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ABSTRACT: Ketopantoate reductase (EC 1.1.1.169) catalyzes the NADPH-dependent reduction ofR-ke-
topantoate to formD-(-)-pantoate in the pantothenate/coenzyme A biosynthetic pathway. The enzyme
encoded by thepanEgene fromE. coli K12 was overexpressed and purified to homogeneity. The native
enzyme exists in solution as a monomer with a molecular mass of 34 000 Da. The steady-state initial
velocity and product inhibition patterns are consistent with an ordered sequential kinetic mechanism in
which NADPH binding is followed by ketopantoate binding, and pantoate release precedes NADP+ release.
The pH dependence of the kinetic parametersV andV/K for substrates in both the forward and reverse
reactions suggests the involvement of a single general acid/base in the catalytic mechanism. An enzyme
group exhibiting a pK value of 8.4( 0.2 functions as a general acid in the direction of the ketopantoate
reduction, while an enzyme group exhibiting a pK value of 7.8( 0.2 serves as a general base in the
direction of pantoate oxidation. The stereospecific transfer of thepro-Shydrogen atom of NADPH to the
C-2 position of ketopantoate was demonstrated by1H NMR spectroscopy. Primary deuterium kinetic
isotope effects of 1.3 and 1.5 onVfor and V/KNADPH, respectively, and 2.1 and 1.3 onVrev and V/KHP,
respectively, suggest that hydride transfer is not rate-limiting in catalysis. Solvent kinetic isotope effects
of 1.3 on bothVfor andV/KKP, and 1.4 and 1.5 onVrev andV/KHP, respectively, support this conclusion.
The apparent equilibrium constant,Keq′, of 676 at pH 7.5 and the standard free energy change,∆G, of
-14 kcal/mol suggest that ketopantoate reductase reaction is very favorable in the physiologically important
direction of pantoate formation.

Ketopantoate reductase (EC 1.1.1.169), encoded by the
panEgene, is an NADPH1-dependent enzyme that catalyzes
the synthesis ofD-pantoate fromR-ketopantoate in the early
steps of pantothenate biosynthesis uniquely found in bacteria,
yeast, and plants (Scheme 1).D-Pantoate is subsequently
condensed withâ-alanine to form pantothenate, which is a
vitamin of the B group and is a nutritional requirement in
mammals. Pantothenate is a key precursor for the biosyn-
thesis of coenzyme A (1). The reduction ofR-ketopantoate
can also be catalyzed by acetohydroxy acid isomeroreductase,
(EC 1.1.1.86), the product ofilVC gene, which physiologi-
cally catalyzes the formation ofR,â-dihydroxy-â-methylval-
erate andR,â-dihydroxyisovalerate fromR-aceto-R-hydroxy-
butyrate andR-acetolactate, respectively, in isoleucine and
valine biosynthesis (2). It has been suggested that bothpanE
andilVC are responsible for the biosynthesis of pantoate from
ketopantoate in vivo (2, 3). Acetohydroxy acid isomero-

reductase requires Mg2+ for the reduction of ketopantoate,
whereas ketopantoate reductase does not (4, 5). Frodyma and
Downs have reported that theapbAgene product, required
for the function of the alternative pyrimidine biosynthetic
(APB) pathway (6), catalyzes the NADPH-dependent reduc-
tion of R-ketopantoate to form pantoate, and demonstrated
that theapbA and panE genes inSalmonella typhimurium
are identical (7, 8).

The sequence of thepanE gene encoding ketopantoate
reductase has been reported fromSalmonella typhimurium,
and Escherichia coli(6, 9). Comparison of the predicted
amino acid sequences revealed 82% identity between theE.
coli and S. typhimuriumproteins. Ketopantoate reductase
activity has been reported in cell-free extracts ofSalmonella
typhimurium, Saccharomyces cereVisiae, Pseudomonas mal-
tophilia 845, and Escherichia coli(5, 7, 8), and the enzyme
has been purified to homogeneity and partially characterized
from Pseudomonas maltophilia 845andSalmonella typhi-
murium (5, 7). The kinetic mechanism of the sequence-
unrelated, high molecular weightP. maltophiliaenzyme has
been reported to be an ordered sequential mechanism;
however, the kinetic mechanism of the highly homologous
S. typhimuriumreductase was reported to be ping-pong (7).
TheE. coli ketopantoate reductase has been partially purified
from the wild-type strain (10), but no detailed kinetic or
mechanistic experiments have been performed. In this paper,
we describe the cloning, expression, and purification of the
E. coli ketopantoate reductase, and present the kinetic and
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chemical mechanism of this enzyme.1H NMR spectroscopy
was used to determine the stereospecificity of hydride transfer
in ketopantoate reductase reaction, and this information
allowed us to determine the primary deuterium kinetic
isotope effect on this highly unusual secondary alcohol
dehydrogenase.

