1140 Biochemistry2003,42, 1140-1149

Rhodobacter capsulatulsDeoxyb-xylulose 5-Phosphate Synthase: Steady-State
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ABSTRACT. 1-Deoxyb-xylulose 5-phosphate synthase (DXP synthase) catalyzes the thiamine diphosphate
(TPP)-dependent condensation of pyruvate mugllyceraldehyde 3-phosphate (GAP) to yield DXP in the
first step of the methylerythritol phosphate pathway for isoprenoid biosynthesis. Steady-state kinetic
constants for DXP synthase calculated from the initial velocities measured at varying concentrations of
substrates were as followsca = 1.9 + 0.1 s°1, K,®AP = 0.068+ 0.001 mM, andKPYrwvae= 0,44 +

0.05 mM for pyruvate and GAR = 1.7+ 0.1 s1, KP-dlyceraldehyde—= 33 4 3 mM, andKPyrwvate= 1.9

+ 0.5 mM forp-glyceraldehyde and pyruvatg-Fluoropyruvate was investigated as a dead-end inhibitor
for pyruvate. Double-reciprocal plots showed a competitive inhibition pattern with respect to pyruvate
and noncompetitive inhibition with respect to GARjlyceraldehyde.lCO, trapping experiments
demonstrated that the binding of both substrates (pyruvate andoG\Rleraldehyde) is required for the
formation of a catalytically competent enzymsubstrate complex. These results are consistent with an
ordered mechanism for DXP synthase where pyruvate binds beforenGReraldehyde.

Isoprenoid compounds comprise the largest, most structur-synthesis 9). In four sequential steps, MEP is conjugated
ally diverse class of natural products consisting of more than with cytidine monophosphate (CMP)@), the C2 hydroxyl
35 000 individual members. They are found in all organisms group is phosphorylated.{), CMP is eliminated to form a
studied to date and include many essential compounds, suct2,4-cyclic diphosphatel@), and the ring is opened in a two-
as sterols, ubiquinones, prenylated proteins, chlorophylls, andelectron reduction process to form 1-hydroxy-2-methy)2(
dolichols (). The mevalonate (MVA) pathway found in  butenyl 4-diphosphatel@). Isopentenyl diphosphate (IPP)
eukaryotes and archaea) (was widely accepted as the and dimethylallyl diphosphate (DMAPP), the five-carbon
universal route for isoprenoid biosynthesis, until Rohmer and isoprene building blocks, are both synthesized from this
co-workers provided evidence for a new independent route common intermediatel@).
in bacteria 8, 4). This discovery led to the elucidation of
the methylerythritol phosphate (MER)athway, now known
to be present in many eubacteria, green algae, and p&nts (
6). In the MEP pathway, the five carbons of the isoprenoid
unit are derived from pyruvate amdglyceraldehyde 3-phos-
phate (GAP) in contrast to three molecules of acetyl-
coenzyme A via the MVA pathway. Pyruvate and GAP are
condensed to yield 1-deoxyxylulose 5-phosphate (DXP)
(Scheme 1). Rearrangement and reduction of DXP afford
2-methylerythritol 4-phosphate (MEP), the first committed
intermediate in the MEP pathway for biosynthesis of
isoprenoids 7, 8). In addition, the corresponding alcohol,
1-deoxyp-xylulose (DXS), is a substrate for the first
pathway-specific enzymes of vitaming Band vitamin B

The initial step of the MEP pathway, the condensation of
pyruvate and GAP to form DXP, is catalyzed by DXP
synthase. This enzyme has been cloned, overexpressed, and
purified fromEscherichia col(15), Capsicum annuur(i6),
Streptomycesp. strain CL19017), andRhodobacter cap-
sulatus(18). R. capsulatusa purple non-sulfur bacterium,
is unique because it contains two DXP synthase gel®s (
Purified, recombinant DXP synthase fr@treptomyceand
R. capsulatusrre homodimers with 70 and 68 kDa subunits,
respectively 17, 18). Both cofactors, thiamine diphosphate
(TPP) and divalent cation (Mg or Mn?*), are required for
optimal enzymatic activity {7, 18). Recombinant sources
of DXP synthase are able to utilize either GAP or
glyceraldehyde as the cosubstrate with pyruvate, although
GAP appears to be the physiological substr&)e $teady-
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66§i-b';a><1_ (t$01) 53&4—;«39)}t¢d|_5-ma”1 poElter(?ihegﬁX%.uéahh.gdu. DXP synthases represent a newly discovered subclass of
reviations: , cytidine monophosphate; , dihydroxy- ) ; Lot
acetone phosphate; DMAPP, dimethylallyl diphosphate; DTT, dithio- TPP-dependent enzymes that combine CharaCterIStlcs of
threitol; DXP, 1-deoxys-xylulose 5-phosphate; DXS, 1-deoxy- decarboxylases and transketolases (tkts). On the basis of these

