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ABSTRACT. Resonance Raman spectra of native, overexpreédsaderculosiatalase-peroxidase (KatG),

the enzyme responsible for activation of the antituberculosis antibiotic isoniazid (isonicotinic acid hydrazide),
have confirmed that the heme iron in the resting (ferric) enzyme is high-spin five-coordinate. Difference
Raman spectra did not reveal a change in coordination number upon binding of isoniazid to KatG. Stopped-
flow spectrophotometric studies of the reaction of KatG with stoichiometric equivalents or small excesses
of hydrogen peroxide revealed only the optical spectrum of the ferric enzyme with no hypervalent iron
intermediates detected. Large excesses of hydrogen peroxide generated oxyferrous KatG, which was unstable
and rapidly decayed to the ferric enzyme. Formation of a pseudo-stable intermediate sharing optical
characteristics with the porphyrin-cation radicat-ferryl iron species (Compound I) of horseradish
peroxidase was observed upon reaction of KatG with excess 3-chloroperoxybenzoic acid, peroxyacetic
acid, ortert-butylhydroperoxide (apparent second-order rate constants of @, 1.2 x 10% and 25

M~1s71 respectively). Identification of the intermediate as KatG Compound | was confirmed using low-
temperature electron paramagnetic resonance spectroscopy. Isoniazid, as well as ascorbate and potassium
ferrocyanide, reduced KatG Compound | to the ferric enzyme without detectable formation of Compound
Il'in stopped-flow measurements. This result differed from the reaction of horseradish peroxidase Compound

| with isoniazid, during which Compound Il was stably generated. These results demonstrate important
mechanistic differences between a bacterial catalase-peroxidase and the homologous plant peroxidases
and yeast cytochrome peroxidase, in its reactions with peroxides as well as substrates.

Isoniazid (isonicotinic acid hydrazide, INH)s a first- istry and biology of isoniazid action, including a search for
line antibiotic used againsMycobacterium tuberculosis a mycobacterial target of drug action. Such a target was
infections since 19521j. The mode of action of isoniazid suggested by the finding of drug resistanc#lirtuberculosis
is not fully understood, but evidence that certain isoniazid- strains that do not carry a mutation katG, but areinhA
resistant strains of mycobacteria have reduced catalasemutants, and by in vitro studies of InhA enzymology@{¢
peroxidase (KatG) enzyme activit@)(suggested that the 15). The InhA protein is a fatty acyl carrier protein-enoyl
antibiotic is acted upon by this enzyme and, therefore, that reductase, which functions in the mycolic acid biosynthetic
isoniazid is a prodrugX-5). There followed a demonstration  pathway in mycobacteria. A three-dimensional X-ray crystal-
that expression of KatG is a requirement for bacterial lographic study of InhA identified an acyl-NADH adduct
sensitivity to isoniazidg, 6) and that the principal mecha- derived from isoniazid as the species likely to be responsible
nism of INH resistance in clinical isolates may involve loss for the irreversible inhibition of this enzyme’s activity. This
of KatG function due to mutations in thHeatG gene {— adduct was formed by manganese-catalyzed oxidations
11). occurring in the presence of isoniazid, NADH, and the

Catalase-peroxidase is a heme protein encoded tiatiee reductaseX6). Another enzyme, which isfa-ketoacyl acyl-
gene and is found in many microorganisms, most of which carrier protein synthase, has also been suggested to be a target
are not especially sensitive to isoniazid. A broad range of of isoniazid action ifM. tuberculosisaccording to metabolic
studies has therefore been directed at explaining the chem-and other studiesl{).

The association between KatG enzyme activity and drug
t This work was supported by National Institutes of Health Grant efficacy is well established, though certain questions about
Al-43582 (NIAID). the target(s) and chemical mechanism of isoniazid “activa-
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rmaglioz@brooklyn.cuny.edu, tion” remain under investigation. THé. tuberculosiKatG

*Brooklyn Coliege CUNY. enzyme has homology to yeast cytochrom@eroxidase
§ Albert Einstein College of Medicine of Yeshiva University. (CCP) and to plant peroxidases, though it is twice the length

1 Abbreviations: KatG, catalase-peroxidase; INH, isonicotinic acid ; icati@
hydrazide; HRP, horseradish peroxidase; CCP, cytochoperoxi- of these peroxidases as a result of gene duplica (

dase; tBOOHtert-butyl hydroperoxide; CPBA, 3-chloroperoxybenzoic There is high sequence homology to CCP in both the first
acid; PAA, peroxyacetic acid; BHA, benzhydroxamic acid. and second halves of the KatG polypeptide, but only one
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heme binding consensus sequence is found per polypeptiddormation of Cmpd | inM. tuberculosiKatG and evidence
(in the N-terminal half). The optical absorption spectra of that Cmpd | reacts very rapidly with INH. EPR, resonance
catalase-peroxidases exhibit low ratios for the Soret region Raman, and optical spectroscopies were used to characterize
absorbance (near 407 nm) compared to the absorbance ahe purified enzyme and some of the intermediates. The
280 nm, which has led to the supposition that these kinetics of reaction of the resting enzyme with various
multimeric enzymes contain heme in only half the heme peroxides are analyzed and compared to similar reactions
binding sites. This misconception is corrected in the presentusing HRP.
manuscript.