MATERIALS AND METHODS

Materials.Ketopantoyl lactone, pantoyl lactone,D-glucose-
1-d, and ethyl-d5 alcohol-d were obtained from Aldrich.
NADPH, NADP+, IPTG, ATP, glucose-6-phosphate dehy-
drogenase fromLeuconostoc mesenteroides(type XXIV),
hexokinase from yeast, alcohol dehydrogenase fromTher-
moanaerobium brockii,yeast aldehyde dehydrogenase, and
all buffer components were purchased from Sigma. D2O
(>99.8 atom % excess) was from Cambridge Isotope
Laboratories. All restriction enzymes and T4 DNA ligase
were obtained from New England Biolabs.Pfu DNA
polymerase was from Stratagene. pET23a(+) plasmid and
E. coli strain BL21(DE3) were obtained from Novagen. All
chromatographic supports were from Pharmacia.

Preparation of Ketopantoic Acid and Pantoic Acid.
Ketopantoyl lactone was hydrolyzed in 1 mM NaOH. The
resulting solution was then lyophilized, and the desired
product (ketopantoic acid) was recrystallized from EtOH-
H2O (11, 12): 1H NMR (300 MHz, D2O) δ 3.77 (s, 2 H),δ
1.30 (s, 6 H). Pantoic acid was prepared from pantoyl lactone
using NaOH as previously described (12): 1H NMR (300
MHz, D2O) δ 3.92 (s, 1 H),δ 3.57 (dd, 2 H), andδ 1.02 (d,
6 H). [2-2H]Pantoate was enzymatically prepared from
ketopantoate withE. coli ketopantoate reductase using [4S-
2H]NADPH. [2-2H]Pantoate was purified on a DEAE 52
column and lyophilized:1H NMR (300 MHz, D2O) δ 3.57
(dd, 2 H) andδ 1.02 (d, 6 H).

Preparation of 4S- and 4R-Deuterated Reduced Nucle-
otides.NADP+ was purified on a FPLC Mono Q anion-
exchange column as previously described (13). 4S-Deuterated

NADPH was prepared by enzymatic reduction of the
oxidized nucleotide withLeuconostoc mesenteroidesglucose-
6-phosphate dehydrogenase using glucose-1-d as the 2H
source (14). [4S-2H] NADPH was purified on a Mono Q
column, and the fractions with absorbance ratiosA260/A340

e 2.3 were pooled. 4R-Deuterated NADPH was prepared
from ethyl alcohol-d5 and NADP+ usingThermoanaerobium
brokii alcohol dehydrogenase (14). [4R-2H]NADPH was
purified on a Mono Q column, and fractions with absorbance
ratios A260/A340 e 2.3 were pooled. The concentrations of
4S- and 4R-deuterated NADPH were determined by enzy-
matic end-point assays with yeast glutathione reductase in
the presence of excess oxidized glutathione.

Cloning and Expression.ThepanEgene, encoding keto-
pantoate reductase, was obtained by PCR amplification of
the gene from genomic DNA ofE. coli K12 usingPfuDNA
polymerase and two primers (5′-ATTCCATATGAAAAT-
TACCGTATTGGGATGC-3′; 5′-GCGGATCCTCACTAC-
CAGGGGCGAGGCAAAC-3′) containingNdeI andBamHI
restriction sites, respectively. ThepanE gene was inserted
into anNdeI- andBamHI-digested pET23a(+) plasmid. The
recombinant plasmid was transformed into competent cells
of E. colistrain BL21(DE3). The BL21(DE3) cells containing
pET23a(+):panEwere grown at 37°C to anA600 of 0.5 in
LB medium containing 50µg/mL carbenicillin. IPTG was
added to the culture (final concentration of IPTG) 0.5 mM),
and growth was continued for an additional 4 h at 37°C.

Purification of Ketopantoate Reductase.Eight grams of
cells was suspended in 40 mL of 40 mM triethanolamine
hydrochloride, pH 7.8, containing protease inhibitors (Boe-
hringer Mannheim) and 8 mg of lysozyme, and stirred for
30 min at 4°C. The cells were disrupted by sonication, and
cell debris was removed by centrifugation for 45 min at
11 000 rpm. Nucleic acids were precipitated by the addition
of streptomycin sulfate (1% w/v final) to the supernatant,
and the nucleic acids were pelleted by centrifugation for 45
min at 11 000 rpm. The supernatant was dialyzed against
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20 mM triethanolamine hydrochloride, pH 7.8, and the
precipitate which formed during dialysis was removed by
ultracentrifugation. The supernatant was applied to a 140 mL
Fast Flow Q-sepharose anion-exchange column, and proteins
were eluted with a linear 0-0.8 M NaCl gradient. The
enzyme activity was eluted between 0.5 and 0.6 M NaCl.
Active fractions were pooled, and the solution was concen-
trated to 10 mL, and ammonium sulfate was added to a final
concentration of 1 M. After centrifugation to remove
insoluble materials, the supernatant was applied to a 2.5×
18 cm Phenyl Sepharose column equilibrated in 20 mM
triethanolamine hydrochloride, pH 7.8, containing 1 M
(NH4)2SO4. The enzyme was eluted with a linear 1-0 M
(NH4)2SO4 gradient at 1 mL/min. The active fractions were
pooled, concentrated (PM10, Amicon) to 4 mL, and applied
to a 1.6× 70 cm Superdex 200 (Pharmacia) gel filtration
column equilibrated with 50 mM Hepes, pH 7.5, 50 mM
NaCl. The enzyme was eluted at 0.5 mL/min, and the active
fractions, which exhibited a single band on SDS-PAGE with
Coomassie blue staining, were pooled.

