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ABSTRACT: The antitubercular agent isoniazid can be activated byMycobacterium tuberculosisKatG using
either a peroxidase compound I/II or a superoxide-dependent oxyferrous pathway. The identity of activated
isoniazid is unknown, but it has been suggested that it may be a free radical intermediate. In this work,
EPR spin trapping experiments detected isoniazid-derived radicals generated during KatG-mediated
oxidation via the peroxidase compound I/II pathway. On the basis of hyperfine splitting patterns and
oxygen dependence, these radicals were identified as the acyl, acyl peroxo, and pyridyl radicals of isoniazid.
Isoniazid-resistant KatG(S315T) produced the same radicals found with KatG, while the less potent
antitubercular agent nicotinic acid hydrazide produced the corresponding nicotinyl radicals. The time
course of radical production was similar for KatG and KatG(S315T), while a lower steady-state level of
radicals was produced from nicotinic acid hydrazide. These results support an earlier finding that the
peroxidase pathway does not correlate with isoniazid resistance conferred by KatG(S315T). Trace amounts
of radicals were detected via the superoxide-dependent pathway. The low level of isoniazid-derived radicals
found in the superoxide-dependent pathway may be due to scavenging by superoxide.

Tuberculosis (TB) is arguably the greatest scourge to ever
afflict mankind, and the destructive path of its causative
agent, Mycobacterium tuberculosis(Mtb), is well-docu-
mented throughout history (1, 2). Current reports indicate
that this pathogen is responsible for 8 million new infections
and 1.5 million deaths annually (3). Isoniazid (INH,1 Figure
1) is a mainstay of tuberculosis chemotherapy, and there is
considerable interest in establishing its mechanism of action
as a prelude to designing analogues with improved efficacy.
The mechanism of INH action involves activation by the
Mtb enzyme KatG, an iron protoporphyrin IX (hemeb)-
containing enzyme (4-8) possessing catalase-peroxidase (5,
9-13), Mn2+-dependent peroxidase (14, 15), P450-like
monooxygenase (16), and peroxynitritase (17) activities.
Previous work demonstrated that INH activation can occur
via at least two pathways. The peroxidase compound I/II
pathway uses a peroxide (e.g.,t-BHP) as the oxidant, while
a second pathway uses molecular oxygen and produces
superoxide that is thought to generate a cytochrome P450-
like oxyferrous intermediate at the KatG active site (12).
Activated INH can subsequently react with other cellular
species. Indeed, an isonicotinyl adduct with NAD+ has been
characterized as an inhibitor of theMycobacterium smegmatis

InhA protein, an enoyl-acyl carrier protein (ACP) reductase
(18, 19). In addition, activated INH forms a covalent but
uncharacterized adduct withMtb KasA, aâ-ketoacyl ACP
synthase (20). Both InhA and KasA are involved in fatty
acid and mycolic acid biosynthesis. Mycolic acids are unique,
vital components of the mycobacterial cell wall.

The emergence of isoniazid-resistant strains ofMtb
highlights the importance of understanding the basis for
efficacy in the development of strategies which might
circumvent mycobacterial resistance mechanisms. Isoniazid
resistance is conferred through mutations in the activating
enzyme, KatG, or possibly in the targets of activated
isoniazid, InhA and KasA. Most frequent is the KatG(S315T)
mutation which is found in 31-92% of isoniazid-resistant
clinical isolates ofMtb (21, 22), conferring a 10-180-fold
increase in the minimal inhibitory concentration (MIC) for
isoniazid (10, 23). Isoniazid resistance conferred bykatG-
(S315T) is believed to result from a 10-fold (or greater)
reduction in the reactivity of the heme with an oxidant (e.g.,
superoxide) (12).

