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Abstract—The synthesis and inhibitory activity of a series of 5-substituted-(1,1-dioxo-2,3-dihydro-1H-1l6-benzo[e][1,2]thiazin-4-
ylidene)-thiazolidine-2,4-dione derivatives as competitive inhibitors of recombinant bacterial arylamine-N-acetyltransferases
(NATs) are described. The most potent NAT inhibitors are those that contain planar hydrophobic substituents on the sultam
nitrogen.
# 2003 Elsevier Ltd. All rights reserved.
Arylamine N-acetyltransferases (NATs) encode for a
gene family of cytosolic 32-34kDa enzymes which
acetylate arylamines, N-aryl hydroxylamines1 and aryl
hydrazines2 using acetyl-CoA as the acetyl donor.
NATs are widely distributed in eukaryotes and pro-
karyotes, with over 20NATs identified so far in the
latter.3 In Humans one of the two identified NAT iso-
enzymes, NAT2, inactivates the front-line anti-tuber-
cular drug isoniazid (INH).4 Interindividual variation
in rates of drug metabolism2,5 and susceptibility to
arylamine carcinogens6 have been linked to poly-
morphisms in these two Human isoenzymes.7 Homo-
logues of Human NAT are present in Mycobacterium
tuberculosis and Mycobacterium smegmatis (MSNAT)
where they have been shown to acetylate, and hence
inactivate, INH.8 Overexpression of NAT in myco-
bacteria has been shown to increase their resistance to
INH9 and a nat gene knockout of M. smegmatis
increased sensitivity to the drug.10 The detection of a
NAT polymorphism in drug-resistant isolates of M.
tuberculosis further suggests that NAT may be involved
in INH resistance in tuberculosis.8 The resurgence of
drug-resistance in tuberculosis, especially in relation to
the AIDS pandemic, is a major global health
problem.11

The crystal structure of NAT from Salmonella typhi-
murium (STNAT) has been reported12 and reveals the
protein to consist of three domains such that a cysteine, a
histidine and an aspartate residue (Cys70, His110, Asp127;
MSNAT nomenclature) are juxtaposed to form a cata-
lytic triad, reminiscent of the cysteine proteases papain
and cathepsin.13 The crystal structure of MSNAT has
been resolved to a resolution of 1.7Å and shows a near
identical three-dimensional structure to STNAT.14

We have instigated a chemical genetics15 approach to
determine the endogenous role of mycobacterial NAT
and have identified a novel class of small molecule inhibi-
tors of the pure recombinant enzyme fromM. smegmatis
(MSNAT). High throughput screening of a proprietary
small molecule library16 identified the N-(2-naphthyl)-
methyl substituted 1,1 - dioxo - 2,3 - dihydrobenzo[1,2]-
thiazine-4-ylidene thiazolidine-2,4-dione (TZD-sultam
adduct) 1 to be a weak inhibitor of MSNAT-catalysed
acetylation of INH, with half-maximal inhibitory con-
centration (IC50) of 78mM. We report herein the synth-
esis, in vitro evaluation and preliminary structure–
activity relationships (SAR) of a series of TZD-sultam
adducts as competitive inhibitors of bacterial NATs.
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Initial structure–activity studies based around 1
revealed that NAT inhibitory activity resided exclu-
sively in compounds incorporating the N-substituted
TZD-sultam motif; both thiazolidine-2,4-dione (TZD)
and 2, the ketone precursor to 1, were devoid of NAT
inhibitory activity. Similarly, N-unsubstituted TZD-sul-
tam adduct 3 was found to be inactive against MSNAT
while N-alkylation of the TZD moiety in the sultam
adducts was also poorly tolerated.17

A series of TZD-sultam adducts was synthesized in
which the substituent at the sultam nitrogen atom was
systematically varied in order to determine the optimal
substituent for binding to MSNAT. Previous studies to
determine the substrate specificity of MSNAT revealed
lipophilic arylamines to be preferred.16 Thus a series of
lipophilic substituents were introduced at the sultam
nitrogen according to Scheme 1.

N-diversification was achieved by alkylation of ketal-
protected sultam 4, with commercially available alkyl
and benzylic bromides. Ketal 4 was synthesised in four
steps from saccharin.18 Deketalisation with methanolic
hydrogen chloride gave N-subsituted ketone 5 which
was subsequently condensed with the boron enolate of
thiazolidine-2,4-dione to afford the final TZD-sultams
6–18.19 The (E)-stilbenylmethyl and biphenylmethyl-
substituted sultams were synthesized from 4-bromo-
benzyl intermediate 21, obtained by alkylation of ketal 4
with 4-bromobenzyl bromide, followed by Heck and
Suzuki couplings respectively with styrene and phe-
nylboronic acid. Deprotection and condensation with
TZD as before furnished the corresponding TZD-sul-
tams 19 and 2020 (Scheme 2).
The N-substituted TZD-sultam adducts were evaluated
for their in vitro inhibitory activity against recombinant
MSNAT-catalysed acetylation of INH by measuring the
rate of hydrolysis of acetyl CoA using 5,50-dithio-bis(2-
nitrobenzoic acid),16,21 with spectrophotometric deter-
mination of the product, thio-2-nitrobenzoic acid, lmax
412 nm. The IC50 values are summarized in Table 1.

