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ABSTRACT. The first-line antituberculosis drug isonicotinic hydrazide (INH) is a prodrug whose bactericidal
function requires activation bilycobacterium tuberculosisatalase-peroxidase (KatG) to produce an
acyl-NAD adduct. Peroxidation of INH is considered a required catalytic process for drug action. The
binding of INH and a series of hydrazide analogues to resting KatG was examined using optical and
calorimetric techniques to provide thermodynamic parameters, binding stoichiometries, and kinetic constants
(on and off rates). This work revealed high-affinity binding of these substrates to a small fraction of
ferric enzyme in a six-coordinate heme iron form, a species most likely containing a weakly bound water
molecule, which accumulates during storage of the enzyme. The binding of hydrazides is associated with
a large enthalpy loss>(100 kcal/mol); dissociation constants are in the range of-01054M, and optical
stopped-flow measurements demonstrtgdvalues in the range of 0:27 x 10° M~! s with very
smallkys; rates. Binding parameters did not depend on pH in the rang@e Bigh-affinity binding of INH

is disrupted in two mutant enzymes bearing replacements of key distal side residues, KatG[W107F] and
KatG[Y229F]. The rates of reduction of KatG Compound | by hydrazides parallel the on rates for association
with the resting enzyme. In a KatG-mediated biomimetic activation assay, only isoniazid generated in
good vyield the acyl-NAD adduct which is considered a key molecule in INH action, providing a better
understanding of the action mechanism of INH.

Isonicotinic hydrazide (INH,isoniazid) has been used as presence of a slow flux of ¥D, or superoxide, KatG converts
a first-line antituberculosis drug since the 1950 How- INH into a radical species that can subsequently acylate
ever, its cellular targets and its mechanism of action remain nicotinamide adenine dinucleotide cofactor to form an tNH
topics of continued interest and research. INH is a prodrug NAD(P) adduct {—11). The INH-NAD adduct is a potent
requiring activation byMycobacterium tuberculosi@Mtb) inhibitor of Mtb InhA, an enoyl reductase required for the
catalase-peroxidase (Kat&)(Mtb KatG is a bifunctional elongation steps in mycolic acid biosynthedi214). These
heme enzyme whose catalytic cycles involve formation of acids are key components of the mycobacterial cell wall,
the reactive oxoferryl hemea-cation radical intermediate, and the inhibition of InhA is considered central to INH action
Compound I, upon reaction with peroxides. Compound | is againstMtb. The INH-NADP adduct was recently found
catalytically competent in the reaction with INH and other to be an inhibitor ofMtb dihydrofolate reductasel).

substrates3). KatG Compound | was also found to rapidly  An analysis of the interactions between organic donor
decay in the absence of reducing substrates, during whichmglecules such as aryl hydrazides and KatG is of interest in
protein-based tyrosyl and tryptophanyl radicals are formed part because binding of specific small molecules to heme
(4—6). The drug also quenches amino acid-based radicals,peroxidases has only been characterized in detail for a few
though the relative importance of this reaction in drug examples. INH binding is particularly interesting due to the
activation is not known. In vitro studies showed that in the fact that the reduced affinity for INH in the KatG[S315T]
mutant has been shown to account for drug resistance in
" This work was supported by National Institutes of Health Grant Strains carrying this mutant enzyn( 16). Characterization
Al-060014 (National Institute of Allergy and Infectious Diseases) and Of an INH binding site in KatG has been experimentally and
PSCT-CU’;I]Y Grant 6640‘30035 tCrJ] R-ISd-'\él- " 4 Devartment ftheoretically approached; both methods suggest that specific
*To whom corresponaence snou € aadresseada: epartment of .. H S H H
Chemistry, Brooklyn College, 2900 Bedford Ave., Brooklyn, NY binding occu_rs within the heme pocket on the distal side
11210. Telephone: (718) 951-5000, ext. 2845. Fax: (718) 951-4607. (17—19). While KatG structures from several sources have
E-mail: rmaglioz@brooklyn.cuny.edu. been determined during the past few yeaf$ 20—22), these

* Brooklyn College. i i
§ The Graduate Center of The City University of New York. studies have not yet yielded a structure of a KatSH

1 Abbreviations: Mtb, Mycobacterium tuberculosiKatG, catalase- ~ COMPIeX. This lack presents a challenge in understanding
peroxidase; ITC, isothermal titration calorimetry; HRP, horseradish and defining INH activation.

peroxidase; EPR, electron paramagnetic resonance; INH, isonicotinic ; ; ;
acid hydrazide; NH, nicotinic acid hydrazide; FRH, furoic hydrazide; Changes . in the ab_sor_ptlon spectrum of r_estlng KatG
BZH, benzoic hydrazide; PNH, picolinic hydrazide; PyNHH1pyrrol- provided evidence of binding of INH to the resting enzyme,

