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ABSTRACT: â-ketoacyl-acyl carrier protein (ACP) reductase fromMycobacterium tuberculosis(MabA) is
responsible for the second step of the type-II fatty acid elongation system of bacteria, plants, and
apicomplexan organisms, catalyzing the NADPH-dependent reduction ofâ-ketoacyl-ACP to generate
â-hydroxyacyl-ACP and NADP+. In the present work, themabA-encoded MabA has been cloned, expressed,
and purified to homogeneity. Initial velocity studies, product inhibition, and primary deuterium kinetic
isotope effects suggested a steady-state random bi-bi kinetic mechanism for the MabA-catalyzed reaction.
The magnitudes of the primary deuterium kinetic isotope effect indicated that the C4-proShydrogen is
transferred from the pyridine nucleotide and that this transfer contributes modestly to the rate-limiting
step of the reaction. The pH-rate profiles demonstrated groups with pK values of 6.9 and 8.0, important
for binding of NADPH, and with pK values of 8.8 and 9.6, important for binding of AcAcCoA and for
catalysis, respectively. Temperature studies were employed to determine the activation energy of the
reaction. Solvent kinetic isotope effects and proton inventory analysis established that a single proton is
transferred in a partially rate-limiting step and that the mechanism of carbonyl reduction is probably
concerted. The observation of an inverseD2OV/K and an increase inD2OV when [4S-2H]NADPH was the
varied substrate obscured the distinction between stepwise and concerted mechanisms; however, the latter
was further supported by the pH dependence of the primary deuterium kinetic isotope effect. Kinetic and
chemical mechanisms for the MabA-catalyzed reaction are proposed on the basis of the experimental
data.

Tuberculosis (TB),1 an infectious disease caused by the
Gram-positive bacillusMycobacterium tuberculosis, is a
major human health threat, with an annual rate of 8.8 million
new cases and 1.7 million deaths, 95% of which occur in

developing countries (1). The treatment of TB demands a
standard 6 month administration of several drugs, whose side
effects lead to patient noncompliance (2). In addition, there
is an increasing incidence of infection with multidrug-
resistant tuberculosis strains (MDR-TB), defined as being
resistant to at least two drugs commonly used to treat TB,
isoniazid and rifampicin (3). There is thus an urgent need
for the development of new antimycobacterial agents, and
the detailed molecular characterization of new targets is a
step of paramount importance toward this goal.

The type-II fatty acid elongation system (FAS II) of
bacteria, in which the reactions are catalyzed by different
enzymes, each encoded by a discrete gene, constitutes an
attractive target for inhibition, because it contrasts with the
type-I fatty acid elongation system (FAS I) of mammals,
whose reactions are catalyzed by a single, multifunctional
polypeptide (4). M. tuberculosispossesses both systems. FAS
I is responsible for the biosynthesis of acyl chains with 14-
16 carbons, while FAS II generates fatty acids with 25-56
carbons. The two systems provide precursors for the bio-
synthesis of mycolic acids, which contain very long-chain
fatty acids that are prominent and essential components of
the mycobacterial cell wall (5). The FAS II system of
mycobacteria elongates fatty acids by adding C2 units to the
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final product of FAS I, through four cyclical enzyme-
catalyzed reactions, namely, a condensation, a carbonyl
reduction, a dehydration, and an enoyl reduction. The cycle
proceeds until a saturated fatty acid of appropriate length is
reached. In all of the steps, the growing acyl chain is attached
to the acyl carrier protein (ACP) (4, 5).

The second step of this elongation cycle is the NADPH-
dependent reduction ofâ-ketoacyl-ACP (Scheme 1), cata-
lyzed by themabA-encodedâ-ketoacyl-ACP reductase from
M. tuberculosis(MabA) (6). The enzyme fromM. tubercu-
losis shows a strong preference for NADPH over NADH
and is more active with longâ-ketoacyl chains (7). MabA
belongs to the family of short-chain dehydrogenases/reduc-
tases (SDR) (8), and its crystal structure revealed a conserved
Rossman fold and the Ser-Tyr-Lys catalytic triad conserved
among SDR members (9). Furthermore, MabA has been
shown to be a target of isoniazid, one of the main drugs
used in the treatment of TB (10).

Here, the cloning and expression of theM. tuberculosis
mabAgene and the purification of the reductase are reported.
Initial velocity studies, product inhibition, primary, solvent,
and multiple isotope effects, temperature effects, and the pH
dependence of the kinetic parameters and isotope effects have
been employed to investigate the kinetic and chemical
mechanisms of the MabA-catalyzed reaction using ac-
etoacetyl-coenzyme A (AcAcCoA) as a substrate. The
analysis of the experimental data suggests a steady-state
random kinetic mechanism and a chemical mechanism in
which hydride transfer and alkoxide protonation occur in the
same step. The results described here could be useful in
developing new inhibitors of MabA enzyme activity with
potential antitubercular activity.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were of analytical or reagent
grade and were used without further purification unless stated
otherwise. NADPH, NADP+, AcAcCoA,â-hydroxybutyryl-
CoA (â-HBCoA), ATP,Leuconostoc mesenteroidesglucose-
6-phosphate dehydrogenase (type XXIII), and yeast hexoki-
nase (type C-300) were from Sigma. Deuterium oxide (99.9
atom % D) was from Cambridge Isotope Laboratories, and
D-glucose-1-d (97 atom % D) was from Aldrich. Restriction
enzymes and T4 DNA ligase were from Invitrogen.

