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Mycobacterium abscessus is the most pathogenic rapid-

growing mycobacterium and is one of the most resistant

organisms to chemotherapeutic agents. However, structural

and functional studies of M. abscessus proteins that could

modify/inactivate antibiotics remain nonexistent. Here, the

structural and functional characterization of an arylamine N-

acetyltransferase (NAT) from M. abscessus [(MYCAB)NAT1]

are reported. This novel prokaryotic NAT displays significant

N-acetyltransferase activity towards aromatic substrates,

including antibiotics such as isoniazid and p-aminosalicylate.

The enzyme is endogenously expressed and functional in both

the rough and smooth M. abscessus morphotypes. The crystal

structure of (MYCAB)NAT1 at 1.8 Å resolution reveals that

it is more closely related to Nocardia farcinica NAT than to

mycobacterial isoforms. In particular, structural and physico-

chemical differences from other mycobacterial NATs were

found in the active site. Peculiarities of (MYCAB)NAT1 were

further supported by kinetic and docking studies showing that

the enzyme was poorly inhibited by the piperidinol inhibitor

of mycobacterial NATs. This study describes the first structure

of an antibiotic-modifying enzyme from M. abscessus and

provides bases to better understand the substrate/inhibitor-

binding specificities among mycobacterial NATs and to

identify/optimize specific inhibitors. These data should also

contribute to the understanding of the mechanisms that are

responsible for the pathogenicity and extensive chemother-

apeutic resistance of M. abscessus.
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1. Introduction

Rapidly growing mycobacteria (RGM) are usually harmless

saprophytes, whereas slowly growing mycobacteria (SGM)

such as Mycobacterium tuberculosis include most of the

human-pathogenic species. M. abscessus is one of the few

RGM that are able to infect humans and causes a broad

spectrum of infections (Brown-Elliott & Wallace, 2002;

Griffith et al., 1993). M. abscessus is now recognized as the

prominent Mycobacterium, along with M. avium, involved in

broncho-pulmonary infections in patients with cystic fibrosis

or chronic pulmonary disease (Pierre-Audigier et al., 2005;

Jönsson et al., 2007). In addition, M. abscessus is one of the

most resistant organisms to chemotherapeutic agents (Nessar

et al., 2012). It is also resistant to most disinfectants and thrives

in the most hostile environments (Brown-Elliott & Wallace,

2002). Such resistance is the result of a complex interplay

between natural and acquired mechanisms, including the

presence of a waxy impermeable cell wall, drug-export

systems and genetic polymorphism of targeted genes

http://crossmark.crossref.org/dialog/?doi=10.1107/S1399004714021282&domain=pdf&date_stamp=2014-10-29


(Lambert, 2002; Nash et al., 2009; Nessar et al., 2012). In

addition, M. abscessus produces enzymes that potentially

degrade or modify antibiotics such as �-lactamases, phos-

photransferases or acetyltransferases, which can result in their

inactivation (Flores et al., 2005; Ramirez & Tolmasky, 2010).

Arylamine N-acetyltransferases (NATs) are intracellular

xenobiotic-metabolizing enzymes (XMEs) that are respon-

sible for the acetylation of aromatic amines. In humans, these

enzymes are important in the metabolism of drugs and have

been shown to acetylate and inactivate several antibacterial

compounds, including the front-line anti-tuberculosis drugs

isoniazid (INH) and p-aminosalicylate (4-AS) (Hein et al.,

2000; Sim et al., 2012). Interestingly, NAT enzymes are also

expressed in several prokaryotes, where they could contribute

to adaptive and/or defence mechanisms towards environ-

mental toxins present in the different habitats of bacteria

(Payton, Mushtaq et al., 2001; Kubiak et al., 2012; Sim et al.,

2012). In addition, certain bacterial NATs have been shown

to acetylate and inactivate different antibiotics (Payton et al.,

1999; Pluvinage et al., 2007; Sim, Walters et al., 2008). For

instance, M. tuberculosis NAT [(MYCMR)NAT1] is able to

acetylate INH and increased expression of this enzyme results

in increased INH resistance (Payton et al., 1999). Moreover,

deletion of the nat gene in M. smegmatis and M. bovis leads to

strains that are more sensitive to INH (Payton, Gifford et al.,

2001; Bhakta et al., 2004). In addition, the deletion of nat in

M. bovis also affects cell-wall composition and biosynthesis of

mycolic acids, thus increasing susceptibility to antibiotics that

permeate the cell wall (Bhakta et al., 2004). NAT enzymes are

therefore attractive therapeutic targets for the development

of anti-mycobacterial compounds (Sim et al., 2012). Recently,

chemicals aimed at inhibiting mycobacterial NAT enzymes

(including M. tuberculosis and M. marinum NATs) have been

identified (Sim et al., 2012, 2014). A piperidinol compound

(3-benzoyl-4-phenyl-1-methylpiperidinol; compound 1) was

identified as a selective irreversible inhibitor of prokaryotic

NATs with anti-mycobacterial activity (Westwood et al., 2010).

However, despite the M. tuberculosis and M. marinum NATs

sharing 75% amino-acid sequence identity, a sixfold higher

concentration (�8 mM) is required to fully inhibit the

M. tuberculosis isozyme (Abuhammad et al., 2012). Structural

comparison revealed slight amino-acid differences in the

active site which affect substrate and inhibitor selectivity

(Abuhammad et al., 2013). These studies underlined that

although the use of certain mycobacterial NAT enzymes (such

as M. marinum NAT) as surrogate models is helpful, the

structural and functional characterization of the ‘true’ target

NAT enzyme is required for medicinal chemistry and struc-

ture–activity relationship studies (Abuhammad et al., 2013).

Here, we report the structural and functional characteriza-

tion of a NAT enzyme from M. abscessus. (MYCAB)NAT1

is the first M. abscessus antibiotic-modifying enzyme to be

described at the structural level. Our data provide bases to

better understand the substrate/inhibitor-binding specificity of

this enzyme in order to identify/optimize small-molecule

inhibitors for its selective inhibition and subsequent putative

clinical applications. More broadly, our study should contri-

bute to the understanding of the molecular mechanisms

contributing to the pathogenicity and antibiotic resistance of

M. abscessus.

2. Materials and methods

2.1. Mycobacterial strains, growth conditions and materials

All aromatic compounds [4-iodoaniline (4-IA), 4-butoxy-

aniline (4-BOA), 3,4-dichloroaniline (3,4-DCA), isoniazid

(INH), hydralazine (HDZ), 2-aminofluorene (2-AF),

4-aminosalicylate (4-AS), 5-aminosalicylate (5-AS), para-

aminobenzoic acid (pABA), sulfamethazine (SMZ), sulfa-

methoxazole (SMX), sulfadiazine (SDZ) and sulfapyridine

(SP)], acetyl-CoA and 5,50-dithiobis-(2-nitrobenzoic acid)

(DTNB) were obtained from Sigma–Aldrich. Acetyl-2-AF,

acetyl-INH and acetyl-4-AS were purchased from Interchim.

