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ABSTRACT: The arylamineN-acetyltransferases (NATs) are xenobiotic-metabolizing enzymes that catalyze
the N-acetylation of arylamines and their N-hydroxylated metabolites. These enzymes play a key role in
detoxication of numerous drugs and xenobiotics. We report here the cloning, functional expression, and
characterization of three newNATgenes (termedbanatA, banatB, andbanatC) from the pathogenBacillus
anthracis. The sequences of the corresponding proteins are∼30% identical with those of characterized
eukaryotic and prokaryotic NAT enzymes, and the proteins were recognized by an anti-NAT antibody.
The three genes were endogenously expressed inB. anthracis, and NAT activity was found in cell extracts.
The three NAT homologues exhibited distinct structural and enzymatic properties, some of which have
not previously been observed with other NAT enzymes. Recombinant BanatC displayed strong NAT
activity toward several prototypic NAT substrates, including the sulfonamide antibiotic sulfamethoxazole
(SMX). As opposed to BanatC, BanatB also had acetyl-CoA (AcCoA) andp-nitrophenyl acetate (PNPA)
hydrolysis activity in the absence of arylamine substrates, indicating that it may act as an AcCoA hydrolase.
BanatA was devoid of NAT or AcCoA/PNPA hydrolysis activities, suggesting that it may be a new
bacterial NAT-like protein with unknown function. Expression of BanatC inEscherichia coliafforded
higher-than-normal resistance to SMX in the recombinant bacteria, whereas an inactive mutant of the
enzyme did not. These data indicate that BanatC could contribute to the resistance ofB. anthracisto
SMX.

Arylamine N-acetyltransferases (NATs)1 are xenobiotic-
metabolizing enzymes (XMEs) that catalyze the acetylCoA
(Ac-CoA)-dependent N- and O-acetylation of various ary-
lamines, hydrazines, and their N-hydroxylated metabolites
(1). These enzymes thus play an important role in the
detoxication and bioactivation of numerous drugs and
xenobiotics (2, 3).

NAT enzymes have been found and characterized in
several vertebrate species, such as human, mouse, and
chicken (4). In humans, two NAT enzymes have been

described (NAT1 and NAT2) (5). Although NAT1 and
NAT2 are highly similar, their kinetic selectivity toward
aromatic substrates differs markedly (6, 7). NAT1 acetylates
in vivo several therapeutic drugs, including the antibacterial
drugs sulfamethoxazole (SMX) (8) and p-aminosalicylate
(PAS) (9). The NAT2 isoform, which also acetylates in vivo
numerous xenobiotics and therapeutic drugs, was first
identified as the enzyme that inactivates the front-line
antitubercular drug isoniazid (INH) (10). NATs have also
been identified and characterized in several prokaryotes (11-
14). X-ray crystal structures have been reported for four NAT
orthologs fromSalmonella typhimurium, Mycobacterium
smegmatis, Pseudomonas aeruginosa, andMesorhizobium
loti (11, 13, 15, 16). NAT enzymes are 31-33 kDa proteins
(270-290 amino acids). They contain a highly conserved
three-domain fold (an N-terminal helical bundle, a central
â-barrel, and a C-terminalR/â-lid) and a cysteine protease-
like (Cys-His-Asp) catalytic triad. Three-dimensional models
of the catalytic domain of human NAT1 and NAT2 isoforms
showed a high degree of structural similarity with the
bacterial enzymes (17, 18). NAT activity is based on a bi-bi
ping-pong mechanism in which the active-site cysteine is
initially acetylated by AcCoA to form a thioacetyl ester
(16, 19).
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Bacterial NATs acetylate various arylamine xenobiotic
substrates and therapeutic drugs (4, 20). It has been suggested
that bacterial NATs could be employed as a defense weapon
against environmental toxins (4). Several studies showed that
acetylation of INH byMycobacterium tuberculosisNAT
contributed to the resistance of this bacterium to INH
antibiotic (12, 21). While NAT family members may have
common functions, certain NAT homologues may have
different roles in the various organisms in which they are
present. This is exemplified by the existence of a NAT
homologue, rifamycin-amide synthase (RifF), which lacks
NAT activity but which catalyzes the last step of the
synthesis of the antibiotic rifamycin inAmycolatopsis medi-
terranei (22).

Recently, a bioinformatics screen of the bacterial genomes
available revealed thatBacillus anthracismay possess three
different NAT genes (23). Whereas one of the three genes
may encode a typical NAT enzyme of 279 amino acids, the
other twoNATgenes putatively encode two unusually short
NAT isoforms (with shorter C-terminalR/â-lid domains) of
217 and 255 amino acids (4, 23). For the NAT enzyme from
S. typhimurium(Stnat), removal of the C-terminalR/â-lid
domain (≈100 amino acids) led to a truncated NAT mutant
that was devoid of AcCoA-dependent acetylation activity but
that displayed hydrolytic activity toward AcCoA and PNPA
(24). A truncated Stnat mutant lacking the C-terminal domain
undecapeptide was able to catalyze both AcCoA-dependent
acetylation of arylamines and AcCoA hydrolysis in the
absence of arylamine (24).

B. anthracis is a Gram-positive bacterium that causes
anthrax disease in animals and humans (25). B. anthracis
has become notorious as a bioweapon because of its tough,
environmentally resistant endospore and its ability to cause
lethal inhalation anthrax in humans (26). Most B. anthracis
isolates are naturally resistant to several antibiotics, including
SMX (27). This drug is a substrate for certain bacterial NAT
enzymes (13, 14, 28) and can be inactivated in human liver
by NATs (8).

Here, we report the molecular cloning, the functional
expression, and the primary characterization of three new
homologousNATgenes fromB. anthracis(termedbanatA,
banatB, and banatC). We show that these three NAT
homologues exhibit different structural and functional prop-
erties, some of which have not been described before. As
opposed to other NAT enzymes described to date, BanatB
was found to display NAT activity but also AcCoA hydroly-
sis activity in the absence of arylamine substrates. In addition,
expression studies inEscherichia coli indicate that the
BanatC isoform could contribute to SMX resistance.

EXPERIMENTAL PROCEDURES

Materials.4-Aminosalicylic acid (4 AS), 5-aminosalicylic
acid (5 AS), sulfamethoxazole (SMX), 2-aminofluorene (2
AF), hydralazine (HDZ), isoniazid (INH),p-aminobenzoic
acid (PABA), acetyl-coenzyme A (AcCoA), 1,4-dithiothreitol
(DTT), mutanolysin, and nickel-NTA superflow resin were
obtained from Sigma. The bacterial pET28 expression vector
was purchased from Novagen. The Bradford protein assay
kit was supplied by Bio-Rad. All other reagents were
purchased from Sigma. Polyclonal antibodies against NAT
from S. typhimuriumwere kindly provided by E. Sim

(University of Oxford, Oxford, U.K.) and have been de-
scribed previously (12).