xylulose; GAP, p-glyceraldehyde 3-phosphate; IPP, isopentenyl similarities and the overall reaction mechanism for #Q)(
d|ph0§phate; ME, 2-methyle'rythr|tol; MEP, 2-methylerythritol 4-phos- a mechanism for DXP synthase can be proposed (Scheme
phate; rt, room temperature; SAP, shrimp alkaline phosphatase; TIM, . . . . .
triosephosphate isomerase; TLC, thin-layer chromatography: tkt, trans- 2) @S fO”Q‘_’VS- formation of th? highly reactive TPP ylide,
ketolase; TPP, thiamine diphosphate. nucleophilic attack of the ylide on the donor substrate
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Scheme 1 Methylerythritol Phosphate Pathway for Isoprenoid Biosynthesis
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Scheme 2: Proposed Enzymatic Mechanism for DXP Synthase
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(pyruvate), elimination of the first product (G nucleo- enzymes is the donor and acceptor substrates utilized in the

philic attack of theoa-carbanion/enamine on the acceptor reaction. The donor and acceptor substrates for acetolactate
substrate (GAP ob-glyceraldehyde), elimination of the synthase are both pyruvate. Tkt can catalyze the condensation
second product (DXP or DXS), and regeneration of TPP. of a variety of physiological substrates. However, the donor
Like DXP synthase, two other TPP-dependent enzymes, substrate is always a keto sugar, and the acceptor substrate
acetolactate synthase and tkt, catalyze the condensation of & an aldo sugar. Detailed kinetic studies with acetolactate
thiamine-bound two-carbon intermediate with a second synthase and tkt have provided evidence for a ping-pong
substrate (Figure 1). The major difference among thesekinetic mechanism for these enzymes in which release of
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N o} H_OH were collected by E. M. Rachlin on a thermo-Finnigan LCQ-
-och + poﬁ)kH — pow + Co, classic (ion trap) electrospray mass spectrometer.
4 W on H OH o PhosphonopropionohydroxamatePhosphonopropiono-
hydroxamate was prepared essentially as described previously
B for phosphonoacetohydroxama®?). 2-Carboxyethylphos-
o phonic acid was first converted to the monoethyl ether
'OzCY + ‘OZCY — + Co, followed by conversion to the hydroxamat22]. Phos-
o o phonopropionohydroxamate eluted from the Dowex 1X8-
200 ion exchange column at 40 mM LiCR2) and was
c obtained with an overall yield of 45%H NMR (D;0) ¢
R Re__H R? R1.__H 1.48-1.62 (m, 2H), 2.182.3 (m, 2H);**C NMR (D;0) o
IIAOH * \fof — To” * \g/ 26.4 (d,J = 130.4 Hz), 29.5 (dJ = 3.0 Hz), 174.8 (dJ =
FiGure 1: Reactions catalyzed by TPP-dependent enzymes: (A) 17.7 H2): P NMR (D0) 0 19.8 (5); MS-ES 168 (M- 1).
y ' : DXP Synthase Assays: Pyate andp-Glyceraldehyde
DXP synthase, (B) acetolactate synthase, and (C) transketolase. DXP synthase activity with pyruvate amsglyceraldehyde
as substrates was measured by incorporation of radioactivity
the first product precedes binding of the second substrateinto DXS from [24“C]pyruvate, as previously describe8.
(20, 212). Therefore, the question of whether this same type In all kinetic studies, reactions were carried out in duplicate
of mechanism is operative for DXP synthase arises. at 37°C in 200 mM sodium citrate (pH 7.4), 5 mM DTT, 2
The MEP pathway for isoprenoid biosynthesis provides a mM MgClz, and 2 mM TPP in a final volume of 50L.
new target for antibacterial drugs and herbicides. Since DXP Stock solutions of [24C]pyruvate (0.42uCi/umol) and
synthase catalyzes the first reaction in this pathway, a morep-glyceraldehyde were diluted to the appropriate concentra-
thorough understanding of substrate binding and the kinetic tions and added directly to the assay buffer. Assay mixtures
mechanism of DXP synthase may aid in the design of more were preincubated for 5 min at 3 and were initiated by
potent inhibitors. We now present steady-state kinetic studies,the addition of enzyme~2.3 ug). After incubation at 37
inhibition studies, and C&rapping experiments that provide °C for 15 min, the reactions were quenched by the addition
evidence for an ordered kinetic mechanism for DXP synthaseof 50 uL of 0.5 M EDTA, and the mixtures were purified
where the binding of the second substrate (GAPper by silica chromatographyl@). Radioactivity corresponding
glyceraldehyde) is required for the formation of a catalyti- to [2-1“C]DXS was measured by liquid scintillation spec-

"0, OH

cally competent enzymesubstrate complex. trometry. Control reaction mixtures for each concentration
of pyruvate contained no DXP synthase and were subtracted
EXPERIMENTAL PROCEDURES as background.