Questions remain about the identity of an activated form(s) EXPERIMENTAL PROCEDURES
of isoniazid responsible for its bacteriocidal effect, and, also,
which oxidation states of catalase-peroxidase are catalytlcallycomaimng M. tuberculosis KatGgene) was a gift from

competent to produce this activation. By analogy to classical i . .
omp b Y 9y Stewart Cole (Institue Pasteur, Paris, France). Horseradish

peroxidases, hydrogen peroxide might be considered to beperoxidase was purchased from Fluka Biochemicals and was

required for initiating peroxidative drug activation in a used without further purification. All other reagents were
pathway beginning from the resting enzyme. In the typical from Sigma-Aldrich, including isonicotinic acid hydrazide

fnegﬁ,\)ggféeb; yHcllqu’(;gre ;it;r;?plg%tg%, ?r)]( édf: Is%rr]] gogng;%?: ¢ (INH),. \./vhi.ch was recrystallizeq from methanol pefore use.
reacts with 1 equiv of bD; to give Compound | (Cmpd 1), Purification qf M. tubercul93|s _Catalase—Perox_lda%e
an oxyferryl iron-protoporphyrin I%t-cation radical. Reduc- ~ catalase-peroxidase used in this study was isolated and
tion of Cmpd | by a single electron yields a second purified from an overexpression system Hn coll_ strain
intermediate, Compound Il (Cmpd 1), which contains an UMZ262 (KatG minus) expressing thi. tuberculosis KatG
oxyferryl heme but with no cation radical. Finally, Cmpd Il 9ene. The enzyme was purified by FPLC according to a
can be reduced to the ferric state of the resting enzyme byPublished procedure with minor modificatiode). The pure
another single-electron ste@l-23). In CCP, the second ~€nzyme had an optical purity ratié\fo7Azs0) greater than
oxidizing equivalent removed by hydrogen peroxide is not OF equal_ to 0.66. Spectropho'gometrlc measurements were
stabilized in the porphyrinz-cation radical, but resides Made using a model NT14 UWis spectrophotometer (Aviv
instead on a tryptophan radical lying near the heme groupAssoqates, Lakewo_od, NJ) mterface_d toa pgrsonal computer.
(24—26). This species is known as Compound ES (Cmpd Protein concentration was determined using Fhe Bio-Rad
ES). Another oxidation state that may have catalytic rel- Protein assay reagent (Bradford method) or using the heme
evance in certain peroxidase reactions is the oxyferrous form€Xtinctionesoz nm= 100 mM* cm*. Catalase activity was
known as Compound Il (Cmpd 111)27). assayed in phosphf'ite buffer, pH 75 using approximately
M. tuberculosikatG is a dimer of 80 kDa subunits whose 22 MM HO,, following the decrease in absorbance at 240
homology to HRP and CCP, especially in the distal and NM typically from 0.8 to 0.65¢b4o nm= 43.6 Mt cm™)
proximal heme regions, raises the likelihood that reaction (37)- One unit of catalase activity is defined as the amount
with peroxide leads to the formation of hypervalent inter- ©f €nzyme catalyzing the decomposition qirhol of H.0,/
mediates related to Cmpds | or ES. Cmpd | is a required Min at 25_°C. P_erOX|dase actlylty was measured spectro-
intermediate in the catalytic cycle of peroxidases. The Photometrically in 50 mM sodium acetate buffer, pH 5.5,
possibility that Cmpd ES may be formed is also considered USingtert-butyl hydroperoxide (23 mM) and-dianisidine
since there is a conserved tryptophan in KatG analogous to(0-1 mM), following color development at 460 nrasd =
the one carrying the radical in CCP Cmpd E%,(29. The 11.33 mMt cm™?) (36). One unit of peroxidase activity is
stabilization of the various intermediates, including Cmpd | defined as the amount of enzyme that catalyzes the oxidation
and/or Cmpd ES, Cmpd II, and Cmpd 124-31), has been of 1_/4mol of o-dlan|5|d|ne/m_|n. SDS gel electrophoresis was
clearly established for many peroxidases but not for myco- arried out under denaturing (SBEAGE) and nondena-
bacterial KatG, nor has there been a direct demonstration ofturing (Native-PAGE) conditions using a Pharmacia Biotech
the chemical mechanism for drug activation or for the steps PhastGel system.
that follow. [A recent report32) on the KatG from the The extinction coefficient of heme in the enzyme was
cyanobacteriunSynechocystisresented optical evidence for ~ determined using the pyridine hemochromogen metB8H (
species identified as Cmpds | and Il, though the spectral Stopped-Flow Optical Measuremenit$e kinetics of the
features seem to differ from those characterized in other reaction of KatG with peroxides were measured using a
peroxidases.] Evidence has been presented for initiation ofdouble-mixing stopped-flow apparatus (HiTech Scientific
isoniazid oxidation in the presence of the resting enzyme, model SF-61DX2) equipped with a rapid scanning diode
oxygen, and a reductant, apparently without Cmpd | involve- array spectrophotometer and Kinet-Asyst software for data
ment B3). Isoniazid oxidation also occurs in the presence acquisition and analysis. Potassium phosphate buffer, pH 7.2,
of KatG and superoxide anio34). Oxidative activation of =~ was used except where otherwise noted, and all reactions
INH may also be mediated nonenzymatically, by Mn(lll), were thermostated at 2%. For Cmpd | formation, KatG
which can be generated via the low-level manganese per-(20 uM) was loaded into one syringe, and,®, CPBA,
oxidase activity exhibited byM. tuberculosiscatalase-  tBOOH, or PAA was loaded into the second syringe. The
peroxidase 35). drive syringes and the reaction cell were equilibrated at 25
In our efforts to characterize KatG and its reaction(s) with °C, and equal volumes of reactants were mixed to initiate
INH, we have undertaken optical stopped-flow spectropho- reactions. Spectra were acquired from 350 to 700 nm as a
tometric studies of the purified, overexpressédtubercu- function of time to follow the disappearance of the spectrum
losis enzyme. We present optical and EPR evidence for of the ferric enzyme and the appearance of the new species.

