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ABSTRACT: Inhibition of the enzymeMycobacterium tuberculosisInhA (enoyl-acyl carrier protein reductase)
due to formation of an isonicotinoyl-NAD adduct (IN-NAD) from isoniazid (INH) and nicotinamide adenine
dinucleotide cofactor is considered central to the mode of action of INH, a first-line treatment for
tuberculosis infection. INH action against mycobacteria requires catalase-peroxidase (KatG) function,
and IN-NAD adduct formation is catalyzed in vitro byM. tuberculosisKatG under a variety of conditions,
yet a physiologically relevant approach to the process has not emerged that allows scrutiny of the mechanism
and the origins of INH resistance in the most prevalent drug-resistant strain bearing KatG[S315T]. In this
report, we describe how hydrogen peroxide, delivered at very low concentrations to ferric KatG, leads to
efficient inhibition of InhA due to formation of the IN-NAD adduct. The rate of adduct formation mediated
by wild-type KatG was about 20-fold greater than by the isoniazid-resistant KatG[S315T] mutant under
optimal conditions (H2O2 supplied along with NAD+ and INH). Slow adduct formation also occurs starting
with NADH and INH, in the presence of KatG even in the absence of added peroxide, due to endogenous
peroxide. The poor efficiency of the KatG[S315T] mutant can be enhanced merely by increasing the
concentration of INH, consistent with this enzyme’s reduced affinity for INH binding to the resting enzyme
and the catalytically competent enzyme intermediate (Compound I). Origins of drug resistance in the
KatG[S315T] mutant enzyme are analyzed at the structural level through examination of the three-
dimensional X-ray crystal structure of the mutant enzyme.

Isoniazid has been commonly used for the treatment of
tuberculosis for over 50 years (1, 2). The growing appearance
of INH1-resistant TB infections throughout the world has
led to an increased interest in exploring the bactericidal
function of this drug and the origins of drug resistance. We
have devoted recent efforts to the examination of the structure
and function of Mycobacterium tuberculosiscatalase-
peroxidase (KatG), a dual function heme enzyme demon-
strated to be required for INH sensitivity (3, 4), and the
mutant enzyme, KatG[S315T], found in the majority of INH-
resistantM. tuberculosisstrains (5-8).

INH is a prodrug susceptible to oxidative reactions
catalyzed by KatG (9). The agent serves as a substrate of
KatG Compound I (10, 11), consistent with a mechanism of
drug “activation” involving a classical peroxidase cycle even
though the physiological role of KatG is to serve as a
catalase. KatG mutants from drug-resistantM. tuberculosis
strains would be expected to function poorly in catalytic drug
activation. The purified mutant enzyme KatG[S315T] ex-
hibits only moderately reduced peroxidase activity when
measured in vitro with typical peroxidase substrates (11-
13). While this may seem to be an apparent incongruity in
explaining the origin of relatively high INH resistance due
to this mutation, interactions between this mutant enzyme
and INH are impaired (11). For example, a reduced affinity
of the resting (ferric) KatG[S315T] enzyme for INH was
found, along with poor turnover of the drug by Compound
I in this mutant (11). These observations alone, however,
have not been extended to a description of the additional
processes critical for producing bactericidal activity.

Activation or oxidation of INH alone by KatG, which was
originally investigated by Johnsson et al. and others (9, 14,
15), has more recently come to be measured as production
of an IN-NAD adduct molecule (Scheme 1), which is a very
tight binding inhibitor of InhA (16-18). InhA, the M.
tuberculosisenoyl-acyl carrier protein reductase, is a key
enzyme involved in the biosynthesis of mycolic acids, which
are components of the mycobacterial cell wall (19-21).
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Inactivation of InhA alone is sufficient to inhibit mycolic
acid biosynthesis and induce cell lysis very rapidly after
exposure of bacteria to INH (22).

It should be noted that KatG has been ascribed, in addition
to catalase and nonspecific peroxidase activity, a manganese
peroxidase activity, oxidase activity, INH-hydrazinolysis
activity, and an isonicotinoyl-NAD synthase activity (23, 24),
leading to a complicated picture for its role in INH activation.
Several reports on the IN-NAD adduct based on various
synthetic approaches have focused on adduct structure and
its interactions with InhA, rather than on the specific catalytic
function of KatG in its formation. Additional background
information relevant here includes demonstrations of the
production of radicals from INH in reactions with KatG (5,
25-27) and structural information concerning IN-NAD
adducts generated under a variety of conditions (28-30).

