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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 catalageeroxidase oMycobacterium tuberculosigand 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, H nuclear magnetic resonan@e relaxation measurements indicate that KatG and KatG(S315T)
each bind isoniazid at a positieal2 A 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,&®. 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, are extremely long-chained {&-Cq) fatty acids, unique to
infectious diseases are the leading cause of death worldwidemycobacteria, that impart a significant permeability barrier
with 16.4 million people per year succumbing to the effects to the cell wall §). Enzymes involved in mycolic acid
of virulent microbes 1). The age-old foe tuberculosis synthesis that are inhibited by activated isoniazid include
remains responsible for 3.1 million deaths per year account-InhA, the enoyl-ACP reductase dfl. smegmatisand a
ing for approximately 19% of all deaths due to infectious p-ketoacyl ACP synthase &fl. tuberculosig6—8). How-
disease and making tuberculosis the largest single killer ever, inhibition of these enzymes occurs only in the presence
among the infectious diseases.( of functional KatG, suggesting that isoniazid is a prodrug

One of the most successful antibiotics used to treat requiring in vivo activation ). Recently Rozwarski et al.
tuberculosis is isoniazid (isonicotinic acid hydrazide, Table characterized an adduct of activated isoniazid with NAD
1), which was first utilized in clinical trials in 1951 and at the active site of InhA, reinforcing the hypothesis that
continues to be a mainstay of combination antibiotic therapy isoniazid requires activation1Q). The identity of the
(2). Given isoniazid’'s long history of clinical use, it is activated form of isoniazid remains unknown and is the
surprising that many questions remain regarding its exact subject of great scientific interest. None of the known, stable
mechanism of action. Recent work has indicated that oxidation products of isoniazid have demonstrated anti-
isoniazid is a prodrug that requires activation in vivo by mycobacterial activity, suggesting that a reactive intermediate
KatG, the catalaseperoxidase oMycobacterium tubercu-  (e.g., an acyl anion or radical) is responsible for inhibition
losis Zhang et al. demonstrated that KatG plays a vital role of enzymes involved in mycolic acid synthes#.(
in potentiating isoniazid’s efficacy when they restored KatG is a homodimer of 82 kDa subunits, each of which
isoniazid sensitivity to previously resistant strains Mf binds a single irofrprotoporphyrin IX cofactor 11). In-
tuberculosighrough the introduction of functional, plasmid- terestingly, KatG is capable of catalyzing several reactions.
bornekatG (3, 4). Subsequent studies have demonstrated Initial purification and characterization of KatG froM.
that isoniazid acts as an inhibitor of key mycobacterial smegmatisand M. tuberculosisrevealed both catalase and
enzymes involved in mycolic acid synthesis. Mycolic acids peroxidase activities and led to speculation that isoniazid may
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be activated through a traditional catalaperoxidase com- Protein Preparation. Overexpression and purification of
pound l/compound Il pathway( 11-14). Since that time, recombinantM. tuberculosiswild-type KatG and KatG-
several other enzymatic activities have been associated with(S315T) proteins fronkEscherichia colhas been previously
KatG. The first is a Mn(ll)-dependent peroxidase activity described Z3). Protein concentrations were determined
analogous to the activity of manganese peroxidase isolatedusing the Pierce (Rockford, IL) Coomassie plus protein
from the white rot fungu®hanerochaete chrysosporiyib, reagent with bovine serum albumin as the standadjl. (
16). In addition, a cytochrome 4Rrlike monooxygenase Optical SpectroscopySpectra were recorded in 50 mM
activity has also been describeti7). Furthermore, super-  sodium phosphate buffer (pH 7.5) using a Cary 1 dual-beam
oxide has recently been demonstrated to enhance isoniazidspectrophotometer equipped with jacketed cuvette holders.
and KatG-dependent inhibition dfl. tuberculosiscolony Optical difference spectra were obtained af@7n 50 mM
formation, and it was suggested that superoxide (via KatG sodium phosphate buffer (pH 7.5) using identical concentra-
activation) may be responsible for isoniazid oxidation to a tions of enzyme (6:M) in both the sample and reference
reactive intermediatel@). The presence of these diverse cuvettes. The titrations were conducted by addinglL1-
activities within a single enzyme has made identification of aliquots of isoniazid or sodium cyanide stock solutions
the activated form of isoniazid even more difficult since it (prepared in 50 mM sodium phosphate buffer, pH 7.5) to
is now unclear which activity or activities are utilized by the sample cuvette. The enzyme in the reference cell was
KatG in the activation of isoniazid. diluted similarly using buffer. The solution in each cuvette
The emergence of isoniazid-resistant strainMotuber- was stirred continuously, and the difference spectra were
culosishas placed renewed emphasis on understanding the'ecorded 1 min after each addition. Titrations were per-
biochemical basis of isoniazid’s antimycobacterial action and formed in triplicate.
the role played by KatG in activating this clinically important ~Kinetic Analysis. Spectrophotometric determination of
antibiotic. We believe that insight into the mechanisms of kinetic parameters was conducted in 50 mM sodium phos-
isoniazid activation and resistance may be gained from thePhate buffer (pH 7.5) at 37C by following o-dianisidine
study of naturally occurring KatG mutants. Clinical isolates Oxidation at 460 nm 0 = 11300 M* cm™) in the
of M. tuberculosighat are resistant to isoniazid show a strong Presence of 25 mMtert-butylhydroperoxide 14). The
correlation with a KatG mutation in which serine at amino isoniazid concentration was fixed at 20V, which is
acid residue 315 is changed to threonine [KatG(S315T)] approximately 5 times the<; reported for competitive
(19-21). Analysis of thekatG sequence from isoniazid-  inhibition of M. smegmatiskatG peroxidase activity by
resistantM. tuberculosisclinical isolates has demonstrated isoniazid (4). Double reciprocal plots were fit to eq 1,
that KatG(S315T) correlates with resistance-i0% of the ~ Which describes competitive inhibition:
isolates examined and confers an 80-fold increase in the MIC

