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ABSTRACT: â-Ketoacyl-acyl carrier protein reductase (KACPR) catalyzes the NADPH-dependent reduction
of â-ketoacyl-acyl carrier protein (AcAc-ACP) to generate (3S)-â-hydroxyacyl-ACP during the chain-
elongation reaction of bacterial fatty acid biosynthesis. We report the evaluation of the kinetic and chemical
mechanisms of KACPR using acetoacetyl-CoA (AcAc-CoA) as a substrate. Initial velocity, product
inhibition, and deuterium kinetic isotope effect studies were consistent with a random bi-bi rapid-equilibrium
kinetic mechanism of KACPR with formation of an enzyme-NADP+-AcAc-CoA dead-end complex.
Plots of logV/KNADPH and logV/KAcAc-CoA indicated the presence of a single basic group (pK ) 5.0-5.8)
and a single acidic group (pK ) 8.0-8.8) involved in catalysis, while the plot of log V vs pH indicated
that at high pH an unprotonated form of the ternary enzyme complex was able to undergo catalysis.
Significant and identical primary deuterium kinetic isotope effects were observed forV (2.6 ( 0.4),
V/KNADPH (2.6 ( 0.1), andV/KAcAc-CoA (2.6 ( 0.1) at pH 7.6, but all three values attenuated to values of
near unity (1.1( 0.03 or 0.91( 0.02) at pH 10. Similarly, the largeR-secondary deuterium kinetic
isotope effect of 1.15( 0.02 observed for [4R-2H]NADPH on V/KAcAc-CoA at pH 7.6 was reduced to a
value of unity (1.00( 0.04) at high pH. The complete analysis of the pH profiles and the solvent, primary,
secondary, and multiple deuterium isotope effects were most consistent with a chemical mechanism of
KACPR that is stepwise, wherein the hydride-transfer step is followed by protonation of the enolate
intermediate. Estimations of the intrinsic primary and secondary deuterium isotope effects (Dk ) 2.7,
R-Dk ) 1.16) and the correspondingly negligible commitment factors suggest a nearly full expression of
the intrinsic isotope effects onDV/K and R-DV/K, and are consistent with a late transition state for the
hydride transfer step. Conversely, the estimated intrinsic solvent effect (D2Ok) of 5.3 was poorly expressed
in the experimentally derived parametersD2OV/K and D2OV (both ) 1.2 ( 0.1), in agreement with the
estimation that the catalytic commitment factor for proton transfer to the enolate intermediate is large.
Such detailed knowledge of the chemical mechanism of KAPCR may now help guide the rational design
of, or inform screening assay-design strategies for, potent inhibitors of this and related enzymes of the
short chain dehydrogenase enzyme class.

Streptococcus pneumoniaeis a leading cause of respiratory
infections in children, the elderly, and persons with chronic
medical conditions that result in a compromised immune
system. The emergence of multidrug-resistant pneumococcal
bacteria has diluted the effectiveness of current antibiotic
therapies, resulting in an urgent need for novel antimicrobial
agents that target different metabolic pathways than do
current therapies. Fatty acid biosynthesis is essential to the
survival of bacteria, and its associated enzymes thereby
comprise exploitable drug-discovery targets, especially in
view of the differences between fatty acid biosynthesis in
prokaryotes (FAS I) and mammals (FAS II) (2). The genes
encoding the enzymes involved in fatty acid biosynthesis
have been identified from several bacterial genomes (3). The

fabG-encodedâ-ketoacyl-ACP reductase (KACPR1) (EC
1.1.1.100) catalyzes the only known keto-acid reductase in
bacterial fatty acid biosynthesis, making this enzyme an ideal
target for the development of novel antibiotic drugs (3-5).
To date, however, the only KACPR inhibitors reported are
weak, undevelopable, plant-derived polyphenols (6). KACPR
catalyzes the NADPH-dependent reduction ofâ-ketoacyl-
ACP, the product of theâ-ketoacyl-ACP synthase condensing
enzymes. Theâ-hydroxyl-acyl-ACP product of the KACPR
reaction is subsequently dehydrated, and reduced to form a
saturated alkyl chain that undergoes repeated cycles of
elongation until the physiologically optimal chain length is
obtained (Scheme 1).

KACPR belongs to the family of short-chain dehydroge-
nases/reductases (SDR) (7). Although only 15-30% se-
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quence identity exists between the roughly 300 different SDR
enzymes, sequence, structural, and directed mutagenesis
comparisons of all members of this family of enzymes have
revealed a strong conservation ofR/â protein folding patterns
consistent with a Rossman-fold, and the participation of a
Ser-Tyr-Lys active site triad in a catalytically essential proton
relay system (7). Structural studies of KAPCR fromEs-
cherichia coli, Brassica napus, andMycobacterium tuber-
culosisconfirmed the presence of the active site triad, and
in the case ofE. coli, a proton network (8-10). The structural
studies of KACPR fromE. coli with NADP+ or NADPH
bound suggested that NADPH binding promotes the forma-
tion of the conserved proton network formed between the
side chains of the active site Ser-Tyr-Lys triad, several
solvent molecules, and the cofactor ribose hydroxyl groups
(11). The authors proposed that the function of this proton-
water network is to align active site residues for catalysis,
and to allow replenishment from solvent of the proton
delivered from Tyr151 to substrate (AcAc-ACP) after
catalysis. Although no structure exists for AcAc-CoA or
AcAc-ACP bound to KACPR, the structural data also
provided evidence for substantial conformational changes
induced by binding of cofactor NADPH, from which these
authors inferred an ordered kinetic mechanism of KACPR
wherein NADPH binding induces a conformation of the
enzyme that is essential for AcAc-ACP to bind. In fact, a
recent review of type II fatty acid synthesis reported that
KACPR catalysis proceeds via a compulsory-ordered mech-
anism in which the binding of the cofactor must precede
substrate binding (3). Yet no studies to date have reported
on the elucidation of the kinetic and chemical mechanism
of KACPR. This knowledge would appropriately comple-
ment the structural data to reveal the actual catalytic
mechanism of KACPR.

Steady-state kinetics, pH, and kinetic isotope effect studies
were used to characterize the kinetic and chemical mecha-
nisms of S. pneumoniaeâ-ketoacyl-ACP reductase. In
addition to providing starting points for the rational design
of potent KACPR inhibitors, the in-depth understanding of
the catalytic steps of KACPR, including characterization of

the reaction transition states revealed by this work, may also
provide a general model for other short chain dehydrogenase
enzymes, which can begin to have impact on other drug-
discovery efforts for diseases wherein SDRs play a role.

EXPERIMENTAL PROCEDURES

Materials.Acetoacetyl-CoA, NADPH, NADP+, D-[1-2H]-
Glucose (97 atom %2H), ethanol-d6, Leuconostoc me-
senteroides(type XXIV) glucose-6-phosphate dehydroge-
nase,Leuconostoc mesenteroidesalcohol dehydrogenase,
Leuconostoc mesenteroidesaldehyde dehydrogenase, yeast
hexokinase, ATP, methylamine, ethylamine, propylamine,
and all buffers were purchased from Sigma. Deuterated water
(D2O) was purchased from Cambridge Isotope Laboratories
99.9 atom %2H. Pwo polymerase and Complete protease
inhibitor cocktail was purchased from Roche Biochemicals.
IPTG, DpnI, and dNTPs were obtained from Invitrogen;
HiTrap columns used for purification of KACPR were
purchased from Amersham Pharmacia Biotech.

Preparation of Deuterated NADPH. [4S-2H] NADPH and
[4R-2H] NADPH were enzymatically synthesized as previ-
ously described by Orr and Blanchard and Morrison and
Stone, respectively (12, 13) The purification of [4S-2H]-
NADPH and [4R-2H]NADPH was performed using a MonoQ
column, and fractions with absorbance ratiosA260/A340 e 2.3
were pooled, as previously described (12). The pooled
fractions were freeze-dried and stored at-70 °C. The
concentration of the purified, reduced nucleotides was
determined by enzymatic end-point assays using glutathione
reductase with excess glutathione disulfide. Purified, recom-
binant AcAc-ACP fromE. coli was a gift from Dr. Howard
Kallender and John Martin (GlaxoSmithKline Pharmaceu-
ticals).

