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The isoniazid-NAD adduct is a slow, tight-binding
inhibitor of InhA, the Mycobacterium tuberculosis
enoyl reductase: Adduct affinity and drug resistance
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Isoniazid (INH), a frontline antitubercular drug, inhibits InhA, the
enoyl reductase from Mycobacterium tuberculosis, by forming a
covalent adduct with the NAD cofactor. Here, we report that the
INH-NAD adduct is a slow, tight-binding competitive inhibitor of
InhA. Demonstration that the adduct binds to WT InhA by a
two-step enzyme inhibition mechanism, with initial, weak binding
(K-1 =16 = 11 nM) followed by slow conversion to a final inhibited
complex (EI*) with overall Ki = 0.75 = 0.08 nM, reconciles existing
contradictory values for the inhibitory potency of INH-NAD for
InhA. The first order rate constant for conversion of the initial El
complex to El* (k2 = 0.13 £+ 0.01 min—") is similar to the maximum
rate constant observed for InhA inhibition in reaction mixtures
containing InhA, INH, NADH, and the INH-activating enzyme KatG
(catalase/peroxidase from M. tuberculosis), consistent with an
inhibition mechanism in which the adduct forms in solution rather
than on the enzyme. Importantly, three mutations that correlate
with INH resistance, 121V, 147T, and S94A, have little impact on the
inhibition constants. Thus, drug resistance does not result simply
from a reduction in affinity of INH-NAD for pure InhA. Instead, we
hypothesize that protein-protein interactions within the FASII
complex are critical to the mechanism of INH action. Finally, for
M161V, an InhA mutation that correlates with resistance to the
common biocide triclosan in Mycobacterium smegmatis, binding to
form the initial El complex is significantly weakened, explaining
why this mutant inactivates more slowly than WT InhA when
incubated with INH, NADH, and KatG.

Attempts to treat tuberculosis, a disease that kills more than
two million people every year, are hindered by the spread
of multidrug-resistant strains of Mycobacterium tuberculosis
(MDRTB), the causative agent, and by the increased suscepti-
bility of HI'V-positive individuals to this disease (1-4). Although
isoniazid (INH; Scheme 1) has been the most effective and
widely used drug for the treatment of tuberculosis since the
1950s, the mode of action of this compound is still not completely
understood. INH is a prodrug that is activated by the mycobac-
terial catalase-peroxidase enzyme KatG (Scheme 1) (5-8) and a
substantial fraction of all clinical isolates that are resistant to
INH result from KatG mutations (2, 9-11). Consequently,
compounds that inhibit the ultimate molecular target(s) of INH,
but that do not require activation by KatG, have tremendous
promise as novel drugs for combating MDRTB.

Two enzymes, InhA and KasA, have been proposed as targets
for INH. Both are members of the type II dissociated fatty acid
biosynthesis pathway (FASII) in M. tuberculosis (Scheme 2),
consistent with the observation that INH interferes with the
biosynthesis of mycolic acids, very long chain fatty acid compo-
nents of the mycobacterial cell wall. InhA, an enoyl reductase
that catalyzes the NADH-dependent reduction of long chain
trans-2-enoyl-acyl carrier proteins (ACPs), was first identified as
a target by Jacobs and coworkers (6, 12) who observed mutations
in the inhA gene in INH-resistant clinical isolates and identified
a point mutant (S94A) that conferred resistance to INH and
ethionamide in Mycobacterium smegmatis and in Mycobacterium
bovis. Subsequently, Blanchard, Sacchettini, and coworkers (13—
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15) demonstrated that InhA was inhibited in vitro by a covalent
adduct formed between activated INH and the nicotinamide
head group of NAD (Scheme 1). InhA mutations observed in
INH-resistant clinical isolates were found to be localized to the
cofactor binding site and were shown to result in decreased
affinity of the purified enzyme for NADH (12, 16), consistent
with the hypothesis that binding of NADH to the enzyme
precedes adduct formation. In addition, Vilcheze et al. (17) used
a temperature-sensitive mutation in the inhA4 gene to show that
the phenotypic response to InhA inactivation in M. smegmatis
was identical to that caused by treatment with INH, thereby
validating InhA as a target for drug discovery. However, al-
though there is convincing evidence that InhA is inhibited by
INH, Barry and coworkers (18) have also proposed that KasA,
one of three ketoacyl synthases in the FASII pathway (Scheme
2), is a target for INH in vivo. Subsequent experiments involving
the effect of drugs on gene (19, 20) and protein expression (21),
and studying the effect of InhA and KasA expression on drug
resistance (20, 22), have highlighted the apparent complexity in
the mode of action of INH.