for isoniazid 0—22). We have previously demonstrated K |1+ m

that this mutation has significant effects on the ability of M K, 1

KatG to convert isoniazid to isonicotinic acid in vitr@3). iy IS] Ty (1)
ma: max

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(S3157H.
NMR T, 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.

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

Electron Paramagnetic Resonance SpectroscoBPR
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-
HCI, 150 mM NacCl, pH 8.0) were recorded under aerobic
MATERIALS AND METHODS conditions at nonsaturating microwave power. The samples

were then thawed at room temperature, and 2 equiv of

Chemicals. Sodium cyanide was purchased from EM isoniazid were added in a minimum volume of 50 mM
Science (Gibbstown, NJ). Tris and sodium phosphate weresodium phosphate buffer (pH 7.5). The samples were mixed,
purchased from Curtin Matheson Scientific (Houston, TX). Placed on ice for 5 min to allow equilibration, frozen by
Isoniazid was purchased from Sigma Chemical Co. and immersion in liquid N, and the spectra were recorded. The
recrystallized from boiling methanol using activated charcoal fluoride complex was generated by the addition of excess
decolorization and hot filtration through Whatman no. 1 filter (solid) sodium fluoride.
paper (Whatman International Ltd, Maidstone, U.K.). The The experimental EPR spectra were obtained from the
crystals were vacuum filtered, washed with ice-cold metha- frozen solution, which can be regarded as equivalent to the

nol, and air-dried yielding white needles with a melting point Powder spectra (i.e., averaged over the angle of oriented-
of 172 °C. crystal spectra). The spectra of high-spin ferric species can

Hazardous ProceduresSodium cyanide is highly toxic be interpreted in terms of the spin Hamiltonian, which for

and should be handled with caution using appropriate safety@n iron ion in a noncubic crystal field has the form

equipment and in accordance with the manufacturer’'s Mate- N e 1
rial Safety Data Sheet. H=gpHS+ D[S+ :.9S+ ]+ ES - S) (2)
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whereg is the intrinisicg value and is usually isotropic for  intervalz, M is the peak area prior to the 18pulse,M,(0)
high-spin ferric specieg; is the Bohr magnetorHl is the is the peak area at= 0 following the 180 pulse 7). Eight
applied magnetic field, andd and E are the zero-field  scans were collected at eactvith a 30 s delay time. When
splitting parameters with reflecting axial ande reflecting the relaxation time of the isoniazid protons is observed in
rhombic distortion from cubic symmetry. The simulations the presence of enzym@&;qsis considered to be the sum
were performed using Bruker SimFonia software (version the bound and free components and can be expressed as
1.2) for powder simulations. The energy of the microwave
guantum at X-band frequency (&= 0.31 cnm?) is much 1 (1 1 Eo n 1 5
smaller than the zero-field splitting in heme proteins<(2 Ty T/ Kg+S Ty ()
D < 11 cn1?), causing the EPR transitions to occur within
each Kramers doublet and not between th2h 2. Hence whereTsy, is theT; of isoniazid ring protons when bound to
the spin Hamiltonian can be written for every doublet in the the enzymeTy;is T, of free isoniazid proton€, andS are
simplified form: the initial concentrations of enzyme and isoniazid, respec-
" - = tively; andKg is the dissociation constant of the enzyme
H'=fHg'S 3 isoniazid complex 48, 29. In this case,S > Kg, and