DXP Synthase Assays: Pyate andp-Glyceraldehyde

Materials and General MethodSodium [234C]pyruvate 3-Phosphate DXP synthase activity with GAP as the
was purchased from Dupont New England Nuclear Researchcosubstrate was achieved using a coupled system as previ-
Products (Boston, MA). Triosephosphate isomerase (TIM), ously described18). A constant supply of GAP for DXP
p-glyceraldehyde, dihydroxyacetone phosphate (DHAP), synthase was generated in situ from DHAP and TIM. Assays
pyruvic acid,p-glyceraldehyde 3-phosphate (GAR),-a- contained 200 mM sodium citrate (pH 7.4), 5 mM DTT, 2
glycerophosphate 5-glycerophosphate, 2,3-diphosphe- mM MgCl;, 2 mM TPP, and TIM (5 units). Previously
glyceric acid,p-(—)-3-phosphoglyceric acid, ang-luoro- diluted solutions of [24C]pyruvate (1.13uCi/umol) and
pyruvic acid were purchased from Sigma (St. Louis, MO). DHAP were added, and the tubes were equilibrated at room
Hydroxylamine hydrochloride, 2-carboxyethylphosphonic temperature for 45 min. Assay mixtures containing TIM were
acid, and Dowex 1X8-200 ion exchange resin were purchasedpreincubated for 5 min at 37C and the reactions initiated
from Aldrich (Milwaukee, WI). Thiamine diphosphate (TPP) by adding enzyme~0.94 «g) to a final volume of 5QuL.
was purchased from ICN Biomedicals, Inc. (Costa Mesa, Incubations were conducted at 3C for 3—17 min, fol-
CA). Shrimp alkaline phosphatase (SAP) and sodium lowed by heating at 80C for 2 min. The MgCJ concentra-
[1-*“C]pyruvate were from Amersham Pharmacia Biotech tion was adjusted to 50 mM; 10 units of SAP was added,
(Piscataway, NJ). Phosphonoacetohydroxamate was syntheand the reaction mixture was incubated for an additional 90
sized by the procedure of Cleland et &2). Recombinant min at 37°C. The final enzymatic product was purified by
R. capsulatudDXP synthase A was expressed i coli silica chromatography, and the amount of radioactivity in
(pFMH30/BL21-DE3) and purified by ammonium sulfate [2-!4C]DXS was measured by liquid scintillation spectrom-
precipitation and Nit—silica affinity chromatography as etry. Initial velocities were determined from the slope of a
described previously 18). Protein concentrations were plot of product versus time.
measured by the method of Bradfor@3). Pyruvate con- Inhibition Studies Stock solutions of inhibitors were
centrations were determined using lactate dehydrogenase angrepared in 200 mM sodium citrate (pH 7.4). Initial velocities
NADH in an end point assay. Concentrations of DHAP were were measured as specified above with minor modifications.
determined by phosphate analysi&l)( Radioactivity was Inhibition studies with3-fluoropyruvate were conducted with
measured in Ultima Gold scintillation fluid from Packard varying concentrations of inhibitor and substrate, either
(Meriden, CT) using a Packard Tri-Carb 2300TR liquid pyruvate, GAP, om-glyceraldehyde. The appropriate co-
scintillation analyzer. Nuclear magnetic resonance spectrasubstrate was held constant at approximafglyThe specific
were acquired at 300 MHZP NMR spectra were referenced activity of pyruvate used for each study is listed within the
to external phosphoric acid (5%) in,D. Mass spectral data  figure legends.
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The ability of DXP synthase to utiliz8-fluoropyruvate intercepts versus inhibitor concentration. The simplified rate
as a substrate was examined by silica TLC. Reaction mixturesequation for noncompetitive inhibition b§fluoropyruvate
(50 uL) containeds-fluoropyruvate (26-60 mM), b-glycer- (eq 4) overestimates the change in slope and intercept under

aldehyde (36-100 mM), 200 mM sodium citrate (pH 7.4), the experimental conditions.

5mM DTT, 2 mM MgCL, and 2 mM TPP. Reactions were

initiated with 7.6ug of affinity-purified enzyme. After 26 Vinad Gl 4
180 min at 37°C, a 5uL portion of the mixture was loaded V=

onto a silica TLC plate. The plate was developed using a Kna(1 + [II/K) + [C](1 + [I[/K})

1:3 methanol/CHGI mixture and visualized with &- ) ) N
anisaldehyde/sulfuric acid mixtur@%). Control reactions  1herefore, it was necessary to determine the inhibition

were conducted with pyruvate 50 mM) ando-glycer- constant from the appropriate replot. The intercepts were

aldehyde (36-100 mM). obtained from the double-reciprocal plots of initial velocity
Additional inhibition studies were performed with.-a.- versus the concentration of GAPmglyceraldehyde at fixed

glycerophosphate 8-glycerophosphate, 2,3-diphosphe- inhibitor concentrations. On the basis of the full rate equation

glyceric acid,p-3-diphosphoglyceric acid, phosphonoaceto- fqr noncompetitive inhibition in an Qrdergd kinetic mecha-

hydroxamate, and phosphonopropionohydroxamate. AssaydViSm (eq 2), the slope of the replot is defined in eq 5 where

contained fixed unsaturating concentrations of pyruvate (2 Kmr andVimax are determined from the steady-state kinetic

mM, ~0.12 uCilumol), 20 mM b-glyceraldehyde, and  Studies.