Sequence Alignment, Secondary Structure Predictions, and
Phylogenetic Analysis.DNA and protein sequences were
retrieved from the NCBI Genbank and Genpept databases.
Secondary structure predictions were carried out using the
PSI-Pred algorithm (29). Protein sequence alignments were
conducted with Clustal W1.8 (30). For phylogenetic analysis,
the neighbor-joining (NJ) method was used with the multiple-
amino acid sequence alignments as implemented in the
phylogenetics package PHYLIP (31). The distance matrices
were calculated with the Dayhoff substitution model (31).

B. anthracis Strains.Two nonvirulentB. anthracisstrains
were used in this study,B. anthracisRTC50 (pXO1+/Tox-,
pXO2+/capE::Spec) (32) and B. anthracis9131 (pXO1-,
pXO2-) (33). These two strains are derivative of the Sterne
strain, the DNA sequence of which is known (Refseq
NC_005945). Strains were grown in Luria broth (LB, Difco
Laboratories) at 37°C.

DNA Extraction.Extraction of chromosomal DNA from
B. anthracisRTC50 was performed as described in ref33
with the addition of mutanolysin to obtain better peptidogly-
can degradation.

Molecular Cloning and Plasmid Construction.ThebanatA,
banatB, and banatC open reading frames (ORFs) were
amplified from B. anthracisRTC50 strain genomic DNA
(32) by high-fidelity PCR using the oligonucleotides 5′-
CCGGATCCATGACCGACTTTCAAAAACA-3′ (sense) 5′-
GGCTCGAGCTACAATAAGAGGTACTTTG-3′ (reverse)
for banatA, 5′-CCGGATCCATGACAAGTCTACAACAT-
AA-3′ (sense) 5′-GGCTCGAGCTATAACTCAATAGCAAA-
TA-3′ (reverse) forbanatB, and 5′-CCGGATCCATGAT-
GACCAATTTACAAAA-3 ′ (sense) 5′-GGCTCGAGCTAA-
CCTCTTTCTAGTGTTT-3′ (reverse) forbanatC. The PCR
used Pfu DNA polymerase (Promega) and consisted of a
denaturation step (94°C for 2 min) followed by 40 cycles
of annealing (55°C for 30 s), extension (72°C for 2 min),
and denaturation (94°C for 1 min), and a final extension
step (72°C for 5 min). PCR products were subcloned into
the pET28a expression vector for further six-His-tagged
recombinant protein expression. The sequences of the inserts
were checked by DNA sequencing.

Site-Directed Mutagenesis of BanatC.An inactive mutant
of BanatC (BanatC C69A) was constructed via replacement
of the catalytic cysteine residue (Cys69) with an alanine using
a cassette mutagenesis strategy employing an overlap exten-
sion PCR protocol. The mutagenesis primers were 5′-
GGCGGTCTTGCTTATGAATTA-3′ (sense) and 5′-TAAT-
TCATAAGCAAGACCGCC-3′ (reverse).

Protein Production and Purification. E. coliBL21(DE3)-
pLysS transformed with the pET-28A-based plasmids encod-
ing banatA, banatB, and banatCORFs were used for the
production and purification of the corresponding recombinant
proteins. Transformed bacteria were induced with 0.1 mM
isopropyl 1-thio-â-D-galactopyranoside (IPTG), grown for
5 h at 37°C, and incubated overnight at 4°C. Bacteria from
a 1 L culture were pelleted (6000g for 10 min) and washed
with PBS (phosphate-buffered saline). Pelleted bacteria
(6000g for 10 min) were resuspended in 20 mL of PBS
containing lysozyme (final concentration of 1 mg/mL) and
protease inhibitors. Following incubation (1 h at 4°C),
protease inhibitors and 0.1% Triton X-100 (final concentra-
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tion) were added, and the suspension was incubated for a
further 1 h at 4°C. The lysate was then sonicated on ice
(five pulses of 30 s each) and pelleted (12000g for 30 min).
The supernatant was incubated with 1.5 mL of HIS-Select
nickel resin (in the presence of 20 mM imidazole) for 2 h at
4 °C. The resin was then poured into a column and washed
successively with PBS supplemented with 0.1% Triton X-100
and with PBS. Recombinant BanatA, BanatB, and BanatC
were eluted with 300 mM imidazole in PBS. Purified
enzymes were reduced by incubation with 10 mM DTT for
10 min at 4°C and then dialyzed against 25 mM Tris-HCl
(pH 7.5) and 1 mM EDTA. Further purification of the His-
tagged proteins was also carried out using CM Sephadex
(Amersham-Pharmacia) ion exchange chromatography. Ni2+-
agarose-purified proteins were batch-bound to CM Sephadex
at 4°C {pre-equilibrated in buffer A [25 mM Tris-HCl (pH
7.4) and 1 mM EDTA]}, and the resin was poured into an
empty column. After extensive washes with buffer A,
proteins were eluted with a NaCl step gradient in buffer A.
Purified proteins were eluted with 150 mM NaCl in buffer
A, reduced with DTT, and dialyzed overnight at 4°C against
buffer A. The purity of protein samples was checked by
SDS-PAGE and Western blotting as described below.
Optimal protein production inE. coli was achieved with 100
µM IPTG.

ReVerse Transcription Polymerase Chain Reaction (RT-
PCR) Experiments.Total RNA was extracted from stationary
phase cultures (OD600 ) 0.9) of B. anthracisRTC50 and
9131 strains grown in LB medium. TRIzol reagent (Invit-
rogen) was used for RNA extraction as described forBacillus
subtilisby Burguiere et al. (34). The RNA preparation was
treated with DNAse I (Ambion), and RNA quality was
analyzed on a RNA NanoLabChip (Agilent Technologies).
The first-strand cDNA was synthesized from 2µg of total
RNA, using theCarboxydothermus hydrogenoformansRT
kit from Roche and reverse primers forbanatA, banatB, and
banatC (see above). PCRs were carried with Taq DNA
polymerase (Sigma) using thebanatA, banatB, andbanatC
primers used for molecular cloning (see above). The absence
of genomic DNA contamination was confirmed in controls
to which no reverse transcriptase was added.

Preparation of Protein Extract.Extracts were prepared
from stationary phase cultures (150 mL, OD600 ) 0.9) ofB.
anthracis strain 9131 grown in LB medium. Cells were
harvested by centrifugation (5000g at 4 °C for 10 min).
Pellets were resuspended in 2 mL of PBS supplemented with
0.05% Triton X-100, lysozyme (1 mg/mL), mutanolysin (50
µg/mL), 5 mM DTT, and protease inhibitors. The resulting
suspensions were subjected to sonication or to the FastPrep
cell disrupter (ThermoSavant) with glass beads. After
centrifugation (12000g for 15 min), supernatants were used
for Western blotting and enzyme assays.

