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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 froMycobacterium tuberculosifias 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 decreasds.invespectively, while leavingm

for the substraterans2-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/éfpp-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 INhANADH binary complex [Rozwarski, D. A., Vilcheze, C., Sugantino, M.,
Bittman, R., and Sacchettini, J. C. (199R)Biol. Chem. 27415582-15589]. 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.
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is the leading cause of death of young people and adults inpurchased from Cambridge Isotope Labs (Andover, MA).
the world ©). A major factor in the increase in tuberculosis Sephadex G-25 (fine) was purchased from Pharmacia Biotech
has been the spread of the AIDS epidemic, and currently, (Uppsala, Sweden). His-Bind Resin, biotinylated thrombin,
tuberculosis is one of the most common opportunistic streptavidin-agarose, and the pET15(b) plasmid were pur-
infections in people with AIDS 10). Additionally, an chased from Novagen (Madison, WI). Oligonucleotides were
important aspect of the disease concerns the increasingpurchased from IDT, Inc. (Coralville, 1A). Restriction
occurrence of multidrug-resistant straind\bftuberculosis enzymesNdd andBarnHI) were purchased from Stratagene
with about 90% of the drug-resistant strains occurring in (La Jolla, CA). T4 ligase, calf intestinal alkaline phosphatase
people infected with HIV 11, 12). There is thus a critical  (CIP), and T7 clonegfu polymerase were purchased from
need for the development of novel anti-tubercular drugs that New England Biolabs Inc. (Beverly, MA). Spin columns
are effective against drug-resistant strains of the organism.were purchased from Princeton Separations Inc. (Adelphia,

As part of our effort to develop novel anti-tubercular drugs, NJ). DNA purification and gel extraction kits were from
we are studying the catalytic mechanism of InhA and Qiagen Inc. (Valencia, CA). TSBr was purchased from
identifying amino acid residues involved in catalysis. Here Isotec Inc. (Miamisburg, OH). All other buffer salts (reagent
we report site-directed mutagenesis studies on two aminograde or better), solvents (HPLC grade or better), and
acids, Y158 and K165, that have been identified by sequencechemicals were purchased from Fisher Scientific Co. (Pitts-
homology modeling as putative catalytic residues. These twoburgh, PA).
residues are conserved within the enoyl-reductase family and Preparation of trans-2-Dodecenoyl-Coenzyme A. trans
are structurally homologous to conserved tyrosine and lysine 2-Dodecenoyl-CoA (DD-CoA) was synthesized frémans-
residues in the short chain alcohol dehydrogenase (SCAD)2-dodecenoic acid using the mixed anhydride method as
family of enzymes 13, 14). On the basis of the X-ray described previouslyd). Briefly, 50 mg (252umol) of acid
structure of EnvM, the enoyl-reductase fré&scherichia coli was dissolved in 10 mL of anhydrous diethyl ether with 32
and mechanistic studies of SCAD enzymes, it has beenmg (315xmol) of triethylamine. Following the addition of
proposed that the conserved tyrosine (Y156), possibly with 34 mg (315umol) of ethyl chloroformate, salt crystals
assistance from the conserved lysine (K163), stabilizes theformed and the solution was stirred at room temperature
enolate intermediate by protonatioh3( 14). overnight. The mixed anhydride was then filtered and added

In the X-ray structure of the INhANADH binary complex ~ dropwise to a solution of CoA in 50 mM Na0; (pH 8),
(15), Y158 and K165 cannot simultaneously interact with ethanol, and ethyl aceta.te (2:1:1) while being sprred at room
the substrate carbonyl due to an°86tation of the Y158 temperature. The reaction progress was monitored by fol-
Co—C; bond relative to its position in EnvM—153 in lowing the concentration of free thiol in solution using's,5
EnvM and—67° in InhA). On the basis of the InhA structure, dithiobis(2-nitrobenzoic acid) (DTNB). When no free thiol
Blanchard and co-workers have proposed that K165 is the Was detected, the solution was concentrated in vacuo to
electrophile that interacts with the substrate’s carbonyl group 'émove the organic solvent and was purified by HPLC
(16). Our initial modeling studies indicate that the substrate (Shimadzu) using a Phenomenex Primespherg;$iC 250
carbonyl can also hydrogen bond with Y158, but this requires MM x 4.60 mm (5um) preparative column. Chromatograph)g
a major reorientation of the substrate in the active site relative WaS performed using 20 mM ammonium acetate/1.75%
to the model proposed by Blanchard et al. Alternatively, acetonitrile as buffer A and runrgra 0 t0100% gradient of
substrate binding could cause the tyrosine side chain to rotate?>% acetonitrile/5% pD (buffer B) over the course of 80
and take up a position similar to that observed in EnvM. MiN at a flow rate of 8 mL/min. Elution was monitored at

To investigate the role that Y158 and K165 play in the 260 and 285 nm using a .S.h|madzu SPD-10A -Us
reaction mechanism, Y158 has been replaced by S, F anquteC.t(.)r’ and fractions containing DD-CoA were pooled _and
A while K165 has béen replaced by R, M, Q, and A fhe yophilized. The retention time for DD-CoA was 40 min.

effect of the various replacements has been investigated usin(‘%r 0 remove all ammonium acetate, the lyophilized solid was

oo . N dissolved in HO or D,O and relyophilized twice. The
steady state kinetics and primary kinetic isotope effects. The ed : . . .
data indicate that Y158 is involved in the chemical steps of desired product was obtained in 82% yield as a flaky white

.1
the reduction reaction while the primary function of K165 powder: *H NMR (500 MHz, 0) 4 8.60 (s, 1H), 8.31 (s,

is in cofactor binding. Our results are discussed in light of 1H), 6'98_6'93 (dt, IH,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,
the recently published X-ray structure of InhA in complex
: i : 2H), 4.05 (s, 1H), 3.87 (q, 1H), 3.60 (g, 1H), 3.50 (t, 2H),
with NAD" and a C16 fatty acid substrate reported by 3.38 (t, 2H). 3.06 (t, 2H), 2.56 (t. 2H), 2.26 (t, 2H), 1.42
Sacchettini and co-workerd)( In this structure, Y158 has : : o ’ . : - ' o

moved from its position in the binary INRANADH complex (m, _ZH)’ 1'2.3 (bm, 12H), 0.92 (s, 3H), 0;8_3 (t, 3H), 0.78 (s,
and hydrogen bonds with the substrate carbonyl 3H); UV—vis (H0) ez0 20.4 mM* ci % MADLI-MS
' (IM — H]") calcd for [G3Hs3N70417S]™ 946.2, found 946.3.