Therefore, simulations were carried out for the system with therefore the value dfq can be ignored in eq 5. Measure-
the so-called “fictitious spin” beingS = 1/2 and g ment of Tyops@s a function of protein or substrate concentra-

representing an effectivgtensor er) describing resonance tion allows for estimqtion ot by fitting to eq 5. In this
positions along the principal axes of titensor. Only  WOrk, T was determined by varying the enzyme concentra-
allowed transitions are simulated. These assumptions allowtion from 10 to 280uM while keeping the isoniazid
the calculation of the powder spectra to be done on the basisconcentration fixed at 10 mMTy, consists of a paramagnetic
of solving the simplified spin Hamiltonian, which depends c0MpPonentTiv) and a diamagnetic componerfif). The
on the value oH and the orientation dfl through the angles dlamag_netlc co_ntr|but|on to the relaxation mechamsrr_]s was
0 and ¢ by spherical integrations over the magnetic field determined using the reduced Kat@arbon monoxide
orientations. The number @ and¢ values required fora ~ cOmplex that was prepared according to the method of
particular simulation depends on the anisotropy of the Marcinkeviciene et al.14). Optical spectroscopy of the
spectra. If all interactions are axially symmetriccan be sample in the NMR tube was us_ed to confirm the_presence
set to 1. An anisotropic line width tensoty( oy, o), of the enzyme-CO complex prior to and followingl,
corresponding to line widths along the principal axis of the Measurements.Tions was found to be identical for free
g tensor, was used in the simulation. Line shapes were SOniazid and isoniazid in the presence of the enzy@@
obtained as combinations of Gaussian and Lorentzian lines.COMPI€X, indicating that the diamagnetic contribution to the
The ratio of a single species in a composite spectrum was'elaxation time was negligible. The value obtained from eq
determined as the double integration value of the specified ® fOr Tio was therefore taken to be equalTew.
resonance as compared with the double integration value for 1 1€ Paramagnetic contribution to the relaxation time of
the entire complex spectrum. the protons of bound isoniazid can be related to the distance
HPLC Analysis of Isoniazid Turner. The aerobic ~ [Tom the heme iron by the following equation:
conversion of isoniazid to isonicotinic acid was determined

Tlobs

2 272
by HPLC using a method described previoug$)( Samples 1 _ 2y g ST l){ 3t n 7 (©6)
were analyzed in triplicate, and concentrations were deter- Ty, 15¢° \1 + it 1+ w3t
mined relative to a nonenzymatic control solution of isoniazid

in 50 mM sodium phosphate buffer (pH 7.5). wherey, is the nuclear gyromagnetic ratigjs the isotropic

NMR Spectroscopy.Proton NMR was recorded on a electronicg factor,3 is the Bohr magnetor§is the electronic
Bruker AMX 500 MHz spectrometer. The proteins were spin, r is the metal-proton distance, is the effective
exchanged it a 5 mMsodium phosphate deuterium oxide correlation time of the dipolar interactiom, is the nuclear
solution by repeated passages through a Centricon 30Lamor precession frequency, and is the electron Lamor
concentrator (Amicon, Inc, Beverly, MA). Isoniazid solu-  frequency 29—31). Assumingw? 2 < 1, w372 > 1, and
tions were prepared indD. The total sample volume was ;=5 x 10''s, eq 6 can be reduced t8q, 32-34)

0.5 mL. All measurements were conducted under anerobic

conditions to eliminate contributions to the relaxation mech- r(cm)= (4.33x 10741T1M)1’6 7)
anisms from oxygen and to prevent isoniazid turnover by

the enzyme, which is an oxygen-dependent procEss The RESULTS

sample temperature was maintained at 298 K except during ) .
temperature dependence studies. Longitudinal relaxation Nuclear Magnetic Resonance Spectroscofiyigure 1
times (T1op) Were determined using the inversion recovery Shows a series ofH NMR spectra of 10 mM isoniazid
method, which utilizes a 186-7—90° pulse sequence where ollowing 180°—7—90" pulse sequences of varying The

7 is the interval between the 18@nd 90 pulse. TiopsWas resonance centered at 7.76 ppm corresponds to the H

calculated from the observed spectra using the following Protons (see Table 1) while theshprotons appear at 8.74
equation: ppm. Ty values were calculated for each pair of equivalent

isoniazid protons, and a summary of results is presented in
M,(t) — My = [M,0) — Mo] exp(=7/Tpd  (4) Table 1. Use of eq 5 requires that the rate of substrate
exchange between the bound and free state is rapid as

where MJ(t) is the peak area following the 9(ulse at compared to the spirlattice relaxation times29). The rate