The identity of activated isoniazid has been elusive, but
there are several pieces of evidence which indicate that a
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FIGURE 1: (Top) Structures of the antitubercular agent isoniazid
and its analogue nicotinic acid hydrazide (NH). (Bottom) Structure
of the spin trapR-phenyl-N-tert-butylnitrone (PBN).
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reactive intermediate, formed during KatG-catalyzed oxida-
tion, may be the biocidal form (9, 24-26). First, none of
the known, stable end products of KatG-mediated isoniazid
oxidation (isonicotinic acid, isonicotinamide, pyridine-4-
carboxyaldehyde, and 4-pyridylmethanol) have been dem-
onstrated to possess antimycobacterial activity (27-29).
Also, Sinha (24) reported that isoniazid-derived free radicals
are generated during oxidation by horseradish peroxidase
(HRP), while few radicals are found during HRP-mediated
oxidation of the less effective antitubercular nicotinic acid
hydrazide (NH, Figure 1). Despite structural similarities, NH
has a 30-fold higher MIC than isoniazid. EPR spin trapping
experiments indicated that several HRP- and isoniazid-
dependent free radicals were produced, and these radicals
were identified on the basis of EPR spectra as H•, HO•, RC-
(O)•, and R• (where R represents the pyridine ring of
isoniazid). These results suggested that a correlation exists
between isoniazid’s antimycobacterial activity and its ability
to form free radicals. Finally, Shoeb et al. (25) found that
HRP, isoniazid, and H2O2 catalyzed the reduction of nitro
blue tetrazolium (NBT), a formazan dye known to react with
a variety of reductants, including superoxide and organic
radicals.

Thus, the available evidence supports the hypothesis that
the active form of isoniazid is a reactive intermediate
generated by the enzymatic activity of KatG. In this work,
we describe EPR spin trapping experiments conducted to
detect for the first time KatG-dependent, isoniazid-derived
free radicals. Further, the ability of KatG(S315T) to produce
isoniazid-derived radicals was examined to determine if
radical production correlates with isoniazid resistance as-
sociated with this enzyme.

MATERIALS AND METHODS

Materials.HRP, INH, isonicotinic acid, isonicotinamide,
NH, nicotinic acid, nicotinamide, NBT, PBN, SOD, and
t-BHP were obtained from Sigma Chemical Co. (St. Louis,
MO). Diethyltriaminepentaacetic acid (DETAPAC) was
obtained from Aldrich Chemical Co. (Milwaukee, WI). The
synthesis of [15N2, 15N3]-INH has been reported elsewhere
(30).

Protein Preparation.The expression and purification of
recombinantM. tuberculosisKatG and KatG(S315T) in
Escherichia colihas been described previously (31). Protein
concentrations were determined using Pierce (Rockford, IL)
Coomassie plus Protein reagent with bovine serum albumin
as the standard (32).

Spin Trapping and EPR Detection of Radicals.The
structure of the spin trap used in this work,R-phenyl-N-
tert-butylnitrone (PBN), is shown in Figure 1. Solutions
containing either 4 mM isoniazid or NH, 10 mM PBN (unless
otherwise noted), and 6µM KatG, KatG(S315T), or HRP
were prepared in 50 mM sodium phosphate buffer (pH 7.5).
DETAPAC (0.1 mM) was added to chelate adventitious
redox active metal ions. Reactions were initiated by addition
of 400 µM t-BHP, and the solutions were incubated at 37
°C for 30 min unless otherwise noted. After incubation, an
aliquot of the reaction was removed and placed in a quartz
EPR flat cell (Wilmad Glass, Buena, NJ) for analysis.
Anaerobic incubations were carried out under an argon
stream, and the flat cell was flushed and filled under argon.

EPR spectra were obtained using a Bruker ESP300E
spectrometer operating at an X-band frequency at room
temperature. Instrument conditions for all analyses were as
follows: microwave frequency, 9.65 GHz; modulation
amplitude, 0.33 G; modulation frequency, 100 kHz; power,
20 mW; gain, 2.5× 105; and temperature, 25°C. All spectra
are the signal-averaged sum of six scans unless otherwise
noted. All reactions were carried out in triplicate.

Reportedg values were determined relative to the standard
DPPH (g ) 2.0037( 0.0002) using the equation

wheregx is theg value of the unknown,gStd is theg value
of DPPH, Bx is the center field position of the unknown,
and BStd is the center field position of the DPPH EPR
spectrum (33).

