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ABSTRACT: The role of tyrosine 158 (Y158) and lysine 165 (K165) in the catalytic mechanism of InhA,
the enoyl-ACP reductase fromMycobacterium tuberculosis, has been investigated. These residues have
been identified as putative catalytic residues on the basis of structural and sequence homology with the
short chain alcohol dehydrogenase family of enzymes. Replacement of Y158 with phenylalanine (Y158F)
and with alanine (Y158A) results in 24- and 1500-fold decreases inkcat, respectively, while leavingKm

for the substrate,trans-2-dodecenoyl-CoA, unaffected. Remarkably, however, replacement of Y158 with
serine (Y158S) results in an enzyme with wild-type activity. Kinetic isotope effect studies indicate that
the transfer of a solvent-exchangeable proton is partially rate-limiting for the wild-type and Y158S enzymes,
but not for the Y158A enzyme. These data indicate that Y158 does not function formally as a proton
donor in the reaction but likely functions as an electrophilic catalyst, stabilizing the transition state for
hydride transfer by hydrogen bonding to the substrate carbonyl. A conformational change involving rotation
of the Y158 side chain upon binding of the enoyl substrate to the enzyme is proposed as an explanation
for the inverse solvent isotope effect observed onV/KDD-CoA when either NADH or NADD is used as the
reductant. These data are consistent with the recently published structure of a C16 fatty acid substrate
bound to InhA that shows Y158 hydrogen bonded to the substrate carbonyl group and rotated from the
position it occupies in the InhA-NADH binary complex [Rozwarski, D. A., Vilcheze, C., Sugantino, M.,
Bittman, R., and Sacchettini, J. C. (1999)J. Biol. Chem. 274, 15582-15589]. Finally, the role of K165
has been analyzed using site-directed mutagenesis. Replacement of K165 with glutamine (K165Q) and
arginine (K165R) has no effect on the enzyme’s catalytic ability or on its ability to bind NADH. However,
the K165A and K165M enzymes are unable to bind NADH, indicating that K165 has a primary role in
cofactor binding.

InhA,1 the enoyl-ACP reductase fromMycobacterium
tuberculosis, catalyzes the NADH-dependent reduction of
long chaintrans-2-enoyl-ACP fatty acids (Scheme 1) and is
a component of the mycobacterial fatty acid elongation cycle
(2, 3). The enzyme is inhibited by the anti-tubercular drug

isoniazid (Scheme 1), consistent with the knowledge that
isoniazid interferes with the biosynthesis of mycolic acids,
long chain fatty acid components of the mycobacterial cell
wall (4-6). Mutations in the structural gene for InhA are
associated with isoniazid resistance in vivo, and currently,
five InhA mutations have been observed in clinical isolates
of isoniazid-resistantM. tuberculosis: I16T, I21V, I47T,
V78A, and I95P (7). The drug-resistant InhA enzymes have
a reduced affinity for NADH (7), consistent with the
observation that an isoniazid metabolite covalently modifies
the nicotinamide headgroup when NADH is bound to the
enzyme (6).

It is estimated that one-third of the world’s population is
infected withM. tuberculosisand that each year 3 million
people die from tuberculosis (8). Consequently, tuberculosis
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is the leading cause of death of young people and adults in
the world (9). A major factor in the increase in tuberculosis
has been the spread of the AIDS epidemic, and currently,
tuberculosis is one of the most common opportunistic
infections in people with AIDS (10). Additionally, an
important aspect of the disease concerns the increasing
occurrence of multidrug-resistant strains ofM. tuberculosis,
with about 90% of the drug-resistant strains occurring in
people infected with HIV (11, 12). There is thus a critical
need for the development of novel anti-tubercular drugs that
are effective against drug-resistant strains of the organism.

As part of our effort to develop novel anti-tubercular drugs,
we are studying the catalytic mechanism of InhA and
identifying amino acid residues involved in catalysis. Here
we report site-directed mutagenesis studies on two amino
acids, Y158 and K165, that have been identified by sequence
homology modeling as putative catalytic residues. These two
residues are conserved within the enoyl-reductase family and
are structurally homologous to conserved tyrosine and lysine
residues in the short chain alcohol dehydrogenase (SCAD)
family of enzymes (13, 14). On the basis of the X-ray
structure of EnvM, the enoyl-reductase fromEscherichia coli,
and mechanistic studies of SCAD enzymes, it has been
proposed that the conserved tyrosine (Y156), possibly with
assistance from the conserved lysine (K163), stabilizes the
enolate intermediate by protonation (13, 14).

In the X-ray structure of the InhA-NADH binary complex
(15), Y158 and K165 cannot simultaneously interact with
the substrate carbonyl due to an 86° rotation of the Y158
CR-Câ bond relative to its position in EnvM (-153° in
EnvM and-67° in InhA). On the basis of the InhA structure,
Blanchard and co-workers have proposed that K165 is the
electrophile that interacts with the substrate’s carbonyl group
(16). Our initial modeling studies indicate that the substrate
carbonyl can also hydrogen bond with Y158, but this requires
a major reorientation of the substrate in the active site relative
to the model proposed by Blanchard et al. Alternatively,
substrate binding could cause the tyrosine side chain to rotate
and take up a position similar to that observed in EnvM.

To investigate the role that Y158 and K165 play in the
reaction mechanism, Y158 has been replaced by S, F, and
A while K165 has been replaced by R, M, Q, and A. The
effect of the various replacements has been investigated using
steady state kinetics and primary kinetic isotope effects. The
data indicate that Y158 is involved in the chemical steps of
the reduction reaction while the primary function of K165
is in cofactor binding. Our results are discussed in light of
the recently published X-ray structure of InhA in complex
with NAD+ and a C16 fatty acid substrate reported by
Sacchettini and co-workers (1). In this structure, Y158 has
moved from its position in the binary InhA-NADH complex
and hydrogen bonds with the substrate carbonyl.

EXPERIMENTAL PROCEDURES

Materials. Coenzyme A (CoA) lithium salt,â-NADH,
â-NAD, glucose-6-phosphate dehydrogenase fromLeuconos-
toc mesenteroides(type XXIV), and ethyl chloroformate
were from Sigma Chemical Co. (St. Louis, MO). Triethyl-
amine was from Aldrich (Milwaukee, WI).trans-2-Dodec-
enoic acid was from TCI Chemicals (Portland, OR). [1-D]-
Glucose (98% D) and deuterium oxide (99.9% D) were

purchased from Cambridge Isotope Labs (Andover, MA).
Sephadex G-25 (fine) was purchased from Pharmacia Biotech
(Uppsala, Sweden). His-Bind Resin, biotinylated thrombin,
streptavidin-agarose, and the pET15(b) plasmid were pur-
chased from Novagen (Madison, WI). Oligonucleotides were
purchased from IDT, Inc. (Coralville, IA). Restriction
enzymes (NdeI andBamHI) were purchased from Stratagene
(La Jolla, CA). T4 ligase, calf intestinal alkaline phosphatase
(CIP), and T7 clonedpfu polymerase were purchased from
New England Biolabs Inc. (Beverly, MA). Spin columns
were purchased from Princeton Separations Inc. (Adelphia,
NJ). DNA purification and gel extraction kits were from
Qiagen Inc. (Valencia, CA). TSP-d4 was purchased from
Isotec Inc. (Miamisburg, OH). All other buffer salts (reagent
grade or better), solvents (HPLC grade or better), and
chemicals were purchased from Fisher Scientific Co. (Pitts-
burgh, PA).