Protein Analysis.Protein concentrations were determined
using a Bio-Rad protein assay kit using bovine serum
albumin as a standard. The subunit molecular mass of
ketopantoate reductase was determined by SDS-polyacryl-
amide gel electrophoresis according to the method of
Laemmli (15). The native molecular weight was estimated
by using a Superdex 200 gel filtration column calibrated
using Bio-Rad molecular weight markers. Electrospray
ionization/mass spectrometry was performed on the purified
enzyme to determine the subunit molecular mass of keto-
pantoate reductase.

Steady-State Kinetic Studies.Initial velocities of ketopan-
toate reductase activity were determined by monitoring the
decrease in the absorbance of NADPH at 340 nm (ε340 )
6.22 mM-1 cm-1) at 25°C using a UVIKON 943 spectro-
photometer with a circulating water bath and thermospacers.
A typical reaction contained 100 mM Hepes, pH 7.5, 100
µM NADPH, and 1 mM sodium ketopantoate in a total
volume of 1.0 mL at 25°C. The reaction was initiated by
the addition of ketopantoate reductase (e10µL). The reverse
reaction was measured by monitoring the increase at 340
nm accompanying NADP+ reduction. A typical assay
contained 100 mM Hepes, pH 7.5, 1 mM NADP+, 3 mM
pantoate, and the reaction was initiated by addition of
ketopantoate reductase (e10 µL) in a final volumn of 1.0
mL at 25°C.

Primary Deuterium and SolVent Kinetic Isotope Effects.
Primary deuterium kinetic isotope effects were determined
at a saturating concentration of ketopantoate (1 mM) at varied
concentrations of [4S-1H]- and [4S-2H]NADPH or [4R-2H]-
NADPH (5-25 µM) by monitoring the decrease in absor-
bance of NADPH at 340 nm at 25°C. Primary kinetic isotope
effects in the reverse direction were determined at a saturating
concentration of NADP+ (1 mM) at varied concentrations
of [2-1H]pantoate and [2-2H]pantoate (70-540 µM) by
monitoring the increase in absorbance of NADPH at 340
nm at pH 7.5, 25°C. Solvent kinetic isotope effects onV
and V/K for both forward and reverse directions were
measured at a saturating concentration of NADPH (50µM)
or NADP+ (1 mM) at varied concentrations of KP (40-200
µM) or HP (400-2000µM) in 100 mM Hepes prepared in
H2O or 99.8% D2O at pH(D) 7.5, 25°C. Proton inventories

were measured at various mole fractions of D2O between 0
and 0.95 in buffer containing 100 mM Hepes, 50µM
NADPH or 1 mM NADP+, 1 mM KP or 3 mM HP at pH
7.5, 25°C.

pH Profiles.Buffers were prepared by titrating their acid
forms to the desired pH value with NaOH and filtered
through a 0.22µm Millipore filter. pH studies were carried
out as described by Wong and Blanchard (16). The following
buffers at 100 mM concentration were used to maintain the
pH of reaction: Mes (pH 5.9-6.7), Bis-Tris (pH 5.9-7.2),
Hepes (pH 6.8-8.0), Epps (pH 7.3-8.7), Ches (pH 8.6-
9.6). The kinetic parameters,V andV/K for NADPH, were
determined by varying the concentration of NADPH between
5 and 25µM at a saturating concentration of ketopantoate
(1 mM). TheV/K value for ketopantoate was determined by
varying the concentration of ketopantoate between 40 and
640µM at a saturating concentration of NADPH (200µM).
The V and V/K values for NADP+ were determined by
varying the concentration of NADP+ between 5 and 250µM
at a saturating concentration of pantoate (3 mM), while the
V/K value for pantoate was determined by varying the
concentration of pantoate between 320 and 2560µM at a
saturating NADP+ concentration (1 mM). The pH values
were measured after each enzyme reaction. The log values
of V andV/K at each pH were plotted against pH.

Stereochemistry of Hydride Transfer. 1H NMR was used
to determine the stereospecificity of hydride transfer in the
ketopantoate reductase-catalyzed reaction using stereospe-
cifically labeledâ-NADPH. 1H NMR spectra were recorded
on a Bruker DRX 300 MHz spectrometer in D2O at 25°C.
Reaction mixtures contained 2.5 mM [4S-2H]- or [4R-2H]-
NADPH, 1 mM ketopantoate, and 7µg of ketopantoate
reductase (KPR) in 2 mL of 25 mM potassium phosphate
buffer, pH 7.5. After incubation for 30 min at 25°C, the
solution was filtered through a YM 10 Amicon membrane,
and then applied to a DEAE 52 column. The alcohol product
was eluted with 2 mL of D2O, followed by lyophilization.
The product was then dissolved in 0.6 mL of D2O, and
analyzed by1H NMR.