EXPERIMENTAL PROCEDURES Preparation of 4(S)-NADD4(S-NADD was enzymati-
cally synthesized essentially as described previousiy1(8).
Materials. Coenzyme A (CoA) lithium salt3-NADH, One hundred milligrams (550mol) of [1-D]glucose, 33 mg

B-NAD, glucose-6-phosphate dehydrogenase ft@umconos- (50 umol) of B-NAD™*, and 40 units of glucose-6-phosphate
toc mesenteroideftype XXIV), and ethyl chloroformate  dehydrogenase frorh. mesenteroide$EC 1.1.1.49) were
were from Sigma Chemical Co. (St. Louis, MO). Triethyl- dissolved in 2 mL of 40% DMSO/100 mM sodium phosphate
amine was from Aldrich (Milwaukee, WIiYrans-2-Dodec- (pH 8) at 25°C. The progress of the reaction was followed
enoic acid was from TCI Chemicals (Portland, OR). [1-D]- by monitoring the increase in absorbance at 340 nm and the
Glucose (98% D) and deuterium oxide (99.9% D) were Axsd/Agqp ratio. After 2 h at 25°C, the reaction had gone to
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Table 1: Primers Used for Mutagenésis

mutant

primet

Y158A (forward, F)
Y158A (reverse, R)
Y158F (F)
Y158F (R)
Y158S (F)
Y158S (R)
K165A (F)
K165A (R)
K165M (F)
K165M (R)
K165Q (F)
K165Q (R)
K165R (F)
K165R (R)

5CGGGCGATGCCGGCGCCAACTGGATGACGGTC-3
B5GACCGTCATCCAGTIGGCGGCCGGCATCGCCCG-3
3-CGGGCGATGCCGGCTTCAACTGGATGACGGTC-3
3-GACCGTCATCCAGTTGAAGGCCGGCATCGCCCG-3
5-CGGGCGATGCCGGCBGCAACTGGATGACGGTC-3
5-GACCGTCATCCAGTTGCTGGCCGGCATCGCCCG-3
5-GATGACGGTCGCGACAGCGCGTTGGAG-3
5-CTCCAACGCGCTGCGGGCGACCGTCATC-3
5-GATGACGGTCGCATGAGCGCGTTGGAG-3
5-CTCCAACGCGCTATGGCGACCGTCATC-3
3-GATGACGGTCGCCAGAGCGCGTTGGAG-3
3-CTCCAACGCGCTCTGGGCGACCGTCATC-3
3-GATGACGGTCGCAGGAGCGCGTTGGAG-3
3-CTCCAACGCGCTCCTGGCGACCGTCATC-3

aForward and reverse primers are listelutation site is underlined in bold.

completion and theAxso/Asqo ratio had reached 2.4. The
reduced nucleotide was then purified by Pharmacia Biotech
fast-protein liquid chromatography (FPLQ)3). The enzyme
was removed by centrifugation with a centricon YM10
membrane (Amicon), and the (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 runmgjra 0 to 15%gradient

of 10 mM triethanolamine ahl M KCI (pH 7.8) (buffer B)
over the course of 80 min at a flow rate of 4 mL/min. Elution

1.6. The cells were harvested by centrifugation and resus-
pended in an equal volume of fresh LB-ampicillin containing
isopropyl 5-p-thiogalactoside (36@g/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

was monitored at 254 nm. The reduced nucleotide eluted atthe protein was eluted using a gradient cb@tM imidazole

38 min, and fractions with aBysd/Asso ratio of <2.3 were

in 20 mM Tris-HCI and 500 mM NaCl (pH 7.9). Fractions

pooled, concentrated in vacuo, and desalted on a Phenomenegontaining His-tagged InhA were immediately pooled and

Cigreverse phase HPLC columid NMR (500 MHz, D:O)

0 8.50 (s, 1H), 8.25 (s, 1H), 6.98 (s, 1H), 6-1@.12 (d, 1H,

J=9.99 Hz), 6.06-5.98 (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 (HgO) AzedAgA,o = 2.27; MADLI-MS

(IM — H]") calcd for [G1H2sDN7O14P;] ~ 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, NY3)(

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 weteCI TTAAGAAG-
GAGATATCATATGACAGGACTGCTGGACGGC-3and
5'-GACGCCGGATCCTAGAGCATTTGG-3 which intro-
duced a 5Ndd restriction site and a'3anH| 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 PS]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 ug/mL) medium at 37°C to an ORQgo of

applied b a 2 cm x 50 cm Sephadex G-25 column
(Pharmacia) equilibrated with 20 mM Tris-HCI, 150 mM
NacCl, and 2.5 mM CaGlI(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 SDSPAGE and was shown to be complete
after 24 h. Subsequently, the thrombin was removed using
streptavidin-agarose (20uL/unit of thrombin) and the
protein exchanged into PIPES buffer (pH 6.8) containing 150
mM NacCl. The purified enzyme was stable for 3 months in
30 mM PIPES, 150 mM NacCl, 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?! cm™ for the wild type and K165
mutants 8) and 35.7 mM?* cm! 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 previousB).(

Circular Dichroism Spectroscop@ircular dichroism (CD)
spectroscopy was carried out using an AVIV model 62A DS
spectrometer equipped with a Peltier temperature control unit.
Far-UV CD spectra (250190 nm) of wild-type and mutant
proteins (12uM) were acquired at 253C in 10 mM Na-
HPO, and 100 mM NaCl (pH 7.5).

NMR SpectroscopyH NMR spectra were obtained using
a Varian Inova 500 and 600 MHz spectrometét. NMR
spectra were processed on a Silicon Graphics Indigo2
workstation with the program FELIX (Molecular Simulations
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Inc.). All NMR spectra were obtained at 2& using TSP-
ds as an internal standard.
Fluorescence Titration Experimeng&quilibrium 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 26. 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 describ®d (
Briefly, in a typical experiment, JuL aliquots of 3 mM
NADH were addedd a 3 mLsolution of 0.5-2 uM protein.