2-carbohydrazide; BHA, benzhydroxamic acid; PAA, peroxyacetic acid. Which results in a class | spectral change consistent with a
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shift from six-coordinate (6-c) to five-coordinate (5-c) heme  Optical Difference Spectrophotometric Titratic@ptical

iron (18, 23). KatG isolated fronMtb cells exhibits a mixture titrations of KatG (freshly prepared or after storage for brief
of 5-c and 6-c heme2@), and heme heterogeneity is also periods) with hydrazides were carried out anaerobically in a
found in overexpressed recombinant KatG isolated from sealed cuvette to prevent potential aerobic reactions that
Escherichia coli(18, 24). More interestingly, the heme iron  could interfere with measurements, including the spontaneous
of freshly isolated recombinaitb KatG is predominantly  or enzyme-catalyzed decomposition of hydrazide. [Prior work
5-c, while a 6-c species accumulates during storage of thesyggests that autocatalytic processes can occur in aerobic
purified enzyme 24). Such changes in heme iron coordina- mixiures of resting KatG and INH due to endogenous
tion could be evidence of the modification in the microen- peroxide formationZ8).] KatG and hydrazide solutions were

vironment of the heme pocket and/or of more remote , oaq with nitrogen for 30 min before titration. Aliquots
structural changes that affect the distal side architecture. The(ZﬂL each) of 0.5 mM hydrazide were added to the sample
specific origin of these changes is not yet understood, though '

this study demonstrates their impact on INH binding. (5 uM KatG, 2 mL) as well as the reference cuvette with

. X e the same total volume of solution in each. To reach
Other questions relating to the stoichiometry, thermody- saturation, a concentrated hydrazide solution was used to
namics, and kinetics of INH binding are essential for gaining ' Y

an understanding of the KatG-mediated activation mechanismM NMize volume changes toward the end pf the fitration.
for this prodrug. To address these unreported but importantSpeCtra of KaiG were rt_aporded aftgr the optical change was
issues, we examined the binding of INH and analogues to COMPlete for each addition (15 min for INH, otherwise 5
KatG using a combination of isothermal titration calorimetry Min). Difference spectra were obtained by subtracting the
(ITC), spectroscopic, and mutagenesis approaches. WeSPectrum of the starting KatG sample from the spectrum
demonstrate that for wild-type KatG, the INH binding recorded after addition of each aliquot. Titration curves were
stoichiometry is relatively low, with high-affinity binding ~ created by plottingAApeai-tougn Values from the difference
to only the form of enzyme in which 6-c iron has formed. spectra versus the molar ratio of added hydrazi#. (
Issues concerning turnover of INH and other hydrazides by  Kinetics of Hydrazide BindingThe kinetics of binding of
KatG are also investigated here. hydrazide to KatG was determined using a diode-array
stopped-flow spectrophotometer (Hi-Tech Scientific model
EXPERIMENTAL PROCEDURES SF-61 DX2). An equal volume of hydrazide and KatG
~ Materials. E. coliUM262 containing theMtb katGgene  (enzyme used here had sufficient 6-c form to allow adequate
in pKAT Il was a gift from S. Cole (Institut Pasteur, Paris, measurement of accurate absorbance changes upon hydrazide
France). KatG[W107F] and KatG[Y229F] mutants were pinging) was mixed at 25C in phosphate buffer (pH 7.2).
constructed according to prev_lously described proceduresTtne final concentration of KatG was BEM. For each
(29). 1-H-Pyrrol-2-carbohydrazide was purchased from In- y,qa5ide  various concentrations ranging from 50 to 400
tgrch|m (qutlucon, Frang:e). All other reagents were from uM were used to establish linear plots of ratksd versus
\?vli?hmb?)_\'/oi\hderIl(i:\?ér%gglr:lseerzct?lreprirg\;gﬁcgﬁg acid was_(;[re?’ileg concentration. The decrease in absorbance of KatG at 412
. ydrogen peroxide. nm (wavelength of maximum difference between the initial
was recrystallized from methanol, and solutions were freshly ) . . : .
and final absorbance in the Soret region) was fit to a single-

repared for each experiment to avoid complications due to . . L
brep b P exponential function. The apparent association rate constants

hydrolysi d/ toxidatior2g). Other chemical
ydrolysis and/or autoxidatior26) er cnemicals were (kor) for hydrazide binding were obtained from the slope of

used as supplied and were of the highest available purity. ) X i X
KatG Overexpression and Purification. M#6atG and the the linear dependence kfy,s on concentration. The dissocia-

mutant enzymes were expressed and purified as previouslyliOn raté constantskfy) were the values of thg-intercepts
described ). Purified KatG was dissolved in 20 mM  of the linear plots okobs

phosphate buffer (pH 7.2), and the active protein concentra- Reaction of Hydrazides with KatG Compoun&é&duction
tion is reported as the heme concentration evaluated usingof KatG Compound | by hydrazides was followed using

the pyridine hemochromogen methdalr). double-mixing stopped-flow spectophotometry according to
_Isothermal Titration CalorimetryExperiments were car-  the method of Yu et al.1). Briefly, KatG was treated with
ried out using a VP-ITC calorimeter (Microcal) at 26 in a small excess of peroxyacetic acid (PAAQ4free) in the

phosphate buffer (pH 7.2). KatG and hydrazide solutions first mixing step. Hydrazide was subsequently added after a
were equilibrated with nitrogen fdf, h and were degassed 2 s delay. Final concentrations of KatG, PAA, and hydrazide
under vacuum before titration. Multiple injections«8 uL were 5, 50, and 5@M, respectively. Specira were recorded

each) of a hydrazide solution (6:0.2 mM) were added 0 ¢, 150 5 peginning immediately after the addition of
a KatG (10uM) solution in the sample cell under continuous hydrazide.

