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bnat Polymorphism

a  b  s  t  r  a  c  t

The  present  study  was  carried  out to  investigate  the  presence  of polymorphism  in  the  N-acetyltransferase
gene  of 41  clinical  isolates  of  Mycobacterium  tuberculosis,  that  were  resistant  to isoniazid  (INH)  with  no
mutations  in  the  hot  spots  of  the genes  previously  described  to be  involved  in  INH  resistance  (katG,  inhA
and ahpC).  We  observed  single  nucleotide  polymorphisms  (SNPs)  in  ten  of  these,  including  the  G619A  SNP
in five  isolates  and  an  additional  four  so  far  un-described  mutations  in  another  five  isolates.  Among  the
latter  SNPs,  two  were  synonymous  (C276T,  n  =  1  and  C375G,  n  = 3),  while  two  more  non-synonymous  SNPs
were  composed  of  C373A  (Leu→Met)  and  T503G  (Met→Arg)  were  observed  in  respectively  one and  two
isolates.  Molecular  modeling  and  structural  analysis  based  in a constructed  full  length  3D  models  of wild
type  TBNAT  (TBNAT  H37Rv)  and  the  isoforms  (TBNAT  L125M  and  TBNAT  M168R)  were  also  performed.
The  refined  models  show  that,  just  as  observed  in  human  NATs,  the  carboxyl  terminus  extends  deep
tructure–function
olecular modeling

within  the folded  enzyme,  into  close  proximity  to the buried  catalytic  triad.  Analysis  of  tbnat  that  present
non-synonymous  mutations  indicates  that  both  substitutions  are  plausible  to  affect  enzyme  specificity
or  acetyl-CoA  binding  capacity.  The  results  contribute  to a better  understanding  of  structure–function
relationships  of  NATs.  However,  further  investigation  including  INH-sensitive  strains  as a  control  group
is needed  to get better  understanding  of  the  possible  role  of  these  new  mutations  on  tuberculosis  control.
. Introduction

Isoniazid (INH) is one of the main drugs used in tuberculosis
reatment [1,2], and the resistance to this drug has been associ-
ted to mutations in several genes including at least katG, inhA
nd ahpC [3–6], however, 20–30% of the INH resistant isolates do

ot show mutation in these genes, suggesting the involvement of
ther genes or mechanisms, examples being the tbnat gene [7–10]
r efflux pumps [11].
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Arylamine N-acetyltransferases (NAT) belong to a family of
cytosolic enzymes found in eukaryotes and prokaryotes and cat-
alyze the N-acetylation of arylamine and hidrazines by transferring
an acetyl group to the terminal nitrogen group of the substrate,
using acetyl coenzyme A as a cofactor. These enzymes are also able
to catalyze the transfer of an acetyl group to the oxygen of aryl-
hydroxylamines [12–14].  It has been already described that NAT
performing catalysis via a bi-bi ping pong mechanism, transfer-
ring an acetyl group from the acetyl-CoA (donor) to a NAT enzyme,
forming a acetylated intermediate, followed by a second transfer
to the substrate [14–16].  Being mostly studied in eukaryotes, data
show that prokaryotic NAT acetylates INH [14,17,18].  Also, it has
been demonstrated that NAT is expressed endogenously in M. smeg-

matis and the NAT proteins from Mycobacteria can acetylate and
inactivate in vitro isoniazid [18], suggesting that this enzyme may
be involved in INH susceptibility [19]. Also, it has been proposed
that there is a competition between the catalase-peroxidase (CP)
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http://www.elsevier.com/locate/mutres
mailto:erdallacosta@yahoo.com.br
dx.doi.org/10.1016/j.mrfmmm.2011.03.017


3 ion Re

p
v
i
w
f
a
t
m

2

2

p
w
a
i
d
t
[

(

2

p
e
u

2

S
s
7
o
p
U
i
a
t
t
3
4
N
t
o
d
w
c

2

u

2

f
A
T
1
3
C
2
a
C
B
B
B

w
t
t
a
u

4 M.B. Coelho et al. / Mutat

rotein (encoded by katG) and the NAT enzyme for INH [14]. Acti-
ation of INH in Mycobacterium tuberculosis by catalase–peroxidase
nvolves oxidation of the hydrazine moiety, which cannot occur

hen INH is N-acetylated [12]. We  analyzed the entire tbnat gene
rom INH-resistant clinical isolates with no mutations in katG, inhA
nd ahpC genes. The implications of the observed mutations in
bnat function are suggested with basis on the analysis of structural

odels obtained by computational techniques.

