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1-Deoxyb-xylulose-5-phosphate Isomeroreductase
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ABSTRACT. 1-Deoxyb-xylulose-5-phosphate (DXP) isomeroreductase catalyzes the isomerization and
reduced nicotinamide adenine dinucleotide phosphate- (NADPH-) dependent reduction of DXP to generate
2-C-methylerythritol 4-phosphate (MEP) in the first committed step of the MEP pathway of isoprenoid
biosynthesis. We have cloned the gene encoding/tymobacterium tuberculosiBXP isomeroreductase,
expressed the protein iBscherichia coli and purified the enzyme to homogeneity using conventional
column chromatography methods. DXP isomeroreductase is a metal ion-activated enzyme displaying
superior specificity for C&", good specificity for MA*, and poor specificity for Mg". Although NADPH

is preferred over reduced nicotinamide adenine dinucleotide (NADH) about 100-fold as evaluated by the
relative keofKm values, the maximum turnover numbers are similar, suggesting that-gteo2phate of
NADPH contributes predominantly to binding and not to catalysis. Whilevas independent of pH in

the region 6.0< pH < 8.75,kea/KacM™" decreased at low pH as two enzymatic groups wkh yalues

of 7.4 are protonated. These groups likely represent carboxylate groups that coordinate the divalent metal
ion in the active site. The results also support an electrostatic role for the divalent metal ion in catalysis.
The results of product inhibition studies and isotope effects suggest that the enzyme utilizes a steady-
state random mechanism. Significant isotope effects were observed Bithi[MAD(P)H, establishing

that the enzyme promotes transfer of thepg@Shydride of the reduced pyridine nucleotide. The magnitude

of these primary deuterium kinetic isotope effects varied with metal ion and reduced pyridine nucleotide
identities. The results are discussed in terms of significant differences in the commitment factors for the
various metal ions and pyridine nucleotides.

Isopentenyl pyrophosphate (IPRnd dimethylallyl pyro- of these isoprenoid compounds are critical for cell viability,
phosphate (DMAPP) are the building blocks for approxi- and in bacteria examples include bactoprenol, required in
mately 23 000 isoprenoid compoundg).(Until the early cell wall construction, and ubiquinone, important in oxidative
1990s, the mevalonate pathway was thought to be themetabolism.

universal pathway leading to formation of IPP and DMAPP.  1he MEP pathway (Scheme 1) begins with the isomer-
It is now known that enzymes of the mevalonate pathway, j,ation and pyridine nucleotide-dependent reduction of
present in animal cells and the cytosol of plant cells, are 1-deoxys-xylulose-5-phosphate (DXP) to generate MEP,
absent from algae, plant plastids, and most eubacteria, WhiChcataIyzed by thedxr-encoded (also known dspC) DXP
instead use the 2-methylerythritol 4-phosphate (MEP)  jsomeroreductase (also known as DXP reductoisomerase or
plathway (Sche_me hl)Z(3)._The| MEpra:]hway elznz_ylmes are  Mmep synthase). MEP is subsequently converted to IPP and
glso prg;entflT the aalcgp ass_t 0 the malaria r[])arasne DMAPP after cytidylylation, phosphorylation, cyclization,
asmodium ac'paT““( + 5). Since these two pathways and two more enzymatic steps, each involving reduction and
_uuh;g completely different enzymes and s_ubstrates_, any dehydration. DXP, the product of a condensation reaction
inhibitor of the MEP pathway n pathogenlc bacteria is between pyruvate ano-glyceraldehyde 3-phosphate, cata-
expected to have little, if any, toxic effect in humans. Some lyzed by the thiamin diphosphate- (TDP-) dependent enzyme
* Supported by NIH Grant GM33449. DXP synthasef), is also a metabolic precursor of pyridoxal

* Corresponding author: tel (718) 430-3097; fax (718) 430-8565; phOSPha.teKa 8) and the thiazole ring of thiamin qiphOSPhate
e-mail aargyrou@medusa.bioc.aecom.yu.edu. (9), two important cofactors for many metabolic enzymes.
1 Abbreviations: ATP, adenosiné-tiphosphate; DMAPP, dimethyl- . T
allyl pyrophosphate; DXP, 1-deoxy-xylulose-5-phosphate; Hepes, The importance of the MEP pathway is highlighted by
N-(2-hydroxyethyl)piperazin&¥-(2-ethanesulfonic acid); IPP, iso- the identification of fosmidomycin (Scheme 2), a naturally

pentenyl pyrophosphate; IPTG, isopropyl 1-tfii@-galactopyranoside;  occurring antibiotic, whose target has been shown to be DXP

MEP, 2-C-methylp-erythritol 4-phosphate; Mes, 2N{morpholino)- : : L - - :
ethanesulfonic acid; NAD(P)H, reducgtinicotinamide adenine di- isomeroreductasd (). Fosmidomycin is bacteriostatic against

nucleotide (phosphate); NAD(P) oxidized -nicotinamide adenine  the in vitro growth ofEscherichia coliwith a minimum
dinucleotide (phosphate); PCR, polymerase chain reaction;-SDS inhibitory concentration of 3:g/mL (10), it can cure mice
PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis; - jnfacted withPlasmodiumvinckei(4), and it is well tolerated
Taps,N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid; TDP, . "