stirring. The slow changes in signals (microcalories per . )
second) required long intervals between each injection, which ~Formation of the HydrazideNAD Adduct.The KatG-
ranged between 300 and 720 s depending on the hydrazidemediated formation of the hydrazie®AD adduct was
Data were analyzed for binding stoichiometry, dissociation Monitored according to a previously published protocol using
constant, and other thermodynamic parameters using Origin@ slow flux of hydrogen peroxide as an oxidahf) Briefly,

by integrating raw data (heat pulse in microcalories per KatG, NAD", and INH were co-incubated with a glucose/
second per injection) and fitting to a standard single-site glucose oxidase system, and the optical absorbance at 326
binding model. Control titrations showed that the heat of nm was used to detect formation of hydrazidéAD adducts.
dilution for hydrazide was very small and therefore could We assume that all hydrazid®AD analogues have similar

be ignored in data processing. extinction coefficients at 326 nn9(14).
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Ficure 1: Isothermal titration of fresh and aged KatG with hydrazide ligands. ITC experiments were carried oliCain2phosphate

buffer (pH 7.2) using 1«M KatG. The top panels show the isothermal traces and integrated heat signals measured from a series of
injections of INH (A-1), BZH (B-1), or FRH (C-1) into freshly purified KatG. Heat signals (integrated values in microcalories per second
per injection) are fitted to a single-binding site model. Bottom panels (A-2, B-2, and C-2) show the results using the KatG enzyme that had
been stored for 3 weeks at°C.

RESULTS To prevent interference from potential oxygen-dependent
ITC Analysis of Binding of Hydrazide to Wild-Type KatG reactions such as INH autoxidation, solutions were degassed

Isothermal titration calorimetry monitors the heat evolved prior to titration. Results of a typical diration of fresh KaiG

during the titration of the enzyme with substrate and provides with I,NH’ BZH, or FRH are shown in Figure 1 (top panels).
a convenient way of determining the binding stoichiometry The isothermal curves approached apparent saturation at a

and thermodynamic parameters. In this study, INH and the Nydrazide concentration far less than 1 equiv/heme and even
structurally related analogues benzoic hydrazide (BZH) and '€SS than 0.5 or 1 equiv per KatG dimer; this phenomenon
furoic hydrazide (FRH) were utilized to gain a better Was more evident with BZH and FRH due to the higher
understanding of the characteristics of binding of aromatic affinity of KatG for these analogues. The integrated enthalpy

hydrazide to ferric KatG. changes were best fit to a single-binding site model, and
Freshly isolated recombinarititb KatG as routinely ~ parameters are given in Table 1. Thealue, which is the
prepared and as described in previous repo?4 9) apparent binding stoichiometry for substrate, is surprisingly

contains 5-c heme iron as a majority species and a smalllow (n ~ 0.1 per monomer of KatG) in each case and
proportion ~10%) of 6-c heme. ITC experiments were corresponds to the concentration of the 6-c form of the
performed using KatG within 2 days of purificatio@4). enzyme estimated according the position of optical absorption
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Table 1: Stoichiometries and Thermodynamics for Binding of Optical Difference. Titrations of FreSh and Aged Wild-
Hydrazide to Freshly Prepared and Agétb KatG As Determined Type KatG Changes in the KatG optical spectrum upon INH

by ITC binding were first reported by Wengenack et 4i8)( Here
AS (kcal we focused mainly on revealing differences between freshly
AH mol~t prepared and aged enzyme to relate optical behavior with
enzyme substrate n? Ko (uM)  (kcal/mol) K™ the ITC results. Again, to avoid possible autoxidation
fresh KatG INH  0.09+ 0.01 1.37+0.13 —1124+ 12 —0.35 reactions, and potential heme-catalyzed reactions, optical
BZH 0.10+0.01 0.12+0.02 —165+38 —0.37 titrations were performed anaerobically in septum-sealed
aged KatG FIE':' Odlszi 8:8% g:gsji 8:% :g?i g? :8:22 cuvettes. Freshly prepared KatG ha§ a Sorgt peak at 4_05. nm
BZH 0444003 0.14+0.03 =129+ 1 —0.41 and a CT1 band at 642 nm, consistent with the majority
FRH 0.484+0.04 0.07+0.01 —1924+ 15 —0.61 species being 5-c heme iron. These features change during

anis the apparent binding stoichiometry (moles of ligand per mole Storage; for example, in-23 days, the Soret peak and CT1
heme) obtained by fitting isothermal curves to a single-binding site band were found at 406 and 637 nm, respectively. After the
model. sample had been stored for 3 weeks G4 those bands

were at 407/408 and 629 nm, respectively, which are close

maxima for KatG used here, and correlations with previously to their positions in the KatG enzyme used by Wengenack
published results30). et al. (18, 23) and consistent with the accumulation of 6-c