Materials. E. coliUM262 pKAT Il (overexpression system
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For the purpose of obtaining kinetic parameters, the changeKatG has been compared have much smaller extinction
in absorbance was monitored at 411 nm, and the data werecoefficients at 279 nm. For example, HRRrfhoracia

fit to first-order reaction kinetics. The reaction of Cmpd | rusticang, which contains 1 tryptophan, 20 phenylalanines,
with INH or other substrates was followed using a sequential and 5 tyrosines, has a calculatédy= 12.9 M-t cm~* while
mixing mode: KatG (2Q«M) was mixed with CPBA (50 CCP, which contains 7 tryptophans, 18 phenylalanines, and
uM) or PAA (200 uM) in the aging loop for 4 s; substrate 14 tyrosines, has a calculatég,y = 58.5 M™* cm™. Since
was then added to the preformed Cmpd I, and spectra wereboth enzymes have similar extinction coefficients for their
acquired as above. Only the enzyme absorbs in the regionferric heme groups, HRP and CCP have much higher optical
observed. For comparison, similar experiments, which moni- purity ratios. ForM. tuberculosisKatG, the optical ratio
tored Cmpd | formation from hydrogen peroxide, and its predicted using the Soret extinction coefficient and the

reduction to Compound Il by INH, were performed using calculatedE;z is equal to 0.61. This value is close to that
horseradish peroxidase. for the purest protein we have produced (nearly 0.7). This

rgesult demonstrates that the true extinction coefficient at 279
nm is somewhat smaller than the calculated value, but, more
importantly, thatM. tuberculosiKatG expressed ii. coli
contains 2 hemes/dimer and also that the catalase-peroxi-
dases, in general, are likely to contain 1 heme/monomer in
multimers (holoenzymes) containing a full complement of
heme groups. The optical ratio for purified wild-tyé.
smegmatisatalase-peroxidase, which is a tetramer, is at least
0.65; this protein was also reported in error to contain half-
occupied heme site86).

An additional point about the engineered enzyme is that
the overexpression system generates polypeptide at a rate
that apparently overruns the heme biosynthesis capacity of
. the bacteria grown in LB medium. Evidence for this comes
EPR tube, and the spectrum was recorded at apprOX|materfrom the fact that all preparations of the enzyme isolated
20 K. from bacteria grown in LB broth without addition of other

Data Acquisition Resonance Raman data were provided components contain a very large fraction of heme-deficient
by Dr. Denis Rousseau, Albert Einstein College of Medicine, dimer. This dimer, which can be resolved from the holo-
Bronx, NY. Excitation was generally at 413 nm, and low enzyme on either ion exchange or hydrophobic chromatog-
power (10 mW) was used to avoid alterations observed raphy media, exhibits an optical purity ratio of 0.@&en
during high-power irradiation. Enzyme concentration was fully purified. The characterization of this purified enzyme
approximately 4M in potassium phosphate buffer, pH 7.2. as a dimer, and its reconstitution to fully active enzyme
The fluoro and cyano forms were produced by addition of having an optical purity ratio equal to that of the holoenzyme
excess buffered fluoride or cyanide to the native enzyme. (data not shown), also suggested that the “one heme per
Complete conversion to the six-coordinate forms was dimer” stoichiometry was incorrect. As explained above, the
confirmed by recording the optical spectrum of the products holoenzyme contains two hemes per dimer, and the actual
in the same cuvette used in the Raman spectrometer. Spectraeme-deficient dimeric material is an artifact of the over-
of the resting enzyme in the presence of isoniazid containedexpression of the polypeptide. We have found that addition
100-fold excess drug relative to heme. Ferrous-CO KatG wasof d-aminolevulinic acid to LB growth medium greatly
prepared by dithionite reduction of resting KatG under enhances the yield of holoenzyme, with heme-deficient
anaerobic conditions in the presence of 1 atmosphere of COenzyme no longer appearing in the isolate.

