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Abstract
The arylamine N-acetyltransferases (NATs) are a unique family of enzymes that catalyse the transfer of an
acetyl group from acetyl-CoA to the terminal nitrogen of hydrazine and arylamine drugs and carcinogens.
The NATs have been shown to be important in drug detoxiﬁcation and carcinogen activation, with humans
possessing two isoenzymes encoded by polymorphic genes. This polymorphism has pharmacogenetic
implications, leading to different rates of inactivation of drugs, including the anti-tubercular agent isoniazid
and the anti-hypertensive drug hydralazine. Mice provide a good model for human NAT, allowing genetic
manipulation of expression to explore possible endogenous roles of these enzymes. The ﬁrst threedimensional NAT structure was resolved for NAT from Salmonella typhimurium, and subsequently the
structure of NAT from Mycobacterium smegmatis has been elucidated. These identiﬁed a ‘Cys-His-Asp’
catalytic triad (conserved in all NATs), which is believed to be responsible for the activation of the active
site cysteine residue. As more genomic data become available, NAT homologues continue to be found in
prokaryotic species, many of which are pathogenic, including Mycobacterium tuberculosis. The discovery of
NAT in M. tuberculosis is particularly signiﬁcant, since this enzyme participates in inactivation of isoniazid in
the bacterium, with implications for isoniazid resistance. Structural studies on NAT proteins and phenotypic
analyses of organisms (both mice and prokaryotes) following genetic modiﬁcations of the nat genes are
leading to an understanding of the potentially diverse roles of NAT in endogenous and xenobiotic metabolism. These studies have indicated that NAT, particularly in Mycobacteria, has the potential to be a drug
target. Combinatorial chemical approaches, together with in silico structural studies, will allow for advances
in the identiﬁcation of NAT substrates and inhibitors, both as experimental tools and as potential drugs.

Introduction
Arylamine N-acetyltransferases (NATs) were initially identified as the enzymes responsible for the inactivation of
the anti-tubercular drug isoniazid. This finding was an
early example of pharmacogenetic polymorphism, since it
was demonstrated that NAT activity was under genetic
control. Individuals were either assigned as fast or slow
acetylators (see [1] for an early review). NAT enzymes are
now known to acetylate arylamine, arylhydroxylamines and
arylhydrazines by transfer of an acetyl moiety from acetylCoA. In humans, there are two NAT isoenzymes encoded
at two polymorphic loci. Animal models for acetylator
polymorphism have indicated that NAT in other species
exists as multiple isoenzymes, and these isoenzymes are
encoded at polymorphic loci. Species investigated include
birds [2], hamsters [3], rats [4] and rabbits [5]. Recent research
has focused on mice [6].
Key words: catalytic triad, mycobacteria, nat (arylamine N-acetyltransferase gene) knockout
mice, xenobiotic.
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In addition to the identification of NAT in eukaryotes,
there has been considerable interest in the identification
of homologous NAT sequences in prokaryotes [7,8]. The
existence of nat genes in prokaryotes has proved to be of
particular interest for several reasons: (1) Many of NAT
substrates are anti-bacterial compounds. These include the
sulphonamides and also the hydrazine, isoniazid, which is
a well-known anti-tubercular drug. (2) Prokaryotic NATs
have yielded a three-dimensional crystal structure. (3) NAT
homologues have been identified for which an enzymic
function other than acetylation of xenobiotics has been
identified.
One of the recurring themes of research into xenobioticmetabolizing enzymes, particularly those which are expressed
constitutively, is whether these enzymes have an endogenous
role. The study of prokaryotic NAT homologues that
are involved in the synthesis of antibiotics, e.g. rifamycin
[9,10] and rubradirin [11], suggests that NAT is capable
of carrying out another function: intramolecular amide
formation.
Our team in Oxford in collaboration with many other
scientists has set out to address three inter-related questions:
(i) what are the structures of the NAT enzymes, and how are
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these related to function?; (ii) do the NAT enzymes have
endogenous roles?; and (iii) can NAT enzymes carry out
different functions in the range of organisms in which they
are found?
The overall strategies to answer these questions have used a
range of techniques, including X-ray crystallography of recombinantly expressed proteins, coupled with identification
of novel ligands to answer question (i). A pharmacogenomic
approach, i.e. identification of NAT homologues by
homology searching coupled with transgenic technology
with mice and bacteria, has been used to answer questions
(ii) and (iii).
The remainder of this review will address mainly a crosssection of our recent studies on NAT that have opened
doors into fundamental topics, ranging from mammalian
embryonic development to understanding mycobacterial
cell-wall synthesis. Earlier, more comprehensive, reviews
are also available [12–16]. The answer does indeed appear
to be that, using a pharmacogenomic approach, NAT can
be identified in a range of species and can have different
roles, depending on the organisms in which it is found. This
has been most clearly identified through identification of
NAT homologues that can be deduced to catalyse arylamide
bond formation, but where no acetyl transfer from acetylCoA can be detected [10]. The extent to which diversity of
activity is underpinned by structural understanding of both
the different isoenzymes that have been identified and their
pharmacogenetic variants encoded by multiple alleles is still
being investigated, and will also be addressed.