Preparation of trans-2-Dodecenoyl-Coenzyme A. trans-
2-Dodecenoyl-CoA (DD-CoA) was synthesized fromtrans-
2-dodecenoic acid using the mixed anhydride method as
described previously (3). Briefly, 50 mg (252µmol) of acid
was dissolved in 10 mL of anhydrous diethyl ether with 32
mg (315µmol) of triethylamine. Following the addition of
34 mg (315 µmol) of ethyl chloroformate, salt crystals
formed and the solution was stirred at room temperature
overnight. The mixed anhydride was then filtered and added
dropwise to a solution of CoA in 50 mM Na2CO3 (pH 8),
ethanol, and ethyl acetate (1:1:1) while being stirred at room
temperature. The reaction progress was monitored by fol-
lowing the concentration of free thiol in solution using 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB). When no free thiol
was detected, the solution was concentrated in vacuo to
remove the organic solvent and was purified by HPLC
(Shimadzu) using a Phenomenex Primesphere 5 C18-HC 250
mm× 4.60 mm (5µm) preparative column. Chromatography
was performed using 20 mM ammonium acetate/1.75%
acetonitrile as buffer A and running a 0 to100% gradient of
95% acetonitrile/5% H2O (buffer B) over the course of 80
min at a flow rate of 8 mL/min. Elution was monitored at
260 and 285 nm using a Shimadzu SPD-10A UV-vis
detector, and fractions containing DD-CoA were pooled and
lyophilized. The retention time for DD-CoA was 40 min.
To remove all ammonium acetate, the lyophilized solid was
redissolved in H2O or D2O and relyophilized twice. The
desired product was obtained in 82% yield as a flaky white
powder: 1H NMR (500 MHz, D2O) δ 8.60 (s, 1H), 8.31 (s,
1H), 6.98-6.92 (dt, 1H,J ) 15.5, 7.1 Hz), 6.19 (d, 1H),
6.17 (d, 1H,J ) 15 Hz), 4.85 (t, 1H), 4.60 (s, 1H), 4.25 (s,
2H), 4.05 (s, 1H), 3.87 (q, 1H), 3.60 (q, 1H), 3.50 (t, 2H),
3.38 (t, 2H), 3.06 (t, 2H), 2.56 (t, 2H), 2.26 (t, 2H), 1.42
(m, 2H), 1.23 (bm, 12H), 0.92 (s, 3H), 0.83 (t, 3H), 0.78 (s,
3H); UV-vis (H2O) ε260 20.4 mM-1 cm-1; MADLI-MS
([M - H]-) calcd for [C33H53N7O17S]- 946.2, found 946.3.

Preparation of 4(S)-NADD.4(S)-NADD was enzymati-
cally synthesized essentially as described previously (17, 18).
One hundred milligrams (550µmol) of [1-D]glucose, 33 mg
(50 µmol) of â-NAD+, and 40 units of glucose-6-phosphate
dehydrogenase fromL. mesenteroides(EC 1.1.1.49) were
dissolved in 2 mL of 40% DMSO/100 mM sodium phosphate
(pH 8) at 25°C. The progress of the reaction was followed
by monitoring the increase in absorbance at 340 nm and the
A260/A340 ratio. After 2 h at 25°C, the reaction had gone to
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completion and theA260/A340 ratio had reached 2.4. The
reduced nucleotide was then purified by Pharmacia Biotech
fast-protein liquid chromatography (FPLC) (18). The enzyme
was removed by centrifugation with a centricon YM10
membrane (Amicon), and the 4(S)-NADD was isolated by
FPLC using a Mono Q HR10/10 anion exchange column.
Chromatography was performed using 10 mM triethanol-
amine (pH 7.8) as buffer A and running a 0 to 15%gradient
of 10 mM triethanolamine and 1 M KCl (pH 7.8) (buffer B)
over the course of 80 min at a flow rate of 4 mL/min. Elution
was monitored at 254 nm. The reduced nucleotide eluted at
38 min, and fractions with anA260/A340 ratio of e2.3 were
pooled, concentrated in vacuo, and desalted on a Phenomenex
C18 reverse phase HPLC column:1H NMR (500 MHz, D2O)
δ 8.50 (s, 1H), 8.25 (s, 1H), 6.98 (s, 1H), 6.14-6.12 (d, 1H,
J ) 9.99 Hz), 6.00-5.98 (d, 1H,J ) 9.99 Hz), 4.81 (s, 1H),
4.78 (s, 1H), 4.71 (t, 1H), 4.51 (s, 1H), 4.39 (bm, 1H), 4.25
(m, 1H), 4.23 (m, 2H), 4.18 (m, 1H), 4.08 (bm, 3H), 2.78
(s, 1H); UV-vis (H2O) A260/A340 ) 2.27; MADLI-MS
([M - H]-) calcd for [C21H27DN7O14P2]- 665.1, found 665.0.

Construction of Expression Plasmids for Wild-Type and
Mutant InhAs.A pET15(b) expression plasmid containing
the gene for wild-type InhA was a kind gift from J. Blanchard
at the Albert Einstein College of Medicine (Bronx, NY) (3).
To facilitate purification of the enzyme, the gene for InhA
was subcloned out of this vector using PCR and inserted
into a pET15(b) plasmid downstream of a His tag sequence.
The PCR primers that were used were 5′-CTTTAAGAAG-
GAGATATCATATGACAGGACTGCTGGACGGC-3′ and
5′-GACGCCGGATCCTAGAGCATTTGG-3′, which intro-
duced a 5′ NdeI restriction site and a 3′ BamHI restriction
site (underlined). Mutations were introduced using the
QuikChange mutagenesis kit (Stratagene). A list of the
primers that were used for mutagenesis is given in Table 1.
Wild-type and mutant plasmids were purified from XL1Blue
cells (Stratagene) using a DNA purification and gel extraction
kit from Qiagen Inc., sequenced using dideoxynucleotide
methodology with [35S]dATP (Sequenase 2, U.S. Biochemi-
cals or CircumVent Thermal Cycle Dideoxy DNA Sequenc-
ing Kit), and transformed into BL21(DE3)pLysS cells
(Novagen) for protein expression.

OVerexpression and Purification of Wild-Type and Mutant
InhAs.Cultures of BL21(DE3)pLysS cells carrying the wild-
type and mutant plasmids were grown in 500 mL of LB-
ampicillin (300 µg/mL) medium at 37°C to an OD600 of

1.6. The cells were harvested by centrifugation and resus-
pended in an equal volume of fresh LB-ampicillin containing
isopropylâ-D-thiogalactoside (360µg/mL). After an over-
night induction at 25°C, the cells were harvested by
centrifugation, resuspended in 40 mL of His-bind buffer, and
lysed using a French press (five passes at 1500 psi). Cell
debris was removed by centrifugation (40 000 rpm for 60
min) and the supernatant applied to a His-bind resin column
(5 mL bed volume). The His-bind column was washed
successively with His-bind buffer and His-wash buffer, and
the protein was eluted using a gradient of 0 to 1 M imidazole
in 20 mM Tris-HCl and 500 mM NaCl (pH 7.9). Fractions
containing His-tagged InhA were immediately pooled and
applied to a 2 cm × 50 cm Sephadex G-25 column
(Pharmacia) equilibrated with 20 mM Tris-HCl, 150 mM
NaCl, and 2.5 mM CaCl2 (pH 8.4). It is important that the
eluted protein is not allowed to remain in the imidazole elute
buffer as this causes the protein to precipitate. Fractions
containing the His-tagged protein from the G-25 column were
pooled, and the His tag was removed using biotinylated
thrombin (1 unit/mg of protein). The cleavage reaction was
monitored using SDS-PAGE and was shown to be complete
after 24 h. Subsequently, the thrombin was removed using
streptavidin-agarose (20µL/unit of thrombin) and the
protein exchanged into PIPES buffer (pH 6.8) containing 150
mM NaCl. The purified enzyme was stable for 3 months in
30 mM PIPES, 150 mM NaCl, and 1 mM EDTA at pH 6.8
and 4°C. The concentration of the protein was calculated
from the UV absorption at 280 nm using an absorption
coefficient of 37.3 mM-1 cm-1 for the wild type and K165
mutants (3) and 35.7 mM-1 cm-1 for the Y158F and Y158A
enzymes.