Parikh et al.

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.

v = Kol EJo[SV(Kry + [S]) 3)

Alternatively, where both the NADH and DD-CoA concen-
trations were variedk.,: and K, values were obtained by
fitting the data to eq 4 wherya is theKy for substrate A,
Ka is theKy, for substrate A, an&g is theK, for substrate
B.

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):
FemF
F(max)— F(max)

(Ky+ [E]o + [NADH]) — y/(Ky + [E]o + NADH]) 2 — 4K [E],
2[E

(1)

v = Vi AlIBI/( Kya + Ka[B] + Kg[A] + [A][B]) (4)

Sobent Kinetic Isotope EffecBolvent deuterium kinetic
isotope effects ol (°2°V) andV/K (°XV/K) were determined
at pH(D) 6.8 in 30 mM PIPES containing 150 mM NacCl.
For reactions performed inJD, the buffer was titrated to
pD 6.8 using DCI, where pD is equal to the pH meter reading
plus 0.4 20). Kinetic parameters were determined at a fixed,
saturating concentration of NADH (25M) and by varying
the concentration of DD-CoA (6200 uM). Alternatively,
the kinetic isotope effects were determined at a fixed
concentration of DD-CoA (15&M) and by varying the

whereF. andF; are the fluorescence intensity in the presence concentration of NADH (6-:500 «M). Each initial velocity

and absence of enzyme, respectivélymax) andF (max)

was determined in triplicate, and at least five different

are the maximum fluorescence intensity in the presence andsubstrate concentrations were examined. Kinetic data were

absence of enzyme, respectivelyy is the dissociation
constant, [E]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 Yof
between 0.1 and 0.9.

log[Y/(1 — Y)] = nlog[X] — log K’ (2)

whereY = (Fe — F)/[Fe(max) — F(max)], n is the Hill
coefficient, [X] is [NADH]xee, andK' is a constant compris-

fit to the following equation (eq 5) using Grafit:

v =[SU{LIVKQ + fi x Ey )]} +
[SVIV(L+fi x E)]) (5)

where [S] is the concentration of the varied substrate,
VK = VIK, fi is the fraction of D in the reaction (61.0),

and Eyx and Ey are the isotope effects minus one 9K

and V, respectively. SinceV/K is evaluated as a single
parameter, this enabled errors #andV/K to be estimated
accurately kc.: and keafKm 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)

ing the factor of interaction between the subunits and the Was not close to an ionization affecting enzyme activa)(

intrinsic dissociation constant9).

Steady State Kinetic&ll experiments were carried out
on a Cary 100 Bio (Varian) spectrophotometer at°25in
30 mM PIPES and 150 mM NaCl (pH 6.8). Identical kinetic

Multiple kinetic isotope effects oV (P2°Vp), V/KnapH
(DZOV/KD NADH)y and V/KDDCOA (DZOV/KD DDCOA) were de-
termined by measuring the solvent isotope effecioand
VIK as described above except that NADH was replaced by

parameters were obtained when the concentration of PIPESPrO-4(S) NADD.

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 ¢ = 6.3 mMt cm™) or 370 nm

(e =2.4mMcm™). kegrandkea/Kn for trans2-dodecenoyl-
CoA (DD-CoA) were determined at a fixed, saturating
concentration of NADH (250uM) and by varying the
concentration of DD-CoA (8200uM). Keat and Keal K for
NADH were determined at a fixed concentration of DD-
CoA (150uM) and by varying the concentration of NADH
(0—500 «M). Higher concentrations of DD-CoA could not
be used as increasing the concentration above /490

Primary Kinetic Isotope Effect®rimary deuterium kinetic
isotope effects o (PV) and V/K (PV/K) were determined
at a fixed, saturating concentration of NADH oSHNADD
(250uM) and by varying the concentration of DD-CoA~0
200 uM). Alternatively, the kinetic isotope effects were
determined at a fixed concentration of DD-CoA (150)
and by varying the concentration of NADH orS{NADD
(0—500uM). 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

resulted in a decrease in rate, possibly due to substrateUsing an N-Terminal His Tagro simplify the purification

inhibition (7). Each initial velocity was determined in

of InhA, the protein was expressed with an N-terminal His

triplicate, and at least five different substrate concentrations tag sequence. This enabled the single-step purification of

were examined. Kinetic parameterk,, and Kn,, were

protein using metal affinity chromatography. The method



Catalytic Residues in InhA Biochemistry, Vol. 38, No. 41, 19993627

Table 2: Kinetic Parameters for Wild-Type and Mutant InhA Table 3: Kq Values for NADH Binding to Wild-Type and Mutant
Enzyme3 InhA Enzymes
Keal Km enzyme Ka (uM) enzyme Kg (uM)
-1 in—1
Kin (M) UM~ min) wild-type 0.48+ 0.03 K165Q 0.14t 0.02
enzyme keat(Min™) DD-CoA  NADH DD-CoA Y158F 0.19+ 0.01 K165R 0.09t 0.02
wild-type? 278+ 26 2747 ND? 103+ 3.6 Y158S 0.06+0.01
wild-type with  434+19  48+7 65+ 7 9.1+1.7 aKqy determined by fluorescence titration. Enzyme concentrations
His tag were 1.86 (wild-type), 2.35 (Y158F), 1.20 (Y158S), 0.92 (K165Q),
wild-type® 501+23  46+5 66+ 7 109+ 1.7 2.13 (K165R), 2.10 (K165A), and 1.10M (K165M). All enzymes
Y158F 21+7 70+ 6 2.0+0.1 0.3+0.1 were expressed with the His tag sequence which was removed prior to
Y158A¢ 0.33+0.01 54+6 5+1 0.006+ 0.001 determining theKq values.
Y158 4104+ 27 48+ 8 48+ 8 8.5+ 2.0
K165 680+42 62+10 66+5 11.0£0.2 )
K165R° 658+36 5448 51+£5 121421 and ake,; of 0.33+ 0.01 mim* and aKy, napn Of 5 4 1 uM,
aKinetic parameters were determined at°€5 ° Enzyme prepared ~ [OF Y158A- Consequently, replacem.ent C_)f Y158 W|t_h Fand
without the His tag® Enzyme prepared with the His tag removédlot A results in 24- and 1500-fold reductionskg,, respectively.
determined. CD Spectra of Wild-Type and Mutant InhA Proteids