The basic hypothesis that typical peroxidatic activity of
M. tuberculosisKatG is sufficient for the activation of INH
and is also applicable to explain drug resistance in KatG-
[S315T] mutants has never been directly demonstrated in
vitro. Experimental approaches that include oxidants or
prooxidants, such as free manganese or superoxide (24, 31,
32), have been investigated to overcome an assumed lack
of catalytic competence of KatG in the presence of hydrogen
peroxide. A widely published superoxide-mediated mecha-
nism for INH activation by KatG in vitro, presented by other
groups (31-33), raises issues of physiological relevance
sinceM. tuberculosisexpresses and secretes SOD enzymes
colocalized with KatG (32). Manganese has been frequently
used as an enzyme surrogate or has been added to IN-NAD
adduct-forming reactions with KatG apparently to increase
yields but without explanation for its mechanistic role (29).
Even though this approach can provide significant quantities
of adduct, it is questionable that free manganese is important
in antimycobacterial function under physiological conditions.

Hydrogen peroxide (H2O2) is an abundant oxidant in
aerobic bacteria (34) especially relevant for intracellular
pathogens such asM. tuberculosis. Genetic studies showed
that KatG is the key enzyme responsible for mycobacterial
survival during attack by reactive oxygen intermediates from
the host (35) as it is the only catalase in this pathogen. The
role of H2O2 in the activation of INH byM. tuberculosis
KatG has not been carefully examined because of the
underlying problem of dual activities strongly dominated by
catalase activity. More critically important to the present
work are reports in which alteration in a peroxidase-based
activation of INH by KatG has been specifically rejected as
an origin for drug resistance in the KatG[S315T] mutant
enzyme (31, 33).

In this report, we have chosen to adopt a physiologically
relevant approach to characterize the competence of KatG

and KatG[S315T] in producing InhA inhibition due to
formation of the IN-NAD adduct (InhA inhibitor) to provide
clues about the mechanism. Here, we demonstrate that KatG
can efficiently catalyze IN-NAD adduct formation in the
presence of very dilute H2O2 and show the poor catalytic
function of the S315T mutant under similar conditions. These
results sharply contrast with several other reports in which
this mutant did not behave differently from wild-type enzyme
under conditions designed to compare peroxidase activity
in the process of adduct formation or INH oxidation (31,
33).

We also pursued the solution of the three-dimensional
X-ray crystal structure of the KatG[S315T] variant fromM.
tuberculosiswith the aim of gaining a more complete
understanding of drug activation and the resistance mecha-
nism. The crystal structure ofM. tuberculosiswild-type KatG
has been reported (36). However, the structure of theM.
tuberculosisKatG[S315T] mutant was not available and is
presented here. Insights into the mechanism of INH activation
emerge from our work.

EXPERIMENTAL PROCEDURES

Glucose (enzyme grade) was purchased from Fisher
Scientific; 2× crystallized bovine liver catalase, glucose
oxidase (fromAspergillus niger, low in catalase), NADH,
INH, o-dianisidine, and all the other chemicals were bought
from Sigma-Aldrich and were of the highest purity available.
2-trans-Dodecenoyl-CoA is a gift from Jacobus Pharmaceu-
tical Co. INH was recrystallized from methanol and stored
at 4°C. All solutions of INH,â-NADH, andâ-NAD+ were
each freshly prepared for all experiments due to the relatively
rapid decomposition of INH or NADH in aqueous solution
or buffer.

The M. tuberculosisInhA was expressed and purified as
previously described (21).

M. tuberculosisKatG and its S315T mutant were con-
structed, expressed, and purified as previously described (10,
11, 37). Active KatG concentration was expressed as heme
concentration (ε407nm ) 100 mM-1 cm-1).

InactiVation of InhA by Isoniazid.InhA (1.0 µM) was
incubated with 0.5µM KatG or KatG[S315T] mutant, 50
µM NAD + (or NADH in some experiments), 50µM
isoniazid, and 2 mM EDTA in a total volume of 1.0 mL at
25 °C in 20 mM phosphate buffer, pH 7.2. Glycerol (8%
v/v) and bovine serum albumin (0.1 mg/mL) were also
included to stabilize InhA (9). Aliquots (30µL) were taken
at defined time points, and residual InhA activity was
measured following the loss of absorbance of NADH at 340
nm using 2-trans-dodecenoyl-CoA (100µM) and excess
NADH (200µM) as substrates for this assay. Specific activity
was calculated as micromoles of NADH (ε340 ) 6220 M-1

cm-1) oxidized per minute per milligram of InhA. The InhA
residual activities at various time points were expressed
relative to 100%, which is the value measured at time zero.

Enzymatic Generation of H2O2. H2O2 was generated using
glucose/glucose oxidase (G/GOx): GOx (10 mU), together
with 5 mM glucose, was added to the activation mixture
described above. The rate of hydrogen peroxide release by
the G/GOx system was determined separately using an HRP-
coupledo-dianisidine oxidation assay. Oxygen concentration
in air-saturated solutions is approximately 0.2 mM, a large

Scheme 1: IN-NAD Adducta

a The structure of the adduct is adapted from ref17.
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excess relative to the rate of turnover of the oxidase. In the
presence of 10 milliunits/mL GOx, the rate of H2O2 produc-
tion was shown to be 2.0µM/min.

