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ABSTRACT: Isoniazid is a mainstay of antibiotic therapy for the treatment of tuberculosis, but its molecular
mechanism of action is unclear. Previous investigators have hypothesized that isoniazid is a prodrug that
requires in vivo activation by KatG, the catalase-peroxidase ofMycobacterium tuberculosis, and that
resistance to isoniazid strongly correlates with deletions or point mutations in KatG. One such mutation,
KatG(S315T), is found in approximately 50% of clinical isolates exhibiting isoniazid resistance. In this
work, 1H nuclear magnetic resonanceT1 relaxation measurements indicate that KatG and KatG(S315T)
each bind isoniazid at a position≈12 Å from the active site heme iron. Electron paramagnetic resonance
spectroscopy revealed heterogeneous populations of high-spin ferric heme in both wild-type KatG and
KatG(S315T) with the ratios of each species differing between the two enzymes. Small changes in the
proportions of these high-spin species upon addition of isoniazid support the finding that isoniazid binds
near the heme periphery of both enzymes. Titration of wild-type KatG with isoniazid resulted in the
appearance of a “type I” substrate-induced difference spectrum analogous to those seen upon substrate
binding to the cytochromes P450. The difference spectrum may result from an isoniazid-induced change
in a portion of the KatG heme iron from 6- to 5-coordinate. Titration of KatG(S315T) with isoniazid
failed to produce a measurable difference spectrum indicating an altered active site configuration. These
results suggest that KatG(S315T) confers resistance to isoniazid through subtle changes in the isoniazid
binding site.

According to the latest World Health Organization report,
infectious diseases are the leading cause of death worldwide
with 16.4 million people per year succumbing to the effects
of virulent microbes (1). The age-old foe tuberculosis
remains responsible for 3.1 million deaths per year account-
ing for approximately 19% of all deaths due to infectious
disease and making tuberculosis the largest single killer
among the infectious diseases (1).

One of the most successful antibiotics used to treat
tuberculosis is isoniazid (isonicotinic acid hydrazide, Table
1), which was first utilized in clinical trials in 1951 and
continues to be a mainstay of combination antibiotic therapy
(2). Given isoniazid’s long history of clinical use, it is
surprising that many questions remain regarding its exact
mechanism of action. Recent work has indicated that
isoniazid is a prodrug that requires activation in vivo by
KatG, the catalase-peroxidase ofMycobacterium tubercu-
losis. Zhang et al. demonstrated that KatG plays a vital role
in potentiating isoniazid’s efficacy when they restored
isoniazid sensitivity to previously resistant strains ofM.
tuberculosisthrough the introduction of functional, plasmid-
bornekatG (3, 4). Subsequent studies have demonstrated
that isoniazid acts as an inhibitor of key mycobacterial
enzymes involved in mycolic acid synthesis. Mycolic acids

are extremely long-chained (C70-C90) fatty acids, unique to
mycobacteria, that impart a significant permeability barrier
to the cell wall (5). Enzymes involved in mycolic acid
synthesis that are inhibited by activated isoniazid include
InhA, the enoyl-ACP reductase ofM. smegmatis, and a
â-ketoacyl ACP synthase ofM. tuberculosis(6-8). How-
ever, inhibition of these enzymes occurs only in the presence
of functional KatG, suggesting that isoniazid is a prodrug
requiring in vivo activation (9). Recently Rozwarski et al.
characterized an adduct of activated isoniazid with NAD+ 1

at the active site of InhA, reinforcing the hypothesis that
isoniazid requires activation (10). The identity of the
activated form of isoniazid remains unknown and is the
subject of great scientific interest. None of the known, stable
oxidation products of isoniazid have demonstrated anti-
mycobacterial activity, suggesting that a reactive intermediate
(e.g., an acyl anion or radical) is responsible for inhibition
of enzymes involved in mycolic acid synthesis (9).

KatG is a homodimer of 82 kDa subunits, each of which
binds a single iron-protoporphyrin IX cofactor (11). In-
terestingly, KatG is capable of catalyzing several reactions.
Initial purification and characterization of KatG fromM.
smegmatisand M. tuberculosisrevealed both catalase and
peroxidase activities and led to speculation that isoniazid may
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be activated through a traditional catalase-peroxidase com-
pound I/compound II pathway (9, 11-14). Since that time,
several other enzymatic activities have been associated with
KatG. The first is a Mn(II)-dependent peroxidase activity
analogous to the activity of manganese peroxidase isolated
from the white rot fungusPhanerochaete chrysosporium(15,
16). In addition, a cytochrome P450-like monooxygenase
activity has also been described (17). Furthermore, super-
oxide has recently been demonstrated to enhance isoniazid-
and KatG-dependent inhibition ofM. tuberculosiscolony
formation, and it was suggested that superoxide (via KatG
activation) may be responsible for isoniazid oxidation to a
reactive intermediate (18). The presence of these diverse
activities within a single enzyme has made identification of
the activated form of isoniazid even more difficult since it
is now unclear which activity or activities are utilized by
KatG in the activation of isoniazid.