Cloning, Expression, and Purification of MabA.The M.
tuberculosis mabAgene was polymerase chain reaction
(PCR)-amplified from the plasmid pET-3d::mabA2 to gener-
ate a blunt-ended DNA fragment harboringNdeI andHindIII
restriction sites. The oligonucleotide primer sequences were
5′-ATTCATATGACTGCCACAGCCACTGA-AGG-3′ (for-
ward) and 5′-TAAGCTTTCAGTCGCCCATACCCATGCC-
3′ (reverse). The DNA fragment was amplified withPfu
DNA polymerase (Stratagene), ligated into the pCR-blunt
plasmid, and transformed into One Shot TOP10 cells

according to the instructions of the manufacturer (Invitrogen).
Plasmid DNA recovered from these cells was digested with
NdeI and HindIII, and the isolated insert was ligated into
the pET-23a(+) expression plasmid (Novagen), previously
treated with the same enzymes. The plasmid was then
transformed intoEscherichia coliBL21(DE3) cells (Novagen).
DNA sequence analysis showed that no mutations were
introduced in the clonedmabAgene by the PCR amplifica-
tion step.E. coli BL21(DE3) cells containing the recombinant
plasmid were grown in Luria-Bertani medium containing
50 µg mL-1 carbenicillin, at 37°C to anA600 nmof 0.4, and
induced by the addition of isopropyl-1-thio-â-D-galactopy-
ranoside (IPTG) to a final concentration of 0.1 mM. Cells
were allowed to grow for an additional 4 h and harvested
by centrifugation at 20800g for 30 min. Cells were resus-
pended in 20 mM NaH2PO4 at pH 7.0 containing 10 mM
NaCl (buffer A), incubated with 0.2 mg mL-1 lysozyme,
disrupted by sonication, and centrifuged at 48000g for 60
min to remove cell debris. The supernatant was loaded on
an FPLC Q-Sepharose Fast Flow column (Amersham Phar-
macia Biotech), pre-equilibrated with the same buffer. The
column was washed with 10 column volumes of buffer A,
and the adsorbed material was eluted with a linear gradient
(0-100%) of 20 column volumes of 20 mM NaH2PO4 at
pH 7.0 containing 0.5 M NaCl (buffer B). The fractions
containing MabA were pooled, concentrated using an Ami-
con ultrafiltration membrane [molecular weight cutoff
(MWCO) of 10 000 Da], and loaded onto a Sephacryl S-200
column (GE Healthcare) pre-equilibrated with buffer A. The
column was eluted with buffer A, and the fractions containing
MabA were pooled and stored at-20°C. The protein content
was analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (11). The protein concentra-
tion was determined by the method of Bradford et al. (12),
using the Bio-Rad protein assay kit (Bio-Rad) and bovine
serum albumin as the standard. The enzyme was further
biophysically characterized by electrospray ionization mass
spectrometry (ESI-MS), N-terminal sequence, and ultra-
centrifugation analysis.

Synthesis of [4S-2H]NADPH. [4S-2H]NADPH was syn-
thesized according to the method of Ottolina et al. (13) and
purified on a Mono-Q anion-exchange column (GE Health-
care) as previously described (14). The fractions withA260 nm/
A340 nm e 2.3 were pooled.

Enzymatic Assay for MabA.All assays were performed
under initial rate conditions at 25°C and 100 mMN-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) at
pH(D) 7.0, unless stated otherwise. The oxidation of
NADPH, in the presence of AcAcCoA and MabA, was
monitored spectrophotometrically at either 340 nm (ε ) 6220
M-1 cm-1) or 370 nm (ε ) 2320 M-1 cm-1).

Initial Velocity and Product Inhibition Patterns.To
determine the kinetic constants and initial velocity patterns,
MabA activity was measured in the presence of variable
concentrations of one substrate and several fixed concentra-
tions of the other. Product inhibition patterns were deter-

2 A kind gift from Dr. William Jacobs, Jr. (Albert Einstein College
of Medicine, New York).

Scheme 1:â-Ketoacyl-ACP-Reductase-Catalyzed Reaction
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mined by measuring initial rates at variable concentrations
of one substrate, fixed subsaturating concentration of the
cosubstrate, and fixed levels of product (either NADP+ or
â-HBCoA).

pH-Rate Profiles.The pH dependence of the kinetic
parameters was determined by measuring initial velocities
in the presence of varying concentrations of one substrate
and a saturating level of the other, at different pH values in
the following buffers: piperazine-1,4-bis(2-ethanesulfonic
acid) (PIPES) (pH 5.8-6.0), HEPES (pH 6.5-8.5), and boric
acid (pH 9.0-10). Before performing this experiment, the
enzyme had been incubated at the pH values cited above
and assayed under standard conditions to ensure enzyme
stability at the tested pH range. In control experiments,
appropriate overlaps were performed to rule out buffer effects
on the enzyme activity. The pH profile studies have identified
a pH region where the kinetic parameters are pH-indepen-
dent, allowing for the determination of solvent kinetic isotope
effects.