Rabbit polyclonal antibodies against M. abscessus NAT were

generated by Proteogenix (France) using SDS–PAGE-purified

recombinant (MYCAB)NAT1 as an immunogen. Smooth (S)

and rough (R) variants of M. abscessus reference strain CIP

104536T (Rottman et al., 2007) were used for this study. These

strains were grown aerobically in Luria–Bertani medium

supplemented with 0.05% Tween-80 at 37�C in the dark with

low shaking.

2.2. Multiple sequence alignments and phylogenetic analysis

Protein sequences were retrieved from the NCBI GenPept

database. Multiple sequence alignments were conducted with

ClustalW (http://npasa-pbil.ibpc.fr) with default settings and

alignment outputs were generated with ESPript v.2.2

(http://espript.ibcp.fr). For phylogenetic analysis, the

(MYCAB)NAT1 amino-acid sequence was aligned with

characterized or putative NATs using the MUSCLE algorithm

implemented in MEGA5 (Tamura et al., 2011). The tree was

obtained by the neighbour-joining method using the Dayhoff

model. A total of 500 bootstrap replications were performed

to determine the statistical support for clades.

2.3. Molecular cloning of (MYCAB)NAT1, protein production
and purification

The (MYCAB)NAT1 ORF (open reading frame) was

amplified from genomic DNA of M. abscessus strain CIP

104536T (a gift from Dr J.-M. Reyrat) by high-fidelity PCR

using Phusion High Fidelity DNA polymerase according to

the manufacturer’s recommendations (New England Biolabs).

The primers used for amplification were 5-CATATGTGGA-

ACGGCGATGAGCTTCAG-3 (sense) and 5-CTCGAGCT-

ACTGCTCGGCCAGCCGCTCCAA-3 (reverse). The PCR

products were double-digested using NdeI and XhoI restric-

tion enzymes (New England Biolabs) and were cloned into a

pET-28a plasmid to express His6-tag fusion recombinant

proteins. Cloning was checked by DNA sequencing. E. coli

BL21 cells transformed with the MYCAB(NAT1)-encoding

pET-28a plasmid were used to produce and purify 6�His-

tagged recombinant protein. The production and purification

of recombinant NAT enzymes have been described elsewhere
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(Kubiak et al., 2012; Pluvinage et al., 2011). The purified

enzymes [reduced with 1 mM dithiothreitol (DTT)] were

dialysed against PBS and kept at �80�C until use. Protein

concentrations were determined using the Bradford assay

(Bio-Rad).

2.4. SDS–PAGE and Western blot analysis

Proteins were separated by SDS–PAGE (12.5% gel),

transferred to a nitrocellulose membrane for Western blot

analysis and stained with Ponceau Red. Briefly, the membrane

was blocked with 5%(w/v) dried skimmed milk in TBS-T [Tris-

buffered saline (50 mM Tris, 150 mM NaCl) containing 0.2%

Tween-20] for 1 h and then washed with TBS-T before incu-

bation with rabbit serum raised against (MYCAB)NAT1

(1:5000 dilution). After washing, secondary conjugated anti-

bodies were added (anti-rabbit at 1:150 000 dilution). Staining

was developed by incubation with chemiluminescent solution

(ECL Western Blotting, GE Healthcare).

2.5. Enzyme assays and determination of kinetic parameters

The kinetic parameters Km
app and kcat for the acetylation

of prototypic aromatic amine substrates were obtained by

steady-state kinetics using the 5,50-dithiobis-(2-nitrobenzoic

acid) (DTNB) assay as described by Brooke et al. (2003).

Briefly, purified recombinant enzymes and arylamine

substrates at increasing concentrations were mixed in a 96-

well ELISA plate and preincubated (37�C, 2 min) in buffer

(25 mM Tris–HCl pH 7.5). AcCoA was added to start the

reaction (400 mM final concentration) and the plate was

incubated at 37�C. The total reaction volume was 100 ml. The

reaction was quenched at different time points with 25 ml

DTNB (5 mM) in guanidine hydrochloride buffer (6.4 M

guanidine–HCl, 0.1 M Tris–HCl pH 7.3). A405 was measured

using an ELISA plate analyser. Controls were carried out in

the absence of enzyme or AcCoA. The amount of CoA in the

reaction was determined by comparison with a standard curve

obtained using TNB�. Initial velocities (Vi) were determined

on the basis of an "DTNB at 405 nm of 0.0032 mM cm�1. The

apparent kinetic parameters Km
app and kcat were obtained by

non-linear curve fitting against the Michaelis–Menten equa-

tion using Kaleidagraph 3.5 (Synergy Software). Steady-state

kinetics were performed in triplicate.

2.6. Crystallization, data collection and structure refinement

Crystallization assays were set up with (MYCAB)NAT1

concentrated to 30 mg ml�1 using Spin-X UF ultra-

centrifugation concentrators (10 kDa molecular-weight cutoff,

Corning). A set of 672 different commercially available crys-

tallization conditions were screened by the vapour-diffusion

method using a Cartesian Technologies workstation (Santar-

siero et al., 2002): briefly, 600 nl of a 1:1 mixture of

(MYCAB)NAT1 protein solution and crystallization solution

were equilibrated against a 150 ml reservoir in a Greiner plate

(Greiner Bio-One). A single crystal of (MYCAB)NAT1 of

dimensions 0.1 � 0.1 � 0.05 mm grew after two weeks in 15%

PEG 6000, 5% glycerol at 18�C. This single crystal obtained in

the initial screening was used flash-cooled in liquid nitrogen

using a mixture of 50% Paratone-N and 50% paraffin oil as a

cryoprotectant for further X-ray diffraction data collection

(0.984 Å, 0.5� oscillation per image, MAR225 detector) on

beamline X06DA at the Swiss Light Source (SLS) synchrotron

(Paul Scherrer Institute, Switzerland). XDS was used for data

integration (Kabsch, 2010). For structure solution, molecular-

replacement phases were obtained with Phaser as imple-

mented in the CCP4 program suite (Winn et al., 2011), using

the (NOCFA)NAT1 structure (PDB entry 3d9w; Martins et al.,

2008) as a search model. The protein structure was obtained

by iterative manual rebuilding using Coot (Emsley et al., 2010)

and the model was further refined using BUSTER 2.10.0

(Bricogne et al., 2011). Finally, stereochemical quality and final

validation of the model were performed using MolProbity and

PROCHECK, respectively (Chen et al., 2010; Laskowski et al.,

1993). Refinement statistics are shown in Table 1. The atomic

coordinates and structure factors for (MYCAB)NAT1 have

been deposited in the Protein Data Bank under accession

code 4guz.

2.7. Molecular docking

The (MYCAB)NAT1 enzyme structure with an acetylated

Cys73 (AcCys73) was prepared by AmberTools 1.2 (Case et

al., 2012). The AMBER 99SB force-field and GAFF were used

for the acetylated (MYCAB)NAT1 force-field parameters.
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Table 1
Statistics of data collection and refinement for (MYCAB)NAT1.

Values in parentheses are for the highest resolution shell.