RESULTS

Spin Trapping of KatG-Dependent, Isoniazid-DeriVed
Radicals.Figure 2 shows EPR spectra of KatG-dependent,
isoniazid-derived radicals that were trapped by PBN. Control
reactions lacking KatG (Figure 2B) or isoniazid (Figure 2C)
did not generate radical adducts, demonstrating a requirement
for both in radical generation. Reactions which lackedt-BHP
(Figure 2D) produced radical adducts with significantly

FIGURE 2: EPR spectra of KatG-dependent INH radicals trapped
using PBN. Instrument conditions were as follows: microwave
frequency, 9.65 GHz; modulation amplitude, 0.33 G; modulation
frequency, 100 kHz; power, 20 mW; gain, 2.5× 105; and
temperature, 25°C. All experimental spectra are the signal-averaged
sum of six scans. The intensity scales for all spectra are equivalent.
Simulations were done using Bruker Simfonia software (version
1.0) for solution spectra. (A) KatG (6µM) and INH (4 mM)
incubated with 10 mM PBN, 0.1 mM DETAPAC, and 400µM
t-BHP in 50 mM sodium phosphate buffer (pH 7.5) for 30 min.
(B) Same as for spectrum A except no KatG. (C) Same as for
spectrum A except no INH. (D) Same as for spectrum A except no
t-BHP and the signal intensity was multiplied by 5. (E) Same as
for spectrum A except not-BHP, with 0.1µM SOD, and the signal
intensity was multiplied by 5. (F) Same as for spectrum A except
no PBN. (G) Spectrum resulting from the addition of a 1:1 ratio of
(H) radical adduct 1 and (I) radical adduct 2. (H) Simulation of a
carbon- or oxygen-centered radical 1 adducted to PBN using the
parameters listed in Table 1. (I) Simulation of a carbon- or oxygen-
centered radical 2 adducted to PBN using the parameters listed in
Table 1.

gx - gStd ) -
Bx - BStd

BStd
gStd
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diminished intensity relative to that depicted in Figure 2A.
This indicates that (1)t-BHP-dependent catalysis, likely via
the peroxidase compound I/II pathway, is responsible for the
majority of radical adduct formation represented by Figure
2A and (2) some non-peroxide-dependent radical adduct
formation occurs as evidenced by the small signal seen in
the absence oft-BHP (Figure 2D). The addition of SOD to
the reaction mixture described in the legend of Figure 2A
had no effect on the adduct producing Figure 2A (data not
shown), further implicating a peroxide-dependent, and not
superoxide-dependent, pathway for the large adduct signal
seen in Figure 2A. The non-t-BHP-dependent radical adducts
represented in Figure 2D are likely formed via a superoxide-
dependent pathway since addition of SOD to the reaction
mixture in the absence oft-BHP (Figure 2E) eliminated the
small signal seen in Figure 2D. This also eliminates the
possibility that some contaminating H2O2 is responsible for
the small radical adduct signal seen in Figure 2D. Spectra
of reactions lacking PBN were devoid of radical adduct
spectra (Figure 2F).

The spectrum in Figure 2A consists of three sets of
doublets with an approximate intensity ratio of 1:2:1. Adduct
formation between PBN and a single radical (lackingI * 0
nuclei) would be expected to produce a six-line spectrum
consisting of both nitrogen and hydrogen hyperfine splitting
with a 1:1:1 intensity ratio of doublets. To account for the
features in Figure 2A, we hypothesize that it consists of two
PBN radical adducts with similar, but not identical, hyperfine
splitting constants. Computer simulations (Figure 2H,I) and
addition of equal quantities of the two proposed radical
adducts produce a composite spectrum (Figure 2G) that
adequately reproduces the experimental spectrum (Figure
2A). The individual radical adducts are designated as radical
adduct 1 or radical adduct 2 with their contributions noted
above the spectrum in Figure 2A. Although additional
assignments for the identity of the species which contribute
to the composite spectrum are possible, we hypothesize that
two stable PBN-radical adducts, whose hyperfine parameters
are listed in Table 1, generate these spectra. Additional
evidence presented below is consistent with this assignment.