Determination of Equilibrium Constant.Solutions con-
tained 0.1 mM NADPH, 1 mM ketopantoate, 1 mM NADP+,
10 mM pantoate, and 7µg of KPR in 1 mL of 100 mM
Hepes, pH 7.5. The absorbance at 340 nm was measured
before the addition of KPR. The reaction was incubated at
25 °C for 40 min, and the absorbance at 340 nm was
determined. The apparentKeq′ and free energy were calcu-
lated by eqs 1 and 2, respectively

whereKeq equalsKeq′/[H+], R is the gas constant, andT is
the absolute temperature.

Data Analysis.Reciprocal initial velocities were plotted
against reciprocal substrate concentrations. Data were fitted
to the appropriate rate equations by using the programs
developed by Cleland (17). The individual substrate satura-
tion kinetic data were fitted to eq 3. Kinetic data conforming
to a sequential initial velocity pattern were fitted to eq 4.
Data for competitive, uncompetitive, and noncompetitive
inhibition were fitted to eqs 5, 6, and 7, respectively. Data

Keq′ ) [NADP+][pantoate]/[NADPH][ketopantoate] (1)

∆G ) -2.3RT log Keq (2)
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for pH profiles that showed the decrease in logV or log
(V/K) with a slope of-1.0 as the pH was increased were
fitted to eq 8. Data for pH profiles that showed a decrease
in log V or log (V/K) with a slope of+1.0 as the pH was
decreased were fitted to eq 9. Data for bell-shaped pH
profiles that showed limiting slopes of+1.0 and-1.0 were
fitted to eq 10.

Data for fitting the primary deuterium and solvent kinetic
isotope effect were fitted to eq 11:

whereFi is the fraction of deuterium label (Fi ) 0.0 and 1.0
for hydrogen- and deuterium-containing NADPH),EV/K is
the isotope effect minus 1 onV/K, andEV is the isotope effect
minus 1 onV.

RESULTS

Expression, Purification, and Properties of Ketopantoate
Reductase.Overexpression of thepanEgene inE. coli BL21-
(DE3) strain yielded highly active, soluble ketopantoate
reductase with a molecular mass of 33 kDa on SDS-PAGE.
Ketopantoate reductase (KPR) was purified to homogeneity
in a yield of 88 mg from 8 g of cells in the four-step
purification summarized in Table 1. The enzyme was purified
9.5-fold in 55% overall recovery. Gel filtration chromatog-
raphy on a Superdex 200 column was used to estimate the
molecular weight of the native enzyme as 33 000, suggesting
the native enzyme exists as a monomer. Electrospray mass
spectrometry analysis showed that the subunit of the enzyme
has a molecular mass of 33 866, consistent with the molecular
weight of 33 870 predicted from the amino acid sequence
of E. coli ketopantoate reductase. The KPR activity observed
in the NADPH-dependent reduction of ketopantoate was
unaffected by the addition of magnesium.

Steady-State Kinetic Studies.Initial velocity patterns were
obtained when NADPH was varied at different fixed levels

of ketopantoate. Double reciprocal plots gave converging
lines intersecting to the left of the ordinate, suggesting a
sequential kinetic mechanism. In the reverse reaction, the
same pattern was observed when NADP+ was the variable
substrate using several fixed levels ofD-pantoate. The
determined kinetic parameters are given in Table 2. Product
inhibition studies were performed by using NADP+, which
exhibited competitive inhibition versus NADPH (Kis ) 52
( 2 µM) and noncompetitive inhibition versus ketopantoate
(Kis ) 230 ( 40 µM; Kii ) 160 ( 30 µM) in the direction
of ketopantoate reduction. Pantoate exhibited noncompetitive
inhibition versus both ketopantoate (Kis ) 420 ( 80 µM;
Kii ) 220( 20 µM) and NADPH (Kis ) 500( 90 µM; Kii

) 270 ( 30 µM) (Table 3).
Stereospecificity of Hydride Transfer. The stereospecifi-

cally labeled [4S-2H]- and [4R-2H]NADPH were prepared
from either D-glucose-1-d or ethyl alcohol-d5 using L.
mesenteroidesglucose-6-phosphate dehydrogenase orT.
brokii alcohol dehydrogenase, respectively. The hydride
transfer specificity of ketopantoate reductase was determined
by 1H NMR analysis, based on the resonance of the C2-H of
pantoate. In ketopantoate reductase catalysis, the deuterium
of [4S-2H]NADPH was transferred to ketopantoate, resulting
in the formation of [2-2H]pantoate. This result was confirmed
using [4R-2H]NADPH, with the product [2-1H]pantoate
exhibiting a signal atδ 3.92 (Figure 1).