. Materials and methods

.1. M.  tuberculosis strains selection

A collection of 265 M.  tuberculosis isolates considered INH resistant, both by the
roportion and by determining Minimum Inhibitory Concentration (MIC) method
as  selected and screened for the presence of mutations in hot spots of katG, inhA

nd ahpC genes, known to be involved in INH resistance and this led to the character-
zation of 41 isolates with WT  alleles in these genes. These strains were from patients
iagnosed with TB between September 2003 to December 2004 and were identified
o the species level by analysis of the morphologic and biochemical characteristics
20].

This work was approved by Ethics Committee of Lutheran University in Brazil
CEP-ULBRA 2007-353H).

.2. Proportion method

All 265 strains and the reference strain were tested for susceptibility with the
roportion method on Lowenstein–Jensen (LJ) medium [21] in the absence and pres-
nce  of INH (0.2 �g/mL). Reference strain M. tuberculosis H37Rv ATCC 27294 was
sed as INH susceptible strain control.

.3. Minimum inhibitory concentration (MIC) determination

The test was  performed as described by [22] to all the strains. The INH (Sigma,
t.  Louis, MO,  USA) stock solution was prepared at concentration of 10 mg/mL in
terile distilled water. Serial two-fold dilutions of INH in 100 �L of Middlebrook
H9 broth medium (Difco, Detroit, MI,  USA) containing glycerol enriched with 10%
leic acid–albumin–dextrose–catalase (OADC) and Bacto Casitone (Difco) were pre-
ared directly in 96-well flat-bottom microplates (Corning Costar, Cambridge, MA,
SA) with final INH concentrations from 16 to 0.2 �g/mL (200 �L total volume). The

noculum was  prepared from fresh LJ medium in Middlebrook 7H9 broth medium
djusted to a McFarland symbol 1 and then further diluted 1:20. A 100 �L aliquot of
his  dilution was  added into each well. The microplates were covered, sealed in plas-
ic  bags, and incubated at 37 ◦C in the normal atmosphere. After 7 days of incubation,
0  �L of resazurin solution was added to each well, incubated overnight at 37 ◦C for
8  h and evaluated for color change. Resazurin sodium salt powder (Acros Organic
.V.) prepared at 0.01% (wt/vol) in distilled water was used as a general indica-

or of cellular growth and viability. A change from blue to pink indicates reduction
f  resazurin and therefore bacterial growth. The MIC  was defined as the lowest
rug concentration that presented no color change. The cut off value for resistance
as  ≥0.2 �g/mL according to [22]. Growth controls containing no INH and sterility

ontrols without M.  tuberculosis were included in each MIC  testing.

.4. Nucleic acid extraction

M. tuberculosis chromosomal DNA was extracted from culture recovered strains
sing the CTAB method as described by [23].

.5. PCR amplification and sequence analysis

The following hot spot genes were amplified by using genomic DNA as template
or  PCR amplification with the following primers katG 1: 5′ CAT GAA CGA CGT CGA
AC AG 3′ , katG 2: 5′ CGA GGA AAC TGT TGT CCC AT 3′; ahpC 1: 5′ GCC TGG GTG
TC  GTC ACT GGT 3′ , ahpC 2: 5′ CGC AAC GTC GAC TGG CTC ATA 3′; inhA (ORF)
:  5′ GAA CTC GAC GTG CAA AAC 3′ , inhA (ORF) 2: 5′ CAT CGA AGC ATA CGA ATA
′; inhA (reg) 1: 5′ CCT CGC TGC CCA GAA AGG GA 3′ , inhA (reg) 2: 5′ ATC CCC
GG TTT CCT CCG GT 3′ , as described by [9],  yielding fragments of 232 bp, 359 bp,
06 bp and 248 bp, as described by [24], respectively. Amplification products were
nalyzed by electrophoresis in 1.5% agarose gels purified with MicroSpin S-300 HR
olumns (Amersham Biosciences, Piscataway, NJ, USA) and sequenced by using the
ig Dye Terminator Cycle Sequencing Kit with AmpliTaq DNA polymerase (Applied
iosystems, Foster City, CA, USA) in the ABI Prism 3100 DNA Sequencer (Applied
iosystems).