The emergence of isoniazid-resistant strains ofM. tuber-
culosishas placed renewed emphasis on understanding the
biochemical basis of isoniazid’s antimycobacterial action and
the role played by KatG in activating this clinically important
antibiotic. We believe that insight into the mechanisms of
isoniazid activation and resistance may be gained from the
study of naturally occurring KatG mutants. Clinical isolates
of M. tuberculosisthat are resistant to isoniazid show a strong
correlation with a KatG mutation in which serine at amino
acid residue 315 is changed to threonine [KatG(S315T)]
(19-21). Analysis of thekatG sequence from isoniazid-
resistantM. tuberculosisclinical isolates has demonstrated
that KatG(S315T) correlates with resistance in>50% of the
isolates examined and confers an 80-fold increase in the MIC
for isoniazid (20-22). We have previously demonstrated
that this mutation has significant effects on the ability of
KatG to convert isoniazid to isonicotinic acid in vitro (23).
As such, we were interested in delineating the basis for KatG-
(S315T)’s reduced ability to turn over isoniazid. In this
work, we provide spectroscopic data demonstrating that
isoniazid binds both wild-type KatG and KatG(S315T).1H
NMR T1 relaxation measurements allowed for estimation of
the distance between isoniazid aromatic protons and the
active site iron for both enzymes. In addition, the effect of
isoniazid on the optical and EPR properties of wild-type
KatG are reported and contrasted with those of KatG(S315T).
The data are consistent with subtle alteration of isoniazid
binding by KatG(S315T) as compared to wild-type KatG.

MATERIALS AND METHODS

Chemicals. Sodium cyanide was purchased from EM
Science (Gibbstown, NJ). Tris and sodium phosphate were
purchased from Curtin Matheson Scientific (Houston, TX).
Isoniazid was purchased from Sigma Chemical Co. and
recrystallized from boiling methanol using activated charcoal
decolorization and hot filtration through Whatman no. 1 filter
paper (Whatman International Ltd, Maidstone, U.K.). The
crystals were vacuum filtered, washed with ice-cold metha-
nol, and air-dried yielding white needles with a melting point
of 172 °C.

Hazardous Procedures.Sodium cyanide is highly toxic
and should be handled with caution using appropriate safety
equipment and in accordance with the manufacturer’s Mate-
rial Safety Data Sheet.

Protein Preparation.Overexpression and purification of
recombinantM. tuberculosiswild-type KatG and KatG-
(S315T) proteins fromEscherichia colihas been previously
described (23). Protein concentrations were determined
using the Pierce (Rockford, IL) Coomassie plus protein
reagent with bovine serum albumin as the standard (24).

Optical Spectroscopy.Spectra were recorded in 50 mM
sodium phosphate buffer (pH 7.5) using a Cary 1 dual-beam
spectrophotometer equipped with jacketed cuvette holders.
Optical difference spectra were obtained at 37°C in 50 mM
sodium phosphate buffer (pH 7.5) using identical concentra-
tions of enzyme (6µM) in both the sample and reference
cuvettes. The titrations were conducted by adding 1-µL
aliquots of isoniazid or sodium cyanide stock solutions
(prepared in 50 mM sodium phosphate buffer, pH 7.5) to
the sample cuvette. The enzyme in the reference cell was
diluted similarly using buffer. The solution in each cuvette
was stirred continuously, and the difference spectra were
recorded 1 min after each addition. Titrations were per-
formed in triplicate.

Kinetic Analysis. Spectrophotometric determination of
kinetic parameters was conducted in 50 mM sodium phos-
phate buffer (pH 7.5) at 37°C by following o-dianisidine
oxidation at 460 nm (ε460 ) 11 300 M-1 cm-1) in the
presence of 25 mMtert-butylhydroperoxide (14). The
isoniazid concentration was fixed at 20µM, which is
approximately 5 times theKI reported for competitive
inhibition of M. smegmatisKatG peroxidase activity by
isoniazid (14). Double reciprocal plots were fit to eq 1,
which describes competitive inhibition:

where [S] and [I] are theo-dianisidine and isoniazid
concentrations, respectively. Triplicate assays were con-
ducted.

Electron Paramagnetic Resonance Spectroscopy.EPR
spectra were obtained using a Bruker ESP300E spectrometer
operating at X-band microwave frequency (9.45 GHz) and
equipped with an Oxford Instruments ESR 900 continuous
flow cryostat for temperature control. The spectra of wild-
type KatG and KatG(S315T) (each 0.25 mM in 50 mM Tris-
HCl, 150 mM NaCl, pH 8.0) were recorded under aerobic
conditions at nonsaturating microwave power. The samples
were then thawed at room temperature, and 2 equiv of
isoniazid were added in a minimum volume of 50 mM
sodium phosphate buffer (pH 7.5). The samples were mixed,
placed on ice for 5 min to allow equilibration, frozen by
immersion in liquid N2, and the spectra were recorded. The
fluoride complex was generated by the addition of excess
(solid) sodium fluoride.

The experimental EPR spectra were obtained from the
frozen solution, which can be regarded as equivalent to the
powder spectra (i.e., averaged over the angle of oriented-
crystal spectra). The spectra of high-spin ferric species can
be interpreted in terms of the spin Hamiltonian, which for
an iron ion in a noncubic crystal field has the form

1
V

)
KM(1 +

[I]
KI

)
Vmax[S]

+ 1
Vmax

(1)

Ĥ ) gâHBSB + D[Sz
2 + 1/3S(S+ 1)] + E(Sx

2 - Sy
2) (2)
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whereg is the intrinisicg value and is usually isotropic for
high-spin ferric species,â is the Bohr magneton,Hh is the
applied magnetic field, andD and E are the zero-field
splitting parameters withD reflecting axial andE reflecting
rhombic distortion from cubic symmetry. The simulations
were performed using Bruker SimFonia software (version
1.2) for powder simulations. The energy of the microwave
quantum at X-band frequency (E/hc ) 0.31 cm-1) is much
smaller than the zero-field splitting in heme proteins (2<
D < 11 cm-1), causing the EPR transitions to occur within
each Kramers doublet and not between them (25, 26). Hence
the spin Hamiltonian can be written for every doublet in the
simplified form:

Therefore, simulations were carried out for the system with
the so-called “fictitious spin” beingS′ ) 1/2 and g′
representing an effectiveg tensor (geff) describing resonance
positions along the principal axes of theD tensor. Only
allowed transitions are simulated. These assumptions allow
the calculation of the powder spectra to be done on the basis
of solving the simplified spin Hamiltonian, which depends
on the value ofH and the orientation ofH through the angles
θ and æ by spherical integrations over the magnetic field
orientations. The number ofθ andæ values required for a
particular simulation depends on the anisotropy of the
spectra. If all interactions are axially symmetric,æ can be
set to 1. An anisotropic line width tensor (σx, σy, σz),
corresponding to line widths along the principal axis of the
g tensor, was used in the simulation. Line shapes were
obtained as combinations of Gaussian and Lorentzian lines.
The ratio of a single species in a composite spectrum was
determined as the double integration value of the specified
resonance as compared with the double integration value for
the entire complex spectrum.