Cloning, Expression, and Purification of KACPR.The
fabG gene, encodingâ-ketoacyl-ACP reductase, was ob-
tained by PCR amplification of the gene from genomic DNA
of S. pneumoniaestrain 0100993 usingPwopolymerase with
the following primers: 5′-GGCGCTTACATATGAAACT-
AGAACATAAAAAT-3 ′ (forward primer) and 5′-CTAGG-

Scheme 1: S. pneumoniaeFatty Acid Biosynthesis
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ATCCCGCTACATACTTAAGCCACCA-3′ (reverse primer).
The amplified gene product was cloned into theE. coli
expression vector pET24b(+) (Novagen, Madison, WI) at
the NdeI and BamHI sites to create pET24bSpFabG. The
plasmid construct was transformed intoE. coli BL21 (DE3)
cells for expression. An overnight culture was grown in LB
medium containing 50µg/mL kanamycin and 1% glucose,
diluted 1:100 and grown at 37°C to an absorbance at OD600

of ∼0.6. IPTG (0.5 mM) was added to the culture, and
growth was continued for an additional 3 h at 37°C. Cells
were harvested and suspended in 50 mM Tris pH 7.5, 1 mM
EDTA, 2 mM DTT, and Complete protease inhibitor cocktail
at a volume of 5 mL/g of cells. Lysis was carried out using
lysozyme treatment followed by 3 cycles of sonication,
freezing, and thawing. Clarified lysate was applied to a 5
mL HiTrap Blue Sepharose column and eluted with a 100
mL gradient from 0 to 1 M NaCl in the above buffer without
protease inhibitors. Fractions were analyzed by SDS-PAGE
and by measurement of KACPR activity, and those fractions
containing KACPR activity were pooled and precipitated
with 80% (NH4)2SO4. Pellets were dissolved in 50 mM Tris
pH 7.5, and dialyzed overnight at 4°C against the same
buffer. Samples were applied to a 5 mLHiTrap Q column
and eluted with a 100 mL, 0-1 M NaCl (in 50 mM Tris pH
7.5) linear gradient. Fractions containing KACPR activity
were pooled and dialyzed against 50 mM Tris pH 7.0, 0.1
M NaCl, 50% glycerol, and stored at-20 °C. Amino-
terminal sequencing, MALDI-MS, and amino acid analysis
were performed on the purified sample to confirm the identity
of the protein.

Steady-State Kinetics.Initial rates of the KACPR reaction
using eitherâ-acetoacetyl-CoA or acetoacetyl-ACP as sub-
strates were measured by monitoring the decrease in absor-
bance of NADPH at 340 or 370 nm at 30°C in 96-well
half-area clear bottom plates (Corning) using a 96-well plate
spectrophotometer (SpectraMax, Molecular Devices). Assays
were performed in 50 mM HEPES (pH 7.6), 100 mM NaCl,
and 15 nM KACPR, in total volumes of either 50 or 100
µL. The extinction coefficients of NADPH at 340 nm for
50- and 100-µL volumes in the half-area plates were
determined to be 1590 M-1 and 3170 M-1, respectively, and
680 M-1 at 370 nm for a 50-µL volume. Initial velocity data
were obtained at variable concentrations of acetoacetyl-CoA
(0.40-10 mM) and changing-fixed concentrations of NAD-
PH (50-1500µM). The apparent kinetic constants of AcAc-
ACP were obtained by varying the concentration of AcAc-
ACP (20-100µM) at a fixed concentration of NADPH (250
µM). Product inhibition patterns of NADP+ and D,L-3-
hydroxybutyryl-CoA vs both substrates were obtained with
variable concentrations of either NADPH (50-250 µM) or
AcAc-CoA (2.9-6 mM) at fixed concentrations of the other
substrate, AcAc-CoA (5 mM) and NADPH (250µM),
respectively.

pH-Rate Profiles.A multicomponent buffer consisting
of 66 mM MES, 34 mM DEA, 34 mM TEA, and 100 mM
NaCl dissolved in Millipore-filtered water was used for the
pH-rate studies. The buffer was adjusted to the desired pH
by titrating with HCl or KOH (pH 5.5-9.5). This buffer
system gives constant ionic strength (I) of 0.15 (14). Initial
rates of the reaction catalyzed by KACPR at the stated pH
values were measured by varying the concentration of one
of the substrates while maintaining the other at a fixed,

(near-) saturating level. The kinetic parametersV andV/K
for acetoacetyl-CoA and NADPH were determined by
varying the concentration of acetoacetyl-CoA between 0.08
and 10 mM at 500µM of NADPH, and by varying the
concentration of NADPH between 100 and 500µM at a
saturating concentration of AcAc-CoA (10 mM), respec-
tively, and by fitting of the resulting data as described below.

Primary andR-Secondary Deuterium and SolVent Kinetic
Isotope Effects.Primary deuterium kinetic isotope effects
were determined via initial velocity kinetics at variable
concentrations of [4S-1H]- and [4S-2H]NADPH (100-500
µM) and at saturating (5 mM) and subsaturating (1 mM)
concentrations of acetoacetyl-CoA, or at variable concentra-
tions of AcAc-CoA (0.15-5.0 mM) at 0.25 or 1.5 mM
[4S-1H]- and [4S-2H]NADPH, at pH 7.6 (200 mM HEPES),
9.0 (200 mM bis-tris-propane), and 10 (200 mM CAPS) in
100 mM NaCl.R-Secondary deuterium isotope effects onV
andV/KAcAc-CoA were determined at variable concentrations
of acetoacetyl-CoA (0.150-5.0 mM) and at saturating (1.5
mM) concentrations of [4R-1H]- and [4R-2H]NADPH at pH
7.6 (200 mM HEPES), 9.0 (200 mM bis-tris-propane), and
10.0 (200 mM CAPS) in 100 mM NaCl. Solvent kinetic
isotope effects for both substrates were measured at variable
concentrations of AcAc-CoA (0.39-10 mM), and a fixed
saturating concentration of NADPH (1.5 mM), and at
variable concentrations of NADPH (0.05-1.5 mM) and a
fixed, saturating concentration of acetoacetyl-CoA (5 mM)
in 50 mM HEPES prepared in H2O or 99.9% D2O at pH(D)
7.5, 100 mM NaCl at 30°C. Multiple isotope effects were
measured by determination of the primary deuterium isotope
effects in a buffer composed of 200 mM HEPES (pD 7.6)
in D2O.

Data Analysis.Kinetic data were fitted to the appropriate
rate equations by using the nonlinear regression function of
SigmaPlot 2000 (SPSS, Inc.). Initial velocity data at a single
concentration of the fixed substrate were fitted to eq 1 to
determine the kinetic parameters,V andV/K.

Data for intersecting initial velocity patterns were fitted to
eq 2, which conforms to a sequential kinetic mechanism.
Data for competitive and noncompetitive inhibition were
fitted to eqs 3 and 4, respectively. For eqs 1-4, V is the
maximal velocity,A andB are substrate concentrations,I is
inhibitor concentration,Kia is the dissociation constant for
A, Ka andKb are Michaelis constants for substrates A and
B, respectively, andKis andKii are the slope and intercept
inhibition constants, repsectively.

Data for all pH profiles were fitted to eqs 5 and 6, in which
y is the observed kinetic parameterV/K or V, c is the pH-
independent value ofy, H is the concentration of hydrogen
ion, andKa-Kd are either individual, apparent acid or base
dissociation constants, or products and/or sums of dissocia-
tion and kinetic rate constants. The steady-state primary and

ν ) VA/(K + A) (1)

ν ) VAB/(KiaKb + KaB + KbA + AB) (2)

ν ) VA/[K(1 + I/Kis) + A] (3)

ν ) VA/[K(1 + I/Kis) + (1 + I/Kii )A] (4)
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secondary deuterium and solvent kinetic isotope effects were
determined by fitting the experimental initial rates at variable
concentrations of one substrate (A) at fixed levels of the other
(B) to eqs 7 and 8, where eq 7 describes the case whereDV
andDV/Ka are not equal, and eq 8 describes the case where
(DV ) D V/Ka). For eqs 7 and 8,A is the variable substrate,

Fi is the fraction of deuterium label (Fi ) 0.0 and 1.0 for
hydrogen- and deuterium-containing NADPH or H2O, re-
spectively),EV/Ka is the isotope effect minus 1 onV/Ka, and
EV is the isotope effect minus 1 onV. For each case, the
most appropriate fit was chosen according to a Student’s
T-test comparison in which the residuals from fits of
comparable data sets of the light and heavy isotopes were
used to determine if the higher order function is a statistically
better fit.