varying concentrations of inhibitor. The percent inhibition

of DXP synthase was determined at the highest concentration slope— King

of inhibitor experimentally possible. P Vol RIK;
Equations for Analysis of Kinetic DataThe initial

velocities for DXP synthase measured at varying concentra-

tions of pyruvate and GAP were fit to eq 1 using an explicit .

weighted nonlinear regression analy6)( where [R] and citrate concentration of 200 mM (pH 7.4) and 5 mM DTT.

[G] are the concentrations of pyruvate and GAP, respectively, 1he amounts of TPP, Mggl[1-+C]pyruvate (0.7+2.93
Kmr and Kmg are the Michaelis constants for pyruvate and uCilumol), and DXP synthase in the individual reactions are

GAP at saturating second substrate concentrations, respecSPecified in the Results. The total amount of radioactivity

tively, K is the dissociation constant for pyruvate defined PEr réaction was approximately 100 000 dpm. Moles of
by the k_1/k, ratio, v is the velocity of product formation, = €nZyme were calculated using the relationship in which 1

and Vmax is the maximal velocity of product formation. mol = 68 000 g of pr_otein. This is based on the molecular
mass for one subunit of DXP synthase [68 k[&)[ and

Vit RI[G] " assumes that both subunits of the homodimer are active
during catalysis. Assays were preincubated at°G7and
rT KRl + Kyl G] + RG] initiated by the addition of enzyme (506L) in a final
h volume of 1 mL.*CQO;, liberated during the course of the
reaction was trapped with a 1.7 cm 8.5 cm strip of
Whatman #1 filter paper soaked in 0.2 mE b M KOH
(27). The reaction was quenched by addition of 1 mL of 2
M HCIO, via syringe after 520 min at 37°C. The reaction
mixture was incubated for an additional 20 min at°&7to
drive any remaining“CO, out of the solution. The filter
paper was transferred to a 20 mL scintillation vial containing
10 mL of Ultima Gold scintillation fluid. After vigorous
V= vortexing had been carried out, the radioactivity correspond-
Vol RI[G] ing to 1“CO, was measured by liquid scintillation spectrom-
_ _ _ etry within 1 h. The radioactivity remaining in the aqueous
KioKime(L + [/ + KinelRT + King GI(L + [/ + [R][(;] solution corresponding to [C]pyruvate was also measured
@) to ensure efficient trapping. Control reactions were conducted
Data for inhibition studies in Whic[]j}-ﬂuoropyruvate and under the same conditions but in the absence of enzyme and,
pyruvate were varied (fixed concentration of GAP or therefore, served as a background for the assays.
p-glyceraldehyde) were fit to eq 3 using an explicit weighted  Assays similar to those described above for the steady-
nonlinear regression analysis where [I] is the concentration state kinetic studies were also conducted. Reaction mixtures
of S-fluoropyruvate andk; is the apparent inhibition constant  contained 200 mM sodium citrate (pH 7.4), 5 mM DTT, 2

()

CO;, Trapping StudiesAll assays contained a final sodium

’V p—l

KiaKm
The initial velocities for DXP synthase measured wit
varying concentrations of pyruvate amdglyceraldehyde
were fit to eq 2, which describes a case for substrate
inhibition by p-glyceraldehyde, using an explicit weighted
nonlinear regression analysis where both [G] and [I] is the
concentration ob-glyceraldehyde and is the substrate
inhibition constant associated withglyceraldehyde binding
to the free enzyme to give a dead-end complex.

associated witlf-fluoropyruvate. mM MgCl,, 2 MM TPP, 20 mM pyruvate (0.048Ci/umol),
and 50 mMb-glyceraldehyde in a final volume of 50L.
VinalR] 3) After preincubation for 5 min at 37C, the reaction was

initiated by the addition of 1xg (0.22 nmol) of enzyme.
Incubation proceeded for 15 min at 3€, and the enzyme
When GAP orp-glyceraldehyde was the varied substrate was precipitated by heating at 8@ for 2 min. The rate of
(fixed concentration of pyruvate), the inhibition constant for the reaction was determined from the loss of radioactivity
pB-fluoropyruvate was determined from the replot of the in the assay mixture.

" T K@+ VK + [R]
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Ficure 2: Double-reciprocal plot of initial velocities vs GAP
concentrations at fixed concentrations of pyruvate. The concentra-
tion of GAP was varied between 0.06 and 0.45 mM at several
pyruvate concentrations: 2.60), 1.32 @), 0.66 (), 0.40 @),

and 0.28 mM 4). Reactions were conducted at 32 in buffer
containing 200 mM sodium citrate (pH 7.4), 5 mM DTT, 2 mM
MgCl,, and 2 mM TPP.

