 30% PEG 3350, 2mM acetyl-CoA and 10% PEG 400 prior to

being cryo-cooled in liquid nitrogen.

Data collection, structure determination, and refinement

All datasets were collected at the X06DA-PXIIl beamline at the Swiss Light Source, Villigen,
Switzerland. Data were processed, scaled and merged with XDS [37] and the high-resolution limit
was determined according to the CC,;, values [38]. The Mabs_Eis2 structure was solved by the
Single-wavelength Anomalous Dispersion 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 [41] 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

Aminoglycosides docking was performed with the PyRx software [42] running AutoDock Vina
[43] 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 Z=59.7 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
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Table 1 Data collection and Refinement statistics

Unit cell (A,°)

112.6 79.8 152.8

112.479.8 152.6

Data collection statistics Eis2_apo_form Eis2_apo_form_SeMet Eis2_ACO
Beamline XO6DA-PXIII XO06DA-PXIII XO6DA-PXIII
Wavelength (A) 0.99 0.979 0.979
Resolution range (A) 46.4-2.2 49.6-1.9 48.9-2.3
(2.27-2.2) (1.96 - 1.9) (2.38-2.3)
Space group P1211 P1211 P1211

111.6 76.9 152.5 90 90.8 90

9090.2 90 9090.2 90
Total reflections 919521 (94036) 1452488 (145654) 785863 (79328)
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(l) 12.2 (1.4) 11.8 (1.1) 8.9 (1.8)
Wilson B-factor (A%) 42.5 30.0 30.3
R-meas 0.141 (1.61) 0.133 (1.81) 0.228 (1.16)
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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

R-work

R-free

137956 (13688)

0.199 (0.387)

0.230 (0.415)

210833 (19143)

0.201 (0.403)

0.226 (0.431)

115358 (11494)

0.229 (0.298)

0.266 (0.337)

Number of non-H atoms 19964 20624 20077
macromolecules 18878 18820 18824
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
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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%) 54.7 439 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
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Table 2: Kinetic parameters of Mabs_Eis2

Vinax (M5 ™) K (M) Keat (™) keat/Kna (M s7)
Kanamycin 0.49 £0.074 504.67 £222.89 1.96 £0.29 4.27x10°+1.3x10°
Hygromycin B 0.98+0.14 66.15 + 25.67 3.93 +£0.57 6.29x 10°+ 14.2 x 10*
Amikacin 0.67 £0.062 59.55+6.5 2.68+£0.25 4.51x10%+4.27 x10°
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Figure 1: Biochemical characterization of Mabs_Eis2

A Coomassie Blue-stained SDS polyacrylamide gel electrophoresis of Mabs_Eis2 obtained
after three steps of purification (10 ug of protein were loaded on the gel). Estimation of the
oligomeric state of Mabs_Eis2 depleted from its tags by size-exclusion chromatography. 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 and Menten curve used to determine the kinetic

constants for acetyl-CoA in presence of KAN.
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Fig.2
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Figure 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 N-terminal (Nt) domain GNAT colored in magenta, the central GNAT domain in
blue slate and the C-terminal (Ct) domain in orange. The a and P signs followed by numbers indicate

respectively the alpha-helices and beta-strands numbering.
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Figure 3: Structural comparison of Eis protein structures.

Superposition of all the bacterial Eis protein structures retrieved from the protein data bank
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
grey, Bacillus anthracis (PDB : 3n7z) in magenta, Enterococcus faecalis (PDB : 2hv2) in green,
Anabaena variabilis (PDB : 20zg) in cyan blue and Kribbella flavida (PDB : 4my3) in salmon. The

different domains are indicated, Nt and Ct stand for for N- and C-terminus respectively.
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Figure 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; n, 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.
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Figure 5: Binding of ligands found in the crystallization conditions

All the structures are shown in cartoon representation. A and B represent the 2Fo-Fc
electron density map, shown as a blue mesh and contoured at 1 o level for the residues surrounding
the ligands : BIS-TRIS, citrate and PEG, 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 o 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 grey) obtained with the SeMet-labeled protein bound to a citrate and PEG
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,” ion or citrate occupy the ACO binding site as in the Mabs_Eis2 structure bound
to ACO (in blue) and that BIS-TRIS or PEG 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 PEG or BIS-TRIS.
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Figure 6: Crystal structure of Mabs_Eis2 bound to acetyl-CoA

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’. B The panel displays the 2F,-
F. electron density map in blue and contoured at 1 o level of the modelled residues in the vicinity of
ACO. The simulated annealed F,-F. OMIT map contoured at 2.8 ¢ 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 salt-bridge is
marked with the dashed green line. Water molecules are represented by the red spheres. D
Superimposition of the apo-form in grey onto the ACO bound form of Mabs_Eis2 (blue slate). The
figure illustrates the structural rearrangement of residues Alal21 to Phel27 (helix a3’) 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

isin green (PDB : 3sxn).
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Figure 7: Aminoglycosides recognition

A Chemical structures of kanamycin A, hygromycin B, and amikacin. B Docking poses of the
three different AG and mapping of the potential interacting amino acids. The scoring indicated by
the AG 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 and Menten curves used to determine the kinetic constants for the three AG. Kanamycin
corresponds to a mixture of kanamycin A (96%) and B (4%). D Binding sites of tobramycin and
paromomycin as seen in the co-crystal structures of Eis bound to AG from M. tuberculosis (PDB:

4jd6) and M. smegmatis (PDB: 4qb9).

This article is protected by copyright. All rights reserved.