The six-line spectrum of Figure 2A suggests that the
isoniazid radicals formed are either carbon- or oxygen-
centered, but not nitrogen-centered, since additional splitting
would be expected between the unpaired electron and the N
atom derived from either of the hydrazine nitrogens of
isoniazid. The small splitting seen in the high-field doublets
of Figure 2A is not likely to result from a nitrogen-centered
radical since the middle set of doublets does not show the
same splitting and only two distinct lines are observed.
Further support for the idea of carbon- or oxygen-centered
radicals was obtained using an isotopically labeled substrate
(Figure 3). The use of [15N2,15N3]isoniazid in the trapping
reaction confirmed that the adducts do not result from a
nitrogen-centered radical derived from isoniazid.15N has a
nuclear spinI of 1/2 in contrast to14N which has anI of 1 .
Therefore, a decrease in the number of hyperfine lines would
be predicted in the presence of15N-labeled isoniazid if a
nitrogen-centered radical were trapped by PBN. Figure 3
indicates that trapping experiments conducted using15N-
labeled isoniazid (A) gave a spectrum identical to that of
14N-labeled isoniazid (B).

Anaerobic Versus Aerobic Radical Adduct Production.
Spin trapping with PBN under anaerobic conditions (Figure
4A) generated a six-line spectrum consisting of a triplet of
doublets with a 1:1:1 intensity and no additional splitting of
the outer doublets. This adduct has ag value (2.0002) and

Table 1: Hyperfine Splitting Constants for INH and NH Radical
Adducts

hyperfine splitting constanta (G)

radical 1 radical 2

enzyme g valueb RN1 RH1 RN2 RH2

Isonicotinic Acid Hydrazide
wild-type KatG 1.9996 15.8( 0.1 3.7( 0.1 15.1( 0.1 3.6( 0.1
KatG(S315T) 1.9996 15.9( 0.1 3.8( 0.1 15.0( 0.1 3.5( 0.1
HRP 1.9996 15.7( 0.1 3.8( 0.0 NDc NDc

Nicotinic Acid Hydrazide
wild-type KatG 1.9997 15.9( 0.0 3.8( 0.1 15.1( 0.0 3.4( 0.0
KatG(S315T) 1.9997 15.9( 0.0 3.8( 0.0 15.1( 0.0 3.4( 0.1
HRP 1.9997 15.9( 0.1 3.8( 0.1 15.0( 0.1 3.3( 0.2

a Mean( standard deviation of three trials; hyperfine constants were
determined from the experimental spectra using the pattern shown in
the above figure.b Determined relative to the standard DPPH (g )
2.0037( 0.0002).c Not detected.

FIGURE 3: EPR spectra of [14N2,14N3]-INH- vs those of [15N2,15N3]-
INH-PBN adducts. Instrument conditions were the same as
described in the legend of Figure 2. Solutions contained 6µM KatG,
4 mM INH, 10 mM PBN, 0.1 mM DETAPAC, and 400µM t-BHP
in 50 mM sodium phosphate buffer (pH 7.5). Solutions were
incubated at 37°C for 30 min. Spectra are the signal-averaged sum
of six scans: (A) [14N2,14N3]-INH and (B) [15N2,15N3]-INH.
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hyperfine splitting constants (RN ) 16.5 G,RH ) 3.6 G)
which differ from those of both radical adduct 1 and radical
adduct 2 (Table 1). This suggests a third species can be

trapped under anaerobic conditions (radical adduct 3) and
that formation of radical adducts 1 and 2 may be oxygen-
dependent. Control reactions lacking KatG (Figure 4B),
isoniazid (Figure 4C), PBN (Figure 4D), andt-BHP (Figure
4E) demonstrated the dependence of radical formation on
each of these components. The spectrum of radical adduct 3
disappeared upon exposure of the reaction mixture to oxygen
and was replaced with the spectrum representing radical
adducts 1 and 2 (Figure 4F). The magnitude of the signal
seen under anaerobic conditions was much larger than that
under aerobic conditions, suggesting that oxygen readily
promotes destruction of radical adduct 3 and production of
radical adducts 1 and 2. An alternative explanation may be
that the spectra of radical adducts 1 and 2 are hidden under
the more intense spectrum of radical adduct 3 and become
visible only after the O2-dependent destruction of radical
adduct 3.

