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Terpenoids are a large family of secondary metabolites, consisting
of more than 55 000 members, that are widely distributed in nature
and rich in biological activities.1,2 Terpenoids are biosynthesized
starting with two 5-carbon isoprene units, isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP), which have long
been established to be derived from acetate in a pathway involving
mevalonic acid as the key intermediate.3 However, a new mevalonate-
independent isoprene source has recently been discovered in eubacteria,
archeabacteria, algae, and in the plastids of plants.4-6 Since this
pathway is absent in mammals but is essential for many pathogens,
including Plasmodium falciparum7 and Mycobacterium tuberculosis,8

all enzymes in this pathway are potential antibacterial targets.9

The first committed step of this nonmevalonate pathway is the
conversion of 1-deoxy-D-xylulose 5-phosphate (DXP, 1) to methyl-
D-erythritol 4-phosphate (MEP, 2), catalyzed by the NADPH-dependent
enzyme, DXP reductoisomerase (DXR, also known as MEP synthase,
see Scheme 1).10 Since MEP is the first metabolite specific to this
pathway, this biosynthetic route is commonly referred to as the MEP
pathway. Two mechanisms have been proposed for the DXR-catalyzed
reaction (Scheme 1). In the R-ketol rearrangement mechanism (route
A), the reaction begins with deprotonation of the C-3 hydroxyl group
followed by a 1,2-(C4-to-C2)-migration to give methylerythrose
phosphate (3), which is then reduced to MEP (2) by NADPH. In the
retroaldol/aldol mechanism (route B), DXR first cleaves the C3-C4
bond of 1 in a retroaldol manner to generate a three-carbon (4) and a
two-carbon phosphate (5) bimolecular intermediate. These two species
are then reunited by an aldol reaction to form a new C-C bond,
yielding the same aldehyde intermediate 3. Subsequent reduction of 3
by NADPH affords MEP (2).

Despite much effort,11-15 the catalytic mechanism of DXR remains
elusive. To gain direct evidence to differentiate between these
mechanisms, we have prepared [3-2H]-DXP (11) and [4-2H]-DXP (17)
and carried out a competitive secondary kinetic isotope effect (KIE)
study of the DXR reaction. Reported herein are the results and
mechanistic implications.

Since the hydride transfer step is not rate-limiting for the E. coli
DXR,16 the observed KIE should result only from the rearrangement

event. If the reaction proceeds via the R-ketol rearrangement mech-
anism, incubation with [3-2H]- and [4-2H]-DXP is expected to yield
normal and unit KIEs, respectively. This is because C3 undergoes sp3

to sp2 rehybridization during the rearrangement, whereas C4 remains
sp3 through out the reaction. In contrast, sp3 to sp2 rehybridization
occurs at both C3 and C4 in the retroaldol reaction, with C4 converting
back to sp3 in the subsequent aldol condensation. Therefore, [3-2H]-
DXP and [4-2H]-DXP should both display normal 2° KIEs if DXR
follows the retroaldol/aldol rearrangement mechanism.

The two labeled compounds were synthesized according to the
reaction sequence depicted in Scheme 2.17 To determine the KIEs,
we initially turned to the standard noncompetitive method of measuring
the respective kcat and Km values. However, it was observed that the
progress curves resulting from the incubation of DXR with chemically
synthesized [3-2H]-DXP and [4-2H]-DXP are curved, while that for
the enzymatically derived DXP is linear (Supporting Information,
Figure S1).17 This phenomenon may be attributed to the presence of
a contaminant (or contaminants) in the synthetic DXP samples, as the
nonlinear progress curves are suggestive of slow-binding inhibition.18

As shown in Scheme 2, the key step of the synthesis is the
dihydroxylation of deuterated 5-benzyloxy-pent-3-en-2-one (8 and 14)
using an AD-mix � mediated protocol,19 which gave a mixture of
enantiomers (er > 20:1).17 This step is likely the source of the
contaminant(s), because the C4 epimer of 1 is known to be an inhibitor
of DXR.12 Further attempts to purify the labeled samples failed to
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eradicate the nonlinear behavior of the progress curves. This situation
complicates the mechanistic interpretation of the KIE values. During
the course of this investigation, a similar study was published in which
inverse DVmax and D(Vmax/Km) KIEs were measured for [3-2H]-DXP
(0.56 and 0.92) and [4-2H]-DXP (0.62 and 0.86), respectively.20 The
authors concluded that the DXR-catalyzed reaction proceeds via the
retroaldol/aldol mechanism and that the inverse KIEs indicate that
the aldol condensation step (which involves sp2 to sp3 rehybridization)
is rate limiting. However, since C3 and C4 of DXP are both sp3