thiamin diphosphate; TEA, triethanolamine; Tris, tris(hydroxylmethyf)- N humans {1). Knockouts of DXP isomeroreductasekn
aminomethane. coli (12, 13) and Bacillus subtilis (14) are lethal. In
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Scheme 1: MEP Pathway
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Scheme 2: Possible Mechanisms for DXP Isomeroreductase
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B. subtilis all enzymes in the MEP pathway are essential pathway, Scheme 217); or (3) sequential 1,2-hydride and
(14). Our research group has been interested in developingl,2-methyl shifts (lower pathway, Scheme 2). NADPH then
enzymes involved in critical biosynthetic pathways into reduces the Caldehyde of to a primary alcohol to generate
targets for inhibitor design, with more emphasis on enzymes MEP.
in the human pathogéddycobacterium tuberculosigheM. In this paper, we describe the cloning, expression of the
tuberculosiggenome encodes putative orthologues of all the protein inE. coli, and purification of DXP isomeroreductase
enzymes in the MEP pathway and no apparent orthologuesfrom M. tuberculosis We have determined the steady-state
of the mevalonate pathwag)( We, therefore, think that the  kinetic parameters for the forward and reverse directions,
enzymes in the MEP pathway are appropriate targets fordefined the metal ion specificity, explored the steady-state
inhibitor design inM. tuberculosis kinetic mechanism, probed for the presence of general acid/
DXP isomeroreductase catalyzes one of the most unusuabase catalysts using ptate profiles, and begun probing
reactions in biological chemistry. The divalent metal ion- rate-limiting steps using primary deuterium kinetic isotope
dependent reaction is composed of consecutive isomerizatioreffects.
and reduction steps. Formation of theCanethylerythrose
4-phosphate intermediaté, (Scheme 2) from DXP could EXPERIMENTAL PROCEDURES
proceed in three different ways: (1) oxidation of the  Materials All chemicals were of analytical or reagent
3-hydroxyl group to the corresponding ketone while the grade and were used without further purification unless
1-hydroxy-2-phosphoethyl moiety is transferred to the C otherwise stated. ATR-fructose 1,6-bisphosphate;(+)-
ketone (middle pathway, Scheme 2(16); (2) oxidation glucose, NADPH, NADP, NADH, sodium pyruvate, thia-
of the 4-hydroxyl group concomitant with ;3GC; bond min diphosphate, rabbit muscle aldolase, rabbit muscle
scission to generate the enol/enolate of 3-hydroxyacetone andriosephosphate isomerase (type Xhermoplasma acido-
glycoaldehyde 3-phosphate, followed by recombination of philumglucose dehydrogenadsguconostoc mesenteroides
these two moieties via L£of 3-hydroxyacetone (upper glucose-6-phosphate dehydrogenase (type XXIV), and yeast



M. tuberculosisDXP Isomeroreductase

hexokinase (type C-300) were from Sigma.l2C]Pyruvate
(99 atom %'3C) was from Cambridge Isotope Laboratories.
D-Glucose-1d (97 atom % D) was from Aldrich. All
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which formed during dialysis, was removed by centrifugation
as above. The dialysate (110 mL) was applied to a 70 mL
column of Q-Sepharose FF (AmershafPharmacia Biotech)

restriction enzymes, calf intestinal phosphatase, and T4 DNA equilibrated with buffer A. The column was washed with

ligase were obtained from New England Biolabs.

General MethodsProtein concentrations were determined
with bicinchoninic acid 18) with bovine serum albumin as
standard. Solution pH values were measured at@%ith
an Accumet model 20 pH meter and Accumet combination

200 mL of the same buffer and then eluted with a linear
gradient (800 mL) from 0 to 0.6 M NaCl in buffer A. The

fractions containing DXP isomeroreductase, which eluted at
0.2-0.3 M NacCl, were pooled and concentrated to 35 mL.
Ammonium sulfate was then added to a final concentration

electrode standardized at pH 7.00 and 4.00 or 10.00. Spectroof 0.3 M. The supernatant, after centrifugation as above, was

photometric assays were performed on a Uvikon XL double-

beam UV~vis spectrophotometer (Bio-Tek Instruments).
Cloning and Expressiothe genes encoding DXP isomer-

oreductase (Rv2870dxr) from M. tuberculosisand DXP
synthase dx9 from E. coli were amplified by PCR to
generate blunt-ended DNA witNdd and HindlIIl or with
Ndd and Xhd restriction sites at the ends, respectively. The
oligonucleotide primers weré-ATTCCATATGACCAAC-
TCGACCGACGGGCG-3 and 3-CCCAAGCTTTCAG-
GACCTTTCTAACGTCGA-3 (for dxr) and B-CATATG-
(CATCAC):ATGAGTTTTGATATTGCCAAATACCCG-

3 and 3-CTCGAGTTATGCCAGCCAGGCCTTGATTTT-
GGCTTCCATACCGGC-3(for dxg. The amplified DNA
product was ligated into the pCR-Blunt plasmid and trans-
formed into One Shot TOP10 cells following the instructions
supplied by the manufacturer (Invitrogen). Plasmid DNA

applied to a 100 mL column of phenyl-Sepharose HP
(Amersham-Pharmacia Biotech) equilibrated with buffer A
containing 0.3 M ammonium sulfate. The column was
washed with 200 mL of the same buffer and then eluted with
a linear reverse gradient (800 mL) from 0.3 to 0 M
ammonium sulfate. The fractions containing DXP isomer-
oreductase were pooled, concentrated to 4 mL, and applied
to a calibrated 320 mL HiTrap Sephacryl S-200 HR column
(Amersham-Pharmacia Biotech), equilibrated with buffer
A. DXP isomeroreductase eluted as a dimer. Finally, the
fractions containing the enzyme were applied to a 25 mL
Mono-Q column (AmershamPharmacia Biotech) equili-
brated with buffer A and were eluted with a linear gradient
(600 mL) from O to 0.6 M NacCl in buffer A. DXP
isomeroreductase eluted in three peaks (peakd,2 M
NacCl; peak I1,~0.25 M NaCl; and peak Ill;-0.3 M NaCl)

isolated from these cells was then digested with the aboveand all three were active. The three peaks were kept separate.
restriction enzymes and the purified insert was ligated into Each was dialyzed against buffer A, concentratedfomg

purified plasmid pET-23aff) (Novagen) previously linear-

mL~%, and stored at-20 °C in 50% glycerol, with no

ized with the same restriction enzymes. This recombinant detectable loss of activity for over a year. Electrospray

plasmid was then transformed into competdht coli
BL21(DE3) cells (Novagen). The BL21(DE3) cells contain-
ing the recombinant plasmid were grown at 37 to an
Asoonm Of 0.7 in Luria—Bertani medium containing 589/
mL ampicillin. The cells were then cooled to 2C€ and

ionization/mass spectrometry showed a subunit molecular
mass of 42 719 Da (peak 1), equal proportions of two species
with molecular masses of 42 722 and 40 936 Da (peak ),
and 40 938 Da (peak 1), compared to 42 722 Da expected
for full-length dxr with the N-terminal methionine posttrans-

temperature-equilibrated for 2 h, and protein expression waslationally removed (see Results). A total of 20 mg of pure

induced by the addition of 0.5 mM IPTG and allowed to
proceed for 16 h at 20C. DNA sequencing of the cloned
dxr anddxsgenes showed that they were free of mutations.
Purification of EnzymedAll operations were carried out
at4°C. Cell paste (3640 g) was suspended in 20 mM TEA,
pH 7.8 (100 mL, final volume), containing three tablets of
Complete protease inhibitor cocktail (Boehringer Mannheim),
50 mg of chicken egg white lysozyme (Sigma), 10 mg of

protein was obtained from 30 g of cell paste.

