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ABSTRACT. Mycobacterium tuberculoskatG is a multifunctional heme enzyme responsible for activation

of the antibiotic isoniazid. A KatG(S315T) point mutation is foundi60% of isoniazid-resistant clinical
isolates. Since isoniazid activation is thought to involve an oxidation reaction, the redox potential of
KatG was determined using cyclic voltammetry, square wave voltammetry, and spectroelectrochemical
titrations. Isoniazid activation may proceed via a cytochrome P450-like mechanism. Therefore, the
possibility that substrate binding by KatG leads to an increase in the heme redox potential and the possibility
that KatG(S315T) confers isoniazid resistance by altering the redox potential were examined. Effects of
the heme spin state on the reduction potentials of KatG and KatG(S315T) were also determined. Assessment
of the Fé*/Fe* couple gave a midpoint potential of ca50 mV for both KatG and KatG(S315T). In
contrast to cytochrome P450s, addition of substrate had no significant effect on either the KatG or KatG-
(S315T) redox potential. Conversion of the heme to a low-spin configuration resultedlib@to—200

mV shift of the KatG and KatG(S315T) redox potentials. These results suggest that isoniazid resistance
conferred by KatG(S315T) is not mediated through changes in the heme redox potential. The redox
potentials of isoniazid were also determined using cyclic and square wave voltammetry, and the results
provide evidence that the ferric KatG and KatG(S315T) midpoint potentials are too low to promote isoniazid
oxidation without formation of a high-valent enzyme intermediate such as compounds | and Il or oxyferrous
KatG.

One-third of the world’s population is infected with at amino acid residue 315 to a threonine [KatG(S315T)]. At
Mycobacterium tuberculosisand nearly 2 million deaths present, a three-dimensional structure of KatG is not avail-
result from tuberculosis each yeds).(Isoniazid, one of the  able, but on the basis of the similarity wiBaccharomyces
most popular antibiotics used to treat TBs a prodrug cerevisiae CCP, amino acid residue 315 (analogous to CCP
activated by the mycobacterial enzyme KatG, a hemoproteinserine 185) has been hypothesized to occupy a region
possessing catalase-peroxidase?Miependent peroxidase, approximately 11 A from the heme iron, forming a hydrogen
cytochrome P450-like oxygenase, and peroxynitritase activi- bond with a heme propionaté ). The S315T mutation is
ties 2—8). Targets of activated isoniazid include InhA and found in >50% of resistant isolates and confers at least a
KasA, enzymes involved in the synthesis of mycolic acids 10-fold increase in the minimal inhibitory concentration for
which are components of the mycobacterial cell wa|l1(0). isoniazid in vivo (1—-16).

The identity of activated isoniazid is unknown, but details  \ye have recently shown that neither the catalase-peroxi-
regarding the activation mechanism are beginning to emergeqase nor the Mit-dependent peroxidase activity of KatG
Isoniazid-resistant clinical isolates M. tuberculosisften correlates with isoniazid susceptibilitg,(17). Others have
have a single-point mutation in KatG which converts a serine proposed that oxyferrous KatG @e-O0) can act as an
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fashion, isoniazid binding to KatG results in an increase in KCl (supporting electrolyte), and 2 mM neomycin (a
the proportion of five-coordinate high-spin hen28) KatG- promoter which improves interaction of the enzyme with the
(S315T) binds isoniazid near the heme periphery at a distanceslectrode surface) in 50 mM sodium phosphate buffer (pH
indistinguishable from its position in the wild-type enzyme. 7.6). Where appropriate, 400M isoniazid or 200uM
However, the KatG(S315T) heme does not undergo a spinsodium cyanide was added to the solution.

