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ABSTRACT. f3-Ketoacyl-acyl carrier protein reductase (KACPR) catalyzes the NADPH-dependent reduction
of B-ketoacyl-acyl carrier protein (AcAc-ACP) to generat&B-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-NADFAcAc-CoA dead-end complex.

Plots of logV/Knappn and logV/Kacac—coa indicated the presence of a single basic group<p5.0—5.8)

and a single acidic group p= 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 (@26 + 0.4),
VIKnappH (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 large-secondary deuterium kinetic
isotope effect of 1.15: 0.02 observed for [R-2HJNADPH 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 eflects2(7,

a~Bk = 1.16) and the correspondingly negligible commitment factors suggest a nearly full expression of
the intrinsic isotope effects o?V/K and*"PV/K, and are consistent with a late transition state for the
hydride transfer step. Conversely, the estimated intrinsic solvent ePt€k} 6f 5.3 was poorly expressed

in the experimentally derived parameté&8V/K and P°V (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 pneumoniiea leading cause of respiratory  fabG-encoded-ketoacyl-ACP reductase (KACPR(EC
infections in children, the elderly, and persons with chronic 1.1.1.100) catalyzes the only known keto-acid reductase in
medical conditions that result in a compromised immune bacterial fatty acid biosynthesis, making this enzyme an ideal
system. The emergence of multidrug-resistant pneumococcakarget for the development of novel antibiotic dru@s-b).
bacteria has diluted the effectiveness of current antibiotic To date, however, the only KACPR inhibitors reported are
therapies, resulting in an urgent need for novel antimicrobial weak, undevelopable, plant-derived polyphen6)sKACPR
agents that target different metabolic pathways than do catalyzes the NADPH-dependent reductiongelketoacyl-
current therapies. Fatty acid biosynthesis is essential to theACP, the product of thg-ketoacyl-ACP synthase condensing
survival of bacteria, and its associated enzymes therebyenzymes. Th@-hydroxyl-acyl-ACP product of the KACPR
comprise exploitable drug-discovery targets, especially in reaction is subsequently dehydrated, and reduced to form a
view of the differences between fatty acid biosynthesis in saturated alkyl chain that undergoes repeated cycles of
prokaryotes (FAS I) and mammals (FAS 1B)( The genes  elongation until the physiologically optimal chain length is
encoding the enzymes involved in fatty acid biosynthesis obtained (Scheme 1).
have been identified from several bacterial genor8esihe KACPR belongs to the family of short-chain dehydroge-
nases/reductases (SDRYJ).( Although only 15-30% se-
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Scheme 1: S. pneumonia&atty Acid Biosynthesis
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guence identity exists between the roughly 300 different SDR the reaction transition states revealed by this work, may also
enzymes, sequence, structural, and directed mutagenesiprovide a general model for other short chain dehydrogenase
comparisons of all members of this family of enzymes have enzymes, which can begin to have impact on other drug-
revealed a strong conservationodf protein folding patterns  discovery efforts for diseases wherein SDRs play a role.
consistent with a Rossman-fold, and the participation of a

Ser-Tyr-Lys active site triad in a catalytically essential proton EXPERIMENTAL PROCEDURES

relay system ¥). Structural studies of KAPCR fronks- ) )
cherichia colj Brassica napusand Mycobacterium tuber- Materials. Acetoacetyl-CoA, NADPH, NADP, p-[1-*H]-
culosisconfirmed the presence of the active site triad, and G/Ucose (97 atom 96H), ethanoles, Leuconostoc me-

in the case oE. coli, a proton networkd—10). The structural ~ Senteroides(type XXIV) glucose-6-phosphate dehydroge-
studies of KACPR frome. coli with NADP* or NADPH nase,Leuconostoc mesenteroidatcohol dehydrogenase,
bound suggested that NADPH binding promotes the forma- Leuconostoc mesenteroidakiehyde dehydrogenase, yeast
tion of the conserved proton network formed between the Nex0okinase, ATP, methylamine, ethylamine, propylamine,
side chains of the active site Ser-Tyr-Lys triad, several and all buffers were purchased from Sigma. Deuterated water
solvent molecules, and the cofactor ribose hydroxyl groups (P20) was purchased from Cambridge Isotope Laboratories
(11). The authors proposed that the function of this preton  29-9 atom %?H. Pwo polymerase and Complete protease
water network is to align active site residues for catalysis, Inhibitor cocktail was purchased from Roche Biochemicals.
and to allow replenishment from solvent of the proton PTG, Dpnl, and dNTPs were obtained from Invitrogen;

delivered from Tyrl51 to substrate (ACAc-ACP) after HiTrap columns used for purification of KACPR were
catalysis. Although no structure exists for AcAc-CoA or Purchased from Amersham Pharmacia Biotech.
AcAc-ACP bound to KACPR, the structural data also  Preparation of Deuterated NADPHAS-?H] NADPH and
provided evidence for substantial conformational changes [4R->H] NADPH were enzymatically synthesized as previ-
induced by binding of cofactor NADPH, from which these ously described by Orr and Blanchard and Morrison and
authors inferred an ordered kinetic mechanism of KACPR Stone, respectively1l@, 13 The purification of [&-°H]-
wherein NADPH binding induces a conformation of the NADPH and [R“H][NADPH was performed using a MonoQ
enzyme that is essential for AcAc-ACP to bind. In fact, a column, and fractions with absorbance ra#esd/Asso < 2.3
recent review of type Il fatty acid synthesis reported that were pooled, as previously describeti2 The pooled
KACPR catalysis proceeds via a compulsory-ordered mech-fractions were freeze-dried and stored -a70 °C. The
anism in which the binding of the cofactor must precede concentration of the purified, reduced nucleotides was
substrate binding3d). Yet no studies to date have reported determined by enzymatic end-point assays using glutathione
on the elucidation of the kinetic and chemical mechanism reductase with excess glutathione disulfide. Purified, recom-
of KACPR. This knowledge would appropriately comple- binant AcAc-ACP fromE. coliwas a gift from Dr. Howard
ment the structural data to reveal the actual catalytic Kallender and John Martin (GlaxoSmithKline Pharmaceu-
mechanism of KACPR. ticals).