Nomenclature.Isotope effects are expressed using the
notation of Cleland, Northrop, and Cook (15, 16). The nature
of the isotope effects measured on the kinetic parameters
V/K and V are notated as leading superscripts, with the
variable substrate as the right subscript. For multiple isotope
effects, the second isotope, which is at a fixed level in the
measurement, is notated as a right subscript.

RESULTS AND DISCUSSION

Kinetic Mechanism of KACPR.The initial velocity pattern
of AcAc-CoA vs NADPH was intersecting, indicative of a
sequential kinetic mechanism, which upon fitting to eq 2
yielded values ofkcat ) 11 ( 2 s-1, KNADPH ) 400 ( 120
µM, KAcAc-CoA ) 2200 ( 670 µM, kcat/KNADPH ) 28 ( 8
mM-1 s-1, andkcat/KAcAc-CoA ) 5 ( 2 mM-1 s-1 (data not
shown). Product inhibition patterns of NADP+ vs NADPH,
D,L-3-hydroxybutyryl-CoA vs NADPH, andD,L-3-hydroxy-
butyryl-CoA vs AcAc-CoA were all competitive, while that
of NADP+ vs AcAc-CoA was noncompetitive (Table 1). As
all product inhibition patterns were competitive except the
noncompetitive pattern observed for the plot of NADP+ vs
AcAc-CoA, these results are consistent with a random bi-bi
kinetic mechanism forS. pneumoniaeKAPCR, in which a
dead-end E-AcAc-CoA-NADP+ complex is formed (17).
The initial velocity pattern of NADPH vs the physiological
AcAc-ACP substrate was also intersecting, demonstrating a
sequential mechanism (kcat ) 18 ( 1 s-1, KAcAc-ACP ) 23 (
5 µM, andkcat/KAcAc-ACP ) 800( 180 mM-1 s-1), however
due to nonlinearity in the double-reciprocal plots (presumably
arising either from positive cooperativity of AcAc-ACP
binding or a steady-state random mechanism), further work
with this substrate has not progressed (data not shown).

The ordered mechanism proposed by Price et al. (11) for
E. coli KACPR in which NADPH must bind before AcAc-
ACP is therefore not supported by these kinetic studies with
theS. pneumoniaeenzyme using AcAc-CoA as a substrate.
Further studies of AcAc-ACP are required to understand

whether the conformational changes inferred from structural
studies are indeed reporting on an ordered kinetic mechanism
for the ACP-substrate. The poorer substrate AcAc-CoA used
in our studies may account for the random mechanism of
substrate binding. Interestingly, the kinetic mechanisms of
the related bacterial enoyl-ACP reductases fromHaemophilus
influenzaeandM. tuberculosisusing substrates bearing CoA
rather than ACP substituents were also characterized as
random bi-bi mechanisms, with observed kinetic isotope
effects similar to what we present in this work (18, 19), but
the kinetic mechanism of enoyl-ACP reductase fromB. napus
was found to be ordered, with NADH binding before the
CoA substrate (20). We expected that AcAc-CoA would
prove a more useful substrate than AcAc-ACP for probing
the kinetic and catalytic mechanisms of KACPR by use of
kinetic isotope effects, as the poor substrate is expected to
exhibit small commitment factors2 (15, 16).

The pH Dependence of KACPR Catalysis.The pH-rate
profiles of the kinetic parametersV/KNADPHEt, V/KAcAc-CoAEt,
and V/Et as determined over the pH range of 5.5-9.5 are
shown in Figure 1. Plots of logV/KNADPHEt, log V/KAcAc-CoAEt,
and logV/Et vs pH decreased at pH values<7.0 and>7.5,
wherein none of the plots apparently conformed to classical
“bell-shaped” curves, as described by eq 5, for which the
curves in the plots would decrease below and above neutral
pH with slopes of 1 and-1, respectively. Instead, the three
pH-rate profiles were indicative of more complex functions,
such as those described by eq 6, which would arise from (a)
additional acid and base dissociation constants due to
substrate or proton “stickiness” and/or (b) residual enzymatic
activity of an unprotonated enzyme form at high pH (17).

Data from the three pH-rate profiles were fitted to both
eqs 5 and 6, and the results of these fittings are shown in
Table 2. Fitting of the data for logV/KNADPHEt vs pH to eq
5 gave the poorer fit in terms of least-squares residual value,
yielding apparent values pKa ) 5.0 ( 0.6 and pKb ) 8.8 (
0.2. Use of eq 6 for these data improved the fitting in terms
of residual least-squares, although not all of the apparent
acid and base dissociation constants resulted in well-
determined values, indicating that the data was not suf-
ficiently robust or complete to allow fitting to this more
complex function. Accordingly, fits of the plot of log
V/KNADPHEt vs pH could not be differentiated between eqs 5
and 6.

For the plot of the logV/KAcAc-CoAEt vs pH, quality-of-fit
of the data to either eq 5 or 6 was similar, the former of

2 Equations for the isotope effects are of the formDV/K ) [Dk +
cf + cr

DKeq]/[1 + cf + cr] and DV ) [Dk + cVf + cr
DKeq]/[1 + cVf + cr]

in which cf, cVf, andcr are forward and reverse commitment factors,
respectively. An external commitment factor is a component of the
full commitment factor, and describes the partitioning of a substrate
or product between progression through downstream isotope-sensitive
enzymatic steps or its desorption from the enzyme (15, 16).

log y ) log{c/[1 + H/Ka + Kb/H]} (5)

log y ) log{[c(1 + Ka/H)]/

[(1 + H/Kb + Kc/H)(1 + Kd/H)]} (6)

ν ) VA/[Ka(1+ FiEV/Ka) + A(1 + FiEV)] (7)

ν ) VA/[(Ka + A)(1 + FiEV)] (8)

Table 1: Product Inhibition Studies ofS. pneumoniae
â-Ketoacyl-ACP Reductase

varied
substrate product inhibitor

Kis
(mM)

Kii
(mM)

inhibition
type

NADPH D,L-3-hydroxybutyryl-CoA 8( 1 C
â-AcAc-CoA D,L-3-hydroxybutyryl-CoA 2.6( 0.4 C
NADPH NADP+ 2.6( 0.3 C
â-AcAc-CoA NADP+ 3.8( 2.5 1.9( 0.8 NC
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which resulted in values of pKa ) 5.8 ( 0.1 and pKb )
8.8 ( 0.1 which were nearly identical to those for the data
of log V/KNADPEt vs pH. For both substrates, the apparent
acidic and basic dissociation constants of pKa ) 5.0-5.8
and pKb ) 8.8, respectively, likely represent an enzymatic
acid and base found in the E-NADPH or E-AcAc-CoA
binary complexes, or titratable groups on the substrates. The
basic group of pK ) 8.8 that must be protonated for catalysis
is likely part of the tyrosine-lysine-serine catalytic triad
recently reported for theE. coli enzyme by Price et al. (8).
Although the pK of the hydroxyl group of the active-site
tyrosine is in the range of∼10 in solution, reports of the pK
of the conserved tyrosine found in all short-chain dehydro-
genases have been in the range of 7.5-8.0 (21). The lowering
of the pK of tyrosine from 10 to∼9 has been attributed to

its interaction with the nearby conserved active site lysine
residue and the ribose hydroxyl group of the nicotinamide
substrate.

Apparent deviation of the data from a bell-shaped profile
for the plot of logV/Et vs pH suggested that deprotonation
of the acidic group of apparent pK ) 9 led to a diminished,
rather than ablated, rate of catalysis by the E-NADPH-
AcAc-CoA complex. Fitting of the data ofV/Et vs pH to
both eqs 5 and 6 yielded more optimal fitting to the latter
upon comparison of the least-squares residuals values, for
which four dissociation constants were determined: pKa )
7.6 ( 0.3, pKb ) 6.1 ( 0.2, pKc ) 7.0 ( 0.3, and pKd )
9.4 ( 0.4. This better fitting of the data ofV/Et vs pH to eq
6 indicated that at high pH a form of the ternary complex
E-NADPH-AcAc-CoA was able to progress through
catalytic steps despite the apparent deprotonation of a key
group of pK ∼ 8.8 found in the binary enzyme-substrate
complexes.

