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Isoniazid (isonicotinic acid hydrazide, INH) was first reported
to be effective in the treatment of tuberculosis (TB) in 1952.
Strains ofMycobacterium tuberculosigesistant to INH were
reported shortly after the introduction of this drtignd isoniazid

resistance was correlated with absent or lowered catalase

activity3 The latter finding was corroborated by the recent
demonstration that high-level resistance to INH is associated
with mutations in, or deletion of, the catalaggeroxidase gene,
katG*

The synthesis of mycolic acids, which are found in the cell
wall of mycobacteria species, is known to be inhibited by INH.
The product of theinhA gene has been suggested as the
enzymatic target for INMand identified as an NADH-dependent
enoyl-ACP (acyl carrier protein) reductase, which exhibits
specificity for long-chain (g > Cg) enoyl thioester substratés.
The three-dimensional structure has been determined and refine
to 2.2 and 2.7 A for wild-type (WT) and S94A mutant reduc-
tases, respectivefly. The resistance of mycobacteria expressing
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Figure 1. (A) Inactivation of WTinhA (3 uM) by oxidized INH (100
uM) derivatives produced by KatG (M):* ®, no NADH, no KatG,
no INH; A, no NADH; B, 1004M NADH. The inset shows a plot of
the natural log of the percentage of VIfihA activity remaining (%AR)
versus time. (B) Inactivation of C243S enzyme under the same
experimental conditions described in part A (except thatWiR was
replaced for C243S)®, no NADH, no KatG, no INH;a, no NADH;

, 100uM NADH. The inset shows a plot of the natural log of the
percentage of C243S activity remaining (%AR) versus time.

the S94A mutant to isoniazid has been shown to be due to anan apparent first-order rate constant value of 8®.2) x 102

increase in the steady-steffg, value for NADH as compared

to the wild-type reductageand results from a disruption of a

hydrogen-bonding network between the enzyme and NADH.
Peroxidases have been shown to react with isoniazid to

min~! (Figure 1A, inset). The inactivation of the C243S mutant
enzyme (Figure 1B), under identical conditions, proceeded with
an apparent first-order rate constant value of 8®.2) x 1073
min~! (Figure 1B, inset). These results clearly demonstrate that

generate a number of oxidized products similar to those observedCys243 is not the residue modified by electrophilic intermediates

in 2ivo.® A mechanism for the action of isoniazid has been
proposed that involves the conversion of isoniazid, by the
mycobacteriakatG-encoded catalasgeroxidase, into a number

of electrophilic intermediates capable of either oxidizing or
acylating amino acid residues in proteiis.The amino acid
residue(s) of the enoyl reductase modified by the electrophilic
drug metabolite has yet to be identified, but on the basis of the
reaction of the enzyme witla-bromoacetophenone, Cys243 was
suggested as a candidate resitfueln order to test this
suggestion that activated derivatives of isoniazid, produced by
thekatG-encoded mycobacterial catalaggeroxidase, alkylate

produced by the catalytic action of catalageroxidase on the
prodrug. These results are also in agreement with the position
of Cys-243 in the three-dimensional structure of WAhA
(Figure 2). This residue is located onrhelix 8, and the sulfur
atom is 16.6 A from C4 of the nicotinamide ring of NADH.
The statistically indistinguishable rate constants for inactivation
of the WT and C243S enzymes suggest that the same residue
is modified. Neither the WT or C243S mutant enzymes were
inactivated in the absence of INH or NADH, and catatase
peroxidase-activated isoniazid has been shown to bind exclu-
sively to the enzymeNADH binary complext®

the Cys243 residue of the enoyl reductase, we prepared the The inactivation ofnhAby the catalaseperoxidase-activated

C243S mutant by site-directed mutagenésis.

Isoniazid oxidation catalyzed by ti¥. smegmatisatalase-
peroxidase, in the presence of NADHresulted in the time-
dependent inactivation of WT enoyl reductase (Figure 1A) with
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Figure 3. Protection against inactivation of the enoyl reductase by
palmitoyl-CoA%* @, O uM; B, 10 uM; A, 150uM.

respectively (Figure 3, inset). These data suggest that the
residue modified by the catalasperoxidase-activated isoniazid

is located in the fatty acyl binding pocket of the enoyl reductase.
Moreover, the ability of both €and Gg chain length thioester

to protect against inactivation suggests that the enzyme residue
modified is near the thioester function. Although palmitoyl-
CoA afforded protection against inactivation of WAhA, this
protection was not complete, presumably due to the formation

2-trans-octenoyl-ACP to a preincubation mixture containing ©f micelles at high palmitoyl-CoA concentratiéh. .
oxidized coenzymé! In order to probe the location of the Th_e_ results here _presenteq argue that Cys243 is not thg residue
residue modified by the catalasperoxidase-activated isoniazid modified by the intermediate produced by the action of
in the presence of NADH, we investigated the inhibitory activity Catalase-peroxidase on the prodrug, but rather suggest that the
of saturated fatty acid CoA esters. Palmitoyl-CoA was a linear, drug interacts with residues which make up the fatty acyl binding
competitive inhibitof vs 24ranshexadecenoyl-CoA, exhibiting ~ Site. This site has been propo8ealbe the large 580 Acavity

an inhibition constant of & 2 uM. The inactivation of WT  adjacentto bound NADH, which is lined with hydrophobic and
enoyl reductase could be substantially protected by the addition@romatic amino acid residues. The identification of the activated
of palmitoyl-CoA (Figure 3)7 The apparent first-order rate form of |son|a;|d b(_)und to the enoyl reductase and the enzyme
constants for inactivation were determined to be (8.9.2) x residue modified will provide a complete molecular description
1073, (5.4 0.1) x 1073, and (3.7+ 0.1) x 103 min~l at 0, of the mode of action of this drug. Eventually, these studies

10, and 150u4M concentrations of added palmitoyl-CoA, will help in the develqpment of_ more powerful Qrugs for the
treatment of drug-resistant strains Mf tuberculosis

Figure 2. Ribbon diagram of WTinhA—NADH binary compleX
showing the side chain of Cys243 (PDB 1INH).
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