Synthesis and Purification of DXBPXP was synthesized
enzymatically byE. coli DXP synthase from pyruvate and
p-glyceraldehyde 3-phosphate, which was generated in situ
by the action of aldolase anfructose 1,6-bisphosphate, as
described previously10). b-Fructose 1,6-bisphosphate (102
mg) and 55 mg of sodium pyruvate (or 2¢]pyruvate) were
dissolved in 10 mL of 50 mM Tris, pH 7.5, containing 1

bovine pancreatic DNase | (Boehringer Mannheim), and 10 mM TDP, 1 mM DTT, and 5 mM MgGCl Triosephosphate

mM MgCl, and stirred for 30 min. The cells were disrupted

isomerase (50 units), aldolase (10 units), and purified DXP

by sonication and cell debris was removed by centrifugation synthase were then added and the reaction was allowed to

at 2000@ for 60 min. The supernatant, referred to below as
crude soluble extract, was treated as described.

DXP SynthaseBuffers were supplemented with 0.5 mM
TDP. The crude soluble extract was applied to a 50 mL
column of Ni-NTA His-Bind Superflow (Novagen) equili-
brated with buffer A (20 mM TEA, pH 7.8, and 5 mM
MgCl,) containing 0.3 M NaCl. The column was washed
with 150 mL of the same buffer and eluted with a linear
gradient (400 mL) from 0 to 0.25 M imidazole in buffer A
also containing 0.3 M NacCl. The fractions containing DXP
synthase were pooled and dialyzed agadnk of buffer A,

proceed at 37C for ~20 h. The reaction, after removal of
the enzymes by ultrafiltration through a YM10 membrane
(Millipore), was then applied to a 20 mL Dowex 3t 8
column (formate form), washed with 100 mL of water, and
eluted wih 1 M formic acid. The fractions containing pure
DXP were pooled and the solvent was evaporated on a rotary
evaporator under vacuum. DXP was then dissolved in water,
the pH was adjusted to 6.5 with sodium hydroxide, and the
sample was stored at20 °C.

Synthesis and Purification of MEPMEP was also
synthesized enzymatically by purifiéd. tuberculosiDXP

and the enzyme was concentrated to 10 mL and stored atsomeroreductase, enzymatically synthesized DXP (above),

—20 °C in 50% glycerol.
DXP Isomeroreductaselhe crude soluble extract was
dialyzed fo 4 h agains4 L of buffer A and the precipitate,

and NADPH. Tris, pH 7.5 (50 mM), 10 mM Mggl25 mM
DXP (or 10 mM 2-[3C]DXP), 0.2 mM NADP', 100 mM
D-(+)-glucose, 53 units ofThermoplasma acidophilum
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glucose dehydrogenase, andu®1 M. tuberculosisDXP
isomeroreductaseia 5 mLreaction were incubated for 24
h at 25°C. The reaction, after removal of the enzymes by
ultrafiltration through a YM10 membrane (Millipore), was
then applied to a 20 mL Dowex Xk 8 (formate form)
column, washed with 100 mL of water, and eluted with 1
M formic acid Q0). The fractions containing pure MEP were

pooled and the solvent was evaporated on a rotary evaporator
under vacuum. MEP was then dissolved in water, the pH

was adjusted to 6.5, and the sample was storeel28t°C.
Determination of DXP and MEP Concentratiodgiquots
of DXP and MEP were dephosphorylated completely by calf

instestinal phosphatase, and the released inorganic phosphath is [H'], and K represents the observed dissociation

was quantitated as describeall). '"H NMR, with a known

concentration of glycine as an internal standard, confirmed

the precision of this method.

Preparation of [4S*H]NAD(P)H. [4S°H]NAD(P)H was
prepared by enzymatic reduction of the oxidized pyridine
nucleotide withLeuconostoc mesenteroidéype XXIV)
glucose-6-phosphate dehydrogenase with?Hlglucose

Argyrou and Blanchard

enzyme with the cosubstrate because of the Kiglvalues.

To determine the isotope effects, we varied one substrate at
five fixed levels of the cosubstrate. The resulting 50 data
points (25 for NADH and 25 for [8?H]NADH) were
simultaneously fitted to24)

v =VAB[[K Kg(1 + FE ) + KgAl(1 + FEyy ) +
KaB(1 + FEyx,) + AB(1+ FE)] (6)

The pH-keafKacM* profile (Figure 4) was analyzed from
the goodness of the fits of the data to eqs 7 and 8, where
iS Keaf Kact™**, C is the pH-independent value kfy/KaM",

constant(s) for group(s) on the enzyme:
logy = log C/(1 + H/K) (7)

(8)
Errors were propagated as described in Skoog and \@8st (

logy = log C/(1 + H%/K?)

6-phosphate as the deuterium source as described previousl{er indeterminate errors.

(22). [4S?HINAD(P)H and nondeuterated NAD(P)H were
purified on a Mono-Q column (AmershanPharmacia
Biotech) as described previous®3d), and the fractions with
absorbance ratio8zeondAssonm < 2.3 were pooled.

Assay for DXP Isomeroreductasall assays were per-
formed at 25°C under initial rate conditions. The NAD(P)H-

RESULTS

Cloning, ExpressionPurification, and Biophysical Char-
acterization of M. tuberculosis DXP isomeroreductdsging
theE. coli DXP isomeroreductase amino acid sequence as a
query, we searched thil. tuberculosisgenome for the

dependent isomerization and reduction of DXP catalyzed by orthologous enzyme. We identified an open reading frame
DXP isomeroreductase was assayed spectrophotometricallydxr, Rv2870c) showing 43% identity in amino acid sequence

at 340 nm éz4onm= 6220 Mt cm™) or 370 Nm €s70nm =
2400 Mt cm™?) associated with the oxidation of NAD(P)H.