Energy of ActiVation. To determine the energy of activa-
tion of the MabA-catalyzed reaction, initial velocities were
measured in the presence of varying concentrations of one
substrate and a saturating level of the other, at temperatures
ranging from 15 to 37°C. MabA was incubated for several
minutes in all of the temperatures tested and assayed under
standard conditions to ensure enzyme stability under all
conditions.

Kinetic Isotope Effects and Proton InVentory. For all
isotope effect experiments, commercial NADPH was further
purified on a Mono-Q column. Primary deuterium kinetic
isotope effects were determined by measuring initial rates
in the presence of varying concentrations of one substrate
and several fixed concentrations of the other, using [4S-4-
1H]- or [4S-4-2H]-NADPH. Solvent kinetic isotope effects
were determined by measuring initial velocities using a
saturating level of one substrate and varying concentrations
of the other in either H2O or 90 atom % D2O. The proton
inventory was determined using saturating concentrations of
both substrates at various mole fractions of D2O. Multiple
kinetic isotope effects were measured by determining the
solvent isotope effects using the deuterated pyridine nucle-
otide (NADPD) as the varied substrate. Each individual initial
rate datum is the average of duplicate or triplicate measure-
ments. The notation utilized to express isotope effects is that
of Northrop (15) as extended by Cook and Cleland (16).

Assignment of the Regiospecificity of Hydride Transfer.
To probe the regiospecificity of the hydride transfer catalyzed
by MabA, we reduced the acetoacetyl-CoA substrate with
either NADPH or [4S-42H]-NADPH and determined the site
of incorporation by1H nuclear magnetic resonance (NMR)
spectroscopy. To drive the reaction to completion and
facilitate the purification of the hydroxy acyl-CoA product,
we used a low concentration of NADP+ and a regenerating
system that synthesizes NADPL by the action of glucose
dehydrogenase fromThermoplasma acidophilum, EC 1.1.1.47
(Sigma), and either1H- or 2H-â-D-glucose. Typical reaction
mixtures contained 20 mM sodium phosphate buffer at pH
7.0, 2.5 mM AcAcCoA, 100µM NADP+, 30 mM 1H- or
2H-â-D-glucose, 16 units of glucose dehydrogenase, and 1
µM MabA in 1000µL. Reactions were incubated at 37°C
for 2 h, and proteins were removed by filtration on a 10
kDa cutoff Microcon filter (Millipore) and frozen until

purification. Purification of â-hydroxybutyryl-CoA was
performed using a Mono-Q column. Fractions containing the
product were pooled together and lyophilized. Prior to
analysis by NMR, samples were suspended in 1200µL of
D2O, filtered, and kept at 4°C. Proton NMR spectra were
recorded at 25°C at 300 MHz with a Bruker DXR300
spectrometer (AECOM-Structural NMR Resource), averag-
ing 128 scans. Water suppression was used to minimize the
signal of the water molecules.

Data Analysis.Values of the kinetic parameters and their
standard errors were obtained by fitting the data to the
appropriate equations by using the nonlinear regression
function of SigmaPlot 2000 (SPSS, Inc.). Initial rate data at
a single concentration of the fixed substrate were fitted to
eq 1.

The data for intersecting initial velocity patterns were fitted
to eq 2, describing a sequential mechanism.

Noncompetitive inhibition data were fitted to eq 3.

For eqs 1-3, V is the maximal velocity,A andB are substrate
concentrations,I is the inhibitor concentration,Kia is the
dissociation constant forA, Ka andKb are Michaelis constants
for substratesA andB, respectively, andKis andKii are the
slope and intercept inhibition constants, respectively.

All pH profiles were fitted to eqs 4 or 5, wherey is the
kinetic parameter,C is the pH-independent value ofy, H is
the proton concentration, andKa and Kb are, respectively,
the apparent acid and base dissociation constants for ionizing
groups.

The data for temperature effects were fitted to eq 6, where
k is the maximal reaction rate,Ea is the energy of activation,
T is the temperature in Kelvin,R is the gas constant (1.98
cal mol-1), andA is a pre-exponential factor that correlates
collision frequency and the probability of the reaction
occurring when reactant molecules collide.

Isotope effect data were fitted to eqs 7 or 8, which assume
isotope effects on bothV/K and V and onV only, respec-
tively. In these equations,EV/K andEV are the isotope effects
minus 1 onV/K andV, respectively, andFi is the fraction of
deuterium label in the substrate.