Steady-state kinetics, pH, and kinetic isotope effect studies Cloning, Expression, and Purification of KACPRhe
were used to characterize the kinetic and chemical mecha-fabG gene, encodings-ketoacyl-ACP reductase, was ob-
nisms of S. pneumoniags-ketoacyl-ACP reductase. In tained by PCR amplification of the gene from genomic DNA
addition to providing starting points for the rational design of S. pneumoniastrain 0100993 usinBwo polymerase with
of potent KACPR inhibitors, the in-depth understanding of the following primers: 5GGCGCTTACATATGAAACT-
the catalytic steps of KACPR, including characterization of AGAACATAAAAAT-3 ' (forward primer) and 5CTAGG-
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ATCCCGCTACATACTTAAGCCACCA-3 (reverse primer).  (near-) saturating level. The kinetic parameterand V/K
The amplified gene product was cloned into the coli for acetoacetyl-CoA and NADPH were determined by
expression vector pET24b] (Novagen, Madison, WI) at  varying the concentration of acetoacetyl-CoA between 0.08
the Ndd and BanH| sites to create pET24bSpFabG. The and 10 mM at 50uM of NADPH, and by varying the
plasmid construct was transformed irfiocoli BL21 (DE3) concentration of NADPH between 100 and 50 at a
cells for expression. An overnight culture was grown in LB saturating concentration of AcAc-CoA (10 mM), respec-
medium containing 5@g/mL kanamycin and 1% glucose, tively, and by fitting of the resulting data as described below.
diluted 1:100 and grown at 3T to an absorbance at Qfg Primary ando-Secondary Deuterium and $eht Kinetic
of ~0.6. IPTG (0.5 mM) was added to the culture, and Isotope EffectsPrimary deuterium Kkinetic isotope effects
growth was continued for an additidriath at 37°C. Cells were determined via initial velocity kinetics at variable
were harvested and suspended in 50 mM Tris pH 7.5, 1 mM concentrations of [8'H]- and [4S*H]NADPH (100-500
EDTA, 2 mM DTT, and Complete protease inhibitor cocktail xM) and at saturating (5 mM) and subsaturating (1 mM)
at a volume of 5 mL/g of cells. Lysis was carried out using concentrations of acetoacetyl-CoA, or at variable concentra-
lysozyme treatment followed by 3 cycles of sonication, tions of AcAc-CoA (0.15-5.0 mM) at 0.25 or 1.5 mM
freezing, and thawing. Clarified lysate was applied to a 5 [4S'H]- and [4S°H]NADPH, at pH 7.6 (200 mM HEPES),
mL HiTrap Blue Sepharose column and eluted with a 100 9.0 (200 mM bis-tris-propane), and 10 (200 mM CAPS) in
mL gradient from 0d 1 M NaCl in the above buffer without 100 mM NaCl.a-Secondary deuterium isotope effects\on
protease inhibitors. Fractions were analyzed by SBAGE andV/Kacac—coa Were determined at variable concentrations
and by measurement of KACPR activity, and those fractions of acetoacetyl-CoA (0.1565.0 mM) and at saturating (1.5
containing KACPR activity were pooled and precipitated mM) concentrations of [R-'H]- and [4R-°H]NADPH at pH
with 80% (NH,),SO,. Pellets were dissolved in 50 mM Tris 7.6 (200 mM HEPES), 9.0 (200 mM bis-tris-propane), and
pH 7.5, and dialyzed overnight at € against the same 10.0 (200 mM CAPS) in 100 mM NaCl. Solvent kinetic
buffer. Samples were applied &8 5 mLHiTrap Q column isotope effects for both substrates were measured at variable
and eluted with a 100 mL,-01 M NaCl (in 50 mM Tris pH concentrations of AcAc-CoA (0.3910 mM), and a fixed
7.5) linear gradient. Fractions containing KACPR activity saturating concentration of NADPH (1.5 mM), and at
were pooled and dialyzed against 50 mM Tris pH 7.0, 0.1 variable concentrations of NADPH (0.64.5 mM) and a
M NaCl, 50% glycerol, and stored at20 °C. Amino- fixed, saturating concentration of acetoacetyl-CoA (5 mM)
terminal sequencing, MALDI-MS, and amino acid analysis in 50 mM HEPES prepared inJ@ or 99.9% DO at pH(D)
were performed on the purified sample to confirm the identity 7.5, 100 mM NaCl at 30C. Multiple isotope effects were
of the protein. measured by determination of the primary deuterium isotope
Steady-State Kinetichitial rates of the KACPR reaction  effects in a buffer composed of 200 mM HEPES (pD 7.6)
using eitheis-acetoacetyl-CoA or acetoacetyl-ACP as sub- in D;O.
strates were measured by monitoring the decrease in absor- Data AnalysisKinetic data were fitted to the appropriate
bance of NADPH at 340 or 370 nm at 3C in 96-well rate equations by using the nonlinear regression function of
half-area clear bottom plates (Corning) using a 96-well plate SigmaPlot 2000 (SPSS, Inc.). Initial velocity data at a single
spectrophotometer (SpectraMax, Molecular Devices). Assaysconcentration of the fixed substrate were fitted to eq 1 to
were performed in 50 mM HEPES (pH 7.6), 100 mM NaCl, determine the kinetic parametekéand V/K.
and 15 nM KACPR, in total volumes of either 50 or 100
uL. The extinction coefficients of NADPH at 340 nm for v=VAK+A) 1)
50- and 10QxL volumes in the half-area plates were ) o ) ]
determined to be 1590 M and 3170 MY, respectively, and Data for |.ntersect|ng initial velocity p_atte_rns were fltted_ to
680 M1 at 370 nm for a 5QeL volume. Initial velocity data ~ ©d 2, Which conforms to a sequential kinetic mechanism.
were obtained at variable concentrations of acetoacetyl-CoAData for competitive and noncompetitive |nh|b|t|.on were
(0.40-10 mM) and changing-fixed concentrations of NAD- fitted to egs 3 and 4, respectively. For eqs4l V is the
PH (50-1500uM). The apparent kinetic constants of AcAc- maximal velocity A andB are substrate concentratiohss
ACP were obtained by varying the concentration of AcAc- inhibitor concentrat.|on|<ia. is the dissociation constant for
ACP (20-1004M) at a fixed concentration of NADPH (250 A, Ky and Ky are Michaelis constants for substra.tes A and
uM). Product inhibition patterns of NADP and b,L-3- B, respectively, andis andK; are the slope and intercept
hydroxybutyryl-CoA vs both substrates were obtained with inhibition constants, repsectively.
variable concentrations of either NADPH (5250 uM) or

AcAc-CoA (2.9-6 mM) at fixed concentrations of the other v = VAB(KK, + KB + KA+ AB) (2)

substrate, AcAc-CoA (5 mM) and NADPH (250M),

respectively. v =VAI[K(1 + /Ky + Al (3)
pH—Rate Profiles.A multicomponent buffer consisting

of 66 mM MES, 34 mM DEA, 34 mM TEA, and 100 mM v =VAI[K(1 + /K + (1 + I/K)A] 4)

NaCl dissolved in Millipore-filtered water was used for the

pH—rate studies. The buffer was adjusted to the desired pH Data for all pH profiles were fitted to eqs 5 and 6, in which
by titrating with HCI or KOH (pH 5.5-9.5). This buffer y is the observed kinetic parameték or V, c is the pH-
system gives constant ionic strengthdf 0.15 (L4). Initial independent value of, H is the concentration of hydrogen
rates of the reaction catalyzed by KACPR at the stated pH ion, andK,—Kgy are either individual, apparent acid or base
values were measured by varying the concentration of onedissociation constants, or products and/or sums of dissocia-
of the substrates while maintaining the other at a fixed, tion and kinetic rate constants. The steady-state primary and
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logy = log{c/[1 + H/K,+ K/H]} (5)