Data Analysis Data were fitted with the nonlinear least-
squares curve-fitting programs of SigmaPlot 2000 for
Windows version 6.00 (SPSS Inc.). Individual saturation
curves were fitted to

v=VA(A+ K) 1)

where V is the maximal velocity,A is the substrate
concentration, and is the Michaelis constanKg,). Data
showing intersecting initial velocity patterns on reciprocal
plots were fitted to

v=VAB/(K;Kg + K,B + KgA + AB) (2)

whereA andB are the concentrations alkgl andKg are the

with the E. coli enzyme. We cloned the gene into plasmid
pPET23aft), expressed the protein . coli, and purified
the enzyme to homogeneity (Experimental Procedures).
The final purification step involved high-resolution Mono-Q
anion-exchange chromatography, where the enzyme eluted
in three peaks. The results of electrospray ionization/mass
spectrometry and gel-filtration chromatography (Experimen-
tal Procedures) suggested that the enzyme was sensitive to
proteolytic cleavage, resulting in the production of three
enzyme species that could be resolved by high-resolution
Mono-Q ion-exchange chromatography: (1) a full-length
dimer (peak 1), (2) a truncated dimer (peak Ill), and (3) a
mixed full-length/truncated dimer (peak IlI). The enzyme
species corresponding to the three peaks had identical specific
activities,Kn, values for DXP, and isotope effects (see below).
The cleavage site was inferred from the mass spectrometric

Michaelis constants for the substrates. Data displaying data to be Ala-395, resulting in a protein that was 18 amino

competitive and noncompetitive inhibition were fitted to eqs
3 and 4, respectively, whetds the inhibitor concentration,
andKis andK; are inhibition constants:

v =VAIKI + /K + Al 3)
(4)

Primary deuterium kinetic isotope effect experiments were

v=VA[K(L+ /K + AL+ I/K;)]

performed at a saturating concentration of the cosubstrate

(=20K,) and were calculated from

v=VAI[K(1+ FE,x) + Al + FE))] (5)
whereEyx and Ey are the isotope effects minus 1 oK
andV, respectively, andF; is the fraction of isotopic label.
With NADH as reductant, it was not possible to saturate the

acids shorter. This was confirmed by introducing a stop
codon in place of Ser-396, which resulted in the exclusive
production of active peak IIl protein (data not shown). We
conclude that removal of the last 18 residues Nh
tuberculosiDXP isomeroreductase has no effect on enzyme
activity, affinity for substrates, sensitivity to isotopic probes,
or oligomeric state of the protein. Amino acid sequence
alignments reveal that DXP isomeroreductases from most
species lack this C-terminal extension. The possible role of
this C-terminal tail, which appears to be limited to myco-
bacterial speciesM. tuberculosis Mycobacterium bais
BCG, Mycobacterium lepraeandMycobacterium smegma-
tis), is not clear at this time.

Enzyme StabilityWe have noticed a significant loss of
specific activity of the enzyme during purification (estimated
half-life of ~3 days at 4°C). As a result of the lengthy
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Steady-State Kinetic¥o determine the steady-state kinetic

Table 1: Divalent Metal lon Specificity of DXP Isomeroreductase
parameterski,; andK, Table 2) for the NADPH and DXP

metal ion organism_ Kacl (M) KealKat (M2 577) substrate pair (forward direction), and NADRNnd MEP
Mg> M. tberculosis 1200+ 100  (1.8+0.2)x 1¢° product pair (reverse direction), we used a saturating
Mﬁﬁ ayqﬁggfccﬁts'iss 24221 2200: (2.4+0.2)x 10° concentration of the metal ion activator and either (1) varied
Mn2+ Synechocystis 154 1¢ one substrate at a saturating concentration of the cosubstrate
Co*t M. tuberculosis ~ 1.24+0.1 (1.3+0.1) x 10° and fitted the resulting hyperbolic plots to eq 1 (for ¥n
Co? Synechocystis 10+ 3 and Cé*) or (2) varied one substrate at five fixed levels of

a2 At pH 7.5 and 25C. P K, is defined as the concentration of metal
ion required for half-maximal activity at saturating substrate concentra-
tions (the concentrations of NADPH and DXP were 200 and 2
mM, respectively). C&, Ni?*, and Zi#* were not activators of the
enzyme.* Data from ref26.

the cosubstrate and simultaneously fitted the resulting 25 data
points to eq 2 (for Mg"). When NADH and DXP were the
substrate pair, method 2 was used because it was not possible
to saturate the enzyme with either substrate. In all cases, a
pattern of intersecting lines was observed (see, for example,
purification procedure, which took about 5 days to complete, Figure 2) on reciprocal plots, suggesting that the enzyme
there is a significant amount of inactive enzyme in our uses a sequential mechanism. We also performed product
preparation, which we cannot remove by column chroma- inhibition studies to obtain information concerning the order
tography and which contributes to the protein concentration of substrate binding and release of products to and from the
we determined. It should, therefore, be emphasized that theenzyme, respectively. These studies are summarized in Table

absoluteke,: and ke Km values (Table 2) are lower limits.
However, when stored in 50% glycerol at20 °C, the
enzyme has retained full activity for over a year. Hence,
comparisons ok, values obtained with the various metal

3.

Isotope Effects.To determine the stereospecificity of
hydride transfer, obtain information concerning rate-limiting
steps, and obtain more information concerning the steady-

ions and substrate analogues are valid, as are all otherstate kinetic mechanism, we measured primary deuterium
reported parameters. We have yet to identify the nature of kinetic isotope effects arising from deuterium substitution

this inactivation or conditions that reverse the inactivation.
Compared to thé, values determined for DXP isomero-
reductases from other species, which vary from 8 to 110 s
(26), the ke values for theM. tuberculosisenzyme lie at
the lower end of this range.