RESULTS AND DISCUSSION

Cloning, Expression, Purification, and Biophysical Char-
acterization of MabA.The PCR-amplified fragment of the

v ) VA/(K + A) (1)

V ) VAB/(KiaKb + KaB + KbA + AB) (2)

V ) VA/[K(1 + I/Kis) + A(1 + I/Kii )] (3)

log y ) log[C/(1 + Kb/H)] (4)

log y ) log[C/(1 + H/Ka + Kb/H)] (5)

log k ) (-Ea/2.3R)(1/T) + log(A) (6)

V ) VA/[K(1 + FiEV/K) + A(1 + FiEV)] (7)

v ) VA/[K + A(1 + FiEV)] (8)
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expected length was cloned into the expression vector pET-
23a(+) and shown to be themabAgene fromM. tuberculosis
by sequence analysis, which also confirmed that no mutations
were introduced by the PCR amplification step. Maximal
expression of recombinant MabA was achieved 4 h after
induction with 0.1 mM IPTG. MabA was successfully
purified to homogeneity, in an active form, by a two-step
purification protocol, and a single band of the expected
molecular weight was observed by SDS-PAGE. A total of
10 mg of pure protein was obtained from 4.5 g of cell paste.
The present protocol is significantly different from one
previously reported (7), because this enzyme is not His-
tagged. ESI-MS analysis demonstrated that the recombinant
enzyme has a subunit molecular weight of 25 563 Da. The
predicted molecular weight based on its amino acid sequence
is 25 697 Da, while the predicted molecular weight with the
first methionine removed is 25 566 Da, and N-terminal amino
acid sequence analysis confirmed that the initiator methionine
had been completely removed. Analytical ultracentrifugation
analysis suggested that the enzyme, at a concentration of 8
µM, was present as a dimer in solution. This is in agreement
with the previously described dimer-tetramer equilibrium
for MabA, with a dissociation constant of 22µM (7).

Initial Velocity Patterns and Kinetic Parameters.To
distinguish between a sequential and a ping-pong mechanism,
initial velocity patterns were determined using either AcAc-
CoA or NADPH as the variable substrate. Analysis of the
double-reciprocal plots showed intersecting patterns for both
substrates (Figure 1), consistent with ternary complex
formation and a sequential mechanism. Because the double-
reciprocal plots intersect to the left of they axis, a rapid

equilibrium ordered mechanism was ruled out. Similar
intersecting initial velocity patterns have been reported for
Streptococcus pneumoniaeâ-ketoacyl-ACP reductase (FabG)
(17), and for the 2-trans-enoyl-ACP reductase fromM.
tuberculosis(InhA) (18) and Brassica napus(19), which
exhibit structural similarities with MabA. Fitting the data to
eq 2 yielded values ofkcat ) 7 ( 0.5 s-1, KNADPH ) 26 ( 3
µM, KAcAcCoA ) 165 ( 19 µM, kcat/KNADPH ) 2.69 × 105

M-1 s-1, andkcat/KAcAcCoA ) 4.24 × 104 M-1 s-1. The kcat

value obtained in the present study is 3-fold larger, and
KAcAcCoA is 9-fold lower compared to previously reported
kinetic parameter values for this enzyme, obtained using 100
mM phosphate buffer (7). We have observed the inhibition
of MabA activity when assays were performed in 100 mM
phosphate buffer instead of HEPES (data not shown), which
may account for the differences observed.

Product Inhibition Patterns.To gather information about
the order of addition of substrates, both NADP+ and
â-HBCoA were utilized in product inhibition studies (Table
1). The data were best-fitted to the equation describing
noncompetitive inhibition against both substrates, with the
family of double-reciprocal plots intersecting above thex
axis. This is compatible with a steady-state random bi-bi
kinetic mechanism (20). These results are different from the
ordered mechanisms reported for theB. napusenoyl-ACP
reductase (19) andPlasmodium falciparumFabG (21). An
ordered mechanism was also suggested for theE. coli FabG
based on structural data, although both substrates were able
to independently bind to the enzyme (22). However, a
random bi-bi mechanism was recently reported for theS.
pneumoniaeFabG, on the basis of product inhibition and
isotope effects, with substrate binding and dissociation
suggested to be in rapid equilibrium (17).

Primary Kinetic Isotope Effects.To probe for rate-limiting
steps and determine the stereospecificity of hydride transfer,
primary deuterium kinetic isotope effects were determined
(Table 2). From the magnitude of these isotope effects, it is
possible to conclude that MabA catalyzes the transfer of the
C4-proS hydrogen from NADPH to theâ-ketoacyl-ACP-
(CoA) substrate. The same stereospecifictity was found for
S. pneumoniaeFabG (17) and M. tuberculosisenoyl-ACP
reductase (18). Isotope effects onV report on events
following the formation of the ternary complex capable of
undergoing catalysis, which include the chemical steps,
possible enzyme conformational changes, and product re-
lease. Isotope effects onV/K report on steps in the reaction
mechanism from the binding of the isotopically labeled
substrate to the first irreversible step, usually considered to
be the release of the first product (15). The apparent classical
limit for primary deuterium kinetic isotope effects on the
maximal velocity is around 8, although, in a less rigorous

FIGURE 1: Intersecting initial velocity patterns for MabA with either
NADPH (A) or AcAcCoA (B) as the variable substrate. Each curve
represents varied-fixed levels of the cosubstrate. One unit of MabA
is the amount of enzyme that catalyzes the oxidation of 1µmol of
NADPH per minute in a 1 cmoptical path.