Table 1: Product Inhibition Studies &. pneumoniae
B-Ketoacyl-ACP Reductase

logy = log{[c(1 + K/H)Y varied - Ks  Ki inhibition
[(1 + H/Kb + Kc/H)(l + Kd/H)]} (6) substrate product inhibitor (mM) (mM) type
NADPH D,L-3-hydroxybutyryl-CoA 8+ 1 C
secondary deuterium and solvent kinetic isotope effects wereﬁ'AAlg'gECOA DNv/L_\'ngdeybUtny"COA 22& 8-‘3‘ g
determined by fitting the experimental initial rates at variable B-ACAC-CoA NADP* 38125 19408 NC

concentrations of one substrate (A) at fixed levels of the other
(B) to egs 7 and 8, where eq 7 describes the case wWhére ) ,
andPV/K, are not equal, and eq 8 describes the case Wherewhether the_ conformatlonal changes mferre_d frc_Jm structu_ral
(°V = P V/K,). For egs 7 and 8A is the variable substrate, studies are indeed reporting on an ordered kinetic mechanism
for the ACP-substrate. The poorer substrate AcAc-CoA used

v = VA[K(1+ FE/xa + Al + FE))] (7) in our studies may account for the random mechanism of
substrate binding. Interestingly, the kinetic mechanisms of
v = VA[(K,+ A(1+ FE))] (8) the related bacterial enoyl-ACP reductases ftiémemophilus

influenzaeandM. tuberculosisuising substrates bearing CoA
rather than ACP substituents were also characterized as
random bi-bi mechanisms, with observed kinetic isotope

Fi is the fraction of deuterium labeF(= 0.0 and 1.0 for
hydrogen- and deuterium-containing NADPH op( re-
spectively),Evia is the isotope effect minus 1 0K, and  effects similar to what we present in this workg( 19), but
Ev is the isotope effect minus 1 ov. For each case, the  the kinetic mechanism of enoyl-ACP reductase fil®rmapus
most appropriate fit was chosen according to a Student'swas found to be ordered, with NADH binding before the
T-test comparison in which the residuals from fits of CoA substrate 20). We expected that AcAc-CoA would
comparable data sets of the light and heavy isotopes wereprove a more useful substrate than AcAc-ACP for probing
used to determine if the higher order function is a statistically the kinetic and catalytic mechanisms of KACPR by use of
better fit. kinetic isotope effects, as the poor substrate is expected to
Nomenclature.Isotope effects are expressed using the exhibit small commitment factot15, 16).
notation of Cleland, Northrop, and CoakH 16). The nature The pH Dependence of KACPR Catalydike pH-rate
of the isotope effects measured on the kinetic parametersprofiles of the kinetic paramete¥dKnaopnE:, V/Kacac—coas,
V/IK and V are notated as |eading SuperSCI‘iptS, with the and V/Et as determined over the pH range of 5%K5 are
variable substrate as the right subscript. For multiple isotope shown in Figure 1. Plots of [0g/KnapprE:, 109 VIKacac—conEs,
effects, the second isotope, which is at a fixed level in the and |ogV/E, vs pH decreased at pH valueg.0 and>7.5,
measurement, is notated as a right subscript. 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)(
Data from the three pHrate profiles were fitted to both
egs 5 and 6, and the results of these fittings are shown in
Table 2. Fitting of the data for log/KnappHE: VS pH to eq
5 gave the poorer fit in terms of least-squares residual value,
yielding apparent valuesq = 5.0+ 0.6 and K, = 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-
dead-end EAcAc-CoA—NADP* complex is formed17). determined values, indicating that the data was not suf-
The initial velocity pattern of NADPH vs the physiological ficiently robust or complete to allow fitting to this more
AcAc-ACP substrate was also intersecting, demonstrating acomplex function. Accordingly, fits of the plot of log
sequential mechanisrikf= 18+ 1 s, Kacac—acp = 23+ V/KnappHE: VS pH could not be differentiated between eqs 5
5 uM, andkeafKacac—acp = 800+ 180 mM s7%), however and 6.
due to nonlinearity in the double-reciprocal plots (presumably  For the plot of the log//Kacac—coaE: Vs pH, quality-of-fit

RESULTS AND DISCUSSION

Kinetic Mechanism of KACPRhe initial velocity pattern
of AcAc-CoA vs NADPH was intersecting, indicative of a
sequential kinetic mechanism, which upon fitting to eq 2
yielded values okey = 11 & 2 7%, Knappn = 400 £ 120
ILLM, KACAC*COA = 2200 + 670ﬂM, kcalKNADPH =28+ 8
MM~ s71, andkealKacac—con = 5 + 2 mM~1 s (data not
shown). Product inhibition patterns of NADR's NADPH,
D,L-3-hydroxybutyryl-CoA vs NADPH, and,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 NAD
AcAc-CoA, these results are consistent with a random bi-bi
kinetic mechanism fo6. pneumonia&APCR, in which a

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 etld). for

E. coli KACPR in which NADPH must bind before AcAc-

ACP is therefore not supported by these kinetic studies wit

the S. pneumoniaenzyme using AcAc-CoA as a substrate.

Further studies of AcAc-ACP are required to understand

of the data to either eq 5 or 6 was similar, the former of

2 Equations for the isotope effects are of the fotRiK = [Pk +
¢ + cPKed/[1 + ¢ + ¢] andPV = [Pk + o + cPKed/[1 + ovr + C]
in which ¢, cw, andc, are forward and reverse commitment factors,

h 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 enzyits (6).
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10 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/E; vs pH suggested that deprotonation
of the acidic group of apparenKp= 9 led to a diminished,
rather than ablated, rate of catalysis by theNADPH—
AcAc-CoA complex. Fitting of the data o¥/E; vs pH to
1000 | ) both egs 5 and 6 yielded more optimal fitting to the latter
upon comparison of the least-squares residuals values, for
which four dissociation constants were determinell, &
76+ 03 K,=6.1+£02, K;=7.0+£0.3, and K4 =
9.4+ 0.4. This better fitting of the data &f/E; 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 K ~ 8.8 found in the binary enzymesubstrate
complexes.