To better understand the molecular basis for INH resistance
in clinical isolates carrying InhA mutations, we purified and
isolated the INH-NAD adduct and quantified its affinity toward
WT and drug-resistant mutants. Our studies show that INH-
NAD is a slow, tight-binding competitive inhibitor of InhA that
binds with an overall dissociation constant of K; = 0.75 = 0.08
nM. Importantly, the inhibition parameters for 121V and 147T,
two InhA mutations detected in INH-resistant clinical isolates,
and S94A, the mutant identified by Jacobs and coworkers, are
similar to those for WT enzyme, indicating that resistance in
these cases cannot be simply explained in terms of a decrease in
the ability of InhA to be inhibited by INH.

Experimental Procedures

Inactivation of WT InhA by INH or Benzoic Hydrazide and Isolation of
the NAD Adducts. Inactivation reactions contained 0.3 uM InhA,
300 uM INH, 1 uM MnCl,, and 150 uM NADH in 100 ml of 100

Abbreviations: DD-CoA, trans-2-dodecenoyl-CoA; INH, isoniazid; KatG, catalase/
peroxidase from Mycobacterium tuberculosis.
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mM Na,HPO, (Pi) buffer, pH 7.5, at room temperature. Fol-
lowing InhA inhibition (2 h), the inactivation reactions were
concentrated to 1 ml and the inhibited protein was purified by
gel filtration using a 30 X 1-cm Sephadex G-25 column pre-
equilibrated with Pi buffer. The fractions containing the InhA-
inhibitor complex were pooled and concentrated. Urea was
added to a final concentration of 6 M and the sample was applied
to amono Q HR5/5 FPLC column (Pharmacia). The adduct was
eluted by using a linear gradient from 0 to 1 M KCl in 10 mM
triethanolamine, pH 7.4, and was directly used for the inhibition
experiments (23). Purified INH-NAD had a UV-visible absor-
bance spectrum similar to that reported earlier with Apax at 260
and 326 nm with an Ajg/Asze ratio of 3.8-3.9 (24). RP-HPLC
analysis of the adduct was performed by using an analytical C18
Vydac column running a 0-20% gradient over 30 min with 20
mM NH,"CH3COO /1.75% CH;CN as buffer A and 95%
CH;3CN/5% H,0 as buffer B. Adduct purified by ion exchange
chromatography exhibited two peaks by HPLC that likely rep-
resent the two forms of INH-NAD assigned as the B and E
species by Wilming and Johnsson (25). Reanalysis of these two
fractions after HPLC demonstrated that they were unstable, as
judged by changes in their UV-visible absorption as a function
of time and the appearance of multiple peaks on further HPLC
analysis, suggesting that the conditions used for HPLC may
promote the interconversions described by Wilming and Johns-
son. Importantly, adduct purified by ion exchange chromatog-
raphy maintained a constant Ajg/Asz ratio and exact mass
(electron spray ionization MS) for >24 h. A similar method was
used to prepare the adduct derived from benzoic hydrazide, an
analog of INH, and NADH (BH-NAD), which also had Amax at
260 and 326 nm and an Ajso/Aszz6 ratio of 3.8-3.9. Like INH-
NAD, the BH-NAD proved to be unstable after HPLC but was
stable when purified by ion exchange chromatography. Adduct
concentrations were determined by using £260 = 27 mM ™~ !-cm ™!
or £33 = 6.9 mM~l-cm~! (24). Molecular weight was as follows:
ESI-MS M~ calculated for INH-NAD (C»7H31NgO15P2) = 769.2
(found = 769.1); and ESI-MS M~ calculated for BH-NAD
(C28H32N7015P2) = 768.2 (found = 7681)