Electron Paramagnetic Resonance and Resonance Rama
Spectroscopies.ow-temperature EPR spectra were obtained
at X-band using a Varian E-12 spectrometer interfaced to a
personal computer, and equipped with a liquid helium
cryostat and Heli-Tran liquid helium transfer system (Ad-
vanced Research Systems, Inc., Allentown, PA). Data
acquisition made use of WIinEPR software provided by the
Research Resource in Pulsed EPR at the Albert Einstein
College of Medicine, Bronx, NY. For Cmpd | sample
preparation, 4&M KatG was mixed with 400«M peroxy-
acetic acid into the same syringe; after 10 s incubation, the
mixture was frozen by expelling the solution directly into
liquid nitrogen. The resulting powder was packed into an

gas. The purified enzyme runs as a single band of ap-
proximately 81 kDa on SDSPAGE, while in native
RESULTS polyacrylamide electrophoresis gels, the native enzyme runs

near the molecular weight of the dimer. Catalase and

The catalase-peroxidase used in these studies was producegeroxidase activities of purifietl. tuberculosisKatG are
in E. coli using an overexpression system carrying fe 4500 and 0.95 unit/mg, respectively. The catalase activity
tuberculosis kat@ene. This recombinant enzyme has been s twice as high as that reported by Johnsson et48). ¢r
reported to be a dimer that contains 1 equiv of heme per Regelsberger et al3p), for overexpresseil. tuberculosis
dimer based on the low ratio of the Soret absorbance relativeKatG andSynechocystiKatG, respectively. The peroxidase
to the absorbance in the UV region for the pure enzy8® ( activity (o-dianisidinetert-butyl hydroperoxide) measured
40). A careful evaluation of the heme extinction coefficient here is close to that reported by these authors.
(100 mMt em™?) along with a calculation of the extinction Spectral Properties of Katd he optical spectrum of ferric
at 279-280 nm based on the amino acid composition (resting) M. tuberculosisKatG is the same as previously
predicted from thekatG gene sequence (and confirmation published spectra of this and other KatG enzymes, including
that the overexpressed enzyme is a dimer) leads to thethat of wild-typeM. smegmatiKatG (36, 4J).
conclusion that the holoenzyme does not lack heMe. In our efforts to characterize the structureNdf tubercu-
tuberculosis KatG contains 24 tryptophans, 26 phenyl- losis KatG, we are pursuing spectroscopic and enzymatic
alanines, and 21 tyrosines, giving a calculaigeg = 164.2 studies. A series of resonance Raman experiments were
M~! cm™ (41). Other peroxidases (nonbacterial) to which aimed at defining structural features of iron in the heme
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Ficure 2: Optical (UV—visible) spectrum of the unstable inter-
mediate formed from resting (ferrid). tuberculosiKatG (10uM)
upon addition of excess &, (in 20 mM potassium phosphate
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Ficure 1: Resonance Raman spectra (high-frequency region) of ; i ; inh_ani
native M. tuberculosiscatalase-peroxidase (KatG), KatG-fluoride resting enzyme and its lowest frequency in the high-spin,

(ferric-F), and KatG-cyanide (ferric-CN). six-coordinate form (1621 cr) (42—45). _
Raman difference spectra in the high-frequency region,
group. Figure 1 shows the high-frequency region of the between the native enzyme and the enzyme in the presence

resonance Raman spectrum of resting (feMc)ubercuk)siS of isoniazid, were examined since drug blndlng was observed
KatG, along with spectra for the fluoride and cyanide to cause asmall shiftin the Soret absorbance maximum and
complexes of the ferric enzyme. This experiment was extinction coefficient. These difference spectra did not reveal

designed to identify the spin state and coordination numberany changes. Also, no changes were detected in difference
of iron in the resting enzyme. The bands at 156%)( 1490 spectra for the ferrous-CO form of the enzyme in the
(v3), and 1374 cm! (v4, oxidation-state marker band) occur Presence and absence of the antibiotic (data not shown).
near the frequencies of the same bands associated with five- KatG Intermediates Experiments were attempted to
coordinate heme in ferric peroxidases, including Cé®,(  demonstrate Cmpd | formation from resting KatG plus
Mn-peroxidase43), and Streptomycesp. peroxidasesd). hydrogen peroxide but could not identify optical changes
Fluoride binding to the native enzyme provides a six- typical of such a reaction in a peroxidase, under a variety of
coordinate high-spin form of KatG, which will exhibit new conditions used for stopped-flow spectrophotometry. For
features that differentiate this form from the resting enzyme. €xample, no significant absorbance changes were observed
The band at 1479 cm (vs) for KatG—fluoride is typical of ~ after mixing ferric KatG (10uM) with concentrations of
six-coordinate high-spin heme in other protei#§)( This H20, less than 10M (data not shown). This is probably
band is missing from spectra of the native enzyme, indirectly related to the high catalase activity of the enzyme and the