Primary and Secondary Deuterium and &mit Kinetic
Isotope Effects of KACPIRor enzymatic reactions evaluated
in the direction of NAD(P)H oxidation, primary deuterium
kinetic isotope effects typically range from 1 to2], while
one expects to observe a normalsecondary deuterium
isotope effect ranging from values of 1.0 to the equilibrium
isotope effect of [#H]NAD(P)H reduction ¢ PKeq= 1.13
. ‘ ‘ ' (23)), in accord with a change in hybridization of the C-4

5 6 7 8 9 10 carbon from spto sp.

pH The primary and secondary kinetic isotope effects for
FicURe 1: The pH Dependence of the KACPR kinetic parameters KACPR are summarized in Table 3. Primary deuterium
V/E, and V/IK-E; for AcAc-CoA and NADPH. The curves were isotope effects were determined by comparison of the initial
obtained from fits of the experiment data (points) at each pH to velocity data of [€'H]- and [4S°H]NADPH (Figure 2),
leqs 5 (dashed line) and 6 (S|°|'d line) for I8naopHE: VS PH, using both reduced nicotinamides and AcAc-CoA as variable
09 V/Kacac-coaBi Vs pH, and logv/& vs pH. substrates at a pH range of 7.6 to 10.0. Data fitted to both
egs 7 and 8 were found to best fit to eq 8, for which isotope

8.8 + 0.1 which were nearly identical to those for the data effects obtained for aftv and®V/K values were equal (2.6)

of log V/IKnaprE: VS pH. For both substrates, the apparent at pH 7.6.

acidic and basic dissociation constants &f,p= 5.0-5.8 By increasing the fixed level of NADPH from 0.25 mM
and K, = 8.8, respectively, likely represent an enzymatic to the near-saturating level of 1.5 mM, the value of
acid and base found in the-BNADPH or E-AcAc-CoA P(VIKacac-con)no (2.3) was not suppressed to unity, but
binary complexes, or titratable groups on the substrates. Theinstead increased slightly (2.3 to 2.6; Table 3). This result
basic group of = 8.8 that must be protonated for catalysis indicates that the kinetic mechanism cannot be ordered with
is likely part of the tyrosine-lysine-serine catalytic triad NADPH binding first, in agreement with the product
recently reported for th&. coli enzyme by Price et al8]. inhibition studies described in this worllg). The large
Although the K of the hydroxyl group of the active-site and equal values of 2.6 obtained f&{V/KnappH)m,0, and
tyrosine is in the range o£10 in solution, reports of thelp P(V/Kacac—con)m,0 at saturating levels of the fixed substrates
of the conserved tyrosine found in all short-chain dehydro- suggest that (a) the mechanism is rapid-equilibrium random
genases have been in the range ofB® (21). The lowering and (b) accordingly, the commitment factors P6v/Knappr),

of the (K of tyrosine from 10 to~9 has been attributed to  P(V/Kacac-con), andPV are either negligible or very low.

log V/E, 14

log V/IK E

AcAcCoA™t

100 -

1000
log V/KyuppiEy

which resulted in values offy, = 5.8 + 0.1 and K, =

Table 2: Data Fitting of pHRate Profiles ofS. pneumoniag-Ketoacyl-ACP Reductade

fitted parameters

eq residual
kinetic parameter fitted (r? (o pKa pKp pKe pKq
log VIKnappH-E: 5 0.64 1830+ 170 5.0+ 0.6 8.8+ 0.2 n& na

6 0.75 2000t 170 8.6+ 0.6 5.3+ 0.4 8.1+ 0.4 >10 000
log V/IKacac—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 VIE; 5 0.75 1.8+£0.2 5.6+ 0.3 8.3+ 0.2 na na

6 0.93 3.@&0.75 7.6£0.3 6.1+ 0.2 7.0+0.3 9.4+ 0.4

@ Results from fitting of the data found in Figure 1 to egs 5 and 6 as described in Experimental Procedures. Error limits on those values were
obtained from the fitting, which yielded residual values as shdwot applicable® The c parameters are reported in arbitrary units.
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Table 3: Primaryp-Secondary Deuterium, Solvent, and Multiple Kinetic Isotope EffectsSfopneumonia&ACPR?

parameter pH(D) 7.6 pH 9.0 pH 10.0 fixed substrate, mM
P(V/KnaDPH)H,0 26+04 2.1+ 0.1 1.1+ 0.03 5 mM AcAc-CoA
O(V/Kacac—Con)H,0 2.6+0.1 1.7£0.1 0.91+ 0.02 1.5 mM NADPH(D)
P(V/Kacac—coa)H,0 2.3+0.1° nc nd 0.25 mM NADPH(D)
P(VNADPH)H,0 26+04 21+0.1 1.1+ 0.03 5 mM AcAc-CoA
P(VacAc—Con)H,0 2.6+0.1 1.7+0.1 0.91+ 0.02 1.5 mM NADPH(D)
D(V/K acac—Con)D;0 1.9+ 0.1 nd nd 0.25 mM NADPH(D)
P20V//KnappH 1.2+£0.1° nd nd 5 mM AcAc-CoA
DZOVNADPH 1.2+0.1° nd nd 5 mM AcAc-CoA
P2OV/K acac—Con 1.2+ 0.1° nd nd 1.5 mM NADPH
P20V acac—con 1.2+0.1° nd nd 1.5 mM NADPH
%D(V//K pcAc—Con)H;0 1.154+0.02 1.00+ 0.04 nd 1.5 mM NADPH(D)
4=D(Vacac—Con)H,0 1.15+0.02 1.00+ 0.04 nd 1.5 mM NADPH(D)

a|sotope effects were obtained by fitting of triplicate determinations of the initial rate data to eq 8, with experimental errors arising from the
fitting. ® Not determined¢ Single determination
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Ficure 2: Double-reciprocal plots of the primary andsecondary deuterium kinetic isotope effects for reduction of acetoacetyl-CoA by
S. pneumonia&ACPR. Primary deuterium isotope effects varying acetoacetyl-CoA concentrations at pH 7.6 (A) and pH 10.0 (B) using
1.5 mM [4S2H]-NADPH (@) and 1.5 mM [461H]-NADPH (O). a-Secondary deuterium isotope effects varying acetoacetyl-CoA
concentrations at pH 7.6 (C) and pH 9.0 (D) using 1.5 mR-f#]-NADPH (@) and 1.5 mM [/R-'H]-NADPH (O). Experimental data are
shown with lines obtained by fitting of the data to eq 8.