Genomic DNA was  used as template for PCR amplification of the tbnat gene

ith specific primers binding 69 bp upstream and 110 bp downstream from the

bnat gene as follows: tbnat 1 forward: 5′ ATC GGT GCG ACA TAG TTG G 3′ and
bnat 4 reverse: 5′ GCC TTC TGC TCA AAG TTG CT 3′ . The PCR was  performed on

 GeneAmp PCR System 9700 thermocycler (Applied Biosystems) in a final vol-
me  of 50 �l containing 40 pmol of each primer, 2.5 mM MgCl2, 0.2 mM dNTPs,
search 712 (2011) 33– 39

1U Taq DNA polymerase (Invitrogen, Brazil), PCR-buffer (10 mM Tris–HCl, 1.5 mM
MgCl2, 50 mM KCl, pH 8.3) (Invitrogen, Brazil), 10% glycerol, and 10 ng of target
DNA as follows: 95 ◦C for 5 min, 65 ◦C for 1 min and 30 s, 72 ◦C for 1 min, for 40
cycles and a final cycle of 72 ◦C for 4 min. Amplification products were analyzed
by  electrophoresis in 1.0% agarose gels, purified with QIAquick PCR Purification
kit (QIAGEN) and the 1069 bp tbnat fragment was  also sequenced using internal
primers (tbnat 2 reverse internal: 5′ GTC CTC GAG CCG ATA AGG GTT  3′ and tbnat
3  forward internal: 5′ CAC CGA CCT CAC CGC TTC 3′). The design of primers used
for  PCR amplification and sequence was based on the published genome sequence
of  M.  tuberculosis H37Rv (6) with aid of PRIMER3 Program. Sequencing was per-
formed at the Oswaldo Cruz Foundation (PDTIS DNA Sequencing Platform/FIOCRUZ,
Rio  de Janeiro – RJ, http://www.dbbm.fiocruz.br/PDTIS Genomica/) in accordance
with described by [25] and the results were analyzed with MegAling (DNASTAR Inc.,
Madison, Wis.) and SeqScape v 2.6 (Applied Biosystems) and the H37Rv sequence
(Rv3566c) was used as reference.

2.6. Spoligotyping

Spoligotyping was  performed as described by [26]. The found spoligopat-
terns were compared to those in the international database of SpolDB4
(http://www.pasteur-guadeloupe.fr: 8081/SITVITDemo/).

2.7. Molecular modeling

Structural models for TBNAT isoforms (H37Rv, M168R and L125 M) were
generated by homology modeling using the MODELLER 9v7 software [27,28]
(http://salilab.org/modeller/).  The first step was to search for homologous pro-
teins of NAT from M. tuberculosis H37Rv (TBNAT, amino-acid sequence access code
YP  177989 in the NCBI database) whose experimental structures are available in
the  Protein Data Bank (PDB). Two structures were chosen as templates, NAT from
Mycobacterium marinum (MMNAT), PDB ID: 2VFB (2.0 Å resolution, 76% sequence
identity), and NAT from M.  smegmatis (SMNAT), PDB ID: 1W6F (2.1 Å resolution,
61% sequence identity). The sequences of the nonnative isoforms were obtained
by the substitution of the specific amino-acids in the FASTA file containing the
sequence of the wild type (tbnat H37Rv) enzyme: leucine (L) at position 125 by an
metionine (M)  (TBNAT L125 M)  and metionine (M) at position 168 by an arginine
(R) (TBNAT M168R). One hundred models were independently generated for each
isoform. Those models that showed the most negative value for the DOPE energy
function [29] were chosen for a more detailed analysis.

The lack of resolution for C-terminal segment in available crystal structures of
prokaryotic NATs resulted that the corresponding region in the homology models
was  disordered. Thus, in order to obtain a suitable template to TBNAT structures,
an  additional stage of refinement was performed by a 10 ns molecular dynamics
(MD) simulation of TBNAT H37Rv model. The final structure of MD  simulation was
utilized as template to generate new models of TBNAT H37Rv, TBNAT L125 M and
TBNAT M168R. The protocol used to perform the MD simulation is described in [30].

