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The recent outbreaks of drug-resistant strains of tuberculosis
have created a need for new drugs with improved efficacy.!
Isoniazid (1) has historically been a very effective drug for the
treatment of tuberculosis, but little is known about its mechanism
of action.2 A widely accepted hypothesis Is that isoniazid acts
on the synthesis of mycolic acids, an integral component of the
mycobacterial cell wall.? Other theories are that free radicals
generated during the oxidation of isoniazid by the catalase-
peroxidase of Mycobacterium tuberculosis are responsible for
the toxicity of thedrug.* Recent analysesof drug-resistant strains
suggest that isoniazid is converted by the catalase-peroxidase
into a biologically active form.*> Inorder to understand the mode
of action of isoniazid and to design improved versions of the drug,
a detailed understanding of the enzymatic transformation of
isoniazid by the catalase-peroxidase (the katG gene product)
from M. tuberculosis is needed. The overexpression and
characterization of this enzyme® allows us now to report its
catalytic properties and an investigation of the mechanism of the
enzyme's reaction with isoniazid.

The bifunctional enzyme is a broad specificity peroxidase and
has a high catalase activity of 2860 units/mg.”® The reaction
of the enzyme with isoniazid was followed by high-performance
liquid chromatography (HPLC), and the products were identified
by comparison with authentic samples and by mass spectroscopy.?
AtapHof 7.5, 50 mM Na,HPO, at 37 °C, the following products
were identified: isonicotinic acid (2), isonicotinamide (3), and
pyridine-4-carboxaldehyde (4), the acid 2 being the major product.
Relative product yields depended upon the isoniazid concentration
and changed over the course of the reaction, aldehyde 4 being
eventually oxidized to acid 2.19 The k., and the Ky for the
formation of acid 2 under the above conditions are 0.045 s~! and
198 uM,!! respectively.
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In order to determine the origin of the oxygen atoms in acid
2, the reaction of isoniazid with the enzyme was carried out under
an atmosphere of 130,, and the isonicotinic acid 2 was isolated
and analyzed by mass spectrometry.!4 The amount of 2
containing a single 180 atom was approximately 35%. Incubation
of acid 2 in H;®O under the same conditions used for the
incorporation of !80 into 2 showed no exchange of the oxygen
with water. The reaction of isoniazid with the enzyme in H;!30
led to the formation of 2, in which approximately 33% of the
product contained no !#0; ~50%, one atom of 120; and ~17%,
twoatomsof 130, These results suggest the simultaneous presence
of twopathways leading to the formation of acid 2. Inagreement
with these data, the addition of simple amines to the reaction
mixture led to the formation of the corresponding amides in up
to 50% yield.»!51¢ Oxidation of aldehyde 4 in the presence of
simple amines did not lead to the formation of the corresponding
amides.

The reaction products and labeling results for the reaction of
isoniazid with the catalase-peroxidase and previous studies of the
oxidation of hydrazides*® are consistent with the mechanism
outlinedin Scheme 1. The firststep involves enzymatic oxidation
of isoniazid to the corresponding acyldiimide (5), possibly via a
hydrazide radical (6). Diimide 5 couid then decompose via a
diazenyl radical (7)!7 to afford the corresponding acyl radical
(8), which could either abstract hydrogen to give aldehyde 4 or
react with molecular oxygen to give the corresponding peracid
(9). Theexchange of 130 into isonicotinic acid 2 from 130, would
occur via the radial 8. Exchange from H,!80 and formation of
amides in the presence of exogeneous amines may occur via
nucleophilic addition to acyldiimide §,!%!9 or, alternatively, 5§
could be oxidized ina second step to an electrophilic acyldiazonium
ion (10), which then reacts with water or amine.?0

Another interesting detail of the reaction of isoniazid with the
catalase-peroxidase is the formation of amide 3, even when
ammonia is rigorously excluded from the assay mixture. Reaction
of IN-labeled isoniazid with the catalase-peroxidase and analysis
of the formed amide by mass spectrometry revealed that under
these conditions 3 arises from the splitting of the N-N bond.2!:22

The substrate specificity of the catalase-peroxidase was also
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Scheme 1. Proposed Mechanism for the Enzymatic
Oxidation of Isoniazid
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isomericsubstrate nicotinic hydrazide (12) show very little activity
as antituberculosis drugs compared toisoniazid.2> Inaccordance
with these data, 11 and phenylacetic hydrazide (13) reacted with
the catalase-peroxidase at rates below 2% that of isoniazid. The
picture with nicotinic hydrazide 12, however, is more complex.
The reaction of the enzyme with 12 proceeded at a rate of
approximately 55% of that of the reaction of isoniazid with the
enzyme, yielding the following products: nicotinic acid (14),
nicotinamide (15), and pyrimidine-3-carboxaldehyde (16). In
contrast to the reaction with isoniazid, however, aldehyde 16 is
not a substrate of the enzyme.2¢ Another interesting difference
from the reaction with isoniazid is the much faster inactivation
of the enzyme during the oxidation of nictonic hydrazide 12,12:25
providing a possible explanation for the fact that 12 isan antagonist
of isoniazid.?* Furthermore, the rate of oxidationshowed a strong
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dependence on the reaction conditions. For example, addition of
20 mM ammonium acetate to the reaction of nicotinic hydrazide
12 with enzyme led to a 50-fold decrease in the rate of formation
of the acid relative to isoniazid, which also might account for
their different biological activities.26

The mechanism proposed above provides a number of pos-
sibilities for the mode of action of isoniazid. The drugis converted
invivo into a number of highly reactive species capable of either
oxidizing or acylating groups in proteins. One attractive
hypothesis is that an enzyme involved in the biosynthesis of fatty
acids in M. tuberculosis?’ might be one of the targets of these
active agents, leading to a covalent and irreversible modification
of the protein.
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