hybridized in the reactant state, D(Vmax/Km) should be normal for both
[3-2H]- and [4-2H]-DXP. In addition, the inverse DVmax values measured
for [3/4-2H]-DXP (though possible) are much larger than one would
predict. Since a similar synthetic strategy was used by this group and
the DXP obtained had ee values ranging between 74-84%, depending
on the amount of chiral auxiliary used in the dihydroxylation step,21

if the ee for their unlabeled DXP was lower than the isotopically labeled
DXPs, inverse KIEs would artificially be determined.

To circumvent this problem, we opted to determine the KIEs using
the equilibrium perturbation method developed by Cleland and co-
workers.22 DXR is an excellent system for applying this method
because the reaction is freely reversible, and the progress of the reaction
can be followed by monitoring the formation/consumption of NAD-
PH.17 The experiment is initiated by adding DXR to a solution of
NADPH, NADP+, [3/4-2H]-DXP (11 or 17), and MEP (2) at chemical
equilibrium. After enzyme addition, labeled DXP is processed to give
labeled MEP, in the forward direction, with the concomitant oxidation
of NADPH to NADP+. In the reverse direction, the unlabeled MEP is
converted to unlabeled DXP, initiated by NADP+ reduction. If there
is a normal KIE on the reaction, there will be a temporary increase in
the concentration of NADPH because the reverse (unlabeled) reaction
is faster than the forward (labeled) reaction. If there is an inverse isotope
effect, then there will be a temporary decrease in the concentration of
NADPH. Since the labeled and unlabeled substrates are competing
for the same enzyme active site, any enzyme sequestered by an
inhibitor should affect both forward and reverse reactions equally. Thus,
any putatiVe contaminant inhibitor(s) can slow down the oVerall
turnoVer, but will not haVe an effect on the magnitude of the KIE.22,23

The results of the equilibrium perturbation experiments are shown
in Figure 2. Importantly, for both [3-2H]-DXP and [4-2H]-DXP, a
temporary increase in the concentration of NADPH was observed
before returning to equilibrium, corresponding to a normal 2° KIE for
both compounds. The observed perturbation patterns strongly favor
the retroaldol/aldol rearrangement mechanism. The corresponding KIE
values were determined by computer simulation using the KinTek
Explorer program and are listed in Table 1. While these values are
smaller than the 2° KIE values for muscle aldolase (1.21-1.28),24

which catalyzes a similar reaction, they may simply reflect that either
the retroaldol reaction is only partially rate-limiting, or that it has an
early transition state where little rehybridization has occurred. The size

of the KIE for [4-2H]-DXP is slightly larger than that of [3-2H]-DXP.
One possible explanation for this observation is that C3 has less
s-character than C4 in the transition state, because the negative charge
on C3 is not fully delocalized onto the C2-carbonyl in the transition
state.

In conclusion, the 2° KIEs measured in the equilibrium perturbation
experiments with [3-2H]- and [4-2H]-DXP provide direct evidence
supporting a retroaldol/aldol mechanism for the DXR catalyzed
rearrangement of DXP (1) to MEP (2). This mechanistic information
will assist in future design of specific inhibitors for DXR, which offers
much promise for the development of new antibacterial agents.
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Figure 2. Experimental (black trace) and simulated (red trace) changes in
[NADPH] during the equilibrium perturbation experiments with [3/4-2H]-DXP.
Reaction conditions: (A) 165 µM NADPH, 1 mM [3-2H]-DXP (11), 1.1 mM
MEP, 3.1 mM NADP+, and 2 mM MgCl2; (B) 148.5 µM NADPH, 900 µM
[4-2H]-DXP (17), 990 µM MEP, 2.79 mM NADP+, and 1.8 mM MgCl2. The
reaction was initiated by the addition of 1.7 µM DXR.12

Table 1. Summary of Kinetic Data

substrate kcat (s-1) Dkchem
a

DXP 16.1 ( 0.7
[3-2H]-DXP 13.2 ( 0.7 1.04 ( 0.02
[4-2H]-DXP 13.7 ( 0.5 1.11 ( 0.02

a This KIE was determined by computer simulation of the
equilibrium perturbation data and is the ratio of k3 to k3* (see Scheme
S1).
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