15828 Biochemistry, Vol. 37, No. 45, 1998 Wengenack et al.

Table 1: Paramagnetit; Relaxation TimesTuv) and Protor-Iron
Distances () for Isoniazid Binding to WT KatG and KatG(S315T)
|
o N—NH
%C/ 2
Yo
Hi™ "N” “Hg
isoniazid D]
=
proton Tam (S) r () ..8
WT KatG Hy 0.082 (& 0.03) 12 2) 5
Hs 0.074 (= 0.02) 12 ¢ 1) 2z
KatG(S315T) H 0.046 @ 0.003) 114 0.1) <
Hs 0.033 {& 0.004) 1140.2)
ﬂ ﬁ 20s
N A Is
aN A 5s
3s 0.0 + + ————— + +
o 250 300 350 400 450 500 550 600 650
2s
v v wavelength (nm)
1
' Y ’ FIGURe 2: Optical absorption spectra of wild-type KatG (A) and
500 ms KatG(S315T) (B) in 50 mM sodium phosphate buffer (pH 7.5) at
v V 25°C. (A) —, 10uM wild-type KatG; -+, plus 0.50 mM isoniazid,;
100 ps — + —, plus 0.50 mM NaCN. (B}, 10uM KatG(S315T);++, plus
Y U 1.0 mM isoniazid;— + —, plus 2.0 mM NaCN. The upper lines in
each plot show the spectrum between 465 and 650 nm expanded
‘ ‘ — P — 5-fold.
ppm 8.5 8.0 7.5

leading edge of the Soret band. The addition of cyanide to
Chemical Shift wild-type KatG caused a decreased Soret intensity, a red shift
FIGURE 1. H NMR Tygsrelaxation time measurements of isoniazid  of the maximum to 419 nm, the appearance of a shoulder
at 500 MHz. Spectra of 10 mM is_oniazid_ in 5 mM sodium preceding the Soret at approximate|y 360 nm, and the
phosphate (pH 7.4)4D at 25°C obtained using a 1867 —-90° appearance oft/f bands at approximately 540 nm. The
pulse. Eight representative spectra are shown for clarity from a total ~". i . 7 .
of 147 values examined. Values used foranged from 100is to shifts seen upon addition of cyanide are similar to other high-
20 s and are indicated in the figure. Thg ptotons (see Table 1) spin ferric heme proteins and are consistent with a conversion
are represented by the doublet at 7.76 ppm, while therdtons to a low-spin configuration about the heme ir@5( 39.
resonate at 8.74 ppm. In contrast, absorption spectra of KatG(S315T) differ from
of exchange was established by determining the temperaturghose of wild-type KatG. The KatG(S315T) Soret band
dependence of the relaxation timid,g for isoniazid in the maximum is at 409 nm, and/$ bands appear at ap-
presence of KatG(S315T). A linear increase imiddsas a proximately 535 nm (Figure 2B). The KatG(S315T) spec-
function of reciprocal temperature over the temperature rangetrum also has a distinct shoulder at about 360 nm that is
283—-303 K confirmed fast exchange. The presence of the more pronounced than in wild-type KatG. Addition of
paramagnetic center will effect the relaxation rate of bound isoniazid to KatG(S315T) caused no change in the position
isoniazid via dipolar mechanisms that depend on the distanceof the Soret maximum but did cause a subtle decrease in its
to the iron atom. From th&;y values, the distance to the intensity. Contrary to its effect on wild-type KatG, addition
heme iron was determined to be approximately-12 A of cyanide to KatG(S315T) caused no decrease in Soret
for each set of protons iboth wild-type KatG and KatG- intensity but red-shifted the maximum to 418 nm. A
(S315T). The symmetrical nature of the isoniazid ring shoulder appears at 360 nm similar to that seen for the wild-
protons does not allow a precise determination of the type KatG-cyanide adduct, and th®/s maxima were also
orientation of the molecule relative to the iron atom. presentat537 nm. Since identical concentrations of enzyme
However, these distances are compatible with a binding sitewere used to obtain each spectrum,dg.for KatG(S315T)
for isoniazid at the heme periphery. appears to be lower than thge for wild-type KatG.
Optical SpectroscopyThe optical spectrum of wild-type  Further, the cyano adducts of both enzymes have idertical
KatG has a Soret maximum at 408 nm amf bands at values indicating equivalent amounts of iron were present
approximately 530 and 630 nm, respectively (Figure 2A), in both enzymes following the spin conversion caused by
and is essentially identical to the spectrumvbfsmegmatis  cyanide.
KatG (14). The addition of isoniazid to wild-type KatG Optical Difference Spectroscopylhe titration of 6uM
resulted in a decreased Soret absorbance, a maximum shiftvild-type KatG with aliquots of isoniazid resulted in the
to 406 nm, and a small but reproducible blue-shift in the appearance of a difference spectrum with sharp features in
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Ficure 3: Optical difference spectra of wild-type KatG and KatG-
(S315T) titrated with isoniazid. Titrations were conducted at 37 -0.09 -
°C in 50 mM sodium phosphate buffer (pH 7.5). (Au® wild-

type KatG titration with isoniazid (636 uM). 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 0.18 o %
nm minus the trough absorbance at 411 nm) as a function of
isoniazid concentration. The data were fit to the Hill equating,( 0.09
= 2.2, [isoniazid}s = 8.5 uM) using MacCurveFit version 1.3
(Kevin Raner Software Ltd., Victoria, Austrailia). (B) Isoniazid 0.00
titration difference spectra of wild-type KatG vs KatG(S315F).
wild-type KatG plus 36/M isoniazid; - - -, KatG(S315T) plus 1.0
mM isoniazid. The increase in absorbance<aB50 nm is due to
isoniazid absorbance.