Table 1: Product Inhibition Patterns forM. tuberculosis
â-Ketoacyl-ACP Reductase

varied
substrate

product
inhibitor

inhibition
typea

Kis

(µM)b
Kii

(µM)c

NADPH NADP+ NC 7 ( 2 11( 3
AcAcCoA NADP+ NC 13( 2 23( 5
NADPH â-HBCoA NC 26( 6 130( 21
AcAcCoA â-HBCoA NC 20( 3 42( 9

a NC ) noncompetitive.b Kis is the slope inhibition constant.c Kii

is the intercept inhibition constant.

Mechanism of MabA Biochemistry, Vol. 45, No. 43, 200613067



practice, values as low as 2 have sometimes been accepted
as evidence of a rate-determining step (15). The DV values
obtained for MabA using either AcAcCoA (1.5) or NADPH
(1.4) as the variable substrate indicate that hydride transfer
is only partly rate-limiting, because they are relatively small
even if compared to the lower limit of 2. The values for
primary deuterium isotope effects of biochemical interest
usually range from 3 to 7 (23), and steps such as confor-
mational changes accompanying hydride transfer and product
release may account for the lower values. In particular,
primary deuterium kinetic isotope effects typically range
from 1 to 3 for enzyme reactions involving NAD(P)H
oxidation (24). Thermodynamic and steady-state consider-
ations have been offered to explain the lowered than expected
values for primary deuterium isotope effects (15).

Another application of primary deuterium kinetic isotope
effect analysis is to distinguish between kinetic mechanisms
by evaluating the dependence of the apparentDV/K for one
substrate on the concentration of the cosubstrate based on
the mechanism-dependent magnitudes of the forward com-
mitment factors3 (16). Considering A and B as, respectively,
the first and second substrate to bind to the enzyme,DV/KA

will decrease to unity when the concentration of B is raised
to saturating levels, whileDV/KB will not change with varying
concentrations of A, if the mechanism is steady-state-ordered.
In the case where A and B can independently bind to the
enzyme and the mechanism is steady-state-random,DV/KA

will decrease to a constant value greater than unity if the
concentration of B is raised to saturating levels and A is
sticky,4 whereasDV/KB will be independent of the concentra-
tion of A, if B is not sticky (16). The investigation of the
kinetic mechanism of 1-deoxy-D-xylulose-5-phosphate isomer-
oreductase (25) is a recent example of the utilization of this

technique. In the present work, the apparentDV/KAcAcCoA

decreases to 1.6( 0.08 as the concentration of NADPH is
raised to saturating levels (Figure 2), whileDV/KNADPH

remains approximately 2.5( 0.09 at any concentration of
AcAcCoA (inset in Figure 2). These results suggest a steady-
state random mechanism for MabA, in agreement with the
product inhibition patterns, and indicate that AcAcCoA is
sticky. A random order of substrate binding was reported
for the InhA enzyme based on primary deuterium isotope
effects (26). Scheme 2 shows the proposed kinetic mecha-
nism for MabA, wherek5 is a macroscopic rate constant
containing the isotope-sensitive step. If substrate binding and
dissociation are not in rapid equilibrium and AcAcCoA is
sticky, the ratiosk5/k-3 and k5/(k-3 + k-4) represent the
forward commitments for AcAcCoA when the NADPH
concentration is saturating or very low, respectively, and are
expected to possess finite values.

SolVent Isotope Effects and Proton InVentory.To examine
the proton-transfer contribution to the rate of carbonyl
reduction, solvent isotope effects were determined and are
summarized in Table 2. NoD2OV/KAcAcCoA was observed
(Figure 3A). Solvent isotope effects onV (2.4) andV/KNADPH

(1.3) were observed (Figure 3B), which indicates that at least
one protonation step partly limits the reaction rate. Proton
transfer has also been proposed to partially limit the rate of
the InhA-catalyzed reaction, because significant solvent
isotope effects were observed (26). Interestingly, while for
MabA D2OV/KNADPH is smaller thanD2OV (Table 2), in the
case of InhA, the larger solvent isotope effect was expressed
on V/KNADPH (26), suggesting that proton transfer is kineti-
cally important in different portions of the reactions catalyzed
by these two enzymes. Solvent isotope effects significantly
smaller than the primary ones were observed forS. pneu-
moniaeFabG, and a mechanism with two distinct transition

3 The commitment factor for a substrate is defined as the ratio of
the rate constant for the isotope-sensitive step the net rate constant of
dissociation of this substrate from the complex capable of proceeding
forward in the reaction path through a step that contains the isotope-
sensitive one. A commitment factor is composed of both internal and
external portions. The internal portion is kept unchanged when the
dissociation rate constant for the varied substrate is brought to infinite.
The external portion includes the partition ratio, with the dissociation
rate constant for the varied substrate in the denominator. For a more
extended definition, see ref16.