Similarly, the o-secondary deuterium isotope effects Experimentally determined deuterium Kinetic isotope ef-
arising from substitution of the untransferre® Bydrogen fects are typically increased, often to their intrinsic values,
of NADPH with a deuterium was determined fot and when determined at pH values in which the catalytic activity
V/Kacac-coa @t 1.5 mM [4R-1H]- and [4R->H]NADPH at pH is markedly attenuated due to changes in the protonation state
7.6 and 9.0 (Figure 2). Three initial-rate measurements wereof a critical catalytic residue. This is because catalysis
made at each concentration of AcAc-CoA, and the analysis becomes completely rate-limiting under these conditions, and
of the differences in the measured initial velocities of the external catalytic commitment factors on the isotope
[4R-H]- and [4R-°H]NADPH by Student'sT-test indi- effects are suppressed to near-zero val2ds Unexpectedly,
cated that the observed rates for the two isotopes wereat high pH, we observed a complete diminution, rather than
significantly different from each other at all but the lowest augmentation, of all deuterium kinetic isotope effects to near-
concentration of the AcAc-CoA substrate at pH 7.6. Again, unity values at pH 910 (Figure 2 and Table 3). These
the resulting data were found to best fit to eq 8, such that findings suggest that, at high pH, either a critical proton-
*=D(V/Kacac—coa)r,o and *PVyo exhibited equal and sig-  transfer step is greatly slowed, thereby becoming rate-limiting
nificant values of 1.15+ 0.02 for both parameters at pH 0 catalysis and ablating the effect of the deuterium kinetic
7.6. In summary, these large primary and secondary deu-isotope effects, or, less likely, a postcatalytic step (a
terium kinetic isotope effects suggest that the hydride-transferconformational change or product release step) becomes rate-
reaction may be rate-limiting for KACPR, such that intrinsic  limiting at high pH.
isotope effects are nearly fully expressed, and are thereby We investigated the impact of proton transfer on the rate-
indicative of small, if not absent, commitment factors. limiting step(s) of KACPR by the use of solvent kinetic
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Scheme 2: pH-Dependence of the Random Bi-Bi Reaction
of KACPR?
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isotope effects. Minimally, one would anticipate a solvent
kinetic isotope effect to accompany protonation of a putative
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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 whi€¥V/
KnaopH = POV/Kacac—coa = PPV = 1.2 4+ 0.1 (Table 3)
The notable differences in the primary deuteriun2(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 effectsMlacac—coa
afforded the opportunity for evaluation of the order of
hydride- and proton-transfer steps in the mechanism of
KACPR via multiple isotope effect2). As shown in Table
3, the measured primary deuterium kinetic isotope effect on
the parametey/Kacac—coa decreased at neutral pH(D) when
the value was measured in® (P(V/Kacac—coa)n,o = 2.3+
0.1 and®(V/Kacac-coa)p,o = 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 Effectsitial velocity,
product inhibition data, and the pHate profiles were found

enolate species generated during or via hydride transfer toto be consistent with the random bi-bi mechanism shown in

the AcAc-CoA substrate from NADPH. In contrast to the

Scheme 2. The complex (H)EAB represents the ternary

Scheme 3: Three Possible Chemical Mechanisms for KACPR, with the Steps that Could Express Intrinsic Isotope Effects
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a(a) Concerted. (b) Stepwise: Protonation precedes hydride transfer. (c) Stepwise: Hydride transfer precedes protonation.
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(H)E-NADPH—ACcAc-CoA complex, while the (H)EX  datain Figure 1, which are discriminated by the magnitudes
species represent an enzyme-bound reaction intermediate oof the ratios of the individual rate constarks/k;, kigko,
reaction products. The acid dissociation constagisKs, kiz/ks, kidks, andk;i/ks shown in Scheme 2. For example,
andK; denote the observed appareht yalues of 5.6-5.8 eqs 9-11 will reduce in form to the expression for a classical
measured in the plots of log/K vs pH, and likewise, the  “bell-shaped” pH-rate profile (eq 5) when all of these ratios
base dissociation constaitg K, andK; reflect the apparent  are approximately zero, whereaskify/ks and kis/ks equal
pK value of 9. The scheme includes a step in which the zero andk;/ks represents a finite value in eq 10, data for
deprotonated species EAB is able to undergo catalysis at highthe pH-rate profile of logV/Kacac—coa VS pH would be best
pH, which is in accord with the data of lIdgvs pH wherein fitted to eq 6. While data for lod//Knappn Vs pH did not
apparent catalysis is maintained at a pH which disfavors allow a definitive fit to either eq 5 or 6, data for log
binding of the substrates. In the absence of the EX speciesV/Kacac—coa VS pH fit to eq 6 slightly better than eq 5, such
and under conditions in whiclkys, ki, kis, and kyg are that we may conclude that the ratiigyks and kio/ks in
negligible, the plots of logV/Kyappn and V/IKacac—coas Scheme 2 and eq 10 are negligible whitg/ks is finite.
respectively, are expected to comprise classic bell-shapedLikewise, as data from the plot of IOg/E; vs pH were best
pH—rate profiles, and the same would be true for the plot fitted to eq 6,k;1/ks resultingly has a significant value and
of log V vs pH in the absence of the EAB to EX step. thereby there exists a kinetic contribution from the EAB to
For the general mechanism in Scheme 2, three chemicalEX step. Accordingly, the pHrate data are consistent with
mechanisms could be envisioned for KACPR (Scheme 3): the mechanism in Scheme 2 in which the ternary complex
In the first (Scheme 3a), protonation of, and hydride transfer E-NADPH—AcAc-C0A is capable of proceeding through
to, the presumed,-unsaturated, enolic thioester substtate a catalytic stepkys) in its unprotonated form EAB as well
occur in a concerted fashion. Mechanisms b and ¢ in Schemeas in the correctly protonated form HEARs).
3 are stepwise in nature. In mechanism 3b, protonation of Equations 9-11 were then transformed into expressions
the thioester carbonyl by the enzymatic acid (in complex to describe the rate equations at neutral and high pH (egs
EXA) electrophilically activates the substrate prior to attack 12—17):
of the hydride from NADPH, as has been similarly shown
for E. coli dihydrofolate reductasel®). In mechanism 3¢,  low pH
hydride transfer from NADPH to thes-carbon of the VIKyapprE: =
thioester generates an enolate intermediate in the EXQ Kk ok Tk k) 4 kokoke 4 Kok 12
complex, which is subsequently protonated by an enzymatic [Kikekrkol/Tkoke(Kg 1 Ko) + kokoko 1 kekoko] (12)
acid. Analysis _of the.isot.ope effects in this series o_f studi.es VIK penc—conEr =
gzﬁlgmzllg\./v discrimination of the three mechanisms in [Kakek kel Tk gko(ks + ko) + Kook + kekokg] (13)
(a) Mechanistic Interpretation of the pH-Dependence of  V/E, = kok.ky/[(ks + kg)(Kg + ko) + k/(ks+ kg)]  (14)
Deuterium Kinetic Isotope Effects) order to interpret the
kinetic isotope effects at variable pH, and therefore begin to high pH

address which chemical mechanism in Scheme 3 best
describes KACPR catalysis, we derived kinetic expressions VIKnapprEr = (kikokiiKig)l[Kyokye(ks + ko) (K/H)] (15)

for the mechanism in Scheme 2. From application of the —

King—Altman method 26), and noting thatk;;Ks/ksH = VIKacac-conf = (kakokokia Tk daalka + kg)(K4/H)(]l6)
kiKaksH and kisKo/ksH = kisKslksH, the following rate
equations for the mechanism in Scheme 2 were obtained V/E, = kzkgk;/[(K;; + Ki)(Kg + Kg) + kK, J(K/H) (17)
under conditions in which the fixed substrate is assumed to

be at saturating concentration: Expressions for the primary and secondary deuterium kinetic
isotope effects may then be derived from eqs-12 at