0.00 —

-0.18 —

-0.09 +

-0.18

the heme Soret region (Figure 3A). As the amount of ' | ' ' | , .
isoniazid was increased to 36V, a peak with increasing 300 350 400 450 500 550 600 650
intensity was noted at 380 nm, a trough occurred at 413 nm, Wavelength (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). Ficure4: Optical difference spectra of wild-type KatG and KatG-
Titration of 6 uM wild-type KatG with either 115uM (8315°T) titrated with sodium cyanide. Titrations were conducted
isonicotinic acid or 131M isonicotinamide, known stable &t 37°C in 50 mM sodium phosphate buffer (pH 7.5). (A6

. - S . - wild-type KatG titration with sodium cyanide {015 uM). The
products of isoniazid oxidation by KatG, failed to yield s indicate the direction of absorbance change upon addition
measurable difference spectra (data not shown). Titration of increasing amounts of cyanide. The inset shows the titration
of KatG(S315T) with isoniazid to a final concentration of progress monitored as the change in absorbance (peak absorbance
36 1M, an amount equivalent to that used in the titration of at 426 nm minus the trough absorbance at 404 nm) as a function

e ; of cyanide concentration. The data were fit to a binding isotherm
wild-type KatG, showed a featureless difference spectrum. (n=1,Ks = 3.5+ 0.1uM). (B) Cyanide titration difference spectra

Additional aliquots of isoniazid up to 1.0 mM resulted in  of yild-type KatG versus KatG(S315T)-, wild-type KatG plus
only a small perturbation of the Soret region as shown in 15 M cyanide; - - -, KatG(S315T) plus 318M cyanide;— - —,
Figure 3B. control experiment conducted by titrating both the sample and

Titration of wild-type KatG with sodium cyanide to a final reference cuvettes with equivalent aliquots of 50 mM sodium

. - phosphate buffer (pH 7.5). The binding isotherm for the KatG-
concentration of 15M resulted in the appearance of a (S315T)-CN complex gaveKs = 2.3 + 0.2 uM. (C) Double

difference spectrum with a trough at 404 nm and a peak attjtration difference spectra of M wild-type KatG.—, wild-type
426 nm (Figure 4A). Saturable binding was observed (inset, KatG plus 15u4M cyanide; - - -, wild-type KatG plus 3GM
Figure 4A), and a single isosbestic point at 415 nm likely isoniazid then 15M cyanide. (D) Double titration difference
indicates the interconversion of two enzyme states. A similar SPectra of 6uM KatG(S315T).—, KatG(S315T) plus 31%M

o . . . . cyanide; - - -, KatG(S315T) plus 1 mM isoniazid and then a20®
titration of KatG(S315T) with cyanide resulted in a difference cyanide (offset for viewing on thg-axis by +0.01 absorbance

spectrum that is reminiscent of that seen for wild-type KatG units). The increase in absorbance<860 nm results from isoniazid
with a trough at 404 nm and a peak at 424 nm (Figure 4B). absorbance.
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The CN binding constant of KatG(S315T) was determined 5.90
to be 2.3+ 0.2 uM, nearly identical to that measured for 3570
CN binding to wild-type KatGKs = 3.5+ 0.1uM). The §=6062 4%

magnitude of the absorbance change following titration of
KatG(S315T) with cyanideXApeak— trougn) Was smaller than
seen for wild-type KatG, but this difference would be
predicted based on the differingqr: 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 Il
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 P

(or vice versa) resulted in a saturated type Il difference

spectrum of equal magnitude to that seen by titration with

cyanide alone (Figure 4D, Table 2). ' ' ' r
1000 2000 3000 4000

Kinetics. Isoniazid was found to be a competitive inhibitor
of wild-type KatG peroxidase activity (versosdianisidine) magnetic field (Gauss)

with a K, of 3.7uM, which is in good agreement with the FIGURE 5: Low-temperature EPR spectra of wild-type KatG. (A)
value obtained from the optical difference spectral titrations 250M wild-type KatG: (B) 250uM wild-type KatG plus 2 equiv

(Figure 3) and with the value reported previously fdr of isoniazid; (C) simulation of the spectrum shown in panel B using
smegmatiKatG (K, = 4.3+ 0.7 uM) (14). Isoniazid was the components listed in Table 2; (D) component spectra of panel

also found to be a competitive inhibitor (wsdianisidine) C calculated with the following parameters:, species R, number

; i e — of & = 150, number ofp = 50, Ger = 6.62, 5.08, 2.0, and line
of KatG(S315T) peroxidase activity wit, = 10.4+ 1.1 Width tensoro = (46, 46, 46) G- oef . species AL number

