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Isoniazid (isonicotinic acid hydrazide, INH) is a frontline pro-
drug which forms part of the core treatment for tuberculosis.
Although bacterial resistance to INH was observed soon after its
introduction into clinical use in the 1950s,1,2 reemergence of
tuberculosis in the mid-1980s coupled with increasing numbers
of INH-resistant bacterial strains3,4 stimulated numerous studies
which have sought to develop a better understanding of its mech-
anism of activation and in vivo targets. In particular, it is widely
accepted that a heme-containing catalase-peroxidase (CP) en-
zyme, encoded by thekatGgene inMycobacterium tuberculosis,
oxidizes INH5,6 and that CP confers INH sensitivity in vivo.7 The
general requirement for hydrogen peroxide in in vitro assays under
aerobic conditions suggests that the peroxidatic activity of CP is
involved in INH turnover.5,6 Studies of the relatedMycobaterium
smegmatisCP have also reported an enhancement of INH
activation upon addition of exogenous Mn2+ which is enzymati-
cally converted to Mn3+ prior to oxidizing INH.8,9 Recent work
has indicated that addition of Mn2+ can also enhance INH turnover
by theM. tuberculosisCP although the effect is more limited.10

Nevertheless, the reactive intermediates of manganese-dependent
and -independent INH activation have yet to be identified, and
the mechanisms for activation are thus still open to question.

In this communication we report our studies of the activation
of INH by Mn cation andM. tuberculosisCP (in both the presence
and absence of Mn2+) in an effort to better define the reaction
pathways leading to INH oxidation. It has been previously shown
by HPLC analyses that activation of INH in reaction mixtures
containing mycobacterial CP and Mn2+ or Mn2+ alone yields the
acid and amide derivatives of the drug.6,8,11An aldehyde derivative
of INH, pyridine-4-carboxaldehyde, was also isolated using the
M. tuberculosisCP with Mn2+.6,11 This same study also analyzed
the amide by mass spectrometry, when the reaction conditions

were carried out using15N-labeled isoniazid, and concluded that
this derivative arose from splitting of the N-N bond of INH.
We therefore thought that similar experiments could be used to
more rigorously compare the activation of INH, leading to
formation of isonicotinamide by Mn cation and theM. tubercu-
losis CP enzyme. However, on the basis of mass spectrometry
analyses of reaction products obtained using singly labeled15N-
isoniazid isotopic isomers,12,13 we suggest that formation of
isonicotinamide involves splitting of the C-N bond of isoniazid,
rather than the N-N bond as previously proposed.

Initially, INH was incubated with various combinations of
Mn2+, H2O2, and purified enzyme,14,15 and formation of reaction
products was followed and quantitated by HPLC. The absence
of transformation of INH in Na2HPO4 buffer demonstrates that
no significant levels of hydrolysis occur which could result in
production of isonicotinic acid and hydrazine during the time
course chosen here. Addition of Mn2+ leads to formation of
isonicotinic acid as the main product with detectable levels of
amide and aldehyde derivatives of INH. This result is in agreement
with that obtained by Magliozzo and Marcinkeviciene8 who also
carried out this experiment under aerobic conditions. This type
of metal-catalyzed oxidation of INH by Mn2+, termed autoxida-
tion, was reported many years ago and yielded isonicotinic acid
as the main reaction product.16 Manganese-catalyzed autoxidation
of INH was also invoked as a means of generating lethal species
of INH capable of causing oxidative damage to DNA.17 Addition
of H2O2 slightly reduced the quantities of amide and acid
derivatives obtained from INH and Mn2+ and also resulted in no
detectable levels of the aldehyde oxidation product. Interestingly,
inhibition of the Mn-catalyzed autoxidation of INH by H2O2 was
also observed by Winder and Denneny16 who suggested that the
presence of hydrogen peroxide decreased the amount of manga-
nese species able to oxidize the drug.