Data collection
Beamline X06DA, SLS
Wavelength (Å) 0.984
Space group C121
Unit-cell parameters (Å, �) a = 78.67, b = 78.76, c = 175.98,

� = 90.0, � = 89.99, � = 90.0
Resolution (Å) 38.39–1.80 (1.91–1.80)
Rmerge† (%) 11.4 (80.6)
hI/�(I)i 16.40 (2.26)
Completeness (%) 99.5 (97.6)
Multiplicity 3.071 (3.050)
No. of reflections 303342 (47770)
No. of unique reflections 98775 (15638)
Wilson B factor (Å2) 24.63

Refinement
Resolution (Å) 38.39–1.80
R/Rfree (%) 21.15/24.51
No. of non-H atoms

Protein 8964
Solvent 265
Ligands —

B factors (Å2)
Protein 27.57
Water molecules 23.32
Ligands —

R.m.s.d., bond lengths (Å) 0.009
R.m.s.d., bond angles (�) 0.95
Ramachandran plot (%)

Favoured 89.0
Allowed 10.6
Disallowed 0.4

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the ith observa-

tion of reflection hkl, while hI(hkl)i is the mean intensity of reflection hkl.



Protein energy minimization was carried out by NAMD 2.9

(Phillips et al., 2005) with 5000 steps. All of the ligands were

built by Avogadro (Hanwell et al., 2012) and optimized with

the MMFF94 force-field. Acetylated (MYCAB)NAT1 and the

ligands were prepared by AutoDockTools 1.5.6 (Morris et al.,

2009), including merging nonpolar H atoms and calculating

the Gasteiger charge. AcCys73 and substrates were set as

flexible. The docking site was set to the (MYCAB)NAT1

catalytic site. Grid maps were generated by AutoGrid 4

according to the atom types of the protein and substrates.

Each grid map consisted of 50� 50� 50 grid points, with each

point at a spacing of 0.375 Å. Conformations were searched by

AutoDock 4 using a Lamarckian genetic algorithm (LGA).

Finally, the conformation in the lowest energy cluster was

selected for analysis of the correlation between pKm
app

(�logKm
app) and predicted binding energy.

2.8. Lysate preparation and determination of endogenous
NAT activity

Fresh exponential (OD at 600 nm = 0.8) phase cultures

(50 ml) of M. abscessus morphotypes S and R were resus-

pended in 400 ml 25 mM Tris–HCl pH 7.5, protease-inhibitor

cocktail, 2.5 mg ml�1 lysozyme, 0.1% Triton X-100 and soni-

cated for 30 s (2 s pulse on, 10 s pulse off) at 4�C. Proteins

were reduced with 5 mM DTT and the concentration was

estimated using the Bradford assay.
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Figure 1
Phylogenetic analysis of the (MYCAB)NAT1 amino-acid sequence. The (MYCAB)NAT1 amino-acid sequence was aligned with those of characterized
or putative NATs using the MUSCLE algorithm as implemented in MEGA5. The tree was obtained by the neighbour-joining method using the Dayhoff
model. A total of 500 bootstrap replications were performed to determine the statistical support for clades. The mycobacterial NAT enzyme clade is
shown in parentheses. The numbers indicate the probability of a phylogenetic event occurring by chance (higher probabilities are represented by lower
numbers). The scale bar represents the estimated evolutionary distance.



Typically, 35 ml cell extract was mixed with 700 mM 2-AF

and 1 mM AcCoA and the reaction was stopped with

15%(v/v) perchloric acid. Specific endogenous NAT activity

was measured by quantifying the amount of acetylated 2-AF,

acetylated INH and acetylated 4-AS using reversed-phase

HPLC (Kromasil Eternity C18 column, Shimadzu; Cocaign

et al., 2013) and normalizing to the protein concentration and

the AcCoA hydrolysis rate. Assays were performed in tripli-

cate for each M. abscessus morphotype.

2.9. In vivo acetylation assays

Fresh exponential (OD at 600 nm = 0.6) phase cultures

(20 ml) of M. abscessus morphotypes S and R were supple-

mented with 400 mM 2-AF, INH or 4-AS. The rate of acet-

ylation of the aromatic substrates by M. abscessus was

measured by HPLC in the medium at different time points of

incubation as described previously (Kubiak et al., 2012).

Experiments were performed in triplicate for each M.

abscessus morphotype.

3. Results

3.1. Sequence analysis of (MYCAB)NAT1 reveals a significant
phylogenetic distance from other mycobacterial NAT
enzymes

The amino-acid sequence of (MYCAB)NAT1 shows

sequence identity ranging from 20 to 43% with regard to

structurally and functionally characterized NATs.

(MYCAB)NAT1 possesses the consensus motifs WENL

(residues 42–45) and RGGYCYE (residues 69–75) as well as

the canonical Cys73, His110 and Asp125 catalytic residues

previously found in NAT enzymes (Supplementary Fig. S11).

The sequence identities between (MYCAB)NAT1 and the

mycobacterial (MYCTB)NAT1, (MYCSM)NAT1 and

(MYCMR)NAT1 enzymes are 30, 34

and 31%, respectively. In comparison,

the three characterized mycobacterial

NATs share between 59 and 73%

sequence identity. Sequence alignment

suggests that (MYCAB)NAT1 is closely

related to the Nocardia farcinica

[(NOCFA)NAT1] enzyme, with 43%

sequence identity. To better assess the

relationship between the mycobacterial

NATs, we conducted a phylogenetic

analysis of the (MYCAB)NAT1 amino-

acid sequence with sequences of well

characterized NATs and with selected

(representative strain/species) NAT

sequences retrieved by BLAST (Fig. 1).

The phylogenetic tree reveals a mono-

phyletic clade that contains

(MYCAB)NAT1 as well as

(NOCFA)NAT1 and NAT sequences from Streptomyces and

Gordonia species. Surprisingly, there is a clear-cut segregation

of the M. abscessus NAT sequence from those of the other

mycobacterial enzymes (MYCTB)NAT1, (MYCSM)NAT1

and (MYCMR)NAT1, which are clustered in a different clade

with the other bacterial NAT sequences. Together, these

results emphasize the phylogenetic distance between

(MYCAB)NAT1 and the other mycobacterial NATs char-

acterized to date and suggest possible structural and func-

tional peculiarities of (MYCAB)NAT1.

3.2. Purification of the recombinant (MYCAB)NAT1 enzyme
and development of a rabbit anti-(MYCAB)NAT1 polyclonal
antibody

The ORF coding for wild-type (MYCAB)NAT1 was cloned

into pET-28a and further expressed in E. coli. The protein

was easily purified to homogeneity as a hexahistidine-tagged

fusion protein, with typical yields of 4–5 mg protein per litre of

culture. SDS–PAGE analysis shows a major band below the

37 kDa protein marker, consistent with the expected mole-

cular weight of 31 kDa (Fig. 2a). Polyclonal antibodies against

M. smegmatis and M. tuberculosis NAT failed to detect

recombinant (MYCAB)NAT1 in Western blotting experi-

ments (data not shown). This lack of cross-reactivity further

supported the distance between (MYCAB)NAT1 and the

other mycobacterial NAT enzymes. In order to have a tool to

detect endogenous (MYCAB)NAT1 in M. abscessus cells, we

generated a rabbit polyclonal antibody using purified recom-

binant (MYCAB)NAT1. As shown in Fig. 2(b), the

(MYCAB)NAT1 antibody was able to specifically recognize

the recombinant enzyme. This antibody was then used to

probe the expression of (MYCAB)NAT1 in protein lysates of

the rough and smooth morphotypes of M. abscessus. As shown

in Fig. 2(b), similar levels of expression of (MYCAB)NAT1

were found in the bacterial extracts, thus confirming endo-

genous expression of the enzyme. These data are supported by
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Figure 2
Expression of (MYCAB)NAT1 in M. abscessus R/S. (a) SDS–PAGE analysis of cellular extracts.
2 mg purified recombinant protein [human PON1, (PODAS)NAT1 or (MYCAB)NAT1] and 10 mg
bacterial extract were subjected to SDS–PAGE under reducing conditions and stained with Ponceau
Red. (b) Western blot analysis of bacterial extracts. Western blot analysis was conducted using a
polyclonal antibody raised against the (MYCAB)NAT1 enzyme (1:5000 dilution). Human PON1 is
in lane 1, (PODAS)NAT1 is in lane 2, (MYCAB)NAT1 is in lane 3, M. abscessus R extract (10 mg) is
in lane 4 and M. abscessus S extract (10 mg) is in lane 5.