VIKappHE: = KiKskokg[1 + Ky, Ko/ksH][1 + KK, /K H]/ neutral and high pH. For the concerted mechanism in Scheme
(1 + Ky/H + HIK){[1 + kygKo/koH][ kokg(Kg + ko) (1 + 3a, (H)EX would represent an enzyrgroducts complex,

and accordinglyks = 0. For the mechanism in Scheme 3b,
ky1KalksH) + kokokol + Kskzko(1 + ki;Kg/ksH)} (9) the deuterium kinetic isotope effect is expressed onkihe
VIK — step, with protonation of the substrate occurring on kkhe
ACAC*E"AE " K K HU step, while the opposite is true for the mechanism of Scheme
skok7ko[1 +kyiKalkeH][1 + kygKolksH] 3c. From eqgs 1217, expressions for the primary and
(1 + Ky/H + HK){[1 + ky Ko/kHI[ K kg(kg + ko) (1 + secondary deuterium kinetic isotope effects at neutral and
Ky KalksH) + kykKo] + kskokg(1 + ki;KalksH)} (10) high pH were derived for th_e three chemical mechanisms in
Scheme 3 and are shown in Table 4.
VIE; = kskKo(1 + Ky,Kq4/ksH)/ For the concerted mechanism of Scheme 3a, one would

{(1 + Ky/H + HIK)[Ks(kg + ko) (1 + ki KalksH) + intuitively expect that the deuterium kinetic isotope effects

kKo + + 1+ ky Ko/ksH)(1 + K /H) +
7k9] k5(k8 kg)( s k5 X 4 ) 8 |t is unknown which tautomer is recognized by KAPCR; we chose

ksk/(1 + ki,Kq/ksH)} (11) to represent the enolic-thio ester of AcAc-CoA as opposed to the keto
form since Waterson and Hilllj reported that it is the enol tautomer
. . of AcAc-CoA that interacts with crotonase. Interpretations of kinetic
Equations 9-11 may be arranged in the forms of the tWo  gata are identical regardless of the identity of the enzyme-bound

pH—rate equations (eqs—%) used to fit the experimental tautomer.
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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
P(V/KNADPH)H;0 [Pks + ks/kz + (ke/k7)PKegd/[1 + kslko + Kelky] [Pkiz + (Kio/k7)PKeqrd/[1 + Kiofky]
P(V/KacAc-Coa)H,0 [Pks + ks/ks + (Ke/k7)PKeqd/ [1 + ks/ks + Ke/k] [Pka1 + (kao/k7)PKeqr/[1 + kaolky]
PVi,0 [Pks + (ks(k7 + ko)/krk) + (Ke/k7)(PKegs)]/ [Pkar + (Kaofk7)PKeqr/[1 + kiofks]
[1 + (ks(ks + ko)/kzko) + kelks]
B(V/Kacac—Con) H0 [*7Pks + ks/ka + (ke/k7)* PKeqd/[1 +ks/ks + ke/ky] [%7Pkea + (Kuokr)* PKeqrd/[1 + kiolk7]
II. Stepwise Mechanism (3b): Protonation before Hydride Transfer
kinetic parameter neutral pH high pH
P(V/KnaDPH)H,0 [Pk7 + (ka/ks) (1 + ks/ks) + (Ke/ko)PKeqd/ [Pk7 + k/kiz + (ke/ko)PKeqd/[1 + ki/kiz + ks/ks]
[1 + (ko/ke)(1 + ks/kz) + kalkg]
P(V/IKacac—Con),0 [Pkz + (kelke)(1 + ks/ka) + (Kelko)PKeqd! [Pk7 + kefkaz + (Ke/ko)PKeqd/[1 + kalkiz + Kelko]
[1 + (ko/ke) (1 + ks/Ka) + kalkg]
®Vii0 [Pk7 + (kz(1 + ks/ko)/(Ks + kg) + (ka/ko)PKeqd/ [Pk + k/kiz + ke/kePKeq/[1 + kalkiz + kelkg]
[1 + (k7(1 + kslko)/(ks + ko) + ka/kg]
D(V/K acac—con)H,0 [*"Pks + (kr/ke)(1 + ks/ka) + (Ke/ko)* PKeqd/ [*7Pks + kalkiz + (kelke)* PKeq/[1 + kalkiz + Kalkg]
[1 + (ko/ke) (1 + ks/ka) + kalkg]
Il. Stepwise Mechanism (3c): Hydride Transfer before Protonation
kinetic parameter neutral pH high pH eq
D(V/KNADPH)H;0 [Pks + ks/kz + (Ke/k7)(1 + ka/ko)PKeqd/ [1 + (Kiokolkzki1)(1 + (ke/ke))PKeqr]/ 18
[1 + kefke + (Ke/ko)(1 + ke/ko)] [1 + (Kukelkrka) (L + (Ke/ko)]
DVIK acAc—Con)H,0 [Pks + ks/ks + (Ko/k7)PKeqd/ [1 + (Kiokakzke1)(1 + (ke/ke))PKeqrl/ 19
[1 + kefka + (Ke/kr)(L + Kefko)] [1 + (Kukakrka)(L + (Ke/ko)]
PVi,0 [Pks + (ks/kz)[1 + ka/kg + kg/ko] + [1 + (kio/kaz)(ks + ko)/[(ks + ko) + 1]PKeqrd/ 20
(ke/kr)(L + ko/ko) CKegd)/ [1+ (kulka) (ks + ke)/[(ke + ko) + 1]
[1 + (ke/k7)[1 + ka/ko + ke/ko] + ke/ks]
4~BD(V/Kacac—Con) Hy0 [#7Pks + ks/ka + (ke/k7)(1 + kg/ko)* PKeqg/ [1 + (kaokalkskan) (1 + (kelk))® PKegd/ 21
[1 + ks/ka + (Kelk7) (1 + ke/ko)] [1 + (kazka/kzki)(1 + (Ke/ko)]
would be fully expressed on the kinetic parameter¥/itf ki/ks. It is therefore improbable that protonation of the