4 A substrate is sticky if it reacts to give products as fast as or faster
than it dissociates from the enzyme. The stickiness of a substrate
depends upon the external part of its commitment: the larger the
external commitment, the sticker the substrate (16, 23).

Table 2: Kinetic Isotope Effects forM. tuberculosis
â-Ketoacyl-ACP Reductase

parameter pH(D) isotope effecta

DV/KAcAcCoA 7.0 1.6( 0.08
DVAcAcCoA 7.0 1.5( 0.01
DV/KNADPH 7.0 2.5( 0.09
DVNADPH 7.0 1.4( 0.02
D2OV/KAcAcCoA 7.0 1.0( 0.10
D2OVAcAcCoA 7.0 2.3( 0.07
D2OV/KNADPH 7.0 1.3( 0.02
D2OVNADPH 7.0 2.4( 0.06
D2OV/K[4S-2H]NADPH 7.0 0.58( 0.04
D2OV[4S-2H]NADPH 7.0 2.3( 0.10
DV/KNADPH 10.0 2.5( 0.11
DVNADPH 10.0 2.4( 0.09

a Value ( standard error obtained upon fitting the data to the
appropriate equations.

FIGURE 2: Dependence of the apparentDV/KAcAcCoA values on the
concentration of the cosubstrate. The data were fitted to an equation
describing a hyperbolic decay, which yielded a limiting value of
1.6( 0.08 forDV/KAcAcCoA. The inset represents the independence
of the DV/KNADPH on the concentration of the cosubstrate.

Scheme 2: Proposed Kinetic Mechanism forM.
tuberculosisâ-Ketoacyl-ACP Reductase

13068 Biochemistry, Vol. 45, No. 43, 2006 Silva et al.



states were proposed, with the transition state for hydride
transfer being rate-limiting (17). In the present work, primary
and solvent isotope effects are nearly equivalent in magni-
tude, making the distinction between two transition states
with different contributions to the reaction rate not clear.
The stepwise addition of nucleophiles to carbonyl centers is
not expected to proceed via a rate-limiting proton transfer,
because it is generally characterized by a pre-equilibrium
protonation step previous to nucleophilic attack or a diffu-
sion-controlled protonation of the tetrahedral intermediate,
depending upon which step comes first and the acidity of
the proton-donating molecule. Accordingly,D2OV values
much larger than 1 are not characteristic of stepwise
mechanisms, and the observation of aD2OV value larger than
or equal to 2, which indicates a contribution of proton transfer
to the rate-determining step, as is seen here, is usually taken
as evidence for a concerted mechanism (27).

In an attempt to assess the number of protons transferred
during the solvent isotope-sensitive step, a proton inventory
experiment was carried out. A linear relationship between
V and the mole fraction of D2O was obtained for MabA (inset
in Figure 3A), suggesting that a single proton is transferred
in the step that exhibits the solvent isotope effect (28). Similar

proton inventory patterns have been observed for InhA5 and
for the M. tuberculosisNADPH-dependent mycothione
reductase (29).

pH-Rate Profiles.To probe for acid-base catalysis, the
pH dependence of kinetic parameters was determined. The
pH-rate profiles are shown in Figure 4. Thekcat value is
dependent upon a single enzyme group with a pK value of
9.6 ( 0.7, whose deprotonation abolishes activity (Figure
4A). This value lies in the normal pK range for phenol groups
of tyrosine andε-amino groups of lysine in proteins, and
both of these residues have been proposed as part of the Ser-
Tyr-Lys catalytic triad of the SDR family (30). Moreover,
the phenol ring of Tyr153 rotates 90° and points into the

5 Basso, L. A., and Blanchard, J. S. Unpublished data.

FIGURE 3: Solvent isotope effects for MabA. (A) AcAcCoA was
used as the varied substrate, with a saturating concentration of the
cosubstrate. The reaction mix contained either 0 (b) or 90 (9) atom
% D2O. The inset represents the proton inventory measured with
both substrates at saturating concentrations. (B) NADPH was used
as the varied substrate, with a saturating concentration of the
cosubstrate. The inset shows the solvent isotope effect with NADPD
as the varied substrate. The reaction mix contained either 0 (b) or
90 (9) atom % D2O.

FIGURE 4: Dependence of kinetic parameters on pH. (A) pH
dependence of logkcat; the lines are fits to eq 4. (B) pH dependence
of log kcat/KAcAcCoA; the lines are fits to eq 4. (C) pH dependence
of kcat/KNADPH; the line is a fit to eq 5. The buffers utilized were
PIPES (pH 5.8-6.0), HEPES (pH 6.5-8.5), and boric acid (pH
9.0-10).
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active site upon NADPH binding in MabA (31). Lys155 of
E. coli FabG has been proposed to participate in the proton
relay conduit proposed for this enzyme (32), suggesting that
these residues play a critical role in catalysis and/or substrate
binding. Hence, the group exhibiting the pK value reported
is likely to be a component of the Ser-Tyr-Lys triad. The
pK values for the active-site tyrosine in the SDR family have
been suggested to be significantly lower than 9.6, because
the interaction with the conserved active-site lysine would
help to stabilize the conjugate base (33). Protonation of a
group exhibiting a pK value of 8.3 seemed to be essential
for the activity of theS. pneumoniaeFabG, although fitting
data to a more complex equation yielded a pK value of 9.4
(17).