1 Supporting information has been deposited in the IUCr electronic archive
(Reference: YT5074).



microarray analyses showing similar levels of mRNA expres-

sion (data not shown).

3.3. Purified recombinant (MYCAB)NAT1 acetylates a broad
range of aromatic amines including the anti-tubercular drugs
4-aminosalicylate and isoniazid

The kinetic parameters Km
app and kcat and the catalytic

efficiency kcat/Km
app were determined for a set of prototypic

NAT aromatic substrates (Table 2). No acetylation was

observed for the four sulfonamide compounds tested which

are known to be acetylated by Bacillus anthracis or Legionella

pneumophila NATs (Pluvinage et al., 2007; Kubiak et al., 2012).

In contrast to the data reported for (MYCMR)NAT1,

(MYCSM)NAT1 and (MYCTB)NAT1, no acetylation of

pABA, an aromatic amine metabolized from folic acid, was

found with (MYCAB)NAT1 (Brooke et al., 2003; Fullam et al.,

2008; Sikora et al., 2008). Aniline derivatives were readily

acetylated by (MYCAB)NAT1, with catalytic efficiency values

ranging from 52 560 to 244 389 M�1 s�1. These values

appeared to be slightly higher than those reported for other

bacterial NATs (Kubiak et al., 2012). A large difference in

acetylation was observed for INH and HDZ, two aryl-

hydrazine drugs, with the affinity of INH for (MYCAB)NAT1

being rather low (Km
app = 6.75 mM) and the turnover being

18-fold lower than that of HDZ. A similar trend was observed

with the other characterized mycobacterial NATs, i.e.

(MYCMR)NAT1, (MYCSM)NAT1 and (MYCTB)NAT1

(Brooke et al., 2003; Sikora et al., 2008; Fullam et al., 2008).

Interestingly, when compared with the data obtained with

recombinant (MYCTB)NAT1 (Sikora et al., 2008),

(MYCAB)NAT1 was more than 25 times more efficient at

acetylating the anti-tubercular drug INH.

4-AS, which is also an anti-tubercular drug, was also found

to be readily acetylated by (MYCAB)NAT1 but with a lower

(by fivefold) catalytic efficiency when compared with INH.

Differences were observed between the two positional isomers

5-AS and 4-AS, with the latter having a catalytic efficiency

283-fold lower than that of 5-AS. The arylamine 2-AF was by

far the best substrate for the recombinant enzyme, with a

catalytic efficiency 20-fold higher than that for 5-AS (1.36 �

106 M�1 s�1) and with the highest affinity observed for the

substrates tested (146 mM). Together, these data show that

purified recombinant (MYCAB)NAT1 has significant NAT

activity toward different aromatic amines, including anti-

tubercular drugs. The enzyme also displays certain substrate

differences from other mycobacterial enzymes.

Small inhibitor molecules have recently been developed

against M. tuberculosis (MYCTB)NAT1 that are also potent

inhibitors of (MYCSM)NAT1 and (MYCMR)NAT1 (West-

wood et al., 2010; Fullam et al., 2013). We examined the ability

of the recently developed inhibitor molecule 3-benzoyl-

4-phenyl-1-methylpiperidinol (compound 1), a piperidinol

derivative, to inhibit the activity of (MYCAB)NAT1. In

contrast to the data obtained with the other mycobacterial

NAT enzymes, compound 1 was found to be a poor inhibitor

of (MYCAB)NAT1, with an IC50 above 70 mM, whereas

(MYCMR)NAT1 and (MYCTB)NAT1 were found to be

inhibited with IC50 values of 1.3 and 7.7 mM, respectively

(Abuhammad et al., 2012). These results show that

(MYCAB)NAT1 has a different behaviour towards compound

1 and further support the structural/functional peculiarities of

(MYCAB)NAT1.

3.4. (MYCAB)NAT1 is endogenously expressed and
functional in both the rough and the smooth morphotypes of
M. abscessus

As stated above, (MYCAB)NAT1 is expressed at both

mRNA and protein levels in the rough and smooth forms of

M. abscessus. To assess whether endogenous (MYCAB)NAT1

displays NAT activity, we incubated lysates of the rough and

smooth morphotypes of M. abscessus with 700 mM 2-AF,

which was found to be the best aromatic amine substrate of

the purified recombinant form. N-Acetylation of 2-AF by

endogenous activity was measured by HPLC as described

previously (Kubiak et al., 2012). The acetylated product was

readily detected in time-dependent, protein-dependent and

AcCoA-dependent manners with acetylation rates of 1.42 �

0.3 and 2.03 � 0.04 nmol min�1 mg�1 of protein in rough and

smooth extracts, respectively. Acetylation of INH and 4-AS by

the lysates was also detected but at much lower rates (with

similar values for R and S morphotypes and ranging from 0.01

to 0.05 nmol min�1 mg�1 for 4-AS and INH, respectively).

We further analyzed the endogenous acetylation of 2-AF,

INH and 4-AS by growing M. abscessus R and S morphotypes

in the presence of these aromatic compounds and measuring
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Table 2
(MYCAB)NAT1 kinetic parameters towards typical aromatic NAT
substrates.

Specific activities were determined using the DTNB [5,50-dithiobis-(2-
nitrobenzoic acid)] assay. This test quantifies the hydrolysis rate of AcCoA
(400 mM) in the presence of various concentrations of aminoaryl substrate.
Kinetic parameters (kcat and Km

app) were obtained by non-linear fitting to the
Michaelis–Menten equation. All assays were carried out in triplicate. Data are
presented as the mean � SD of three independent experiments. ND, not
detectable.