Slow-Binding Inhibition Kinetics. frans-2-Dodecenoyl-CoA (DD-
CoA) as well as the WT and mutant InhA proteins were as used
in a previous study (26). Kinetic assays were carried out on a
Cary 100 Bio spectrophotometer (Varian) in Pi buffer at 25°C
by following the oxidation of NADH to NAD™* at 340 nm. InhA
activity was monitored by adding enzyme (0.1-1 nM) to assay
mixtures containing DD-CoA (85 uM) and NADH (250 uM)
plus inhibitor (INH-NAD 4-300 nM and BH-NAD 0.4-200 nM).
Assays at lower enzyme concentrations were stabilized by the
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addition of 8% (vol/vol) glycerol and BSA (0.1 mg/ml). Reac-
tions were allowed to proceed until the progress curves became
linear, indicating that the steady-state velocity had been at-
tained. The resulting progress curves were fitted to the inte-
grated rate Eq. 1 for slow binding inhibition (27, 28) by nonlinear
regression analysis.

At = AO — v - (Vi - Vs)(l - exp(_kobst))/kobs [1]

In Eq. 1, 4, and A are the absorbances at time ¢ and time 0, kobs
is the pseudo-first order rate constant for approach to the steady
state, whereas v; and v, correspond to the initial and final slopes
of the progress curve. Values for v;, v, and ko, Wwere obtained at
each inhibitor concentration. Low enzyme concentrations were
used so that [E] << [I] and also to ensure that only a small
fraction of the DD-CoA and NADH were consumed during the
course of the measurement. This ensured that progress curves
were approximately linear in the absence of added inhibitor.
Reactions at the lowest inhibitor concentrations ([I]/[E] = 4-30)
approached the steady state only after a significant fraction
(10-20%) of the DD-CoA had been consumed. Consequently,
data were truncated at an A4 value where the rate of DD-CoA
reduction in the absence of inhibitor had decreased 10%,
ensuring that substrate depletion did not significantly contribute
to curvature in the progress curves.

Results were analyzed in terms of a two-step inhibition
mechanism in which the initial rapid binding of the inhibitor to
enzyme is followed by a second slow step that results in the final
enzyme—inhibitor complex (Scheme 3). The following equations
(29) were used to obtain the equilibrium and kinetic constants
for the inhibition.

Kobs = k2 + ko[T]/(KXP + [T]) (2]
Vi = Vimax/(l + [I]/Kipf) [3]
vo/vi=1/(1 + [I]/Ki*) (4]

K*™P and K™ are the apparent dissociation constants for the
initial enzyme—inhibitor complex (EI) and the final enzyme-—
inhibitor complex (EI*), respectively. Because inhibition is com-
petitive with respect to both DD-CoA and NADH, the true
values of K_; and K are obtained by dividing the apparent values
by 1 + [Si]/Kmi + [S2]/Km2, where [S;] and [S,] are the
concentrations of the two substrates and K,,,; and K, are their
respective Michaelis constants (29). Kinetic parameters for WT
and mutant InhA enzymes obtained through regular steady-state
kinetics were similar to the values reported earlier (20, 27); the
Kimpp-coa values used were 46, 70, 36, 104, and 307 uM for WT,
121V, 147T, S94A, and M161V, respectively, and the Knnapu
values were 66, 120, 152, and 250 uM and 1.3 mM, respectively.

Measurement of kofr. The dissociation rate constants of INH-NAD
from WT InhA and the I47T mutant were determined in dialysis
experiments with radiolabeled adduct. The enzyme was inhibited
by INH and 3*P-NAD (1 Ci/umol; 1 Ci = 37 GBq), concentrated
and purified by gel-filtration chromatography. An excess of
BH-NAD was added to the dialysis buffer (final concentration 25
nM in 22 ml) to displace the INH-3?P-NAD adduct from the
inhibited InhA (0.5 nM, 500 ul), which was placed in the dialysis
bag. The dialysate was sampled at various times to measure the
displaced INH-*?P-NAD. The data were fitted to Eq. 5, where
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(A) Time-dependent inactivation of WT InhA by 0-80 nM INH-NAD. The solid curves represent the best fit of the data to Eq. 1 for slow binding inhibition.

(B) kobs from A plotted as a function of [I]. Data are fitted by using Eq. 2 to give values for k3, k—3, and K?%P. (C) Initial velocity (v;) from A plotted as a function
of [I]. Data are fitted by using Eq. 3 to give a value for K2*P. (D) Ratio of v and v; from A plotted as a function of [I]. Data are fitted by using Eq. 4 to give a value

for K{PP,

kotris the dissociation rate constant, N, are the radioactive counts
(cpm) at time ¢, and Ny are the final radioactive counts (cpm).