3. Results and discussion

3.1. Mutations

The present study was  carry out aiming investigate the presence
of polymorphism in the N-acetyltransferase gene and efflux pumps
mechanisms in 41 M. tuberculosis INH resistant (INH-R) clinical iso-
lates that did not have mutations in regions of genes previously
shown to be involved in INH resistance (katG, inhA and ahpC) [3–6].
The CDS tbnat gene was  completely sequenced in all of the isolates
and single nucleotide polymorphisms were identified in ten out of
forty one isolates tested (Table 1). The already described G619A
NAT SNP, responsible by the amino acid change (gly to arg) was
observed in 5 isolates (12.2%). This SNP has been already described
in literature with a frequency of 619-A SNP in 12% and 20% of a
random cohort of clinical isolates [12,13]. In a previous study per-
formed in isolates from Brazil, this SNP was  observed in 5.2% of the
isolates [25]. The observed difference among the frequencies could
be explained because of the number of samples selected, selection
criterion or genetic differences among the isolates investigated.

Upon sequence analysis we  also observed so far undescribed
four new SNPs, two synonymous SNPs, C276T and C375G, and two
non-synonymous, T503G and C373A, responsible by changes in

the amino acid (Met→Arg) at the codon 168 and (Leu→Met) at
the codon 125, respectively. Allele frequencies, calculated from the
total of the tested samples (41 isolates) showed the higher inci-
dence of the SNP C375G among the new SNPs identified (0.0073),

http://www.dbbm.fiocruz.br/PDTIS_Genomica/
http://www.pasteur-guadeloupe.fr%3a%208081/SITVITDemo/
http://salilab.org/modeller/
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Table  1
CDS nat gene mutation, its genotyping and MIC, in katG, inhA and ahpC WT M. tuberculosis isolates.

Isolate aa Change nat SNP Reference Effect Genotyping MIC

A-6972 G619A SNP (G207R) GGA/AGA [12] Non-synonymous LAM3 S/convergente 0.125
PA-727 G619A SNP (G207R) GGA/AGA [12] Non-synonymous T3 16
PA-1114 G619A SNP (G207R) GGA/AGA [12] Non-synonymous Not describedc ≤ 0.125
CE-588  G619A SNP (G207R) GGA/AGA [12] Non- synonymous LAM3 S/convergente 0.2
342/04 G619A SNP (G207R) GGA/AGA [12] Non-synonymous T1 ≤0.25
A-6906 C276T SNPa (A92A) GCC/GCT In this study Synonymous Beijing ≤0.25
A-7390 C373A SNPb (L125M) CTC/ATG In this study Non-synonymous Not describedc ≤0.25

C375G SNPa (L125L) CTC/ATG In this study Synonymous
CE-3920 C375G SNPa (L125L) CTC/CTG In this study Synonymous LAM6 1
RS-345 C375G SNPa (L125L) CTC/CTG In this study Synonymous LAM9 0.5

T503G SNPb (M168R) ATG/AGG In this study Non-synonymous
RS-363 T503G SNPb (M168R) ATG/AGG In this study Non-synonymous T1 (T4-CE1 ancestor?) 0.5
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a New M. tuberculosis nat gene mutations not described yet.
b Non-synonymous new M.  tuberculosis nat gene mutations not described yet.
c Not described means that they are not present at the SpolDB4 [41].

ollowed by SNP T503G (0.0048) and SNPs C276T, C373A (0.0024).
oexistence of new SNPs and the already described G619A was not
chieved in any isolate; however, in two isolates the presence of
ynonymous and non-synonymous SNPs was observed (Table 1).

.2. General analysis of the TBNAT homology models

Low solubility of recombinant TBNAT has hampered detailed
tructural crystallographic studies of this enzyme [16]. In order
o overcome the lack of 3D information, structural models of
ild type TBNAT (TBNAT H37Rv) and isoforms (TBNAT L125 M and

BNAT M168R) sequenced in INH resistant M.  tuberculosis isolates
ere obtained by homology modeling.

Two crystal structures were used as templates, the arylamine
-acetyltransferase of M.  smegmatis (MSNAT) and the arylamine
-acetyltransferase of M.  marinum (MMNAT). These enzymes were
hosen because of the high degree of homology with TBNAT
61%, SMNAT; 76%, MMNAT). M.  marinum is one of the most
losely related organisms to the pathogenic M.  tuberculosis complex
31,32]. The amino acid sequence of MMNAT enzyme shares 73% of
dentity and 84% of similarity to TBNAT. In this regard, MMNAT is

ore similar to the TBNAT enzyme than any other recombinant
AT enzyme expressed to date [14,16]. Also, the MMNAT substrate

pecificity profile is very similar to that for TBNAT [32]. Regarding
o MSNAT template, in addition to the high degree of homology, is
nown that the NAT enzyme from M.  smegmatis acetylates isoniazid
18]. In fact, expression of M.  tuberculosis tbnat gene in M. smegma-
is leads to an organism with increased resistance to isoniazid [19].

oreover, MSNAT is the unique NAT enzyme whose experimental
tructure is available in complex with isoniazid [33].