#M. ) 200, number ofp = 50, et = 6.10, 5.57, 2.0, and = 20, 30, 20
Electron Paramagnetic Resonance Spectroscophe G; -+, species A, number af = 150, number of = 1, G = 5.9,
low-temperature EPR spectra of wild-type KatG and KatG- 5.9, 2.0, andr = 40, 40, 40 G. Experimental conditions were as

(S315T) in the presence and absence of isoniazid are showriollows: microwave frequency, 9.45 GHz; modulation amplitude,
in Figures 5 and 6, respectively. In addition, simulated 0 G: modulation frequency, 100 kHz; temperature, 4 K; and
. -,_microwave power, 1 mW. The signal gt= 4.3 originates from a
spectra (Figures 5C,D and 6C,D) are presented that describ&m || amount of adventitious iron. A portion of the signal in the
the individual species modeled to comprise the composite = 2 region is due to a cavity contaminant (arrow, panel A).
spectrum. The main species composing both the wild-type
KatG and KatG(S315T) spectra have featureg & 6 and The KatG(S315T) EPR spectrum can also be simulated
g~ 2, which are indicative of high-spin ferric heme proteins. as a mixture of the same three high-spin ferric species with
Weak features corresponding to a small amount of low-spin the addition of a fourth, characteristic, rhombic species with
ferric species are also evident. ox = 5.14,9, = 6.30, andg, ~ 2 (Figure 6C,D; Table 3). It
Powder simulations of wild-type KatG spectra show that should be mentioned that the fraction of the axial component
the complex resonances that occur in the presence andA) present in the spectrum of KatG(S315T) noted in Table
absence of isoniazid can be modeled as a mixture of three3 may be misleading. This resonance is significantly
distinct high-spin ferric species (Figure 5C,D). Each of these broadened in the mutant as compared to the wild type, often
species are present in differing abundances as shown in Tablan indication of rhombic distortion. Therefore, the mutation
3. The most abundant species possesses near-axial symmetgoes not necessarily lead to higher symmetry of the heme
with gy = 5.57,0y = 6.10, andg, ~ 2. The second species plane than in wild type, as it may appear from the percentage
has increased rhombic character with— 5.08,g, = 6.62, of axial species reported in Table 3.
0; ~ 2, andE/D = 0.03. The third species is a minor The addition of isoniazid to either wild-type KatG or
component that is purely axial wity; = 5.9, ¢, ~ 2, and KatG(S315T) does not cause any new EPR signals to arise
E/D = 0. Summation of these species according to the (Figures 5B and 6B). Rather, the distribution of the
percentages noted in Table 3 yields composite simulatedpreviously described components changes (Table 3). Upon
spectra that adequately represent the experimental spectraddition of isoniazid, wild-type KatG experiences an increase
(e.g., compare Figure 5, panels B and C). Figure 7 in the percentage of components Al and R at the expense
demonstrates that addition of sodium fluoride to wild-type of the purely axial component A, while KatG(S315T)
KatG converted all species into a single species with axial experiences a decrease in components A and Al with a
symmetry ¢n = 6.0 andg, = 2.0). The presence of the corresponding increase in R and the unique component R1.
fluoride in the coordination sphere of the iron is evident as Under the aerobic conditions used for preparation of the EPR
hyperfine splitting due to interaction of the unpaired elec- samples, a portion of the isoniazid was converted to
tronic spin of the iron with the nuclear magnetic moment of isonicotinic acid. The percentage of isoniazid remaining in
the °F nucleus, resulting in a doublet centeredyat= 2.0 each sample following EPR analysis was determined by
with a coupling constant of 44 G. HPLC, with 724+ 5% isoniazid remaining in the wild-type
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- 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
1000 2000 3000 4000 centered ay, = 2.0 expanded 5-fold.
magnetic field (Gauss) enzymes in both the isoniazid-free and -bound states. As

F 6 Low-t tre EPR tra of KatG(S315T). (A) 250 discussed below, these differences present two possible
IGURE 6: Low-temperature spectra of Ka . : L I i
uM KatG(S315T); (B) 250uM KatG(S315T) plus 2 equiv of explanations for the reduced activation of isoniazid by KatG
isoniazid; (C) simulation of the spectrum shown in panel B using (8315T). . ) ) ]

the components listed in Table 2; (D) component spectra of panel ~ The optical spectrum of wild-type KatG is typical lotype

