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Binding of Catalase-Peroxidase-Activated Isoniazid fatty acids (I ), found in the cell wall of mycobacteria specfes.
to Wild-Type and Mutant Mycobacterium The recent identification of mutations in tiehA gene, which
tuberculosisEnoyl-ACP Reductases conferred resistance to both INH and the structurally related

antitubercular drug ethionamiddll(),!° provided a novel
) . ) candidate target for INH action in mycobacteria. The point
Annaik Quemard, Andr§ea DessehMichelle Suganting, mutation (G~T) results in the conversion of serine-94 to an
William R. Jacobs, Jri? James C. Sacchettihiand alanine residue (S94A) in the InhA protein. Point mutations
John S. Blanchard* have also been identified in thehA locus of clinical isolates
. . of M. tuberculosisdisplaying resistance to both INH and
Departments of Biochemistry and  gthionamidé:8 The inhA gene product has been expressed,
Microbiology & Immunology, and  yrified, crystallized, and shown to be a NADH-specific enoyl-
Algg:tvaEricrj]sTgi%hgcs)lll\élegIg?llvllgfjtilgijri ACP (acyl carrier p_rotein) reductadk.The three-dimensional
Bronx Neg\llv York 10461 structures of the wild-type (WT) and S94A mutants have b(_aen
Laboratoire de'PharmacoIogie ot determined? and the enzyme has been shown to exhibit
Toxicologie Fondamentales-CNRS spgcmcn_y_for_long-cham (% > Cs) enoyl thioester su_bstrfatéjs.
Universite Paul Sabatier-118 Th_|s activity is consistent with the enzyme’s function in fatt_y
Route de Narbonne. 31062 Toulouse. France acid elongation and with the reported effect of INH on mycolic
' ' acid biosynthesi!® These data strongly suggest that itfi@A-
Receied March 28, 1995  encoded enoyl-ACP reductase is the intracellular target of INH
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The inability to demonstrate the direct binding of isoniazid
In 1952, isoniazid (INH,) was found to exhibit powerful ~ Of ethionamide to the homogeneous enzyme at pharmacologi-
bactericidal activity agains¥lycobacterium tuberculosisand  cally attainable concentratiolsargues that INH is a prodrug.
it has since been one of the principal agents in both therapeutic The recent report that thé. tuberculosis kat@ncoded catalase-
and prophylactic treatments of tuberculdsiResistance to INH ~ Peroxidase reacted with INH to form the stable products
was reported shortly after the introduction of INH therdpgd ~ iSonicotinic acid, pyridine-4-carboxaldehyde, and isonicotin-
currently appears i 20% of drug-resistant tuberculosis cages. amide, via highly reactive intermediatéthat inhibit the enoyl-
In the first report of the isolation of laboratory INH-resistant ACP reductasé; led us to consider possible mechanisms of
strains of M. tuberculosis a high correlation between INH  resistance to INH. _
resistance and attenuated catalase activity was obserVéis The binding of the stable products of catalase-peroxidase
has subsequently been confirmed with the cloning ofkds oxidation of isoniazid to wild-typ&/. tuberculosisH37R, enoyl-
gene encoding the mycobacterial catalase-peroxicase the ACP reductase could not be detected by titration calorimétry.
demonstration that mutations in, or deletion of, the gene results T évaluate possible differences in the binding of activated
in the acquisition of isoniazid resistant®. The observation ~ iSoniazid to the WT and S94A mutants forms of the enoyl-
that katG was not essential to mycobacterial growth, and that ACP reductase,carbonyt“Clisoniazid® in the presence or
transfer of the gene into INH-resistant cells resulted in the absence of th#/. tuberculosis kat@ncoded catalase-peroxidase

increased susceptibility to INFisuggested that the mycobac- WaS incubated with the enzymes. Following incubation for up

terial catalase-peroxidase is an activator of INH. t0 20 h, the reaction mixtures were applied to a Pharmacia PD-
10 column, eluted, and analyzed by liquid scintillation counting.
OH As shown in Figure 1, only when catalase-peroxidase was
RN A Ry SeNH:2 present were significant levels of radioactivity observed to
Ri coelute with the WT enoyl-ACP reductase. To ensure that
~ COzH -~ ] binding was to the enoyl reductase, we repeated this experiment
SN R2=C20-24 CHiCHy N using a gel filtration matrix which would resolve the reductase
R| = C34-C58 from catalase-peroxidase and could demonstrate that all of the
I 1l 11 radioactivity coeluted with the reductase (data not shown). The