Metal lon RequirementdVhere different divalent metal
ions have been examined, it was previously found that'iig
Mn?*, and C8" were activators for DXP isomeroreductase
but C&*, Ni?*, and Zi#" were not (2, 26—29). This is also
true for the M. tuberculosisDXP isomeroreductase. The
specificity of DXP isomeroreductase for the various metal
ions has only been determined for t&gnechocystisp.
PCC6803 enzyme2¢). To compare the metal ion specifici-
ties of theM. tuberculosiDXP isomeroreductase with those
for the Synechocystisnzyme, we examined the dependence
of the velocity of the reaction as a function of the concentra-
tion of the metal ion, at fixed and saturating concentrations
of NADPH and DXP. The resulting hyperbolic curves (data
not shown) were fitted to eq 1 to obtain a maximal ritg,
and the parametét,., which is defined as the concentration
of divalent metal ion required to half-saturate the rate. The
Kact andkeafKact parameters and those for tBgnechocystis

at the G-proS position of the dihydronicotinamide ring of
NADPH and NADH (Experimental Procedures). Representa-
tive examples are illustrated in Figure 1 (for NADPH) and
Figure 2 (for NADH). The presence of significant isotope
effects establishes thail. tuberculosisDXP isomero-
reductase promotes transfer of thg- oS hydride of the
reduced pyridine nucleotide, as has been demonstrated earlier
for the E. coli (20) and Synechocystisp. PCC6803 33)
enzymes by labeling techniques. Figure 3 shows the depend-
ence of the apparent isotope effect \GfiK [P(V/Kqpp] for
one substrate as the concentration of the cosubstrate is varied.
Isotope effects were measured with all three divalent metal
ion activators and are summarized in Table 4.

pH StudiesTo obtain information concerning the role of
the divalent metal ion in catalysis and the potential involve-
ment of general base/acid catalytic groups on the enzyme,
we determined the pH dependencekgf andke./KaM™" at
saturating concentrations of NADPH and DXP. While the
keat Value is independent of pH in the region 60pH <
8.75, theK,.M™" value increases sharply at low pH. Due to
interfering spectral signals resulting from the formation of
manganese precipitates, it was technically difficult to deter-

enzyme, obtained under similar experimental conditions, aremine these parameters at pH 8.75. While the resulting

similar except for an 8.3-fold lowef..c¥" value for theM.
tuberculosienzyme (see Table 1). Tiv. tuberculosiDXP
isomeroreductase clearly has superior specificity fof'Co
followed closely by Mi@*, and very poor specificity for
Mg?", as evaluated by théc./Ka values. Though the
specificity for Mg?™ is 720- and 130-fold lower than those
for Co*" and Mr?t, respectively, Mg" may still be the
physiologically relevant metal ion activator, as has been
previously suggeste@6, 29), because the free intracellular
concentration of Mg in E. coli of ~1—2 mM (30) is close

to theK, value, whereas those for Mihof ~0.01uM (31)
and C@" of <0.001uM (32)? are considerably lower than
the correspondinéac: values. This conclusion is, of course,
tentative until intracellular metal ion concentrations in
mycobacteria are determined.

pPH—keaKac™" profile fits poorly to eq 7 (dotted line, Figure

4), it fits better to eq 8 as two groups with simildfvalues

of 7.4 are ionized. Though the data could be fitted even better
to more complex models, we think it is preliminary to invoke
such models. Therefore, we can only conclude, at this time,
that at least two enzymatic groups have to be deprotonated
to bind the metal ion activator in a catalytically active
configuration (see Discussion).

DISCUSSION

Steady-State Kinetic Mechanisfpattern of intersecting
lines on a reciprocal plot for both the forward and reverse

2 This value was calculated from the data of D’Souza and Holz (Table
1, ref32) who found that, irE. coli, the intracellular concentration of
Mn?t is at least 9-fold higher than that of €o
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Table 2: Steady-State Kinetic ParametersNbrtuberculosisDXP Isomeroreductade

Forward Direction

NAD(P)H DXP
metal ion pyridine nucleotide Keat (571 Km (uM) kealKm (M~1s71) Km (uM) KealKm (M~1s7)
Mg?* NADPH 2.14+0.1 50+1.3 4.2+ 1.2)x 1 42+ 7 (5.0+£0.9) x 10*
NADH 2.8+£05 410+ 140 (6.9+ 2.6) x 10° 210+ 150 (1.3£0.9) x 10*
Mn?z*+ NADPH 5.0+0.1 3.3+£0.2 (1.5+£0.1) x 1 100+ 4 (5.0+£0.2) x 10*
NADH 5.6+ 0.2 260+ 20 (2.2+0.2) x 10 240+ 30 (2.4+ 0.3) x 10
Co?+ NADPH 1.6+0.1 0.4+ 0.1° (3.6£0.6) x 10° 4.0+0.3 (3.9+£0.3) x 1P
NADH 2.5+0.2 50+ 10 (5.04 1.0) x 10* 504+ 10 (5.54 1.2) x 10*

Reverse Direction

NADP* MEP
metal ion pyridine nucleotide Keat (579 Km (uM) KealKm (M™1s71) Km (uM) KealKm (M™1s71)
Mg2*+ NADP* 1.3+0.1 170+ 30 (7.7+ 1.4) x 10° 42+ 4 (3.2+£0.3) x 10

a At pH 7.5 and 25°C. The following concentrations of divalent metal ions were used?"Mt0 mM; Mr?+, 1 mM; C&*, 1 mM. The following
constants were also obtained from the analysis of thé*Mata: Kinaopry) = 27 & 6 uM, Kipxp) = 220+ 70 uM, Kijmepy = 110+ 30 uM, and
Kinapp+) = 440 £ 80 uM. ? Approaches the detection limit of the assay.