For each substrate, dissociation constants were in the lowheme iron 24). (The absorption spectra of fresh and aged
micromolar range (Table 1)._ FRH had the hig_he_st affinity KatG are provided as Supporting Information.)
(Kq ~ 0.074M). The broad isothermal peaks indicate the Difference spectra collected during titration of KatG with

slow binding of these substrates; INH binding was much INH exhibited a type | change in which the peak and trough

zLozvpfﬁtgfgéhﬁti;igiangsr zﬁ\ll—lv'ertcr)wvgﬁvrgt.,ezvseene;h%brgllgltre]g were at 378-380 and 412414 nm, respectively. Saturation
with INH, BZH, or FRH caused a similar range of optical

experiments with horseradish peroxidase (HRP) binding with difference in each case (Figure 2, left panels). However, in

benzhydroxamic acid (BHA)3L). titrations using aged enzyme, the magnitude of the optical

Another notable feature of these titrations is that a change increased by3-fold. These observations are con-
significant enthalpy loss<(100 kcal/mol) was consistently sistent with the fact that 6-c heme is more abundant in the

observed. To probe whether catalytic turnover of the substratea ed enzvme and also has a hiaher Soret band extinction
in reactions requiring oxygen contributed to this, titrations ged enzy g o
coefficient than the 5-c form. Whereas the titration curve

were conducted using aerobic solutions, and also Withf fresh KatG hed t plat ith onlv 0.3
addition of Mrf* to stimulate known oxidative reactiorgj. oriresn rats reached an apparent platead with only ©.
quiv of INH or its analogues per heme (Figure 2, right

Such reactions produce superoxide and peroxide and ca . :

thereby initiate peroxidase turnover of substrates by KatG. panels), herg the saturation plateau occurred at approxlmately

No significant differences in the titrations under these 0'8___1'0 equiv of hydrazide. If all enzyme forms had a similar
affinity for INH, at least 1 equiv of substrate would be

conditions were found. Thus, enzymatic activity is unlikely : , AL
to be a source of heat in the ITC experiments. required to achieve saturation in all cases even though only

ITC titrations were then performed using KatG in which the 6-c to 5-c transition prod.uces an optic.al change, as all
6-c heme was more abundant. Previous studies have show/$nZyme forms would be available for binding.
that storage of the purified enzyme at@ for a few weeks The time course of the optical changes in the case of INH
does not diminish the specific activity but does produce an was much slower than for the other molecules so that an
enrichment of the 6-c heme iron form (30% or more of the equilibration time of 15 min was needed after addition of
total heme speciesP4). According to EPR spectroscopy each INH aliquot. This is similar to the time for equilibration
and X-ray crystallographylQ, 24), the sixth ligand in this during ITC titration (see below). The kinetics of INH binding
species is likely a molecule of water weakly bound to heme is described further below.

iron. As shown in Figure 1 (bottom panels, A-2, B-2, and  petermination oKy values from the optical titration data
B-3), titration curves now exhibited values ranging from — requires knowledge of the total available binding sites. Our

0.34 to 0.48 mol of hydrazide/mol of heme (Table 1). |Tc studies provide a good estimation of the titratable KatG
Notably, the values of the calculated dissociation constants .qcentration. With an adjustment for total available sites

were not significantly different between the fresh and “aged” 5csumed to be ther® value estimated from the ITC results,

enzyme, consistent with homologous structural changes;nq Kq for INH was estimated to be 14M (for the data in
whether these occurred before or after the storage of theFigure 2, A-2), which is close to the value obtained from

purified enzyme. , ITC experiments{1.6 uM).
ITC experiments performed at pH 5.5 or 8.5 did not show Results for BZH and FRH were similar to those for INH

a significant change in dissociation constant or binding ) N .
stoichiomerty for the aged protein, compared to the results Optical titration results parallel the ITC results, consistent

at pH 7.2 described above. ITC studies were also carried With high-affinity binding to only a fraction of total enzyme,
out in the presence of CNand F-. The strong field ligand & 6-C form.