HPLC Analysis of Isoniazid TurnoVer. The aerobic
conversion of isoniazid to isonicotinic acid was determined
by HPLC using a method described previously (23). Samples
were analyzed in triplicate, and concentrations were deter-
mined relative to a nonenzymatic control solution of isoniazid
in 50 mM sodium phosphate buffer (pH 7.5).

NMR Spectroscopy.Proton NMR was recorded on a
Bruker AMX 500 MHz spectrometer. The proteins were
exchanged into a 5 mMsodium phosphate deuterium oxide
solution by repeated passages through a Centricon 30
concentrator (Amicon, Inc, Beverly, MA). Isoniazid solu-
tions were prepared in D2O. The total sample volume was
0.5 mL. All measurements were conducted under anerobic
conditions to eliminate contributions to the relaxation mech-
anisms from oxygen and to prevent isoniazid turnover by
the enzyme, which is an oxygen-dependent process (15). The
sample temperature was maintained at 298 K except during
temperature dependence studies. Longitudinal relaxation
times (T1obs) were determined using the inversion recovery
method, which utilizes a 180°-τ-90° pulse sequence where
τ is the interval between the 180° and 90° pulse. T1obs was
calculated from the observed spectra using the following
equation:

where Mz(t) is the peak area following the 90° pulse at

intervalτ, M0 is the peak area prior to the 180° pulse,Mz(0)
is the peak area att ) 0 following the 180° pulse (27). Eight
scans were collected at eachτ with a 30 s delay time. When
the relaxation time of the isoniazid protons is observed in
the presence of enzyme,T1obs is considered to be the sum
the bound and free components and can be expressed as

whereT1b is theT1 of isoniazid ring protons when bound to
the enzyme;T1f is T1 of free isoniazid protons;E0 andS0 are
the initial concentrations of enzyme and isoniazid, respec-
tively; andKd is the dissociation constant of the enzyme-
isoniazid complex (28, 29). In this case,S0 . Kd, and
therefore the value ofKd can be ignored in eq 5. Measure-
ment ofT1obsas a function of protein or substrate concentra-
tion allows for estimation ofT1b by fitting to eq 5. In this
work, T1b was determined by varying the enzyme concentra-
tion from 10 to 280 µM while keeping the isoniazid
concentration fixed at 10 mM.T1b consists of a paramagnetic
component (T1M) and a diamagnetic component (T1d). The
diamagnetic contribution to the relaxation mechanisms was
determined using the reduced KatG-carbon monoxide
complex that was prepared according to the method of
Marcinkeviciene et al. (14). Optical spectroscopy of the
sample in the NMR tube was used to confirm the presence
of the enzyme-CO complex prior to and followingT1

measurements.T1obs was found to be identical for free
isoniazid and isoniazid in the presence of the enzyme-CO
complex, indicating that the diamagnetic contribution to the
relaxation time was negligible. The value obtained from eq
5 for T1b was therefore taken to be equal toT1M.

The paramagnetic contribution to the relaxation time of
the protons of bound isoniazid can be related to the distance
from the heme iron by the following equation:

whereγI is the nuclear gyromagnetic ratio,g is the isotropic
electronicg factor,â is the Bohr magneton,Sis the electronic
spin, r is the metal-proton distance,τc is the effective
correlation time of the dipolar interaction,ωI is the nuclear
Lamor precession frequency, andωS is the electron Lamor
frequency (29-31). AssumingωI

2 τc
2 , 1, ωS

2 τc
2 . 1, and

τc ) 5 × 10-11 s, eq 6 can be reduced to (29, 32-34)

RESULTS

Nuclear Magnetic Resonance Spectroscopy.Figure 1
shows a series of1H NMR spectra of 10 mM isoniazid
following 180°-τ-90° pulse sequences of varyingτ. The
resonance centered at 7.76 ppm corresponds to the HR

protons (see Table 1) while the Hâ protons appear at 8.74
ppm. T1M values were calculated for each pair of equivalent
isoniazid protons, and a summary of results is presented in
Table 1. Use of eq 5 requires that the rate of substrate
exchange between the bound and free state is rapid as
compared to the spin-lattice relaxation times (29). The rate

1
T1obs

) ( 1
T1b

- 1
T1f

) E0

Kd + S0
+ 1

T1f
(5)

1
T1M

)
2γI

2 g2â2S(S+ 1)

15r6 ( 3τc

1 + ωI
2 τc

2
+

7τc

1 + ωS
2 τc

2) (6)

r(cm) ) (4.33× 10-41T1M)1/6 (7)

Ĥ′ ) âHBg′SB′ (3)

Mz(t) - M0 ) [Mz(0) - M0] exp(-τ/T1obs) (4)
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of exchange was established by determining the temperature
dependence of the relaxation time (T1obs) for isoniazid in the
presence of KatG(S315T). A linear increase in 1/T1obs as a
function of reciprocal temperature over the temperature range
283-303 K confirmed fast exchange. The presence of the
paramagnetic center will effect the relaxation rate of bound
isoniazid via dipolar mechanisms that depend on the distance
to the iron atom. From theT1M values, the distance to the
heme iron was determined to be approximately 11-12 Å
for each set of protons inboth wild-type KatG and KatG-
(S315T). The symmetrical nature of the isoniazid ring
protons does not allow a precise determination of the
orientation of the molecule relative to the iron atom.
However, these distances are compatible with a binding site
for isoniazid at the heme periphery.