Table 2 compares the structural parameters of MMNAT and
MNAT, template structures, with the parameters obtained for
he wild type and mutant TBNATs. The quality of the tem-
lates and of the homology models was evaluated using the
rograms PROCHECK [34], VERIFY 3D [35] and Errat [36] imple-
ented on SAVES (Stuctural Analysis and Verification Server,

ttp://nihserver.mbi.ucla.edu/SAVES/). The values of the analyzed
arameters show the good quality of the homology models.

As expected, the fold of TBNAT H37Rv model (and isoforms)
esembles the general fold observed in mammalian and prokary-
tic NATs (Fig. 1). The amino-terminal domain (residues 1–85)
onsists of five helices (�1–�5). The second domain comprises
esidues 86–184 and consists of eight �-strands (�2–�9). These
wo domains connect through the �-helical interdomain (helices

6–�7, residues 185–208), to the third domain (residues 209–283),
hich has four anti-parallel �-strands (�10–�13) and two  helices

�8–�9). The refined TBNAT H37Rv model shows that, just as
bserved in human NATs, the carboxyl terminus extends deep
within the folded enzyme, into close proximity to the buried cat-
alytic triad. The structural arrangement observed for C-terminal
region is noteworthy, since it had not been determined [37], and
may  be common for other prokaryotic NATs. In this regard, it is
believed that C-terminus of prokaryotic NATs may  have a role in
regulating the binding of acetyl-CoA in the absence of substrate
[38].

3.3. Interactions of wild type TBNAT with acetyl-CoA and
isoniazid

There are evidences that at least in prokaryotic NATs part of
the acetyl-CoA binding site overlaps with the binding site of the
acetyl group acceptor (e.g. arylamines and hydrazines). Such evi-
dence comes from comparison between crystallographic structures
of MMNAT complexed with acetyl-CoA and MSNAT complexed
with INH. In the crystallographic MSNAT-isoniazid complex, the
terminal nitrogen atom of the hydrazyl group is positioned at 2.4 Å
of the S� of the catalytic cysteine residue (Cys70) [33]. Furthermore,
the INH hydrazyl group makes one hydrogen bond with the back-
bone carbonyl group of Thr109 while the aromatic moiety of the
drug interacts through hydrophobic contacts with Phe38, Val95,
Phe130, and Phe204. Similar to binding of isoniazid observed in
MSNAT complex, in the MMNAT-acetyl-CoA complex the terminal
sulfhydryl moiety of CoA is positioned 2.8 Å from S� of Cys70, in an
environment constituted of aromatic residues Phe38, Tyr69, Tyr71,
His110, Phe130 and Phe204 [16]. Among the aminoacid residues
used by MMNAT for CoA binding, Phe38, Cys70, Phe130 and Phe204
are used by MSNAT to make contacts with isoniazid in the MSNAT-
INH complex. In order to estimate the binding forms of the two
ligands, the relative coordinates of the acetyl-CoA from MMNAT-
acetyl-CoA complex and isoniazid from MSNAT-INH complex were
transposed to TBNAT model (Fig. 2).

The location of amino-acid residues that are possibly involved
in the binding of CoA and INH to wild-type TBNAT are shown in
Fig. 3. The amino acid positions that have undergone punctual
substitutions leading to new TBNAT isoforms, observed in isolates
of resistant M.  tuberculosis, are also represented. In the crystallo-
graphic complex, MMNAT interacts with acetyl-CoA through the
following amino acid residues: Phe38, Tyr69, Tyr71, Cys70, Trp97,
His110, Phe130, Gly132, Glu152, Val169, Phe204, Thr209, Ala211,
Ser222, His229, and Lys236 [16]. These, thirteen are structurally
conserved in TBNAT, except Tyr71, Met209 and Met222, that are
substituted by Phe71, Thr209 and Ser222 (Fig. 3). While the substi-

tution Tyr→Phe may  be considered conservative, the substitutions
at TBNAT domain III, Met→Thr and Met→Ser, are nonconservative.
In the MMNAT, the side-chain carbon atoms of Met209 and Met222
are involved in the accommodation of the dimethyloxybutyl moi-

http://nihserver.mbi.ucla.edu/SAVES/
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Table  2
Comparative of the quality of template and model structures.