Effects of Catalase and o-Dianisidine. Bovine liver cata-
lase (0.5µM, heme concentration) oro-dianisidine (200µM)
was added directly to reaction mixtures containing KatG,
INH, NADH, and InhA as described above. The InhA
residual activity was measured accordingly in aliquots
removed at defined time points as above.

Trapping of the IN-NAD Adduct by InhA. The inhibitor
generated in reaction mixtures containing INH, NAD+, KatG,
and G/GOx in the absence of InhA was isolated according
to Lei et al. (18) with minor modification. Briefly, 1 mL of
20 mM phosphate buffer (pH 7.2) containing KatG (1µM),
INH (200µM), NAD+ (200µM), GOx (40 mU), and glucose
(5 mM) was incubated aerobically at room temperature for
50 min. The reaction was terminated by the removal of KatG
and GOx through ultrafiltration. The filtrate was mixed with
InhA and incubated at room temperature for 20 min to ensure
equilibration of InhA with inhibitor. The InhA-inhibitor
complex was isolated through gel filtration, and its optical
spectrum showed a shoulder at 320 nm that is absent from
the spectrum of pure InhA. This absorbance is due to the
tightly bound IN-NAD adduct and reproduces results reported
elsewhere (18). When GOx was omitted, the absorbance at
320 nm was not detectable in the recovered InhA. The free
IN-NAD adduct was isolated from the InhA-adduct complex
to confirm its identity. Its spectrum showed characteristic
absorbance peaks at 260 and 326 nm, in agreement with
previously reported data (16, 18, 26).

INH Concentration Dependence of IN-NAD Formation.
The rates of IN-NAD adduct generation with varying
concentrations of INH were examined directly with either
KatG or the KatG[S315T] mutant in a spectrophotometric
assay. This study was carried out in the absence of InhA,
using KatG (0.5µM), NAD+ (50 µM), GOx (10 milliunuts/
mL), and glucose (5 mM). Free NAD+ shows no absorbance
at 326 nm, which is a characteristic absorbance peak of the
IN-NAD molecule. The generation of adduct was initiated
by the addition of varying amounts of INH (5, 10, 20, 30,
and 50µM). In the case of the KatG[S315T] mutant, higher
concentrations of INH (0.25, 0.5, 1, and 2 mM) were required
to achieve detectable increases in absorbance in reasonable
time periods. To monitor adduct formation, the absorbance
at 326 nm was recorded for 20 min after the addition of
INH. The concentration of the IN-NAD adduct was calcu-
lated according to its extinction coefficient (ε326nm ) 6900
M-1 cm-1) (16, 18), an approach similar to that described
by Singh et al. (24). The reference cuvette contained all
components except NAD+ to correct for background. The
initial rate of adduct formation was computed from the
absorbance change during the first 5 min.

Crystallization, Data Collection, and Structure Determi-
nation/Refinement.Crystals of native KatG and the mutant
KatG[S315T] were grown by sitting-drop vapor diffusion
in well solutions containing 100 mM sodium acetate, pH
4.6, 6% PEG 4000, and 0.17 mMn-dodecylâ-D-maltoside
at 24-27 mg/mL protein concentrations. Crystals were
cryoprotected in 25% glycerol mixed with well solution and
were then flash-frozen in liquid nitrogen. Data were collected
using synchrotron radiation either at the Advanced Light

Source, Berkeley, CA (for KatG[S315]), or at the ID-C
beamline of the Advanced Photon Source at Argonne
National Laboratory, Chicago, IL. Data were collected at 100
K to a resolution of 2.1 Å (KatG[S315]) or 2.0 Å (WT KatG).
The data were processed with HKL2000 (38). Crystals of
both enzymes belong to space groupP42212 with cell
dimensionsa ) b ) 150 Å, c ) 154 Å, R ) â ) γ ) 90°.
The crystal structure of WT KatG was solved by molecular
replacement using the program MolRep (39) with Burkhold-
eria pseudomalleiKatG (1MWV) as the search model. The
resulting model was initially refined to 2.7 Å resolution with
strict noncrystallographic restraints using REFMAC5 (40)
followed by model building using TEXTAL (41). The model
was refined by simulated annealing as implemented in CNS
(42) and further built and refined in Xtalview (43). The
phases were improved and extended to 2.0 Å resolution with
Shake&wARP (44), and the model was refined using
REFMAC5. The crystal structure of KatG[S315T] was
refined using WT KatG as a model. The quality of the
structures was validated using PROCHECK (45).