Structural studies
To date, the three-dimensional crystal structure of two
NAT isoenzymes has been determined. These enzymes,
from Salmonella typhimurium [17] and Mycobacterium
smegmatis [18], show remarkable similarity, and their
structural determination identified the key to the reaction
mechanism of the NATs. In the active site, there is a
catalytic triad of an essential cysteine residue juxtaposed
with both a histidine and an aspartate residue (Figure 1).
Recently, using site-directed mutagenesis studies of the
S. typhimurium enzyme, it has been shown that each of these
residues is essential for the catalytic mechanism (A. Mushtaq,
P. Schartau, M. Payton and E. Sim, unpublished work). The
cysteine, histidine and aspartate residues act in concert, and
result in an acetyl group being transferred from acetyl-CoA
to NAT. Precise information on the lifetime of the acetyl
intermediate is lacking at present, and it is possible that
the NATs from diverse organisms (and, indeed, different
polymorphic variants) might differ. Acetylated intermediates
have been detected using [14 C]acetyl-CoA and NAT from
rabbit [20], and the NAT1 human isoenzyme [21]. However,
it has proved extremely difficult to detect an acetylated NAT
from the organism S. typhimurium using [13 C]acetyl-CoA
and 13 C-NMR studies, despite having a stable concentrated
solution of active recombinant protein [22]. It may be that
these data suggest a genuine difference in the lifetime of the
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Figure 1 Structure of arylamine N-acetyltransferase has an
active-site catalytic triad
The ribbon diagram shows the cysteine, histidine and aspartate residues
of the active site in space-ﬁlling representation. The molecule consists of
three domains, with the C-terminal domain poised over the active site
in this orientation. The diagram shows S. typhimurium NAT [17], but the
NAT from M. smegmatis [18] has a similar overall organization at
the active site.

acetylated intermediate of these species of NAT, or it may
be due to the different sensitivities of the two techniques.
It has, however, been demonstrated in both human and
S. typhimurium NAT that the C-terminus appears to control
the rate at which the acetyl-CoA is hydrolysed [21,23]. In
neither of these species of NAT is the acetyl-CoA hydrolysed
in the absence of an arylamine, unless the C-terminus is
missing (Figure 2). In the case of S. typhimurium NAT,
only the terminal 11 residues are sufficient to suppress the
NAT-catalysed hydrolysis of acetyl-CoA in the absence
of arylamine substrate. These studies suggest that the
C-terminus is directly responsible for arylamine substrate
specificity in both human and S. typhimurium NAT, as had
been predicted from a comparison of sequence and specificity
of different members of the NAT family [24,25].
In sequence comparisons of all of the known NAT sequences, therefore, it is important to focus on the C-terminal
region, which is likely to be important in determining whether
the enzymes might be capable of carrying out different
functions.