Enzyme-dependent INH oxidation also results in the formation
of acid, amide, and aldehyde reaction products in all variations
of H2O2 and Mn2+ described here. Whentert-butyl hydrogen
peroxide (t-BuOOH) was used instead of H2O2, acid and amide
products were formed as previously reported,18 but we also
observed that no aldehyde product was produced. Although it is
possible that aldehyde may be degraded under the reaction
conditions used, formation of this product may also be the result
of a reversible side reaction as previously proposed6 which could
be disfavored usingt-BuOOH. A 10-fold reduction in the amount
of H2O2 or t-BuOOH used in the assays showed only a reduction
in the rate of product formation, as one might expect from the
presence of the competing catalytic reaction, but did not alter
which products were formed. It is particularly interesting to note
that under aerobic conditionsM. tuberculosisCP is able to oxidize
INH in the absence of H2O2 and Mn2+, albeit at a reduced rate.
The reason for this may be a low-level autoxidation catalysis by
the enzyme’s heme. This is consistent with data reported by
Winder and Denneny16 who also showed that metal-catalyzed
autoxidation of INH could occur using Fe3+, hemin, and Cu2+ as

* To whom correspondence may be addressed: Telephone/Fax: 00 33(0)-
383912748. E-mail: Brigitte.Jamart@maem.uhp-nancy.fr.
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well as Mn2+. As expected, addition of H2O2 demonstrated an
increased rate of CP-catalyzed INH oxidation, but the added
presence of Mn2+ showed no significant rate enhancement under
standard assay conditions. However, when a 20:1 excess of Mn2+

to enzyme was used, the rate of INH oxidation increased
somewhat, but the rate of oxidation of INH by Mn2+ alone (in
the absence of enzyme) also increased with the higher Mn2+

concentration. Mn2+ oxidation by theM. tuberculosisenzyme has
been reported18 which might suggest that the enhancement
observed here could result from increased levels of Mn3+ and
other oxidants18 in solution. Although the studies here do not
explicitly address this point, the fact that rate enhancement with
increased Mn2+ concentration was observed in both the presence
and absence CP may simply indicate the presence of enzyme
peroxidatic INH oxidation and Mn2+ autoxidation of INH acting
simultaneously together in solution. Furthermore, lack of a rate
enhancement by Mn2+ addition to CP/INH and CP/INH/H2O2

mixtures under standard assay conditions may be due to competing
interactions between CP and Mn2+, as well as inhibition of
autoxidation by the presence of hydrogen peroxide16 in the case
of the latter reaction mixture.

Taken together, these data suggest that Mn2+ does not play an
essential part in the oxidation of INH by theM. tuberculosisCP
enzyme. A similar conclusion was drawn from recent studies
which monitored the formation of an inhibitor of the downstream
INH target enoyl reductase, InhA.10 This inhibitor, isonicotinic
acyl NADH, is thought to be formed by reaction of an activated
INH intermediate with NADH. A 30% increase in inhibitor form-
ation was observed upon addition of Mn2+ to the assay mixture
containing CP, INH, and NADH at a 2:1 ratio of Mn2+ to enzyme.
However, in the absence of enzyme the rate of inhibitor production
was significantly reduced. It is possible that the observed rate
enhancement of inhibitor formation from the addition of Mn2+

to CP, based upon results obtained here, may be due in part to
autoxidation of INH by Mn2+. Notably the low level of InhA
inhibitor formation observed in the absence of enzyme may, for
example, represent an inhibition of INH activation by NADH
which remains to be tested. In any case, the results presented
here suggest that Mn2+ is not required for INH activation by the
M. tuberculosisCP and tend to favor a peroxidatic pathway for
activation by CP in vivo. This view disagrees with Wengenack
and colleagues18 who suggest that a superoxide-dependent mech-
anism may instead be critical for enzyme-mediated INH oxidation.
Our studies also support the view of Lei and colleagues10 in that
this enzyme may be different in its mode of activation of INH
compared to theM. smegmatisenzyme which shows an Mn2+-
dependent oxidation of INH8,9 and only negligible oxidation of
the drug in the absence of added Mn2+ cation.8