From these and subsequent data, we hypothesize that
radical adducts 1-3 are derived from the radicals shown in
Scheme 1. Although definitive proof of these species is
tenuous, these and other data presented herein, as well as
other published work (9), are consistent with this assignment.
It is possible that the radicals formed are nitrogen-centered,
but the Nâ hyperfine coupling constant is very small. This
is not likely since PBN-nitrogen-centered radical adducts
typically have Nâ hyperfine constants of>0.88 G, with most
having Nâ hyperfine constants in the range of 1.5-3 G (34).

Effect of Varying the Spin Trap Concentration on Trapped
Radical Adducts.The EPR spectra shown in Figure 5
demonstrate the effect of varying the spin trap concentration
on the pattern of trapped radical adducts. In the presence of
5 mM PBN (Figure 5A), a mixture of radical adducts 1 and
2 is seen. As the concentration of PBN is increased to 10
(B), 20 (C), and 40 mM (D), the ratio of the two trapped
radical adducts changes as evidenced by the increased
intensity of the inner pair of hyperfine lines in each spectrum.
At the highest concentration of PBN, the signal exhibits a
1:1:1 hyperfine pattern reflecting the presence of primarily
radical adduct 2. Increasing the spin trap concentration
increases the probability that radical 2 will encounter the

FIGURE 4: EPR spectra of INH-PBN adducts under anaerobic and
aerobic conditions. Instrument conditions were the same as those
described in the legend of Figure 2 except the intensity is 48 times
larger than that of Figure 2. (A) The solution contained 6µM KatG
along with 4 mM INH, 10 mM PBN, 0.1 mM DETAPAC, and
400 µM t-BHP in 50 mM sodium phosphate buffer (pH 7.5) and
was incubated at 37°C for 30 min under anaerobic conditions. (B)
Same as for spectrum A except no KatG. (C) Same as for spectrum
A except no isoniazid. (D) Same as for spectrum A except no PBN.
(E) Same as for spectrum A except not-BHP. (F) Sample used for
spectrum A after exposure to O2 for 30 min. The spectrum is the
signal-averaged sum of six scans, and the intensity was multiplied
by 8 for comparison with spectrum A.

FIGURE 5: EPR spectra of KatG-dependent INH-PBN adducts in
the presence of varying amounts of PBN. The solutions contained
6 µM KatG along with 4 mM INH, 0.1 mM DETAPAC, 400µM
t-BHP, and PBN at the indicated concentrations in 50 mM sodium
phosphate buffer (pH 7.5). All solutions were incubated at 37°C
for 30 min. The spectra are the signal-averaged sum of six scans.
Instrument conditions were the same as those described in the
legend of Figure 2. (A) With 5 mM PBN; the signal intensity is
multiplied by 4 for comparison with spectrum D. (B) With 10 mM
PBN; the signal intensity is multiplied by 4 for comparison with
spectrum D. (C) With 20 mM PBN; the signal intensity is multiplied
by 2 for comparison with spectrum D. (D) With 40 mM PBN.

Scheme 1
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spin trap and form a stable adduct before it can undergo
solution-mediated decay.

Isoniazid- and NH-Dependent Radical Adducts Produced
by KatG(S315T) and HRP.EPR spectra of isoniazid- and
nicotinic acid hydrazide-dependent PBN adducts generated
by KatG, KatG(S315T), and HRP under aerobic conditions
are shown in Figure 6, with the hyperfine splitting constants
given in Table 1. KatG(S315T) produces isoniazid-derived
radical adducts which are nearly identical to those produced
by KatG (compare spectra A and B of Figure 6). The splitting
pattern and intensity ratio suggest the presence of two radical
adducts with hyperfine constants similar to those found for
the KatG-dependent, isoniazid-derived radical adducts. The
only discernible difference is that KatG(S315T) produces a
radical 2:radical 1 adduct ratio slightly different from that
of KatG. Isoniazid-derived radical adducts generated by HRP
are shown in Figure 6C. The HRP-generated spectrum
indicates formation of primarily a single radical adduct that
has hyperfine constants identical to those of radical adduct
1.