RESULTS

Steady-State Kinetic Studidsitial velocities for recom-
binantR. capsulatu®XP synthase A were measured using

a discontinuous chromatographic assay that quantifies prod-

uct formation by the incorporation of [PC]pyruvate into
product (8). Steady-state kinetic constants for DXP synthase
with pyruvate and GAP as substrates were determined by
fitting hyperbolic plots of initial velocity versus GAP
concentration, at several fixed concentrations of pyruvate,
to eq 1: Kn®4" = 0.068+ 0.001 mM,KPywvae= 0.44 +
0.05 MM, kgt = 1.9+ 0.1 s'%, andKj, = 0.016+ 0.021
mM. Double-reciprocal plots of the initial velocities versus
the concentration of GAP, at different fixed concentrations
of pyruvate, were essentially parallel over substrate concen-
trations between approximately 8% and &, (Figure 2).
This is consistent with Kj, value that is very small compared
to KWvate and therefore, the slopes of the plots are not
affected by changes in pyruvate concentratiaf).(More
specifically, the slopes of the plots ofvlyersus 1/[GAP]
(Figure 2) are defined by eq 6.

g

[R]

Under the experimental conditions, the calculated change in
the slopes for each pyruvate concentratiorxi&%. This is

in agreement with a similar plot of the raw data in which
the actual change in slopes is alsd%. A similar trend is
observed with the double-reciprocal plot of initial velocities
versus pyruvate concentrations at fixed concentrations of
GAP (data not shown).

Steady-state kinetic constants for DXP synthase with
pyruvate ana-glyceraldehyde as substrates were determined
by fitting hyperbolic plots of initial velocity versus pyruvate
concentration, at several fixed concentrationodajlycer-
aldehyde, to eq 2K,>-glyceraldehyde— 33 4 3 mM, K pyruvate
=194+ 0.5 MM, keat = 1.7+ 0.1 s'%, Kiz = 0.08 £+ 0.07
mM, andK; = 15+ 4.0 mM. Double-reciprocal plots of the
initial velocities versus the concentration of pyruvate, at
different fixed concentrations afglyceraldehyde, are shown
in Figure 3. The competitive pattern observed at high

slope=

I<mG(
1+ 6
v, (6)
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Ficure 3: Double-reciprocal plot of initial velocities vs pyruvate
concentrations at fixed concentrations mfjlyceraldehyde. The
concentration of pyruvate was varied between 0.06 and 0.45 mM
at severab-glyceraldehyde concentrations: 703)(30.0 @), 12.0

(O), 5.0 @), and 2.5 mM 4). Reactions were conducted at 37

in buffer containing 200 mM sodium citrate (pH 7.4), 5 mM DTT,

2 mM MgCl,, and 2 mM TPP.
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Ficure 4: Inhibition of DXP synthase by-fluoropyruvate. A

double-reciprocal plot of initial velocities vs pyruvate concentrations
(2.12 uCilumol) at 0.0 pn), 1.0 @), 2.5 O), 5.0 @), and 10.0
mM (O) p-fluoropyruvate and a fixed unsaturating concentration
of GAP (150uM). Reactions were conducted at 3C in buffer
containing 200 mM sodium citrate (pH 7.4), 5 mM DTT, 2 mM
MgCl,, and 2 mM TPP.

concentrations ob-glyceraldehyde indicates that substrate
inhibition results from addition ob-glyceraldehyde to the
pyruvate binding site28, 29). Also, the plots of 1/ versus
1/[pyruvate] at fixed concentrations af-glyceraldehyde
show a nonlinear pattern that is most pronounced at high
concentrations ob-glyceraldehyde and low concentrations
of pyruvate (data not shown). This nonlinear pattern is
indicative of substrate inhibition by-glyceraldehyde.

Kinetic Studies with Dead-End Inhibitorg3-Fluoro-
pyruvate was used as a dead-end inhibitor for pyruvate to
distinguish between a random and ordered binding mecha-
nism for DXP synthase. A TLC assay was used to confirm
that g-fluoropyruvate was an unreactive analogue of pyru-
vate. Double-reciprocal plots of the initial velocities for
varied concentrations of pyruvate and unsaturating concen-
trations of GAP andb-glyceraldehyde at different fixed
concentrations of-fluoropyruvate are shown in Figures 4
and 5, respectively. When pyruvate was the varied substrate,
in the presence of either GAP prglyceraldehyde, the data
for inhibition by pg-fluoropyruvate show a competitive
inhibition pattern withK; values of 1.0+ 0.1 and 6.1+ 0.3
mM, respectively.
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Ficure 5: Inhibition of DXP synthase by-fluoropyruvate. A