Equilibrium Constant and Free Energy. The equilibrium
constant was obtained by measuring the concentrations of
substrate and product at equilibrium. The experimentally
determinedKeq′ at pH 7.5 is 676, in agreement with the value
for Keq′ of 980 calculated from the kinetic constants
determined at pH 7.5 using the Haldane equation for a
sequential Bi-Bi kinetic mechanism, eq 12 (18):

The free energy change,∆G ) -14 kcal/mol, was calculated
using eq 2.

pH Profiles. The pH dependence of the kinetic parameters
in the forward and reverse directions was determined over
the pH range of 5.9-9.6 using a variable concentration of
one substrate at a saturating concentration of the other
substrate. The log value of the maximum velocity of KP
reduction decreases at high pH as a single group with a pK
value of 8.4( 0.2 is deprotonated (Figure 2). TheV/K value
for ketopantoate decreases above a pK value of 8.1( 0.2 as

Table 1: Purification ofE. coli Ketopantoate Reductase

fraction

total
protein
(mg)

total units
(µmol/min)

sp act.
(units/mg)

%
yield

fold
purification

crude extract 1520 3040 2.0 100 1
Fast Q Sepharose 240 2379 9.9 78 5
Phenyl Sepharose 107 1964 18.4 65 9.2
Superdex 200 88 1672 19 55 9.5

V ) VA/(K + A) (3)

V ) VAB/(KiaKb + KaB + KbA + AB) (4)

V ) VA/[K(1 + I/K is) + A] (5)

V ) VA/[K + (1 + I/K ii )A] (6)

V ) VA/[K(1 + I/K is) + (1 + I/K ii )A] (7)

log Y ) log[C/(1.0+ K/H+)] (8)

log Y ) log[C/(1 + H+/K1)] (9)

log Y ) log[C/(1 + H+/K1 + K2/H
+)] (10)

V ) VA/[K(1.0+ FiEV/K) + A(1.0+ FiEV)] (11)

Table 2: Kinetic Parameters ofE. coli Ketopantoate Reductase

substrate Km (µM) Vmax (µmol min-1 mg-1) V/K

NADPH 4.0( 0.4 13.8( 0.4 3.5
KP 120( 8 0.11
NADP+ 7 ( 2 0.90( 0.03 0.13
HP 260( 40 0.0034

Table 3: Product Inhibition ofE. coli Ketopantoate Reductase

varied
substrate

product
inhibitor Kis (µM) Kii (µM)

fixed
substrate

(µM) inhibition

NADPH NADP+ 52 ( 2 KP (600) C
KP NADP+ 230( 40 160( 30 NADPH (50) NC
NADPH HP 420( 80 220( 20 KP (600) NC
KP HP 500( 90 270( 30 NADPH (50) NC

Keq ) (Vf/Vr)2(KpKq/KAKB) (12)
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a single group is deprotonated. The pH dependence ofV/K
for NADPH decreases as a result of the protonation of a
group with a pK of 6.2( 0.2 and as a result of deprotonation
of another group with a pK value of 8.7( 0.2. The pH
dependence of the kinetic parameters for the reverse reaction
is shown in Figure 3. The logV decreases as a single group
exhibiting a pK value of 7.8( 0.2 is protonated. TheV/K
values for NADP+ and pantoate decrease as single groups
exhibiting pK values of 7.6( 0.2 and 8.1( 0.2, respectively,
are protonated.

Deuterium and SolVent Kinetic Isotope Effects.Deuterium
kinetic isotope effects were obtained by direct comparison
of the initial velocities of oxidation of NADPH and [4S-4-
2H]NADPH concomitant with ketopantoate reduction. Pri-
mary or secondary deuterium kinetic isotope effects were
determined using varying concentrations of either [4S-1H]-
and [4S-2H]NADPH or [4R-1H]- and [4R-2H]NADPH,
respectively, at a saturating concentration of ketopantoate
at pH 7.5, 25°C. Primary deuterium kinetic isotope effects
on V andV/K using [4S-2H]NADPH exhibit values of 1.33
( 0.02 and 1.54( 0.04, respectively (Figure 4). Secondary
deuterium kinetic isotope effects onV andV/K for [4R-2H]-
NADPH exhibit values of 1.19( 0.05 and 1.20( 0.07,
respectively (data not shown). Primary deuterium kinetic
isotope effects onV and V/K for pantoate oxidation were
determined using [2-1H]- and [2-2H]pantoate at a saturating
concentration of NADP+ (1 mM) as shown in Figure 5. The
values of the primary deuterium isotope effects onV and
V/K for [2-2H]pantoate are 2.1( 0.1 and 1.3( 0.1,
respectively. Solvent kinetic isotope effects onVfor andV/KKP

exhibit values of 1.32( 0.07 and 1.27( 0.08, respectively
(data not shown), and solvent kinetic isotope effects onVrev

andV/KHP exhibit values of 1.37( 0.06 and 1.52( 0.11,
respectively (Figure 6). A linear relationship between the
maximal velocities and mole fraction of D2O were observed
in proton inventory measurements for both forward and
reverse directions (Figure 6).