Enzyme Assays.Standard assays were used to characterize
the NAT activity of BanatA, BanatB, and BanatC (35).
Measurements of the AcCoA-dependent acetylation of typical
NAT substrates by recombinant BanatA, BanatB, and BanatC
were carried out using 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB or Ellman’s reagent) as described by Brooke et al.
(28). Purified recombinant enzymes and arylamine substrates
(final concentration of 500µM) were mixed and preincubated
(37 °C for 5 min) in assay buffer [25 mM Tris-HCl (pH
7.5) and 1 mM EDTA] in a 96-well ELISA plate. AcCoA

was added to a final concentration of 400µM to start the
reaction. The total volume of the assay was 100µL. The
reaction was quenched with 25µL of 5 mM DTNB in a
guanidine hydrochloride solution [6.4 M guanidine-HCl and
0.1 M Tris-HCl (pH 7.3)]. The absorbance at 405 nm was
measured using an ELISA plate analyzer. All assays were
conducted in triplicate under conditions giving a linear initial
rate. Controls were carried out in the absence of enzyme,
AcCoA, or arylamine. The amount of CoASH produced in
the reaction was determined by comparison with a standard
curve obtained with DTNB. Data were expressed as the
means( the standard deviation. AcCoA-dependent acety-
lation of aromatic substrates by the recombinant proteins was
also carried out using the 4-(dimethylamino)benzaldehyde
(DMAB) assay (36). Similar results were obtained using
either the DTNB or DMAB assay.

To assess the “pure” hydrolytic activity of the recombinant
proteins toward AcCoA andp-nitrophenyl acetate (PNPA),
the DTNB assay described above was carried out in the
absence of arylamine substrates as described by Mushtaq et
al. (24).

Apparent kinetic parameters (Vm
app andKm

app) for SMZ,
SMX, 4 AS, 5 AS, HDZ, and 2 AF were estimated from
nonlinear regression analysis using the DTNB assay as
previously described (28). For bi-bi ping-pong mechanisms
(as for all NAT enzymes),Vm

app/Km
app ratios are equal to

true kinetic parameter ratios (Vm/Km) (37). ApparentVm/
apparentKm ratios were therefore used for comparing
catalytic efficiencies (14).

The detection of NAT activity inB. anthracisextracts
was achieved using HPLC assays as described by Dupret et
al. (38).

All assays described above were performed in triplicate,
under conditions giving a linear initial rate.

Sulfamethoxazole (SMX) Resistance Assay.The sul-
famethoxazole resistance assays were carried out on LB agar
solid medium plates usingE. coli strain DH5R (SMX
minimum inhibitory concentration of≈500µM) as modified
from Milner et al. (39) and Iliades et al. (40). To this end,
IPTG (final concentration of 100µM), SMX (final concen-
tration of 500µM), and kanamycin (final concentration of
30 µg/mL) were freshly prepared and dissolved in LB agar
medium. Control plates were also created without SMX and/
or without IPTG. DH5R cells transformed with pET28a
vector alone, pET28a-banatC, and pET28a-banatCC69A
mutant were grown in LB medium at 37°C (containing
kanamycin). Cells were harvested while in log-phase growth,
normalized to an OD600 of 0.1, and grown in the presence
of 100 µM IPTG for a further 1 h. Cells were again
normalized, and 5µL was spotted onto plates (with or
without IPTG and/or SMX) and grown at 37°C. Experiments
were carried out in triplicate. Pictures were taken after
incubation for 2-3 days.

Protein Identification, SDS-PAGE, and Western Blotting
Analysis.Protein concentrations were determined using the
Bradford assay (Bio-Rad). Samples were combined with
reducing 4× SDS sample buffer and separated by SDS-
PAGE. Gels were stained with Amido black or Coomassie
blue. For Western blotting, following separation by SDS-
PAGE, proteins were electrotransferred onto a nitrocellulose
membrane. The membrane was blocked by incubation with
Tris-buffered saline and Tween 20 (TBS) containing 5%
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nonfat milk powder for 1 h in TBS. An antibody raised
against NAT fromS. typhimurium(12) was added (1:10000
dilution), and the membrane was incubated for 1 h in TBS.
Secondary conjugated antibody (anti-rabbit at a dilution of
1:100000) was added, and the membrane was incubated for
1 h. The membrane was then washed, and ECL reagent
(Amersham-Pharmacia) was used for detection.

RESULTS

Molecular Cloning and Sequence Analysis of the Three
NAT Homologues from B. anthracis.A recent screening of
more than 300 complete and incomplete bacterial genomes

showed thatB. anthracis possessed three putative open
reading frames (ORFs) encoding three NAT homologues
(23). Two of theseB. anthracisORFs could encode unusually
short NAT enzymes (Figures 1A,B and 2B). To test whether
these three putativeNAT genes encode functional NAT
enzymes, we cloned the three corresponding ORFs [termed
banatA (GenBank entry YP_029549),banatB (GenBank
entry YP_028791), andbanatC(GenBank entry YP_028265)].
ThebanatA(654 nucleotides),banatB(768 nucleotides), and
banatCORFs (840 nucleotides) encode three polypeptide
sequences of 217, 255, and 279 amino acids, respectively
(Figure 1A). As shown in panels A and B of Figure 1, these