For the purposes of comparison, wild-type InhA was also
expressed using the original pET15(b) expression plasmid
and purified as described previously (3).

Circular Dichroism Spectroscopy.Circular dichroism (CD)
spectroscopy was carried out using an AVIV model 62A DS
spectrometer equipped with a Peltier temperature control unit.
Far-UV CD spectra (250-190 nm) of wild-type and mutant
proteins (12µM) were acquired at 25°C in 10 mM Na2-
HPO4 and 100 mM NaCl (pH 7.5).

NMR Spectroscopy.1H NMR spectra were obtained using
a Varian Inova 500 and 600 MHz spectrometer.1H NMR
spectra were processed on a Silicon Graphics Indigo2
workstation with the program FELIX (Molecular Simulations

Table 1: Primers Used for Mutagenesisa

mutant primerb

Y158A (forward, F) 5′-CGGGCGATGCCGGCCGCCAACTGGATGACGGTC-3′
Y158A (reverse, R) 5′-GACCGTCATCCAGTTGGCGGCCGGCATCGCCCG-3′
Y158F (F) 5′-CGGGCGATGCCGGCCTTCAACTGGATGACGGTC-3′
Y158F (R) 5′-GACCGTCATCCAGTTGAAGGCCGGCATCGCCCG-3′
Y158S (F) 5′-CGGGCGATGCCGGCCAGCAACTGGATGACGGTC-3′
Y158S (R) 5′-GACCGTCATCCAGTTGCTGGCCGGCATCGCCCG-3′
K165A (F) 5′-GATGACGGTCGCCGACAGCGCGTTGGAG-3′
K165A (R) 5′-CTCCAACGCGCTGCGGGCGACCGTCATC-3′
K165M (F) 5′-GATGACGGTCGCCATGAGCGCGTTGGAG-3′
K165M (R) 5′-CTCCAACGCGCTCATGGCGACCGTCATC-3′
K165Q (F) 5′-GATGACGGTCGCCCAGAGCGCGTTGGAG-3′
K165Q (R) 5′-CTCCAACGCGCTCTGGGCGACCGTCATC-3′
K165R (F) 5′-GATGACGGTCGCCAGGAGCGCGTTGGAG-3′
K165R (R) 5′-CTCCAACGCGCTCCTGGCGACCGTCATC-3′

a Forward and reverse primers are listed.b Mutation site is underlined in bold.
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Inc.). All NMR spectra were obtained at 25°C using TSP-
d4 as an internal standard.

Fluorescence Titration Experiments.Equilibrium fluores-
cence titration was conducted using a model FL3-21 Fluo-
rolog-3 spectrofluorometer (Edison, NJ). All measurements
were carried out in 100 mM PIPES (pH 7) at 25°C. The
excitation wavelength was 360 nm (5 nm slit width), and
the emission wavelength was 440 nm (1 nm slit width).
Experiments were carried out as previously described (7).
Briefly, in a typical experiment, 1µL aliquots of 3 mM
NADH were added to a 3 mLsolution of 0.5-2 µM protein.
The fluorescence intensity was recorded as an average of
60 readings (2 s). Dilution of protein was kept to a minimum
(<1%). Data could not be fit to a simple hyperbolic function.
Instead, data were fit to the following quadratic equation
(eq 1):

whereFe andFl are the fluorescence intensity in the presence
and absence of enzyme, respectively,Fe(max) andFl(max)
are the maximum fluorescence intensity in the presence and
absence of enzyme, respectively,Kd is the dissociation
constant, [E]0 is the total enzyme concentration, and [NADH]
is the concentration of added NADH. Data fitting was
accomplished using the software program Grafit 3.09b
(Erithacus Software Ltd.).

For the Y158A enzyme, NADH binding curves were not
hyperbolic but sigmoidal. These data were fit to the Hill
equation for cooperative binding (eq 2) for values ofY
between 0.1 and 0.9.

where Y ) (Fe - Fl)/[Fe(max) - Fl(max)], n is the Hill
coefficient, [X] is [NADH]free, andK′ is a constant compris-
ing the factor of interaction between the subunits and the
intrinsic dissociation constant (19).

Steady State Kinetics.All experiments were carried out
on a Cary 100 Bio (Varian) spectrophotometer at 25°C in
30 mM PIPES and 150 mM NaCl (pH 6.8). Identical kinetic
parameters were obtained when the concentration of PIPES
was raised to 100 mM, indicating that there was no buffer
effect on enzyme activity. Kinetic parameters were deter-
mined spectrophotometrically by following the oxidation of
NADH to NAD+ at 340 (ε ) 6.3 mM-1 cm-1) or 370 nm
(ε ) 2.4 mM-1 cm-1). kcatandkcat/Km for trans-2-dodecenoyl-
CoA (DD-CoA) were determined at a fixed, saturating
concentration of NADH (250µM) and by varying the
concentration of DD-CoA (0-200 µM). kcat andkcat/Km for
NADH were determined at a fixed concentration of DD-
CoA (150µM) and by varying the concentration of NADH
(0-500 µM). Higher concentrations of DD-CoA could not
be used as increasing the concentration above 150µM
resulted in a decrease in rate, possibly due to substrate
inhibition (7). Each initial velocity was determined in
triplicate, and at least five different substrate concentrations
were examined. Kinetic parameters,kcat and Km, were

obtained by fitting the initial velocity data to eq 3 using Grafit
3.09b (Erithacus Software Ltd.) where [S] is the concentra-
tion of the varied substrate.

Alternatively, where both the NADH and DD-CoA concen-
trations were varied,kcat and Km values were obtained by
fitting the data to eq 4 whereKdA is theKd for substrate A,
KA is theKm for substrate A, andKB is theKm for substrate
B.

SolVent Kinetic Isotope Effect.Solvent deuterium kinetic
isotope effects onV (D2OV) andV/K (D2OV/K) were determined
at pH(D) 6.8 in 30 mM PIPES containing 150 mM NaCl.
For reactions performed in D2O, the buffer was titrated to
pD 6.8 using DCl, where pD is equal to the pH meter reading
plus 0.4 (20). Kinetic parameters were determined at a fixed,
saturating concentration of NADH (250µM) and by varying
the concentration of DD-CoA (0-200 µM). Alternatively,
the kinetic isotope effects were determined at a fixed
concentration of DD-CoA (150µM) and by varying the
concentration of NADH (0-500 µM). Each initial velocity
was determined in triplicate, and at least five different
substrate concentrations were examined. Kinetic data were
fit to the following equation (eq 5) using Grafit:

where [S] is the concentration of the varied substrate,
VK ) V/K, fi is the fraction of D in the reaction (0-1.0),
and EV/K and EV are the isotope effects minus one onV/K
and V, respectively. SinceV/K is evaluated as a single
parameter, this enabled errors forV andV/K to be estimated
accurately.kcat andkcat/Km values for the wild-type enzyme
were shown to be identical at pH 5.0 and 8.0, indicating
that the pH used to determine the solvent isotope effects (6.8)
was not close to an ionization affecting enzyme activity (21).

Multiple kinetic isotope effects onV (D2OVD), V/KNADH

(D2OV/KD NADH), and V/KDDCoA (D2OV/KD DDCoA) were de-
termined by measuring the solvent isotope effect onV and
V/K as described above except that NADH was replaced by
pro-4(S) NADD.