evidence for correct folding of the mutant proteins, CD

yielded approximately 75 mg of protein from 500 mL of spectra of the wild type and two mutant proteins (Y158F
bacterial culture. Even with heavy loading, no other bands and K165A) were obtained. All three had virtually super-
could be detected on a SBPAGE gel. The His tag imposable CD spectra (data not shown), indicating that the
sequence contained a thrombin cleavage site, and biotinylatediecreased enzyme activity (Y158F) or lowered affinity for
thrombin was used to remove the His tag. This procedure NADH (K165A) for these two mutants was not due to a
was monitored by SDSPAGE as the His tag sequence major structural change in the protein. Using software
added ca. 2 kDa to the apparent molecular mass of thesupplied with the instrument, the-helix contents for the
protein. Following cleavage, the protein was exposed to wild-type, Y158F, and K165A enzymes were estimated to
streptavidin-Sepharose and His-bind resin to remove the be 37, 36, and 38%, respectively.
biotinylated thrombin and uncleaved InhA as well as the His  Equilibrium Binding of NADH to Wild-Type and Mutant
tag peptide. Following removal of the His tag, the InhA InhA ProteinsDissociation constant¥() for the interaction
protein has four additional N-terminal amino acids (GSHM) of NADH with the wild-type and mutant InhA proteins were
compared to the mature protein. determined by fluorescence spectroscopy For the wild-

Steady State Kinetic Analysis of Wild-Type Proteirse type, Y158F, Y158S, K165Q, and K165R proteins, NADH
keat @and K, values for wild-type InhA, purified with and  binding curves were hyperbolic an€} values were calcu-
without the His tag method, are given in Table 2. InhA lated by fitting the data to eq 1. The values that were obtained
purified using the original expression plasmg) éxhibited were 0.48+ 0.03uM for the wild type, 0.19+ 0.01uM for
akeaOf 278+ 26 mint and aKr ppcoa Of 27 = 7 uM. The Y158F, 0.06+ 0.01 uM for Y158S, 0.14+ 0.02 uM for
corresponding values for InhA purified using the His tag K165Q, and 0.0% 0.02uM for K165R (Table 3). The value
method are 434- 19 min* (kea) and 48+ 7 uM (K ppcon), for the wild-type protein was very similar to that reported
before removal of the His tag, and 561 23 min* (Kea) previously [0.57+ 0.04 (7)]. NADH binding to the Y158A
and 46+ 5 uM (Kmbpcoa), after removal of the His tag.  enzyme was not hyperbolic but sigmoidal. Inspection of the
These values are within a factor of 2 of each other and arebinding curve indicated that NADH binding was 50%
also within the range of values previously published for InhA complete at 1quM NADH. Fits of the data to the Hill
[keat = 165 £ 14 min* and Ky ppcoa = 48 £+ 6 uM (3); equation (eq 2) gave a Hill coefficient of 2410.1 and &'
Keat= 941+ 29 mint andKp ppcoa = 75+ 5 uM (7)]. In of (2.0 & 0.1) x 10°*% In addition, no detectable NADH
addition, theKn napn Values determined for the His-tagged binding was observed for the K165A and K165M mutants
InhA before (65+ 7 uM) and after (66+ 7 uM) removal even up to 1 mM NADH, indicating &4 of >1 mM for
of the His tag were identical and similar to the previously these enzymes.
reported value of 56t 4 uM (7). Although the His tag Sokent Isotope Effects on Wild-Type and Mutant InhA
sequence did not alter the kinetic parameters of the enzyme Proteins.Solvent kinetic isotope effects are given in Tables
it reduced the solubility of the protein at pH 6.8, presumably 4 and 5. For the wild-type enzyme, a small normal kinetic
due to an increase in the pl of the protein. Consequently, solvent isotope effect of 1.5 0.19 was observed ox
the His tag sequence was routinely removed by thrombin (°2°V), while a larger normal effect was observed @K
cleavage prior to kinetic analysis. with NADH as the varied substrat€fV/Knapy = 2.46 =

Steady State Kinetic Analysis of Mutant Proteihable 2 0.13). In contrast, an inverse kinetic isotope effect of
lists thek.a: and Kr, values for the Y158F, Y158A, Y158S, 0.59+4 0.18 was observed oK with DD-CoA as the varied
K165Q, and K165R mutants of InhA. The Y158S, K165Q, substrate 2°V/Kppcon).
and K165R proteins all hada, Kmbpcoa, andKn napn Values Compared to that of the wild type, a small increase in
similar to those of wild-type InhA. The Y158F and Y158A P:°V was observed for the Y158S mutant (2.850.07),
proteins hadKm ppcoa Values of 70+ 6 and 54+ 6 uM, while P2OV/Kppcoa (0.47 £ 0.23) andP°V/Knapn (2.30 £+
respectively, similar to values for the wild-type InhA. 0.38) were similar to those of the wild type. The Y158F and
However, thek.. and Kmnapn Values were substantially  Y158A mutants had smaller isotope effects on bgtand
reduced compared to those of the wild type witha of V/K. For Y158A,P°V (1.27 + 0.22),P°V/Kppcon (1.14+
21+ 7 min~! and aKy, napn Of 2.0+ 0.1 uM, for Y158F, 0.23), and®°V/Kyapn (1.14 £ 0.21) were close to, or
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Table 4: Kinetic Isotope Effects for Wild-Type and Y158 Mutant ~ Blanchard and co-workers where it was concluded that the
INhA Enzyme3 addition of substrates to the enzyme was not strictly ordered,
but that the initial binding of NADH was preferre@)(