transition upon isoniazid binding and experiences—&6-3 Cyclic voltammetry utilizes a triangular waveform applied
fold reduction in the rate of isoniazid oxidatio8, (17, 20, between two potentials in both the forward and reverse
21). We have reported that oxyferrous KatG can be formed directions, with the current measured at the working electrode
by binding of superoxide to the ferric heme and demonstratedduring the potential scar24). For a reversible redox couple,
that KatG(S315T) displays an at least 10-fold reduction in E° is centered between the anodic and cathodic peak
reactivity toward superoxide relative to the wild-type enzyme potentials 24). Square wave voltammetry is conducted by
(17). Together, these results led us to determine whethervarying the potential versus time in the form of a staircase
isoniazid binding is accompanied by an increase in the waveform @5). Relevant parameters include the anodic and
midpoint potential of the KatG Fé&/Fe&*" couple. Further, cathodicE, and the time between the applied stegs The

the possibility that the S315T mutation may change the inverse ofr is the frequency of the step potential. The
reactivity of the heme iron possibly through alteration of the resulting current is measured at the completion of each pulse,
heme redox potential was examined. and the difference between the anodic and cathodic current

An understanding of the KatG reduction potential is a IS calculated. The net peak currefy, is centered on the
fundamental requirement for elucidation of the precise reversible equilibrium potential. In this work, = 25 mV
mechanism of isoniazid activation. In this work, we utilize andz * = 8 Hz. Compared with other techniques such as
cyclic and square wave voltammetry together with spectro- Polarography and cyclic voltammetry, square wave voltam-
electrochemical titrations to determine for the first time the metry offers the advantage of greater analysis speed. As a
reduction potential of. tuberculosisatG. In addition, the ~ result, problems with electrode fouling are reduced, making
effect of the KatG(S315T) mutation, isoniazid binding, and this an attractive technique for protein analysis. The increased
heme spin state on the enzyme reduction potential wasSPeed also means square wave voltammetry can detect
determined. Reduction potentials for isoniazid were also réversible reactions not observed using slower techniques
determined using cyclic and square wave voltammetry. that can suffer due to unwanted chemical side reactions.
Comparison of the ferric KatG reduction potential with that ~ Spectroelectrochemistryhe midpoint reduction potentials
required for isoniazid oxidation suggests a mechanism for Of KatG and KatG(S315T) were also determined by spec-
the KatG-dependent, one-electron oxidation of isoniazid to troelectrochemical titration using a cell adapted from that
a hydrazyl radical by either KatG compounds | and Il or of Stankovich 26). Reductive and oxidative titrations were

oxyferrous KatG. conducted in a stirred, anaerobic cuvette constantly flushed
with H,O-saturated argon. The potential was measured at a
MATERIALS AND METHODS gold working electrode referenced to an Ag/AgCl electrode.

Analyte solutions contained/&M KatG or KatG(S315T) in

Protein Preparation.The expression and purification of 50 mM sodium phosphate buffer (pH 7.6). Mediators used
recombinantM. tuberculosisKatG and KatG(S315T) in  to promote electron transfer between the protein and the
Escherichia colihave been described previous).(The  working electrode included 1,2-naphthoquinone (180 mV
protein concentration was determined using Pierce (Rockford,versus NHE), phenazine methosulfate (80 mV), 1,4-naph-
IL) Coomassie plus Protein reagent with bovine serum thoquinone (60 mV), 5-hydroxy-1,4-naphthoquinone (30
albumin as the standar@?). The Asg/Asgo ratio, a spectro-  mv), duroquinone (5 mV), methylene blue (11 mV), indigo
scopic measure of hemoprotein purity, was 0.65 and 0.64tetrasulfonate£46 mV), phenazine€125 mV), and 2-hy-
for KatG and KatG(S315T), respectively, indicating that both droxy-1,4-naphthoquinone—(145 mV). The concentration
enzymes were purified to near homogeneR)( of each mediator was 0.09M, giving a 1:100 ratio of

Cyclic and Square Wa VoltammetryCyclic and square ~ mediator to protein. Reductive titrations were carried out by
wave voltammograms were obtained using a Princeton sequential additions of 50 mM sodium dithionite (pH 8.0),
Applied Research (Oak Ridge, TN) model 273 potentiostat. while oxidative titrations were conducted using potassium
Automated data acquisition was achieved by data transferferricyanide as the titrant. The spectrum was recorded and
to a Zenith PC/AT desktop computer via a GPIB-PC2 the potential measured following attainment of equilibrium
interface (National Instruments, Austin, TX). A graphite after each addition of titrant. Equilibrium was defined as a
working electrode was polished with aluminum oxide potential change of1 mV/min. Spectra were recorded using
(particle size of 0.075um), and excess particles were a Cary model 1 dual-beam spectrophotometer, and the sample
removed by electrode sonication in a water bath for 5 min temperature was maintained atZ5 The reduction potential
prior to each use. The counter electrode was a platinum wire,was determined by fitting the titration progress curve
and the reference was a saturated Ag/AgCl electrode. A two-(normalized absorbance vs potential) to the Nernst equation
compartment electrochemical cell separated by porous glasg{using MacCurve Fit version 1.3.5, Kevin Raner Software,
was filled with 100uL of sample solution. Oxygen was Mt. Waverley, Victoria, Australia):
removed by passing #-saturated argon gas over solutions
for 15 min prior to use. The cell was also purged of oxygen Eope_ 23T, [oxidized]