Primary and Secondary Deuterium and SolVent Kinetic
Isotope Effects of KACPR.For enzymatic reactions evaluated
in the direction of NAD(P)H oxidation, primary deuterium
kinetic isotope effects typically range from 1 to 3 (22), while
one expects to observe a normalR-secondary deuterium
isotope effect ranging from values of 1.0 to the equilibrium
isotope effect of [4-2H]NAD(P)H reduction (R-DKeq ) 1.13
(23)), in accord with a change in hybridization of the C-4
carbon from sp3 to sp2.

The primary and secondary kinetic isotope effects for
KACPR are summarized in Table 3. Primary deuterium
isotope effects were determined by comparison of the initial
velocity data of [4S-1H]- and [4S-2H]NADPH (Figure 2),
using both reduced nicotinamides and AcAc-CoA as variable
substrates at a pH range of 7.6 to 10.0. Data fitted to both
eqs 7 and 8 were found to best fit to eq 8, for which isotope
effects obtained for allDV andDV/K values were equal (2.6)
at pH 7.6.

By increasing the fixed level of NADPH from 0.25 mM
to the near-saturating level of 1.5 mM, the value of
D(V/KAcAc-CoA)H2O (2.3) was not suppressed to unity, but
instead increased slightly (2.3 to 2.6; Table 3). This result
indicates that the kinetic mechanism cannot be ordered with
NADPH binding first, in agreement with the product
inhibition studies described in this work (15). The large
and equal values of 2.6 obtained forD(V/KNADPH)H2O, and
D(V/KAcAc-CoA)H2O at saturating levels of the fixed substrates
suggest that (a) the mechanism is rapid-equilibrium random
and (b) accordingly, the commitment factors forD(V/KNADPH),
D(V/KAcAc-CoA), andDV are either negligible or very low.

FIGURE 1: The pH Dependence of the KACPR kinetic parameters
V/Et and V/K‚Et for AcAc-CoA and NADPH. The curves were
obtained from fits of the experiment data (points) at each pH to
eqs 5 (dashed line) and 6 (solid line) for logV/KNADPHEt vs pH,
log V/KAcAc-CoAEt vs pH, and logV/Et vs pH.

Table 2: Data Fitting of pH-Rate Profiles ofS. pneumoniaeâ-Ketoacyl-ACP Reductasea

fitted parameters

kinetic parameter
eq

fitted
residual

(r2) cc pKa pKb pKc pKd

log V/KNADPH‚Et 5 0.64 1830( 170 5.0( 0.6 8.8( 0.2 nab na
6 0.75 2000( 170 8.6( 0.6 5.3( 0.4 8.1( 0.4 >10 000

log V/KAcAc-CoA‚Et 5 0.88 480( 30 5.8( 0.1 8.8( 0.1 na na
6 0.93 420( 70 7.5( 0.9 5.5( 0.3 7.8( 1.1 8.4( 0.4

log V/Et 5 0.75 1.8( 0.2 5.6( 0.3 8.3( 0.2 na na
6 0.93 3. 0( 0.75 7.6( 0.3 6.1( 0.2 7.0( 0.3 9.4( 0.4

a Results from fitting of the data found in Figure 1 to eqs 5 and 6 as described in Experimental Procedures. Error limits on those values were
obtained from the fitting, which yielded residual values as shown.b Not applicable.c The c parameters are reported in arbitrary units.

S. pneumoniaeâ-Ketoacyl-ACP Reductase Mechanism Biochemistry, Vol. 44, No. 50, 200516757



Similarly, the R-secondary deuterium isotope effects
arising from substitution of the untransferred 4R hydrogen
of NADPH with a deuterium was determined forV and
V/KAcAc-CoA at 1.5 mM [4R-1H]- and [4R-2H]NADPH at pH
7.6 and 9.0 (Figure 2). Three initial-rate measurements were
made at each concentration of AcAc-CoA, and the analysis
of the differences in the measured initial velocities of
[4R-1H]- and [4R-2H]NADPH by Student’sT-test indi-
cated that the observed rates for the two isotopes were
significantly different from each other at all but the lowest
concentration of the AcAc-CoA substrate at pH 7.6. Again,
the resulting data were found to best fit to eq 8, such that
R-D(V/KAcAc-CoA)H2O and R-DVH2O exhibited equal and sig-
nificant values of 1.15( 0.02 for both parameters at pH
7.6. In summary, these large primary and secondary deu-
terium kinetic isotope effects suggest that the hydride-transfer
reaction may be rate-limiting for KACPR, such that intrinsic
isotope effects are nearly fully expressed, and are thereby
indicative of small, if not absent, commitment factors.

Experimentally determined deuterium kinetic isotope ef-
fects are typically increased, often to their intrinsic values,
when determined at pH values in which the catalytic activity
is markedly attenuated due to changes in the protonation state
of a critical catalytic residue. This is because catalysis
becomes completely rate-limiting under these conditions, and
the external catalytic commitment factors on the isotope
effects are suppressed to near-zero values (24). Unexpectedly,
at high pH, we observed a complete diminution, rather than
augmentation, of all deuterium kinetic isotope effects to near-
unity values at pH 9-10 (Figure 2 and Table 3). These
findings suggest that, at high pH, either a critical proton-
transfer step is greatly slowed, thereby becoming rate-limiting
to catalysis and ablating the effect of the deuterium kinetic
isotope effects, or, less likely, a postcatalytic step (a
conformational change or product release step) becomes rate-
limiting at high pH.

We investigated the impact of proton transfer on the rate-
limiting step(s) of KACPR by the use of solvent kinetic

Table 3: Primary,R-Secondary Deuterium, Solvent, and Multiple Kinetic Isotope Effects forS. pneumoniaeKACPRa

parameter pH(D) 7.6 pH 9.0 pH 10.0 fixed substrate, mM
D(V/KNADPH)H2O 2.6( 0.4 2.1( 0.1 1.1( 0.03 5 mM AcAc-CoA
D(V/KAcAc-CoA)H2O 2.6( 0.1 1.7( 0.1 0.91( 0.02 1.5 mM NADPH(D)
D(V/KAcAc-CoA)H2O 2.3( 0.1c ndb nd 0.25 mM NADPH(D)
D(VNADPH)H2O 2.6( 0.4 2.1( 0.1 1.1( 0.03 5 mM AcAc-CoA
D(VAcAc-CoA)H2O 2.6( 0.1 1.7( 0.1 0.91( 0.02 1.5 mM NADPH(D)
D(V/KAcAc-CoA)D2O 1.9( 0.1c nd nd 0.25 mM NADPH(D)
D2OV/KNADPH 1.2( 0.1c nd nd 5 mM AcAc-CoA
D2OVNADPH 1.2( 0.1c nd nd 5 mM AcAc-CoA
D2OV/KAcAc-CoA 1.2( 0.1c nd nd 1.5 mM NADPH
D2OVAcAc-CoA 1.2( 0.1c nd nd 1.5 mM NADPH
R-D(V/KAcAc-CoA)H2O 1.15( 0.02 1.00( 0.04 nd 1.5 mM NADPH(D)
R-D(VAcAc-CoA)H2O 1.15( 0.02 1.00( 0.04 nd 1.5 mM NADPH(D)

a Isotope effects were obtained by fitting of triplicate determinations of the initial rate data to eq 8, with experimental errors arising from the
fitting. b Not determined.c Single determination

FIGURE 2: Double-reciprocal plots of the primary andR-secondary deuterium kinetic isotope effects for reduction of acetoacetyl-CoA by
S. pneumoniaeKACPR. Primary deuterium isotope effects varying acetoacetyl-CoA concentrations at pH 7.6 (A) and pH 10.0 (B) using
1.5 mM [4S-2H]-NADPH (b) and 1.5 mM [4S-1H]-NADPH (O). R-Secondary deuterium isotope effects varying acetoacetyl-CoA
concentrations at pH 7.6 (C) and pH 9.0 (D) using 1.5 mM [4R-2H]-NADPH (b) and 1.5 mM [4R-1H]-NADPH (O). Experimental data are
shown with lines obtained by fitting of the data to eq 8.
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isotope effects. Minimally, one would anticipate a solvent
kinetic isotope effect to accompany protonation of a putative
enolate species generated during or via hydride transfer to
the AcAc-CoA substrate from NADPH. In contrast to the

deuterium isotope effects, the solvent kinetic isotope effects
of KACPR at neutral values of pD were very modest, and
again, all data were optimally fitted to eq 8 for whichD2OV/
KNADPH ) D2OV/KAcAc-CoA ) D2OV ) 1.2 ( 0.1 (Table 3).
The notable differences in the primary deuterium (∼2.6) and
solvent (1.2) kinetic isotope effects suggested that hydride
and proton transfer may occur on distinct reaction steps with
different catalytic commitment factors, as discussed below.
Assuming that the small solvent kinetic isotope effects arise
solely from the protonation of the expected enolate inter-
mediate of the KACPR reaction, measurement of both
deuterium and solvent kinetic isotope effects onV/KAcAc-CoA

afforded the opportunity for evaluation of the order of
hydride- and proton-transfer steps in the mechanism of
KACPR via multiple isotope effects (25). As shown in Table
3, the measured primary deuterium kinetic isotope effect on
the parameterV/KAcAc-CoA decreased at neutral pH(D) when
the value was measured in D2O (D(V/KAcAc-CoA)H2O ) 2.3(
0.1 andD(V/KAcAc-CoA)D2O ) 1.9 ( 0.1), and as discussed
below, this finding is consistent with hydride transfer and
proton transfer occurring on distinct reaction steps.