PBN-radical adducts derived from the less potent anti-
tubercular agent nicotinic acid hydrazide (NH) were also
detected by EPR and can be seen in Figure 6D-F. KatG
produced a NH-PBN adduct spectrum which was very much
like that derived from isoniazid except for a slight shift in
the g value (compare panels D and A of Figure 6). The
hyperfine patterns and splitting constants (Table 1) were

nearly identical, suggesting that radical adduct 1 and radical
adduct 2 of NH were formed. The other notable difference
was a decrease in the intensity of the NH-derived radical
spectra relative to the intensity of the isoniazid-derived
radical spectra. KatG(S315T) also produced NH-derived
adduct spectra with a hyperfine pattern and splitting constants
identical to those derived from INH (compare panels E and
B of Figure 6). HRP produced similar NH-derived radical
adduct spectra, although the signal intensity, and therefore
the steady-state level, of the generated radical adduct was
low (Figure 6F). Together, the results suggest that KatG and
KatG(S315T) can produce radical adduct 1 and radical adduct
2 from both isoniazid and NH.

Time Course and Stability of Radical Adduct Production.
The differing intensities of radical adduct spectra seen in
Figure 6 suggested that there may be differences in either
the amount or the rate of isoniazid and NH radical formation
and/or decomposition. Therefore, an examination of the time
course and total amount of isoniazid and NH-derived adducts
produced by KatG and KatG(S315T) was undertaken. Figure
7 indicates that the amount of isoniazid-derived radical
adduct produced by KatG increases continually throughout
the 8 h study period. For the first hour, the amount of
isoniazid-derived radical adduct produced by KatG(S315T)
is equivalent to that generated by KatG. After 1 h, the adducts
generated by KatG(S315T) reach a steady state which is
roughly 25% lower than that of KatG over the remaining 7
h. In contrast, NH-derived adducts produced by KatG and
KatG(S315T) reach a peak intensity after 30 min which is
diminished relative to the amount of isoniazid-derived
radicals produced and slowly declines over time. After 60
min, the absolute levels of NH-derived adducts are 2-4-
fold lower than the isoniazid-derived adduct levels. The 8 h
time course indicates a relatively slow reaction. Previous

FIGURE 6: EPR spectra of INH- and NH-derived radical-PBN
adducts generated by KatG, KatG(S315T), and HRP. Instrument
conditions were the same as those described in the legend of Figure
2. All solutions contained 10 mM PBN, 0.1 mM DETAPAC, and
400 µM t-BHP in 50 mM sodium phosphate buffer (pH 7.5) and
were incubated at 37°C for 30 min prior to analysis. All spectra
are the signal-averaged sum of six scans, and the intensity scales
are equivalent: (A) 6µM KatG and 4 mM INH, (B) 6µM KatG-
(S315T) and 4 mM INH, (C) 6µM HRP and 4 mM INH, (D) 6
µM KatG and 4 mM NH, (E) 6µM KatG(S315T) and 4 mM NH,
and (F) 6µM HRP and 4 mM NH.

FIGURE 7: Time course of INH- and NH radical-PBN adduct
production. The solutions contained 6µM KatG or KatG(S315T),
4 mM INH or NH, 10 mM PBN, 0.1 mM DETAPAC, and 400
µM t-BHP in 50 mM sodium phosphate buffer (pH 7.5). All
solutions were incubated at 37°C for 30 min, and samples were
removed at various time points for EPR analysis. Instrument
conditions were the same as those described in the legend of Figure
2. Error bars represent the standard deviation of triplicate experi-
ments. Normalized intensity is the intensity of the 3430 G peak at
time t divided by the intensity at 8 h for the sample of KatG and
isoniazid. Lines represent interpolation of the data points: (0) KatG
and INH, (]) KatG(S315T) and INH, (O) KatG and NH, and (4)
KatG(S315T) and NH.
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work has demonstrated that isoniazid oxidation by KatG is
a slow process (kcat ) 0.0022 s-1) relative to the catalase
(kcat ) 5800 s-1) and peroxidase (kcat ) 2 s-1) activities of
KatG (12, 31). Therefore, given the concentrations of the
reactants that were used, neither INH nort-BHP was limiting
during the 8 h study. It should be noted that the decay rate,
and therefore the stability, of the radical adducts is not well
understood.