double-reciprocal plot of initial velocities vs pyruvate concentrations
(0.21 uCijumol) at 0.0 @), 2.5 @), 5.0 ), 10.0 @), and 18.0
mM (O) p-fluoropyruvate and a fixed unsaturating concentration
of p-glyceraldehyde (35 mM). Reactions were conducted &iC37

in buffer containing 200 mM sodium citrate (pH 7.4), 5 mM DTT,
2 mM MgCl,, and 2 mM TPP.
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Ficure 6: Inhibition of DXP synthase by-fluoropyruvate. (A)
Double-reciprocal plot of initial velocities vs GAP concentrations
at 0.0 @), 0.5 @), 1.5 ), 3.0 @), and 5.0 mM Q) S-fluoro-

pyruvate and a fixed unsaturating concentration of pyruvate (450

uM, 2.9 uCi/lumol). (B) Replot of intercepts vs the concentration
of g-fluoropyruvate. Reactions were conducted at'@7in buffer
containing 200 mM sodium citrate (pH 7.4), 5 mM DTT, 2 mM
MgCl,, and 2 mM TPP.

Double-reciprocal plots of the initial velocities for varied
concentrations of GAP ar-glyceraldehyde at different fixed
concentrations of-fluoropyruvate are shown in Figure 6A
and Figure 7A. Replots of the intercepts from the double-
reciprocal plots versug-fluoropyruvate concentrations are
shown in Figures 6 and 7B. If the mechanism for DXP

Biochemistry, Vol. 42, No. 4, 20031145

1 (s uM™)
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1/D-glyceraldehyde (mM™)
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Ficure 7: Inhibition of DXP synthase by-fluoropyruvate. (A)
Double-reciprocal plot of initial velocities vs-glyceraldehyde
concentrations of 0.0«), 3.0 @), 6.0 @), 12.0 @), and 20.0 mM
(©) p-fluoropyruvate and a fixed unsaturating concentration of
pyruvate (3.0 mM, 0.42Ci/umol). (B) Replot of intercepts vs the
concentration of-fluoropyruvate. Reactions were conducted at 37
°C in buffer containing 200 mM sodium citrate (pH 7.4), 5 mM
DTT, 2 mM MgChk, and 2 mM TPP.
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FiGure 8: Structures of the compounds examined as inhibitors of
DXP synthase.

by eq 5. Therefore, the inhibition constants determined using
eq 5 and the previously determined valuesKgk andVmax
(steady-state kinetic studies within) are 063%.07 and 2.0
4+ 0.2 mM for varied GAP and-glyceraldehyde concentra-
tions, respectively.

Several compounds were screened as possible dead-end
inhibitors for GAPDb-glyceraldehyde (Figure 8)bpL-a-
Glycerophosphatgi-glycerophosphate, 2,3-diphosphate-

synthase is ordered, then the slope of the replots is definedglyceric acid, and-3-phosphoglyceric acid were investigated
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Table 1: Compounds Examined as Inhibitors of DXP Synthase Table 2. Results of*CO, Trapping Experiments
compound concentration (mM) % inhibition DXP

- synthase pyruvate TPP MgCl,
;Eg%gggg[]ooggzzqgate ggg 28 _ (nmol/  (nmol/  (nmol/ (nmol/ % con-  rate (nmol
2,3-diphospha-glyceric acid 100 50 reaction uM)?  uM)*  uM)* uM)* versio min*mg )
p-3-phosphoglyceric acid 160 23 1 20 15 30 30 32 0.16
phosphonoacetohydroxamate 100 25 2 20 15 75 75 35 0.18
phosphonopropionohydroxamate 100 10 3 20 75 75 75 87 2.2

aAssays contained 2 mM pyruvate-Q.12 «Ci/umol), 20 mM 4 20 7 30 7 45 11
p-glyceraldehyde, and maximal concentrations of inhibitor. Reactions 2 The reaction volumes are 1 mL; therefore, the number of nanomoles
were conducted at 37C in buffer containing 200 mM sodium citrate  is equivalent to the molarity of each componérercent conversion
(pH 7.4), 5 mM DTT, 2 mM MgCJ, and 2 mM TPP. is calculated with the ratio of the radioactivity trapped vs the total
amount of radioactivity per reaction. One mole of £© equal to 1

. L. mol of decarboxylated pyruvatéSpecific activity for a 20 min reaction.
as possible mimics for GAP. Phosphonoacetohydroxamatereactions were conducted at 3 in buffer containing 200 mM sodium

and phosphonopropionohydroxamate were examined as poseitrate (pH 7.4), 5 mM DTT, and specified amounts of pyurvate, TPP,
sible transition-state analogues. Unfortunately, none of theseMdClz, and DXP synthase.

compounds were potent inhibitors of DXP synthase. The
percent inhibition for each compound, determined at the
highest concentration experimentally possible, is listed in
Table 1. B trapped

CO; Trapping StudiesThe small change in the slopes O flask

observed in the steady-state kinetic (Figures 2 and 3) and 140

inhibition studies (Figures 6 and 7) is presumably due to a i
Kia value that is very small comparedkgP™vae Although,
these studies do not permit one to conclusively distinguish
between an ordered mechanism and a ping-pong mechanism
because a ping-pong mechanism predicts that these slopes
will be constant. Therefore, the small changes observed and
[,
2 3 4

[l total dpm

dpm X 1000

predicted (less than 10%) may be within experimental error.
As a result, it was necessary to establish whether binding of
the second substrate, GAP orglyceraldehyde, to DXP
synthase is required for catalysis.