FIGURE 1: Nucleotide and deduced amino acid sequences of the threeB. anthracisNAT homologues (BanatA, BanatB, and BanatC) and
alignment with cloned bacterial NAT enzymes. (A) Complete nucleotide and deduced amino acid sequences ofB. anthracisNATA (BanatA),
NATB (BanatB), and NATC (BanatC). The nucleotide sequences are numbered in the 5′ to 3′ direction, from the initial ATG codon to the
stop codon. The three characteristic functional regions conserved in all NAT enzymes (20) are highlighted in gray. The putative catalytic
triad residues (cysteine, histidine, and aspartate/glutamate) are shown in bold. (B) Multiple alignment of BanatA, BanatB, and BanatC
amino acid sequences.B. anthracisNAT protein sequences were aligned with the sequences of the cloned and characterized NAT enzymes
from S. typhimurium(Stnat),M. smegmatis(Msnat),P. aeruginosa(Panat), andMe. loti (Mlnat1 and Mlnat2) using the Clustal W1.8
program. Identical residues are highlighted in black, and conserved substitutions are highlighted in dark gray. Catalytic residues are indicated
by a dot. The three characteristic structural domains of NAT enzymes (16) are depicted below the BanatC sequence (black for the helical
bundle domain, medium gray for theâ-barrel domain, and light gray for theR/â-lid domain) and are those deduced from the Stnat structure
(PDB entry 1E2T).
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three protein sequences contain all the characteristic con-
served NAT functional motifs (4, 41) found in all NAT
enzymes characterized so far (14, 20). The conserved NAT
catalytic triad residues (Cys-His-Asp) were also found in the
three putativeB. anthracisNAT enzymes, with BanatA
having a glutamate residue instead of an aspartate (Figure
1A,B). Despite their differences in length, the threeB.
anthracis NAT sequences share from 25-35% sequence
identity. Multiple-sequence alignments with the well-
characterized NAT enzymes fromS. typhimurium, M.
smegmatis, P. aeruginosa, andMe. loti clearly indicate that
the threeB. anthracis sequences are NAT homologues,
sharing∼27% identical sequence with these bacterial NATs
(Figure 1B). Phylogenetic analysis (data not shown) further
supports the idea that BanatA, BanatB, and BanatC are
paralogs, thus confirming that paralogous NAT sequences
also exist in prokaryotes (4, 41). Structural analysis of the
B. anthracisNAT sequences suggests that these proteins have
the characteristic NAT secondary structure topology, which
consists of three structural domains, an N-terminalR-bundle,
a centralâ-barrel, and a C-terminalR/â-lid (16) (Figure 1B).
As stated above, BanatA, BanatB, and BanatC proteins differ
in length. Sequence and structural analyses (data not shown)
indicate that the length of the BanatC protein (279 amino
acids) and, in particular, the sizes of its three structural
domains are similar to those found in the bacterial NAT
enzymes characterized so far, i.e., three structural domains
of the same length (≈90 amino acids) (4, 16). Although
BanatA and BanatB possess N-terminalR-bundle and central
â-barrel domains similar to those found in NAT enzymes,
BanatA and BanatB have a C-terminalR/â-lid domain shorter
than that of BanatC and other well-characterized bacterial
NAT enzymes (4, 16). So far, BanatA is the smallest NAT
homologue reported.

Expression, Purification, and Characterization of Recom-
binant BanatA, BanatB, and BanatC Proteins.We obtained
highly purified and soluble recombinant BanatA, BanatB,
and BanatC proteins with molecular masses consistent with
predicted values (27 kDa for BanatA, 31 kDa for BanatB,
and 34 kDa for BanatC, 2 kDa His tag included) (Figure
2A). As shown in Figure 2B, the three recombinant proteins
were readily detected by a specific antibody againstS.
typhimuriumNAT (Stnat) known to cross-react with other
bacterial NATs, such as the isoforms ofM. smegmatis, M.
tuberculosis, and Me. loti (13, 14). These data further

supported the idea that BanatA, BanatB, and BanatC belong
to the NAT enzyme family. The three recombinant proteins
were also detected by a specific anti-six-His antibody (data
not shown). In a control, no detection was observed with an
anti-human NAT1 known to give no cross-reactivity with
bacterial NATs (data not shown).

Enzymatic Characterization of Recombinant BanatA, Ba-
natB, and BanatC Proteins.We further characterized the
purified recombinant BanatA, BanatB, and BanatC proteins
by investigating whether they catalyzed the AcCoA-depend-
ent acetylation of several prototypic arylamine substrates

FIGURE 2: Expression of recombinant BanatA, BanatB, and BanatC proteins. (A) SDS-PAGE analysis of recombinant BanatA, BanatB,
and BanatC. Two micrograms of purified recombinant proteins wasd subjected to SDS-PAGE under reducing conditions and stained with
Coomassie R250 brilliant blue (BanatA in lane 1, BanatB in lane 2, and BanatC in lane 3). (B) Western blot analysis of recombinant
BanatA, BanatB, and BanatC proteins. Five hundred nanograms of purified proteins was subjected to SDS-PAGE under reducing conditions,
and Western blot analysis was conducted using a polyclonal antibody raised against the Stnat enzyme (1:5000 dilution; BanatA in lane 1,
BanatB in lane 2, and BanatC in lane 3).

Table 1: NAT Activity of Purified Recombinant BanatB and
BanatC Proteins toward Typical Aromatic NAT Substrates

rate (nmol min-1 mg-1)

compound short name BanatB BanatC

none 168( 25 ndc

sulfamethoxazolea SMX b 416( 16
5-aminosalicylate 5 AS 1360( 69 3679( 130
4-aminobenzoic acid pABA b ndc

4-aminosalicylate 4 AS b 3109( 50
2-aminofluorenea 2 AF 603( 49 5852( 220
isoniazid INH b ndc

hydralazine HDZ 969( 36 1744( 79
a Assay performed in the presence of 5% (v/v) DMSO.b No NAT

activity measured (identical AcCoA hydrolysis activity measured in
the absence or presence of an aromatic substrate).c No AcCoA
hydrolysis measured either in the presence or in the absence of an
arylamine substrate.

Table 2: Steady-State Kinetic Analysis of BanatB and BanatC
Enzymesa

compound
short
name Km

app(µM)
Vm

app(µM
min-1 mg-1)

Vm
app/Km

app

(×103)

BanatB
5-aminosalicylate 5 AS 622( 76 22.00( 2.8 35
2-aminofluorene 2 AF 84( 17 4.7( 0.3 56
hydralazine HDZ 849( 96 22.52( 1.4 26

BanatC
sulfamethoxazole SMX 662( 26 4.61( 0.3 7
5-aminosalicylate 5 AS 228( 13 43.89( 0.8 192
4-aminosalicylate 4 AS 834( 147 56.11( 2.5 67
2-aminofluorene 2 AF 210( 23 64.5( 1.9 307
hydralazine HDZ 1327( 56 61.07( 1.6 46

a Apparent Michaelis-Menten parametersVmax andKm were deter-
mined by direct curve fitting to Michaelis-Menten equations (nonlinear
regression).
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(NAT activity). Most of these substrates have been used to
probe the NAT activity of several bacterial NAT isoforms
(13, 14). NAT activity was measured by following the rate
of AcCoA hydrolysis in the presence of aromatic substrates,
using DTNB as described previously (13, 14, 28, 42). As
shown in Tables 1 and 2, arylamineN-acetyltransferase
activity was readily measured for BanatB and BanatC
proteins, but with large differences in substrate preference
and in acetylation rates. Among the seven prototypic NAT
substrates that were tested, BanatB selectively acetylated
2-aminofluorene (2 AF), 5-aminosalicylate (5 AS), and
hydralazine (HDZ) with different catalytic efficiencies (Vm

app/
Km

app ratios ranging from 56× 10-3 min-1 mg-1 for 2 AF
to 26× 10-3 min-1 mg-1 for HDZ) (Table 2). BanatC was
also able to acetylate 2 AF, 5 AS, and HDZ but with catalytic
efficiencies higher than those found with BanatB (Vm