Primary Kinetic Isotope Effects.Primary deuterium kinetic
isotope effects onV (DV) andV/K (DV/K) were determined
at a fixed, saturating concentration of NADH or 4(S)-NADD
(250µM) and by varying the concentration of DD-CoA (0-
200 µM). Alternatively, the kinetic isotope effects were
determined at a fixed concentration of DD-CoA (150µM)
and by varying the concentration of NADH or 4(S)-NADD
(0-500µM). In each case, the initial velocity data were fit
to eq 5 using an fi of 0.98.

RESULTS

Expression, Purification, and Characterization of InhA
Using an N-Terminal His Tag.To simplify the purification
of InhA, the protein was expressed with an N-terminal His
tag sequence. This enabled the single-step purification of
protein using metal affinity chromatography. The method

Fe - Fl

Fe(max)- Fl(max)
)

(Kd + [E]0 + [NADH]) - x(Kd + [E]0 + [NADH]) 2 - 4Kd[E]0

2[E]0
(1)

log[Y/(1 - Y)] ) n log[X] - log K′ (2)

V ) kcat[E]0[S]/(Km + [S]) (3)

V ) Vmax[A][B]/( KdA + KA[B] + KB[A] + [A][B]) (4)

V ) [S]/({1/[VK(1 + fi × EV/K)]} +
[S]/[V(1 + fi × EV)]) (5)
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yielded approximately 75 mg of protein from 500 mL of
bacterial culture. Even with heavy loading, no other bands
could be detected on a SDS-PAGE gel. The His tag
sequence contained a thrombin cleavage site, and biotinylated
thrombin was used to remove the His tag. This procedure
was monitored by SDS-PAGE as the His tag sequence
added ca. 2 kDa to the apparent molecular mass of the
protein. Following cleavage, the protein was exposed to
streptavidin-Sepharose and His-bind resin to remove the
biotinylated thrombin and uncleaved InhA as well as the His
tag peptide. Following removal of the His tag, the InhA
protein has four additional N-terminal amino acids (GSHM)
compared to the mature protein.

Steady State Kinetic Analysis of Wild-Type Proteins.The
kcat and Km values for wild-type InhA, purified with and
without the His tag method, are given in Table 2. InhA
purified using the original expression plasmid (3) exhibited
a kcat of 278( 26 min-1 and aKm DDCoA of 27 ( 7 µM. The
corresponding values for InhA purified using the His tag
method are 434( 19 min-1 (kcat) and 48( 7 µM (Km DDCoA),
before removal of the His tag, and 501( 23 min-1 (kcat)
and 46( 5 µM (Km DDCoA), after removal of the His tag.
These values are within a factor of 2 of each other and are
also within the range of values previously published for InhA
[kcat ) 165 ( 14 min-1 and Km DDCoA ) 48 ( 6 µM (3);
kcat ) 941 ( 29 min-1 andKm DDCoA ) 75 ( 5 µM (7)]. In
addition, theKm NADH values determined for the His-tagged
InhA before (65( 7 µM) and after (66( 7 µM) removal
of the His tag were identical and similar to the previously
reported value of 56( 4 µM (7). Although the His tag
sequence did not alter the kinetic parameters of the enzyme,
it reduced the solubility of the protein at pH 6.8, presumably
due to an increase in the pI of the protein. Consequently,
the His tag sequence was routinely removed by thrombin
cleavage prior to kinetic analysis.

Steady State Kinetic Analysis of Mutant Proteins.Table 2
lists thekcat andKm values for the Y158F, Y158A, Y158S,
K165Q, and K165R mutants of InhA. The Y158S, K165Q,
and K165R proteins all hadkcat, Km DDCoA, andKm NADH values
similar to those of wild-type InhA. The Y158F and Y158A
proteins hadKm DDCoA values of 70( 6 and 54( 6 µM,
respectively, similar to values for the wild-type InhA.
However, thekcat and Km NADH values were substantially
reduced compared to those of the wild type with akcat of
21 ( 7 min-1 and aKm NADH of 2.0 ( 0.1 µM, for Y158F,

and akcat of 0.33( 0.01 min-1 and aKm NADH of 5 ( 1 µM,
for Y158A. Consequently, replacement of Y158 with F and
A results in 24- and 1500-fold reductions inkcat, respectively.

CD Spectra of Wild-Type and Mutant InhA Proteins.As
evidence for correct folding of the mutant proteins, CD
spectra of the wild type and two mutant proteins (Y158F
and K165A) were obtained. All three had virtually super-
imposable CD spectra (data not shown), indicating that the
decreased enzyme activity (Y158F) or lowered affinity for
NADH (K165A) for these two mutants was not due to a
major structural change in the protein. Using software
supplied with the instrument, theR-helix contents for the
wild-type, Y158F, and K165A enzymes were estimated to
be 37, 36, and 38%, respectively.

Equilibrium Binding of NADH to Wild-Type and Mutant
InhA Proteins.Dissociation constants (Kd) for the interaction
of NADH with the wild-type and mutant InhA proteins were
determined by fluorescence spectroscopy (7). For the wild-
type, Y158F, Y158S, K165Q, and K165R proteins, NADH
binding curves were hyperbolic andKd values were calcu-
lated by fitting the data to eq 1. The values that were obtained
were 0.48( 0.03µM for the wild type, 0.19( 0.01µM for
Y158F, 0.06( 0.01 µM for Y158S, 0.14( 0.02 µM for
K165Q, and 0.09( 0.02µM for K165R (Table 3). The value
for the wild-type protein was very similar to that reported
previously [0.57( 0.04 (7)]. NADH binding to the Y158A
enzyme was not hyperbolic but sigmoidal. Inspection of the
binding curve indicated that NADH binding was 50%
complete at 10µM NADH. Fits of the data to the Hill
equation (eq 2) gave a Hill coefficient of 2.1( 0.1 and aK′
of (2.0 ( 0.1) × 10-11. In addition, no detectable NADH
binding was observed for the K165A and K165M mutants
even up to 1 mM NADH, indicating aKd of >1 mM for
these enzymes.

SolVent Isotope Effects on Wild-Type and Mutant InhA
Proteins.Solvent kinetic isotope effects are given in Tables
4 and 5. For the wild-type enzyme, a small normal kinetic
solvent isotope effect of 1.51( 0.19 was observed onV
(D2OV), while a larger normal effect was observed onV/K
with NADH as the varied substrate (D2OV/KNADH ) 2.46 (
0.13). In contrast, an inverse kinetic isotope effect of
0.59( 0.18 was observed onV/K with DD-CoA as the varied
substrate (D2OV/KDDCoA).

Compared to that of the wild type, a small increase in
D2OV was observed for the Y158S mutant (2.05( 0.07),
while D2OV/KDDCoA (0.47 ( 0.23) andD2OV/KNADH (2.30 (
0.38) were similar to those of the wild type. The Y158F and
Y158A mutants had smaller isotope effects on bothV and
V/K. For Y158A,D2OV (1.27( 0.22),D2OV/KDDCoA (1.14(
0.23), andD2OV/KNADH (1.14 ( 0.21) were close to, or

Table 2: Kinetic Parameters for Wild-Type and Mutant InhA
Enzymesa

Km (µM)
kcat/Km

(µM-1 min-1)

enzyme kcat (min-1) DD-CoA NADH DD-CoA

wild-typeb 278( 26 27( 7 NDd 10.3( 3.6
wild-type with

His tag
434( 19 48( 7 65( 7 9.1( 1.7

wild-typec 501( 23 46( 5 66( 7 10.9( 1.7
Y158Fc 21 ( 7 70( 6 2.0( 0.1 0.3( 0.1
Y158Ac 0.33( 0.01 54( 6 5 ( 1 0.006( 0.001
Y158Sc 410( 27 48( 8 48( 8 8.5( 2.0
K165Qc 680( 42 62( 10 66( 5 11.0( 0.2
K165Rc 658( 36 54( 8 51( 5 12.1( 2.1

a Kinetic parameters were determined at 25°C. b Enzyme prepared
without the His tag.c Enzyme prepared with the His tag removed.d Not
determined.