CO; trapping experiments were conducted with'{C3- 1
pyruvate so that the radioactivity corresponding*460, reaction
release could be quantified by liquid scintillation spectrom- Ficure 9: CGO, trapping data for each reaction in Table 2. The
etry, as described in Experimental Procedures. Controltotal disintegrations per minute per reaction {{Cjpyruvate),
reactions were conducted under conditions similar to those disintegrations per minute trappeddc, liberated), and disintegra-

. . tions per minute in solution after incubation with DXP synthase

used for the steady—state kinetic studies to ensure ;hat the(unreacted [£4C]pyruvate) are illustrated.
rate of the reaction was not affected by the addition of
[1-*“C]pyruvate, instead of [24C]pyruvate. At low DXP taken at all of the time points displayed a rate of ap-
synthase concentrations, compared to pyruvate and  proximately 0.16 nmol mint mg-1, demonstrating that the
glyceraldehyde concentrations, the specific activity of DXP reaction was linear with time.
synthase was 1.4mol min~* mg%. This is in agreement The mixture for reaction 2 contains approximately stoi-
with @ Vinax of 1.6 umol min~* mg™?, determined for the  chiometric amounts of pyruvate and DXP synthase and
enzymatic reaction with pyruvate amdglyceraldehyde as  elevated concentrations of TPP and MgCThe percent
cosubstrates for DXP synthase. conversion and observed rate are similar to those of reaction

The results of a series of experiments, along with the 1. Again, the observed rate is at least 200-fold lower than
concentrations of DXP synthase, pyruvate, TPP, ané"Mg expected if DXP synthase catalyzed the decarboxylation of
are listed in Table 2. The mixture for reaction 1 contained pyruvate in the absence of GAP pb+glyceraldehyde.
approximately stoichiometric amounts of enzyme, pyruvate, The mixture for reaction 3 contained increased amounts
and cofactors. The percent conversion for this reaction wasof pyruvate, TPP, and Mgglith respect to DXP synthase.
only 32% (Figure 9) with a rate of 0.16 nmol mihmg. The percent conversion was 87% after 20 min (100%
If DXP synthase catalyzes the conversion of pyruvate to the completion in 20 s is expected) with a rate of 2.2 nmol Thin
TPP-acetaldehyde complex and gid the absence of GAP  mg™! (100-fold lower than expected). In this reaction, the
or p-glyceraldehyde, the rate of the reaction should~32 amount of pyruvate that is decarboxylated is 3-fold higher
nmol min* mg™* (the rate calculated for the formation of than the amount of DXP synthase, suggesting multiple
the final product, DXS or DXP). Also, the reaction should turnovers under these conditions. Perhaps in the absence of
be 100% complete in 20 s. The observed rate is at least 200the second substrate but with excess pyruvate, a second
fold lower than expected and the reaction only 32% complete molecule of pyruvate binds to the enzyme active site and
after 20 min. A time course study under the conditions of promotes the first half of the catalytic cycle. Release of the
reaction 1 was also conducted to ensure that the enzyme wa3 PP-acetaldehyde complex from the active site of DXP
stable over the course of 20 min. Samples of the enzymesynthase would allow for additional binding of free TPP and
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Ficure 10: TPP-dependent enzyme transketolase. (A) Physiological enzymatic reaction of transketolase. (B) Chemical structure of
dihydroxyethylthiamine diphosphate.