app/Km
app

ratios were 5.5 times higher for 2 AF and 5 AS and 1.8 times
higher for HDZ). BanatC also significantly acetylated
4-aminosalicylate (4 AS) (Vm

app/Km
app ratio of 67 × 10-3

min-1 mg-1) and the sulfonamide antibiotic sulfamethoxazole
(SMX) (Vm

app/Km
appratios of 7× 10-3 min-1 mg-1). We also

determined aVm
app/Km

app ratio of 3× 10-3 min-1 mg-1 for
human NAT1 (data not shown), this latter value being in
agreement with previously published data on the acetylation
of SMX by human NAT1 (8). No acetylation of PABA was
obtained with BanatB and BanatC (Table 1), as observed
for most bacterial NATs (13). Moreover, contrary to the other
bacterial NATs characterized at the molecular level (12-
14, 28), BanatB and BanatC were unable to acetylate the
antitubercular drug INH significantly (Table 1). Thus, the
data reported above clearly show that BanatB and BanatC
are NAT enzymes with distinct enzymatic properties. This
is further supported by the fact that in addition to its NAT
activity, we found that BanatB, but not BanatC, displayed
AcCoA hydrolysis activity in the absence of an arylamine
substrate (Table 1). PNPA hydrolysis was also observed with
BanatB (data not shown). Therefore, in addition to its NAT

activity, the BanatB isoform may also act as an AcCoA
hydrolase. We have not found any NAT or AcCoA/PNPA
hydrolysis activities with BanatA.

Effect of BanatC Expression on the Resistance of E. coli
Strain DH5R to SMX.The kinetic analysis reported above
showed that BanatC has a better efficiency toward SMX than
the human NAT1 isoform. In human, SMX is mainly
metabolized and subsequently inactivated through NAT1-
dependent acetylation. This suggested that BanatC could also
contribute to SMX inactivation. We therefore tested whether
the expression of BanatC inE. coli strain DH5R (minimum
inhibitor concentration toward SMX of≈500 µM) could
afford resistance to SMX. BanatC C69A, a BanatC mutant
devoid of NAT activity (data not shown), and the plasmid
vector pET28a alone were used in control experiments. As
shown in Figure 3, when the expression of BanatC was not
induced by IPTG, theE. coli cells did not grow in the
presence of 500µM SMX. Conversely, with IPTG, only the
cells transformed with BanatC were able to grow in the
presence of SMX when compared to the other transformants.
Overall, our results indicate that BanatC could contribute to
SMX resistance inB. anthracis. Similar data were obtained
in LB liquid cultures where BanatC expression was found
to increase the resistance ofE. coli to 500µM SMX (data
not shown).

Endogenous Expression of BanatA, BanatB, and BanatC
in B. anthracis.We investigated whether the three NAT
homologues were expressed endogenously inB. anthracis
(Figure 4). RT-PCR products of expected sizes forbanatA
(667 bp, lanes 1 and 4),banatB(781 bp, lanes 2 and 5), and
banatC(853 bp, lanes 3 and 6) were obtained with RTC50
and 9131 strains, thus indicating that thebanatA, banatB,
and banatC genes were expressed byB. anthracis. We
carried out Western blotting experiments onB. anthracis
protein extracts using the antiserum against Stnat. As shown
in Figure 4, two specific bands corresponding to the
molecular masses of BanatC (32 kDa) and BanatB (29 kDa)

FIGURE 3: SMX resistance assay on solid medium of recombinantE. coli (DH5R) cells expressingbanatC. E. coliDH5R cells transformed
with pET28a vector, pET28a-banatC, or pET28a-banatCC69A constructs were spotted (5µL) on LB solid agar medium (30µg/mL
kanamycin) containing IPTG and/or SMX at the indicated concentrations. The pictures were taken after growth at 37°C for 72 h.
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were specifically detected by the anti-Stnat antibody. The
expression of BanatA protein (25 kDa) was not detectable
at the level of sensitivity attained in these experiments. In
addition to Western blotting experiments, we investigated
whether theB. anthracis protein extracts catalyzed the
acetylation of the NAT substrates. AcCoA-dependent acety-
lation occurred with NAT substrates such as 2 AF [30 pmol
min-1 (mg of protein)-1] or 4 AS [20 pmol min-1 (mg of
protein)-1]. Lower activities [<10 pmol min-1 (mg of
protein)-1] were found with the other NAT substrates.
Although we cannot distinguish the specific contributions
of BanatB and BanatC to the NAT activity of the extracts
(separation of the extracts on a chromatography column
proved difficult due to the low stability of the proteins in
the extracts), our results indicate that the BanatC enzyme,
at least, is functional, as 4 AS (not acetylated by recombinant
BanatB) was acetylated by the extracts.

DISCUSSION

B. anthracisis a bacterium of significant medical impor-
tance since it is the causative agents of food poisoning and
anthrax disease (25, 43).

We have described, at the molecular level, three NAT
homologues fromB. anthracis(BanatA, BanatB, and Ba-
natC). Sequence and phylogenetic analyses show that Ba-
natA, BanatB, and BanatC proteins are paralogs that possess
all the described NAT-specific functional motifs (20, 41).
The cross-reactivity of BanatA, BanatB, and BanatC with
an antibody against Stnat further supports the idea that these
three proteins are related to bacterial NAT enzymes (13, 14).
Functional assays using typical NAT substrates (Table 1)
showed that BanatB and BanatC were able to catalyze the

AcCoA-dependent acetylation of typical NAT arylamine
substrates, thus confirming that these two isoforms are
functional NAT enzymes. However, differences in substrate
preferences and rates of acetylation were found (Table 1).
BanatC acetylated seven of the eight NAT substrates that
were tested, whereas BanatB acetylated only three arylamine
substrates. Such differences in substrate preferences and
acetylation rates have also been reported for mammalian
NAT paralogs and for the twoMe. loti NAT enzymes, where
one isoenzyme is catalytically more efficient than the others
toward the same aromatic substrates (4, 14, 42, 44). Like
most bacterial NAT enzymes characterized to date, both
BanatB and BanatC were unable to significantly acetylate
PABA, an endogenous arylamine that can be used as a
growth factor by several prokaryotes (13, 45). However, as
opposed to other characterized bacterial NATs (12-14, 28),
both BanatB and BanatC were unable to significantly
acetylate INH, an antitubercular drug (Table 1). Therefore,
these results show that BanatB and BanatC have functional
differences, in particular with other cloned bacterial NAT
enzymes (13, 14). In our hands, BanatA was devoid of any
NAT activity toward the eight typical NAT substrates that
were tested. The presence of a Glu residue instead of an
Asp in the catalytic triad of Banat is unlikely to explain the
lack of activity since certain enzymes function with a Glu
residue in their triad (23). A lack of NAT activity is most
likely due to BanatA being a naturally truncated NAT
homologue with the smallest C-terminalR/â-lid domain
found in any NAT family enzyme (4, 23). This is in
agreement with studies using human NAT1 and truncated
mutants of Stnat showing that the removal of the C-terminal
domain led to enzymes devoid of acetyltransferase activity