binding of radiolabeled INH was negligible in the absence of
NADH or in the presence of NAD but increased to a
stoichiometry of~30% of the active sites in the presence of 10
uM NADH (Table 1). The stoichiometry of labeling could be
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Scheme 1. Proposed Mechanism of ResistanceMbf
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Figure 1. Determination of J*Clisoniazid binding to wild-typeM.
tuberculosisenoyl-ACP reductase. Chromatographic profile of 280
nm absorbance and radioactivity eluting from a PD-10 (Pharmacia)
gel filtration column after incubation of the reductase with 100
NADH and in the presence (A) or in the absence of catalase-peroxidase
(B). The first and second peaks of 280 nm absorbance correspond to
the protein and isoniazid peaks, by comparison with standards. See
the footnote to Table 1 for complete experimental details and conditions.
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Table 1. Binding of [*“C]lsoniazid toM. tuberculosisEnoyl-ACP

The binding of activated drug exclusively to the enzyme

Reductase NADH complex is particularly relevant to the mechanism of
enoyl KatG ~ concn protein-bound labeling, % of resistance, since the S94A mutation in thieA structural gene
reductase (nM) nucleotide (uM) DPM (x10%)  active site$ is located in the nucleotide binding regidrand has specific
WT 0 NADH 100 3.8 1.7 effects on the steady-stalg, value and binding of NADH to
WT 58 4.9 2.2 the reductasél’? The demonstration that the S94A mutant is
WT 58 ~ NAD" 100 8.7 3.9 labeled to approximately half the extent as the WT enzyme at
WT 58 NADH 100 27.8 12.4 ; ;
low NADH concentrations supports a novel type of resistance
S94A 58 NADH 100 23.3 10.4 . ; > - .
WT 35 NADH 10 176 26.5 in which the reduced binding of_pyrldlne nucleo_tldt_as to the
S94A 35 NADH 10 10.0 15.0 enoyl-ACP reductase correlates with the reduced binding of drug
WT 35  NADH 1 8.9 13.1 (Scheme 1}8 At the low concentrations of NADH found

2 Reactions were performed in 50 mM phosphate buffer, pH 7.4,
containing 2«M MnCl,, 6% glycerol, 10Q:M [ carbony}t“Clisoniazid,
and 31uM (9 uM at 1 and 1Q«M NADH) M. tuberculosisnoyl-ACP
reductase in a total volume of 2.5 m.Calculated on the basis of a
monomer molecular mass of 28 500 D.

plete inactivation of enzymatic activifyy. These data confirm
the observatiol of the binding of the catalase-peroxidase-
activated INH to the WM. tuberculosisenoyl-ACP reductase
and further suggest that activated INH binds exclusively to the
enzyme-NADH complex and that one molecule of activated
INH per dimer is sufficient for inactivation.

intracellularly inM. tuberculosigestimated at<10 uM19), the
perturbation in the nucleotide binding affinity caused by
mutations in the nucleotide binding region will decrease the
proportion of the enzyme in the binary nucleotide complex,
potentially accounting for the attenuation in drug binding and
resulting resistance to INM. The inhibition of enoyl reductase
activity and disruption of long-chain fatty acid elongation and
mycolic acid biosynthesis would likely prevent the proper
assembly of the cell wall and would both inhibit growth and
enhance the osmotic sensitivity of mycobacteria. The identi-
fication of the activated form of isoniazid bound to the enoyl
reductase and its site of binding to the enoyl reductase will

To probe the molecular basis for the resistant phenotype finally provide a firm molecular basis for the therapeutic action

resulting from the single mutation at position 94 of the enoyl-
ACP reductase, we examined the ability of the WT and S94A
mutant enzymes to bind activated INH as a function of NADH
concentration. At saturating concentrations of NADH, no

of this 40 year old drug. Ultimately, these studies may provide
insights into the development of new, more powerful antitu-
bercular compounds.
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