RESULTS

InactiVation of InhA by INH Catalyzed by KatG.The first
goal of this work is to identify a mechanism whereby KatG
mediates InhA inhibition in the absence of exogenous
peroxide. As shown in Figure 1A, there was low level
inhibition of InhA activity (∼8%) only at the earliest time
point during incubation of a mixture of INH, ferric KatG,
and NAD+. As becomes clear below, the initial yield of
inhibitor is likely due to small amounts of hydrogen peroxide

FIGURE 1: Inhibition of InhA activity by INH catalyzed by KatG
or its [S315T] mutant. InhA (1µM) was incubated with 2 mM
EDTA, INH (50 µM), NAD+ (50 µM), and KatG (0.5µM) at 25
°C: (b) no H2O2 added; (O) 200 µM H2O2 added at time zero;
(1) with continuous flux of H2O2 (2 µM/min, generated enzymati-
cally). Panels: (A) mediated by KatG; (B) mediated by the KatG-
[S315T] mutant. Data points are the means of three independent
results with SE less than 5%.

Isoniazid Activation by KatG and Hydrogen Peroxide Biochemistry, Vol. 45, No. 13, 20064133



present in the solution, most of which is likely due to
autoxidation of INH (46), which initiated the KatG peroxi-
dase cycle. In the absence of KatG, the inhibition of InhA
activity was negligible (data not shown).

To then directly test the effect of hydrogen peroxide, 200
µM H2O2 was added to the reaction mixture. Enhanced
inhibition (∼20%) of InhA was observed but only within
the first 5 min. A constant flux (2µM/min) of H2O2 from
an enzymatic source in the presence of 50µM INH and
NAD+ was found to drive complete inhibition of 1.0µM
InhA in only 8 min (Figure 1A).

In a control experiment, when INH was omitted, InhA
maintained its full activity over 1.5 h of incubation under
the same conditions (2µM/min H2O2) (data not shown). H2O2

alone can cause a low level of InhA inactivation, for example,
a 10-fold excess of authentic H2O2 inhibited InhA activity
by 12% over 1 h. This background inhibition was not seen
in the above-described control experiment, in which KatG
was present. Thus, the observed rapid inhibition of InhA was
not the consequence of a direct attack of H2O2 on InhA.

As described in the Experimental Procedures section, a
significant amount of the IN-NAD adduct was trapped,
purified, and optically characterized from the mixture of
KatG-mediated INH activation (with slow flux H2O2). These
results suggest that inhibition of InhA observed here occurs
through the production of the IN-NAD adduct that binds
tightly to the active site of InhA. Since the concentration of
H2O2 was very low here, KatG Compound I would be
expected to be the reactive enzyme intermediate present at
a steady-state level low enough to minimize catalase activity.

An enhancement of InhA inhibition was also achieved
(data not shown) using an automatic titration apparatus by
multiple injections of limiting amounts of H2O2 (approxi-
mately 0.5 equiv per heme per injection over a period of 1
h) into the INH, NAD+, and InhA reaction mixture with
KatG.

Having found an approach that could provide mechanistic
insights, we proceeded to probe the function of the drug-
resistant mutant KatG[S315T]. As above, adding one aliquot
of 200 µM H2O2 yielded minimal inactivation of InhA
(Figure 1B). When a constant flux of H2O2 was included,
50% inhibition was found after 90 min (Figure 1B). The rate
of inhibition of InhA mediated by the mutant is 5% of that
produced by wild-type KatG and was not enhanced when
the flux of peroxide was doubled. This is different from the
behavior of the wild-type enzyme for which the rate increases
when increasing the peroxide flux.

Comparison of NAD+ and NADH. In the absence of added
peroxide, significant inhibition of InhA occurs in the mixture
of INH, NADH, and KatG (Figure 2A). As shown above,
the extent of inhibition was minimal when NAD+ is used
under these conditions, yet NAD+ is clearly a reactant in
the presence of peroxide as shown above. Since NADH can
give rise to small amounts of superoxide and H2O2, nonen-
zymatically (47) and/or through the reported KatG oxidase
activity (24), and NAD+ would not, the effect of scavenging
H2O2 was tested. As shown in Figure 2A, in the presence of
0.5 µM bovine liver catalase (BLC, heme concentration),
the inhibition of InhA was greatly reduced. The residual
inhibition probably reflects the likelihood that the added BLC
does not out-compete KatG for the H2O2 present in the
mixture and initiation of catalysis by Compound I in KatG

still persists. Both KatG and BLC have similarkcat/Km values
for catalase turnover (48, 49). Another possibility is that trace
amounts of superoxide could initiate adduct formation.

To further explore the mechanism of these reactions
without added peroxide,o-dianisidine, a peroxidase substrate,
was tested for its ability to interfere with inhibitor production.
In the presence of 200µM o-dianisidine, the rate of inhibition
of InhA was greatly reduced, suggesting that the production
of the IN-NAD adduct was effectively blocked by competi-
tion for KatG peroxidase intermediates byo-dianisidine
(Figure 2A) (tested in the presence of NADH).