Class of compound
Short
name

kcat

(s�1)
Km

app

(mM)
kcat/Km

app

(M�1 s�1)

Aniline derivatives
4-Iodoaniline 4-IA 71 � 17 1386 � 53 596 � 10305
4-Butoxyaniline 4-BOA 112 � 3 462 � 51 244389 � 31541
3,4-Dichloroaniline 3,4-DCA 8 � 0.8 157 � 2 52560 � 2195

Arylhydrazines
Isoniazid INH 9 � 2 6754 � 2009 1317 � 123
Hydralazine HDZ 168 � 24 393 � 81 434490 � 76404

Other arylamines
2-Aminofluorene 2-AF 199 � 9 146 � 7 1363312 � 13200
4-Aminosalicylate 4-AS 1 � 0.2 3827 � 464 252 � 20
5-Aminosalicylate 5-AS 47 � 5 662 � 77 71325 � 2 437
para-Aminobenzoic

acid
pABA ND ND ND

Ambroxol ABX ND ND ND
Trimethoprim TMP ND ND ND

Sulfonamides
Sulfamethazine SMZ ND ND ND
Sulfamethoxazole SMX ND ND ND
Sulfadiazine SDZ ND ND ND
Sulfapyridine SP ND ND ND



their N-acetylated form in the culture medium. In accordance

with the data obtained with the extracts, we found that

acetylated 2-AF and INH were readily detected in the culture

medium of both the R and the S morphotypes. The rate of

endogenous acetylation of 2-AF was 130 � 30 and 150 �

20 pmol min�1 per millitre of culture for the S and the R

morphotypes, respectively. The rates of acetylation of INH

were found to be lower (4.5 � 1.2 and 2.2 � 0.5 pmol min�1

per millitre of culture for the S and the R morphotypes,

respectively), which is in agreement with the results obtained

with the recombinant enzymes and with bacterial extracts.

As expected, the endogenous acetylation of 4-AS was low

(<0.5 pmol min�1 per millitre of culture). Together, these

results demonstrate that (MYCAB)NAT1 is functional in both

morphotypes of M. abscessus (with similar activities) and can

endogenously modify aromatic amines such as INH.

3.5. Crystal structure of (MYCAB)NAT1: differences in the
solvent-exposed and CoA-binding site loops

The 1.8 Å resolution crystal structure of (MYCAB)NAT1

(Table 1) was obtained from a single hit in the original screen

(15% PEG 6000, 5% glycerol). The asymmetric unit consisted

of a tetramer and belonged to the monoclinic space group

C121. Clear electron density was observed for all 278 residues

of the enzyme and for six residues of the thrombin cleavage
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Figure 3
Comparison of the overall structure of (MYCAB)NAT1 with those of all crystallized mycobacterial NAT enzymes. The 1.8 Å resolution structure of
(MYCAB)NAT1 (green) was aligned with the NAT structures from M. smegmatis [(MYCSM)NAT1, yellow, PDB entry 1w6f], M. marinum
[(MYCMR)NAT1, blue, PDB entry 3ltw], M. tuberculosis [(MYCTB)NAT1, red, PDB entry 4bgf] and N. farcinica [(NOCFA)NAT1, white, PDB entry
3d9w] using PyMOL. The four loops showing significant divergence in (MYCAB)NAT1 are emphasized by squares and an enlarged panel is shown for
each region: region I between strands �2 and �3 (residues 99–109), region II between strands �3 and �4 (residues 118–119), region III between strands �7
and �8 (residues 157–163), region IV between strands �8 and �9 (residues 171–178) and the C-terminal helix �11. Region II is shown in dots as it is in the
background. All residues are numbered according to the (MYCAB)NAT1 sequence. Catalytic triads were also superimposed (lower right panel): the
triad geometry is conserved, although the catalytic His is hydrogen-bonded to the OD1 atom of the catalytic Asp in both (MYCAB)NAT1 and
(NOCFA)NAT1. Distances are shown in Å and hydrogen bonds as dotted lines.



site [Val(�5)-Pro(�4)-Arg(�3)-Gly(�2)-Ser(�1)-His0]. The

high-resolution structure of (MYCAB)NAT1 reveals the

canonical three-domain NAT fold: an �-helical bundle (1–89),

a �-barrel (90–191) and an �/� lid (192–278) (Kubiak, Dairou

et al., 2013; Kubiak, Li de la Sierra-Gallay et al., 2013). The

catalytic residues Cys73, His110 and Asp125 have well defined

electron densities and form the canonical catalytic triad.

Superimposition with the catalytic triad of mycobacterial

NATs shows 1.2 and 0.95 Å shifts (measured at C�; Fig. 3). In

particular, the catalytic Cys–His and His–Asp distances are

similar, but the Cys73–Asp125 distance is 1.45 Å longer in

(MYCAB)NAT1 compared with the equivalent catalytic triad

residues in the other mycobacterial NATs (Supplementary

Fig. S2a). N. farcinica (NOCFA)NAT1 was found to be the

structurally closest relative of (MYCAB)NAT1, with an

r.m.s.d. value of 1.020 Å over 278 amino acids, compared

with values of 1.639, 1.684 and 1.793 Å over 260 residues

for (MYCTB)NAT1, (MYCMR)NAT1 and (MYCSM)NAT1,

respectively (Supplementary Table S1). In addition, both

(MYCAB)NAT1 and (NOCFA)NAT1 have a similar

geometry which differs from those of the other mycobacterial

NATs in that the catalytic His residue is hydrogen-bonded to

the OD1 (instead of the OD2) O atom of the catalytic

Asp (Fig. 3). Moreover, the catalytic Asp residue of

(MYCAB)NAT1 and (NOCFA)NAT1 both form a hydrogen

bond to a residue localized on �-strand �9 (His183 and

Arg190, respectively). In contrast, the catalytic Asp interacts

with Asn74, which is localized on an �-helix (�5) in the other

mycobacterial NATs (data not shown). Four regions involved

in the regulation of NAT activity show a significant difference

in (MYCAB)NAT1 compared with the other mycobacterial

NATs: the �2–�3 loop is three residues shorter (region I; 99–

109), the �3–�4 loop is two residues shorter (region II; 118–

119), the �7–�8 loop is five residues longer (region III; 157–

163) and the �8–�9 loop is five residues longer (region IV;

171–178). Region III also forms a helical turn in contrast to an

unorganized loop in other NAT enzymes (Fig. 3, Supplemen-

tary Fig. S1). Similar differences in regions I, III and IV are

observed in (NOCFA)NAT1, although region II is closer

to those of the other mycobacterial NAT enzymes (Fig. 3).

Furthermore, the C-terminal helix of (MYCAB)NAT1 and

(NOCFA)NAT1 is significantly longer than the C-terminal

helix of mycobacterial NATs: it consists of three complete

helical turns, compared with the 1.5–2 turns found in the other

NATs. These differences seem to be owing to improved

organization of the N-terminal part of helix �11 in

(MYCAB)NAT1 (Fig. 3). The binding-pocket volume of

(MYCAB)NAT1 (818 Å3) is similar to those of

(NOCFA)NAT1 (961 Å3) and (MYCSM)NAT1 (1044 Å3) but

is two and 2.5 times smaller than those of (MYCTB)NAT1 and

(MYCMR)NAT1 (1506 and 2139 Å3, respectively; Fig. 4).

Moreover, the electrostatic charge of the binding pocket

was mapped and suggests that the binding pocket of

(MYCAB)NAT1 has slightly more negative electrostatic

charge compared with the other mycobacterial NAT enzymes,

with (MYCTB)NAT1 showing a clearly positively charged

binding pocket as observed for (NOCFA)NAT1 (Fig. 4).