To investigate further the mechanism of INH activation, we
carried out reactions using INH isotopic isomers which were15N-
labeled at the hydrazide moiety. The resulting isonicotinamide
reaction products were isolated by HPLC and subsequently
analyzed for isotopic content by electrospray mass spectrometry.19

Using doubly labeled drug, INH15N15N,20 only isonicotinamide
15N was obtained from the four reaction conditions used (Mn2+,
CP, Mn2+/CP, or Mn2+/CP/H2O2). The same level of15N
incorporation was observed in previous studies which showed
that only isonicotinamide15N was obtained from a reaction
containing INH15N15N and Mn2+/CP/H2O2.

6,11 This result led to
the proposal of a mechanism for the enzymatic oxidation of INH
in which the amide reaction product is generated from splitting
of the N-N bond through a possible disproportionation of the
INH hydrazide moiety.6 To further study this proposed mecha-
nism, we characterized the isotopic content of isonicotinamide,
isolated from the four reaction conditions already mentioned, using

singly labeled INH14N15N or INH 15N14N.12,13 In all cases, 50%
of the reaction product was isonicotinamide-15N and 50% was
isonicotinamide-14N. These data lead us to suggest that the amide
product would be obtained from a C-N, rather than N-N,
splitting of INH.

A reaction mechanism for production of the amide reaction
product is proposed where C-N bond splitting of INH yields an
acyl radical and diazene intermediates. Monitoring of the reaction
using singly labeled INH15N14N12,13 by 15N NMR21 did not
demonstrate formation of the other isomer, INH14N15N. This
result indicates that this first step appears to be essentially
irreversible and that the 50% isotopic distribution of isonicoti-
namide obtained using electrospray mass spectrometry with singly
labeled INH is unlikely to be an artifact arising from an
equilibration process involving the isotopic label. We propose
that subsequent generation of NH3, used in reaction with the acyl
radical to form the isonicotinamide, would result from successive
transformations of first diazene into hydrazine, followed by
hydrazine into NH3. This mechanism thus predicts that hydrazine
and ammonia would be intermediates along the reaction pathway.
To test this hypothesis, increasing amounts of unlabeled hydrazine
or ammonia were added to reaction mixtures containing INH
15N15N and Mn2+ which in turn yielded increasing amounts of
unlabeled isonicotinamide. These results agree with our proposed
C-N bond splitting of INH and differ from a previously proposed
mechanism for Mn2+-catalyzed autoxidation of the drug which
also included an N-N splitting of the hydrazide to generate the
amide reaction product.16 Furthermore, no unlabeled INH was
isolated from these experiments,22 demonstrating that direct reac-
tion of the acyl radical with hydrazine to generate isonicotinamide
is unlikely, further supporting the proposed step which requires
transformation of hydrazine prior to formation of the amide.

In conclusion, theM. tuberculosisCP enzyme does not appear
to demonstrate significant levels of Mn-dependent peroxidase
activity which could catalyze the oxidation of INH. The ability
of Mn cation to catalyze INH oxidation in the absence of enzyme
is consistent with an autoxidation process, but the reaction also
has been shown to yield the same reaction products as the enzyme-
catalyzed reaction at a comparable rate. Given the apparent
importance of manganese in theM. smegmatisCP activation of
INH,9 and discoveries of metal transporters inM. tuberculosis,23,24

it is possible that intracellular Mn2+ concentrations may influence
the efficiency of INH activation in vivo, particularly under aerobic
conditions. In addition, the mechanism proposed here may help
to develop a better understanding of the molecular events
responsible for both metal- and enzyme-catalyzed INH activation
and can stimulate new studies to identify the nature of the
activated form of INH and its reactions with downstream targets.
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