H,OP D,0¢ SIEd _ )
Wild-Type For the Y158S mutant, primary isotope effects ‘o
v 3.3340.10 0.90+0.11 151+ 0.19 (3.50 £ 0.07), PV/Knaon (1.90 & 0.33), and®V/Kppcoa
V/KnapH 1.974+0.23 1.06+ 0.17 2.46+0.13 (2.38 & 0.38) were similar to those observed for the wild-
VIKbpeoa 2.36+£0.52 0.43+0.10 0.59+0.18 type enzyme. For the Y158F and Y158A mutants, the
Y158F values of 2.50t 0.15 and 2.40- 0.10 were slightly smaller
x/K g-ggi 8-13 8-3311 8-%2 iigi 8-%‘71 than that for the wild-type enzymBV/Kppcoa andPV/Knaph
NADH . . . . . . L
ViKonoos 5361 025 0.83% 0.26 0731 0.22 values for Y;58F and Y158A were, within error, the same
V158A as for the wild-type enzyme.
v 2404010  1.08:009 1274022 For the K165Q and K165R enzymes, primary isotope
V/Knaph 2.02+ 0.60 0.87+£0.26 1.14+0.23 effects were only obtained by varying the concentration of
V/Kppcoa 2.49+0.45 0.89+0.17 1.14£0.21 DD-CoA. This gave &V of 2.42+ 0.30 and &V/Kppcoa
Y158S of 3.34 £ 0.37 for K165Q and &V of 2.34+ 0.26 and a
v 3.50+0.07 0.86+0.18 2.05+0.17 PV/Kppcoa Of 3.68 4 0.32 for K165R. ThusPV values for
V/Knaok 1.90+ 0.33 0.88+ 0.20 2.30+0.38

K165Q and K165R were similar to the values observed for
V/Kpoco 2.38+ 0.38 0.59+ 0.16 0.47+ 0.23 \
DDCoA the Y158 mutants but smaller than that for the wild-type

aKinetic parameters were determined at°Z5 All enzymes were ; ..
purified using the His tag method and had the His tag sequence removed 2y ME WhileV/Kppcon values were similar to that of the

prior to kinetic analysis? Isotope effect determined in B using Wild—type enlzyrr_‘e- _
NADD. ¢lIsotope effect determined in,D using NADD.¢ SIE is the Multiple Kinetic Isotope Effects on Wild-Type and Mutant

solvent isotope effect. InhA Proteins.Multiple kinetic isotope effects were deter-
mined by measuring the solvent isotope effect in the presence
Table 5: Kinetic Isotope Effects for Wild-Type and K165 Mutant of 4(9-NADD (Tables 4 and 5). In every instance, the

InhA Enzymed solvent isotope effect ovf (°-°Vp) was, within experimental
H,0P D,O° SIE error, indistinguishable from unity, consistent with a stepwise
Wild-Type mechanism. For the wild type and Y158 mutants, the multiple
v 3.334+0.10 0.90+ 0.11 151+ 0.19 isotope effects onV/K caused by varying the NADD
V/Kppcoa 2.3640.52 0.43+0.10 0.59+0.18 concentration {°V/Kp napp) Were indistinguishable from
K165Q unity. Importantly, however, for the wild type and Y158S,
\% 2.4240.30 1.38+0.31 1.53£ 0.26 varying the DD-CoA concentration gave inverse isotope
V/Kppcoa 3.3440.37 0.7£0.3 0.58+ 0.25 effects onP°V/Kp ppcoa Of 0.43 £ 0.10 and 0.59+ 0.16,
K165R respectively. In contrast, for Y158F and Y158A, th&V/
\\leDDCOA g%‘gi 8:33 (l)giio(.)ém é:?ji 8:% Ko bocoa Values were indistinguishable from unity.

aKinetic parameters were determined atZa All enzymes were DISCUSSION
purified using the His tag method and had the His tag sequence removed

prior to kinetic analysis® Isotope effect determined in 8 using Mechanism of Wild-Type InhRrevious studies with InhA
NADD.  Isotope effect determined in:D using NADD.“SIEisthe  haye resulted in the proposal that substrate reduction occurs
solvent isotope effect. via a stepwise mechanism in which hydride transfer precedes
protonation 8). The results presented here are consistent with
indistinguishable from, unity (Table 4). For Y158F, the a stepwise mechanism in which the transition states for
POV (1.39 £ 0.17) was intermediate between the values hydride transfer and protonation of the enol(ate) intermediate
observed for the wild type and Y158A enzymes. In addition, are both partially rate-limiting. This is based on the normal
P2OVIKppcoa (0.73 + 0.22) andP°V/Knapn (1.18 + 0.24) primary isotope effect oV using NADD PV = 3.33 +

were close to unity. 0.10) and the small but normal solvent isotope effechon
POV values for the K165Q (1.53 0.26) and K165R  (P°V = 1.51+ 0.19). A multiple-isotope effect experiment
(1.59+ 0.21) enzymes as well &8°V/Kppcoa for K165Q confirms this conclusion; the solvent isotope effect \bn