pyruvate and, ultimately, additional catalytic cycles. A slight decarboxylation of pyruvate and benzylformate, respectively,
increase in the reaction rate might result from the excessto form the appropriate decarboxylated product and,.CO
pyruvate binding to DXP synthase, although complete Even though this is similar to the first half-reaction of DXP
conversion of pyruvate to the TPRcetaldehyde complex synthase, the overall reaction of these enzymes does not entall
and CQ is still not observed. the transfer of the two-carbon unit to a second substrate.
The mixture for reaction 4 contained approximately Therefore, the overall reaction of DXP synthase and its
stoichiometric amounts of TPP and DXP synthase, and kinetic mechanism are best compared to those of tkt and
elevated amounts of pyruvate and MgCThe percent  acetolactate synthase.
conversion was 45% after 20 min, corresponding to the It has been widely accepted that tkt proceeds through a
decarboxylation of 33 nmol of pyruvate. It has been observed classical ping-pong mechanism where tkt binds the first
in tkt and other TPP-dependent enzymes that the TPP-boundsubstrate, catalyzes the formation of a stable TPP-bound two-
two-carbon intermediate formed in the enzymatic reaction carbon intermediate, and releases the first product before
is stable. Therefore, the degradation of the FaPetalde- binding the second substrate. One of the physiological
hyde intermediate formed by DXP synthase to acetaldehydereactions of tkt with xylulose 5-phosphate (donor) and ribose
and free TPP is not favorable. 5-phosphate (acceptor) as substrates was used to investigate
One possible explanation for the results observed in this proposed mechanism (Figure 10A). Incubation of
reaction 4 might be that all of the TPP (30 nmol) is converted stoichiometric amounts of tkt, TPP, and xylulose 5-phosphate
to the stable TPPacetaldehyde form. This scenario requires afforded dihydroxyethylthiamine diphosphate (diHETP) (Fig-
an equal amount of pyruvate (30 nmol), similar to the actual ure 10B) @0). Stoichiometric amounts of tkt in these
amount of pyruvate that is decarboxylated. The decarboxyl- incubations were required to produce detectable amounts of
ation of additional pyruvate would require more free TPP, diHETP, due to the extremely slow dissociation of diHETP

the level of which has been depleted. from the enzyme. They also demonstrated that incubation
of dIHETP, ribose 5-phosphate, and stoichiometic amounts

DISCUSSION of tkt resulted in the formation of sedoheptulose 7-phosphate
(30).

DXP synthase catalyzes the first step in the biosynthesis More recent studies by Schloss and co-workers investi-
of isoprenoids and B vitamins via the MEP pathway. In the gated the kinetic mechanism of acetolactate synthage (
MEP pathway, pyruvate and GAP are condensed to form which condenses two molecules of pyruvate to form aceto-
DXP. Recombinant DXP synthase can utilize either GAP lactate, or one molecule of pyruvate and one molecule of
or b-glyceraldehyde as the cosubstrate with pyruvate to form a-ketobutyrate to form acetohydroxybutyrate. In addition to
DXP or DXS, respectively. The first half-reaction catalyzed these two physiological enzymatic reactions, acetolactate
by DXP synthase involves the decarboxylation of pyruvate synthase catalyzes an oxygen-consuming side reaction, which
in forming a TPP-bound two-carbon intermediate and,.CO has provided a useful tool for studying its mechanism. It
Several other TPP-dependent enzymes, such as pyruvatevas demonstrated that at low concentrations of pyruvate
decarboxylase and benzylformate decarboxylase, catalyze thébelow Ky,), acetolactate synthase functions predominately
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as an oxygenase, while higher concentrations of pyruvate K, K K, K,

or o-ketobutyrate inhibit the oxygenase reacti8a)( It was E+R ER+G E-R-G E-P.-P, products
suggested that this inhibition is due to the competition )

between molecular oxygen and pyruvateosketobutyrate

for the hydroxyethyl-TPP intermediatd1). On the basis of

these results and additional experiments, it was concluded® ¢. & il ER+G i ERG s E_P1_P2L.p,oducts
that decarboxylation of lactyl-TPP can occur prior to the K ke

binding of a-ketobutyrate or a second molecule of pyruvate 6

(3.

Steady-state kinetic studies, inhibition studies, and, CO Ki

trapping experiments were used to investigate the kinetic

mechanism oR. capsulauDXP synthase. Initial velocity FIG-URE 11: Kinetic mechanism for DXP synthase. (A) Ordered

stud!es with varying concentrations of pyruvate _and GAR kinetic mechanism for DXP synthase with gyruvate (R) and GAP

provided double-reciprocal plots that were essentially paral- Gy as substrates. (B) Ordered kinetic mechanism with substrate

lel. The very small change in the slopesl{) is presumably  inhibition for DXP synthase with pyruvate (R) aneblyceraldehyde

due to aKj, value that is very small compared kgPyrvae (G) as substrates.

in an ordered mechanism. More specifically, the slopes are

defined by eq 6 and the contribution of theHKa/Kmr term inhibition by bp-glyceraldehyde (Figure 11B). Substrate

is not significant. The analogous slopes in a ping-pong inhibition was also observed with PFTase, which catalyzes

mechanism are defined simply By,o/Vinax A constant slope, ~ the condensation of a;€isoprene moiety with a peptide

similar to the observed slopes for the double-reciprocal plots, Substrate via an ordered mechanisg8)(In conclusion, the

is predicted by the ping-pong rate equation. Therefore, the proposed reaction mechanism for DXP synthase is consistent

initial velocity data fit equally well to both the ordered and with PGGTase | and PFTase, which also catalyze condensa-

ping-pong rate equations. tion reactions involved in the isoprenoid biosynthetic path-
Inhibition studies using a dead-end inhibitor that is way.

competitive with respect to pyruvate were conducted in an
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