C calculated with the following parameters:, unique KatG- high-spin ferric hemoproteins such as metmyoglobin and
(_S:élgg ) SSFﬁC"ZSORéh gulmgevrvﬁjﬁ %eor?s,c?ru—mggrg(f)b ;olg(?vgeﬁ cytochromec peroxidase (CCPwith a Soret maximum at
speéieé A., Ai, én’d R shown in wild-type Katé sp’ectrun’1 (Fiéure 408 .nm anda/ﬁ.bands at 5.30 and 630 nn8Y, 3§. .
5D). Experimental conditions were identical to those in Figure 5. Consistent with this interpretation, the EPR spectrum of wild-

type KatG, although heterogeneous, consists primarily of

Table 2: Summary of Difference Spectra Magnitudes high-spin ferric species and is remarkably similar to the
(Ae Calculated from Peak minus Trough Heights) spectra reported previously for the catataperoxidase of
KatG KatG(S315T) Streptomycesp. and the peroxidase @foprinus cinereus
substrate Ae M~Lcm™) Ae M~1cm) (39, 40. Other investigators have also reported heterogene-

isoniazid 17 600k 1300 not detected ity in the EPR spectrum of KatG isolated from various
cyanide 55 600Gt 2800 34 50Gt 800 sources. Johnsson et al. found that recombihantuber-
cyanide+ isoniazid 67 60Qt 4000 34 300k 700 culosiskatG contained at least two rhombic high-spin ferric
isoniazid+ cyanide 64 306t 1900 35 500t 1900

signals (1). The heterogeneity was attributed to a thermal
o o equilibrium of spin configurations and the possible freezing-
KatG sample and 96 0.3% isoniazid remaining in the  jnquced ligation of water or some active site ligand to the
KatG(S315T) sample. sixth coordination site of the iron. Marcinkeviciene et al.
also reported that the EPR spectrumvafsmegmatiKatG
DISCUSSION exhibited a high-spin ferric signal wittpvalues observed at
Previous work in our laboratory has demonstrated that 5.9 and 5.6 and attributed the small rhombic splitting to the
wild-type KatG is more efficient than the KatG(S315T) presence of a six-coordinate heme iron containing water as
mutant in converting isoniazid to isonicotinic acid over a the sixth ligand 14). The differences among the reported
wide range of substrate concentrations even though bothEPR spectra are not completely understood, but may in part
enzymes have similar catalasgeroxidase activities2Q). be due to variable buffer conditions. For example, the EPR
In this work, comparison of the spectroscopic properties of spectrum oM. smegmati&atG was only observed following
wild-type KatG and the KatG(S315T) mutant reveal subtle addition of ethylene glycol to the sample. Furthermore,
differences in the active site configurations of the two buffer-dependent changes have been reported in EPR spectra

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

species
A Al R R1
sample go=>5.90, g ~ 2 (%) Gert = 6.10, 5.57~2 (%) Gert = 6.62, 5.08~2 (%) Gerr = 6.30, 5.14~2 (%)
KatG 14 59 27
KatG + isoniazid 3 64 33
KatG(S315T) 42 30 <1 28
KatG(S315TH- isoniazid 23 28 10 39

aValues represent the percentage of each species determined from the simulated spectra and are considered-act4rate to
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of recombinant human ferric myoglobin mutants and cyto- nantly high-spin configuration. While unusual, a type |
chromec’ from Rhodospiriuum rubrundl, 429. Neverthe- optical difference spectrum resulting in a net retention of
less, the high-spin species in wild-type KatG are intercon- the high-spin character has precedence. For example, the
vertible as demonstrated by the collapse to a single high- binding of N®-hydroxy+ -arginine to murine macrophage
spin species witly; = 6.0 andg, = 2.0 upon formation of  nitric oxide synthase resulted in a type | difference spectrum
the fluoride complex. This result is consistent with that seen even though the enzyme was primarily high spin as isolated
upon anion complex formation with the peroxidasef (52). Also, binding of substrates near the heme of hepatic
cinereusandM. smegmati&atG (40, 14. Furthermore,the  microsomal cytochromes,;8 has been associated with the
fluoride anion is demonstrated to bil tuberculosiKatG alteration of a sixth ligand of the heme iron and the
at an axial position as evidenced by the hyperfine-split appearance of a type | difference spectruf8)( The
doublet atg, ~ 2.0, an indication of fluoride binding to the  difference spectrum obtained as a result of isoniazid binding
heme iron 43). Despite the differences in heterogeneity, to wild-type KatG may therefore reflect a conversion of a
the EPR spectra from all sources agree that KatG containsportion of the high-spin heme from 6- to 5-coordinate.
primarily high-spin ferric heme, and computer simulation  Titration of wild-type KatG with the strong-field ligand