CN-~ effectively inhibited hydrazide binding when added in KatG[Y229F] and KatG[W107F] MutantsThe distal side

a 20-fold excess, while for | a very large excess was of the heme pocket in KatG contains a three-residue covalent
required for a similar effect. Though INH does not coordinate adduct involving the side chains of Y229, Trp107, and
to heme iron, its binding was disfavored when a high-affinity Met255 @1, 22, 32). To evaluate whether replacement of
ligand was bound to the heme iron. distal side residues has an impact on INH binding, mutant
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Ficure 2: Optical titration of fresh and aged KatG with hydrazide ligands. Titrations were performed anaerobically udingnZyme

with three structurally similar ligands: INH (A), BZH (B), and FRH (C). Hydrazide-induced difference spectra for fresh and aged KatG
(left). Difference spectra were obtained by subtracting the spectrum of free KatG from that of the hydrazide-saturated enzyme. Hydrazide
binding curves with fresh and “aged” KatG (right). Plots were generated by plotting the difference spgctrzeék absorbance minus

trough absorbance) vs the molar ratio of ligand to KatG heme (monomer).
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zymes behaved the same as samples stored{8rn2eeks.
Unlike wild-type KatG, no obvious optical spectral changes
were observed in either mutant when INH titration experi-
ments were performed (anerobically) using an up to 50-fold
molar excess of INH. Thus, high-affinity binding of INH is
disrupted in these two mutant enzymes.

Kinetics of Binding of Hydrazide to Wild-Type Kat
both ITC and optical titrations, the process of INH binding
was found to be very slow. We thought it was important to
demonstrate whether the evolution of heat in ITC titrations
0 1 corresponded to the same phenomenon as that causing the
optical changes described above. Parallel experiments were
carried out to compare the kinetics of isothermal titration
and the time course of the spectral change upon addition of
INH. To accelerate the mixing and minimize recording dead
time, a stopped-flow spectrophotometer was used to collect
the optical data. Comparison of results shows that addition
of 0.2 equiv of INH to KatG produced a rate of optical
change (decrease ki1 matching the related step during
isothermal titration calorimetry (Figure 4). The total time
required for reaching equilibrium in both cases is essentially
enzymes KatG[Y229F] and KatG[W107F] were used in ITC equal ¢-15 min). Thus, the heat released (microcalories per
studies under the same conditions that were used for wild- second) and the optical changes during this process appar-
type KatG. As shown in Figure 3, the binding enthalpy was ently correspond to the same phenomena associated with INH
barely detectable for these mutants even beyond the rangevinding.
of molar ratios used in the case of WT KatG (excess The optical stopped-flow method was extended to evaluate
hydrazide), and no attempts were made to estimate bindingthe binding rate constants for various hydrazides under
parameters. Freshly prepared samples of both mutant enpseudo-first-order conditions. Values foks were obtained
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Ficure 3: Isothermal titration of KatG[W107F] and KatG[Y229F]
mutants with INH. Experimental conditions were the same as in
Figure 1 using 1M overexpressed mutant proteins that had been
stored at 4°C for 2—3 weeks. The featureless isothermal curves
are consistent with a lack of high-affinity binding for the mutants.
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0.96 — - — —
A Table 2: Association and Dissociation Rate Constants for Binding
0.94 of Hydrazide to KatG As Determined by Stopped-Flow
' Spectrophotometry
g 092 Hydrazide STRUCTURE | koo (10°MST)® [ ko (1075) "
c — [
g 090 Isoniazid (INH) N 0.48 +0.02 2+03
< \_/
< NHNH,
0.88 __ -
Nicotinic hydrazide (NH, 0.67 £ 0.02 03+0.2
0.86 Y ( ) \N / NHNH;
— o)
084 — ' ' ' ' Picolinic hydrazide (PNH) 2.08+0.04 03+0.1
0 200 400 600 800 \ N/ w
Time (sec) . ’
1-H-pyrrol-2-carbohydrazide
B m 193£0.10 1£0.1
14.2 4 (PyHZ) NH NHNH;,
— )
8 Benzoic hydrazide (BZH) ©—< 9.50 +0.57 241
g 14.0 NHNH,
§ 5
b Furoic hydrazide (FRH) @—( 27.68£0.77 413
< 138 o 'NHNH,
a0n rates Kon) and off rates Ky) of hydrazide binding were
13.6 L . . . , determined by stopped-flow spectrophotometry following the decrease
0 200 400 600 800 in A412 as described in Experimental Procedures. Rates are expressed
Time (sec) as the meang: the standard deviation from triplicate analyses.

Ficure 4: Slow binding of INH to KatG evidenced by optical and . . .

isothermal changes. (A) Representative stopped-flow spectropho-and PyHZ, closely related in structure except for ring size,

tometric trace of KatG upon mixing with INH as measured by the exhibited very similar binding rates. Apparently, the great

gﬁﬁrﬁiﬁe ";?:Sl%rgigcg '\6/'“ Arfégpfggt-, Tehle ﬁ(nBa;' ﬁs%?ﬁgprgg}i?{‘;t(?gﬁategain in rate that would be expected for five- versus
w : ively. itrati o o Y

of KatG with INH. The arrow indicates the point on the baseline six-membered rings is I.OSt dl.Je to the extra steric interference

during titration at which 1@iL of INH (280 xM) was injected into  Of the H atom on the ring nitrogen of PyHZ.