confirming the five-coordinate nature of resting K&G. very fast cycling of oxidized intermediates back to the ferric
The binding of cyanide to the native enzyme provides a State of the resting enzyme. However, when very large excess
low-spin six-coordinate species. The band at 1640 {m.) of H,O, (0.44 M) were used, the optical spectrum of the
is typical for cyanide complexes of peroxidasés,(45, 46 resting enzyme decayed in milliseconds. A spectrum with
while the band at 1622 cri [a vinyl vibrational bandc—c, absorbance maxima at 418, 545, and 580 nm was then

vinyl I1)] occurs near the frequency of the same band in other observed (Figure 2). The optical features of this intermediate,
low-spin heme proteins. The small difference in frequency being in good agreement with those of oxyferrous HRP
of this band between the resting, fluoride, and cyanide forms (Cmpd Ill) (29, 47, 48, allow assignment of this spectrum
of KatG, however, warrants an additional comment: the to oxyferrous KatG. The Cmpd Il spectrum quickly disap-
frequency of this band in spectra of ferric KatG shifts in a Pears as the spectrum of the resting enzyme returns. These
manner analogous to its behavior in the equivalent forms of results suggest cycling of the ferric form through Cmpds |,
CCP, such that its position in the low-spin form is intermedi- I, and Ill under these conditions, but in contrast to the
ate between its highest frequency in the spectrum of freshbehavior of HRP, the oxyferrous enzyme is unstable. Thus,
when excess peroxide is consumed in the catalytic reaction
2The potential for KatG to behave like yeast cytochrome pathway, the ferric enzyme |s_regenerated. .
peroxidase in terms of aging- and freezing-induced changes in In contrast to the results with hydrogen peroxide, alkyl
coordination number and even spin state is possible given the homologyperoxides such a®rt-butyl hydroperoxide, 3-chloroperoxy-
between these peroxidases. Here, the predominant form of the eNzymeyanzoic acid, or peroxyacetic acid reacted with KatG to form
at neutral pH (and high pH, data not shown) for freshly prepared KatG, - : . . L
that has never been frozen or exposed to glycerol, is the five-coordinate@N Unstable species with optical characteristics similar to HRP
ferric species. Cmpd I. For example, reaction of KatG (1M) with
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FIGURE 3: Absorption spectra showing the formation of KatG Cmpd Ficure 4: Absorbance vs time (recorded at 411 nm) showing
| after addition of CPBA (10Q«M) to resting catalase-peroxidase formation of KatG Compound | (1@M resting KatG with 100
(10 uM) (in 20 mM phosphate buffer, pH 7): 1, resting KatG; 2, uM CPBA, in 20 mM potassium phosphate buffer, pH 7). Also
KatG Cmpd I. Inset: visible region of initial and final spectrum. shown is a fit of the data to a first-order exponential rate equation.
Inset: linear dependence of the observed rate constdsys &s a

3-chloroperoxybenzoic acid (28M) or peroxyacetic acid ~ function of concentration of 3-chloroperoxybenzoic acid (CPBA).
(100 uM) or tert-butyl hydroperoxide (100 mM) generated _
the same optical intermediate taken to represent Cmpd |_Table 1: Rate Constants for Formation of Compound | and/or
. . . - . Compound Il inM. tuberculosisKatG and HRP
(Stoichiometric equivalents of peroxides did not produce any
optical changes.) Figure 3 shows optical stopped-flow data it COI\'A“EOH[“’ ' COI\TPP‘{T“ I
for a typical reaction (1@M enzyme with 10Q0«M CPBA). condiions M7 M7
The product spectrum (Figure 3, spectrum 2) is characterized KatG

by a decrease of approximately 40% in Soret intensity irBzggW '2\'?:

compared to the resting enzyme, withax at 411 nm. In +CPBA? 2.03x 10

the visible region, two new maxima appear, at 550 and 590 +CPBA 3.1x 10

nm, with a shoulder at 655 nm. The decrease in Soret TPAA 1.21x 10*

intensity for this product compared to ferric KatG is a typical T,CPBAJF INH ND
optical change consistent with the change in oxidation state +H,0, 0.93x 107

of the heme iron, while the shift in wavelength is less typical. +H,0; + INH 6.92 x 1%