Optical Spectroscopy.The optical spectrum of wild-type
KatG has a Soret maximum at 408 nm andR/â bands at
approximately 530 and 630 nm, respectively (Figure 2A),
and is essentially identical to the spectrum ofM. smegmatis
KatG (14). The addition of isoniazid to wild-type KatG
resulted in a decreased Soret absorbance, a maximum shift
to 406 nm, and a small but reproducible blue-shift in the

leading edge of the Soret band. The addition of cyanide to
wild-type KatG caused a decreased Soret intensity, a red shift
of the maximum to 419 nm, the appearance of a shoulder
preceding the Soret at approximately 360 nm, and the
appearance ofR/â bands at approximately 540 nm. The
shifts seen upon addition of cyanide are similar to other high-
spin ferric heme proteins and are consistent with a conversion
to a low-spin configuration about the heme iron (35, 36).

In contrast, absorption spectra of KatG(S315T) differ from
those of wild-type KatG. The KatG(S315T) Soret band
maximum is at 409 nm, andR/â bands appear at ap-
proximately 535 nm (Figure 2B). The KatG(S315T) spec-
trum also has a distinct shoulder at about 360 nm that is
more pronounced than in wild-type KatG. Addition of
isoniazid to KatG(S315T) caused no change in the position
of the Soret maximum but did cause a subtle decrease in its
intensity. Contrary to its effect on wild-type KatG, addition
of cyanide to KatG(S315T) caused no decrease in Soret
intensity but red-shifted the maximum to 418 nm. A
shoulder appears at 360 nm similar to that seen for the wild-
type KatG-cyanide adduct, and theR/â maxima were also
present at 537 nm. Since identical concentrations of enzyme
were used to obtain each spectrum, theεSoretfor KatG(S315T)
appears to be lower than theεSoret for wild-type KatG.
Further, the cyano adducts of both enzymes have identicalε

values indicating equivalent amounts of iron were present
in both enzymes following the spin conversion caused by
cyanide.

Optical Difference Spectroscopy.The titration of 6µM
wild-type KatG with aliquots of isoniazid resulted in the
appearance of a difference spectrum with sharp features in

Table 1: ParamagneticT1 Relaxation Times (T1M) and Proton-Iron
Distances (r) for Isoniazid Binding to WT KatG and KatG(S315T)

proton T1M (s) r (Å)

WT KatG HR 0.082 (( 0.03) 12 (( 2)
Hâ 0.074 (( 0.02) 12 (( 1)

KatG(S315T) HR 0.046 (( 0.003) 11 (( 0.1)
Hâ 0.033 (( 0.004) 11 (( 0.2)

FIGURE 1: 1H NMR T1obsrelaxation time measurements of isoniazid
at 500 MHz. Spectra of 10 mM isoniazid in 5 mM sodium
phosphate (pH 7.4)/D2O at 25°C obtained using a 180°-τ-90°
pulse. Eight representative spectra are shown for clarity from a total
of 14 τ values examined. Values used forτ ranged from 100µs to
20 s and are indicated in the figure. The HR protons (see Table 1)
are represented by the doublet at 7.76 ppm, while the Hâ protons
resonate at 8.74 ppm.

FIGURE 2: Optical absorption spectra of wild-type KatG (A) and
KatG(S315T) (B) in 50 mM sodium phosphate buffer (pH 7.5) at
25 °C. (A) s, 10µM wild-type KatG;‚‚‚, plus 0.50 mM isoniazid;
- ‚ -, plus 0.50 mM NaCN. (B)s, 10µM KatG(S315T);‚‚‚, plus
1.0 mM isoniazid;- ‚ -, plus 2.0 mM NaCN. The upper lines in
each plot show the spectrum between 465 and 650 nm expanded
5-fold.
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the heme Soret region (Figure 3A). As the amount of
isoniazid was increased to 36µM, a peak with increasing
intensity was noted at 380 nm, a trough occurred at 413 nm,
and an isosbestic point was observed at 398 nm. A sigmoidal
binding curve was obtained indicating positive cooperativity
in isoniazid binding to the homodimer (inset, Figure 3A).
Titration of 6 µM wild-type KatG with either 115µM
isonicotinic acid or 131µM isonicotinamide, known stable
products of isoniazid oxidation by KatG, failed to yield
measurable difference spectra (data not shown). Titration
of KatG(S315T) with isoniazid to a final concentration of
36 µM, an amount equivalent to that used in the titration of
wild-type KatG, showed a featureless difference spectrum.
Additional aliquots of isoniazid up to 1.0 mM resulted in
only a small perturbation of the Soret region as shown in
Figure 3B.

Titration of wild-type KatG with sodium cyanide to a final
concentration of 15µM resulted in the appearance of a
difference spectrum with a trough at 404 nm and a peak at
426 nm (Figure 4A). Saturable binding was observed (inset,
Figure 4A), and a single isosbestic point at 415 nm likely
indicates the interconversion of two enzyme states. A similar
titration of KatG(S315T) with cyanide resulted in a difference
spectrum that is reminiscent of that seen for wild-type KatG
with a trough at 404 nm and a peak at 424 nm (Figure 4B).