Both NAD+ and NADH have been used in other in vitro
approaches focused on INH activation. Recently, there is an
increasing awareness that NAD+ might be the “trap” for an
isonicotinoyl radical produced from INH (24, 28), and
therefore, NADH cannot be a cosubstrate. Here, in the
absence of added H2O2, NADH was muchmore efficient
than NAD+ in producing inhibition of InhA (Figure 2B).
When sufficient exogenous H2O2 (2 µM/min) was included,
NAD+ provided a 5-fold greater efficiency in adduct forma-
tion (Figure 2B) compared to equivalent amounts of NADH.
This apparent contradiction has never been addressed before
and is consistent with NADH oxidation supplying H2O2 for
initiation of the KatG peroxidation pathway that is not present
when NAD+ is used. These results suggest that the stimulat-
ing effect of NADH relative to NAD+ in the absence of
added peroxide is partially compromised by its role as a

FIGURE 2: Inhibition of InhA activity by INH and NADH catalyzed
by KatG. (A) InhA (1 µM) was incubated with INH (50µM),
NADH (50 µM), and KatG (0.5µM) at 25°C. (B) Adduct formation
rates were compared using NADH vs NAD+. Rates were calculated
on the basis of the loss of InhA activity over 40 min of incubation
under conditions described in Figure 1, assuming that InhA was
inhibited by a stoichiometric binding of adduct. H2O2 was generated
enzymatically. Results are the means and ranges of duplicate
determinations.
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reducing substrate for KatG Compound I when exogenous
H2O2 was supplied.

INH and NAD+ Concentration Dependence. Free IN-NAD
adduct has a characteristic absorbance at 326 nm, a wave-
length at which NAD+, INH, and its oxidation products show
no significant absorbance. Therefore, the generation of IN-
NAD can be monitored spectrophotometrically in reaction
mixtures containing KatG, drug, and dinucleotide cofactor
in the absence of InhA. When any of the three components
was omitted, there was no detectable absorbance increase at
326 nm (in the presence of G/GOx). As shown in Figure
3A, when the amount of NAD+ is fixed at 50µM, the yield
of the IN-NAD adduct was dependent on INH concentration.
These results demonstrate for the first time that KatG
activation of the drug is consistent with a reaction mechanism
that depends on the rate-limiting oxidation of INH. The
present results are also in good quantitative agreement with
the InhA inhibition approach described above. For example,
using 50µM INH, 1.0 µM inhibitor was produced in 7.6
min, in agreement with complete inhibition of 1µM InhA
in 8 min as shown in Figure 1A. Interestingly, the KatG-
[S315T] mutant required concentrations of INH hundreds-
fold higher than those used with wild-type KatG to produce
the IN-NAD adduct at appreciable rates (Figure 3B).

The hydrogen peroxide supplied was fixed at 2µM/min
in this set of experiments, and INH concentration was
increased to establish aVmax for the IN-NAD generation
process. Under these conditions, a maximum rate of 0.4µM
adduct/min was reached using 500µM INH (Figure 3C).
No attempt was made to achieve a maximum rate for the
mutant enzyme because of the very high concentrations of
INH that would have been required. Separate experiments
showed that, for wild-type KatG, lower peroxide flux
produced less inhibitor as expected for a mechanism de-
pendent on the steady-state concentration of Compound I
(data not shown) at constant INH concentration. The behavior
shown in Figure 3 demonstrates for the first time that the
rate of adduct formation obeys saturation kinetics and thus
a specific interaction between KatG and the drug.

In the presence of 50µM INH, adduct yield did not
change when the concentration of NAD+ was varied from

25 to 200µM. This result provides strong evidence that the
rate-limiting reaction in adduct formation is the peroxidation
of INH alone, that NAD+ is efficient at scavenging an INH-
derived intermediate, and that it does not compete for
Compound I in the concentration range used here. Further-
more, dinucleotide radicals, which are potentially produced
through peroxidation of NADH, are not necessary for adduct
formation.

IN-NAD Adduct Formation Using tert-Butyl Hydroperox-
ide. tert-Butyl hydroperoxide (t-ButOOH) has been used in
other reports leading to the conclusion that the peroxidatic
cycle of KatG is not responsible for drug activation, since
WT and S315T mutant enzymes showed little difference in
behavior (31, 32). With NAD+ as cosubstrate, adduct
production was carefully monitored here usingt-ButOOH.
In the first 2 min, WT KatG was about 10 times more
efficient than the mutant in producing InhA inhibitor, while
the total amount of adduct produced in 10 min by WT KatG
was more than 6-fold that produced by the S315T mutant.
Unlike the H2O2-mediated reaction system, the rate of adduct
formation declined with incubation time for both WT and
S315T in the presence oft-ButOOH but was more obvious
with the WT enzyme (Figure 4). It is likely that the high
concentration of this alkyl peroxide leads to enzyme inhibi-
tion or degradation during turnover. Therefore, prior studies,
in which INH oxidation or adduct formation was measured
after long incubation times (31, 32), could not provide an
accurate comparison of catalytic efficiency in the WT and
mutant enzymes.