Table 3: Product Inhibition Patterns for MgActivated M.
tuberculosisDXP Isomeroreductade

varied product

substrate inhibitor  patterf Kis Kii

NADPH®  NADP* NC 1.2+ 01mM 2.5+0.2mM @

DXPd NADP* NC 1.7£0.2mM 1.4+ 0.1 mM >

NADPH®  MEP NC 160+ 20uM 90 + 10uM 'g

DXPd MEP C 49+ 3uM ol
aAt pH 7.5, 10 mM Mgt 25 °C.PC = competitive, NC= é

noncompetitive® The cosubstrate, DXP, was present at a fixed and
unsaturating concentration of 20/4. ¢ The cosubstrate, NADPH, was
present at a fixed and unsaturating concentration of0

directions was observed for DXP isomeroreductase fkom 10 5 0 5 10 15 20 25 30
tuberculosissuggesting that the enzyme utilizes a sequential
mechanism (see, for example, Figure 2). In all cases, the
lines intersected left of thg-axis and above thg-axis of

these reciprocal plots, ruling out a rapid equilibrium ordered
mechanism, in which the lines would intersect on ykeis

when the reciprocal of the concentration of the second
substrate to add to the enzyme is plotted onxais (34).

The isotope effects, discussed below, also support this:
conclusion.

A classic method of obtaining information of the order of
substrate binding and release of products involves product
inhibition experiments. WithM. tuberculosisDXP isomer- 04t 1
oreductase, NADPis noncompetitive versus both NADPH
and DXP, while MEP is competitive versus DXP but 0 , , , ,
noncompetitive versus NADPH (Table 3). While these results '0.00 0.06 0.12 0.18 0.24 0.30
alone are compatible with an ordered mechanism with DXP 1/[DXP] (M)
binding first, followed by NADPH, and release of NADP
before MEP 85), such experiments are often inconclusive Ficure 1: Reciprocal plots illustrating significant differences in

. . . . . the primary deuterium kinetic isotope effects for theahversus
(24) and more evidence is required from independent S'[Ud'es'C02+-activated M. tuberculosisDXP isomeroreductase. Assays

Furthermore, they are incompatible with (1) isotope effects contained 100 mM Hepes, pH 7.5; 1 mM Rin(top panel) or 1
described later and (2) the results of inhibition studies on mM Co?** (bottom panel); the indicated levels of DXP; 20M
the E. coli DXP isomeroreductase employing the dead-end NADPH (solid symbols) or 200uM [4S?HINADPH (open
inhibitors fosmidomycin and tetrahydronicotinamide adenine ﬁ%’trené)(t’ésé’qag_dw' tuberculosisDXP isomeroreductase. Data were
dinucleotide phosphate, which suggested an ordered kinetic
mechanism with NADPH binding first and DXP secoi2d)( the concentration of the cosubstrag)( a powerful tech-

To obtain more information regarding the steady-state kinetic nique that takes advantage of the kinetic mechanism-
mechanism, we determined how the apparent isotope effectdependent effect of cosubstrate stickifems®(V/Kapp), as

on VIK for the varied substrat®(V/Kapy, is influenced by  described next.

1/[DXP] (mM™"
2.0 T T T T

1/Velocity (s)
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] Table 4: Primary Deuterium Kinetic Isotope Effects (NAD(P)H vs
7L [4S?HINAD(P)H) for M. tuberculosisDXP Isomeroreductade
of e metal pyridine
— ion nucleotide  °V/Kpymue — PVIKoxe bV
@ 5t o o L Mg?* NADPH 13+£01  22+01  13+01
g RS ¢ Mg2* NADH b b b
5 4t S A Mn2* NADPH 1.3+01  29+02 22401
S .t o T g Y] Mn2* NADH 29+04 48+0.8  294+03
g Ty ) Co*+ NADPH 0.9+0.1 1.1+ 0.1 1.2+ 0.1
- e Co?t NADH 1.24+0.3 1.7£04 1.8+ 0.2
A aAt pH 7.5 and 25°C. P Not determined due to the large errors
associated with the NADH and DXP kinetic parameters (see Table 2).
10 E T T T T T T T T T T T T T T
‘_'\GIL E oo0000000 OoO
1/[DXP] (mM™) N
Ficure 2: Reciprocal plot illustrating how the isotope effects for ! : : ’ : : : :
cases where substrates with highvalues were determined. Assays
contained 100 mM Hepes, pH 7.5, 1 mM fin M. tuberculosis
DXP isomeroreductase, DXP, and NADH (solid lines) o&F#H]- —
NADH (dotted lines). DXP was varied (0.200, 0.250, 0.333, 0.500, '»
and 1.00 mM) at five fixed levels (0.100, 0.125, 0.167, 0.250, and FS 10% | E
0.500 mM) of NADH or [45-2H]NADH. The resulting 50 data < b
points were simultaneously fitted to eq 6. &
[
2.4 . . . T T Eﬁ
* T X104 1
22 x% 25 11 ]
> ¢¢—o—<}- =
20 T 20 1]
§ 1.5 1
1.8 < 1 ool
0 oo oos om o 55 60 65 70 75 80 85 90 95

Apparent DV/KN ADPL

161 [NADPH or (45-2H)-NADPH] (mM) | pH
14t Ficure 4. Dependence d., andkea/KacM* on pH at saturating
levels of DXP and NADPH. The following buffers were used (100
121 i mM): Mes, 6.00< pH < 6.50; Hepes, 6.75 pH < 8.00; Taps,
' 8.25< pH =< 8.75. The dotted and solid lines are fits to eqs 7 and
1.0 ) ) ) , , 8, respectively.
00 0.2 0.4 0.6 0.8 1.0 1.2