EValuation of the Chemical Mechanism of KACPR from
pH-Rate Data and Kinetic Isotope Effects.Initial velocity,
product inhibition data, and the pH-rate profiles were found
to be consistent with the random bi-bi mechanism shown in
Scheme 2. The complex (H)EAB represents the ternary

Scheme 2: pH-Dependence of the Random Bi-Bi Reaction
of KACPRa

a The fixed substrate is saturating, and A is NADPH, B is AcAc-
CoA, X is the reaction intermediate for the two stepwise mechanisms
or would be the first enzyme-products complex for the concerted
mechanism, and P and Q are the products 3-hydroxy-butyryl-CoA and
NADP+.

Scheme 3: Three Possible Chemical Mechanisms for KACPR, with the Steps that Could Express Intrinsic Isotope Effects
Noteda

a (a) Concerted. (b) Stepwise: Protonation precedes hydride transfer. (c) Stepwise: Hydride transfer precedes protonation.
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(H)E-NADPH-AcAc-CoA complex, while the (H)EX
species represent an enzyme-bound reaction intermediate or
reaction products. The acid dissociation constantsK5, K6,
andK7 denote the observed apparent pK values of 5.0-5.8
measured in the plots of logV/K vs pH, and likewise, the
base dissociation constantsK1, K2, andK3 reflect the apparent
pK value of 9. The scheme includes a step in which the
deprotonated species EAB is able to undergo catalysis at high
pH, which is in accord with the data of logV vs pH wherein
apparent catalysis is maintained at a pH which disfavors
binding of the substrates. In the absence of the EX species,
and under conditions in whichk13, k14, k15, and k16 are
negligible, the plots of logV/KNADPH and V/KAcAc-CoA,
respectively, are expected to comprise classic bell-shaped
pH-rate profiles, and the same would be true for the plot
of log V vs pH in the absence of the EAB to EX step.

For the general mechanism in Scheme 2, three chemical
mechanisms could be envisioned for KACPR (Scheme 3):
In the first (Scheme 3a), protonation of, and hydride transfer
to, the presumedR,â-unsaturated, enolic thioester substrate3

occur in a concerted fashion. Mechanisms b and c in Scheme
3 are stepwise in nature. In mechanism 3b, protonation of
the thioester carbonyl by the enzymatic acid (in complex
EXA) electrophilically activates the substrate prior to attack
of the hydride from NADPH, as has been similarly shown
for E. coli dihydrofolate reductase (13). In mechanism 3c,
hydride transfer from NADPH to theâ-carbon of the
thioester generates an enolate intermediate in the EXQ
complex, which is subsequently protonated by an enzymatic
acid. Analysis of the isotope effects in this series of studies
could allow discrimination of the three mechanisms in
Scheme 3.

(a) Mechanistic Interpretation of the pH-Dependence of
Deuterium Kinetic Isotope Effects.In order to interpret the
kinetic isotope effects at variable pH, and therefore begin to
address which chemical mechanism in Scheme 3 best
describes KACPR catalysis, we derived kinetic expressions
for the mechanism in Scheme 2. From application of the
King-Altman method (26), and noting thatk11K3/k5H )
k12K4/k6H and k13K2/k3H ) k14K3/k4H, the following rate
equations for the mechanism in Scheme 2 were obtained
under conditions in which the fixed substrate is assumed to
be at saturating concentration:

Equations 9-11 may be arranged in the forms of the two
pH-rate equations (eqs 5-6) used to fit the experimental

data in Figure 1, which are discriminated by the magnitudes
of the ratios of the individual rate constantsk15/k1, k16/k2,
k13/k3, k14/k4, andk11/k5 shown in Scheme 2. For example,
eqs 9-11 will reduce in form to the expression for a classical
“bell-shaped” pH-rate profile (eq 5) when all of these ratios
are approximately zero, whereas ifk13/k3 and k14/k4 equal
zero andk11/k5 represents a finite value in eq 10, data for
the pH-rate profile of logV/KAcAc-CoA vs pH would be best
fitted to eq 6. While data for logV/KNADPH vs pH did not
allow a definitive fit to either eq 5 or 6, data for log
V/KAcAc-CoA vs pH fit to eq 6 slightly better than eq 5, such
that we may conclude that the ratiosk13/k3 and k14/k4 in
Scheme 2 and eq 10 are negligible whilek11/k5 is finite.
Likewise, as data from the plot of logV/Et vs pH were best
fitted to eq 6,k11/k5 resultingly has a significant value and
thereby there exists a kinetic contribution from the EAB to
EX step. Accordingly, the pH-rate data are consistent with
the mechanism in Scheme 2 in which the ternary complex
E-NADPH-AcAc-CoA is capable of proceeding through
a catalytic step (k11) in its unprotonated form EAB as well
as in the correctly protonated form HEAB (k5).

Equations 9-11 were then transformed into expressions
to describe the rate equations at neutral and high pH (eqs
12-17):

Expressions for the primary and secondary deuterium kinetic
isotope effects may then be derived from eqs 12-17 at
neutral and high pH. For the concerted mechanism in Scheme
3a, (H)EX would represent an enzyme-products complex,
and accordingly,k8 ) 0. For the mechanism in Scheme 3b,
the deuterium kinetic isotope effect is expressed on thek7

step, with protonation of the substrate occurring on thek5

step, while the opposite is true for the mechanism of Scheme
3c. From eqs 12-17, expressions for the primary and
secondary deuterium kinetic isotope effects at neutral and
high pH were derived for the three chemical mechanisms in
Scheme 3 and are shown in Table 4.

For the concerted mechanism of Scheme 3a, one would
intuitively expect that the deuterium kinetic isotope effects

3 It is unknown which tautomer is recognized by KAPCR; we chose
to represent the enolic-thio ester of AcAc-CoA as opposed to the keto
form since Waterson and Hill (1) reported that it is the enol tautomer
of AcAc-CoA that interacts with crotonase. Interpretations of kinetic
data are identical regardless of the identity of the enzyme-bound
tautomer.

V/KNADPHEt ) k1k5k7k9[1 + k11K3/k5H][1 + k15K1/k1H]/

(1 + K1/H + H/K7){[1 + k16K3/k2H][k2k6(k8 + k9)(1 +
k11K3/k5H) + k2k7k9] + k5k7k9(1 + k11K3/k5H)} (9)

V/KAcAc-CoAEt )
k3k5k7k9[1 +k11K3/k5H][1 + k13K2/k3H]/

(1 + K2/H + H/K5){[1 + k14K3/k4H][k4k6(k8 + k9)(1 +
k11K3/k5H) + k4k7k9] + k5k7k9(1 + k11K3/k5H)} (10)

V/Et ) k5k7k9(1 + k11K3/k5H)/

{(1 + K3/H + H/K6)[k6(k8 + k9)(1 + k11K3/k5H) +
k7k9]+ k5(k8 + k9)(1 + k11K3/k5H)(1 + K4/H) +

k5k7(1 + k11K3/k5H)} (11)

low pH

V/KNADPHEt )
[k1k5k7k9]/[k2k6(k8 + k9) + k2k7k9 + k5k7k9] (12)

V/KAcAc-CoAEt )
[k3k5k7k9]/[k4k6(k8 + k9) + k4k7k9 + k5k7k9] (13)