DISCUSSION

Pantothenate is a vitamin required by mammals for the
synthesis of CoA, and is produced in bacteria and plants in
three steps fromR-ketoisovalerate by the action of thepanB-,
panE-, panD-, andpanC-encoded enzymes (19-22) (Scheme
1). The E. coli ketopantoate reductase has been partially
purified from cell extracts and shown to catalyze the
NADPH-dependent reduction of ketopantoate. This same
activity was identified in a screen for thiamin auxotrophs in
Salmonella typhimuriumthat revealed a gene, termedapbA,
that catalyzed NADPH-dependent ketopantoate reduction and
was proposed to be involved in thisalternativepyrimidine
biosynthetic pathway (7, 8). This gene sequence predicted
an enzyme of 271 amino acids whose sequence was 82%
identical to the correspondingE. coli panE-encoded reduc-
tase. Sequence-based searches for other orthologues of
ketopantoate reductase revealed five additional putative
reductases, exhibiting between 25 and 29% sequence identity,
but no other similar sequences (Figure 7). Given the common
chemistry shared between ketopantoate reductase and a large
number of secondary alcohol dehydrogenases, it is extremely
unusual to have identified no other analogous proteins. For

FIGURE 1: 1H NMR spectra of (A) reaction product isolated from the reduction ofR-ketopantoate with [4S-2H]NADPH, (B) D-pantoate,
and (C)R-ketopantoate.
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this reason, we have performed a detailed series of kinetic,
stereochemical, and mechanistic studies on the recombinant
E. coli reductase.

The synthesis ofD-(-)-pantoate from ketopantoate is
catalyzed by both thepanE-encoded ketopantoate reductase
and theilVC-encoded acetohydroxy acid isomeroreductase
(2, 3). The E. coli panEketopantoate reductase activity is
not dependent on added divalent metal ions, while the
presence of Mg2+ is essential for the reduction of ketopan-
toate by acetohydroxy acid isomeroreductase (2). Metal ions
play an important role in the electrostatic stabilization of the
transition state of other secondary alcohol dehydrogenases,
such as Zn2+ in alcohol dehydrogenase (23) and Mg2+ in
isocitrate dehydrogenase (24). The divalent metal ion-
independent activity of ketopantoate reductase suggests that
active site residues may serve the same function as Mg2+ or
Zn2+ in the stabilization of the transition state in isocitrate
dehydrogenase or alcohol dehydrogenase.

Expression and Purification. The E. coli ketopantoate
reductase has never been purified, and no detailed charac-
terization of the enzyme has been reported (5). In this study,
we constructed an overexpression plasmid containing theE.
coli panE gene, expressed it in BL21(DE3) cells, and
obtained large amounts of soluble, highly active enzyme.
The reductase was purified to homogeneity in a yield of 88
mg of reductase from 8 g ofcells by using consecutive anion-
exchange, Phenyl Sepharose, and gel filtration column
chromatography. The subunit molecular weight of the
enzyme was determined by electrospray mass spectrometry

to be 33 866, in agreement with the molecular weight of
33 870 predicted from the amino acid sequence of theE.
coli enzyme. The native molecular weight of the enzyme
was estimated by gel filtration on a Superdex 200 column
to be 33 000, suggesting that theE. coli enzyme exists a
monomer. This monomeric form is similar to that demon-
strated for theS. typhimuriumenzyme (7), while KPR of

FIGURE 2: pH dependence of kinetic parameters for ketopantoate
reduction. The experimental points are fits of the data to eq 3, and
the curves forV (bottom) andV/KKP (middle) are fits of the data to
eq 8. The pH dependence ofV/KNADPH (top) is fit to eq 10. FIGURE 3: pH dependence of kinetic parameters for pantoate

oxidation. The experimental points are fits of the data to eq 3, and
the curves forV (bottom),V/KHP (middle), andV/KNADP+ (top) are
fits of the data to eq 9.

FIGURE 4: Primary deuterium isotope effects for the ketopantoate
reductase reaction. The experimental values were determined using
[4S-1H]NADPH (b) and [4S-2H]NADPH (O) at saturating con-
centration of ketopantoate.
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Pseudomonas maltophilia845 has been reported to be
oligomer composed of 3-5 subunits with a molecular weight
of 30 500 (5).

Kinetic Mechanism. The intersecting pattern observed in
double-reciprocal plots in both the forward and reverse
reactions catalyzed byE. coliketopantoate reductase suggests
a sequential kinetic mechanism. In product inhibition studies,
NADP+ exhibited linear, competitive inhibition versus
NADPH and noncompetitive inhibition versus ketopantoate,
while hydroxypantoate exhibited linear, noncompetitive
inhibition versus both NADPH and ketopantoate. These
kinetic data are consistent with an ordered kinetic mechanism
in which NADPH binding is followed by ketopantoate
binding and with NADP+ release following hydroxypantoate
release (Scheme 2). The purifiedPseudomonas maltophilia
ketopantoate reductase has been reported to utilize this same
ordered mechanism (5), as have many secondary alcohol
dehydrogenases, including yeast and liver alcohol dehydro-
genase (25, 26), glycerol dehydrogenase (27), and progest-
erone 5R-reductase (28).