[DXP] (mM) or random. In steady-state ordered mechani$i\dKapps
Ficure 3: Dependence of the apparent value8®/K)nappn and will be mdependent of the Concentrat!on of A,'W.hﬂ(a\//
P(V/K)pxp 0on the concentration of the cosubstrate. Assays contained Kapp)a will decrgase as the concentraFlon of B. IS I_ncreased
100 mM Hepes, pH 7.5, 10 mM Mg, M. tuberculosisDXP and become unity at infinite concentration of B, if A is sticky.
isomeroreductase, DXP, and NADPH o68fH]NADPH. The solid In steady-state random mechanisf@//Kapp for a sticky
:Lne drg\vylf&througita[% \i;/?(pareﬁtV/Kg\N//\&pH data]ll(iSK ii f[iltjggg})// substrate will decrease as the concentration of the cosubstrate
W ek is [tDr;(eP] pod ncentrati(g%XF;])?DXP thgxgivg’s//Kapp = VI is increased and reach a nonunitary finite value at infinite
Kioxp] -0 + PV/ Kioxp|_-«l/2. concentration of the cosubstrate, whereas for a nonsticky
substrateP(V/Kapp Will be independent of the concentration
Cook and Cleland 24) have developed the theory of of the cosubstrate. Finally, for rapid equilibrium mechanisms,
isotope effects for multireactant enzymes. In the following whether ordered or randor(V/K) for the two substrates
discussion, A and B refer to the substrate that binds to thewill be equal and independent of the concentration of the
enzyme first and second, respectively, if the mechanism is cosubstrate because all external commitment factors are
ordered. Isotope effects will be observed\Wi for both A zero?
and B, regardless of which substrate carries the heavy While P(V/Kappoxe is independent of the concentration of
isotope, in the present case, a deuterium atom on the C NADPH, P(V/Kapdnaopn decreases as the concentration of
proSposition of the dihydronicotinamide ring of the reduced DXP is increased (Figure 3). The solid line drawn through
pyridine nucleotide. For steady-state mechanisté¢Kapp) the P(V/Kappnaopr data is a fit to a hyperbola, giving a
for one substrate will vary with the concentration of the limiting value of 1.3+ 0.1 for °(V/K)nappn at infinite
cosubstrate depending on whether the mechanism is orderedoncentration of DXP. These results are inconsistent with

8 A substrate is “sticky” if it reacts to give products as fast or faster 4 Commitment factors have external and internal portions. External
than it dissociates from the enzyme. In such cases the external portionportions arise from sticky substrates. Internal portions may arise from
of the commitment factdris large, which depresses isotope effects chemical steps other than the one being probed, such as the isomer-
from the intrinsic value Z4). ization step (Scheme 2), and enzyme conformational charggs (
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an ordered mechanism with DXP binding first, as was NADPH demonstrates that DXP is not sticky and suggests
suggested by the above product inhibition studies, becausehat rapid equilibrium segments exist. This may account for
D(V/Kappoxp does not vary with the level of NADPH. Since  the single competitive inhibition pattern that was observed
both NADP" and MEP are noncompetitive inhibitors with (MEP versus DXP, Table 3).
respect to NADPH, a strictly ordered mechanism with  Magnitude of the Isotope Effects Depends on Metal lon
NADPH binding first is also unlikely. The isotope effect Identity The magnitude of isotope effects in enzymatic
results, however, are fully consistent with a random mech- reactions is usually smaller than the intrinsic value due to
anism in which either substrate can bind to the enzyme high commitment factors. Altering the pH of the reaction
regardless of whether the cosubstrate is bound or not.(39, 40) or selecting less sticky substrate analogues are two
However, the data do not rule out a preferred order of commonly employed methods of lowering the external
substrate addition, which would be dictated by the affinity portion of the commitment factors, thereby increasing the
of the enzyme for NADPH relative to DXP. The significantly observed isotope effect. Here we show that the identity of
lower Kn, value for NADPH relative to DXP, for example  the metal ion activator can also alter the commitment factors
(see Table 2), would favor a preferred order of addition of and, hence, the magnitude of the observed isotope effects.
NADPH followed by DXP. This proposal would be in For example, with NADPH as the reductant, th&/Kpxp
agreement with the results of dead-end inhibition studies values decrease from 2.9 to 2.2 to 1.1 for¥nMg?*, and
performed on thé. coli DXP isomeroreductase, where an Co?*, respectively (Table 4). A similar comparison can be
ordered mechanism with NADPH binding first was proposed made for the®V/Knappr Values. To our knowledge, this is
(29). As will be elaborated on later, the results also only the second demonstration of significant differences in
demonstrate that NADPH is significantly more sticky than the magnitude of isotope effects with different metal ion
DXP. activators, the other being the NABspecific malic enzyme
For ordered mechanisms, the steady-state kinetic param{from Ascaris suuni41).
eters for the forward and reverse reactions are related to the It was also possible that the differential magnitude of the

equilibrium constant by the following expressi@6), where isotope effects was due to different enzymatic mechanisms
A binds to the enzyme before B, and P is released from the with the different metal ions. For example, as an alternative
enzyme before Q: to the generally accepted 2-hydroxy-1-phosphoethyl shift
; o mechanism (middle pathway, Scheme 2), a retroaldolization/

. Keat Kqum aldolization mechanism recently considered by Rohmer and

Keg = Q KiaKmB co-workers 17) (upper pathway, Scheme 2) and a sequential

1,2-hydride and 1,2-methyl shift mechanism (lower pathway,
As a check for internal consistency, the right-hand side of SCheme 2), which to our knowledge has not been considered

the above expression, which is composed of steady-statd" the literature, also seemed possible. We synthesized

kinetic constants, should be equal to the equilibrium constant2-[ *CIDXP, converted it to the product MEP with.
(Ked) of the reaction, determined from an independent tuberculosisDXP isomeroreductase, purified it, and carried

experiment. If A= NADPH, B = DXP, P= MEP, and Q out 3C NMR to determine the position of thEC label

= NADP*, the calculated value dfe( is 26+ 9, which is (Experimental Procedures). TR& label ended ugxclu--

in reasonable agreement with the value of 52 that we sw(_ely at the 2-position of MEP regardless of the met_al ion
determined independently (data not shown). Faig value actlyator used (data not ;hown). Th.us, the sequential 1,2-
is similar to the values of 420) and 69 (7),° which were hydride and 1,2—methy! shift mechanism does not appear to
determined for theE. coli enzyme at the same pH. For ©Occur with any metal ion (see Scheme 2). The other two
random mechanisms, the same relationship applies, and on&'€chanisms are expected to give the séi@groduct profile

can assume either order of substrate addit@).(If A = and hence cannot be distinguished by this method. Similar
DXP, B = NADPH, P = NADP*, and Q= MEP, the labeling experiments with thie. colienzyme also showed a

calculated value oK. is 27 + 14. These results are also 13C product profile consistent with both of these mechanisms
consistent with a rqandom mechanism. since the same(17 42. Until methods are developed to distinguish between

calculated value oKeq is obtained regardless of the assumed these two possibilities, we tentatively conclude (1) that the
order of substrate addition. enzymatic mechanism is likely the same regardless of metal