FIGURE 4: Endogenous expression of BanatA, BanatB, and BanatC inB. anthracis.(A) Sequence-specific primers forbanatA, banatB, and
banatCwere used for RT-PCR with total RNA fromB. anthracisstrains RTC50 and 9131. RT-PCR products were separated by electrophoresis
in 1.8% agarose gels and were detected by ethidium bromide staining. Specific fragments, 667 (banatA), 781 (banatB), and 853 bp (banatC),
were obtained withB. anthracis(strain RTC50,banatAin lane 1,banatBin lane 2, andbanatCin lane 3; strain 9131,banatAin lane 4,
banatB in lane 5, andbanatC in lane 6). The absence of genomic DNA contamination was confirmed using a negative control with no
reverse transcriptase in the RT-PCR experiment (lane 7, negative control for strain RTC50; lane 8, negative control for strain 9131). (B)
Western blot detection of NAT proteins in protein extracts ofB. anthracisstrain 9131 (4µg of total protein) using a polyclonal antibody
raised against Stnat (1:5000 dilution). A control (lane 1) was conducted with 500 ng of recombinant Mlnat1 enzyme (36 kDa) (14).
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(24, 46). These studies also suggested that NAT homologues
with shorter or no C-terminal domains could behave as
AcCoA hydrolases (24). We found no hydrolytic activity
toward AcCoA or the nonspecific hydrolase substrate PNPA.
These results suggest that BanatA is likely to be a new NAT
homologue that lacks NAT and AcCoA hydrolysis activity.
The A. mediterraneiRifF enzyme is a NAT homologue
devoid of NAT activity. RifF belongs to the Rif cluster of
genes and catalyzes the last step of the synthesis of the
rifamycin antibiotic (22). Sequence analysis of BanatA
(Figure 1) and of theB. anthracisgenome (47) indicates
that this NAT homologue is unlikely to be theB. anthracis
counterpart of RifF. RT-PCR analysis indicates thatbanatA
is expressed inB. anthracis(Figure 4A), although the BanatA
protein could not be detected inB. anthracisextracts at the
level of sensitivity attained in Western blotting using the anti-
Stnat antibody. Overall, it appears that BanatA could be a
second example of a bacterial NAT homologue devoid of
NAT activity. However, we cannot rule out the possibility
thatbanatAis a pseudogene. Future studies will clarify this
point.

We found thatbanatB and banatC were endogenously
expressed at the mRNA and protein levels inB. anthracis
(Figure 4). The two enzymes were readily detected by
Western blotting, and NAT activity could also be readily
measured inB. anthracis extracts with different NAT
substrates. Although we cannot distinguish the specific
contribution of BanatB and BanatC to the NAT activity of
the extracts, our results show that BanatC, at least, is
functional, as 4 AS (not metabolized by recombinant BanatB)
was readily acetylated by the extracts. We found that in
addition to its NAT activity, BanatB also exhibited AcCoA
and PNPA hydrolytic activity at rates higher than those found
for truncated Stnat (24). No significant hydrolytic activity
toward AcCoA or PNPA could be measured with BanatC.
As hypothesized by Mushtaq et al. (24), it appears therefore
that certain NAT enzymes with short C-terminal domains
may also behave as AcCoA hydrolases in the absence of an
arylamine substrate. BanatB is thus the first “natural”
example of such a NAT enzyme.

Our study indicates that BanatC is a functional NAT
enzyme. More importantly, we found that BanatC was able
to acetylate the sulfonamide antibiotic SMX (Table 1).
Further kinetic analysis (Table 2) indicated that, in vitro, this
B. anthracisNAT enzyme had a higher catalytic efficiency
toward SMX than the human NAT1 isoform. Expression
studies of BanatC inE. coli strain DH5R as modified from
refs 39 and 40 clearly indicated that the active enzyme
affords higher-than-normal resistance to SMX in recombinant
bacteria when compared to the inactive form of the enzyme
(Figure 3). Since most of theB. anthracisstrains isolated to
date display resistance to SMX (27), the expression of a NAT
isoform that efficiently inactivates SMX, such as BanatC,
could contribute to the resistance to this antibiotic. Interest-
ingly, M. tuberculosis expresses a NAT enzyme that
contributes to its resistance against INH (a major antituber-
cular drug) through acetylation of this antibiotic (12, 21, 48).
It is known that bacterial resistance to SMX involves distinct
molecular mechanisms such as point mutations in the
dihydropteroate synthase (DHPS) gene ofB. anthracis(49).
Like NAT enzymes, DHPS is an enzyme involved in folate
metabolism (49). Therefore, expression of BanatC could

represent an additional mechanism contributing to SMX
resistance inB. anthracis.

In conclusion, we show thatB. anthracisexpresses new
homologousNAT genes. These three NAT homologues
exhibit structural and functional properties not reported
earlier. So far, it is not known why a restricted number of
bacteria express more than oneNAT homologue; however,
the presence of two or threeNAT genes in mammals has
been suggested to account for enzymatic specialization (50,
51). This may reflect the need for adaptation to the widely
diverse environments bacteria use as their natural habitat (4).

REFERENCES

1. Weber, W. W., and Hein, D. W. (1985) N-Acetylation pharma-
cogenetics,Pharmacol. ReV. 37, 25-79.

2. Hein, D., McQueen, C., Grant, D., Goodfellow, G., Kadlubar, F.,
and Weber, W. (2000) Pharmacogenetics of the arylamine
N-acetyltransferases: A symposium in honor of Wendell W.
Weber,Drug Metab. Dispos. 28, 1425-1432.

3. Dupret, J. M., and Rodrigues-Lima, F. (2005) Structure and
regulation of the drug-metabolizing enzymes arylamineN-
acetyltransferases,Curr. Med. Chem. 12, 311-318.

4. Boukouvala, S., and Fakis, G. (2005) Arylamine N-acetyltrans-
ferases: What we learn from genes and genomes,Drug Metab.
ReV. 37, 511-564.

5. Matas, N., Thygesen, P., Stacey, M., Risch, A., and Sim, E. (1997)
Mapping AAC1, AAC2 and AACP, the genes for arylamine
N-acetyltransferases, carcinogen metabolising enzymes on human
chromosome 8p22, a region frequently deleted in tumours,
Cytogenet. Cell Genet. 77, 290-295.

6. Grant, D. M., Blum, M., Beer, M., and Meyer, U. A. (1991)
Monomorphic and polymorphic human arylamine N-acetyltrans-
ferases: A comparison of liver isozymes and expressed products
of two cloned genes,Mol. Pharmacol. 39, 184-191.