Genetic modiﬁcations of mycobacterial
NAT
In order to determine the possible endogenous functions of
NATs [26], we have adopted two strategies. Initially, we have
generated organisms in which the nat gene has been knocked
out, or where the expression of nat has been increased. We
have used this genetic strategy initially with a eukaryote (the
mouse) and prokaryotes (M. smegmatis and Mycobacterium
bovis BCG) as models for Mycobacterium tuberculosis, in
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Figure 2 Role of C-terminus of NAT from S. typhimurium in controlling activity
C-terminal deletion mutants were generated and assayed for different enzymic activities: acetylation of the arylamine
anisidine using acetyl-CoA as acetyl donor; hydrolysis of acetyl-CoA when the arylamine anisidine was present; or hydrolysis of
acetyl-CoA when the arylamine was not present. Full-length NAT only hydrolyses acetyl-CoA, concomitantly with acetylation
of anisidine. Removing the C-terminus results in an enzyme that does not acetylate anisidine, and that hydrolyses acetyl-CoA
in the absence of an arylamine substrate. See [23] for further details.

which the nat gene sequence is identical with that of
M. bovis BCG [27,28]. In the case of mycobacteria, we have
been particularly interested in NAT enzymic activity, since
NAT can inactivate the anti-tubercular drug isoniazid, and
appears to do so within mycobacterial cells [29,30]. This may
have important consequences for treatment of tuberculosis.
Pharmacogenetic variation within NAT in different clinical
isolates of M. tuberculosis [30], which leads to a lowering of
NAT activity, still needs to be investigated fully in relation to
isoniazid resistance of these strains. The relationship between
a mutation in nat in M. tuberculosis and isoniazid resistance
is not simple, but it appears that NAT is a contributory factor
controlling isoniazid sensitivity, together with other genetic
factors, such as mutation in the isoniazid-activating enzyme
katG [31].
In parallel with the naturally occurring pharmacogenetic
variation in mycobacteria, a series of genetic manipulation
experiments in M. smegmatis has demonstrated that knocking
out the nat gene has two effects: first, during growth in the
presence of isoniazid, altering the level of nat expression

modifies the growth of the organism in the presence of
the anti-mycobacterial agent. Isoniazid is more effective, as
would be expected since the enzyme that inactivates it is
missing [32]. The corollary is true when the expression of nat
is enhanced: isoniazid becomes less effective [29]. Secondly,
the growth of M. smegmatis is altered even in the absence of
isoniazid, and this suggests that NAT also has an endogenous
role. The growth of M. smegmatis is altered such that the lag
phase is prolonged, even in the absence of isoniazid [32]. We
have observed this effect in a range of mycobacteria in which
we have knocked out the nat gene, and we have also observed
that the lag phase is shorter when the expression of the nat
gene has been increased [33].

Genetic modiﬁcations of murine NAT
In mice, as well as in humans, nat genes exist as isoenzymes
that show polymorphism, and mice are considered to
represent a good model for human NATs. Both mice and
humans have three loci encoding NAT homologues located
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Figure 3 Chimaeric mice overexpressing human NAT1 show a ‘kinky tail’ phenotype
The human NAT1 gene under control of the CMV promoter was inserted into the murine nat2 gene of the Ola129 strain
of mice by homologous recombination. Resulting transgenic Ola129 embryonic stem cells were implanted into blastocysts of
the PO strain of mice. Chimaeric embryos (identiﬁed by PCR analysis) recovered by Caesarean section were grossly abnormal.
Of the few chimaeric pups born naturally, detected by brown patches (from the Ola129 contribution) on the white coat (of
the PO strain) and PCR analysis, only a very limited chimaerism was detected (small brown spot on nose of mouse on left)
and no germ-line transmission was obtained. Two of the chimaeric pups are shown, and the arrows indicate the kinks in
the tail. Mice in which the nat2 gene has been interrupted by a neomycin cassette containing the lacZ gene are apparently
phenotypically normal [49].