FIGURE 3: Optical difference spectra of wild-type KatG and KatG-
(S315T) titrated with isoniazid. Titrations were conducted at 37
°C in 50 mM sodium phosphate buffer (pH 7.5). (A) 6µM wild-
type KatG titration with isoniazid (0-36 µM). The arrows indicate
the direction of absorbance change upon addition of increasing
amounts of isoniazid. The inset shows the titration progress
monitored as the change in absorbance (peak absorbance at 378
nm minus the trough absorbance at 411 nm) as a function of
isoniazid concentration. The data were fit to the Hill equation (napp
) 2.2, [isoniazid]0.5 ) 8.5 µM) using MacCurveFit version 1.3
(Kevin Raner Software Ltd., Victoria, Austrailia). (B) Isoniazid
titration difference spectra of wild-type KatG vs KatG(S315T).s,
wild-type KatG plus 36µM isoniazid; - - -, KatG(S315T) plus 1.0
mM isoniazid. The increase in absorbance at< 350 nm is due to
isoniazid absorbance.

FIGURE 4: Optical difference spectra of wild-type KatG and KatG-
(S315T) titrated with sodium cyanide. Titrations were conducted
at 37°C in 50 mM sodium phosphate buffer (pH 7.5). (A) 6µM
wild-type KatG titration with sodium cyanide (0-15 µM). The
arrows indicate the direction of absorbance change upon addition
of increasing amounts of cyanide. The inset shows the titration
progress monitored as the change in absorbance (peak absorbance
at 426 nm minus the trough absorbance at 404 nm) as a function
of cyanide concentration. The data were fit to a binding isotherm
(n ) 1, KS ) 3.5( 0.1µM). (B) Cyanide titration difference spectra
of wild-type KatG versus KatG(S315T).s, wild-type KatG plus
15 µM cyanide; - - -, KatG(S315T) plus 319µM cyanide;- ‚ -,
control experiment conducted by titrating both the sample and
reference cuvettes with equivalent aliquots of 50 mM sodium
phosphate buffer (pH 7.5). The binding isotherm for the KatG-
(S315T)-CN complex gaveKS ) 2.3 ( 0.2 µM. (C) Double
titration difference spectra of 6µM wild-type KatG.s, wild-type
KatG plus 15µM cyanide; - - -, wild-type KatG plus 36µM
isoniazid then 15µM cyanide. (D) Double titration difference
spectra of 6µM KatG(S315T).s, KatG(S315T) plus 319µM
cyanide; - - -, KatG(S315T) plus 1 mM isoniazid and then 319µM
cyanide (offset for viewing on they-axis by +0.01 absorbance
units). The increase in absorbance at<350 nm results from isoniazid
absorbance.
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The CN binding constant of KatG(S315T) was determined
to be 2.3( 0.2 µM, nearly identical to that measured for
CN binding to wild-type KatG (KS ) 3.5 ( 0.1 µM). The
magnitude of the absorbance change following titration of
KatG(S315T) with cyanide (∆Apeak- trough) was smaller than
seen for wild-type KatG, but this difference would be
predicted based on the differingεSoret values for wild-type
KatG and KatG(S315T). A control titration showed no
change the Soret region absorbance, confirming that the
inflections seen upon addition of isoniazid and cyanide are
the result of substrate- or ligand-induced alterations of the
heme electronic configuration.

A dual titration of wild-type KatG with isoniazid followed
by cyanide (or vice versa) resulted in a saturated type II
difference spectrum of larger magnitude than that seen upon
titrating with cyanide alone (Figure 4C, Table 2). Dual
titration of KatG(S315T) with isoniazid followed by cyanide
(or vice versa) resulted in a saturated type II difference
spectrum of equal magnitude to that seen by titration with
cyanide alone (Figure 4D, Table 2).

Kinetics. Isoniazid was found to be a competitive inhibitor
of wild-type KatG peroxidase activity (versuso-dianisidine)
with a KI of 3.7 µM, which is in good agreement with the
value obtained from the optical difference spectral titrations
(Figure 3) and with the value reported previously forM.
smegmatisKatG (KI ) 4.3 ( 0.7 µM) (14). Isoniazid was
also found to be a competitive inhibitor (vso-dianisidine)
of KatG(S315T) peroxidase activity withKI ) 10.4 ( 1.1
µM.

Electron Paramagnetic Resonance Spectroscopy.The
low-temperature EPR spectra of wild-type KatG and KatG-
(S315T) in the presence and absence of isoniazid are shown
in Figures 5 and 6, respectively. In addition, simulated
spectra (Figures 5C,D and 6C,D) are presented that describe
the individual species modeled to comprise the composite
spectrum. The main species composing both the wild-type
KatG and KatG(S315T) spectra have features atg ∼ 6 and
g ∼ 2, which are indicative of high-spin ferric heme proteins.
Weak features corresponding to a small amount of low-spin
ferric species are also evident.

Powder simulations of wild-type KatG spectra show that
the complex resonances that occur in the presence and
absence of isoniazid can be modeled as a mixture of three
distinct high-spin ferric species (Figure 5C,D). Each of these
species are present in differing abundances as shown in Table
3. The most abundant species possesses near-axial symmetry
with gx ) 5.57,gy ) 6.10, andgz ∼ 2. The second species
has increased rhombic character withgx ) 5.08,gy ) 6.62,
gz ∼ 2, and E/D ) 0.03. The third species is a minor
component that is purely axial withg⊥ ) 5.9, g|| ∼ 2, and
E/D ) 0. Summation of these species according to the
percentages noted in Table 3 yields composite simulated
spectra that adequately represent the experimental spectra
(e.g., compare Figure 5, panels B and C). Figure 7
demonstrates that addition of sodium fluoride to wild-type
KatG converted all species into a single species with axial
symmetry (g⊥ ) 6.0 andg|| ) 2.0). The presence of the
fluoride in the coordination sphere of the iron is evident as
hyperfine splitting due to interaction of the unpaired elec-
tronic spin of the iron with the nuclear magnetic moment of
the 19F nucleus, resulting in a doublet centered atg|| ) 2.0
with a coupling constant of 44 G.