DISCUSSION

The prevailing hypothesis regarding isoniazid’s mechanism
of action proposes that isoniazid-derived free radicals gener-
ated by KatG are responsible for the inactivation of cellular
targets such as InhA and KasA (9, 20, 35). Sinha (24, 36)
has reported detection of carbon-centered, isoniazid-derived
radicals generated by HRP and assigned one of these radicals
as the acyl radical of isoniazid on the basis of its hyperfine
patterns. This paper reports for the first time detection of
isoniazid-derived acyl radical adduct 3, acyl peroxo radical
adduct 1, and pyridyl radical adduct 2 generated byMtb
KatG. EPR radical adduct spectra generated in the presence
of PBN indicate that two carbon- or oxygen-centered radicals
which lack attached hydrogens are formed during KatG-
mediated isoniazid oxidation, based on the hyperfine patterns
and intensities. The use of [15N]INH had no effect on the
hyperfine splitting, supporting the assignment of carbon- or
oxygen-centered radicals. Further, anaerobic conditions led
to generation of only a single radical adduct which was
assigned as deriving from the acyl radical. Exposure to
oxygen then led to formation of the two additional radical
adducts. Increasing the concentration of the spin trap led to
a better trapping efficiency for the pyridyl radical which
otherwise appears to decay rapidly in solution. Formation
of radical adducts 1-3 was dependent upon the presence of
t-BHP in the reaction mixture, suggesting that the radicals
were formed via the peroxidase compound I/II pathway. In
addition, weak radical adduct signals were observed in the
absence oft-BHP and are purported to arise via the
superoxide-dependent pathway.

Interestingly, KatG(S315T) also produced radical adducts
1 and 2 from isoniazid. The hyperfine splitting constants and
parameters were identical to those found for KatG-derived
radical adducts, and as for KatG, formation of these radical
adducts by KatG(S315T) requiredt-BHP, indicating they
were formed via the peroxidase compound I/II pathway. In
addition, both KatG and KatG(S315T) produced analogous
radical adducts from the less effective antitubercular nicotinic
acid hydrazide via the peroxidase compound I/II pathway.
The finding that the resistant enzyme KatG(S315T) and the
ineffective antitubercular NH produce radical adducts com-
parable to those produced by KatG and isoniazid suggests
that the radical adducts generated from the KatG- and
peroxide-dependent oxidation of isoniazid do not correlate
with in vivo susceptibility to the drug. This result is consistent
with our previous report that isoniazid oxidation via the KatG
peroxidase pathway does not correlate with isoniazid sus-
ceptibility (12).

The time course of radical adduct production by KatG and
KatG(S315T) shows some intriguing differences. KatG-
(S315T) is slightly less adept at generating the isoniazid-
derived free radicals than KatG; however, the difference is

less than 2-fold. This correlates nicely with the kinetic
parameters for both enzymes reported previously which
indicated that KatG(S315T) is a competent catalase-peroxi-
dase with a catalytic efficiency near that of KatG (12).
Therefore, one would predict that KatG(S315T) should
produce nearly the same amount of radicals as KatG via the
peroxidative pathway using a peroxide (e.g.,t-BHP) as the
oxidant. The amount of radical adduct species produced from
NH by both KatG and KatG(S315T) is 2-4-fold lower over
extended periods of time than from isoniazid. This is not
the result of a reduced initial rate of oxidation since a
previous report indicated that NH is oxidized as rapidly as
isoniazid via the peroxidative pathways of KatG and KatG-
(S315T) (12). Therefore, these results may be consistent with
a gradual inhibition of KatG by NH or some metabolite of
NH. Mechanism-based inhibition of heme proteins by
hydrazines has been demonstrated previously by Ator and
co-workers (37), who found meso-alkylated heme following
the inactivation of HRP with alkylhydrazines. Further,
Johnsson and Schultz (9) suggested that both isoniazid and
NH acted as an inhibitor of KatG catalase activity but that
NH was a more effective inhibitor than isoniazid. The time
course results are consistent with this interpretation. There-
fore, it is possible that isoniazid is a more potent antituber-
cular than NH because it is a less potent inhibitor of KatG,
thereby allowing KatG to activate isoniazid for longer periods
than NH.