The structures of a metal-free EADPH complex 87) ion identity and (2) that the differences in the magnitude of
and of an EMn2+-fosmidomycin complex38) have been the observed isotope effects are most likely due to differences

solved for theE. coli DXP isomeroreductase by X-ray N cqmmitr;ent factor+s. 5
crystallography. This is additional evidence that supports a  With Mn#" and Mg, the®V/Kopxp values of 2.9 and 2.2,

random mechanism because the enzyme can bind NADPHespectively, were higher than the correspondinaoen
regardless of whether metal and fosmidomycin, which values of 1.3 because NADPH is significantly more sticky

mimics DXP @8), are bound and vice versa. It should be than DXPD- With Cé", no significant isotope effects St/
noted that, in the absence of rapid equilibrium segments, all Koxp @nd°V/Kyappr were observed, probably because both

product inhibition patterns in steady-state random mecha-Substrates are very sticky with this metal ion.
nisms are expected to be noncompetiti8g)( The observa- The magnitude of these isotope effects is expected to

tion that®(V/Kapgoxe is independent of the concentration of increase whgn a less sticky s_ubstrate is used_ because the
external portion of the commitment factors will become

5 This Ko value was calculated from the value of 2210° M1 smaller. While thek., values did not change significantly

for Keq (17) and the relationshifeq = KedH"], where [H] = 3.2 x when NADH was used in place_ of NADPH, th&, value
108 M at pH 7.5. for NADH relative to NADPH increased about 100-fold
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(Table 2), suggesting that the-ghosphate of NADPH  would have to be less thatt5 and greater tham-9.5,
contributes mostly to binding and not to catalysis. K¢ respectively, becaudg,:is independent of pH in the region
value for DXP also increased, 2:30-fold, depending on 6.0 < pH < 8.75. It is more likely that the divalent metal
the metal ion activator that was used. It has been reportedion has the dual role of (1) promoting the initial ionization
for the Zymomonas mobilig28) and Synechocystisp. of the substrate hydroxyl group and (2) assisting in the
PCC680326) DXP isomeroreductases that no activity could formation of intermediate(s), by stabilizing the alkoxide form
be detected with NADH, and that NADH gives only 1% of of the substrate and intermediate hydroxyl groups via
the activity of NADPH for theE. coli (12, 27) enzyme, electrostatic interactions (see Scheme 2), because for such
contrary to our results with th&l. tuberculosisenzyme, electrostatic catalysik.,: is not expected to vary with pH.
where thekg values are similar with these two reduced While ket is pH-independent, thi,."** value increases
pyridine nucleotides. Our results with tihé. tuberculosis  sharply from a value of ZM at pH 8.75 to 1.7 mM at pH
enzyme provide an explanation for this discrepancy. We think 6.0, resulting in a pHkea/Kac" profile that decreases at
that in these earlier studies the enzyme was not saturatedow pH as two ionizable groups on the enzyme with similar
with the substrates because of the high values for the  pK, values of 7.4 become protonated. We think that these
NADH and DXP substrate pair. deprotonated groups coordinate the metal ion in the active

Since NADH seemed to fit the criteria for a less sticky site. Insight into the nature of these groups is provided by
substrate relative to NADPH, we repeated the isotope effectsthe recent crystal structure of tH& coli DXP isomero-
using [45°H]NADH. As anticipated, the isotope effects on reductase with bound Mn and fosmidomycin38). Three
VIK for both substrates increased significantly. Though the carboxylate groups, which are conserved in DXP isomero-
isotope effects have clearly increased wheri'Ceas the reductases from other species (D 151, E 153, and EM22,
metal ion activator, the isotope effects remained relatively tuberculosisenzyme numbering), coordinate the Mrvia
small, suggesting that the commitment factors are still large monodentate interactions. The aldehyde and hydroxy!l groups
for the NADH and DXP substrate pair with this metal ion. of fosmidomycin and a water molecule are the remaining
With Mn?* as activator, NADH and DXP are now almost three ligands that coordinate the Rn Though the K
completely nonsticky, resulting in a significantly lowered values of 7.4 that we obtained from these pH studies are
external commitment and permitting almost full expression high for carboxylate groups, the presence of three carboxylate
of the intrinsic primary deuterium kinetic isotope effect. groups in close proximity to one another is expected to

Rate-Limiting Stepdsotope effects have classically been substantially increase thégvalues from their usual values,
used to probe whether a specific chemical step limits the such that they are largely protonated at neutral pH unless a
rate of a reaction. For enzymatic reactions, isotope effectsmetal ion is bound.
on V/K andV probe different portions of the reaction for
rate-limiting chemical steps. Isotope effects K probe CONCLUSIONS
all steps up to and including the first irreversible step,
generally considered to be release of the first product. In
the present case, the above isotope effect¢/Krestablished
that substrate binding and release, particularly that of
NADPH, is slow compared to chemistry and that the rate of
this binding/release step is further controlled by the metal
ion activator.

Isotope effects oW probe all steps after the formation of
the enzyme complex that will subsequently undergo cataly-

ist i +. .
sis: in the present case, theME*-DXP-NAD(P)H complex. this stickiness was almost completely removed when NADH

In addition to the reduction step, the isomerization step replaced NADPH, permitting almost full expression of the
leading to formation of, enzyme conformational change(s), intrinsic primary deuterium kinetic isotope effect. With the

and product release steps are also probed. For DXP isomer0C02+—activated enzvme. the isotope effects were onlv partl
reductase, the magnitude BY increases when NADH is yme, P y partly

used in place of NADPH, suggesting that release of at Ieastunm"leked when NADH replaced NADPH, suggesting that

one of the products or an enzyme conformational change(s)mhe:. steps, Sgﬁh ;?.S the |s|omer|za}tlolr|1 step, may be .partly
is at least partly rate-limiting with NADPH. As was the case rate-limiting with this metal ion. Fina y, our pH stu_dles_
with PV/K, the magnitude dfV also depends on the identity support an electrostatic role for the divalent metal ion in
of the metal ion activator. With NADPHV is higher for catalysis.
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