Table 3: Kd Values for NADH Binding to Wild-Type and Mutant
InhA Enzymesa

enzyme Kd (µM) enzyme Kd (µM)

wild-type 0.48( 0.03 K165Q 0.14( 0.02
Y158F 0.19( 0.01 K165R 0.09( 0.02
Y158S 0.06( 0.01
a Kd determined by fluorescence titration. Enzyme concentrations

were 1.86 (wild-type), 2.35 (Y158F), 1.20 (Y158S), 0.92 (K165Q),
2.13 (K165R), 2.10 (K165A), and 1.10µM (K165M). All enzymes
were expressed with the His tag sequence which was removed prior to
determining theKd values.
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indistinguishable from, unity (Table 4). For Y158F, the
D2OV (1.39 ( 0.17) was intermediate between the values
observed for the wild type and Y158A enzymes. In addition,
D2OV/KDDCoA (0.73 ( 0.22) andD2OV/KNADH (1.18 ( 0.24)
were close to unity.

D2OV values for the K165Q (1.53( 0.26) and K165R
(1.59 ( 0.21) enzymes as well asD2OV/KDDCoA for K165Q
(0.58 ( 0.25) were also very similar to that of wild-type
InhA. D2OV/KDDCoA for K165R (0.74( 0.50) was indistin-
guishable from unity.

Primary Kinetic Deuterium Isotope Effects on Wild-Type
and Mutant InhA Proteins.Primary kinetic deuterium isotope
effects resulting from the use of 4(S)-NADD are reported in
Tables 4 and 5. For the wild-type enzyme,DV andDV/KDDCoA

were 3.33( 0.10 and 2.36( 0.52, respectively, similar to
previously reported values (3). With NADH(D) as the
variable substrate, the isotope effect onV/K (DV/KNADH) was
1.97 ( 0.23, which is the same, within experimental data,
as DV/KDDCoA. The similarity in DV/K values is consistent
with the random order of addition of substrates to the
enzyme, which varies slightly from data published by

Blanchard and co-workers where it was concluded that the
addition of substrates to the enzyme was not strictly ordered,
but that the initial binding of NADH was preferred (3).

For the Y158S mutant, primary isotope effects onDV
(3.50 ( 0.07), DV/KNADH (1.90 ( 0.33), andDV/KDDCoA

(2.38 ( 0.38) were similar to those observed for the wild-
type enzyme. For the Y158F and Y158A mutants, theDV
values of 2.50( 0.15 and 2.40( 0.10 were slightly smaller
than that for the wild-type enzyme.DV/KDDCoA andDV/KNADH

values for Y158F and Y158A were, within error, the same
as for the wild-type enzyme.

For the K165Q and K165R enzymes, primary isotope
effects were only obtained by varying the concentration of
DD-CoA. This gave aDV of 2.42 ( 0.30 and aDV/KDDCoA

of 3.34 ( 0.37 for K165Q and aDV of 2.34 ( 0.26 and a
DV/KDDCoA of 3.68 ( 0.32 for K165R. Thus,DV values for
K165Q and K165R were similar to the values observed for
the Y158 mutants but smaller than that for the wild-type
enzyme, whileDV/KDDCoA values were similar to that of the
wild-type enzyme.

Multiple Kinetic Isotope Effects on Wild-Type and Mutant
InhA Proteins.Multiple kinetic isotope effects were deter-
mined by measuring the solvent isotope effect in the presence
of 4(S)-NADD (Tables 4 and 5). In every instance, the
solvent isotope effect onV (D2OVD) was, within experimental
error, indistinguishable from unity, consistent with a stepwise
mechanism. For the wild type and Y158 mutants, the multiple
isotope effects onV/K caused by varying the NADD
concentration (D2OV/KD NADD) were indistinguishable from
unity. Importantly, however, for the wild type and Y158S,
varying the DD-CoA concentration gave inverse isotope
effects onD2OV/KD DDCoA of 0.43 ( 0.10 and 0.59( 0.16,
respectively. In contrast, for Y158F and Y158A, theD2OV/
KD DDCoA values were indistinguishable from unity.

DISCUSSION

Mechanism of Wild-Type InhA.Previous studies with InhA
have resulted in the proposal that substrate reduction occurs
via a stepwise mechanism in which hydride transfer precedes
protonation (3). The results presented here are consistent with
a stepwise mechanism in which the transition states for
hydride transfer and protonation of the enol(ate) intermediate
are both partially rate-limiting. This is based on the normal
primary isotope effect onV using NADD (DV ) 3.33 (
0.10) and the small but normal solvent isotope effect onV
(D2OV ) 1.51( 0.19). A multiple-isotope effect experiment
confirms this conclusion; the solvent isotope effect onV
using NADD as the substrate yields aD2OVD of 0.90( 0.11.
The observation that the solvent isotope effect is smaller with
NADD than with NADH is conclusive evidence that the
primary and solvent isotope effects affect different steps in
the mechanism. Thus, replacement of NADH by NADD
affects the rate of hydride transfer, leading to the formation
of the enol(ate) intermediate, while the solvent isotope
sensitive step is assumed to be the breakdown of the enol-
(ate) intermediate by protonation at C2.

The observation thatDV/KDDCoA (2.36 ( 0.52) andDV/
KNADH (1.97( 0.23) are the same within experimental error
is consistent with a mechanism in which substrates bind to
the enzyme in a random order. If the mechanism were strictly
ordered with NADH binding first, then aDV/KNADH of unity

Table 4: Kinetic Isotope Effects for Wild-Type and Y158 Mutant
InhA Enzymesa

H2Ob D2Oc SIEd

Wild-Type
V 3.33( 0.10 0.90( 0.11 1.51( 0.19
V/KNADH 1.97( 0.23 1.06( 0.17 2.46( 0.13
V/KDDCoA 2.36( 0.52 0.43( 0.10 0.59( 0.18

Y158F
V 2.50( 0.15 0.91( 0.13 1.39( 0.17
V/KNADH 2.06( 0.19 0.93( 0.24 1.18( 0.24
V/KDDCoA 2.36( 0.25 0.83( 0.26 0.73( 0.22

Y158A
V 2.40( 0.10 1.08( 0.09 1.27( 0.22
V/KNADH 2.02( 0.60 0.87( 0.26 1.14( 0.23
V/KDDCoA 2.49( 0.45 0.89( 0.17 1.14( 0.21

Y158S
V 3.50( 0.07 0.86( 0.18 2.05( 0.17
V/KNADH 1.90( 0.33 0.88( 0.20 2.30( 0.38
V/KDDCoA 2.38( 0.38 0.59( 0.16 0.47( 0.23
a Kinetic parameters were determined at 25°C. All enzymes were

purified using the His tag method and had the His tag sequence removed
prior to kinetic analysis.b Isotope effect determined in H2O using
NADD. c Isotope effect determined in D2O using NADD.d SIE is the
solvent isotope effect.

Table 5: Kinetic Isotope Effects for Wild-Type and K165 Mutant
InhA Enzymesa

H2Ob D2Oc SIEd

Wild-Type
V 3.33( 0.10 0.90( 0.11 1.51( 0.19
V/KDDCoA 2.36( 0.52 0.43( 0.10 0.59( 0.18

K165Q
V 2.42( 0.30 1.38( 0.31 1.53( 0.26
V/KDDCoA 3.34( 0.37 0.7( 0.3 0.58( 0.25

K165R
V 2.34( 0.26 1.34( 0.24 1.59( 0.21
V/KDDCoA 3.68( 0.32 0.7( 0.3 0.74( 0.50
a Kinetic parameters were determined at 25°C. All enzymes were

purified using the His tag method and had the His tag sequence removed
prior to kinetic analysis.b Isotope effect determined in H2O using
NADD. c Isotope effect determined in D2O using NADD.d SIE is the
solvent isotope effect.
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would be expected (22). Previously, Blanchard and co-
workers reported aDV/KNADH of greater than unity but smaller
thanDV/KDDCoA, suggesting that the mechanism is not strictly
ordered, but that the initial binding of the cofactor is preferred
(3). While we are not able to explicitly explain this
discrepancy, it is noteworthy that the concentration of DD-
CoA used in the determination ofDV/KNADH may not be
saturating (see Experimental Procedures).