V/Et ) k5k7k9/[(k5 + k6)(k8 + k9) + k7(k5 + k9)] (14)

high pH

V/KNADPHEt ) (k7k9k11k15)]/[k12k16(k8 + k9)(K4/H)] (15)

V/KAcAc-CoAEt ) (k7k9k11k13)/[k12k14(k8 + k9)(K4/H)]
(16)

V/Et ) k7k9k11/[(k11 + k12)(k8 + k9) + k7k11](K4/H) (17)
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would be fully expressed on the kinetic parameters ofV/K
andV when proton-transfer becomes prohibitive at high pH
in the EAB-to-EX step, since both proton and hydride
transfer occur on the same rate-limiting step. The expressions
for the kinetic isotope effects in Table 4 for the concerted
mechanism bear this out, as the forward commitment factors
k5/k2 andk5/k4 drop out of the expressions ofDV/KNADPH and
DV/KAcAc-CoA, respectively, at high pH, which should result
in increased experimental values of the isotope effects. The
same is true for theDV andR-DV/KAcAc-CoA expressions. That
the deuterium isotope effects diminish to unity at high pH
suggests that the concerted mechanism is not operative for
KACPR, unless a postcatalytic step, such as product release
(k7), becomes rate-limiting at high pH, and effectively raises
the value of the reverse commitment factork12/k7 to suppress
the expression of the isotope effect. However, as thek12 step
includes deprotonation of the hydroxyl product, one would
expect this step to occur rapidly at both neutral and high
pH.

For the stepwise mechanism in Scheme 3b, the unavail-
ability of a proton at high pH slows thek11 step, which
directly precedes hydride transfer (k7), such that the ratios
k5/k2, k5/k4, andk5/k9 are expected to be insignificant in the
expressions forDV/K andDV, as is seen in Table 4. The loss
of these forward commitment factors in the expressions in
Table 4 at high pH is manifested in a reaction that is less
“locked-in” prior to hydride transfer, and accordingly,
maximal expression of the deuterium kinetic isotope effects
is expected. However, as the opposite was observed, the
mechanism of 3b would be at variance with the experimental
results unless the unlikely case exists in which thek12 step
(deprotonation of the carbonyl) was greatly slowed at high
pH such that thek7/k12 ratio becomes large compared to

k7/k6. It is therefore improbable that protonation of the
substrate precedes hydride transfer.

For the mechanism in Scheme 3c, the expected diminution
at high pH of protonation of the enolate intermediate would
drive the measured values ofDV/K, DV, andR-DV/K to near-
unity, as was observed. This is reflected in eqs 18-21 in
Table 4, in which all four kinetic parameters will diminish
to values between 1.0 andDKeq11or R-DKeq11(0.84 and 1.13,
respectively (23)). These findings are consistent with a
stepwise mechanism for KACPR in which hydride transfer
precedes proton transfer. These results are very similar to
those observed for liver alcohol dehydrogenase in which the
DV/K for the substrate cyclohexanol decreases to unity upon
deprotonation of a catalytic enzymatic residue at high pH,
which the authors attributed to a stepwise chemical mech-
anism in which hydride transfer preceded proton transfer
(27).

(b) Mechanistic Interpretation of the SolVent and Multiple
Kinetic Isotope Effects of KACPR.Measurement of both the
deuterium and solvent kinetic isotope effects onV/KAcAc-CoA

afforded the opportunity for evaluation of the mechanism
of KACPR via multiple isotope effects (25). These studies
could further enable the discrimination of the three chemical
mechanisms depicted in Scheme 3, under conditions in which
the small observed solvent kinetic isotope effects could
reflect the expected proton-transfer step in the mechanism,
rather than reflect any additional reaction steps, such as
enzyme conformational changes. Expressions for the solvent
and multiple kinetic isotope effects for KACPR are shown
in Table 5.

The measured solvent isotope effects likely include an
additional contribution from aâ-deuterium secondary kinetic
effect that would “report” on the hydride-transfer step. It is

Table 4: Expressions for Primary and Secondary Deuterium Kinetic Isotope Effects of KACPR for the Chemical Mechanisms in Schemes 2
and 3

I. Concerted Mechanism (3a)
kinetic parameter neutral pH high pH

D(V/KNADPH)H2O [Dk5 + k5/k2 + (k6/k7)DKeq5]/[1 + k5/k2 + k6/k7] [Dk11 + (k12/k7)DKeq11]/[1 + k12/k7]
D(V/KAcAc-CoA)H2O [Dk5 + k5/k4 + (k6/k7)DKeq5]/ [1 + k5/k4 + k6/k7] [Dk11 + (k12/k7)DKeq11]/[1 + k12/k7]
DVH2O [Dk5 + (k5(k7 + k9)/k7k9) + (k6/k7)(DKeq5)]/

[1 + (k5(k7 + k9)/k7k9) + k6/k7]
[Dk11 + (k12/k7)DKeq11]/[1 + k12/k7]

R-D(V/KAcAc-CoA) H2O [R-Dk5 + k5/k4 + (k6/k7)R-DKeq5]/[1 +k5/k4 + k6/k7] [ R-Dk11 + (k12/k7)R-DKeq11]/[1 + k12/k7]

II. Stepwise Mechanism (3b): Protonation before Hydride Transfer
kinetic parameter neutral pH high pH

D(V/KNADPH)H2O [Dk7 + (k7/k6)(1 + k5/k2) + (k8/k9)DKeq7]/
[1 + (k7/k6)(1 + k5/k2) + k8/k9]

[Dk7 + k7/k12 + (k8/k9)DKeq7]/[1 + k7/k12 + k8/k9]

D(V/KAcAc-CoA)H2O [Dk7 + (k7/k6)(1 + k5/k4) + (k8/k9)DKeq7]/
[1 + (k7/k6)(1 + k5/k4) + k8/k9]

[Dk7 + k7/k12 + (k8/k9)DKeq7]/[1 + k7/k12 + k8/k9]

DVH2O [Dk7 + (k7(1 + k5/k9)/(k5 + k6) + (k8/k9)DKeq7]/
[1 + (k7(1 + k5/k9)/(k5 + k6) + k8/k9]

[Dk7 + k7/k12 + k8/k9
DKeq7]/[1 + k7/k12 + k8/k9]

R-D(V/KAcAc-CoA)H2O [R-Dk7 + (k7/k6)(1 + k5/k4) + (k8/k9)R-DKeq7]/
[1 + (k7/k6)(1 + k5/k4) + k8/k9]

[R-Dk7 + k7/k12 + (k8/k9)R-DKeq7]/[1 + k7/k12 + k8/k9]

III. Stepwise Mechanism (3c): Hydride Transfer before Protonation
kinetic parameter neutral pH high pH eq

D(V/KNADPH)H2O [Dk5 + k5/k2 + (k6/k7)(1 + k8/k9)DKeq5]/
[1 + k5/k2 + (k6/k7)(1 + k8/k9)]

[1 + (k12k2/k7k11)(1 + (k8/k9))DKeq11]/
[1 + (k12k2/k7k11)(1 + (k8/k9)]

18

D(V/KAcAc-CoA)H2O [Dk5 + k5/k4 + (k6/k7)DKeq5]/
[1 + k5/k4 + (k6/k7)(1 + k8/k9)]

[1 + (k12k4/k7k11)(1 + (k8/k9))DKeq11]/
[1 + (k12k4/k7k11)(1 + (k8/k9)]

19

DVH2O [Dk5 + (k5/k7)[1 + k7/k9 + k8/k9] +
(k6/k7)(1 + k8/k9)(DKeq5)]/
[1 + (k5/k7)[1 + k7/k9 + k8/k9] + k8/k9 ]

[1 + (k12/k11)(k8 + k9)/[(k8 + k9) + 1]DKeq11]/
[1 + (k12/k11)(k8 + k9)/[(k8 + k9) + 1]

20

R-D(V/KAcAc-CoA) H2O [R-Dk5 + k5/k4 + (k6/k7)(1 + k8/k9)R-DKeq5]/
[1 + k5/k4 + (k6/k7)(1 + k8/k9)]

[1 + (k12k4/k7k11)(1 + (k8/k9))R-DKeq5]/
[1 + (k12k4/k7k11)(1 + (k8/k9)]

21
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expected that each of theγ-carbon deuterons of the thioester
substrate would contribute a maximalâ-deuterium isotope
effect of 0.955 per deuterium atom (28), such that values of
â-Dk would range from a minimal value of 1.0 to a maximal
value of 0.87 (0.9553) depending on the degree of change
of hybridization of theγ-carbon deuterons in the transition
state of the reaction. From the current study, one expects
values for the intrinsic kinetic isotope effects to lie in the
following ranges: D2Ok ) 1.2-6.0, â-Dk ) 0.87-1.0 (the
limiting value obtained fromâ-DKeq ) 0.87), andD2OKeq )
1.84 (calculated from published fractionation factors
(29)). Accordingly, for the concerted mechanism, the
forward commitment factora (k5/k4; Table 5) would be
reduced by a factor ofD2Ok5

â-Dk5, or by 1.04-5.2, while the
reverse commitment factor 1/b would be reduced by a fac-
tor of D2OKeq5

â-DKeq5/D2Ok5
â-Dk5 ) 0.75-3.75. While one

would then predict from this thatD(V/KAcAc-CoA)D2O >
D(V/KAcAc-CoA)H2O, the opposite was observed experimentally
at pH(D) ) 7.6 (Table 3). Along with the results of pH-
dependence of the deuterium kinetic isotope effects, these
results indicate that the concerted mechanism must be
eliminated as a possibility for KACPR.