within less than 200 kb at isologous regions in their respective
genomes [34,35]. In humans, two of the loci are functional
and one is a pseudogene [36]. In mice, all three appear to
generate functional transcripts, although no apparent specific
substrate for the product of the third locus (nat3) has been
identified. NAT3 will poorly acetylate substrates specific for
gene products of each of the other two loci (NAT1 and NAT2)
[37–39]. The distribution of NAT isoenzymes in humans and
mice demonstrates that there is one isoenzyme that acetylates
isoniazid (and sulphamethazine in humans). This enzyme
(NAT2 in humans; perversely named NAT1 in mice) is found
predominantly in the liver and gut, although traces have been
detected in other tissues, particularly as cDNA (see [15] for a
review). Another isoenzyme which specifically acetylates paminobenzoic acid and p-aminobenzoylglutamate ( p-abaglu)
has also been identified in both mice (murine NAT2; [40])
and humans (human NAT1; [41]). It is this latter finding
that has been particularly intriguing, since p-abaglu is a folate
catabolite that is acetylated to its urinary metabolite in both
mice and humans [12]. It is possible that a NAT isoenzyme
carries out this function. Since all human and murine
[6] NAT isoenzymes are subject to polymorphisms, this
feature was intriguing in relation to possible consequences
for folate metabolism. Another feature of the p-abaglu
C 2003
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acetylating NAT isoenzymes in humans and mice is that
the enzyme is very widespread amongst different tissues,
including neuronal tissue, and is expressed very early in
development prior to implantation and to neurulation [40,42].
Therefore, since folate has a protective effect in neural tube
development, it seemed sensible to alter the expression of
the nat gene responsible for p-abaglu acetylation in mice.
Whereas the nat knock-out shows very little phenotype
[43], when we overexpressed the human NAT1 gene from
humans in mice we found that the number of transgenic
animals obtained was extremely small, with many resorbed
and grossly abnormal embryos following both random and
targeted integration of the NAT sequence under control of a
strong promoter [(cytomegalovirus (CMV)] into the murine
nat2 gene. The few chimaeras that we did obtain from such
targeted integration had a defect, resulting in a kinky tail
(Figure 3). Abnormalities of this type have been described
as models for neural tube defects [44]. Unfortunately, we
were unable to breed from any of the chimaeras, since no
germ-line transmission of the overexpressed NAT transgene
was obtained. The overall view of this time-consuming
study was that overexpression of a nat gene to produce
too much of the NAT isoenzyme that metabolizes pabaglu in mice is detrimental in early development, and
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results either in resorption of embryos or in defective
pups.
A similar overexpression study has been performed by
Erickson and co-workers, and they have been able, using
random integration, to generate mice from which they can
breed (cf. [45] and [43]). The level of overexpression of NAT
activity proved to be less than they would have expected [45],
and it may be that the difference between the studies is that
the Erickson and co-workers used a different strain of mice.

Conclusions
The structural and transgenic studies which we have carried
out have begun to answer the questions we wished to
address. (1) Having prokaryotic NAT structures has allowed
modelling of other NAT structures, and this has resulted
in proposals for how a common mutation in human
NAT2 may result in the slow acetylator phenotype [46].
(2) The transgenic studies with NAT enzymes from both
mycobacteria and mice indicate that NAT does have an
endogenous role(s), as yet unidentified. (3) The transgenic
studies on mycobacteria and mice do indicate that NAT
enzymes carry out different functions in the range of
organisms in which they are found, and this is also true of
the transgenic studies with Amycolatopsis mediteraneii [47],
in which the NAT homologue, rifamycin amide synthetase, is
found. The extent to which the NATs that have been described
in a wide range of other bacteria [48] have unique endogenous
functions remains to be established.
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