When DD-CoA is used as the variable substrate, an inverse
solvent isotope effect is observed onV/K (D2OV/KDDCoA )
0.59( 0.18). In contrast, when NADH is used as the variable
substrate, a normal solvent isotope effect is observed onV/K
(D2OV/KNADH ) 2.46 ( 0.13), which is larger than the
observedD2OV (1.51( 0.19). One explanation for the inverse
D2OV/KDDCoA involves an inverse equilibrium isotope effect
of 0.4 on a conformational change that occurs at the same
time as, or after, DD-CoA binding to the enzyme. Thus, since
D2OV is 1.51, D2OV/KDDCoA will be 1.51 × 0.4 (0.6). In
addition, to account for theD2OV/KNADH of 2.46, there must
then be a normal isotope effect of 1.6 for the binding of
NADH to the E-DD-CoA complex. These isotope effects
are summarized in Scheme 2 where the active conformation
of the enzyme is given by (E:DDCOA)′ and (E:NADH:
DDCOA)′. Alternatively, the intrinsicD2OV may be the same
asD2OV/KNADH (2.5), and the reduction in the observedD2OV
could result from the release of the second product being
partially rate-limiting. Then, no equilibrium isotope effect
would be required for NADH binding, but a larger inverse
equilibrium isotope effect (0.24) would be required to
account for the observedD2OV/KDDCoA of 0.59( 0.18. These
isotope effects are summarized in Scheme 3 where the active
conformation of the enzyme is given by (E:DDCOA)′ and
(E:NADH:DDCOA)′. Replacement of NADH with 4(S)-
NADD results in a solvent isotope effect onV that is
indistinguishable from unity. This is consistent with a
stepwise mechanism in which hydride transfer is now
completely rate-limiting (see above). In contrast, the equi-
librium isotope effects invoked to account for the solvent
isotope effects onV/K should still be present when using
4(S)-NADD. TheD2OV/KD NADH of 1.06( 0.17 is well-defined
and indistinguishable from unity. This supports the model
shown in Scheme 3 in which the observedD2OV/KNADH of
2.46 ( 0.13 is the intrinsic isotope effect (see above).
However, we would still expect to observe an inverse isotope
effect onV/K when varying the DD-CoA concentration in
the presence of NADD. This is indeed what is observed.
D2OV/KD DDCoA is 0.43( 0.10, which is consistent with an
inverse equilibrium isotope effect following the binding of
DD-CoA to the enzyme. Since the solvent isotope effect on

V is now masked, the apparentD2OV/KD DDCoA should be more
inverse than the solvent isotope effect using NADH (D2OV/
KDDCoA). Indeed, although theD2OV/KD DDCoA of 0.43 is
nominally smaller than theD2OV/KDDCoA of 0.59, the errors
in these two values prevent us from distinguishing between
them. Nevertheless, the fact that an inverse solvent isotope
effect onV/KDDCoA is still observed when NADD is substi-
tuted for NADH is very significant.

We believe the structural basis for the conformational
change proposed above represents rotation of Y158 into a
position where it can hydrogen bond to the substrate
carbonyl. This hypothesis is supported by the mutagenesis
experiments with Y158, discussed below, and by the X-ray
crystal structures determined by Sacchettini and co-workers
(1, 15). Comparison of the structure of the InhA-NADH
binary complex with that of an inactive ternary complex
formed by InhA, NAD+, and a C16 enoyl substrate reveals
that upon binding the enoyl substrate there is a 60° rotation
about the Y158 CR-Câ bond that enables Y158 to hydrogen
bond to the substrate carbonyl group. The repositioning of
Y158 is shown diagrammatically in Figure 1.

Mutagenesis of Y158, and NADH Binding.The Y158F
enzyme has aKd for NADH similar to that of the wild-type
enzyme. In the Y158A enzyme, however, NADH binding
is sigmoidal not hyperbolic. Sigmoidal binding curves are
also observed for InhA mutants in which residues close to
the NADH binding pocket have been altered (7). This has
previously been attributed to cooperative NADH binding (7),
which is possible since the active protein is a tetramer of
identical subunits (1). The latter mutations result in substan-
tial decreases in the affinity for NADH and increases in the
Km for NADH. However, both Y158F and Y158A have
significantly lower Km values for NADH compared to that
of the wild type. The observation of cooperative binding of
NADH to the Y158A mutant does not detract from the
primary conclusion that Y158 is a key catalytic residue in
the enzyme (see below).

Y158S.Given the conservation of Y158 throughout the
enoyl reductase family (Table 6), it is remarkable that
replacement of Y158 with serine results in an enzyme with
properties virtually identical to those of the wild-type
enzyme. Clearly, the serine hydroxyl group can fulfill the
same function as the tyrosine hydroxyl group. Although the
pKa values of the tyrosine hydroxyl group in the wild-type
enzyme and of the serine hydroxyl group in the Y158S
enzyme are unknown, the pKa values of these groups in the
free amino acids are 10.5 and 15, respectively. Thus, it is
unlikely that the role of the Y158 residue in the wild-type
enzyme depends directly on the acidity of the hydroxyl
group. This observation again mitigates against the possibility
that the hydroxyl group of Y158 is a proton donor in the
reaction. However, both the tyrosine and serine hydroxyl
groups can function as hydrogen bond donors or acceptors.
Taken together, the most probable role for Y158 is that it
provides electrophilic stabilization of the transition state(s)
for the reaction by hydrogen bonding to the carbonyl of the
substrate. This function is analogous to that performed by
the catalytic tyrosine in ketosteroid isomerase (23, 24).
Support for the role of Y158 as an electrophilic catalyst is
provided by the crystal structure determined by Sacchettini
and co-workers that shows Y158 hydrogen bonded to the
substrate carbonyl. Since the serine side chain is shorter than

Scheme 2

Scheme 3
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tyrosine, in the Y158S enzyme there must be a small
structural change that enables the serine to interact directly
with the substrate carbonyl, or a bridging water molecule is
present between the serine hydroxyl and the substrate
carbonyl group. Currently, there is no way to distinguish
between these possibilities.

The isotope effects for Y158S are similar to those for the
wild type. Significantly, using NADH or NADD, the solvent
isotope effect onV/K with DD-CoA as the variable substrate
is inverse. In contrast, for Y158F and Y158A, the solvent
isotope effects onV/KDDCoA are close to, or indistinguishable
from, unity. Clearly, the presence of a hydroxyl group with
a solvent exchangeable proton is critical for expression of
the inverse isotope effect. This could result from changes in
hydrogen bonding involving the side chain hydroxyl group
that occur in the two conformations of the enzyme. To result
in an inverse equilibrium isotope effect, the active conforma-
tion of the enzyme, in which Y158 is hydrogen bonded to
the substrate, would have to be preferentially stabilized in
D2O as opposed to H2O.