(0.58 & 0.25) were also very similar to that of wild-type using NADD as the substrate yield§&Vp of 0.90+ 0.11.
InhA. POV/Kppcoa for KL65R (0.74+ 0.50) was indistin- The observation that the solvent isotope effect is smaller with
guishable from unity. NADD than with NADH is conclusive evidence that the
Primary Kinetic Deuterium Isotope Effects on Wild-Type primary and solvent isotope effects affect different steps in
and Mutant InhA Proteindrimary kinetic deuterium isotope  the mechanism. Thus, replacement of NADH by NADD
effects resulting from the use of9¢NADD are reported in affects the rate of hydride transfer, leading to the formation
Tables 4 and 5. For the wild-type enzym¥,andPV/Kppcoa of the enol(ate) intermediate, while the solvent isotope
were 3.33+ 0.10 and 2.36+ 0.52, respectively, similar to ~ sensitive step is assumed to be the breakdown of the enol-
previously reported values3) With NADH(D) as the  (ate) intermediate by protonation at C2.
variable substrate, the isotope effect\dK (°PV/Kyapn) Was The observation tha?V/Kppcoa (2.36 & 0.52) andPV/
1.97 + 0.23, which is the same, within experimental data, Kyapx (1.97+ 0.23) are the same within experimental error
as PV/Kppcoa. The similarity inPV/K values is consistent  is consistent with a mechanism in which substrates bind to
with the random order of addition of substrates to the the enzyme in a random order. If the mechanism were strictly
enzyme, which varies slightly from data published by ordered with NADH binding first, then 8V/Kyapn of unity
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Scheme 2 Vis now masked, the apparéi®V/Kp ppcoa Should be more
E:NADH === E:NADH:DDCOA inverse than the solvent isotope effect using NADRPY/
7 N Koocon). Indeed, although thé:OV/Kp ppcoa O 0.43 is
E (ENADHDDCOA) > products nominally smaller than th€2°V/Kppcoa Of 0.59, the errors
\ /6 in these two values prevent us from distinguishing between
E:DDCOA <—= (E:DDCOA) them. Nevertheless, the fact that an inverse solvent isotope
effect onV/Kppcoa is still observed when NADD is substi-
Scheme 3 tuted for NADH is very significant.
ENADH ENADH:DDCOA (', We believe the structural basis for the conformational
\ 25 change proposed above represents rotation of Y158 into a
E (E:NADH:DDCOA) ——> products position where it can hydrogen bond to the substrate
\ EDDCOA ——= (E:DDCOAY //1 carbonyl. This hypothesis is supported by the mutagenesis
' - experiments with Y158, discussed below, and by the X-ray
would be expected2@). Previously, Blanchard and co- crystal structures determined by Sacchettini and co-workers
workers reported 8V/Kyapn Of greater than unity but smaller (1, 15). Comparison of the structure of the InRANADH
than®V/Kppcoa, SUggesting that the mechanism is not strictly binary complex with that of an inactive ternary complex
ordered, but that the initial binding of the cofactor is preferred formed by InhA, NAD", and a C16 enoyl substrate reveals
(3). While we are not able to explicitly explain this that upon binding the enoyl substrate there is aré@ation
discrepancy, it is noteworthy that the concentration of DD- about the Y158 ¢—Cs bond that enables Y158 to hydrogen
CoA used in the determination &/Kyaph may not be bond to the substrate carbonyl group. The repositioning of

saturating (see Experimental Procedures). Y158 is shown diagrammatically in Figure 1.
When DD-CoA is used as the variable substrate, an inverse Mutagenesis of Y158, and NADH Bindinbhe Y158F
solvent isotope effect is observed MK (°°V/Kppcoa = enzyme has &, for NADH similar to that of the wild-type

0.59+ 0.18). In contrast, when NADH is used as the variable enzyme. In the Y158A enzyme, however, NADH binding
substrate, a normal solvent isotope effect is observedidn is sigmoidal not hyperbolic. Sigmoidal binding curves are
(P°VIKnapn = 2.46 £ 0.13), which is larger than the also observed for InhA mutants in which residues close to
observed®V (1.514 0.19). One explanation for the inverse the NADH binding pocket have been alteref).(This has
P2OV/Kppeoa iNVolves an inverse equilibrium isotope effect previously been attributed to cooperative NADH bindify (

of 0.4 on a conformational change that occurs at the samewhich is possible since the active protein is a tetramer of
time as, or after, DD-CoA binding to the enzyme. Thus, since identical subunits). The latter mutations result in substan-
POV is 1.51, POV/Kppcoa Will be 1.51 x 0.4 (0.6). In tial decreases in the affinity for NADH and increases in the
addition, to account for thB=°V/Kyapn Of 2.46, there must  Kn, for NADH. However, both Y158F and Y158A have
then be a normal isotope effect of 1.6 for the binding of significantly lower K, values for NADH compared to that
NADH to the E-DD-CoA complex. These isotope effects of the wild type. The observation of cooperative binding of
are summarized in Scheme 2 where the active conformationNADH to the Y158A mutant does not detract from the
of the enzyme is given by (E:DDCOApnd (E:NADH: primary conclusion that Y158 is a key catalytic residue in
DDCOA). Alternatively, the intrinsi®°V may be the same  the enzyme (see below).

asPPV/Kyapn (2.5), and the reduction in the observetlv Y158S.Given the conservation of Y158 throughout the
could result from the release of the second product being enoyl reductase family (Table 6), it is remarkable that
partially rate-limiting. Then, no equilibrium isotope effect replacement of Y158 with serine results in an enzyme with
would be required for NADH binding, but a larger inverse properties virtually identical to those of the wild-type
equilibrium isotope effect (0.24) would be required to enzyme. Clearly, the serine hydroxyl group can fulfill the
account for the observétd®V/Kppcoa 0f 0.59+ 0.18. These  same function as the tyrosine hydroxyl group. Although the
isotope effects are summarized in Scheme 3 where the activepK, values of the tyrosine hydroxyl group in the wild-type
conformation of the enzyme is given by (E:DDCOANd enzyme and of the serine hydroxyl group in the Y158S
(E:NADH:DDCOA)'. Replacement of NADH with 4&)- enzyme are unknown, the&kpvalues of these groups in the
NADD results in a solvent isotope effect ovi that is free amino acids are 10.5 and 15, respectively. Thus, it is
indistinguishable from unity. This is consistent with a unlikely that the role of the Y158 residue in the wild-type
stepwise mechanism in which hydride transfer is now enzyme depends directly on the acidity of the hydroxyl
completely rate-limiting (see above). In contrast, the equi- group. This observation again mitigates against the possibility
librium isotope effects invoked to account for the solvent that the hydroxyl group of Y158 is a proton donor in the
isotope effects o’V//K should still be present when using reaction. However, both the tyrosine and serine hydroxyl
4(S-NADD. ThePLV/Kp napn Of 1.064 0.17 is well-defined groups can function as hydrogen bond donors or acceptors.
and indistinguishable from unity. This supports the model Taken together, the most probable role for Y158 is that it
shown in Scheme 3 in which the observe8V/Kyapy Of provides electrophilic stabilization of the transition state(s)
2.46 £ 0.13 is the intrinsic isotope effect (see above). for the reaction by hydrogen bonding to the carbonyl of the
However, we would still expect to observe an inverse isotope substrate. This function is analogous to that performed by
effect onV/K when varying the DD-CoA concentration in  the catalytic tyrosine in ketosteroid isomerass, (24).