The identity of which of the two stepwise mechanisms is
operative for KACPR may be further assessed by analysis
of the expressions for the multiple kinetic isotope effects. It
may be shown from the expressions in Table 5 that eq 22
holds for mechanism 3b and eq 23 for mechanism 3c (30).

Substitution of eqs 22 and 23 with experimental values of
D(V/KAcAc-CoA)H2O, D(V/KAcAc-CoA)D2O, and D2O(V/KAcAc-CoA)
and literature values ofD2OKeq )1.84 andDKeq ) 0.85 and
solving for â-Dk yields eqs 24 and 25, respectively:

That the calculated value ofâ-Dk ∼ 0.9( 0.2 from eq 25 is
in better agreement with the theoretical value of 0.87-1.0
than that obtained from eq 24 suggests that the multiple
isotope effect data are more in accord with the stepwise

mechanism of Scheme 3c than that of Scheme 3b. These
results are also supported by the pH-rate dependence of the
deuterium kinetic isotope effects. From both sets of isotope
effects data we conclude that the chemical mechanism of
KACPR is the stepwise mechanism in which hydride transfer
precedes protonation, described in Scheme 3c. While alterna-
tive explanations exist for the effects of pH and D2O on the
deuterium isotope effects, the kinetic model here is self-
consistent with the suggestion that the isotope effects are
“reporting” on an expected proton-transfer step that becomes
rate-limiting at high pH and that, in D2O, contributes to the
modest diminution of the observed deuterium kinetic isotope
effect arising from contributions both from proton transfer
on a distinct reaction step and from a secondaryâ-deuterium
isotope effect occurring on the same step as hydride transfer.
Despite the potential ambiguities of using solvent kinetic
isotope effects to report on a single proton-transfer step in
multistep enzymatic catalysis, in an approach similar to ours,
Weiss et al. (1987) successfully utilized D2O as the “second
isotope” in a multiple-isotope effects study to rule out a
concerted reaction mechanism for mammalian adenosine
deaminase (31).

Estimates of the Intrinsic Primary and Secondary Kinetics
Isotope Effects.Numerical analysis of the expressions for
the kinetic isotope effects in Tables 4 and 5 could allow
estimates of the intrinsic kinetic isotope effectsDk, R-Dk, and
possibly D2Ok. It is clear that the identical values of 2.6
obtained forD(V/KNADPH)H2O, D(V/KAcAc-CoA)H2O, and DVH2O

demand that commitment factorsk5/k2, k5/k4, (k6/k7)(1 +
k8/k9), and (k5/k7)[1/k9 + (1 + k8/k9)] (Table 4) be either finite
and identical or near-zero in value as would be the case
whereink5 , k4 and k2, and k6 , k7. From this we will
assume that the forward commitment factors for all of these
isotope effects are equal. Normally the availability of as many
experimental isotope effects as represented by the equations
in Table 4 would afford the opportunity for exact solutions
of the unknown kinetic parametersDk, R-Dk, and the four
commitment factors, with estimates ofDKeq andR-DKeq from
literature values. However, since the experimental values for
the expressions in Table 4 were identical (2.6) or 1.0, the
simultaneous solutions of these parameters were not well-
conditioned and gave inappropriate values. However the pH-
dependence ofDV/KAcAc-CoA allows a calculation of the ratio
of the reverse/forward commitment factors for that substrate.
From Table 3, the value ofDV/KAcAc-CoA ) 0.91 at pH 10.0
was similar to the expected values ofDKeq ) 0.85 (for
secondary alcohols (23)). From eq 19 (Table 4), where
DKeq11) 0.85, the ratio of the reverse and forward commit-
ment factors for AcAc-CoA may be solved from (1-
DV/KAcAc-CoA)/(DV/KAcAc-CoA - DKeq) ) (1-0.91 ( 0.01)/

Table 5: Expressions for the Solvent and Multiple Kinetic Isotope Effects for KACPRa

kinetic
parameter

concerted
(Scheme 3a)

protonation before hydride
transfer (Scheme 3b)

hydride transfer before
protonation (Scheme 3c)

D2O(V/KAcAc-CoA) [D2Ok5 + a + (1/b)D2OKeq5]/[1 + a + 1/b] [D2Ok5 + a + (1/b)(1 + c)D2OKeq5]/
[1 + a + (1/b)(1 + c)]

[D2Ok7 + (b)(1 + a) + cD2OKeq7]/
[1 + (b)(1 + a) + c]

D(V/KAcAc-CoA)D2O [Dk5 + a/(D2Ok5
â-Dk5) + (1/b) ×

(D2OKeq5
â-DKeq5)/D2Ok5

â-Dk5)DKeq5]/
[1 + a/(D2Ok5

â-Dk5) + (1/b) ×
(D2OKeq5

â-DKeq5)/D2Ok5
â-Dk5)]

[Dk7 + b(D2Ok5/â-Dk7
D2OKeq5×

(1 + a/D2Ok5) + c(â-DKeq7/â-Dk7)DKeq7]/
[1 + b(D2Ok5/â-Dk7

D
2
OKeq5) ×

(1 + a/D2Ok5) + c(â-DKeq7/â-Dk7)]

[Dk5 + a/â-Dk5 + (D2Ok7
â-DKeq5/

â-Dk5b)(1 + cD2OKeq7/D2Ok7)DKeq5]/
[1 + a/â-Dk5 + (D2Ok7

â-DKeq5/â-Dk5b) ×
(1 + cD2OKeq7/D2Ok7)]

a Wherea ) k5/k4, b ) k7/k6, c ) k8/k9.

(D(V/KAcAc-CoA)H2O
- 1)/(D(V/KAcAc-CoA)D2O

- 1) ∼
D2O(V/KAcAc-CoA)/D2OKeq

â-Dk (22)

(D(V/KAcAc-CoA)H2O
- DKeq)/(

D(V/KAcAc-CoA)D2O
-

DKeq) ∼ D2O(V/KAcAc-CoA)/â-Dk (23)

â-Dk ∼ [(1.2 ( 0.1)/1.84]/[(2.3( 0.1- 1)/

(1.9( 0.1- 1)] ) 0.45( 0.1 (24)

â-Dk ∼ (1.2( 0.1)/[(2.3( 0.1- 0.85)/

(1.9( 0.1- 0.85)]) 0.9( 0.2 (25)

16762 Biochemistry, Vol. 44, No. 50, 2005 Patel et al.



(0.91 ( 0.01-0.85) ) (k12k4/k7k11)(1 + (k8/k9)) )
(k12k4/k7k5)(1 + (k8/k9)) ) 1.5 ( 0.9. Use of this calculated
ratio of commitment factors then simplifies estimates of the
intrinsic isotope effects as discussed below.