Y158F and Y158A.Replacement of Y158 with F and A
results in a 24- and 1500-fold reduction inkcat, respectively,
while the Km for DD-CoA is unaffected. Clearly, tyrosine
158 plays an important role in the chemical step(s) of
substrate reduction. Additionally, the decrease in activity on
replacing Y158 with F and with A correlates with a decrease
in the magnitude of the solvent isotope effect onV with a
D2OV of 1.39( 0.17 for Y158F and 1.27( 0.22 for Y158A.
Thus, the overall decrease in activity does not result from
destabilization of the solvent isotope-sensitive transition state
which is presumably protonation of the enol(ate) intermedi-
ate. This observation makes it unlikely that Y158 is the
source of the proton required for the breakdown of the enol-
(ate) intermediate.

Since replacement of Y158 with F and A leads to a
decrease in the magnitude of the solvent isotope effect, it

might be expected that the isotope effect on hydride transfer
would be larger. However, this is not observed. TheDV
values for the mutants are slightly smaller than for the wild
type (2.5 vs 3.5). Thus, if mutagenesis of Y158 decreases
the solvent isotope effect by raising the barrier for hydride
transfer, the position of the transition state for hydride transfer
must also be affected by the mutagenesis.

Replacement of Y158 with F and A also results in a
decrease in the magnitude of the solvent isotope effects on
V/K. For Y158A, bothD2OV/KNADH and D2OV/KDDCoA are,
within experimental error, unity. This indicates that the
inverse equilibrium isotope effect, invoked to account for
the inverseD2OV/KDDCoA in the wild-type enzyme, has been
reduced in magnitude upon replacing the Y158 side chain
with a methyl group. This result strengthens the assignment
of the equilibrium isotope effect to a conformational change
involving rotation of the Y158 side chain. Repositioning of
the alanine side chain in Y158A upon binding DD-CoA
represents a much smaller structural perturbation than
movement of the tyrosine side chain.

The observation thatD2OV/KDDCoA for Y158F is essentially
unity indicates that the tyrosine hydroxyl is important for
expression of the inverse equilibrium isotope effect associated
with repositioning of the tyrosine side chain. This conclusion
is supported by the close similarity in isotope effects between
the wild-type enzyme and Y158S. The serine side chain is
less bulky than tyrosine, but still possesses a side chain that
can participate in hydrogen bonding. Finally, the fact that
Y158F is more active than the Y158A enzyme could result
from the phenyl group assisting in the positioning of a water
molecule that fulfills part of the function of the tyrosine
hydroxyl group.

Mutagenesis of K165.Replacement of K165 with A or M
results in an enzyme that is unable to bind NADH. No
activity could be observed even at high NADH concentra-
tions (5 mM), and NADH concentrations of 1 mM failed to

FIGURE 1: Model for the interaction of a simple substrate,trans-2-hexenoyl methyl thioester, with InhA, following rotation of Y158. The
models are based on the X-ray structure of the InhA-NADH binary complex determined by Sacchettini and co-workers (15). The figure
was generated using the program MOLSCRIPT (70). The atom colors are as follows: carbon, black; oxygen, dark gray; nitrogen and
sulfur, light gray; and hydrogen, white. (A) Y158 oriented as in the X-ray structure of the InhA-NADH binary complex. (B) Y158 has
been rotated by-60° about the CR-Câ bond. The substrate is modeled in an s-cis conformation about the C3dC2-C(dO) and is positioned
so that the carbonyl group is within hydrogen bonding distance of the tyrosine hydroxyl. In addition, the C3 atom of the substrate is
positioned 2 Å from thepro-4(S) NADH proton.
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elicit an increase in fluorescence compared to that observed
for free NADH. Consequently, theKd for NADH in these
two mutants must be>1 mM. The inability of these enzymes
to bind NADH indicates that K165 plays a primary role in
binding the cofactor. These observations are supported by
the X-ray crystal structure of NADH bound to InhA in which
the amino group of K165 is hydrogen bonded to the two
ribose hydroxyl groups of NADH (15).

In contrast, both the K165Q and K165R mutants exhibit
unimpaired affinities for NADH compared to that of the wild-
type enzyme. Clearly, the glutamine and arginine side chains
are able to effectively substitute for the NADH binding
function of the lysine side chain. In addition, both the K165Q
and K165R enzymes exhibit catalytic parameters similar
to those of the wild-type enzyme. Thus,kcat, Km NADH, and
Km DDCoA values for the K165Q and K165R enzymes are
virtually identical to wild-type values. Kinetic isotope effects
for K165Q and K165R are also close to wild-type values.
Consequently, if, as has previously been suggested, K165 is

functioning as an electrophile in the reaction (3), then the
glutamine and arginine side chains are equally effective at
providing electrophilic stabilization in the reaction. Although
there is precedence for glutamine residues acting as elec-
trophiles in enzyme-catalyzed reactions (25), the data here
do not support a role for K165 over and above cofactor
binding. In the X-ray structure of the substrate bound to
InhA, K165 is not close to the substrate carbonyl, supporting
the conclusion that K165 is primarily involved in binding
NADH (1). Finally, it is interesting to note that the putative
EnvM fromPasteurella haemolyticahas a glutamine in place
of the conserved lysine (Table 6).

Comparison of the Role of Y158 and K165 with the Role
of Those from Homologous Enzymes.Sequence alignment
demonstrates that Y158 and K165 in InhA are conserved
residues in the enoyl-reductase family that also includes
enoyl-reductases from other mycobacteria (Mycobacterium
smegmatis, Mycobacterium aVium, andMycobacterium bo-
Vis) (2, 26) and other bacteria (E. coli, Salmonella typhimu-

Table 6: Alignment of Enoyl-Reductase and Short Chain Alcohol Dehydrogenase Enzymesa

enoyl-reductase enzyme
accession
number

M. tuberculosisInhA (41) CAB02034 156 P A Y N W M T V A K S A
Mycobacterium smegmatisInhA (2) AAC43211 156 P A Y N W M T V A K S A
Mycobacterium boVis InhA (2) AAB60183 156 P A Y N W M T V A K S A
Mycobacterium aVium InhA (42) AAC46204 155 P A Y N W M T V A K S A
E. coli EnvM (28) AAA17755 154 P N Y N V M G L A K A S
Salmonella typhimuriumEnvM (29) AAA27059 154 P N Y N V M G L A K A S
Haemophilus influenzaeEnvM (27) AAC23379 187 P N Y N V M C L A K A S
Pseudomonas aeruginosaEnvM (43) AAC95362 157 P N Y N V M G M A K A S
Bacillus subtilisputative EnvM (44) CAB13029 167 P N Y N V M G V A K A S
Anabaenasp. sequence-specific DNA binding protein bifA gene (45) AAD04184 162 P N Y N V M G V A K A G
Pasteurella haemolyticaputative EnvM (46) AAB87478 127 P N Y N V M C L A Q S L
Rickettsia prowazekiistrain Madrid E putative EnvM (47) CAA14824 155 P N Y N I M G V A K A A
Helicobacter pyloriputative EnvM (48) AAD07262 153 A H Y N V M G L A K A A
Brassica napus(oilseed rape) EnvM (30) AAB20114 269 P G Y G G G M S S A K A A
Oryza satiVa (rice) EnvM (49) CAA05816 262 P G Y G G G M S S A K A A
Chlamydia trachomatisputative EnvM (50) AAC67695 186 P G Y G G G M N A A K A A
Streptomyces collinus1-cyclohexenylcarbonyl CoA reductase chcA (51) AAC44655 156 P T Y A M L G G M K A A
Streptomyces argillaceusEnvM for mithramycin biosynthesis (52) CAA61992 155 P R Y A G A G M A K A A