: . o : =E° — (1)
using argon prior to sample addition, and an anaerobic nF [reduced]
atmosphere was maintained throughout the analysis. Solu-
tions contained 20M KatG or KatG(S315T), 100 mM  whereR is the gas constanE is Faraday’s constant, is
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Ficure 1: Voltammograms of KatG and KatG(S315T). Solutions
contained 20uM KatG or KatG(S315T) in 100 mM sodium
phosphate buffer (pH 7.6) with 100 mM KCI and 2 mM neomycin,
and voltammograms were recorded using a graphite electrode: (A)
cyclic voltammogram of KatG at 20 (solid line), 50 (dashed line),
and 80 mV/s (dasheedotted line), (B) square wave voltammogram
of KatG (E, = 25 mV andz~! = 8 Hz), (C) cyclic voltammogram

of KatG(S315T) at 20 (solid line), 50 (dashed line), and 80 mV/s
(dashed-dotted line), and (D) square wave voltammogram of KatG-
(S315T) E, = 25 mV andz™! = 8 Hz).

the temperature (kelvin), andis the number of electrons
transferred per mole of analyte.

Reduction PotentialsThroughout this paper, reduction
potentials are reported with reference to the NHE and were
obtained by adding 199 mV t&.ns versus the Ag/AgCl
electrode 27). All reported potentials are the meatitsthe
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Table 1: Redox Potentid@l®f KatG and KatG(S315T)

EO
technique (mV vs NHE)

KatG SWV —58+ 24
KatG spectroelectrochemical titration —28+ 17
KatG(S315T) SWV —77+35
KatG(S315T) spectroelectrochemical titration —21+ 18
KatG + INH SwWv —454 27
KatG(S315TH INH SWV —67+27
KatG+ CN SWv —197+ 19
KatG(S315TH CN SWV —25P

aAll values are the means: the standard deviation of three
experiments unless otherwise notBdverage of two experiments.
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FIGURE 2: Square wave voltammograms of KatG and KatG(S315T)
in the presence of isoniazid or cyanide. The applied potential
waveform at a graphite electrode ws = 25 mV andz™! = 8

standard deviation of at least three measurements unles$iz: (A) 200uM KatG and 40QuM isoniazid, (B) 200uM KatG

otherwise noted.

RESULTS

KatG and KatG(S315T) Reduction Potentialtie cyclic
and square wave voltammograms for KatG and KatG(S315T)
at 25°C in 50 mM sodium phosphate buffer (pH 7.6) are

and 200uM sodium cyanide, (C) 20@M KatG(S315T) and 400
uM isoniazid, and (D) 20M KatG(S315T) and 20@M sodium
cyanide.
summary of reduction potentials determined from repeated
trials is presented in Table 1.

Effect of Isoniazid and CNon KatG and KatG(S315T)
Reduction Potential#\ddition of isoniazid to KatG or KatG-