7. Pompeo, F., Brooke, E., Akane, K., Mushtaq, A., and Sim, E.
(2002) The pharmacogenetics of NAT: Structural aspects,Phar-
macogenomics 3, 19-30.

8. Cribb, A. E., Nakamura, H., Grant, D. M., Miller, M. A., and
Spielberg, S. P. (1993) Role of polymorphic and monomorphic
human arylamine N-acetyltransferases in determining sulfamethox-
azole metabolism,Biochem. Pharmacol. 45, 1277-1282.

9. Ward, A., Hickman, D., Gordon, J. W., and Sim, E. (1992)
Arylamine N-acetyltransferase in human red blood cells,Biochem.
Pharmacol. 44, 1099-1104.

10. Evans, D. A. P., Manley, K. A., and McKusick, V. A. (1960)
Genetic control of isoniazid metabolism in man,Br. Med. J. 2,
485-491.

11. Sinclair, J. C., Delgoda, R., Noble, M. E., Jarmin, S., Goh, N. K.,
and Sim, E. (1998) Purification, characterization, and crystalliza-
tion of an N-hydroxyarylamine O-acetyltransferase fromSalmo-
nella typhimurium, Protein Expression Purif. 12, 371-380.

12. Payton, M., Auty, R., Delgoda, R., Everett, M., and Sim, E. (1999)
Cloning and characterization of arylamineN-acetyltransferase
genes fromMycobacterium smegmatisand Mycobacterium tu-
berculosis: Increased expression results in isoniazid resistance,
J. Bacteriol. 181, 1343-1347.

13. Westwood, I. M., Holton, S. J., Rodrigues-Lima, F., Dupret, J.-
M., Bhakta, S., Noble, M. E. M., and Sim, E. (2005) Expression,
purification, characterisation and structure ofPseudomonas aerug-
inosaarylamine N-acetyltransferase,Biochem. J. 385, 605-612.

14. Rodrigues-Lima, F., Dairou, J., Diaz, C. L., Rubio, M. C., Sim,
E., Spaink, H. P., and Dupret, J. M. (2006) Cloning, functional
expression and characterization ofMesorhizobium lotiarylamine
N-acetyltransferases: Rhizobial symbiosis supplies leguminous
plants with the xenobiotic N-acetylation pathway,Mol. Microbiol.
60, 505-512.

15. Sandy, J., Mushtaq, A., Kawamura, A., Sinclair, J., Noble, M.,
and Sim, E. (2002) The structure of arylamine N-acetyltransferase
from Mycobacterium smegmatis: An enzyme which inactivates
the anti-tubercular drug, isoniazid,J. Mol. Biol. 318, 1071-1083.

16. Holton, S. J., Dairou, J., Sandy, J., Rodrigues-Lima, F., Dupret,
J. M., Noble, M. E. M., and Sim, E. (2005) Structure of
Mesorhizobium lotiarylamine N-acetyltransferase 1,Acta Crys-
tallogr. F61, 14-16.

Unusual Enzymatic Properties ofB. anthracisNAT Homologues Biochemistry, Vol. 46, No. 23, 20077077



17. Rodrigues-Lima, F., Delome´nie, C., Goodfellow, G. H., Grant,
D. M., and Dupret, J. M. (2001) Homology modelling and
structural analysis of human arylamine N-acetyltransferase
NAT1: Evidence for the conservation of a cysteine protease
catalytic domain and an active-site loop,Biochem. J. 356, 327-
334.

18. Rodrigues-Lima, F., and Dupret, J. M. (2002) 3D model of human
arylamine N-acetyltransferase 2: Structural basis of the slow
acetylator phenotype of the R64Q variant and analysis of the active
site loop,Biochem. Biophys. Res. Commun. 291, 116-123.

19. Riddle, B., and Jencks, W. P. (1971) Acetyl-coenzyme A:
Arylamine N-acetyltransferase. Role of the acetyl-enzyme inter-
mediate and the effects of substituents on the rate,J. Biol. Chem.
246, 3250-3258.

20. Payton, M., Mushtaq, A., Yu, T. W., Wu, L. J., Sinclair, J., and
Sim, E. (2001) Eubacterial arylamine N-acetyltransferases: Iden-
tification and comparison of 18 members of the protein family
with conserved active site cysteine, histidine and aspartate residues,
Microbiology 147, 1137-1147.

21. Upton, A. M., Mushtaq, A., Victor, T. C., Sampson, S. L., Sandy,
J., Smith, D. M., van Helden, P. V., and Sim, E. (2001) Arylamine
N-acetyltransferase ofMycobacterium tuberculosisis a polymor-
phic enzyme and a site of isoniazid metabolism,Mol. Microbiol.
42, 309-317.

22. Pompeo, F., Mushtaq, A., and Sim, E. (2002) Expression and
Purification of the Rifamycin Amide Synthase, RifF, an Enzyme
Homologous to the Prokaryotic Arylamine N-Acetyltransferases,
Protein Expression Purif. 24, 138-151.

23. Sandy, J., Mushtaq, A., Holton, S. J., Schartau, P., Noble, M. E.,
and Sim, E. (2005) Investigation of the catalytic triad of arylamine
N-acetyltransferases: Essential residues required for acetyl transfer
to arylamines,Biochem. J. 390, 115-123.

24. Mushtaq, A., Payton, M., and Sim, E. (2002) The C-terminus of
arylamine N-acetyl transferase fromSalmonella typhimurium
controls enzymic activity,J. Biol. Chem. 17, 12175-12181.

25. Mock, M., and Fouet, A. (2001) Anthrax,Annu. ReV. Microbiol.
55, 647-671.

26. Baillie, L., and Read, T. D. (2001)Bacillus anthracis, a bug with
attitude,Curr. Opin. Microbiol. 4, 78-81.

27. Barrow, E. W., Bourne, P. C., and Barrow, W. W. (2004)
Functional cloning ofBacillus anthracisdihydrofolate reductase
and confirmation of natural resistance to trimethoprim,Antimicrob.
Agents Chemother. 48, 4643-4649.

28. Brooke, E. W., Davies, S. G., Mulvaney, A. W., Pompeo, F., Sim,
E., and Vickers, R. J. (2003) An approach to identifying novel
substrates of bacterial arylamine N-acetyltransferases,Bioorg.
Med. Chem. 11, 1227-1234.

29. Jones, D. T. (1999) Protein secondary structure prediction based
on position-specific scoring matrices,J. Mol. Biol. 292, 195-
202.

30. Higgins, D. G., Thompson, J. D., and Gibson, T. J. (1996) Using
CLUSTAL for multiple sequence alignments,Methods Enzymol.
266, 383-402.