andV when proton-transfer becomes prohibitive at high pH substrate precedes hydride transfer.
in the EAB-to-EX step, since both proton and hydride  For the mechanism in Scheme 3c, the expected diminution
transfer occur on the same rate-limiting step. The expressionsat high pH of protonation of the enolate intermediate would
for the kinetic isotope effects in Table 4 for the concerted drive the measured values ®/K, PV, and*PV/K to near-
mechanism bear this out, as the forward commitment factorsunity, as was observed. This is reflected in eqs-28 in
ks/k, andks/ks drop out of the expressions 8¥/Knappx and Table 4, in which all four kinetic parameters will diminish
PVIK acac-cons respectively, at high pH, which should result  to values between 1.0 afeq110r ¢ PKeq11(0.84 and 1.13,
in increased experimental values of the isotope effects. Therespectively 23)). These findings are consistent with a
same is true for thBV and® PV/Kacac-—con €Xpressions. That  stepwise mechanism for KACPR in which hydride transfer
the deuterium isotope effects diminish to unity at high pH precedes proton transfer. These results are very similar to
suggests that the concerted mechanism is not operative fothose observed for liver alcohol dehydrogenase in which the
KACPR, unless a postcatalytic step, such as product releas@V/K for the substrate cyclohexanol decreases to unity upon
(ks), becomes rate-limiting at high pH, and effectively raises deprotonation of a catalytic enzymatic residue at high pH,
the value of the reverse commitment fadtgrk; to suppress  which the authors attributed to a stepwise chemical mech-
the expression of the isotope effect. However, asthstep anism in which hydride transfer preceded proton transfer
includes deprotonation of the hydroxyl product, one would (27).
expect this step to occur rapidly at both neutral and high  (h) Mechanistic Interpretation of the Seint and Multiple
pH. Kinetic Isotope Effects of KACPRleasurement of both the
For the stepwise mechanism in Scheme 3b, the unavail-deuterium and solvent kinetic isotope effectsiacac—coa
ability of a proton at high pH slows thky; step, which  afforded the opportunity for evaluation of the mechanism
directly precedes hydride transfdg), such that the ratios ~ of KACPR via multiple isotope effect2f). These studies
ks/kz, ks/ks, andks/ky are expected to be insignificant in the could further enable the discrimination of the three chemical
expressions foPV/K andPV, as is seen in Table 4. The loss mechanisms depicted in Scheme 3, under conditions in which
of these forward commitment factors in the expressions in the small observed solvent kinetic isotope effects could
Table 4 at high pH is manifested in a reaction that is less reflect the expected proton-transfer step in the mechanism,
“locked-in” prior to hydride transfer, and accordingly, rather than reflect any additional reaction steps, such as
maximal expression of the deuterium kinetic isotope effects enzyme conformational changes. Expressions for the solvent
is expected. However, as the opposite was observed, theand multiple kinetic isotope effects for KACPR are shown
mechanism of 3b would be at variance with the experimental in Table 5.
results unless the unlikely case exists in which khestep The measured solvent isotope effects likely include an
(deprotonation of the carbonyl) was greatly slowed at high additional contribution from g-deuterium secondary kinetic
pH such that thek;/k;, ratio becomes large compared to effect that would “report” on the hydride-transfer step. It is
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Table 5: Expressions for the Solvent and Multiple Kinetic Isotope Effects for KACPR

kinetic concerted protonation before hydride hydride transfer before
parameter (Scheme 3a) transfer (Scheme 3b) protonation (Scheme 3c)
POV/Kacac—con)  [PPks + a+ (1/h)PCKeqd/[1 + a+ 1/b] [PLks + a+ (1/b)(1 + ¢)PLCKeqd/ [PLk7 + (b)(1 + @) + cPOKeqd/
[I+a+ (b)@A+ )] [+ b)@A+a -+
O(V/Kpcac-conozo [Oks + 8/(POke?~Pks) + (1/b) x [Ok; + b(OLKs/f~Pk;P2OK egs x [Pk + a/# Oks + (2%;#PKqd
(PPK g "PKege)/PPks’ Pks)PKeqd/ (1 + a/PCks) + c(PPKeqd? Pks)PKeqd! P 7Pksb)(1 + cP2PKeq7P2Ck7)PKeqd/
[1 + a/(P ks’ Pks) + (1/b) x [1 + b(PPks/#~PksP,OKeqg) x [1 + a/f~Pks + (P2Ok7#" PKeqd#Pksh) x
(K eqd'PKeqd/Pks’ k)] (1 + a/PPke) + C*PKeqdOk7)] R )

a\Wherea = Kg/ks, b = ki/Ks, C = Kg/ko.

expected that each of thecarbon deuterons of the thioester mechanism of Scheme 3c than that of Scheme 3b. These
substrate would contribute a maximaldeuterium isotope  results are also supported by the-ptdte dependence of the
effect of 0.955 per deuterium ator@g), such that values of  deuterium kinetic isotope effects. From both sets of isotope
A=Pk would range from a minimal value of 1.0 to a maximal effects data we conclude that the chemical mechanism of
value of 0.87 (0.95% depending on the degree of change KACPR is the stepwise mechanism in which hydride transfer
of hybridization of they-carbon deuterons in the transition precedes protonation, described in Scheme 3c. While alterna-
state of the reactiorFrom the current study, one expects tive explanations exist for the effects of pH angon the
values for the intrinsic kinetic isotope effects to lie in the deuterium isotope effects, the kinetic model here is self-
following ranges: Pk = 1.2—6.0, #"Pk = 0.87-1.0 (the consistent with the suggestion that the isotope effects are
limiting value obtained fronf~PKeq = 0.87), andPCKeq = “reporting” on an expected proton-transfer step that becomes
1.84 (calculated from published fractionation factors rate-limiting at high pH and that, in £, contributes to the
(29). Accordingly, for the concerted mechanism, the modest diminution of the observed deuterium kinetic isotope
forward commitment factoma (ksks; Table 5) would be  effect arising from contributions both from proton transfer
reduced by a factor 6t°ks’ ks, or by 1.04-5.2, while the  on a distinct reaction step and from a secongiadeuterium
reverse commitment factortiivould be reduced by a fac-  jsotope effect occurring on the same step as hydride transfer.
tor of P:OKeqdPKeqd"Oks’ ks = 0.75-3.75. While one  pespite the potential ambiguities of using solvent kinetic
would then predict from this thab(V/Kacac-coa)o,0 > isotope effects to report on a single proton-transfer step in
P(V/Kacac-coa)0, the opposite was observed experimentally mytistep enzymatic catalysis, in an approach similar to ours,
at pH(D) = 7.6 (Table 3). Along with the results of pH-  \yeijss et al. (1987) successfully utilized®as the “second
dependgncg of the deuterium kinetic isotope _eﬁects, theseisotope" in a multiple-isotope effects study to rule out a
results indicate that the concerted mechanism must beconcerted reaction mechanism for mammalian adenosine
eliminated as a possibility for KACPR. deaminased1).

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 mechanism38j.

Estimates of the Intrinsic Primary and Secondary Kinetics
Isotope EffectsNumerical analysis of the expressions for
the kinetic isotope effects in Tables 4 and 5 could allow
estimates of the intrinsic kinetic isotope effelks* Pk, and
possibly Pk, It is clear that the identical values of 2.6
D _ D _ ~ obtained fOfD(V/KNADPH)H O» D(V/KAcAcfcoA)H O» and DVH o)
COVKpcnc-conln,o ~ DICMVKncac—conlo,0 =~ 1) demand that commitment factoke/kz, k5/k42, (ke/k7)(1 ¥

POMVIK pcnecon)"Ked Pk (22)  kelko), and elky)[1/ko + (1 + ko/ko)] (Table 4) be either finite
and identical or near-zero in value as would be the case

(D(V/KAcAc—cOA)Hzo — DKeq)/(D(V/KAcA(rCoA)DZO — whereinks < k; and k,, and kg < k;. From this we will
b D,0 4-D assume that the forward commitment factors for all of these
Kegd ~ " (MIKpcac-cod)” K (23)  isotope effects are equal. Normally the availability of as many

o . _ experimental isotope effects as represented by the equations
Substitution of egs 22 and 23 with experimental values of in Table 4 would afford the opportunity for exact solutions