the presence of NADD. This is indeed what is observed. Support for the role of Y158 as an electrophilic catalyst is
P2OV/Kp ppocoa IS 0.434 0.10, which is consistent with an  provided by the crystal structure determined by Sacchettini
inverse equilibrium isotope effect following the binding of and co-workers that shows Y158 hydrogen bonded to the
DD-CoA to the enzyme. Since the solvent isotope effect on substrate carbonyl. Since the serine side chain is shorter than
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Ficure 1: Model for the interaction of a simple substrat@ans-2-hexenoyl methyl thioester, with InhA, following rotation of Y158. The
models are based on the X-ray structure of the IrINADH binary complex determined by Sacchettini and co-work&B}. (The figure

was generated using the program MOLSCRIRT)( 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-tht#DH binary complex. (B) Y158 has
been rotated by-60° about the —Cs bond. The substrate is modeled in an s-cis conformation aboutsth€£ C(=0) 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

positional 2 A from thepro-4(S) NADH proton.

tyrosine, in the Y158S enzyme there must be a small

might be expected that the isotope effect on hydride transfer

structural change that enables the serine to interact directlywould be larger. However, this is not observed. Thé

with the substrate carbonyl, or a bridging water molecule is

values for the mutants are slightly smaller than for the wild

present between the serine hydroxyl and the substratetype (2.5 vs 3.5). Thus, if mutagenesis of Y158 decreases

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 o'v/K with DD-Co0A as the variable substrate
is inverse. In contrast, for Y158F and Y158A, the solvent
isotope effects oW/Kppcoa are close to, or indistinguishable
from, unity. Clearly, the presence of a hydroxyl group with

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
VIK. For Y158A, both DZOV/KNADH and DZOV/KDDCOA are,
within experimental error, unity. This indicates that the
inverse equilibrium isotope effect, invoked to account for

a solvent exchangeable proton is critical for expression of the inverse®°V/Kppcoa in the wild-type enzyme, has been
the inverse isotope effect. This could result from changes in reduced in magnitude upon replacing the Y158 side chain

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
D,0O as opposed to 1.

Y158F and Y158AReplacement of Y158 with F and A
results in a 24- and 1500-fold reductionkiy, respectively,
while the K, 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\énvith a
DOV of 1.394 0.17 for Y158F and 1.2# 0.22 for Y158A.
Thus, the overall decrease in activity does not result from

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 th&t°V/Kppcoa 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

destabilization of the solvent isotope-sensitive transition state from the phenyl group assisting in the positioning of a water

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

molecule that fulfills part of the function of the tyrosine
hydroxyl group.

Mutagenesis of K163eplacement 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-

decrease in the magnitude of the solvent isotope effect, ittions (5 mM), and NADH concentrations of 1 mM failed to
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Table 6: Alignment of Enoyl-Reductase and Short Chain Alcohol Dehydrogenase EfRzymes

accession
enoyl-reductase enzyme number
M. tuberculosidnhA (41) CAB02034 156 P AY N W MTV A KS A
Mycobacterium smegmatishA (2) AAC43211 156 P AY N W MTV A KS A
Mycobacterium bois InhA (2) AAB60183 156 P AY N W MTV A K S A
Mycobacterium aium InhA (42) AAC46204 155 P AY N W MTV A KS A
E. coliEnvM (28) AAA17755 154 P N Y N V M GL A K AS
Salmonella typhimuriurEnvM (29) AAA27059 154 P N Y N vV M GL A KAS
Haemophilus influenzaénvM (27) AAC23379 187 P NY N V M CL A K AS
Pseudomonas aerugino&avM (43) AAC95362 157 P NY N vV M GMA K A'S
Bacillus subtilisputative EnvM 44) CAB13029 167 P NY N vV M GV A K AS
Anabaenasp. sequence-specific DNA binding protein bifA gerb) AADO04184 162 P NY N VvV M GV A K AG
Pasteurella haemolyticputative EnvM 46) AAB87478 127 P NY N VvV M CL A Q S L
Rickettsia prowazekstrain Madrid E putative EnvIVK(7) CAA14824 155 P NY N I M GV A K AA
Helicobacter pyloriputative EnvM 48) AADO07262 153 A H Y N VvV M GL A KAA
Brassica napusgoilseed rape) EnvM30) AAB20114 269 P GY G G G M S S A K A A
Oryza satia (rice) EnvM @49) CAA05816 262 P GY G G G M S S A K A A
Chlamydia trachomatiputative EnvM B0) AAC67695 186 P GY G G G M N A A K A A
Streptomyces collinuk-cyclohexenylcarbonyl CoA reductase ché® AAC44655 156 P T Y A ML GG MK AA
Streptomyces argillacelEnvM for mithramycin biosynthesi$ge) CAA61992 155 P RY A G AGMAIKAA
accession
short chain alcohol dehydrogenases number
H. pylori putative 7ei-hydroxysteroid dehydrogenasés] AAD08058 161 P N Y A G HGNSKN A
E. coli 7-o-hydroxysteroid dehydrogenadesf BAAO1384 154 | N M T SYAS S KA A
M. tuberculosigputative 7ei-hydroxysteroid dehydrogenasél) CAB08708 191 R W F G AY GV T K S A
Streptomyces exfoliat@93-hydroxysteroid dehydrogenasej P19992 147 AL T S SY G A S K W G
human 118-hydroxysteroid dehydrogenase typebs)( S62789 227 P C L G AY G T S K A A
human 115-hydroxysteroid dehydrogenassty DXHUBH 178 P M V A A Y S A SKF A
mouse 115-hydroxysteroid dehydrogenader} P50172 178 P M I A PY S A S K F A
Comamonas testosterodi or 17{-hydroxysteroid dehydrogenasef S62216 145 E Q Y A GY S A S K A A
Sus scrofd 75-estradiol dehydrogenasg9) CAA55037 159 F G Q A NY S A AK L G
human 178-hydroxysteroid dehydrogenasef P51659 159 F G Q A NY S A A K L G
human 178-20-0-hydroxysteroid dehydrogenase typesd)( P37059 227 E R L A SY GS S K A A
Rattus noregicusl5-hydroxyprostaglandin dehydrogena&g) ( AAB53027 146 T Q Q P VY C A S K H G
Ba. subtilisshort chain alcohol dehydrogenase homologi ( CAB12226 186 P T L | DY T A T K G A
M. tuberculosisshort chain alcohol dehydrogenase homologtig ( CABO5057 150 P G T A AY G A A K A G
Actinomadura hibiscautative polyketide synthaségJ) BAA23150 151 S Q R T HY T A A K A G
mouse carbonyl reductas@4) BAA05120 144 P N L | TY S S TK G A
Streptomyces paucimobils5-dichloro-2,5-cyclohexadiene-1,4-diol BAA03444 149 P M H G EY VG A K H A
dehydrogenasesb)
M. smegmati8-ketoacyl reductase fabG ger&s) AAC69638 156 G N Q A NY A A A KA G
M. tuberculosis3-ketoacyl reductase fabG ger&s) AAC69639 148 G N Q A NY A A S K A G
E. coli UDP galactose-4-epimeraggrj AAC73846 144 T P Q S PY G K S K L M
rat dihydropteridine reductaség) P11348 142 P G M | GY G M A K G A
Trypanosoma cruziteridine reductasesg) AAC38850 177 P G F C VY T M A K H A
human mitochondrial 2,4-dienoyl-CoA reductadé)( AAA67551 205 G F V V P S A AK A G