short chain alcohol dehydrogenases
accession
number

H. pylori putative 7-R-hydroxysteroid dehydrogenase (48) AAD08058 161 P N Y A G H G N S K N A
E. coli 7-R-hydroxysteroid dehydrogenase (53) BAA01384 154 I N M T S Y A S S K A A
M. tuberculosisputative 7-R-hydroxysteroid dehydrogenase (41) CAB08708 191 R W F G A Y G V T K S A
Streptomyces exfoliatus20-â-hydroxysteroid dehydrogenase (54) P19992 147 A L T S S Y G A S K W G
human 11-â-hydroxysteroid dehydrogenase type 2 (55) S62789 227 P C L G A Y G T S K A A
human 11-â-hydroxysteroid dehydrogenase (56) DXHUBH 178 P M V A A Y S A S K F A
mouse 11-â-hydroxysteroid dehydrogenase (57) P50172 178 P M I A P Y S A S K F A
Comamonas testosteroni3- or 17-â-hydroxysteroid dehydrogenase (58) S62216 145 E Q Y A G Y S A S K A A
Sus scrofa17-â-estradiol dehydrogenase (59) CAA55037 159 F G Q A N Y S A A K L G
human 17-â-hydroxysteroid dehydrogenase (60) P51659 159 F G Q A N Y S A A K L G
human 17-â-20-R-hydroxysteroid dehydrogenase type 2 (61) P37059 227 E R L A S Y G S S K A A
Rattus norVegicus15-hydroxyprostaglandin dehydrogenase (62) AAB53027 146 T Q Q P V Y C A S K H G
Ba. subtilisshort chain alcohol dehydrogenase homologue (44) CAB12226 186 P T L I D Y T A T K G A
M. tuberculosisshort chain alcohol dehydrogenase homologue (41) CAB05057 150 P G T A A Y G A A K A G
Actinomadura hibiscaputative polyketide synthase (63) BAA23150 151 S Q R T H Y T A A K A G
mouse carbonyl reductase (64) BAA05120 144 P N L I T Y S S T K G A
Streptomyces paucimobilis2,5-dichloro-2,5-cyclohexadiene-1,4-diol

dehydrogenase (65)
BAA03444 149 P M H G E Y V G A K H A

M. smegmatis3-ketoacyl reductase fabG gene (66) AAC69638 156 G N Q A N Y A A A K A G
M. tuberculosis3-ketoacyl reductase fabG gene (66) AAC69639 148 G N Q A N Y A A S K A G
E. coli UDP galactose-4-epimerase (67) AAC73846 144 T P Q S P Y G K S K L M
rat dihydropteridine reductase (68) P11348 142 P G M I G Y G M A K G A
Trypanosoma cruzipteridine reductase (69) AAC38850 177 P G F C V Y T M A K H A
human mitochondrial 2,4-dienoyl-CoA reductase (40) AAA67551 205 G F V V P S A S A K A G

a References for the sequence information are given after each enzyme name. Accession numbers refer to the NCBI protein database. The
conserved tyrosine and lysine residues are bold.
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rium, and Haemophilus influenzae) (27-29) and enoyl-
reductases from plants (Brassica napus) (30) (Table 6). X-ray
crystallographic analysis has shown that Y158 and K165 in
InhA are also structurally homologous with the conserved
tyrosine and lysine residues in the enoyl-reductases (EnvM)
from E. coli andB. napusexcept that in the InhA structure
the tyrosine is rotated 86° about the CR-Câ single bond
relative to its position in EnvM. The structure of a diazabo-
rine inhibitor bound to theE. coli enoyl-reductase demon-
strates that both the tyrosine and lysine side chains interact
with a hydroxyl group in the inhibitor, which is presumed
to occupy a position similar to that of the substrate carbonyl
oxygen. The structure of the antibacterial compound triclosan
bound to EnvM also exhibits a key hydrogen bonding contact
between the hydroxyl group of the inhibitor and the catalytic
tyrosine (71). In addition, in the InhA structure determined
with only NADH bound, it is impossible for both Y158 and
K165 to hydrogen bond to the substrate carbonyl unless the
tyrosine were to rotate upon substrate binding (15). The data
presented here, together with the X-ray structure of a
substrate bound to InhA (1), demonstrate that Y158 in InhA
does rotate upon substrate binding, into a position similar to
that occupied by the conserved tyrosine in EnvM.

The enoyl-reductases are also structurally homologous to
the short chain alcohol dehydrogenase (SCAD) family. The
SCAD enzymes have conserved tyrosine and lysine residues
organized in a characteristic YxxxK motif, whereas in the
enoyl-reductases, the tyrosine and lysine are separated by
six or seven residues (14, 31, 32) (Table 6). X-ray crystal
structures of several SCAD enzymes, including 3-R,20-â-
hydroxysteroid dehydrogenase (33), 17-â(estrogenic)hy-
droxysteroid dehydrogenase (34), UDP-galactose-4-epime-
rase (35), and dihydropteridine reductase (36), demonstrate
the structural homology of the conserved tyrosine and lysine
residues. Furthermore, the catalytic importance of the tyrosine
and lysine residues, together with a conserved serine residue,
has been shown in several members of the SCAD family by
site-directed mutagenesis [reviewed by Jo¨rnvall et al. (37);
see also Nakajin et al. (38)]. Detailed crystallographic and
kinetic analysis of wild-type and site-directed mutants of
UDP-galactose-4-epimerase revealed that the catalytic ty-
rosine in this enzyme (Y149), with assistance from the
conserved serine (S124) residue, functions as a general acid
and base to reversibly protonate and deprotonate, respec-
tively, the ketone oxygen of the substrate. Superposition of
the X-ray structures of members of the SCAD family with
the structures of the enoyl-reductase family indicates that
both tyrosine and lysine side chains occupy very similar
positions in all the enzymes.

Finally, there is also structural homology between the
SCAD family and the aldo-keto reductase (AKR) enzymes,
of which 3-R-hydroxysteroid dehydrogenase (3RHSD) is the
best characterized member. Four catalytic residues have been
identified in 3RHSD, Y55, K84, D50, and H117. While there
is no sequence homology between the AKR and SCAD
families, analysis of the X-ray crystal structures reveals that
Y55, K84, and H117 in 3RHSD (39) are structurally
homologous to the tyrosine, lysine, and serine residues in
the SCAD enzymes. Although 3RHSD catalyzes the transfer
of thepro-4(R) NADH proton while the SCAD enzymes and
the enoyl reductases arepro-4(S) specific, the nicotinamide
headgroups in 3RHSD and the SCAD enzymes can be

superimposed so that the transferred protons are oriented in
the same direction. If this is done, then the catalytic tyrosine
and lysine residues in the two classes of enzymes occupy
similar positions, and H117 in 3RHSD occupies a position
similar to that of the conserved serine in the SCAD family.
Finally, K84 in 3RHSD does not hydrogen bond to the
cofactor ribose but instead forms a salt bridge with D50.
Results from mutagenesis and kinetic experiments have
resulted in the proposal that Y55 in 3RHSD functions as a
general acid and base to catalyze the reversible reduction of
the dihydrotestosterone 3-R-keto group to a hydroxyl group.

Both the SCAD and AKR enzymes catalyze the reversible
oxidation and reduction of substrates with tyrosine acting
as the proton donor and acceptor, respectively, coupled with
hydride transfer to and from the carbonyl carbon. In contrast,
the enoyl-reductases only catalyze substrate reduction and
the site of protonation is the C2 of the substrate and not a
keto carbonyl oxygen. On the basis of the kinetic analysis
of InhA mutants, we propose that Y158 in InhA provides
catalytic assistance by hydrogen bonding to the carbonyl of
the substrate. Given that the Y158S mutant has wild-type
activity, it is unlikely that Y158 provides electrophilic
catalysis by formally protonating the oxygen of the enolate
intermediate, or that Y158 protonates the intermediate at the
C2 position. Interestingly, sequence alignment shows that
mammalian dienoyl-CoA reductase has a serine in place of
a tyrosine in the YxxxK motif (40). The latter enzyme also
catalyzes reduction of a CdC double bond rather than a
carbonyl group.
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