The shift suggested that the intermediate may represent |y 10 mm TEA, pH 7.8; all others in 20 mM potassium phosphate
another form, at the oxidation level of Cmpd I, or possibly buffer, pH 7.° ND, not determined.
a complex formed between Cmpd | and excess CPBA or
even chlorobenzoic acid. The decreased Soret extinction (andCpmd | (and/or a pH effect). Also, the apparent rate constant
the finding that thelmax is nearly identical for the product  for Cmpd | formation was lower in TEA buffer at pH 7.8
generated by the different peroxides), taken with the wave- than in phosphate buffer at pH 7 (Table 1). Small shifts in
lengths of the maxima in the visible region, argues against the maxima of the optical spectra of Cmpd | were also noted
these alternatives and in favor of Cmpd I. (A shift in the as a function of pH (data not shown).
Soret to longer wavelengths was noted for KatG Cmpd I in ~ KatG Cmpd | was unstable under the conditions used for
the presence of large excesses of CPBA.) Identification of its preparation from any of the peroxides, as evidenced by
this intermediate as Cmpd | is confirmed using EPR the relatively slow reappearance of the optical spectrum of
spectroscopy (see below). the resting enzyme after incubation for a few seconds (Figure
The rate of Cmpd | formation was determined from the 5). The rate of reappearance of the ferric KatG spectrum
time courses observed in stopped-flow experiments. Figurewas dependent on the peroxide concentration but was greater
4 shows the change in absorbance at 411 nm as a functiorat lower concentrations of peroxide. This result suggests that
of time for reaction of resting KatG with CPBA. Time there is recycling of the ferric enzyme in a reaction whose
domain data were fit (as shown) to single exponentials with rate begins to compete with the rate of regeneration of Cmpd
Kobs €qual to 4.26 st under the conditions shown (10-fold | from ferric enzyme, as peroxide is depleted. The instability
excess of peroxide). The bimolecular rate constant for Cmpd of Cmpd | could result from electron-transfer reactions from
| formation was determined from the slopes of the plots of endogenous or exogenous reductants that discharge it and
Kobs Versus the concentration of peroxide (Figure 4, inset, restore the ferric enzyme in a classical peroxidase cycle. The
and Table 1). The rate constant using CPBA (8.10* M~ fact that the reappearance of ferric enzyme occurs without
s1) is 2-fold higher than that obtained using PAA (1.1 the appearance of another intermediate suggested an instabil-
10* M~1s1), while a much lower rate is found with tBOOH, ity for intermediates such as Cpmd II. This idea was
which is likely due to the bulkiness of this peroxide. confirmed in reactions described below, in which exogenous
The KatG Cmpd | intermediate was less stable in trieth- one-electron reductants were added to Cmpd |I.
anolamine hydrochloride buffer (pH 7.8) than in phosphate  The identity of the species assigned as Cmpd | in the
buffer, possibly due to a reaction between the buffer and optical experiments was confirmed using low-temperature
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FIGURE 5: Extended absorbance vs time trace (at 408 nm) recorded FIGURE 7: Absorption spectra showing formation of horseradish
after mixing 10uM resting KatG with 10Q:M CPBA (in 20 mM peroxidase Compound Il after addltlon _of isoniazid to Comp(_)und
potassium phosphate buffer, pH 7). I. Compound | was formed by mixing resting horseradish peroxidase
(10 uM) with 1 equiv of HO,; isoniazid (15QuM) was added 3 s
later: 1, HRP Compound I; 2, HRP Compound II. Inset: visible
g =2.006 region of the initial and final spectra.

reductants (10-fold to 100-fold excess) was added in a second
mixing step, and the optical changes were recorded. In each
case, a rapid disappearance of Cmpd | occurred (severalfold
more quickly than the rates in the absence of substrates) and
ot o the spectrum of ferric enzyme returned without detectable
) formation of intermediate(s) (Cmpd Il) on the time scale

accessible here. Therefore, no rate for reduction of Cmpd |
was calculated. These results suggest that if a species
analogous to Cmpd Il is formed in KatG upon single-electron
reduction of Cmpd | by these substrates, it is rapidly reduced
further to the ferric state. Experiments described below, in
: : : which HRP was used in place of KatG, did, however,
3100 3200 3300 3400 3500 demonstrate that isoniazid achieves single-electron reduction
of Cmpd I.

To compare the above results with the behavior of HRP,
FIGURE 6: LOW-temperature electron pal’amagnetic resonance the formation of HRP Cmpd | and its reaction with isoniazid

spectrum of KatG Cmpd I. Resting KatG (1@M1) was mixed ; : e
with PAA (1 mM) (both in 20 mM potassium phosphate buffer, were investigated. As expected, the addition of /4K