S
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.

elicit an increase in fluorescence compared to that observedfunctioning as an electrophile in the reacti@®), (then the
for free NADH. Consequently, th&y for NADH in these glutamine and arginine side chains are equally effective at
two mutants must be 1 mM. The inability of these enzymes  providing electrophilic stabilization in the reaction. Although
to bind NADH indicates that K165 plays a primary role in there is precedence for glutamine residues acting as elec-
binding the cofactor. These observations are supported bytrophiles in enzyme-catalyzed reactior2s); the data here
the X-ray crystal structure of NADH bound to InhA in which  do not support a role for K165 over and above cofactor
the amino group of K165 is hydrogen bonded to the two binding. In the X-ray structure of the substrate bound to
ribose hydroxyl groups of NADHI(5). InhA, K165 is not close to the substrate carbonyl, supporting
In contrast, both the K165Q and K165R mutants exhibit the conclusion that K165 is primarily involved in binding
unimpaired affinities for NADH compared to that of the wild- NADH (1). Finally, it is interesting to note that the putative
type enzyme. Clearly, the glutamine and arginine side chainsEnvM from Pasteurella haemolytichas a glutamine in place
are able to effectively substitute for the NADH binding of the conserved lysine (Table 6).
function of the lysine side chain. In addition, both the K165Q @ Comparison of the Role of Y158 and K165 with the Role
and K165R enzymes exhibit catalytic parameters similar of Those from Homologous Enzym&gquence alignment
to those of the wild-type enzyme. Thuga, Kmnapn, and demonstrates that Y158 and K165 in InhA are conserved
Kmbpcoa Values for the K165Q and K165R enzymes are residues in the enoyl-reductase family that also includes
virtually identical to wild-type values. Kinetic isotope effects enoyl-reductases from other mycobacteNg/¢obacterium
for K165Q and K165R are also close to wild-type values. smegmatis, Mycobacteriumviam, andMycobacterium bo-
Consequently, if, as has previously been suggested, K165 isvis) (2, 26) and other bacterigH; coli, Salmonella typhimu-
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rium, and Haemophilus influenzae(27—29) and enoyl- superimposed so that the transferred protons are oriented in
reductases from plantB assica napus(30) (Table 6). X-ray the same direction. If this is done, then the catalytic tyrosine
crystallographic analysis has shown that Y158 and K165 in and lysine residues in the two classes of enzymes occupy
InhA are also structurally homologous with the conserved similar positions, and H117 ind3HSD occupies a position
tyrosine and lysine residues in the enoyl-reductases (EnvM)similar to that of the conserved serine in the SCAD family.
from E. coli andB. napusexcept that in the InhA structure  Finally, K84 in 3xHSD does not hydrogen bond to the
the tyrosine is rotated 86about the G—Cs single bond cofactor ribose but instead forms a salt bridge with D50.
relative to its position in EnvM. The structure of a diazabo- Results from mutagenesis and kinetic experiments have
rine inhibitor bound to thée. coli enoyl-reductase demon- resulted in the proposal that Y55 imBISD functions as a
strates that both the tyrosine and lysine side chains interactgeneral acid and base to catalyze the reversible reduction of
with a hydroxyl group in the inhibitor, which is presumed the dihydrotestosterone@keto group to a hydroxyl group.
to occupy a position similar to that of the substrate carbonyl  Both the SCAD and AKR enzymes catalyze the reversible
oxygen. The structure of the antibacterial compound triclosan oxidation and reduction of substrates with tyrosine acting
bound to EnvM also exhibits a key hydrogen bonding contact as the proton donor and acceptor, respectively, coupled with
between the hydroxyl group of the inhibitor and the catalytic hydride transfer to and from the carbonyl carbon. In contrast,
tyrosine {1). In addition, in the InhA structure determined the enoyl-reductases only catalyze substrate reduction and
with only NADH bound, it is impossible for both Y158 and the site of protonation is the C2 of the substrate and not a
K165 to hydrogen bond to the substrate carbonyl unless theketo carbonyl oxygen. On the basis of the kinetic analysis
tyrosine were to rotate upon substrate bindibg)(The data of InhA mutants, we propose that Y158 in InhA provides
presented here, together with the X-ray structure of a catalytic assistance by hydrogen bonding to the carbonyl of
substrate bound to InhAL), demonstrate that Y158 in InhA  the substrate. Given that the Y158S mutant has wild-type
does rotate upon substrate binding, into a position similar to activity, it is unlikely that Y158 provides electrophilic
that occupied by the conserved tyrosine in EnvM. catalysis by formally protonating the oxygen of the enolate
The enoyl-reductases are also structurally homologous tointermediate, or that Y158 protonates the intermediate at the
the short chain alcohol dehydrogenase (SCAD) family. The C2 position. Interestingly, sequence alignment shows that
SCAD enzymes have conserved tyrosine and lysine residuesnammalian dienoyl-CoA reductase has a serine in place of
organized in a characteristic YxxxK motif, whereas in the a tyrosine in the YxxxK motif 40). The latter enzyme also
enoyl-reductases, the tyrosine and lysine are separated byatalyzes reduction of a=€C double bond rather than a
six or seven residued 4, 31, 32) (Table 6). X-ray crystal  carbonyl group.
structures of several SCAD enzymes, including,204-
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