3.6. Docking studies of aromatic amine substrates and
compound 1

Based on the solved high-resolution structure, we generated

ligand-annealing models of several substrates of interest

(INH, 4-AS, HDZ, 2-AF, 4-IA and 4-BOA; see Table 2) to

the Cys73-acetylated intermediate of (MYCAB)NAT1. The

binding energies estimated from molecular docking were in
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Figure 4
The binding pocket of (MYCAB)NAT1. Binding-pocket properties of the fast-growing mycobacterial NATs (MYCAB)NAT1 and (MYCSM)NAT1, the
slow-growing mycobacterial NATs (MYCTB)NAT1 and (MYCMR)NAT1 and the non-mycobacterial (NOCFA)NAT1 are shown. The binding cavities
(upper row) were calculated using CastP and are shown as orange surfaces. The catalytic cysteine is coloured yellow for orientation of the binding
pocket. The electrostatic charge properties of the binding cavities are shown in the lower row, with the scale bar indicating positive (blue) and negative
(red) charge.



good agreement with the Km
app values reported in Table 2

(Supplementary Fig. S3) and are as follows: INH > 4-AS >

4-IA > 4-BOA > HDZ > 2-AF (Supplementary Fig. S3).

However, the mode of binding of the different substrates is

very similar and interactions are mainly achieved with the

hydrophobic residues Trp42, Val98, Met100, Phe128, Phe210

and Phe215 (Fig. 5a). All aromatic amines tested appear to

form a hydrogen bond between the amino group and the

catalytic His110 residue and with the carboxyl O atom of

Gly127, and 4-AS forms an extra hydrogen bond between its

2-hydroxyl O atom and the amino group of Gly127. Thus,

docking suggests that substrates are mostly stabilized through

van der Waals interactions. When compared with the crystal-

lized INH–(MYCSM)NAT1 and HDZ–(MYCMR)NAT1

complexes (which are the two mycobacterial NAT enzymes

crystallized with a substrate to date), there is a 2.9 and 2.5 Å

shift of the substrate out of the binding pocket, most likely

owing to the acetyl group on the catalytic cysteine (Fig. 5b). In

both models, HDZ has a very similar orientation, although

the amine group is rotated towards the free cysteine in

(MYCMR)NAT1, while it is in the plane of the phthalazine

ring in (MYCAB)NAT1. In contrast, INH is rotated almost

180� around the para axis of its phenyl ring in

(MYCAB)NAT1 compared with (MYCSM)NAT1, again to

fulfill the amine–Gly127 hydrogen bond.

We also carried out docking studies with compound 1, which

was found to be a poor inhibitor of (MYCAB)NAT1 (see

above). The docking of compound 1 in (MYCAB)NAT1 was

somewhat easier to achieve than in (MYCMR)NAT1 and

(MYCTB)NAT1, although the inhibitor was designed and

selected for the latter two enzymes. Of the 100 rotamers

docked in (MYCAB)NAT1, 96 had a very similar orientation,

with only minor changes in the substituent orientations.

Conversely, in (MYCMR)NAT1 and (MYCTB)NAT1, four

out of 100 and five out of 150 main rotamers could be

identified (Fig. 6a). These results suggest that compound 1

is more anchored (less dynamic) in the binding pocket of

(MYCAB)NAT1 than in the two other mycobacterial NATs.
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Figure 5
Docking of 2-AF, 4-AS, INH and HDZ to (MYCAB)NAT1. (a) The structure of (MYCAB)NAT1 was used as a template to generate a model of the
acetylated intermediate of the enzyme (Ac-Cys73) to which 2-AF, 4-AS, INH and HDZ molecules were docked using rDock. Catalytic residues and
residues interacting with the substrates are indicated in white sticks and the docked molecule is coloured yellow. Hydrogen bonds are shown as black
dotted lines with their lengths labelled. (b) Comparison of the binding modes of INH and HDZ in the modelled (MYCAB)NAT1, (MYCSM)NAT1
(complexed with INH; PDB entry 1w6f) and (MYCMR)NAT1 (complexed with HDZ; PDB entry 3ltw). For both complexed structures the residues
reported to interact with the bound substrate are shown in magenta. The arrow indicate the relative displacement (in Å) of substrate between substrate-
bound structures and the substrate docked to the acetylated model of (MYCAB)NAT1 (white sticks). Structures were aligned in PyMOL.



The residues forming the binding pocket of compound 1 are

highly conserved, and most are identical to those involved in

the binding of aromatic amine substrates, with a few additional

residues. In (MYCAB)NAT1 these residues are Gln99,

Gly129, Thr130, Val202, Pro209 and Val216. The two main

differences are the change of Phe215 and Pro209 in

(MYCAB)NAT1 to Met209 and His203 in (MYCMR)NAT1

and to Thr209 and Lys203 in (MYCTB)NAT1.

4. Discussion

Despite its striking public health importance, the biochemistry

of M. abscessus is poorly documented, with few proteins

described both structurally and functionally (Soroka et al.,

2014). Most of the known metabolic pathways have been

inferred from the recently fully sequenced genome (Ripoll et

al., 2009) and most studies have focused on the improvement

of detection methods (Rolfe et al., 2013). Although the major

threat posed by M. abscessus is mainly owing to its resistance

to antibiotics, the structural and functional characterization

of enzymes that could modify/neutralize antibiotics is poorly

documented (Nessar et al., 2012).

In the present paper, we report the functional character-

ization and the 1.8 Å high-resolution structure of the aryl-

amine N-acetyltransferase (MYCAB)NAT1 from M. abscessus.

This family of enzymes is known to metabolize and inactivate

aromatic chemicals, including antibiotics (Sim et al., 2012).

Phylogenetic analysis suggested that the enzyme is phylo-

genetically distant from other mycobacterial NAT enzymes

characterized to date. (MYCAB)NAT1 was indeed found to

be closely related to NAT enzyme orthologues from Strepto-

myces and Gordonia and to the structurally characterized

(NOCFA)NAT1 from N. farcinica. These data are in agree-

ment with previous genomic analyses, which showed

important horizontal gene-transfer events mostly from acti-

nobacteria (e.g. Streptomyces sp.; Ripoll et al., 2009). Inter-
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Figure 6
Mode of binding and suggested mechanism of action for compound 1 in (MYCAB)NAT1. (a) Compound 1 was docked to the unacetylated form of
(MYCAB)NAT1, (MYCTB)NAT1 and (MYCMR)NAT1 as previously described in Fig. 5. All proteins are in the same orientation, with the catalytic
cysteine coloured yellow. For (MYCTB)NAT1 and (MYCMR)NAT1, the most frequent rotamers observed in the docking are shown in different colours,
with O atoms in red and N atoms in blue. For (MYCAB)NAT1, a single rotamer is indicated as it corresponds to 95% of the rotamers observed upon
docking. (b) Suggested mechanism for the activation of compound 1 to the inhibitory molecule PVK. Superimposition of the residues within a distance of
4 Å of compound 1 in each structure is shown (left). Compound 1 was suggested to undergo a �-elimination causing the formation of a reactive PVK
molecule: we propose that this �-elimination is owing to a proton exchange between the O atom of the benzoyl moiety of compound 1 and a residue that
could be either Lys203 or His203 in (MYCTB)NAT1 and (MYCMR)NAT1, respectively (right). The absence of a protonatable residue at this position
could be responsible for the absence of inhibition of (MYCAB)NAT1.



estingly, most of these genes were predicted to be involved in

the metabolism of aromatic compounds (Ripoll et al., 2009).