the sample cell (containing 1.4 mL of 1M KatG). Thus, the The dissociation rate constants«) calculated from the
final concentrations of KatG and INH in the sample cell were the y-intercepts of the linear plots dé:s are very small with
same as in panel A. The injection time is 10 su(s). most in the range of 16 sL. The fitting errors fork.; are

notable since th&q; is much smaller than thie,ps for these
high-affinity substrates. Thus, unreliabig values would
pe obtained from the ratikysi/Kon.
Reduction of KatG Compound | by Hydrazidadditional
kinetic experiments were designed to examine whether
Kops = KoLl + Ky binding phenomena with the resting enzyme correlated with
rates of reaction required for activation of INH through
Plots ofkgpsvalues as a function of hydrazide concentration peroxidase catalysis by KatG Compound |. Double-mixing
were generated to obtain slopes that provide second-ordeistopped-flow spectrophotometric experiments were carried
association rate constants,). As shown in Table 2, the out in which KatG was premixed with a small excess of
rates for INH and NH are much slower than those for the peroxyacetic acid, which yields Compound | withl s in
other molecules. Furthermore, the INH association rate the first mixing step16), followed by addition of hydrazides
constant is at least 2 orders of magnitude lower than typical that reduce Compound | in a second mixing step. Ultimately,
enzyme-substrate binding rates, which are usually in the heme iron in the enzyme returns to the ferric state. [While
range of 16—10° M1 s (33). Ring size and other factors  tyrosyl and tryptophanyl radicals may also form under these
such as hydrophobicity strongly affect the rates, as FRH conditions and may also react with or be by quenched by
binding is 50 times faster than INH binding.f = 27.7 x hydrazides according to previously published wotk (he
10°and 0.48x 1® M~ s™%, respectively) and 10 times faster significance of this reaction in INH activation remains
than 1H-pyrrol-2-carbohydrazide binding (PyHZ). The on unknown and at present is considered of secondary impor-
rates also depended on the position of the hydrazide grouptance. The yields of protein-based radicals in the absence of
in the pyridine-containing hydrazides. For example, picolinic reducing substrate are significantly less than 1:1 compared
hydrazide (PNH) had a faster binding rate compared to the to the yield of Compound I, which under these conditions is
nicotinic or isonicotinic forms, while the benzylic ring gave essentially quantitatively produced from the resting enzyme
a significant increase in rate compared to the pyridine group. with excess PAA. Therefore, we focus only on the interaction
This is consistent with slow desolvation of the ring nitrogen between hydrazides and the catalytically competent oxofer-
as a possible contributing factor in the rate. For the five- ryl—porphyrinzr cation radical at this time. Previous work
membered rings, an oxygen atom at the meso position (ashas also shown that in a biomimetic system, peroxidation
in FRH) greatly facilitated the binding compared to a (activation) of INH is quite efficient using very dilute
protonated nitrogen at the same position (as in PyHZ). PNH hydrogen peroxide concentrations under conditions in which

by fitting the traces ofy;, versus time to a single-exponential
function using KinetAsyst. Thik,psvalues exhibited a linear
dependence on hydrazide concentration and fit the general
equation for ligand binding:
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order: FRH> BZH > PNH and PyHZ> NH > INH >

0.45 1 buffer (which is the same order as the on rates for binding
0.40 1 i to resting enzyme). The amount of hydrazide we used here
035 | buffer | is far from the saturating amount according to our previously

|

reported results1), which allows the comparison of rates
of different hydrazides at the same concentration. It is worth
045 4 | noting that the KatG enzyme in the Compound | form
0.40 } INH (regardless of its original coordination status in the resting
035 4 state) is 6-c with an oxygen atom bound to iron, which
resembles the 6-c Kat&fluoride complex in which high-
affinity binding is prevented. Therefore, in KatG Compound

0.30 1 L 1 1 1

0.30

041 I, INH may not have access to the identical high-affinity
0.40 4 NH binding site as in the resting enzyme yet still reacts with
0.35 this intermediate. The results observed here suggest that the
0.30 rate of access of hydrazide to the heme pocket in the resting

o401 Compound .

It is interesting to note that INH, compared to NH and
PNH, is the most potent antituberculosis drug but reacts with
' : : : KatG with the slowest rates compared to the rates of these
two ring isomers (and to all other hydrazides examined here).
The antimycobacterial effect of INH involves the formation
of an INH=NAD adduct that binds to and inhibits a key
target enzyme, InhA. To verify whether the INH analogues
form similar adducts through catalysis by KatG, the com-

|
|
|
|
|
|
|
I
045 {/| pounds were used as substrates in a protocol in which
0.40 i BZH enzymatically generated hydrogen peroxide was used as an
|
|
|
|
|
|

0.40 - PNH

|
|
|
|
|
/
|
|
A B
/\ enzyme is also controlling the INH oxidation rate by
|
|
|
|
|

0.35 1

A 405 nm

0.30 -

0.45

0.40 A PyHZ

oxidant, in the presence of ferric KatG and NADLQ). Of
all the hydrazides that were tested, including those listed in
Table 2, only INH and PNH generated the hydraziti&\D
adduct in this system. The yield of the PNINIAD adduct