The KatG(S315T) EPR spectrum can also be simulated
as a mixture of the same three high-spin ferric species with
the addition of a fourth, characteristic, rhombic species with
gx ) 5.14,gy ) 6.30, andgz ∼ 2 (Figure 6C,D; Table 3). It
should be mentioned that the fraction of the axial component
(A) present in the spectrum of KatG(S315T) noted in Table
3 may be misleading. This resonance is significantly
broadened in the mutant as compared to the wild type, often
an indication of rhombic distortion. Therefore, the mutation
does not necessarily lead to higher symmetry of the heme
plane than in wild type, as it may appear from the percentage
of axial species reported in Table 3.

The addition of isoniazid to either wild-type KatG or
KatG(S315T) does not cause any new EPR signals to arise
(Figures 5B and 6B). Rather, the distribution of the
previously described components changes (Table 3). Upon
addition of isoniazid, wild-type KatG experiences an increase
in the percentage of components A1 and R at the expense
of the purely axial component A, while KatG(S315T)
experiences a decrease in components A and A1 with a
corresponding increase in R and the unique component R1.
Under the aerobic conditions used for preparation of the EPR
samples, a portion of the isoniazid was converted to
isonicotinic acid. The percentage of isoniazid remaining in
each sample following EPR analysis was determined by
HPLC, with 72( 5% isoniazid remaining in the wild-type

FIGURE 5: Low-temperature EPR spectra of wild-type KatG. (A)
250µM wild-type KatG; (B) 250µM wild-type KatG plus 2 equiv
of isoniazid; (C) simulation of the spectrum shown in panel B using
the components listed in Table 2; (D) component spectra of panel
C calculated with the following parameters:s, species R, number
of θ ) 150, number ofφ ) 50, g̃eff ) 6.62, 5.08, 2.0, and line
width tensorσ ) (46, 46, 46) G; - - -, species A1, number ofθ )
200, number ofφ ) 50, g̃eff ) 6.10, 5.57, 2.0, andσ ) 20, 30, 20
G; ‚‚‚, species A, number ofθ ) 150, number ofφ ) 1, g̃eff ) 5.9,
5.9, 2.0, andσ ) 40, 40, 40 G. Experimental conditions were as
follows: microwave frequency, 9.45 GHz; modulation amplitude,
10 G; modulation frequency, 100 kHz; temperature, 4 K; and
microwave power, 1 mW. The signal atg ) 4.3 originates from a
small amount of adventitious iron. A portion of the signal in theg
) 2 region is due to a cavity contaminant (arrow, panel A).
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KatG sample and 96( 0.3% isoniazid remaining in the
KatG(S315T) sample.

DISCUSSION

Previous work in our laboratory has demonstrated that
wild-type KatG is more efficient than the KatG(S315T)
mutant in converting isoniazid to isonicotinic acid over a
wide range of substrate concentrations even though both
enzymes have similar catalase-peroxidase activities (23).
In this work, comparison of the spectroscopic properties of
wild-type KatG and the KatG(S315T) mutant reveal subtle
differences in the active site configurations of the two

enzymes in both the isoniazid-free and -bound states. As
discussed below, these differences present two possible
explanations for the reduced activation of isoniazid by KatG-
(S315T).

The optical spectrum of wild-type KatG is typical ofb-type
high-spin ferric hemoproteins such as metmyoglobin and
cytochromec peroxidase (CCP)2 with a Soret maximum at
408 nm andR/â bands at 530 and 630 nm (37, 38).
Consistent with this interpretation, the EPR spectrum of wild-
type KatG, although heterogeneous, consists primarily of
high-spin ferric species and is remarkably similar to the
spectra reported previously for the catalase-peroxidase of
Streptomycessp. and the peroxidase ofCoprinus cinereus
(39, 40). Other investigators have also reported heterogene-
ity in the EPR spectrum of KatG isolated from various
sources. Johnsson et al. found that recombinantM. tuber-
culosisKatG contained at least two rhombic high-spin ferric
signals (11). The heterogeneity was attributed to a thermal
equilibrium of spin configurations and the possible freezing-
induced ligation of water or some active site ligand to the
sixth coordination site of the iron. Marcinkeviciene et al.
also reported that the EPR spectrum ofM. smegmatisKatG
exhibited a high-spin ferric signal withg values observed at
5.9 and 5.6 and attributed the small rhombic splitting to the
presence of a six-coordinate heme iron containing water as
the sixth ligand (14). The differences among the reported
EPR spectra are not completely understood, but may in part
be due to variable buffer conditions. For example, the EPR
spectrum ofM. smegmatisKatG was only observed following
addition of ethylene glycol to the sample. Furthermore,
buffer-dependent changes have been reported in EPR spectra

FIGURE 6: Low-temperature EPR spectra of KatG(S315T). (A) 250
µM KatG(S315T); (B) 250µM KatG(S315T) plus 2 equiv of
isoniazid; (C) simulation of the spectrum shown in panel B using
the components listed in Table 2; (D) component spectra of panel
C calculated with the following parameters:s, unique KatG-
(S315T) species R1, number ofθ ) 200, number ofφ ) 100, g̃eff
) 6.30, 5.14, 2.0, and line width tensorσ ) 22, 50, 20 G; - - -,
species A, A1, and R shown in wild-type KatG spectrum (Figure
5D). Experimental conditions were identical to those in Figure 5.