In addition, the genomic organization of the nat gene in

M. abscessus is substantially different from that of other slow-

and fast-growing bacteria in that it is not part of an operon

(Sim, Sandy et al., 2008). These data suggested that the nat

gene enzyme from M. abscessus might have been acquired

through horizontal transfer (Martins et al., 2008) and suggest

differences from other mycobacterial NATs. These differences

were further supported by the absence of cross-reactivity

of the recombinant (MYCAB)NAT1 with antibodies raised

against (MYCSM)NAT1 and (MYCTB)NAT1.

The purified recombinant (MYCAB)NAT1 catalyzed the

AcCoA-dependent acetylation of several aromatic amines

including arylamine antibiotics, thus indicating that the

enzyme was functional. Moreover, the enzyme was found to

display a typical (HUMAN)NAT1-like substrate specificity

similar to other bacterial NATs, with 2-AF and 5-AS being the

best substrates and the enzyme not being able to acetylate the

folate catabolite pABA (Deloménie et al., 2001). Our data are

in agreement with previous observations made with other

bacterial NAT enzymes, which were found to be able to

acetylate 4-AS but not pABA, despite the very small differ-

ence between these two chemicals. A study based on docking

calculations on (MYCSM)NAT1 has suggested that 4-AS and

pABA bind identically. However, in contrast to pABA, 4-AS

possesses a hydroxyl chemical group on the aromatic ring that

forms a hydrogen bond to the Thr109 residue in the active site.

The absence of this hydrogen bond between pABA and

Thr109 results in an decreased affinity for pABA compared

with 4-AS (Sandy et al., 2005). In (MYCAB)NAT1, docking

of 4-AS into the acetylated form of the enzyme predicts that

4-AS is hydrogen-bonded to residue Gln217 via the OH

function that is missing in pABA. Thus, in accordance with

Sandy et al. (2005), it is likely that this missing interaction

is critical enough to impair the acetylation of pABA by

(MYCAB)NAT1.

The range of catalytic efficiencies for aromatic amine

substrates is rather broad (102–106 M�1 s�1), but is within the

average range of values observed for other bacterial NATs

(Sikora et al., 2008; Kubiak et al., 2012). The substrate speci-

ficity is close to those of other mycobacterial NAT enzymes

(Sikora et al., 2008; Fullam et al., 2008). Both anti-tubercular

agents, INH and 4-AS, were found to be readily acetylated by

(MYCAB)NAT1 but with lower efficiencies (1.3 � 10 and 2.5

� 102 M�1 s�1 for INH and 4-AS, respectively). The values of

these efficiencies are mainly owing to a low affinity (6.7 and

3.8 mM for INH and 4-AS, respectively). In this regard, the

(MYCAB)NAT1 enzyme is closer to the (MYCTB)NAT1

enzyme (Km
app for INH equal to 100 mM) than to the two other

enzymes (MYCSM)NAT1 and (MYCMR)NAT1, for which

the affinity was reported to be lower than 25 mM (Fullam et al.,

2009; Sandy et al., 2005; Sikora et al., 2008; Payton et al., 1999).

However, it is important to bear in mind that differences in

the experimental conditions (e.g. the AcCoA concentration)

might impact on the kinetic parameters reported. Nonetheless,

under similar conditions (Sikora et al., 2008), (MYCAB)NAT1

is 25-fold more efficient at acetylating INH than

(MYCTB)NAT1. The docking of substrates to the structure of

(MYCAB)NAT1 matches the affinities measured in steady-

state kinetics well. We found that the 2-AF, 4-AS, INH, HDZ,

4-BOA and 5-AS substrates are all stabilized by a network of

van der Waals interactions with hydrophobic residues (Trp42,

Val98, Met100, Phe128, Phe210 and Phe215) that are highly

conserved throughout all bacterial NAT enzymes and this is

not of much help in explaining the different binding affinities

between substrates in (MYCAB)NAT1. Although similar

residues are involved in the binding of INH in

(MYCAB)NAT1, (MYCSM)NAT1 and (MYCMR)NAT1, the

substrate is rotated by 180� around the para axis of its phenyl

ring. Furthermore, we conducted docking with the acetylated

form of the enzyme, which is most likely to be the molecular

entity that will bind the substrate during the ping-pong bi-bi

mechanism (Weber & Cohen, 1967), leading to an outward

shift of 2.5 and 2.9 Å of INH and HDZ, respectively. In these

models, the substrate amine extremity forms a hydrogen bond

to Gly127 and Cys73. However, the latter is unlikely to occur

as the amine function is more prone to undergo nucleophilic

attack by the catalytic Cys73 residue. Nevertheless, our results

add to the general idea obtained from docking models and

substrate-bound structures that all aromatic amines have a

very similar mode of binding that can still be specifically

modulated by binding-pocket residues. Interestingly, Arg115

in (NOCFA)NAT1 was suggested to be responsible for the

weak affinity towards INH compared with (MYCSM)NAT1,

which has a Pro at this position (Martins et al., 2008). Although

an Arg residue is also found in (MYCAB)NAT1, it is more

than 10 Å from the docked INH molecule and thus is unlikely

to be responsible for the difference in affinity observed

compared with other mycobacterial NATs.

(MYCAB)NAT1 adopts the canonical three-domain NAT

fold forming a Cys73–His110–Asp125 catalytic triad respon-

sible for the acetylation reaction (Kubiak, Dairou et al., 2013;

Kubiak, Li de la Sierra-Gallay et al., 2013). Nevertheless,

compared with other mycobacterial NATs, (MYCAB)NAT1

harbours noticeable changes in four loop regions linking

�-strands �2 and �3 (region I; 99–109), �3 and �4 (region II;

118–119), �7 and �8 (region III; 157–163), and �8 and �9

(region IV; 171–178) that resemble those observed in

(NOCFA)NAT1 (except for region II). Region I has been

suggested to alter the accessibility to the binding pocket in

(RHILO)NAT1 (Holton et al., 2005). Similarly, region IV and

the proximal �12–�13 loop seem to reduce the binding-pocket

accessibility in (MYCAB)NAT1 and (NOCFA)NAT1

compared with the other mycobacterial NATs (Fig. 3). Both

regions I and IVare directly involved in the binding of AcCoA

(Fullam et al., 2008). Regions III and IV are also flanking a

�-strand that interacts via hydrogen bonding with the CoA

cofactor (Fullam et al., 2008). No particular role has been

found for region II (which is only composed of two amino

acids). The structural differences in these regions could

thereby account for the differences in kinetic parameters and

substrate specificity observed in (MYCAB)NAT1 compared

with the other mycobacterial NAT enzymes (Fullam et al.,
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2008; Pluvinage et al., 2011). Interestingly, the binding pockets

in the NATs from the fast-growing M. abscessus and

M. smegmatis as well as that from N. farcinica are approxi-

mately two times smaller than those found in the NATs from

the slow-growing M. marinum and M. tuberculosis. In contrast,

no such correlation could be established between the bacterial

growth rate and the electrostatic potential of the binding

cavity. Thus, although some differences still exist between

(MYCAB)NAT1 and (NOCFA)NAT1, several structural

features (catalytic triad geometry, binding-pocket volume and

the organization of the loops involved in cofactor binding)

support the phylogenetic relationship between the two

orthologues and a partial divergence of (MYCAB)NAT1 from

other mycobacterial NATs. In summary, it is likely that a

combination of binding-pocket volume, dynamics and elec-

trostatic charge account for the substrate-specificiy differ-

ences, which a simple docking model is unlikely to fully

explain.