Three-Dimensional Crystal Structure of the KatG[S315T]
Mutant.The overall structure of theM. tuberculosisKatG-
[S315T] mutant (PDB code 2CCD), including the arrange-
ment of catalytically important residues surrounding the
heme, is the same as the wild-type enzyme (also solved here,
PDB code 2CCA). CrystallographicR factor (23%) andRfree

(28%) and other refinement statistics are similar to those in
wild-type KatG (RandRfree factors of 20% and 23%) (Table
1). This observation is consistent with the relatively unaltered
catalase and peroxidase activities of the purified mutant
enzyme.

FIGURE 3: Effect of INH concentration on the production of the IN-NAD adduct. IN-NAD adduct formation was monitored by its characteristic
absorbance at 326 nm. KatG (0.5µM), NAD+ (50 µM), and H2O2 (2 µM/min, generated enzymatically) were incubated with varying
amounts of INH. (A) wild-type KatG and 5, 10, 20, 30, and 50 mM INH; (B) S315T mutant and 0.25, 0.5, 1, and 2 mM INH. (C) Initial
rates (first 5 min) of adduct formation as a function of INH concentration calculated on the basis of experiments as described in (A) and
(B).

Isoniazid Activation by KatG and Hydrogen Peroxide Biochemistry, Vol. 45, No. 13, 20064135



The distal side of the heme pocket connects to the
molecular surface through a long substrate access channel
that is delimited by Ser315 and the carboxyl group of Asp137
at its narrowest point close to the heme edge. The narrow
neck in the channel creates a steric barrier for access to the
heme active site. The most important change in the mutant
structure is due to the presence of the methyl group of the
Thr315 side chain. The methyl group introduced by Thr315
effectively constricts the accessibility to the heme by closing

down the dimensions of the narrowest part of the channel
from 6 Å in the WTKatG to 4.7 Å in the mutant (Figure 5).
Another notable difference in the mutant KatG lies in the
solvent organization both in the major access channel and
in the distal side of the heme pocket (see figure in Supporting
Information). Specifically, the structural water molecule
(W261) coordinated to the heme iron (iron-oxygen distance
) 2.9 Å) in WT KatG was not seen in KatG[S315T]. The
water molecule hydrogen bonded to Nε of Arg104 is retained
in both structures (W20 or W336). The absence of the iron-
coordinated water in theM. tuberculosismutant is consistent
with spectroscopic measurements (EPR, optical, and reso-
nance Raman) in which 5-coordinate heme iron was identi-
fied in KatG[315T], in the freshly prepared enzyme, and after
storage and at low pH (50).

The indole nitrogen atom of Trp107 inM. tuberculosis
KatG[S315T] is modified as reported for Trp111 in theB.
pseudomalleiKatG[S324T] mutant, but such modification
was not found in WT KatG from either organism. The origins
and implications of these changes were not investigated
further. No confirmation of a specific INH binding site as
proposed in previous studies (50-54) could be obtained in
wild-type KatG crystals either through cocrystallization or
through soaking in the presence of INH.

DISCUSSION

A collection of reports appeared over the past several years
in which the catalytic role of KatG in INH activation was
examined under conditions in which a specific role for
hydrogen peroxide may have been obscured or irrelevant.
The fact that WT KatG and the S315T mutant exhibit similar

FIGURE 4: KatG- and S315T-mediated IN-NAD adduct formation
usingtert-butyl hydroperoxide. WT KatG or S315T mutant (1µM),
INH (200µM), NAD+ (100µM), andtert-ButOOH (400µM) were
incubated at room temperature for 10 min. DTPA (0.1 mM) was
included to minimize the effects of metal ions. IN-NAD adduct
formation was monitored by its characteristic absorbance at 326
nm. Measurements were repeated twice, and similar results were
observed.

Table 1: Data Collection and Structure Refinement Statistics forM.
tuberculosisKatG and the KatG[S315T] Mutant

KatG (WT) KatG[S315T]

(A) data collection statistics
wavelength (Å) 0.90 0.97
unit cell parameters

a (Å) 150.1 149.8
b (Å) 150.1 149.8
c (Å) 153.7 154.5

space group P42212 P42212
resolution limits (Å) 2.0 2.1
unique reflections 105049 76312
completeness (%) 99.0 (96.7) 78.5 (64.0)a

Rsym
b (%) 8.3 (35.1) 11.8 (28.3)

I/σ 26.2 (4.5) 9.4 (2.1)
(B) refinement statistics

resolution range (Å) 20.0-2.0 20.0-2.1
test set size (%) 5 5.1
Rcryst

c (%) 19.8 23.0
Rfree

d (%) 22.9 27.6
no. of non-H protein atoms 12063 11749
no. of water molecules 938 596
rmsd of bond angles (deg) 1.26 1.39
averageB value (Å) 23.93 20.28