shown in Figure 1. Upon reduction, the cyclic voltammo- (S315T) caused little, if any, change in the respective square
grams for KatG and KatG(S315T) each display a cathodic wave voltammograms, each of which had peaks centered at
peak with a maximum at ca:0.12 V versus the NHE, which  ca. —40 mV versus the NHE (Figure 2A,C). Cyanide is
is not reversible even at high scan rates (Figure 1A,C). known to bind as the sixth ligand of heme proteins, causing
Increasing the scan rate up to 1 V/s did not affect the the heme to adopt a low-spin configuration. Addition of
reversibility of the waveform (Figure 1A,C and data not cyanide caused a decrease in the reduction potential of KatG,
shown). This type of behavior is characteristic of an shifting the peak maximum to ca:190 mV versus the NHE
electrochemically irreversible system where a fast electron (Figure 2B). Addition of cyanide shifted the KatG(S315T)
transfer step is followed by an irreversible chemical reaction, peak to ca—250 mV (Figure 2D). The results of repeated
resulting in the loss of the return peak at each transition experiments are summarized in Table 1.
potential 8). Examples of such reactions might include  Spectroelectrochemistr@xidative and reductive titrations
interaction with solvent or diffusion of the product from the were conducted for KatG and KatG(S315T), with the
electrode surface. It is possible to estimatdrom the cyclic reductive titrations shown in Figure 3. Reduction of KatG
voltammograms by assuming a one-electron process at eacliFigure 3A) caused a red shift of the heme Soret band to
transition. The forward and reverse waves should then be~430 nm, decreased Soret intensity, and increased the
separated by 59 mV, arie? is centered between the peaks intensity of thea/s bands at 556 nm. The reaction was
of the two waves Z4). Using this assumptionE® was  reversible as judged by restoration of the heme Soret band
estimated to be ca-80 mV for KatG and ca-—100 mV for to its original wavelength and intensity following reoxidation
KatG(S315T). by ferricyanide (data not shown). A plot of the normalized
SWV was used in an attempt to circumvent side reactions Soret absorbance as a function of potential for oxidiZagkY
and allowed direct determination &°. Using SWV, KatG and reducedAusg) KatG is shown in the inset. Fitting the
exhibits a symmetrical peak with a&° of ca. =50 mV experimental data to the Nernst equation indicated a one-
(Figure 1B), while KatG(S315T) also exhibits a peak electron process with a reduction midpoint potentiat-@8
centered at ca—50 mV (Figure 1D) versus the NHE. A+ 17 mV versus the NHE (Table 1).
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FIGURE 4: Voltammograms of isoniazid at a graphite electrode.
The solution contained 20@M isoniazid in 100 mM sodium
phosphate buffer (pH 7.6) and 100 mM KCI: (A) cyclic voltam-
mograms with sweep rates of 10 (solid line) and 20 mV/s (dashed
line) and (B) square wave voltammogram with an applied potential
waveform ofE, = 25 mV andr™! = 8 Hz.

Ficure 3: Spectroelectrochemical titrations of KatG and KatG-
(S315T). Solutions contained (A)/&M KatG or (B) 9uM KatG-
(S315T) in 50 mM sodium phosphate buffer (pH 7.5) with the
mediators described in Materials and Methods. The titrant was 50
mM sodium dithionite. Insets show the titration progress curves:
(O) normalized absorbance at 408 nm (oxidized enzyme) @nd (

normalized absorbance at 430 nm (reduced KatG) or 424 nm volts vs NHE
[reduced KatG(S315T)]. Lines represent the fit of the experimental -
data to the Nernst equation € 1). The normalized absorbance is 04 1
defined as Auos — Asosmin/(Asosmax— Aaosmin (USing the oxidized Metmyoglobin (+0.046V)*
enzyme as an example). 02— Myeloperoxidase (+0.024V)*

) M. tuberculosis KatG (-0.058V)

Reduction of KatG(S315T) also caused a red shift of the J T

Soret band (Figure 3B), although the band is sharper than 00 Cytochrome P450,,,,+ camphor (-0.170V)"*
that seen for wild-type KatG. As with KatG, the reaction Crtochrone ¢ proridase (01961
was reversible as judged by restoration of the heme Soret 0277 }C{f,i:?{‘,z,,z:,,jsom(,0.303“,.
band to its original wavelength and intensity following 4/
reoxidation by ferricyanide (data not shown). The Soret 04T

maximum for reduced KatG(S315T) was 424 nm, and
increased intensity was also seen for ¢t{g bands at~557
nm. The inset (Figure 3B) shows the absorbance of oxidized appearance of poor]y defined peaks at each reduction
(A409) and reduced As29) KatG(S315T) as a function of potential.

potential. Fitting to the Nernst equation indicated a one-

electron process with a midpoint potential-021 + 18 mV DISCUSSION

versus the NHE (Table 1). The spectroelectrochemical .
titrations and square wave voltammograms for KatG and . The square wave voltammogramshf tuberculosisatG