The pH dependence ofkcat/KAcAcCoA (Figure 4B) indicates
that deprotonation of a single group with an apparent pK
value of 8.8( 0.5 abolishes the binding of the AcAcCoA
substrate. It is likely that the ionization behavior of the same
group is being observed in the pH profiles ofV andV/K for
AcAcCoA, and the difference in the pK values may reflect
the perturbation of the pK value to a larger value upon
substrate binding. A group with a pK value of 8.8 was also
found to be important for substrate binding of theS.
pneumoniaeFabG enzyme (17). The data for thekcat/KNADPH

profile was fitted to a bell-shaped curve (Figure 4C), with
both deprotonation and protonation of groups with pK values
of 6.9 ( 0.8 and 8.0( 0.6, respectively, being necessary
for substrate binding. Values of 5.0 and 8.8 were reported
for this profile with theS. pneumoniaeenzyme (17). The
value of 6.9 presented here is in agreement, within experi-
mental error, with that reported for the 2′-phosphate group
of NADPH (pK ) 6.5), on the basis of NMR studies (34).
Thus, it is possible that the group whose protonation
decreaseskcat/KNADPH is the 2′-phosphate moiety of NADPH.
In summary, the data presented here for the pH profiles are
slightly different from those previously reported for related
enzymes, and site-directed mutagenesis experiments are
currently underway to unambiguously assign the MabA
residues playing a critical role in catalysis and substrate
binding.

Temperature Effects.To determine the energy of activation
of the MabA-catalyzed reaction, the temperature dependence
of kcat was analyzed. Fitting the data to eq 6 yielded a value
of 9.0 kcal mol-1 for the activation energy. This value is
very similar to that reported for the activation energy of the
M. tuberculosisshikimate dehydrogenase-catalyzed reaction
(8.5 kcal mol-1), which is also an NADPH-dependent
carbonyl reduction (35). In addition, the Arrhenius plot is
linear (Figure 5), indicating that there is no change in the
rate-limiting step over the temperature range utilized.

Regiospecificity of Hydride Transfer.To show the re-
giospecificity of the hydride transfer catalyzed by MabA,
we used NADPH or [4S-42H]-NADPH and determined the
position of transfer by1H NMR spectroscopy. The use of
glucose dehydrogenase as a regenerating system drove the
reaction to completion and minimized the amount of NADP+

used, making the purification and analysis by NMR straight-
forward. As can be seen in Figure 6, the collapse of the
resonance signals corresponding to the hydrogen atoms of
C4 and C2, when the reaction was carried out with [4S-42H]-
NADPH (top spectrum) compared to the identical reaction
using NADPH, unambiguously indicates that the hydride is

transferred to the C3 of the substrate. As expected, the
reduction of C3 occurs directly and not through hydride
transfer to C2 and protonation of C3.

Multiple Isotope Effects and pH Variation of Primary
Isotope Effects.Double isotope effect studies are able to
distinguish whether two different isotopic substitutions affect
the same or different chemical steps. Accordingly, with the
intent of investigating whether MabA catalyzes the reduction
of AcAcCoA in a concerted or stepwise fashion, solvent
kinetic isotope effects were measured using either NADPH
or NADPD as the varied substrate, and the results are
reported in Table 2 and illustrated in the inset of Figure 3B.
Assuming that the primary deuterium kinetic isotope effect
is expressed only on the hydride transfer reaction and solvent
isotope effects affect only the putative alkoxide protonation,
deuteration of NADPH should slow the hydride transfer step.
The theory predicts that, if protonation and hydride transfer
occur in the same transition state, the solvent isotope effects
will be larger or unchanged with NADPD as compared to
NADPH. On the other hand, if hydride transfer and proto-
nation occur in distinct steps, the solvent isotope effects will
be smaller with NADPD as the substrate, because hydride
transfer will become more rate-limiting (36, 37). As can be
seen in Table 2, theD2OV/KNADPD (0.58) decreased in
comparison toD2OV/KNADPH (1.3), actually becoming inverse
(inset of Figure 3B). While this result alone points to a
stepwise mechanism, theD2OVNADPD was unchanged within
experimental error, consistent with a concerted mechanism.
As pointed out by Patel et al. (17), there is a possibility that,
for the di-keto form of AcAcCoA, five protons exchange to
deuterons when the reaction is carried out in D2O. Each
deuterium would be expected to contribute aâ-secondary
kinetic isotope effect of 0.96 (38), with a maximal value of
0.82 for all five deuterons, which might be contributing for
the inverseD2OV/KNADPD observed here. A mixture of proton
transfer and inverse equilibrium isotope effects may also be
used to interpret some observed inverse solvent isotope
effects, depending upon their magnitudes, provided that the
equilibrium effects dominate (39). Because the multiple
isotope effect onV is normal, whereas the effect onV/K is
inverse, the solvent isotope effects for NADPD are likely to
be reporting on two different steps of the reaction mecha-
nism. The inverse multiple isotope effect onV/K may reflect