of the spectra allowed us to further delineate the complex cyanide resulted in the expected type Il difference spectrum,
signals arising from recombinant wild-type KatG. The which is associated with a high-to-low spin transition of the
component spectra consist of two species with rhombic heme iron. Dual titration of wild-type KatG with isoniazid
character e = 6.62, 5.08, and 2.00, component R; djgl followed by cyanide (or vice versa) resulted in a difference
= 6.10, 5.57, and 2.00, component Al) and one species withspectrum with increased magnitud& @bsorbance= 0.40
axial characterdy = 5.90 andg, = 2.00, component A) £+ 0.02) compared to titration with cyanide aloné (
(Table 3). The EPR spectra of high-spin, pentacoordinate absorbance= 0.33+ 0.02). These results provide further
peroxidases are frequently rhombic. For example, horserad-support for the idea that isoniazid alters the coordination state
ish peroxidase exhibitgvalues of 6.35, 5.65, and 2.0 while of (a portion of) the wild-type KatG heme iron as the
the spectrum of CCP hagvalues of 6.4, 5.3, and 1.924, increased magnitude can be explained by isoniazid-induced
45). Alternatively hexacoordinate, high-spin ferric hemo- displacement of a sixth ligand that makes additional iron
proteins usually show axial symmetry like that seen for available for the cyanide-induced spin transition.
metmyoglobin ¢; = 6.0 andg, = 2.0) @46). The presence The EPR spectra following isoniazid addition to wild-type
of both axial and rhombic signals in the wild-type KatG KatG show small changes in the intensities and distribution
spectrum is consistent with the hypothesis that the recom-of various high-spin ferric species without the appearance
binant enzyme exists as a mixture of 5- and 6-coordinate of new components, supporting the hypothesis that isoniazid
iron (14, 38, 47. As suggested by previous investigators, binds near the heme periphery of wild-type KatG. Under
the sixth ligand may be contributed by water or some active the conditions used to prepare the samples, some isoniazid

site amino acid residue. turnover occurred; therefore, the EPR samples contain some
H NMR T; relaxation time measurements indicate that of the products of isoniazid oxidation. However, HPLC
isoniazid binds wild-type KatG at a position12 A from analysis indicated that isoniazid was still the major species

the heme iron providing the first report of proximity to the present. Further, titration of wild-type KatG with isonicotinic
active site. For comparison, the terminal carboxylate oxygen acid and isonicotinamide, two of the stable products of
of the heme propionates of yeast CCP are 8.5 A from the isoniazid oxidation, did not yield a measurable optical
heme iror® Therefore, assuming similar active site con- difference spectrum, implicating isoniazid as the source of
figurations, these distances are consistent with isoniazid heme perturbance in both the optical and EPR spectra. Itis
binding near the heme periphery. Further support for also interesting to note that isoniazid binding to wild-type
isoniazid binding near the heme is provided by the decreasedKatG is cooperative (inset, Figure 3A), indicating that
Soret intensity and the appearance of a type | optical binding of isoniazid by the first subunit of the homodimer
difference spectrum upon titration of wild-type KatG with affects binding to the second.

isoniazid. Type | difference spectra have previously been The data also indicate that there are fundamental differ-
reported for other hemoproteins following the binding of ences between the wild-type KatG and KatG(S315T) active
small substrates near the heme. Examples include bindingsites. KatG(S315T) appears to have a loagf.:and has a

of L-arginine to nitric oxide synthaspscresol to horseradish  pronounced shoulder at 360 nm, perhaps suggesting an
peroxidase, and aminopyrine to rat microsomal cytochrome increase in the amount of 6-coordinate iron present. As for
Psso (48—50). A structural basis for type | spectra was wild-type KatG, the heterogeneous KatG(S315T) EPR
recently provided by the crystal structure of the nitric oxide spectrum supports the presence of both 5- and 6-coordinate
synthase oxidase domain, which confirmed binding of iron, but the ratio of each species appears to be altered.
arginine near the hemé&). Type | difference spectra are  Furthermore, EPR simulations identified a species (R1)
normally associated with a low-to-high spin transition of the unique to KatG(S315T) witldles = 6.30, 5.14, and 2.

heme iron. However, low temperature EPR data and the Importantly, although KatG(S315T) differs from wild-type
room temperature optical spectrum with a Soret maximum KatG in its ability to recognize isoniazid as a substrate, it is
at 408 nm indicate that KatG already exists in a predomi- still able to bind isoniazid. This conclusion is supported by
changes in thd; values, subtle yet consistent changes in
2 Protein Data Bank (Brookhaven National Laboratory) accession the optical spectra, and changes in the EPR spectra following

code for yeast cytochromeperoxidase is 1ccp. isoniazid addition. The ability of isoniazid to act as a
Distance was determined using the molecular visualization program

RasMol v.2.5 (Biomolecular Structure Department, Glaxo Research and COMPpetitive inhibitor of KatG(S315T) peroxidase activity
Development, Middlesex, U.K.). also indicates drug binding by the mutant enzyme. In fact,
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within the error of the measurements] NMR relaxation structural studies are ongoing to further define the nature of
measurements indicate that KatG(S315T) binds isoniazid atthe sixth ligand and the residue(s) responsible for binding
a distance from the heme iron equivalent to that of wild- this important antibiotic in the wild-type and mutant en-
type KatG. However, the finding of equivalent binding zymes.
distances must be viewed with caution since they do not
guarantee that isoniazid binds in an identical orientation in ACKNOWLEDGMENT
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