Template or model Procheck Verify 3D Errat

Core Allow. Gener. Desall. Overall G-factora

MMNAT 85.6 12.2 1.3 0.9 −0.1 99.27 97.34
MSNAT 90.4 9.2 0.4 0.0 −0.07 99.64 96.89
TBNAT H37Rv 89.6 9.6 0.8 0.0 −0.14 91.90 80.45
TBNAT L125M 87.5 11.7 0.0 0.8 −0.15 92.96 69.00
TBNAT M168R 90.0 8.8 0.4 0.8 −0.14 91.90 77.98

a dihedral G-factor [42].

Fig. 1. Schematic representations of the refined TBNAT model. Domain I in red, domain II in blue, interdomain in gray and domain III in yellow. (A) Ribbon trace. (B) Molecular
surface. (For interpretation of the references to color in text, the reader is referred to the web  version of the article.

Fig. 2. Comparison of the probable binding modes of CoA and isonizaid to TBNAT. Interaction model based on the binding mode of CoA to MMNAT and isoniazid to MSNAT
TBNAT fold is represented in ribbon trace. TBNAT catalytic triad, CoA and isoniazid are represented in licorice.
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Fig. 3. Amino-acid residues that are possibly involved in the binding of CoA and
INH to wild-type TBNAT. Prediction based in the MMNAT-CoA and MSNAT-INH
crystallographic complexes. Amino acid residues that interact exclusively with CoA
are shown in orange. Amino acid residues that interact exclusively with isoniazid
are shown in yellow. Amino acid residues that interact with CoA and isoniazid are
shown in green. Except the amino acid residues highlighted by ellipses the others
are  conserved in MMNAT. Represented in blue are the amino acid positions that
h
(
w

e
C
a
C
a
n
h
c
e
e

F
g
v

ave undergone punctual substitutions leading to new TBNAT isoforms (see text).
For interpretation of the references to color in text, the reader is referred to the
eb  version of the article.

ty located at the pyrophosphate end of the pantotheinate arm of
oA [16]. In this context, it has been proposed that the role of inter-
ctions between domain III of prokaryotic NATs and CoA is to keep
oA bound to the acetylated enzyme intermediate until a suitable
cetyl group acceptor displaces it [16]. Considering that the mainte-
ance of CoA associated to enzyme can act to minimize acetyl-CoA

ydrolysis, it is possible that, at least in part, lower catalytic effi-
iency of wild type TBNAT when compared to MMNAT is due to less
fficient interactions of the former with its cofactor. In turn, this
ffect can be attributed to Met→Thr and Met→Ser substitutions

ig. 4. Ribbon models of wild-type and mutant TBNATs. Wild-type TBNAT (A), TBNAT L1
ray  and domain III in yellow. Substituted residues are shown in licorice representation. (F
ersion of the article.)
search 712 (2011) 33– 39 37

at domain III. This latter hypothesis is in agreement with evidences
that support that the third domain has a role in substrate specificity
of NAT enzymes [38].

3.4. TBNAT isoforms in resistant M.  tuberculosis isolates

Three structural models were generated from the alleles pre-
senting the wild type tbnat sequence and from those presenting
the non-synonymous mutations C373G (Leu→Met, TBNAT L125 M
isoform) or T503G (Met→Arg, TBNAT M168R isoform) (Fig. 4).

The TBNAT C373G allele encodes the substitution of Leu125 by
Met  (TBNAT L125 M).  This substitution, involving the exchange of a
branched (Leu) by a linear (Met) side-chain, is located on �4 strand.
Analysis of TBNAT L125 M model shows that a probable rearrange-
ment of the enzyme main chain is necessary for the accommodation
of the Met  side-chain. It is possible that the Leu→Met  substitu-
tion generates local disturbances affecting the conformation and/or
dynamics of residues situated at the bottom of the cleft for substrate
and acetyl-CoA binding (e.g. Val95, Trp97, His110), thus influencing
the specificity or catalytic activity of the enzyme.