Table 2: Summary of Difference Spectra Magnitudes
(∆ε Calculated from Peak minus Trough Heights)

substrate
KatG

∆ε (M-1 cm-1)
KatG(S315T)

∆ε (M-1 cm-1)

isoniazid 17 600( 1300 not detected
cyanide 55 600( 2800 34 500( 800
cyanide+ isoniazid 67 600( 4000 34 300( 700
isoniazid+ cyanide 64 300( 1900 35 500( 1900

Table 3: Distribution of the High-Spin Ferric Species in Wild-Type KatG and KatG(S315T) in the Presence and Absence of Isoniazida

species

sample
A

g⊥ ) 5.90, g|| ∼ 2 (%)
A1

g̃eff ) 6.10, 5.57,∼2 (%)
R

g̃eff ) 6.62, 5.08,∼2 (%)
R1

g̃eff ) 6.30, 5.14,∼2 (%)

KatG 14 59 27
KatG + isoniazid 3 64 33
KatG(S315T) 42 30 < 1 28
KatG(S315T)+ isoniazid 23 28 10 39

a Values represent the percentage of each species determined from the simulated spectra and are considered accurate to( 7%.

FIGURE 7: Low-temperature EPR spectra of wild-type KatG in the
presence of excess sodium fluoride. Experimental conditions were
identical to those in Figure 5. The upper line shows the doublet
centered atg|| ) 2.0 expanded 5-fold.
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of recombinant human ferric myoglobin mutants and cyto-
chromec′ from Rhodospiriuum rubrum(41, 42). Neverthe-
less, the high-spin species in wild-type KatG are intercon-
vertible as demonstrated by the collapse to a single high-
spin species withg⊥ ) 6.0 andg|| ) 2.0 upon formation of
the fluoride complex. This result is consistent with that seen
upon anion complex formation with the peroxidase ofC.
cinereusandM. smegmatisKatG (40, 14). Furthermore, the
fluoride anion is demonstrated to bindM. tuberculosisKatG
at an axial position as evidenced by the hyperfine-split
doublet atg|| ≈ 2.0, an indication of fluoride binding to the
heme iron (43). Despite the differences in heterogeneity,
the EPR spectra from all sources agree that KatG contains
primarily high-spin ferric heme, and computer simulation
of the spectra allowed us to further delineate the complex
signals arising from recombinant wild-type KatG. The
component spectra consist of two species with rhombic
character (g̃eff ) 6.62, 5.08, and 2.00, component R; andg̃eff

) 6.10, 5.57, and 2.00, component A1) and one species with
axial character (g⊥ ) 5.90 andg|| ) 2.00, component A)
(Table 3). The EPR spectra of high-spin, pentacoordinate
peroxidases are frequently rhombic. For example, horserad-
ish peroxidase exhibitsg values of 6.35, 5.65, and 2.0 while
the spectrum of CCP hasg values of 6.4, 5.3, and 1.97 (44,
45). Alternatively hexacoordinate, high-spin ferric hemo-
proteins usually show axial symmetry like that seen for
metmyoglobin (g⊥ ) 6.0 andg|| ) 2.0) (46). The presence
of both axial and rhombic signals in the wild-type KatG
spectrum is consistent with the hypothesis that the recom-
binant enzyme exists as a mixture of 5- and 6-coordinate
iron (14, 38, 47). As suggested by previous investigators,
the sixth ligand may be contributed by water or some active
site amino acid residue.

1H NMR T1 relaxation time measurements indicate that
isoniazid binds wild-type KatG at a position∼12 Å from
the heme iron providing the first report of proximity to the
active site. For comparison, the terminal carboxylate oxygen
of the heme propionates of yeast CCP are 8.5 Å from the
heme iron.3 Therefore, assuming similar active site con-
figurations, these distances are consistent with isoniazid
binding near the heme periphery. Further support for
isoniazid binding near the heme is provided by the decreased
Soret intensity and the appearance of a type I optical
difference spectrum upon titration of wild-type KatG with
isoniazid. Type I difference spectra have previously been
reported for other hemoproteins following the binding of
small substrates near the heme. Examples include binding
of L-arginine to nitric oxide synthase,p-cresol to horseradish
peroxidase, and aminopyrine to rat microsomal cytochrome
P450 (48-50). A structural basis for type I spectra was
recently provided by the crystal structure of the nitric oxide
synthase oxidase domain, which confirmed binding of
arginine near the heme (51). Type I difference spectra are
normally associated with a low-to-high spin transition of the
heme iron. However, low temperature EPR data and the
room temperature optical spectrum with a Soret maximum
at 408 nm indicate that KatG already exists in a predomi-

nantly high-spin configuration. While unusual, a type I
optical difference spectrum resulting in a net retention of
the high-spin character has precedence. For example, the
binding of NG-hydroxy-L-arginine to murine macrophage
nitric oxide synthase resulted in a type I difference spectrum
even though the enzyme was primarily high spin as isolated
(52). Also, binding of substrates near the heme of hepatic
microsomal cytochromes P450 has been associated with the
alteration of a sixth ligand of the heme iron and the
appearance of a type I difference spectrum (53). The
difference spectrum obtained as a result of isoniazid binding
to wild-type KatG may therefore reflect a conversion of a
portion of the high-spin heme from 6- to 5-coordinate.

Titration of wild-type KatG with the strong-field ligand
cyanide resulted in the expected type II difference spectrum,
which is associated with a high-to-low spin transition of the
heme iron. Dual titration of wild-type KatG with isoniazid
followed by cyanide (or vice versa) resulted in a difference
spectrum with increased magnitude (∆ absorbance) 0.40
( 0.02) compared to titration with cyanide alone (∆
absorbance) 0.33 ( 0.02). These results provide further
support for the idea that isoniazid alters the coordination state
of (a portion of) the wild-type KatG heme iron as the
increased magnitude can be explained by isoniazid-induced
displacement of a sixth ligand that makes additional iron
available for the cyanide-induced spin transition.