Although free radicals generated via the peroxidase
pathway do not correlate with isoniazid susceptibility, it is
possible that free radicals generated via the KatG superoxide-
dependent pathway are responsible for the activity of
isoniazid. In this work, significant amounts of radical adducts
were detected only when the peroxidase substratet-BHP was
used. Further, the presence of superoxide dismutase had no
effect on the reaction mixture used to generate Figure 2A,
confirming thatt-BHP, and not superoxide, was required for
the majority of the radical adduct spectrum seen in Figure
2A. Substitution of the superoxide-generating system (xan-
thine with xanthine oxidase) fort-BHP in the Figure 2A
mixture produced trace amounts of radicals (data not shown).
Also, addition of SOD to reaction mixtures lackingt-BHP
(Figure 2E) eliminated the small non-peroxide-dependent
radical adduct signal seen in Figure 2D, suggesting that some
superoxide-mediated radical production occurs. Additionally,
the same stable end products of KatG-mediated, isoniazid
oxidation are generated by both the peroxide- and superox-
ide-dependent pathways (12). This suggests that a common
reaction mechanism is utilized, and therefore, similar radical
intermediates should be formed via these pathways. The lack
of significant radical-PBN adduct spectra in the absence of
peroxide may therefore be due to competing destruction of
the INH radical by superoxide. Since the rate of isoniazid
oxidation by KatG via the superoxide pathway is at least
10-fold higher than that of KatG(S315T) (12), it would
follow that at least 10-fold more radicals should be produced
via this pathway by KatG than by KatG(S315T). Therefore,
the increased rate of isoniazid oxidation via the superoxide
pathway is likely to be crucial for formation of large amounts
of activated isoniazid relative to that produced by the
peroxidase pathway. Cellular targets such as InhA and KasA
may effectively compete with superoxide for reaction with
activated INH. Alternatively, the superoxide pathway may
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generate nonradical intermediates (e.g., an acyl anion or
acylium ion).

It is tempting to speculate that diverting isoniazid oxidation
through the peroxidase, rather than the superoxide-dependent,
pathway may be a way of overcoming isoniazid resistance
in strains of Mtb possessing KatG(S315T). Utilizing the
peroxidase pathway, the two enzymes generate the same
intermediates (from this work) in similar quantities at similar
rates (12). Enhancement of the peroxidase pathway by
synergistic treatment with isoniazid with a second compound
which stimulates intracellular H2O2 production may be able
to alleviate isoniazid resistance inMtb harboring KatG-
(S315T).
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30. Todorović, S., Juranic´, N., Macura, S., and Rusnak, F. (1999)
J. Am. Chem. Soc. 121, 10962-10966.

31. Wengenack, N. L., Uhl, J. R., St. Amand, A. L., Tomlinson,
A. J., Benson, L. M., Naylor, S., Kline, B. C., Cockerill, F.
R., III, and Rusnak, F. (1997)J. Infect. Dis. 176, 722-727.

32. Bradford, M. M. (1976)Anal. Biochem. 72, 248-254.
33. Weil, J. A., Bolton, J. R., and Wertz, J. E. (1994) inElectron

Paramagnetic Resonance: Elementary Theory and Practical
Applications, Wiley, New York.

34. Li, A. S. W., Cummings, K. B., Roethling, H. P., and Buettner,
G. R. (1988)J. Magn. Reson. 39, 140-142.

35. Shoeb, H. A., Bowman, B. U., Jr, Ottolenghi, A. C., and
Merola, A. J. (1985)Antimicrob. Agents Chemother. 27, 399-
403.

36. Kalyanaraman, B., and Sinha, B. K. (1985)EnViron. Health
Perspect. 64, 179-184.

37. Ator, M. A., David, S. K., and Ortiz de Montellano, P. R.
(1989)J. Biol. Chem. 264, 9250-9257.

BI002614M

8996 Biochemistry, Vol. 40, No. 30, 2001 Wengenack and Rusnak