pH 7), incubated for 10 s, and quickly frozen in liquid nitrogen. Nydrogen peroxide to 10M HRP resulted in the quantitative
Spectrometer experimental conditions were as follows: scan time, Oxidation of the resting enzyme to Cmpd I. This was
4 min; time constant, 0.3 s; temperature, 20 K; power, 5 mW; confirmed by the optical spectrum of the intermediate, which
receiver gain. 2000; modulation amplitude, 0.63 G; frequency, contained features at wavelengths identical to the features
' z reported by Blumberg et al5(), and close to those reported
EPR spectroscopy (Figure 6). KatG was mixed with a 10- by other authorsg1, 52 for HRP Cmpd I. The rate of Cmpd
fold excess of PAA and was incubated for 10 s. The solution | formation was determined by fitting the optical changes at
turned from brown to green immediately after mixing. The 401 nm to a single exponential. The calculated rate constant
green solution was quickly frozen in liquid nitrogen as for formation of Cmpd I (0.93x 10" M~* s1) was close to
described under Experimental Procedures. No special condi-values observed for native and mutated HRP in other reports
tions were required to observe the spectrign=2.006), (1 x 10°to 2 x 10" M~1s71) (53). In contrast to the behavior
which was similar to that reported for Cmpd | of HRP9( of KatG, the formation of HRP Cmpd Il from Cmpd | could
47, 48 or catalase ofProteus mirabilis(49). The optical be followed using isoniazid as a reductant. Figure 7 shows
and EPR data taken together confirm the identity of KatG Cmpd Il generation from HRP Cmpd | upon reaction with
Cmpd | as a ferrylz-cation radical typical of peroxidase the drug. Resting HRP (18M) was first mixed with 10
Cmpds . UM H,0,. After 3 s, excess isoniazid was added in a second
Having identified KatG Cmpd I, its reduction by substrates mixing step. The new intermediate, which does not decay
could be investigated. Ascorbate, potassium ferrocyanide, andrapidly under these conditions, is characterized by a Soret
also isoniazid were used in double-mixing stopped-flow peak at 418 nm and two bands at 531 and 557 nm (Figure
experiments. KatG Cmpd | was prepared by mixing0 7, inset), all typical of HRP Cmpd IBQ). It was also possible
KatG with 100 uM CBPA. After 4 s, which allows for  to observe the formation of the same species using a small
conversion of all the resting enzyme to Cmpd I, each of these excess of HO, added to resting HRP (data not shown). The

magnetic field (Gauss)
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NMR spectroscopy has shown that isoniazid binds ap-
proximately 12 A from the heme iro5€). Drug binding to
resting KatG also induces a small change in intensity and
wavelength of the Soret peak suggested to be related to a
change in iron coordination number from 6 to 5 for a
subpopulation of the enzym&8g). The Raman difference
spectra reported above could not confirm a change in
coordination number for freshly preparddl tuberculosis
KatG in the presence compared to the absence of isoniazid.
A large difference in optical extinction coefficients for the
00 ‘ two forms, however, with a small fractional conversion of
00 03 06 six- to five-coordinate species upon binding of the drug,
[INH] mM might explain the apparent lack of agreement between optical
and Raman measurements. It was also found that the Raman
spectra of the ferrous-CO form of KatG in the presence and
absence of isoniazid were indistinguishable, consistent with
time (s) conservation of heme cavity structure in response to drug

FiGure 8: Absorbance vs time trace (at 418 nm) for horseradish binding. ) . .
peroxidase Compound Il formation from Compound I. Inset: linear M. tuberculosisKatG has high catalase activity (4500
dependence of the observed rate constafyg)(as a function of units/mg), in agreement with previous woid2( 40. It also

isoniazid concentration, obtained from fitting data to an exponential has significant peroxidase catalytic activity, which will allow
first-order rate equation. the enzyme to oxidize a variety of electron donors. Stopped-
flow measurements showed that under conditions expected
to initiate a peroxidase cycle in KatG with hydrogen
peroxide, no Cmpd | could be detected on the millisecond
time scale. On the other hand, addition of large excesses of
H,0, led to the formation of KatG Cmpd IIl (oxyferrous

0.24

0.20

0.16

absorbance (418 nm)

0.12 T T T T
0 2 4 6 8 10

second-order rate constant for HRP Cmpd Il formation from
Cmpd | plus isoniazid was determined frdfg,s (obtained
from the time courses recorded at 418 nm) versus the
concentration of INH (Figure 8). Consistent with a previous
report, the apparent second-order reaction rate for the reactiorkatG), which is also unstable. The routes to Cmpd Ill may