FIGURE 5: Temperature dependence of the logkcat. Saturating
conditions of substrates were determined and used at each tem-
perature. The line is a fit to eq 6.
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an inverse equilibrium isotope effect preceding chemistry.
Inverse solvent kinetic isotope effects onV/K were also
reported for InhA using dodecenoyl-CoA as the varied
substrate (26). This result was explained on the basis of a
possible inverse equilibrium isotope effect on a conforma-
tional change taking place simultaneous to or after dode-
cenoyl-CoA binding to the enzyme (26). If an analogous line
of reasoning was followed here to account for the inverse
D2OV/KNADPD, supported by the fact that an enzyme confor-
mational change upon NADPH binding was reported for
MabA (31), one would be tempted to consider the possibility
of different equilibrium isotope effects on this conformational
change, in D2O, when either NADPD or NADPH was
employed as the substrate, because theD2OV/KNADPH was
normal (Figure 3B). However, further experimental results
are needed to confirm or discard this proposal.

Because multiple isotope effect analysis led to some mixed
conclusions about the chemical mechanism of the MabA-
catalyzed reaction, measurements of the primary isotope
effects in a pH where the chemical step has become more
rate-limiting were carried out to distinguish between con-
certed and stepwise mechanisms. Again, if both protonation
and hydride transfer take place in the same step, bothDV/K
and DV will be either pH-independent or larger but should
become equal (40). On the other hand, for a stepwise
mechanism, the primary isotope effects will reduce to unity
(in the direction where the pH-dependent step precedes the
isotope-dependent one) or to the equilibrium isotope effect
(in the direction where the isotope-dependent step precedes
the pH-dependent one) (40). Accordingly, the primary isotope
effects for MabA were determined at pH 10.0, with NADPH
as the varied substrate, and the results are shown in Figure
7 and Table 2. The isotope effect onV/K was unchanged,
while the isotope effect onV increased to 2.4, with both
isotope effects becoming equal within experimental error,
suggesting that hydride transfer and protonation occur in the

same transition state, in agreement with the conclusions
drawn from the results of multiple isotope effects onV and
from the magnitude ofD2OVNADPH. The pH independence of

FIGURE 6: 1H NMR spectra of theâ-hydroxybutyryl-CoA produced by MabA. The reaction product was generated in the presence of
NADPH (bottom) and NADPD (top). Resonances at∼2.45, 0.65, and 0.75 ppm are derived from the CoA moiety. The C3 hydrogen
resonance was not observed directly because of overlap with a peak from CoA.

FIGURE 7: Dependence of primary isotope effects on pH. The
primary kinetic isotope effects were determined in pH 7.0 (A) and
pH 10.0 (B) with either NADPH (b) or NADPD (9) as the varied
substrate, with a saturating concentration of cosubstrate.
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DV/KNADPH further indicates that this substrate is not sticky.
A chemical mechanism for the MabA-catalyzed reaction is
proposed on the basis of these results (Scheme 3).

Enzymes often make use of concerted mechanisms to
bypass unstable intermediates, such as some enolate anions
(42, 43). The â-elimination catalyzed by bovine liver
crotonase is concerted (44), as well as the reactions catalyzed
by pig liver acyl-CoA dehydrogenase (45) and isocitrate
dehydrogenase (40). In contrast to the results observed here,
hydride transfer is proposed to precede protonation in the
reactions catalyzed by InhA andS. pneumoniaeFabG (17,
26). The case of MabA andS. pneumoniaeFabG is an
instance of enzymes from different sources that seem to have
evolved to catalyze the same reaction through different
mechanisms.

Summary.In the present work, MabA has been shown to
catalyze the NADPH-dependent reduction of AcAcCoA by
a steady-state random bi-bi kinetic mechanism, in which
AcAcCoA is sticky, whereas NADPH is not. The magnitudes
of the primary isotope effects indicated that the C4-proS
hydrogen is transferred to the acyl substrate and partly limits
the reaction. Proton inventory and solvent isotope effects
suggested that transfer of a single proton is also partly rate-
limiting. In addition, hydride transfer and protonation were
proposed to occur in the same step, according to the analysis
of multiple isotope effects, pH variation of isotope effects,
and the magnitude ofD2OVNADPH. Because the chemistry does
not seem to be fully rate-limiting, steps other than the
chemical ones should also be associated with an energy
barrier of 9 kcal mol-1. The hydride was shown, by NMR
analysis, to be transferred to the C3 of AcAcCoA. The pH
dependence ofkcat identified a general acid as being essential
for catalysis. The pH dependence ofkcat/KNADPH revealed the
importance of the ionization state of the 2′-phosphate moiety
of NADPH in binding. These results may be useful for the
rational design of chemotherapeutic agents to treat TB.
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