The equilibrium constant,Keq′, value determined experi-
mentally agrees with that calculated for an ordered sequential
Bi-Bi kinetic mechanism using eq 12 and the kinetic

parameters in Table 2. The∆G value of -14 kcal/mol
suggests that the reaction is very favorable in the physi-
ologically relevant direction of ketopantoate reduction.

Stereochemistry. The stereospecificity of hydride transfer
in numerous NAD(P)H-dependent oxidoreductases has been
reported (29) and separated into two classes, A and B. For
ketopantoate reductase, the stereospecificity of hydride
transfer was determined by1H NMR spectroscopy of
enzymatically generatedD-(-)-pantoate formed by using
stereospecifically labeledâ-NADPH. The formation of C-2-
deuterated pantoate using [4S-2H]NADPH indicates that the
pro-Shydrogen at the C-4 position of the nicotinamide ring
of NADPH was transferred to ketopantoate, demonstrating
that E. coli ketopantoate reductase is a B-specific enzyme,
similar to results obtained with partially purifiedE. coli and
yeast ketopantoate reductases (30). In contrast, most second-
ary alcohol dehydrogenases exhibiting ordered kinetic mech-
anisms are A-specific, including malate dehydrogenase (31)
and alcohol dehydrogenase (32). This difference in the
stereospecificity of hydride transfer between dehydrogenases
may reflect the convergent evolution of the two classes of
dehydrogenases.

Isotope Effects.Small primary deuterium kinetic isotope
effects in the forward direction onV andV/K of 1.33( 0.02
and 1.54( 0.04, respectively, were obtained using [4S-1H]-
and [4S-2H]NADPH. Secondary deuterium kinetic isotope
effects onV and V/K of 1.19 ( 0.05 and 1.20( 0.07,
respectively, were obtained using [4R-1H]- and [4R-2H]-
NADPH. The primary deuterium kinetic isotope effects in
the reverse direction onV andV/K of 2.1 ( 0.1 and 1.3(
0.1 were obtained using [2-1H]- or [2-2H]pantoate. The small
primary deuterium kinetic isotope effects suggest that hydride
transfer is unlikely to be a rate-limiting step at pH 7.5, as
has been reported previously for alcohol dehydrogenase in
the direction of acetaldehyde reduction (33). The observed
secondary deuterium kinetic isotope effects on ketopantoate
reduction are close to the predicted equilibrium isotope effect
(1/0.87) for reduced nucleotide oxidation (34), suggesting
that the chemical interconversion of substrates and products
may be fast relative to substrate/product dissociation. The
small solvent kinetic isotope effects onVfor and V/KKP of
1.32( 0.07 and 1.27( 0.08, respectively, andVrev andV/KHP

of 1.37( 0.06 and 1.52( 0.11, respectively, further indicate
that the chemical reaction may not be a rate-limiting step in
ketopantoate reductase catalysis.

pH Dependence of the Kinetic Parameters.The pH
dependence ofV in the forward direction suggests that the
deprotonation of a single group exhibiting a pK value of 8.4
( 0.2 causes the catalytic rate to decrease. A similar pH
dependence is observed forV/KKP, with this kinetic parameter
decreasing as a single group exhibiting a pK value of 8.1(
0.2 is deprotonated.V/KNADPH decreases as a result of the
protonation of one group exhibiting a pK value of 6.2( 0.2
and the deprotonation of a second group exhibiting a pK
value of 8.7( 0.2. The group exhibiting a pK value of 6.2
( 0.2 was assigned to the 2′-phosphate of NADPH, since
the solution pK of this group has been reported as 6.5 (35),
representing preferential binding of the dianionic form of
the phosphate monoester. The group whose deprotonation
decreasesV/KNADPH is possibly an enzyme group that
interacts with the 2′-phosphate, since NADPH does not
contain any ionizable groups in this region. The group whose

FIGURE 5: Primary deuterium isotope effects for the ketopantoate
reductase reaction. The experimental values were determined using
[2-1H]pantoate (b) and [2-2H]pantoate (O).

FIGURE 6: Solvent kinetic isotope effects on the ketopantoate
reductase reaction. Data in the reverse direction determined in H2O
(b) and in D2O (O). Insets: Proton inventory experiments.
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deprotonation decreasesV/KKP andV in the forward direction
is likely a group which must be protonated to donate a
hydrogen bond to the carbonyl group of ketopantoate and
to function as a general acid. The pK value exhibited by
this group in theV/KKP profile is displaced outward in the
Vfor profile, as seen for other dehydrogenases (36).

