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Isoniazid (1) has proven to be the most effective drug for
the treatment and prophylaxis of tuberculosis. Ethionamide (2)
is used concurrently for the treatment of certain drug resistant
strains. Despite the importance of these two drugs, relatively
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little is known about their mode of action on a molecular level.!
The study of resistant strains has shown that a single missense
mutation in the inhA gene of Mycobacterium tuberculosis can
confer resistance to both drugs.2 Recently, it has been shown
that the corresponding InhA protein is a NADH-specific enoyl-
reductase, involved in the synthesis of fatty acids in mycobac-
teria.> Furthermore, it is known that resistance to isoniazid can
also arise from mutations in or deletion of the mycobacterial
katG gene, which encodes the catalase-peroxidase KatG.2>*
Studies on the mechanism of the reaction of isoniazid with KatG
revealed that the oxidation of isoniazid proceeds through a
number of highly reactive intermediates that are capable of
acylating nucleophilic groups in proteins.’> These observations
and the report that thioacetamide S-oxide oxidation by rat liver
microsomes leads to covalent modification of proteins® led us
to the hypothesis that oxidation of both isoniazid and ethiona-
mide generates electrophilic intermediates capable of inactivat-
ing InhA. We now report experiments characterizing the
inactivation of InhA by the oxidation products of both drugs.

Oxidation of isoniazid by KatG in the presence of InhA leads
to inactivation of InhA (Figure 1).” The inactivation of InhA
can be inhibited by the addition of the enzyme substrate, 2-trans-
octenoyl-ACP, indicating that an active site residue is modified.
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Figure 1. Inactivation of InhA (3.1 uM) during the KatG-catalyzed
(1.4 uM) oxidation of isoniazid (100 xM):” @, 75 uM NAD™*; O, 70
uM NADH; O, no cofactor; A, 70 4uM NADH and no KatG; +, 75
4#M NAD* and 30 uM 2-trans-octenoyl-ACP.

Furthermore, inactivation of InhA could only be observed in
the presence of either NADH or NAD™° suggesting that
cofactor binding might induce a conformational change that
renders an InhA residue more accessible to izoniazid. The
enzyme lactate dehydrogenase is not inactivated under these
conditions, demonstrating specificity of the drug for InhA. The
oxidation of isoniazid also produces significant amounts of
active oxygen species such as superoxide and hydroxyl radical.'®
However, generation of superoxide by the oxidation of xanthine
with xanthine-oxidase did not lead to inactivation of InhA.!’
Neither the products of the oxidation of isoniazid, the substrates
themselves, nor isonicotinoyl-ACP'? significantly inhibit In-
hA. 1415

In order to demonstrate that InhA is covalently modified by
an electrophilic drug metabolite, experiments were carried out
with “C-labeled isoniazid.'>!7 After inactivation, InhA was
isolated by gel filtration and was shown to contain 1.02 £ 0.1
equiv of isoniazid per molecule of InhA. Incubation of
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inactivated InhA in 4 M guanidinium hydrochloride in the
presence of 100 mM hydroxylamine and 10 mM DTT at 37 °C
for 30 min prior to gel filtration led to complete loss of the
radioactive isoniazid derivative bound to InhA. Incubation with
hydroxylamine in the absence of denaturant did not result in
recovery of activity. The inactivated InhA was then desalted
on a reversed phase column (0.1% TFA) and analyzed by ES-
MS. However, the molecular weight of the isolated protein (M,
= 28 368 £ 1.6) did not show the presence of any covalently
bound molecules, presumably because the covalently bound drug
was lost during the workup. These data suggest that isoniazid
is bound as either an ester, a thioester, or an acylimidazolide in
the active site of InhA.

In order to identify the residue modified by the electrophilic
drug metabolite, molecules structurally homologous to isoniazid
and capable of alkylating the reactive residue were tested as
irreversible inhibitors of InhA. w-Bromoacetophenone (3)
irreversibly inactivated InhA.'® As with isoniazid, addition of
NADH or NAD" to a solution of InhA and 3 greatly enhanced
the inactivation of InhA. Furthermore, inactivation can be
inhibited by the addition of 2-frans-octenoyl-CoA. Analysis
of the protein by ES-MS after inactivation showed that >80%
of the protein was covalently labeled with one molecule of
acetophenone (M, = 28 486 + 2.9). These data suggest that
isoniazid and w-bromoacetophenone target the same residue in
or near the active site of InhA. Digestion of the modified protein
with endoproteinase LysC and subsequent peptide-mapping
revealed that Cys243, which is the only Cys in InhA, is alkylated
by w-bromoacetophenone.'® Interestingly, Cys243 shows se-
lectivity in its reaction with electrophiles. For example,
incubation of InhA with either of the cysteine specific reagents
4-vinylpyridine and methyl methanethiosulfonate in the presence
of cofactor did not lead to significant inactivation of the
enzyme.”® However, addition of 1 M guanidinium hydrochlo-
ride to these reaction mixtures led to a rapid and complete loss
of activity of InhA, demonstrating that Cys243 is partially
shielded in the folded enzyme and that its integrity is crucial
for catalytic activity.?!