The T503G mutation is responsible for Met168Arg substitution
(TBNAT M168R), located at �8 strand, which comprises one of the
sheets that bind CoA in MMNAT. Furthermore, the residue at posi-
tion 168 is adjacent to Val169 and near to Glu152. In MMNAT-CoA
complex, the side-chain of Val169 forms hydrophobic interactions
with the adenine moiety of CoA while the side-chain carboxyl oxy-
gen of Glu152 interacts through a hydrogen bond with the exocyclic
nitrogen atom of the adenine base. Therefore, presuming that the
binding capacity of the acetyl-CoA to TBNAT is important for the
catalytic activity, the possibility of Met168Arg mutation to affect
the enzymatic efficiency must be considered.

In a previous study it was  shown that the interaction of TBNAT
with isoniazid is low affinity [40]. In another work Fullan e col-
leagues pointed that, when the substrate is 5-aminosaliclyate, the
affinity of TBNAT for acetyl-coenzyme is lower than that of the
MMNAT [32]. These results indicate that, unless in the cases of
over expression, the role of wild-type tbnat as a source of M.  tuber-
culosis resistance to isoniazid is questionable. On the other hand,
our results clearly show that the substitutions detected in the iso-
niazid resistant strains are capable to affect the binding capacity
of both acetyl-coenzyme and isoniazid and, in turn, influence the

affinity and/or the catalytic ability of the mutant enzymes. For
instance, with respect to isoniazid, the catalytic efficiency of the
highly homologous enzyme MMNAT (kcat/Km = 274 M−1 s−1) [32] is
about six times larger than the TBNAT (kcat/Km = 49 M−1 s−1) [2].

25 M (B) and TBNAT M168R (C). Domain I in red, domain II in blue, interdomain in
or interpretation of the references to color in text, the reader is referred to the web
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f any of the described mutations act in order to increase the cat-
lytic activity, the tbnat role in the development of resistance to
soniazid need to be reconsidered as well as new strategies for
reating drug-resistant TB should be planned. Clearly, future work
hould demonstrate whether such substitutions have the ability to
ncrease or decrease the enzyme activity of the mutant forms.

.5. Spoligotyping

The strain families that could be grouped by SpolDB4 included:
AM (41.5%, n = 17), Haarlem (22%, n = 9), T (12.2%, n = 5), X (4.9%,

 = 2), U (2.4%, n = 1) and Beijing (4.9%, n = 2). Five (12.2%) isolates
ad an unclassified spoligopattern. In one of these was  found the
619A SNP and in other one was found the new SNP L125 M.  It was
bserved 9 different spoligotypes in the 10 mutated strains, mean-
ng that none of the mutated strains belong to a cluster (Table 1).
n addition, no association was observed between any SNP and

 spoligotype family, including the variant 619-A NAT [p = 0.87;
D = 0.85 (0.07–9.76)]. Also, it was not found association between
ew mutations in tbnat gene and a specific spoligopattern (p = 0.31;
D = 0.52; 0.11–2.29).

.6. Minimum inhibitory concentration (MIC) determination

All isolates previously shown to be INH resistant by the propor-
ion method were tested to determine the MIC  levels. In 5 of them,
he MIC  values were ≤0.125 and in two of these appear the G619A
NP. In tree isolates the MIC  was ≤0.25 and in all of them appear
bnat mutations (Table 1). Most of the isolates showed low MIC  val-
es and in only 7 isolates the MIC  were ≥2 �g/mL. In the opposite, in
tudies carried out in INH resistant isolates showing katG mutation,
specially at the 315 codon, the MIC  levels used to be ≥2 �g/mL,
hich is considered high INH MIC  values [10,39].  Possible relation-

hip between efflux mechanism and low level resistance was not
ound (data not shown).

. Summary

A refined full length structural model for wild type TBNAT
as proposed and analysis of TBNATs that have suffered non-

ynonymous mutations indicated that all amino acid substitutions
re plausible to affect enzyme specificity or acetyl-CoA binding
apacity. Although the binding of isoniazid to TBNAT is a low affinity
nteraction [40], the possibility of the described mutations affect-
ng the enzyme structure to increase its affinity for drug and thus
epresenting a new source of resistance to M.  tuberculosis should
e considered. Docking and molecular dynamics simulations are

n progress to better characterize the effect of mutations on the
BNAT affinity. Finally, the results obtained in this work should
ontribute to a better understanding of structure-function relation-
hips of NATs as well as for to direct drug design target to resistant
uberculosis.
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