Ramachandran plot
most favored (%) 90.3 89.6
additionally allowed (%) 9.4 10.2
generously allowed (%) 0.3 0.2
disallowed (%) 0.0 0.0

a Numbers in parentheses represent values in the highest resolution
shell. b Rsym ) ∑h∑i|I(h,i) - 〈I(h)〉|/∑h∑iI(h,i), where I(h,i) is the
intensity value ofI(h) for all i measurements.c Rcryst ) ∑||Fo - Fc||/
∑|Fo|, where|Fo| and |Fc| are the observed and calculated structure
factor amplitudes, respectively.d Rfree is the same asRcryst but calculated
with a 5% subset of all reflections that was never used in any
refinement.

FIGURE 5: Structural comparison ofM. tuberculosiswild-type KatG
and the KatG[S315T] mutant around the substrate access channel.
The figure was constructed using the graphic program SPOCK (65)
with superimposed wild-type and mutant structures. Molecular
surfaces were calculated and are displayed in yellow for wild-type
KatG and in blue for the S315T mutant. The substrate access
channel to the distal side of the heme is displayed within a distance
of 10 Å from heme iron. Residues Asp137 and Thr315 are shown
in stick representation. The carbon atoms of these residues are
colored yellow for the WT KatG and white for the mutant. The
heme in KatG[S315] is colored red. The heme in WT KatG is
colored yellow for carbon, red for oxygen, and blue for nitrogen.
The ribbon diagram of the mutant is colored in light blue and
superimposed on that of wild-type KatG in yellow.
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peroxidase activity and reports that both enzymes oxidize
INH and also generate IN-NAD adduct at similar rates when
using alkyl peroxide (t-ButOOH) (32) obscured a simple
description of the origins of INH resistance. Furthermore,
previous studies have shown that direct addition of bulk H2O2

to resting KatG does not lead to peroxidation of INH (46)
nor the generation of the IN-NAD adduct (31). In this study,
however, we directly demonstrated that both H2O2 and
t-ButOOH efficiently mediate InhA inhibitor formation and
also that WT KatG and the S315T mutant exhibit significant
differences when these peroxides are present. We also found
that the peroxide-mediated INH activation is not affected
by SOD and does not require manganese. Thus, peroxidatic
activity of KatG is sufficient to account for drug activation
and INH resistance caused by the S315T mutation. Sugges-
tions that this was the case were provided by recent results
concerning IN-NAD adduct formation by the KatG fromB.
pseudomalleiin the presence of manganese (24) and by the
demonstration that a slow flux of hydrogen peroxide could
initiate radical production in a coupled reaction using ferric
KatG, INH, and NBT (26, 55). Those reports, however, did
not present a detailed mechanism for adduct formation in
the context of peroxidase-based catalytic function of KatG.

H2O2 is produced in actively growing cells as a result of
aerobic metabolism. InM. tuberculosisinfection, the patho-
gen is also exposed to large amounts of H2O2 released by
macrophages. As the only catalase inM. tuberculosis, KatG
is the principal H2O2 scavenger protecting against oxidative
stress, which was clearly demonstrated in a KatG knockout
strain ofM. tuberculosis(35).

Both the catalase and the peroxidase cycles in KatG share
a common intermediate, Compound I. A very low level of
H2O2 would be expected to limit the rate of catalase turnover
and still support Compound I formation, which can then be
diverted in the presence of an oxidizable substrate such as
INH. Under such circumstances, peroxidation can occur as
a “side reaction” that competes with turnover of H2O2. The
relative rates of the two pathways would be expected to
depend on affinities of competing substrates, H2O2 and INH,
for reaction with KatG Compound I (Scheme 2), as we have
shown. The peroxidase activity of mammalian catalase when
H2O2 is at low levels may be related to this observation (56).

A continuous flow of dilute H2O2 producing very small
amounts of Compound I could simulate the physiological

environment in which drug activation and inhibition of InhA
takes place. KatG is localized near the surface of mycobac-
teria (in a periplasmic-type space) and is also secreted by
this pathogen, while SOD is also present in those areas (57,
58). Thus, in the presence of INH, all components, including
H2O2, needed to generate the InhA inhibitor, are likely to
be localized together. This issue has not received any
attention in the recent literature. The difference in rates of
adduct formation between WT KatG and KatG[S315T] found
here is consistent with reports thatM. tuberculosisstrains
bearing the S315T mutation are still susceptible to INH but
with MICs up to 180-fold (0.5 vs 90µg/mL) higher than
that for wild-type strains (59-61). In this regard, H2O2-
mediated KatG activation of INH models a physiologically
relevant route.