040 | FRH was around 35% of that of the INHNAD adduct (in 30

035 { | min), while BZH, PyNH, NH, and FRH failed to produce

030 L. , , , , , any detectable yields of adducts in our protocol. While the

' 20 40 60 80 100 120 BZH—NAD adduct could be synthesized in good yield using
Time (s) manganese under aerobic conditions, and this adduct is an

FiGURE 5. Stopped-flow study of reduction of KatG Compound | €ffective inhibitor of InhA (4), the efficiency of the
by hydrazides. Resting KatG was prereacted with PAA to form activation reactions using KatG under the biomimetic condi-
Compound |, followed by addition of hydrazides. The final tions tried here was poor. This trend is consistent with the

concentratiops of KatG, PAA, and hydrazides were 5, 50, and 50 p|C values previously reported for these moleculdd)(
uM, respectively. The KatG Soret absorbance at 405 nm was

monitored immediately after the addition of hydrazide. Dashed lines
indicate the points where the resting enzyme was fully restored.

protein-based radical production is considered to be negli- Previous studies have demonstrated optical and EPR
gible.] The Soret absorbance at 405 nm was monitored SPectral changes in ferric KatG upon INH bindirig(23).
immediately after the second mixing step. As described in In this study, we took advantage of quick binding INH
our previous study 16), the absorbance increase in the analogues and could thereby collect reliable stoichiometry
presence of INH and the other substrates is due to the returr@nd kinetic parameters so that we could better understand
to the resting enzyme, which in the absence of reducing the characteristics of INH blndlng The most Striking feature
substrate takes approximate|y 2 min (due to endogenousOf the results is the hydrazide blndlng StOiChiometry, which
electron transfer processes and formation of protein-basedf©r freshly isolated KatG was found to be far less than
radicals). This return is accelerated by the hydrazides andequimolar with heme and also less than equimolar with
also exhibits an overshoot due to the transient presence ofProtein dimer. Aged protein containing a large proportion
6-c heme iron as the majority enzyme form, which is the Of 6-c heme iron (along with 5-c heme species) binds more
state of the enzyme upon completion of the peroxidase Cyc|e_substrate with stoichiometries in some cases approaching one
This species is transient, and new binding of hydrazide to Molecule per dimer. The binding profiles obtained in optical
the 6-c ferric enzyme restores the 5-c enzyme, which has adifference titrations correlated very well with the results from
lower extinction coefficient as described above. The same ITC studies, proving that only a subpopulation of the enzyme
set of aromatic hydrazides used in the binding studies with Which is in a 6-c heme iron form exhibited a high affinity
resting KatG was tested here. As shown in Figure 5, the ratesfor these compounds.

of acceleration of the return to the resting absorbance caused The KatG enzyme and many mutants we have examined
by hydrazide reduction of Compound | are in the following are in all cases isolated as a mixture of 5-c and 6-c heme

DISCUSSION
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species in varying proportion, for reasons not yet understood.
Six-coordinate KatG differs from 5-c protein most likely due
to a water molecule weakly bound to heme ird6)( which
according to the optical changes is displaced upon INH
binding. Cyanide or fluoride complexes of KatG do not allow
high-affinity binding of INH, which suggests steric interfer-
ence even though INH does not directly coordinate to heme
iron. Also, the mutants Y229F and W107F did not exhibit
high-affinity binding to INH though they contain 6-c heme
as the majority species2f). Therefore, it is not the
six-coordination state of heme iron alone that provides for
high-affinity binding. However, it is not yet clear what other
structural differences exist between the different forms of

the resting enzyme, especially surrounding the distal heme
pocket and the substrate access channel that are associated

with the 6-c species. Modifications in KatG in residues
around the heme pocket or in the heme group itslf 21,
22, 32) could be responsible for the specific changes that
alter the INH binding interactions. These structural issues
could be addressed in the future if methods for separately
crystallizing and defining these species are developed.

In this study, we show that W107F or Y229F mutants lack
high-affinity binding of INH. Previous GRID analysis

Zhao et al.

Ficure 6: Structure of the distal heme pocketMfb KatG. This
image was generated with PyMORB9) using reported structures
of Mtb WT KatG (PDB entry 2CCA). The arrow shows the access
path of INH to the probable binding site.

suggested that energetically favorable interactions between Another notable phenomenon with regard to INH binding