Although the roles of the prokaryotic NAT enzymes are

unclear, these enzymes are generally considered to play a role

in the environmental adaptation of the microorganism

through the biotransformation of aromatic amine compounds

(Boukouvala & Fakis, 2005; Pluvinage et al., 2007; Kubiak et

al., 2012; Sim et al., 2012). In addition to the steady-state

kinetic analysis of recombinant (MYCAB)NAT1 using several

aromatic substrates, we found that the enzyme was expressed

and functional in extracts from the rough and smooth

morphotypes of M. abscessus. More importantly, HPLC

analyses of the culture media of both morphotypes showed

that INH and to a lesser extent 4-AS were acetylated in vivo

by M. abscessus. M. abscessus has not been reported to be

sensitive to INH. Based on data obtained in M. tuberculosis,

it has been suggested that the M. abscessus whiB7 gene could

be responsible for INH resistance (Nessar et al., 2012).

M. tuberculosis NAT has been shown to acetylate INH and

increased expression of the enzyme results in increased INH

resistance (Payton et al., 1999). In addition, knock-out of the

nat gene in M. smegmatis and M. bovis increases the sensitivity

of these strains to INH (Bhakta et al., 2004). Although the

biological relevance of (MYCAB)NAT1 was not assessed in

our study, it cannot be ruled out that the enzyme could

contribute to the detoxification of toxic aromatic chemicals,

including INH. Interestingly, analysis of the M. abscessus

genome revealed the unexpected presence of many genes

that are putatively involved in the metabolism of aromatic

compounds (Ripoll et al., 2009). Moreover, knock-out studies

in M. bovis have revealed the key role of the NAT enzyme in

the metabolism of essential mycolic lipids (Bhakta et al., 2004).

Further studies are needed to decipher the role that

(MYCAB)NAT1 may play in M. abscessus. However, there

is currently a lack of ‘simple’ genetic tools available in

M. abscessus (Nessar et al., 2012).

Several studies have indicated that NAT enzymes could be

attractive therapeutic targets for the development of anti-

mycobacterial compounds (Sim et al., 2012). These studies

have led to the development of potent inhibitors of the

M. tuberculosis, M. marinum and M. smegmatis NATs (West-

wood et al., 2010; Fullam et al., 2013). The similar expression

and activity of (MYCAB)NAT1 in both the rough and smooth

morphotypes of M. abscessus tends to support a basal endo-

genous role. Thus, in an effort to investigate a putative

endogenous role of (MYCAB)NAT1 in M. abscessus, we

tested the ability of the recently developed piperidinol

compound 1 to inhibit the enzyme (Abuhammad et al., 2012).

Unfortunately, in our hands no significant inhibition of

(MYCAB)NAT1 was observed. Although the impact of

compound 1 on (MYCAB)NAT1 remains elusive, its beha-

viour is indisputably different when compared with other

mycobacterial NAT enzymes.

Efforts to explain these differences through docking studies

were only partly fruitful. The number of rotamers adopted by

compound 1 suggests a much more restrained mobility when

docked to (MYCAB)NAT1 compared with (MYCMR)NAT1

and (MYCTB)NAT1. This is consistent with a smaller binding

pocket in (MYCAB)NAT1. The docking experiments do not

fully explain the weak inhibitory effect of compound 1 since

the docking shows stronger affinity towards (MYCAB)NAT1

than other mycobacterial NATs. This apparent discrepancy

may come from the fact that the docking experiments did not

consider factors such as hydration, protein flexibility and

entropy. In addition, the lack of inhibition of (MYCAB)NAT1

by compound 1 may not be owing to binding of the molecule

to the enzyme but rather owing to the fact that the micro-

environment within the (MYCAB)NAT1 active site does not

allow the activation of compound 1. Indeed, the mechanism of

action of the inhibitor remains elusive. However, the inhibitor

has been suggested to undergo a �-elimination leading to the

formation of a reactive PVK species that alkylates the cata-

lytic cysteine, thereby irreversibly inhibiting the enzyme

(Abuhammad et al., 2013). However, no further precision has

been suggested for the �-elimination reaction. The inability of

compound 1 to inhibit the human NAT enzymes suggests that

the �-elimination is likely to rely on the reaction with a residue

lying in the binding pocket, e.g. via proton exchange between

this residue and the O atom of the benzoyl moiety. Our

docking studies suggest that only Lys203 in (MYCTB)NAT1

and His203 in (MYCMR)NAT1 could fulfill this proton-

exchange role. Interestingly, there is a Pro at the corre-

sponding position in (MYCAB)NAT1 (Fig. 6b). Altogether,

the absence of a protonatable residue in the binding pocket

and the single conformation of compound 1 are reasonable

clues to explain the inability of the piperidinol compound to

inhibit (MYCAB)NAT1. It is noteworthy that Pseudomonas

aeruginosa (PSEAE)NAT1 and Salmonella typhimurium

(SALTY)NAT1 are completely inhibited by 30 mM compound

1 although they possess a Val at the position of interest: still, it

is possible that other residues might be responsible for the

activation of the inhibitor depending on the NAT species.

Finally, our results show that if (MYCAB)NAT1 were to be

considered as an important enzyme for the biology of

M. abscessus, the development of a specifically designed

inhibitor will be necessary, assisted by the high-resolution

structure of (MYCAB)NAT1 described in the present

article.
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Altogether, our functional and structural data confirm the

peculiarity of M. abscessus (MYCAB)NAT1 with regard to

other mycobacterial NATs. Differences in the effect of inhi-

bitory compounds between the M. tuberculosis and the

M. abscessus enzymes have already been reported, although to

a lower extent than those that we report (Sohn et al., 2008).

As stated above, (MYCAB)NAT1 is phylogenetically distant

from other mycobacterial NATs. The phylogenetic distance

between mycobacterial NATs observed reflects the ribosomal

small subunit 16S sequence-based classification (Tortoli,

2003). Such a phylogenetic distance might explain, at least

in part, the inability of compound 1 to efficiently inhibit

(MYCAB)NAT1. Although no clues are added here

suggesting that this NAT enzyme is necessary for the bacteria

in its growth or metabolic pathways, (MYCAB)NAT1 could

be a potentially interesting target for the design of inhibitors.

For such an experiment the present biochemical and structural

analysis of (MYCAB)NAT1 is essential for the clear screening

of lead compounds.

In conclusion, this study reports the first functional and

structural characterization of an antibiotic-modifying enzyme

from M. abscessus, (MYCAB)NAT1. It provides bases to

better understand the substrate/inhibitor-binding specificities

among mycobacterial NAT enzymes and to identify/optimize

specific inhibitors. This study should also contribute to the

understanding of the mechanisms responsible for the patho-

genicity and extensive chemotherapeutic resistance of

M. abscessus.
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