KatG(S315T) suggest another redox process may be occyr.ndicate the heme iron undergoes reversible reduction to the

ring at~200 mV (Figure 2B,D and Figure 3 insets) which ferrous state at ca.—_58 ”.‘V versus the NHE. In_addmon,_
. o . . spectroelectrochemical titrations report a reduction potential
we did not attempt to fit in the insets of Figure 3.

o ) ] . of ca. —28 mV versus the NHE, so within the error of the
Isoniazid Reduction Potential$he cyclic voltammograms  measurements, two complementary techniques yield similar
for isoniazid (Figure 4A) suggest the drug undergoes three reduction potentials for wild-type KatG. The redox potential
redox transitions between 0.8 ard.8 V versus the NHE  of KatG is in a range typical of hemoproteins (Figure 5)
(designated by asterisks in Figure 4A). Again, the lack of a gnq s most similar to that of the Mh-dependent peroxidase
return wave makes it difficult to determiii from the cyclic of Phanerochaete chrysosporiumhich contains a five-
voltammograms. Using the assumption described earlier, coordinate high-spin hem&@). However, the redox potential
isoniazid was estimated to have reduction potentials at ca.qf KatG is approximately 200 mV higher than those of other
—530,-260, and 470 mV versus the NHE. peroxidases such as horseradish peroxidase (HRP), which
The square wave voltammogram for isoniazid indicates is a mixture of five-coordinate and six-coordinate high-spin
reduction potentials at ca:550,—190, and 500 mV versus heme at room temperaturgl. It has been suggested that
the NHE. In SWV, a completely reversible reaction produces the redox potential of hemoproteins is dependent on the
a symmetrical peak with a peak width at half-height of 126/ nature and strength the sixth ligand to the iron as well as
n, wheren is the number of electrons transferred in the electrostatic, hydrophobic, and hydrogen bonding interactions
reaction 29). The isoniazid peaks in Figure 4B have widths within the heme cavity32—34). The relatively high redox
at half-height between 134 and 200 mV and, assuming apotential of KatG suggests that the sixth ligand to the heme
one-electron process at each reduction potential, are wideris labile compared with that of HRP.
than expected for a reversible reaction. Therefore, even at Binding of a strong ligand like cyanide causes a high- to
the rapid scan rates that are possible in SWV, it appears thatow-spin transition of the heme iron. Cyanide binding at the
an irreversible chemical reaction is responsible for the heme iron of KatG and KatG(S315T) converts both to six-

Ficure 5: Redox potentials of selected heme proteins.
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coordinate low-spin heme(). As expected, cyanide binding
caused a decrease of ¢al50 to—200 mV in the reduction
potentials of both enzymes, supporting the idea that a strong
sixth ligand would make reduction of the heme iron more
difficult. Comparison of the cyanide-bound and -free poten-
tials of both enzymes also provides evidence consistent with
a relatively weak sixth ligand for the resting ferric state of
KatG and KatG(S315T). The strength of the sixth ligand to
the heme is a measure of iron accessibility to exogenous
oxidants such as ¥, or superoxide.

Wengenack et al.
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FIGURE 6: Proposed mechanism for the KatG-mediated one-electron

Previous workers have shown that heme propionates canoxidation of isoniazid to a hydrazyl radical. Compound | can be
affect the heme redox potential by controlling the heme formed by (1) the peroxidase pathway of KatG using a peroxide

orientation or via a pH-dependent electrostatic interaction
with the heme iron35, 36). Therefore, we thought it logical

to examine the redox effects of mutating a critical residue
like serine 315. Serine 315 has been hypothesized to form
hydrogen bonds to the heme propionate, while the mutation
to threonine has been shown to alter the electronic environ-
ment of the heme ironl(, 20). Square wave voltammetry
and spectroelectrochemical titrations indicate that the redox
potential of KatG(S315T) is essentially identical to that of
wild-type KatG (Table 1). The S315T mutation therefore

as the extraneous oxidant or (2) the oxyferrous pathway using
superoxide as the oxidant. L represents the endogenous fifth heme
ligand of KatG. INH represents isoniazid, and INidpresents the
hydrazyl radical of isoniazid.

at ca.—0.4 and—0.5 V versus the NHE at pH1.5, which
coalesced into a single wave as the pH was raised above 1.5
(42).