INH and W107 and other distal residues (but not Y229)
produce a potential INH binding sit®%). Thus, a direct
interaction between INH and the indole group of W107 is
considered likely. It is noteworthy that the phenolic hydroxyl
group of Y229 is facing in a direction opposite to the indole
nitrogen of W107; it is thus unlikely that this group
participates in hydrogen bonding with the hydrazide mol-
ecule. Both W107F and Y229F mutations disrupt formation
of the triresidue (M255Y229-W107) adduct. Therefore,

is the largeAH value. As described above, the heat generated
from slow substrate turnover would not follow the saturation
profiles found both optically and by ITC. Thus, the enthalpy
contribution from this kind of slow INH turnover is ruled
out. When hydrazide binds, removal of the water molecule
bound to heme iron alone would not give rise to a large
enthalpy change. However, a change from 6-c to 5-c
combined with a potential change in the spin state of the
heme iron 29) could lead to an alteration in the proximal

the results suggest that the intact adduct on the distal site ofiron—His bond which would be transmitted to the rest of
the heme pocket provides the appropriate geometry for thethe subunit and the dimer, similar to the large-scale reori-
high-affinity binding interactions in wild-type KatG and that entation of hemoglobin subunits accompanying oxygen
neither side chain alone can produce the required specificbinding or dissociation. It is reasonable that rearrangement
interactions. of hydrogen bond networks in the heme pocket and beyond
Another issue surrounding the distal side architecture is could therefore account for the enthalpy change upon
the fact that a modified indole nitrogen on W111 (W107 in hydrazide binding. KatG adopts a very different solvent
Mtb KatG) was found irBurkholderia pseudomalldé{atG, arrangement in the S315T mutant in the vicinity of the heme
albeit in the structure of the enzyme analyzed from crystals pocket and in the substrate access charit®l40), and the
after they were soaked very briefly at high pBb(36). A structure of this mutant contains heme iron in a 5-c form.
modification was also found in the S324T mutaR0)( of Thus, rearrangement of a collection of water molecules and
that enzyme and iMtb KatG[S315T] at low pH 10). ITC formation of more stable hydrogen bonds between charged
results for titration oMtb KatG at different pH values (5-5 residues when INH binds to WT KatG could be rationalized.
8.5) did not, however, exhibit significant changes in INH Mutations inMtb KatG have been found to affect INH
binding stoichiometry or thermodynamics as might be binding, for example, for the mutant KatG[S315Tp|. How
expected if high-affinity binding required direct interaction perturbation of INH binding affects drug activation needs
with the indole nitrogen of W107. Furthermore, the optical to be analyzed on a case by case basis because steric and
absorbance oMtb KatG, which was also used here to kinetic or mechanistic barriers could be involved. The S315T
monitor hydrazide binding, did not exhibit noteworthy mutation, for example, narrows the substrate access channel
differences as a function of pH which argues against a changeand thereby limits the rate of peroxidation of INB7j and
in heme iron coordination number or ligation state. Either, also the rate of generation of the INMNAD adduct (0,
the pH-induced peroxy modification on W107 does not occur 11). For mutants Y229F and W107F, only moderately
in WT Mtb KatG, or if it does, this modification has no effect reduced rates of INHNAD adduct generation were found
on the optical spectrum or INH binding. Inconsistent with (~40—60% of that of the wild-type enzyme). These muta-

formation of such a modification is the fact thdtb KatG,

like Sy KatG, exhibits minimal NADH oxidase activity
compared toBp KatG in the same pH range. A direct
association between such activity and the modification has
been proposed by Carpena et 85)

tions are located deep within the heme pocket (Figure 6),
and apparently, a similar rate of turnover of INH may still
occur in these mutants even though the specific binding
interactions considered the origin of high-affinity binding
in the resting wild-type enzyme are absent.
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The thermodynamics of binding of INH to HRP has been
reported 81); in that enzyme, INH binding results in a class
Il spectral change, consistent with coordination of a molecule
of water rather than its dissociation as in KatG. The affinity
of HRP for INH is in the millimolar range, while HRP has
a much higher affinity for BHA; the opposite is true for
KatG. Unlike HRP and P450 enzymes, the heme group of
Mtb KatG is deeply buried at the bottom of a channel leading
from the protein surface. This channel is narrowest near
Ser315 and Asp137, whea 6 Awide bottleneck is formed
(10), which may contribute steric hindrance that leads to the
slow binding of aromatic hydrazides.

These results shed light on the reasons why structural
analogues of INH are not useful drugs. All the analogues
tested here react more quickly with KatG Compound | than
does INH and also bind more quickly to the resting enzyme,
yet none of them (except for PNH) forms an NAD adduct
analogous to the INHNAD molecule in good yield. Even
though all hydrazides are likely to form the same initial
hydrazyl radical upon turnover with Compound38gj, the
formation of adducts with NAD is thought to depend on
nonenzymatic acylation of the nicotinamide ring of NAD
and therefore, secondary features of this reaction come into
play. It is likely that adduct formation requires acyl radicals
sufficiently long-lived to diffuse off the enzyme and react
with NAD*. Thus, the nature of the ring substituent and the
position and character of the heteroatom play key roles in
the stabilization of radical intermediates required in the
overall process of INH activation.

In conclusion, aromatic hydrazide substrates bind to only
a small portion of WTMtb KatG, which is a 6-c species
containing an easily dissociated sixth heme iron ligand. These
findings can provide guidelines for substrate selection and
maximization of binding stoichiometry for future crystal-
lization studies. The complete description of a well-defined
INH binding site in KatG awaits further study.
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