A clear demonstration of the conditions that explain the
susceptibility in vitro of INH-resistant strains bearing KatG-
[S315T] emerges here. Earlier in vitro experiments on INH
resistance in KatG[S315T] used very large excesses of alkyl
peroxide added to the ferric enzyme, or superoxide plus the
ferric enzyme, or even an unusual peroxide (MPPH) reported
to provide a direct route to Compound II from the ferric
enzyme, to test for a mechanism-based origin of INH
resistance. These reports showed either no function of the
mutant or the same function of the mutant and wild-type
enzyme, depending on the chosen conditions (31-33). None
of these reports shed light on a drug activation mechanism
that accommodates susceptibility of mutant strains in vitro
but resistance under normal therapeutic dosing.

If H2O2 is taken as the most likely oxidant molecule
encountered by ferric KatG in vivo, it is likely that the rate-
limiting step for InhA inhibitor formation, given a constant
ratio of NAD+/NADH, is peroxidation of INH leading to a
reactive acylating radical or anion. The generation of radical
intermediates from INH by KatG has been directly shown
(62), while attack of this or other intermediates on the
nicotinamide ring of NAD+ to form the IN-NAD adduct/
InhA inhibitor still needs to be directly demonstrated. In this
study, the results using NAD+ rather than NADH also
provided greater insights into the mechanism of IN-NAD
adduct formation. A reasonable explanation for the lack of
requirement for exogenous peroxide to generate the adduct
in the presence of NADH derives from the autoxidation of
NADH (and also INH) in aerobic solution and the idea that,
at neutral pH, reactive oxygen species (H2O2 and superoxide)
produced by such a route can initiate catalysis by KatG.
Unlike the B. pseudomalleiKatG, M. tuberculosisKatG
exhibits very low NADH oxidase activity (24), and therefore,
autoxidation of NADH (or INH) alone provides an adequate
source of peroxide under the conditions used here.

Other studies showed that KatG-mediated IN-NAD adduct
formation can be accelerated by including manganese or
superoxide. Manganese, whether introduced in the+2 or+3
state, is redox active such that Mn3+ is able to rapidly oxidize
INH (23) and Mn2+ can generate superoxide (9, 32) in
aerobic systems. Adduct formation in the presence of
manganese might therefore be analogous to the use of
exogenous superoxide (31, 33) in addition to directly
producing radicals from INH. Superoxide-related INH ac-
tivation would be less physiologically interesting however,
compared to peroxidase catalysis, if these are in fact
independent, since SOD enzymes coexist with KatG in vivo.

Scheme 2: Proposed Mechanism of INH Activation by
KatGa

a The asterisk indicates not yet identified.
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Interestingly, SOD has been shown to block metal ion
mediated INH oxidation by KatG (32).

KatG Compound III (oxyferrous KatG) had been con-
cluded to be an obligatory intermediate in INH activation,
while in KatG[S315T], this intermediate was assigned as
being nonfunctional (31) in explanation of the origin of INH
resistance. Whether a direct or indirect route to KatG
Compound III exists in vivo has not been addressed by other
authors. A more recent report suggests that Compound II of
catalase-peroxidase, defined as an intermediate containing
ferric heme iron and a protein-based radical, may also be
important in explaining drug resistance (63). Little is known
about how a protein-based radical in the KatG Compound
II intermediate catalyzes INH activation by KatG or how
this intermediate (or its lack) in the S315T mutant enzyme
could be responsible for INH resistance.

The WT KatG structure solved here shows heme iron to
be 6-coordinate, different from the previously solved struc-
ture in which heme iron is 5-coordinate (36). This observa-
tion confirms our report that 6-coordinate heme iron with a
water bound becomes more abundant during storage of the
enzyme after purification and at low pH (64). The mutation
of Ser315 or Ser324 (B. pseudomalleiKatG) to Thr narrows
the heme access channel from around 6 to 4.7 Å at its
narrowest point in the mutant enzymes from both organisms.
These observations and the significantly decreased INH
activation function in these mutants (52) suggest that drug
binding within the heme pocket is a likely requirement for
INH activation.

Our results help to explain the origin of INH resistance in
strains bearing the S315T mutation inM. tuberculosisKatG.
In this mutant, the yield of inhibitor only becomes significant
when high concentrations of INH are available, under
conditions that we propose allow other aspects of the
generation of the inhibitor process to occur in nonenzymatic
reactions. This is completely consistent with the features of
the mutant structure reported here in that the replacement
of threonine for serine produces steric effects that interfere
with interaction between the enzyme and INH but do not
interfere with formation of Compound I from small peroxide
molecules such as H2O2 (11).

In conclusion, the data presented here demonstrate a simple
but physiologically relevant scheme that explains the mech-
anism for the rapid bactericidal effects of INH resulting from
the role of KatG in INH activation consistent with well-
characterized structural and functional properties of the wild-
type and drug-resistant enzymes.
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