The results indicate that, in its resting ferric state, the redox
potential of wild-type KatGE° ~ —0.06 V) is not sufficient
to oxidize isoniazid E° ~ 0.5 V) without further activation

does not confer isoniazid resistance due to a change in theof the heme iron to a high-valent intermediate like com-

reduction potential of the heme ¥éFe** couple.

pounds | and Il or oxyferrous KatG. Indeed, a requirement

Substrate binding by cytochrome P450 oxygenases is oftenfor an extraneous oxidant such as dioxygen or a peroxide

associated with an increase in the reduction potential of the
heme iron. For example, binding of the substrate camphor
by cytochrome P45Q, causes a 123 mV increase in its redox
potential 37). Since it has been suggested that KatG may
oxidize isoniazid using a P450-like mechanisi®), (we
examined the effect of isoniazid on the midpoint potential
of KatG and isoniazid-resistant KatG(S315T). Isoniazid
binding had little effect on the redox potential of either KatG
(Figure 2A) or KatG(S315T) (Figure 2C) and therefore does
not cause changes typical of P450-like enzymes. It is still
possible, however, that KatG utilizes a P450-like mechanism
but does not require a significant redox shift prior to oxygen
activation of the heme iron due to the relatively high heme
midpoint potential. Precedence is provided by rat liver
microsomal cytochrome P450 which does not undergo a
redox potential shift prior to substrate oxidati@8(39).
Square wave and cyclic voltammograms of isoniazid
indicate the antibiotic is oxidized at0.5 V versus the NHE.
This value is in good agreement with those of Hansen et al.,
who reported a potential centerechad.5 V versus the NHE
using differential pulse polarography, and Tong et al., who
reported an anodic current with a maximum-@t.5 V versus
the NHE using cyclic voltammetry, although the latter group
saw an oxidation wave only in the presence of the 2,2,6,6-
tetramethyl-4-acetylpiperidine-1-oxy radicdl(( 41). Con-
sistent with our findings, the voltammogram was irreversible,
failing to exhibit a return cathodic wave. We suggest that
this potential corresponds to a one-electron oxidation of
isoniazid’s hydrazine moiety to a hydrazyl radical:

RCONHNH, —
RCONHNH + 1e + H" (R = pyridine) (2)

Isoniazid also appears to undergo two distinct reduction steps

centered at ca-0.2 and—0.6 V versus the NHE. Neuss et
al., using polarography at a dropping mercury electrode,
reported that isoniazid exhibits two reduction waves centered

has been reported both in vitr@, (17, 43) and in vivo @4,

45). The redox potentials of compounds | and Il of HRP
have been reported to be0.9 V versus the NHE while the
potential of the formal cytochrome P450 Fe=0) species
(analogous to peroxidase compound 1) is estimated to be
1.5-2.0 V (46, 47). Although not yet reported, it seems
reasonable to suggest that KatG compounds | and Il or
oxyferrous KatG will have similarly high potentials which
would be sufficient to initiate isoniazid oxidation. A proposed
mechanism for the one-electron oxidation of isoniazid to a
hydrazyl radical by a high-valent KatG intermediate is
presented in Figure 6. The fate of the hydrazyl radical is not
known, but we postulate that it may dimerize or can be
further oxidized to isonicotinic acid, isonicotinamide, and
pyridine-4-carboxyaldehyde which are the known, stable
products of isoniazid oxidation by Kat@)(

In summary, the reduction potential of KatG was deter-
mined to be ca-—58 mV versus the NHE using square wave
voltammetry and spectroelectrochemical titrations. Neither
the clinically important S315T mutation nor binding of
isoniazid affected the reduction potential, suggesting the
ability to convert the KatG iron from the ferric to ferrous
oxidation state is not altered in isoniazid-resistant strains of
M. tuberculosisharboring KatG(S315T). The results also
provide evidence for the paradigm that isoniazid oxidation
by KatG proceeds by a mechanism requiring the formation
of higher-potential intermediates such as compound I,
compound Il, or oxyferrous KatG.
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