To test the hypothesis that ethionamide could also be
metabolized to an electrophilic intermediate, the oxidation of
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ethionamide and its S-oxide at pH 7.5 by H,O; or horseradish
peroxidase (HRP) and H,0, was studied. Under these condi-
tions oxidation yields the corresponding amide and nitrile as
the major products.’? Addition of simple amines such as
ethylamine or aniline as nucleophilic scavengers to the oxidation
reaction led to the formation of the corresponding amidines 4
as the major products. These experiments suggest that ethion-
amide could be metabolized to a higher S-oxide 5§ (possibly the
corresponding sulfinate) capable of undergoing addition reac-
tions to nucleophilic protein side chains. Moreover, initial
experiments confirm that InhA can be inactivated by intermedi-
ates generated during the oxidation of ethionamide S-oxide.?
However, more detailed studies require identification of the
enzyme responsible for activation of ethionamide.

In conclusion, these experiments suggest for the first time,
since the introduction of these drugs some 40 years ago, a
molecular mechanism of action. Both drugs are prodrugs that
are activated by different mycobacterial enzymes. Isoniazid is
activated by KatG; ethionamide or its S-oxide, by an enzyme
that remains to be identified. The activated forms of these drugs
then react with Cys243 of InhA, leading to irreversible inactiva-
tion of InhA. An understanding of the mode of action is not
only valuable for the design of improved versions of these drugs
but is also essential for the understanding of the phenomena of
drug resistance.
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(17) InhA (8.2 uM) was incubated with isoniazid (100 #M, 59 mCV/
mmol), MnCl, (1 uM), NAD* (70 uM), KatG (1.4 uM) in 100 mM Na,-
HPO,, pH 7.5 at 25 °C. After 25 min (<5% initial activity of InhA) InhA
was isolated with a Superose 12 HR sizing column, and fractions were
analyzed for radioactivity, protein concentration, and catalase activity.

(18) Reactions with 3 were carried out in 100 mM Na,HPOs, pH 7.5 at
25 °C; InhA was 1.2 uM, and 3 was 100 yM. The second-order rate
constfmt for inactivation of InhA under these conditions was ~120 M™!
min~l

(19) InhA (25 ug) was inactivated by 3 and isolated by HPLC. The
alkylated protein was lyophilized and taken up in 60 uL of 25 mM Tris, 1
mM EDTA, pH 8.5. LysC (0.4 ug, Boehringer Mannheim, sequencing
grade) was added, and the reaction mixture was incubated for 22 h at 37
°C. The digest was analyzed by HPLC, and fragments were identified by
ES-MS. Fragment 241-269 was shown to be alkylated by 3 (M, = 3134.17
+ 0.7). Cys243 in alkylated fragment 241269 was protected against
reaction with 4-vinylpyridine, and sequencing stopped after amino acid 242,
presumably because the a-amino group of Cys243 reacts with the keto group
of acetophenone to form the corresponding cyclic imine.

(20) InhA (2.5 uM) was incubated with either 4-vinylpyridine (1 mM)
or methyl methanethiosulfonate (1 mM) for 30~60 min in the presence of
NADH (70 4uM).” No significant decrease in activity of InhA was detected
(£20%).

(21) After incubation of InhA in 1 M guanidinium hydrochloride in the
absence of any cysteine-specific reagents, about 50% of the enzyme activity
could be recovered (measured after 70-fold dilution of InhA). InhA had
no measurable activity in 1 M guanidinium hydrochloride.

(22) Reactions were carried out in 50 mM Na;HPO4, pH 7.5 at 25 °C.
Substrate concentrations were in the range 100—~300 uM, Samples were
analyzed on a reversed-phase C18 column, and products were identified
by comparison to authentic samples. KatG was shown not to oxidize
ethionamide. The S-oxide was synthesized according to a procedure of
Walter and Curts: Walter, W.; Curts, J. Chem. Ber. 1960, 93, 1511,

(23) The oxidation of ethionamide S-oxide (100 M) by HRP (0.34 uM)
and H,0, (100 #M) also led to inactivation of InhA.” The inactivation can
be partially inhibited by the addition of octenoyl-ACP to the reaction
mixture, NADH or NAD* does not need to be present for the inactivation
of InhA in contrast to the results with isoniazid.