N, = No(1 — exp(—kqit)) [5]

Results

Adduct Synthesis. The INH-NAD adduct was purified by isolating
inhibited enzyme from inactivation reactions containing INH,
NADH and Mn?*, followed by release of the adduct by dena-
turation and purification by ion exchange chromatography (23).
INH-NAD adduct purified by using aqueous buffers proved
sufficiently stable (>24 h) for the inhibition studies. While we
were investigating the stability of the INH-NAD adduct, discus-
sions with W. van der Donk (personal communication) led to the
hypothesis that an adduct formed from benzoic hydrazide,
thereby lacking the pyridine nitrogen, might be more stable than
the INH-NAD adduct. The BH-NAD adduct was synthesized by
using the procedure described for INH-NAD except that com-
plete inhibition of 0.3 uM InhA occurred with #;, = 24 h. The
BH-NAD absorption spectrum remained constant for >48 h,
supporting the hypothesis that this adduct is more stable than
INH-NAD.

Progress Curves for the Inhibition of WT and Mutant InhAs by the
INH-NAD Adduct. Progress curves for the reaction of WT InhA
(Fig. 1) and the mutant InhAs (data not shown) with DD-CoA
and NADH in the presence of varying [INH-NAD] showed that
the turnover velocity decreased exponentially with time, from an
initial velocity v; to a final, steady-state velocity vs (Fig. 1A4).
Higher concentrations of INH-NAD cause the steady state to be
reached more quickly but give a lower v,. This behavior indicates
that INH-NAD is a slow, tight-binding reversible inhibitor (27)
that interacts rapidly with the enzyme to form an initial complex,
EI, that then slowly converts to a more stable (i.e., more strongly
bound) final inhibited complex, EI* (Scheme 3). Individual

Rawat et al.

progress curves for the reaction of WT InhA (Fig. 1) and mutant
InhAs (data not shown) fitted well to Eq. 1, which describes this
inhibition mechanism, allowing values for vj, v, and kobs to be
determined for each inhibitor concentration.

Consistent with the mechanism shown in Scheme 3, kgps
displayed a hyperbolic dependence on [INH-NAD] (Fig. 1B),
and nonlinear curve fitting by using Eq. 2 gave values for k2, k5,
and K*P (Table 1). To accurately fit the data for 147T, the value
of k_,, given by the intercept on the y axis, was constrained to
the value of kofr (0.013 min~!) obtained in the radioactive dialysis
experiments (see below). Because the rapid, reversible binding
of E+1 to form EI is also manifest as an instantaneous effect of
[I] on the initial reaction velocity vi, KPP can also be determined
by fitting the dependence of v; on [I] with Eq. 3 (Fig. 1C). Finally,
KPP, the overall apparent dissociation constant for the dissoci-
ation of EI* to free E and free I was obtained by using Eq. 4 to
fit the dependence of vy/v; on [I] (Fig. 1D). As expected, the
values of K{PP for each enzyme are smaller than the correspond-
ing values of K*P, indicating that the interaction of the adduct
with the enzyme is substantially stronger in EI* than in EI
(Table 1).

As expected (15), kobs Was observed to decrease with an
increase in the concentration of either substrate (data not
shown), showing that inhibition is competitive toward both
substrates in agreement with previous studies (30). To correct
for the concentration of substrates in the inhibition assays, a
factor of 1 + [S1]/Km1 + [S2]/Kmz Was used to calculate the true
inhibition constants, K_; and K, from the apparent inhibition
constants, K and K{™ (29). The corrected values of K_; and
K; are given in Table 1, together with the value of k,/K_4, the
second order rate constant for the reaction of E+1I to form EI*.