Kinetic analysis of the inhibition was performed by
varying the concentration of inhibitor and isoniazid
substrate. Inhibition was shown to be competitive with
respect to the isoniazid substrate (Fig. 1) and non-linear
regression was used to determine the inhibition con-
stant, Ki, for the more potent members of the series
(Table 2).

As the crystal structure for MSNAT is now available, in
silico docking studies were performed to determine the
orientation of binding of the TZD-sultam adducts to
the protein. Simulated annealing was achieved using the
AutoDock suite of programs as previously described22

and ten docking solutions were produced for each com-
pound. All the compounds gave exothermic energies of
binding that did not necessarily correlate with the level
of inhibition observed. However, it was observed that
the lowest energy conformations of the most potent
Scheme 1. Synthesis of TZD-sultam adducts. Reagents and condi-
tions: (a) NaOH, H2O, rt, 1 h; (b) MeCOCH2Cl, cetyl trimethyl-
ammonium bromide, PhMe, reflux, 12–16 h; (c) NaOEt, EtOH, 55 �C,
0.5 h then HCl(aq), rt, 0.5 h; (d) ethane-1,2-diol, p-TsOH, C6H6,
reflux, 2 h; (e) NaH, DMF rt, 0.5 h then RCH2Br, rt 12–16 h; (f) HCl,
MeOH, THF, reflux, 1 h; (g) thiazolidine-2,4-dione, boron trifluoride
diethyl etherate, triethylamine, 1,4-dioxane, 0 �C then rt, 48 h.
Scheme 2. Synthesis of biaryl and stilbenoid derivatives. Reagents and
conditions: (a) NaH, DMF rt, 0.5 h then 4-BrC6H4CH2Br, rt 12 h; (b)
styrene, Pd(OAc)2 (5.0 mol%), P(o-tolyl)3 (20.0 mol%), tetra n-butyl
ammonium bromide, DMF:Et3N (1:1), 110 �C, 16 h; (c) PhB(OH)2,
Pd(PPh3)4 (5.0 mol%), NaOH, DMF, 100 �C, 32 h.
Figure 1. Inhibition of MSNAT by 20. Double-reciprocal plot of rate
against isoniazid concentration in the presence of 20 at 25 mM (open
circles), 12.5 mM (filled circles), 6.25 mM (open squares) and 0 mM
(filled squares). Non-linear regression (KyPlot) shows the inhibition to
be competitive with kinetic parameter Ki=14.4 mM.
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inhibitors, listed in Table 2, all showed very similar
orientations of binding (shown for 20 in Fig. 2). These
docking solutions predict the sultam moiety to be
oriented nearest to the active-site cysteine hence block-
ing binding of the substrate. The variable R group on
nitrogen extends into a long groove in the protein, held
in place by a tryptophan residue (Trp97). Contact resi-
dues around the groove are Phe38, Phe130, Gln133,
Val169, His203, Phe204, Asn220 and His229. The side-chain
of His203 appears to be involved in a p-stacking inter-
action with the thiazolidine-2,4-dione group of the
inhibitor, explaining the lack of activity with the ketal
and ketone derivatives.

The hydrophobic residues here (Trp, Phe, Val) explain
the structure–activity relationship observed, with large
hydrophobic (long chain aliphatic and planar aromatic)
R-groups on the sultam-TZD adduct providing the
greatest inhibition due to non bonding, hydrophobic–
hydrophobic and p-stacking interactions between inhib-
itor and protein. However, there appears to be further
potential to improve the potency of this class of NAT
inhibitor through targeting of the interactions with the
His and Asn residues flanking the active site.

In conclusion we have shown that the TZD-sultam
adducts are competitive inhibitors of the acetylation of
the anti-tubercular drug isoniazid by mycobacterial
NATs. Ongoing work will determine whether these
compounds can be used to emulate the phenotype of a
genetic knockout in NATs from a range of sources, and
whether they affect the sensitivity of the mycobacteria to
isoniazid.
Table 1. In vitro inhibition data for inhibition of recombinant

MSNAT-catalysed acetylation of INH for selected TZD-sultam NAT

inhibitors

a
Compd
 R substituent
 IC50 (mM)
1

—

78�5
TZD
 na

2
 —
 nab
3
 H
 >100

6
 Me
 >100

7
 92�5
8

n-Octyl
>100
9
 61�8

10
 n-Decyl
 22�2

11
 >100
12
 >100c
13
Bn
82�10
14
 >100

15
 >100
16
 >100
17
 65�5
18
 33�1
19
 29�2
20
 20�1
aIC50 value were determined from direct regression curve analysis.
bna, not active.
cIC50=205 mM.
Figure 2. Simulated annealing of 20 to the MSNAT crystal structure.
Figure shows the molecular surface of the protein calculated by Swiss
PDB Viewer, including the side-chains mentioned in the text, and
the lowest energy docking solution of 20 displayed in standard CPK
colouring.
Table 2. Kinetic parameters for competitive inhibition of MSNAT

with respect to isoniazid. Values were determined as in Figure 1
Compd
 Ki (mM)
1
 70�4

9
 43�5

10
 14.7�1

18
 26.7�2

19
 14.0�1

20
 14.4�1
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