The pH dependence ofV/KNADP+ reveals that the proto-
nation of a single group exhibiting a pK value of 7.6
decreases this kinetic parameter. This value is much too high
to assign to the 2′-phosphate of the nucleotide, and we cannot
assign it to anything other than an enzyme side chain,

possibly the aspartate or glutamate residue observed in the
consensus nucleotide sequence that interacts with the ad-
enosyl ribose hydroxyl groups. BothV/KHP and Vrev are
influenced by the ionization state of a single group, exhibiting
a pK value of 8.06 and 7.82, respectively. The protonation
of this group decreases bothV/KHP andVrev, and is likely to
be a general base, required both to accept a hydrogen bond
from the 2-hydroxyl group of HP and also to initiate catalysis
in this direction by proton removal from the hydroxyl group.

Such opposite pH dependence of the maximum velocities
in the forward and reverse directions of ketopantoate

FIGURE 7: Alignment of the amino acid sequences of seven bacterial ketopantoate reductases. Consensus residues are those conserved
between all seven sequences. This alignment was generated by using the PILEUP program of the GCG package. The GenBank accession
numbers are as follows:E. coli (AE000148);S. typhimurium(P37402);P. horikoshii(O50098);P. abyssi(AJ248285);A. fulgidus(O28578);
A. aeolicus(O67619);B. subtilus(O34661).
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reductase suggests a general acid-base chemical mechanism
(Scheme 3) in which a single group is required to be in
opposite ionization states for catalysis in the two directions.
In the direction of KP reduction, after the sequential binding
of NADPH and KP, the C-4S hydride is transferred from
NADPH to the C-2 carbonyl of ketopantoate which is
hydrogen bonded to the protonated form of an enzyme
catalytic residue. Whether a discrete alkoxide intermediate
is present or protonation is concerted with hydride transfer
is unknown at this time. Deprotonation of this enzyme group,
exhibiting a pK value of 8.06 in the E-NADPH complex
and 8.38 in the E-NADPH-KP complex, leads to a decrease
in both V/KKP and the maximum velocity. In the reverse
reaction, this same catalytic group functions as a general base
to accept a hydrogen bond from the C-2 hydroxyl of pantoate.
Catalysis in this direction is initiated by proton removal to
generate an alkoxide, which collapses with transfer of a
hydride ion from C-2 of pantoate to NADP+, generating
ketopantoate and NADPH. Protonation of this group, ex-
hibiting a pK value of 8.06 in the E-NADP+ complex and
7.82 in the E-NADP+-HP complex, leads to a decrease in
both V/KHP and the maximum velocity in the reverse
direction. This general acid-base mechanism has been
documented for both the yeast and liver alcohol dehydro-
genase catalyzed reactions (33), and the studies reported here
suggest a similar chemical mechanism for ketopantoate
reductase.

This conservation of chemical mechanism occurs despite
no significant primary structural similarity between bacterial
ketopantoate reductases and other secondary alcohol dehy-

drogenases. Among this large family of enzymes, there are
two representative classes: the large (300-380 amino acids),
multimeric alcohol dehydrogenases that contain divalent
metals (37), as exemplified by the Zn-containing yeast
alcohol dehydrogenase; and the smaller (240-280 amino
acids) mono- or multimeric alcohol dehydrogenases that do
not require metal ions for activity (38), as exemplified by
the hydroxysteroid dehydrogenases. In the former class, the
nucleotide binding sequence motif (GXGXXG) is found in
the middle of the primary sequence, while in the latter class
a different motif (GXXXGXG) is found at the amino
terminus of the coding sequence. In the former class, the
hydride ion transferred to the carbonyl-containing substrate
is thepro-Rhydrogen, while in the latter class, the hydride
ion transferred to the carbonyl-containing substrate is the
pro-Shydrogen. Finally, residues that function in catalysis
in the former class include the metal ion and a conserved
histidine residue, while a conserved YXASK sequence is
responsible for carbonyl polarization, and alkoxide proto-
nation in the latter case. Ketopantoate reductase shares
features with each of these classes. The highly conserved
GXGXXG nucleotide binding motif among the ketopantoate
reductases is most similar to the large, metal-dependent,
multimeric alcohol dehydrogenases, but is located at the
amino terminus. Catalysis occurs via hydride transfer of the
pro-Shydrogen of NADPH, similar to the stereochemistry
observed for members of the short-chain alcohol dehydro-
genase class (38). Finally, the ketopantoate reductases do
not require metal ions for activity, like the short-chain alcohol
dehydrogenase class, and can exist both in monomeric native
states, as demonstrated here for theE. coli reductase, and in
multimeric states, as reported for the reductase from
Pseudomonas maltophilia845 (5). Although these properties
suggest that ketopantoate reductases are more similar to the
short-chain class, the lack of overall sequence homology or
the conserved YXASK sequence involved in catalysis
suggests that the reductase must use other enzyme side chains
to promote carbonyl polarization and alkoxide protonation.
Alignment of the seven bacterial ketopantoate reductase
sequences (Figure 7) reveals no conserved histidine residues,
but two conserved lysine residues (K72 and K176 in theE.
coli reductase sequence) and four conserved acidic residues
(E210, E240, D248, and E256 in theE. coli reductase
sequence) that may function in catalysis. Mutagenesis of
these residues and evaluation of the effect of their replace-
ment on catalysis are underway.
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