Direct Determination of kos. Time-dependent inactivation of WT

InhA and the mutant proteins by using varying concentrations of
BH-NAD adduct showed that this compound is also a slow,
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Table 1. Kinetic constants for the inhibition of WT and mutant InhA by INH-NAD

Enzyme K2RP, nM K_1, nM k>*, min—1 k>, min—1 ka/K_1*, min=1-nM~1 KPPt nM Ki#, nM
WT 100 £ 75* 16 = 118 0.13 = 0.01 0.016 = 0.007* 0.0088 + 0.0066 5.0+ 0.5 0.75 = 0.08
150 = 427 23 + 6l 0.017 = 0.001**
121V 13 = 6* 3.0 = 1.35 0.095 + 0.008 <0.02 0.045 + 0.004 9.1+34 2.1+0.8
89 + 147 21 =3l
147T 17 = 6% 3.4 +1.25 0.093 = 0.012 0.013 = 0.005** 0.027 = 0.013 7.0 £ 0.9 1.4 +0.2
74 + 221 15 + 41
S94A 280 + 80* 99 + 285 0.44 + 0.33 0.004 = 0.001* 0.0045 + 0.0045 15.0 = 3.0 53+ 1.1
230 = 707 81 + 23l
M161V 1,100 = 340* 770 = 2308 0.15 + 0.36 0.020 = 0.003* 0.0002 + 0.0005 5.0 0.7 34+05
1,400 = 1,1007 940 + 720l

*From plot of kops versus [I]

TFrom plot of vs/v; versus [I].

*Corrected value of K.

SCorrected value of K_; from plot of kops versus [I].

TFrom plot of v; versus [I].

ICorrected value of K_1 from plot of v; versus [I].

** kot determined by monitoring the rate of release of INH-32P-NAD.
TUpper limit of k_; estimated from plot of kops versus [I].

tight-binding inhibitor. These preliminary data indicated that
BH-NAD was a suitable competing ligand for use in the radio-
active dialysis experiments. Subsequently, the dissociation rate
constant (ko) of INH-NAD from WT InhA and the I47T
mutant were independently determined by using radiolabeled
ligand (Table 1).

Discussion

In this work, we have purified and isolated the INH-NAD adduct
and quantified its affinity toward WT and drug-resistant mutants
of InhA. 121V and I47T are clinically observed drug-resistant
mutants (16, 31), while the S94A mutation has been shown to
confer resistance to INH in M. smegmatis, M. bovis, and M.
tuberculosis (6). The M161V InhA mutant was identified in a
triclosan-resistant strain of M. smegmatis (32) and was shown to
be inhibited significantly less rapidly by activated INH than the
WT enzyme. M161V InhA is therefore of interest because the
latter observation implies that exposure to triclosan, an antibac-
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terial additive in many consumer products, could stimulate the
emergence of INH-resistant InhA in M. tuberculosis (33, 34).

Interaction of INH-NAD with WT InhA. Our data show that INH-
NAD acts as a slow, tight-binding competitive inhibitor of WT
InhA. The results indicate a mechanism of at least two steps, in
which an initial enzyme-inhibitor complex EI is formed rapidly
and then slowly converts to a final inhibited complex EI*. The
inhibition constant for the formation of EIis K_{ = 16 = 11 nM,
whereas for the overall inhibition of the enzyme K; = 0.75 + 0.08
nM, indicating that conversion of EI to EI* is accompanied by
a significant [-RTIn(K_-,/Kj) = —1.8 kcal/mol] increase in the
strength of interaction with the adduct (Fig. 2). Importantly, the
K_; values obtained by analysis of kops versus [I] (16 = 11 nM)
and v; versus [I] (23 £ 6 nM) are in good agreement with each
other, supporting the robustness of the data and the validity of
the method used for data analysis. In addition, the rate of
dissociation of the adduct from the enzyme determined by

B
[= 1 kcal/mol
1
AG, —T "
E+l
[n}
4
El
ki

El*

Reaction Coordinate

Free-energy profile for the interaction of INH-NAD with InhA. AG, was calculated for the El and EI* states by using K_; and K; and applying a standard

state of 1 uM. The free energy of the transition state for the conversion of El to EI* (+;) is determined from k;. (A) Free-energy profile for WT InhA. (B) Free-energy
profiles for WT enzyme (heavy line) and M161V (light line, <), and data points for 121V (V), 147T (O), and S94A (OJ).
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analysis of the kqps versus [I] data (k—» = 0.016 = 0.007 min~!)
is identical within experimental error to the value of ks deter-
mined directly by monitoring release of radiolabeled adduct
from the enzyme (0.017 = 0.001 min~'). The close agreement
between k_» and kot supports the notion that the compound
isolated from the inhibited enzyme and used in the inhibition
experiments is identical to the species that initially inhibits the
enzyme. The slow rate of adduct dissociation from the enzyme,
characterized by #;, = 43 min, may explain why inhibition by
INH had previously been considered irreversible (7, 35).