P(VIKacac-con)n0, P(VIKacac—con)p,0. and P22(V/Kacac—con) of the unknown kinetic parameteP&, “°k, and the four
and literature values 0f:%Keq =1.84 and®Keq = 0.85 and  commitment factors, with estimatesR#eqand® K, from
solving for#~Pk yields eqs 24 and 25, respectively: literature values. However, since the experimental values for
-D the expressions in Table 4 were identical (2.6) or 1.0, the
k~[(1.2+0.1)/1.84)/[(2.3+ 0.1 — 1)/ simultaneous solutions of these parameters were not well-

(1.94£0.1-1)] =0.45+£ 0.1 (24) conditioned and gave inappropriate values. However the pH-
dependence dV/Kacac—coa allows a calculation of the ratio
PPk ~ (1.2+ 0.1)/[(2.3+ 0.1 — 0.85)/ of the reverse/forward commitment factors for that substrate.
(1.9+0.1— 0.85)]= 0.9+ 0.2 (25) From Table 3, the value &W/Kacac—con = 0.91 at pH 10.0
was similar to the expected values BKeq = 0.85 (for
That the calculated value 6fPk ~ 0.9+ 0.2 from eq 25 is secondary alcohols28)). From eq 19 (Table 4), where
in better agreement with the theoretical value of 6-80 PKeq11= 0.85, the ratio of the reverse and forward commit-
than that obtained from eq 24 suggests that the multiple ment factors for AcAc-CoA may be solved from &
isotope effect data are more in accord with the stepwise PV/Kacac—con)/(P°V/Kacac—con — PKeg) = (1-0.91 £+ 0.01)/
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Table 6: Estimates of Intrinsic Primary and Secondary Deuterium effects within these ranges by solving the expressions in

Kinetic Isotope Effects of KACPR Table 4 for the intrinsic isotope effects with reasonable,
caled intrinsic selected values of chosen V%Iues:of the comarzilljtmen:tfactors and Wlth literature
isotope effects commitment factors \t/)alues of Eeq . 0585 anld | ng 1I-13 Qé)l\,//ieekmg t)he

- est match of the calculated values ACAC—COA)»

ks e P K Kkl tkak) ke ke *D(V/Kacac—con), andPV with the experimentally determined
260 115 200 0.0 0.0 00 00 pnesin Table 3. These calculations, summarized in Table 6,
263 115 21 0.007 0.01 0.01 0.0 ) .
266 115 11 0.013 0.02 002 00 demonstrate that in order to observe a meaningful solvent
268 1.16 8.0 0.02 0.03 0.03 0.0 isotope effect, the commitment factdkgk, and ke/kz(1 +
274 116 53  0.033 0.05 0.05 0.0 ks/kg) cannot be zero. Calculations in Table 6 indicated that
g-gg ﬁ; 2-27 8-2% g'is %-%)1 %% the most reasonable intrinsic isotope effectsPkf= 2.7,
471 124 160 0500 0.75 0oL o0 k=53, and* "k = 1.16, which were mathematically
6.83 1.33 1.47 1.000 15 001 00 compatible with the experimental valuesP0¥/Kacac—coa)H,0,

a|ntrinsic isotope effects were calculated from rearrangements of L KACA"‘COA)HZO’ and®2(V/Kacac-con), OCcUrred when the

expressions found in Tables 3 and 4; for example,= P(V/K)[1 + commitment factors equaleiql,/k4 = 0.033, andk@/k_7(1 +

kelks + Ke/kz(1 + ke/ko)] — [(Ks/ks + ke/ks(1 + (Kg/ko)PKegg)]. P(V/K) ke/ke) = 0.05, as other values tested were outside of the

was the experimental result from Table 3, selected valueks/kf expected theoretical limits of the three intrinsic isotope effects

and kg/ky were 0-0.1 and 0.0, respectively, and was calculated as ynder conditions of “semiclassical’” behavior.
1.5(ke’k7)(1 + kg/kg). The following literature values of the equilibrium : R DL — P
isotope effects were use®Kegs = 0.85, % PKegs = 1.13, P 0Keqr = The estimated intrinsic value 6f°k = 1.16 indicates that

1.84 @3, 29. Recalculation of these experimental valu&v(K), the observedi-secondary isotope effect for KACPR repre-
«=D(V/K), PV, etc.) from the calculated intrinsic isotope effects and the Sents the value of the equilibrium isotope effect, although it
selected commitment factors rendered values that agreed with experi-is in slight excess of the literature value 'bPKeq = 1.13
mental results obtained at both high and low pH withif.1. for NAD(P)H/D reduction 23). Other precedents suggest
the estimated@ Pk value of KACPR is an intrinsic one. Kurz
(0.91 4+ 0.01-0.85) = (kika'kzki)(1 + (kg/ko)) = and Frieden 32) reported values of Pk = 1.14-1.16 for
(kaoka/k7ks)(1 + (kelko)) = 1.5+ 0.9. Use of this calculated  the a-secondary deuterium isotope effect for the nonenzy-
ratio of commitment factors then simplifies estimates of the matic reduction of 4-cyano-2,6-dinitrobenzenesulfonate by
intrinsic isotope effects as discussed below. [4-°H]NADH. Similarly, Sikorski et al. 83) have determined
From the experimental results, one would expect that an intrinsic value of* Pk = 1.13 for NADPH forE. coli
meaningful ranges of values of the intrinsic isotope effects dihydrofolate reductase, although this result is attributed to
for “semiclassical” behavior would b&k = 2.6-6.0, nonclassical behavior. While larger intrinsic values*otk
Dk = 1.0-1.13, and®®k = 1.2-6.0. Accordingly, we (1.4-1.5) have been calculated from results with two
calculated “candidate” values of the intrinsic kinetic isotope dehydrogenases measuring?MINAD reduction (owing in
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= =EXQ
0L
< Tyr Tyr

OH / /<A
o ,O sn
kylk, =0.03 *Pk=1.16 | k,/kg = 20 |\\ °2°k 5.3

’lln
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Ficure 3: Schematic depiction of the proposed stepwise chemical mechaniSnpoEumoniag-ketoacyl-ACP reductase. The values for

the intrinsic isotope effects for the stepwise reaction of hydride transfer preceding proton traksfe?, 7,k = 5.3, and* Pk = 1.16,

and the commitment factorks/k, = 0.03 andk:/ks = 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 whizhydeoxyl carbon develops &fybridization

and a negative charge is created on the nasceoérbon enolate. The residues Ser, Tyr, Lys, and Asn represent active site amino acids
serine 140, tyrosine 153, lysine 157, and asparagine 18 pneumoniag-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 wokk fmlithad
B. napusKACPR enzymesq, 11).
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part to “coupled motion” of the hydride transferred from the these transition-state components and thereby may render
alcohol substrate to NAD), values 6fPk = 1.13-1.16 the core structure of an exceptionally potent inhibitor of
represent the largest reported to date foPHANAD(P)H bacterial KACPR.
oxidation @5).
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