of HRP Cmpd I with INH is 6.92x 10° M~ s7* (54). include reaction of the ferryl form (Cmpd I1) with hydrogen
DISCUSSION pero>§ide as in HRP2B), but no intermedi.ates in the in KatG
reaction using excess hydrogen peroxide could be detected
Isonicotinic acid hydrazide (INH) is among the arsenal of here.
primary antibiotic drugs currently used in the treatment of  Results with other peroxides demonstrate formation of an
M. tuberculosisinfections. The appearance of many iso- unstable oxyferryl porphyrime-cation-radical Cmpd | ana-
niazid-resistant strains that carry a mutation inkas gene logue in KatG 26). Its rate of formation depended on the
continues to drive research efforts aimed at understandingnature of the peroxide used, its concentration, and the pH,
catalase-peroxidase structure and function, and the mechawhile it decayed to the resting enzyme with no intermediates
nism of drug oxidation. Isoniazid action against mycobacteria detectable. The stopped-flow measurements for the reaction
is believed to require oxidative activation. In vitro oxidation of KatG Cmpd | with INH, ascorbate, or potassium ferro-
of isoniazid by catalase-peroxidase has been demonstratedyanide showed that KatG Cmpd | decay is greatly acceler-
to occur through several routes that could provide a catalytic ated by these single-electron reductants. It is likely that these
oxidant, though there has not been a focus on classicalreductants reduce Cmpd | to Cmpd Il, and that Cmpd Il is
peroxidase chemistry initiated by peroxide action on the ferric reduced to the ferric enzyme too fast for observation in these
enzyme. The current report, which provides some charac-measurements. Whether the mechanism involves a second
terization of the resting enzyme, also addressed the kineticssingle-electron reaction by isoniazid (or an isoniazid radical)
of reaction of M. tuberculosisKatG with peroxides and  or an endogenous reductant is therefore unclear at present.
substrates including the antibiotic isoniazid. Certain peroxidases, including ascorbate peroxidase and
The results for overexpressell. tuberculosis KatG fungal peroxidase, behave in a similar manner, reflecting an
confirmed that pure enzyme contains one heme per monomeunstable Cmpd 157, 58. The finding that HRP Cmpd I
in a dimer, and illustrates that the low optical purity ratio is generated in the reaction of HRP Cmpd | with isoniazid
for catalase-peroxidases reported in the literature arises fromdemonstrates that the drug may be considered a bona fide
a high extinction coefficient for the polypeptide rather than single-electron peroxidase substrate. These results point to
a low heme content. The resonance Raman results on theéhe operation of a classical peroxidase pathway for the
ferric enzyme confirmed that resting KatG contains five- oxidation of isoniazid by KatG, though proof for the
coordinate high-spin iron, and also showed that no changesintermediacy of Cmpd Il awaits further study.
in iron coordination number or spin state could be detected While our work was in progress, a report on a fungal KatG
in response to binding of the antibiotic isoniazid. For HRP, appeared, demonstrating the formation of Cmpd Il upon
it has been shown that the binding of some substrates, suchreduction of Cmpd | by ascorbate and other substr&®s (
as benzhydroxamic acid (BHA), induces a change in iron The assignment of the Cmpd Il optical spectrum, however,
coordination number from 5 to 6, while hydroquinone does is questionable in the report since neither the Soret peak nor
not (65). This phenomenon reflects the binding of a water the features in the visible region match those of ferryl HRP
ligand that accompanies the binding of BHA. For KatG, or ferryl CCP.



9982 Biochemistry, Vol. 39, No. 32, 2000

Other studies of KatG have presented evidence for drug 7.
oxidation initiated by superoxide and the ferric enzyrdé (
and evidence for a pathway initiated by reduction of the ferric
enzyme under aerobic conditior&3]. A variety of products
are known to be produced during these oxidation reactions, g,
in different proportions depending on the initiation pathway. 10.
These facts, taken with the finding that KatG Cmpd I returns
to the ferric enzyme spontaneously, and that Cmpd 1l is
apparently unstable, make it likely that the classical peroxi-
dase cycle, in which 2 mol of substrate undergoes identical 12
single-electron oxidations catalyzed by Cmpds | and I, may
be inadequate for describing this system. Also, the hyper-
valent KatG intermediates could differ in their redox
potentials and thereby catalyze more than one substrate
oxidation reaction step. 14

In order for superoxide binding to the ferric enzyme or
reduction to the ferrous enzyme followed by oxygenationto 15
be important initiating steps in drug oxidation in vivo, the
instability of the resulting oxyferrous enzyme requires avery ¢
rapid second electron transfer step to attain the Cmpd |
oxidation state by these routes. Our results demonstrated an17.
apparently spontaneous and rapid decomposition of oxyfer-
rous KatG, but information about the rates of further reactions
of oxyferrous KatG is not yet available.

Mycobacteria reside in macrophages after infection of the 19,
host, and are exposed to the reactive oxygen and nitrogen 20.
intermediates produced by phagolysosomal membranes.
Little is known about the chemical processes that ensue in
and around the resident bacteria, but it has been shown that
mycobacteria are relatively resistant to hydrogen peroxide, 22.
and even peroxynitrite59). Catalase and peroxynitritase
activities of KatG are likely to contribute to this protection 23
(60). Also important is the issue of how well the mycobac-
terial cell wall protects the cell from the reactive oxygen ,,
and nitrogen intermediates. This raises the question of
whether the function of KatG in the extracellular space (that 25.
is, outside the bacterium but within the macrophage) is
important in vivo. KatG has been shown to be secreted by 26.
mycobacteria@l, 62, making this a possibility that would 27
allow access of potential initiators, such as superoxide and
peroxides, to ferric KatG. A better understanding of these 28.
issues is needed to address the mechanism of KatG function
in infected hosts and the relevance of the importance of
various pathways for activation of isoniazid.
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29.
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