Two previous estimates of the affinity for INH-NAD binding
to InhA led to conflicting conclusions. Wilming and Johnsson
(25) reported that the INH-NAD adduct was a competitive
inhibitor of InhA with a K of 100 = 50 nM, determined by initial
rate assays. Ky determined in this way is actually an ICs for the
initial interaction of adduct and enzyme and is therefore related
to K_; determined in the present work (16 = 11 nM) by the
expression ICsop = K_1(1 + [S1]/Km1 + [S2]/Kmz), where [Si],
K1, [Sz2], and Ki, refer to the concentrations and Ky, values for
octenoyl-CoA and NADH used in their study. In a separate
study, Lei et al. (24) estimated a K4 of <0.4 nM based on the
observation that no significant dissociation of the adduct could
be detected from 0.36 uM inhibited complex. This approach
measures the dissociation of I from EI*, and, consistent with this
notion, their estimate for K4 compares well with our value for K;
(0.75 = 0.08 nM), which directly corresponds to the dissociation
constant for EI*. Consequently, K_; and K; determined in the
present work provide an explanation for the two apparently
conflicting estimates for the binding of the INH-NAD adduct to
WT InhA published previously.

Interaction of INH-NAD with Mutant InhAs. Extension of the inhi-
bition analysis to the mutant enzymes enabled us to directly
probe the molecular basis for INH resistance. Our studies reveal
that INH-NAD is also a slow, tight-binding inhibitor of the
mutant enzymes. For 121V and I147T, the K values are very close
to the value obtained for WT InhA. In addition, the values of K,
for 121V and I47T are, if anything, slightly lower than that
observed for the WT enzyme, while values of the other rate
constants for enzyme inhibition, notably k», k»/K—1 and k_», as
well as kot for I47T determined by dialysis, are also very similar.
The similarities in the interaction of INH-NAD with WT, 121V,
and I47T InhA (Table 1) can clearly be seen in Fig. 2, in which
free energy profiles have been constructed for the binding of
INH-NAD to each enzyme. These results show that no signifi-
cant differences exist between the inhibition of WT, 121V, and
147T InhA by INH in vitro that could account for the correlation
between these InhA mutations and drug resistance in vivo.

For S94A, K; and K_ are ~5-fold higher than for WT InhA.
However, k», the first order rate constant for the conversion of
EI to EI*, and k,/K_1, the second order rate constant for
formation of EI from E+I, are identical within experimental
error to the values for WT InhA. Comparison of INH-NAD
binding to S94A and WT InhA is shown graphically in Fig. 2,
which highlights the similarities in the interaction of adduct with
both enzymes. Based on these data, it seems unlikely that the
small differences in K; and K_; are sufficient to account for the
80-fold increase in MIC observed in strains of M. smegmatis
containing the S94A InhA mutation (21). Indeed, because the
concentration of adduct within the cell is presumably at least
equivalent to that of the enzyme (1-10 uM), small changes in nM
inhibition constants are unlikely to have any significant effect on
the fraction of uninhibited enzyme.

Whereas K; for M161V is similar to that observed for WT
InhA, k»/K_1, the second order rate constant for the reaction of
E+I to form EI*, is substantially reduced. This effect is entirely
due to an increase in K_; k», the rate constant for conversion of
EI to EI*, is unchanged. Thus, whereas the final inhibited
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complexes (EI*) for WT and M161V InhA have similar stabil-
ities, the rate of EI* formation for M161V InhA is significantly
slower because of the weaker interaction of INH-NAD in the
initial EI complex. A graphical representation of the M161V
binding data is shown in Fig. 2, illustrating that the only
significant difference in the interaction of INH-NAD with all
four enzymes is the increase in free energy of the EI state for
M161V and the corresponding increase in the free energy of the
transition state for conversion of EI to EI* for this mutant.
Although we do not know the structural change that accompa-
nies conversion of EI to EI*, it is clear that the M161V mutation
causes a 10-fold reduction in the affinity of the INH-NAD
adduct in the EI complex but not in EI*. This destabilization
persists in the transition state for conversion to EI* but is largely
relieved in EI* itself. This observation suggests that the M161
side chain makes important contacts with the adduct when it first
binds to the enzyme but that formation of EI* reduces the
importance of this interaction, possibly due to movement of
M161 away from the inhibitor.