From the experimental results, one would expect that
meaningful ranges of values of the intrinsic isotope effects
for “semiclassical” behavior would beDk ) 2.6-6.0,
R-Dk ) 1.0-1.13, andD2Ok ) 1.2-6.0. Accordingly, we
calculated “candidate” values of the intrinsic kinetic isotope

effects within these ranges by solving the expressions in
Table 4 for the intrinsic isotope effects with reasonable,
chosen values of the commitment factors and with literature
values ofDKeq )0.85 andR-DKeq )1.13 (23), seeking the
best match of the calculated values ofD(V/KAcAc-CoA),
R-D(V/KAcAc-CoA), andDV with the experimentally determined
ones in Table 3. These calculations, summarized in Table 6,
demonstrate that in order to observe a meaningful solvent
isotope effect, the commitment factorsk5/k4 andk6/k7(1 +
k8/k9) cannot be zero. Calculations in Table 6 indicated that
the most reasonable intrinsic isotope effects ofDk ) 2.7,
D2Ok ) 5.3, andR-Dk ) 1.16, which were mathematically
compatible with the experimental values ofD(V/KAcAc-CoA)H2O,
R-D(V/KAcAc-CoA)H2O, andD2O(V/KAcAc-CoA), occurred when the
commitment factors equaledk5/k4 ) 0.033, andk6/k7(1 +
k8/k9) ) 0.05, as other values tested were outside of the
expected theoretical limits of the three intrinsic isotope effects
under conditions of “semiclassical” behavior.

The estimated intrinsic value ofR-Dk ) 1.16 indicates that
the observedR-secondary isotope effect for KACPR repre-
sents the value of the equilibrium isotope effect, although it
is in slight excess of the literature value ofR-DKeq ) 1.13
for NAD(P)H/D reduction (23). Other precedents suggest
the estimatedR-Dk value of KACPR is an intrinsic one. Kurz
and Frieden (32) reported values ofR-Dk ) 1.14-1.16 for
the R-secondary deuterium isotope effect for the nonenzy-
matic reduction of 4-cyano-2,6-dinitrobenzenesulfonate by
[4-2H]NADH. Similarly, Sikorski et al. (33)have determined
an intrinsic value ofR-Dk ) 1.13 for NADPH forE. coli
dihydrofolate reductase, although this result is attributed to
nonclassical behavior. While larger intrinsic values ofR-Dk
(1.4-1.5) have been calculated from results with two
dehydrogenases measuring [4-2H]NAD reduction (owing in

Table 6: Estimates of Intrinsic Primary and Secondary Deuterium
Kinetic Isotope Effects of KACPRa

calcd intrinsic
isotope effects

selected values of
commitment factors

Dk5
R-Dk5

D2Ok7 k5/k4 k6/k7(1 + k8/k9) k6/k7 k8/k9

2.60 1.15 200 0.0 0.0 0.0 0.0
2.63 1.15 21 0.007 0.01 0.01 0.0
2.66 1.15 11 0.013 0.02 0.02 0.0
2.68 1.16 8.0 0.02 0.03 0.03 0.0
2.74 1.16 5.3 0.033 0.05 0.05 0.0
2.88 1.17 3.3 0.067 0.1 0.1 0.0
3.02 1.17 2.67 0.100 0.15 0.01 0.0
4.71 1.24 1.60 0.500 0.75 0.01 0.0
6.83 1.33 1.47 1.000 1.5 0.01 0.0

a Intrinsic isotope effects were calculated from rearrangements of
expressions found in Tables 3 and 4; for example,Dk5 ) D(V/K)[1 +
k5/k4 + k6/k7(1 + k8/k9)] - [(k5/k4 + k6/k7(1 + (k8/k9)DKeq5)]. D(V/K)
was the experimental result from Table 3, selected values ofk6/k7

and k8/k9 were 0-0.1 and 0.0, respectively, and was calculated as
1.5(k6/k7)(1 + k8/k9). The following literature values of the equilibrium
isotope effects were used:DKeq5 ) 0.85, R-DKeq5 ) 1.13, D2OKeq7 )
1.84 (23, 29). Recalculation of these experimental values (D(V/K),
R-D(V/K), DV, etc.) from the calculated intrinsic isotope effects and the
selected commitment factors rendered values that agreed with experi-
mental results obtained at both high and low pH within(0.1.

FIGURE 3: Schematic depiction of the proposed stepwise chemical mechanism ofS. pneumoniaeâ-ketoacyl-ACP reductase. The values for
the intrinsic isotope effects for the stepwise reaction of hydride transfer preceding proton transfer,Dk ) 2.7, D2Ok ) 5.3, andR-Dk ) 1.16,
and the commitment factors,k5/k4 ) 0.03 andk7/k6 ) 20, were derived from the work described in this manuscript. The possible transition-
state mimic is a molecule conceptually derived from the proposed transition state in which theâ-hydroxyl carbon develops sp3-hybridization
and a negative charge is created on the nascent,R-carbon enolate. The residues Ser, Tyr, Lys, and Asn represent active site amino acids
serine 140, tyrosine 153, lysine 157, and asparagine 112 inS. pneumoniaeâ-ketoacyl-ACP reductase. The figure incorporates the proton
network and relay system involving homologous Ser, Tyr, Lys, and Asn active site residues proposed by structural work for theE. coli and
B. napusKACPR enzymes (9, 11).
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part to “coupled motion” of the hydride transferred from the
alcohol substrate to NAD), values ofR-Dk ) 1.13-1.16
represent the largest reported to date for [4-2H]NAD(P)H
oxidation (25).

While we cannot conclude from available data that the
R-secondary deuterium kinetic isotope effect of KACPR
lacks a nonclassical component, and thereby should display
a larger intrinsic value, the simplest interpretation of the
observed primary and secondary deuterium isotope effects
of KACPR is that they reflect intrinsic values, and that they
are reporting on a late transition state in the hydride-transfer
step. These results are similar to those of yeast formate
dehydrogenase (R-Dk ) 1.23,Dk ) 2.8 (23, 30)) andE. coli
dihydrofolate reductase at high pH (R-Dk ) 1.13 (33); Dk )
3 (13)). Both sets of isotope effects were likewise thought
to reflect a late transition state in these enzymatic reactions.

Summary of the Chemical Mechanism of KACPR and the
Rational Design of Inhibitors.We conclude that the chemical
mechanism of theS. pneumoniaeKACPR proceeds via a
stepwise chemical mechanism in which hydride transfer from
NADPH to the AcAc-CoA substrate precedes protonation
of the enzyme-bound adduct. The catalytic step involving
hydride transfer is a “poorly” committed step (k5/k4 ) 0.033),
which gives rise to virtually complete expression of the
primary and R-secondary kinetic isotope effects on the
experimental kinetic parametersD(V/K) andR-D(V/K), such
that the kinetic mechanism is in effect rapid-equilibrium
random. The estimated intrinsic values ofDk ) 2.7 and
R-Dk ) 1.16 suggest that the transition state for the hydride-
transfer step is late, wherein the nicotinamide ring of NADPH
assumes a nearly planar geometry and theâ-keto carbon has
attained nearly full sp3-hybridization (Figure 3). The resulting
enolate intermediate then rapidly “switches on” the proton
relay system, giving rise to the highly committed proton-
transfer step to form product (k7/k6 ) 20), such that the
expression of a large intrinsic value ofD2Ok7 ) 5.3 is
attentuated in the experimental parameters ofD2O(V/K) and
D2OV. This large estimate ofD2Ok7 would be consistent with
a reaction step involving multiple proton transfers.

Although KACPR is related to the other SDR reductase
in the FAS pathway, enoyl-ACP reductase (ENR), the potent
inhibitors of ENR, triclosan and isoniazid, have not been
reported to inhibit KACPR. Modeling studies suggested that
steric constraints may be the only factor preventing triclosan
or isoniazid from binding to the KACPR-NADP+complex;
however, neither of these compounds contain obvious
structural features of the proposed transition states of KACPR
(9). Our studies contribute to the recommendation that high-
throughput screening for identifying KACPR inhibitors
should be carried out on the NADP+ bound form of the
enzyme, which, from this work, is the form of the enzyme
most representative of the appropriate transition state of
KACPR catalysis. Finally, elucidation of the transition states
of the KACPR reaction may provide possible starting points
for the rational design of inhibitors of KAPCR. The late
transition state of the hydride-transfer step immediately
suggests two exploitable structural features: the incipient
sp3-hybridization of theâ-keto carbon and the developing
negative charge on the nascent enolate. One could imagine
from this that the replacement of the acetoacetyl substituent
of AcAc-CoA, or its smaller analogue, with theâ-hydroxy-
propyl tetrazole pictured in Figure 3 may contribute both of

these transition-state components and thereby may render
the core structure of an exceptionally potent inhibitor of
bacterial KACPR.
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