The EPR spectra following isoniazid addition to wild-type
KatG show small changes in the intensities and distribution
of various high-spin ferric species without the appearance
of new components, supporting the hypothesis that isoniazid
binds near the heme periphery of wild-type KatG. Under
the conditions used to prepare the samples, some isoniazid
turnover occurred; therefore, the EPR samples contain some
of the products of isoniazid oxidation. However, HPLC
analysis indicated that isoniazid was still the major species
present. Further, titration of wild-type KatG with isonicotinic
acid and isonicotinamide, two of the stable products of
isoniazid oxidation, did not yield a measurable optical
difference spectrum, implicating isoniazid as the source of
heme perturbance in both the optical and EPR spectra. It is
also interesting to note that isoniazid binding to wild-type
KatG is cooperative (inset, Figure 3A), indicating that
binding of isoniazid by the first subunit of the homodimer
affects binding to the second.

The data also indicate that there are fundamental differ-
ences between the wild-type KatG and KatG(S315T) active
sites. KatG(S315T) appears to have a lowerεSoretand has a
pronounced shoulder at 360 nm, perhaps suggesting an
increase in the amount of 6-coordinate iron present. As for
wild-type KatG, the heterogeneous KatG(S315T) EPR
spectrum supports the presence of both 5- and 6-coordinate
iron, but the ratio of each species appears to be altered.
Furthermore, EPR simulations identified a species (R1)
unique to KatG(S315T) withg̃eff ) 6.30, 5.14, and 2.

Importantly, although KatG(S315T) differs from wild-type
KatG in its ability to recognize isoniazid as a substrate, it is
still able to bind isoniazid. This conclusion is supported by
changes in theT1 values, subtle yet consistent changes in
the optical spectra, and changes in the EPR spectra following
isoniazid addition. The ability of isoniazid to act as a
competitive inhibitor of KatG(S315T) peroxidase activity
also indicates drug binding by the mutant enzyme. In fact,

2 Protein Data Bank (Brookhaven National Laboratory) accession
code for yeast cytochromec peroxidase is 1ccp.

3 Distance was determined using the molecular visualization program
RasMol v.2.5 (Biomolecular Structure Department, Glaxo Research and
Development, Middlesex, U.K.).
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within the error of the measurements,1H NMR relaxation
measurements indicate that KatG(S315T) binds isoniazid at
a distance from the heme iron equivalent to that of wild-
type KatG. However, the finding of equivalent binding
distances must be viewed with caution since they do not
guarantee that isoniazid binds in an identical orientation in
both enzymes. Since the ring protons of isoniazid are
symmetrical, the relaxation times for a pair of protons (HR

or Hâ) is a composite of the individual protons whose
positions could differ by several angstroms (corresponding
to the interproton distance across the ring) relative to the
heme iron. Indeed, subtle differences in isoniazid-bound
active site configurations of both enzymes are suggested by
the definite differences in the optical difference spectra. In
contrast to wild-type KatG, the titration of KatG(S315T) with
isoniazid resulted in a featureless optical difference spectrum,
suggesting that isoniazid binding does not cause a change
in the coordination state of the KatG(S315T) iron. Further-
more, a double titration of KatG(S315T) with isoniazid
followed by cyanide produced a type II difference spectrum
of equal magnitude to that of cyanide alone, again indicating
that isoniazid is unable to displace a sixth ligand present in
the mutant enzyme.

Taken together, these findings suggest two possible
explanations for the diminished turnover of isoniazid by
KatG(S315T). One possibility is that isoniazid binds in an
equivalent position and orientation in both enzymes, but the
availability of the active site iron is reduced in KatG(S315T),
perhaps by a more strongly coordinated sixth ligand that
precludes efficient activation of the heme iron prior to
isoniazid oxidation. We view this possibility less favorably,
however, since KatG(S315T) retains nearly wild-type levels
of catalase and peroxidase activity, indicating that the heme
iron of the mutant is readily able to form the catalase-
peroxidase compound I. A second possible explanation is
that KatG(S315T) exhibits subtle differences from wild-type
KatG in isoniazid binding (e.g.,slightly more distant from
the active site, in an altered conformation/orientation, etc.)
that are outside the limits of theT1 distance measurements.
Proof of this hypothesis may have to await crystal structures
of wild-type KatG and KatG(S315T), but it is interesting to
consider the position of the S315 residue relative to the
isoniazid distance from the heme periphery. Heym et al.
modeled the KatG structure using the X-ray coordinates for
yeast CCP (19). In that model, CCP residue S185 (analogous
to S315 in KatG) lies within 2.6 Å of the heme periphery
forming a hydrogen bond to the ‘outer’ propionate group of
the heme.2 It is therefore tempting to speculate that isoniazid
binds near the S315T residue and that addition of a single
methyl group from the mutant threonine residue causes subtle
steric effects on isoniazid binding, which in turn impacts
isoniazid oxidation. The KatG(S315T) mutation may there-
fore result in a nonoptimal alignment for electron transfer
to isoniazid.

In summary, the seemingly conservative serine-to-threo-
nine mutation provides maximum benefit toM. tuberculosis
by reducing isoniazid activation while allowing retention of
substantial catalase-peroxidase activity. While isoniazid
turnover (and activation) likely involves a multistep reaction
mechanism, altered binding of isoniazid provides a possible
explanation for resistance exhibited byM. tuberculosiswith
the KatG(S315T) mutation. Additional spectroscopic and

structural studies are ongoing to further define the nature of
the sixth ligand and the residue(s) responsible for binding
this important antibiotic in the wild-type and mutant en-
zymes.
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