31. Felsenstein, J. (2000)PHYLIP, Department of Genetics, University
of Washington, Seattle.

32. Candela, T., Mock, M., and Fouet, A. (2005) CapE, a 47-amino-
acid peptide, is necessary forBacillus anthracispolyglutamate
capsule synthesis,J. Bacteriol. 187, 7765-7772.

33. Etienne-Toumelin, I., Sirard, J. C., Duflot, E., Mock, M., and
Fouet, A. (1995) Characterization of theBacillus anthracis
S-layer: Cloning and sequencing of the structural gene,J.
Bacteriol. 177, 614-620.

34. Burguiere, P., Fert, J., Guillouard, I., Auger, S., Danchin, A., and
Martin-Verstraete, I. (2005) Regulation of theBacillus subtilis
ytmI operon, involved in sulfur metabolism,J. Bacteriol. 187,
6019-6030.

35. Dupret, J. M., Dairou, J., Atmane, N., and Rodrigues-Lima, F.
(2005) Inactivation of human arylamine N-acetyltransferase 1 by
hydrogen peroxide and peroxynitrite,Methods Enzymol. 400,
215-229.

36. Coroneos, E., Gordon, J. W., Kelly, S. L., Wang, P. D., and Sim,
E. (1991) Drug metabolisingN-acetyltransferase activity in human
cell lines,Biochim. Biophys. Acta 1073, 593-599.

37. Cornish-Bowden, A. (2001)Fundamentals of enzyme kinetics,
Portland Press, London.

38. Dupret, J. M., and Grant, D. M. (1992) Site-directed mutagenesis
of recombinant human arylamine N-acetyltransferase expressed
in Escherichia coli. Evidence for direct involvement of Cys68 in
the catalytic mechanism of polymorphic human NAT2,J. Biol.
Chem. 267, 7381-7385.

39. Milner, J. L., Stohl, E. A., and Handelsman, J. (1996) Zwittermicin
A resistance gene fromBacillus cereus, J. Bacteriol. 178, 4266-
4272.

40. Iliades, P., Meshnick, S. R., and Macreadie, I. G. (2005) Mutations
in the Pneumocystis jiroVecii dhps gene confer cross-resistance
to sulfa drugs,Antimicrob. Agents Chemother. 49, 741-748.

41. Rodrigues-Lima, F., and Dupret, J. M. (2002) In silico sequence
analysis of arylamine N-acetyltransferases: Evidence for an
absence of lateral gene transfer from bacteria to vertebrates and
first description of paralogs in bacteria,Biochem. Biophys. Res.
Commun. 293, 783-792.

42. Walraven, J. M., Doll, M. A., and Hein, D. W. (2006) Identification
and Characterization of Functional Rat Arylamine N-acetyltrans-
ferase 3: Comparisons with Rat Arylamine N-acetyltransferases
1 and 2,J. Pharmacol. Exp. Ther. 319, 369-375.

43. Prescott, L. M., Harley, J. P., and Klein, D. A. (1999)Microbi-
ology, 4th ed., McGraw-Hill, New York.

44. Dairou, J., Flatters, D., Chaffotte, A. F., Pluvinage, B., Sim, E.,
Dupret, J. M., and Rodrigues-Lima, F. (2006) Insight into the
structure ofMesorhizobium lotiarylamine N-acetyltransferase 2
(MLNAT2): A biochemical and computational study,FEBS Lett.
580, 1780-1788.

45. Delome´nie, C., Fouix, S., Longuemaux, S., Brahimi, N., Bizet,
C., Picard, B., Denamur, E., and Dupret, J. M. (2001) Identification
and functional characterization of arylamine N-acetyltransferases
in eubacteria: Evidence for highly selective acetylation of
5-aminosalicylic acid,J. Bacteriol. 183, 3417-3427.

46. Sinclair, J., and Sim, E. (1997) A fragment consisting of the first
204 amino-terminal amino acids of human arylamine N-acetyl-
transferase 1 (NAT1) and the first transacetylation step of catalysis,
Biochem. Pharmacol. 53, 11-16.

47. Read, T. D., Peterson, S. N., Tourasse, N., Baillie, L. W., Paulsen,
I. T., Nelson, K. E., Tettelin, H., Fouts, D. E., Eisen, J. A., Gill,
S. R., Holtzapple, E. K., Okstad, O. A., Helgason, E., Rilstone,
J., Wu, M., Kolonay, J. F., Beanan, M. J., Dodson, R. J., Brinkac,
L. M., Gwinn, M., DeBoy, R. T., Madpu, R., Daugherty, S. C.,
Durkin, A. S., Haft, D. H., Nelson, W. C., Peterson, J. D., Pop,
M., Khouri, H. M., Radune, D., Benton, J. L., Mahamoud, Y.,
Jiang, L., Hance, I. R., Weidman, J. F., Berry, K. J., Plaut, R. D.,
Wolf, A. M., Watkins, K. L., Nierman, W. C., Hazen, A., Cline,
R., Redmond, C., Thwaite, J. E., White, O., Salzberg, S. L.,
Thomason, B., Friedlander, A. M., Koehler, T. M., Hanna, P. C.,
Kolsto, A. B., and Fraser, C. M. (2003) The genome sequence of
Bacillus anthracis Ames and comparison to closely related
bacteria,Nature 423, 81-86.

48. Bhakta, S., Besra, G. S., Upton, A. M., Parish, T., Sholto-Douglas-
Vernon, C., Gibson, K. J., Knutton, S., Gordon, S., DaSilva, R.
P., Anderton, M. C., and Sim, E. (2004) Arylamine N-acetyl-
transferase is required for synthesis of mycolic acids and complex
lipids in Mycobacterium boVis BCG and represents a novel drug
target,J. Exp. Med. 199, 1191-1199.

49. Babaoglu, K., Qi, J., Lee, R. E., and White, S. (2004) Crystal
structure of dihydropteroate synthase fromBacillus anthracis:
Mechanism and novel inhibitor design,Structure 12, 1705-1717.

50. Cornish, V., Pinter, K., Boukouvala, S., Johnson, N., Labrousse,
C., Payton, M., Priddle, H., Smith, A. J. H., and Sim, E. (2003)
Generation and analysis of mice with a targeted disruption of the
arylamineN-acetyltransferase type 2 gene,Pharmacogenomics J.
3, 169-177.

51. Sugamori, K. S., Wong, S., Gaedigk, A., Yu, V., Abramovici, H.,
Rozmahel, R., and Grant, D. M. (2003) Generation and functional
characterization of arylamine N-acetyltransferase Nat1/Nat2 double-
knockout mice,Mol. Pharmacol. 64, 170-179.

BI700351W

7078 Biochemistry, Vol. 46, No. 23, 2007 Pluvinage et al.