Mechanism of Drug Resistance. Previous studies, in which it was
shown that the InhA mutations resulted in a decreased affinity
of the enzyme for NADH, supported an attractive hypothesis
that binding of NADH to the enzyme was a prerequisite for
formation of the INH-NAD adduct and that drug resistance
arose from decreased occupancy of the enzyme by NADH at
physiologically relevant NADH concentrations (10 uM). Indeed,
K for the interaction of NADH with InhA is raised 23-, 60-, and
141-fold for 121V, S94A, and 147T, respectively, compared with
WT enzyme (16). However, these changes in NADH affinity do
not carry over into significant alterations in affinity of INH-NAD
for either enzyme, and the present data support a model in which
the INH-NAD adduct is formed initially in solution and then
binds to the enzyme. This conclusion is supported by the
observation that the pseudo-first order rate constants for the
inactivation of 121V, I147T, and S94A by INH, in the presence of
10 uM NADH and the INH activator KatG or Mn?", are only
1.2- to 1.5-fold slower than the rate of inactivation of WT InhA
(16, 34). Furthermore, the maximum rate we have observed for
InhA inactivation in the presence of activated INH when INH,
KatG, and NADH were preincubated for 5 h before InhA
addition (¢, ~ 5 min; data not shown) is close to k, determined
in the present work (0.13 = 0.01 min~'), again supporting the
notion that the INH-NAD adduct does not form on the enzyme.
Finally, WT InhA is inactivated at similar rates when NADH (70
uM) is replaced by NAD* (75 uM) in the inactivation reaction
(ref. 7 and data not shown), and because the affinity of NAD™*
for InhA is very low (Kg > 250 uM) (13), this result also argues
against the notion that cofactor binding precedes adduct forma-
tion in the enzyme’s active site (25).

In the present study, only the M161V mutation has a signif-
icant impact on the interaction of INH-NAD with the enzyme.
The alteration in the stability of the intermediate EI complex can
completely account for the significant reduction (56-fold) re-
ported in the rate of inactivation of this mutant by activated INH
(34). However, even for this mutant, the overall potency of
inhibition by INH-NAD is decreased only ~5-fold compared
with WT InhA.

Our results clearly establish that the INH-NAD adduct is an
extremely potent inhibitor of InhA, with K; ~1 nM. However, the
similarity in kinetic and thermodynamic parameters for the
interaction of INH-NAD with WT, 121V, 147T, and S94A InhA
indicates that INH-resistance observed in bacterial strains har-
boring the latter mutations does not arise from an alteration in
the affinity of the adduct for these enzymes. There are at least
two distinct hypotheses for how these apparently contradictory
observations might be reconciled. Firstly, it is possible that InhA
is inhibited by INH in vivo, but that this inhibition is unrelated
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to the antimycobacterial activity of INH and, thus, mutations in
InhA are inconsequential to the mechanism of drug resistance.
This explanation is consistent with the body of work that points
to KasA as the target of INH action but suffers from the major
weakness that it requires both the high potency with which
INH-NAD inhibits InhA and also the multiple examples of
mutations in InhA found in INH-resistant strains to be essen-
tially irrelevant to INH activity. An alternative explanation is
suggested by the results of Bloch et al. (36), who have described
the purification of a high MW FASII complex from M. smegmatis
that catalyzes the acyl carrier protein (ACP)-dependent synthe-
sis of long chain fatty acids and that contains both InhA and
MabA (FabG1) (37, 38). This result suggests that InhA interacts
directly with other components of the FASII pathway. If these
interactions serve to modulate the catalytic properties of InhA,
then it is possible that the resistance-associated mutations in
InhA affect the sensitivity of the enzyme to INH inhibition only
in the context of the multienzyme complex, and not when InhA
is tested in isolation as is the case in our in vitro assays. In
addition, the presence of both InhA and KasA within the same
noncovalent complex might ultimately account for the two
apparently conflicting proposals concerning the in vivo target of
INH.
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