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The non-mevalonate or 2-C-methyl-p-erythritol-4-phosphate (MEP) pathway is responsible for generat-
ing isoprenoid precursors in plants, protozoa, and bacteria. Because this pathway is absent in humans, its
enzymes represent potential targets for the development of herbicides and antibiotics. 1-Deoxy-p-xylu-
lose (DXP) reductoisomerase (DXR) is a particularly attractive target that catalyzes the pathway’s first
committed step: the sequential isomerization and NADPH-dependent reduction of DXP to MEP. This arti-
cle provides a comprehensive review of the mechanistic and structural investigations on DXR, including
its discovery and validation as a drug target, elucidation of its chemical and kinetic mechanisms, charac-
terization of inhibition by the natural antibiotic fosmidomycin, and identification of structural features
that provide the molecular basis for inhibition of and catalysis.
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1. DXR and the MEP pathway

The NADPH-dependent conversion of 1-deoxy-p-xylulose 5-
phosphate (DXP) to 2-C-methyl-p-erythritol 4-phosphate (MEP) is
mediated by the enzyme DXP reductoisomerase (DXR). DXR cata-
lyzes this reaction in a single step involving an intramolecular rear-
rangement followed by a reduction of the resulting aldehyde
intermediate. This reaction is part of a series of enzymatic steps
in the MEP pathway (non-mevalonate pathway) for the synthesis
of isoprenoids, which are essential to all living organisms; thus,
DXR is a potential drug target for species that utilize this pathway.
In this review the kinetic, mechanistic, and structural properties of
DXR are presented, and implications for inhibitor design are
discussed.

Abbreviations: DMAPP, dimethylallyl pyrophosphate; DX, 1-deoxy-p-xylulose;
DXP, 1-deoxy-p-xylulose 5-phosphate; DXR, 1-deoxy-p-xylulose-5-phosphate
reductoisomerase; FDP, p-fructose 1,6-diphosphate; IPP, isopentenyl pyrophos-
phate; ITC, isothermal titration calorimetry; KARI, ketol-acid reductoisomerase;
KIE, kinetic isotope effect; MEP, 2-C-methyl-p-erythritol 4-phosphate; MEsP, 2-C-
methyl-p-erythrose 4-phosphate; NADP®, oxidized form of nicotinamide adenine
dinucleotide phosphate; NADPH, reduced form of nicotinamide adenine dinucle-
otide phosphate.
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1.1. Isoprenoid biosynthesis is universally essential

Isoprenoids form the largest class of natural products and are
essential metabolites for all living organisms [1]. These compounds
are derived from the five-carbon isoprene precursors isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP).
The vast number of unique combinations of elongations, rear-
rangements, cyclizations, and oxidations involving these building
blocks accounts for the large diversity in this class of bioorganic
products [2]. Isoprenoids play important roles in various biological
functions, including prenyl lipids in archaebacteria [3], sterols in
eubacteria and eukaryotes [4], light-harvesting pigments such as
carotenoids, carriers for electron transport such as ubiquinone
and menaquinone, and regulators of growth and development such
as steroids, hormones, and cytokinins [5]. Isoprenoids are also
effective as herbicides or herbivore repellents [6].

1.2. Discovery of the MEP pathway

The mevalonate pathway (HMG-CoA reductase pathway),
which initiates with two molecules of acetyl-CoA and generates
IPP in six enzymatic steps, was generally accepted as the only path-
way for biosynthesis of isoprenoid precursors (Fig. 1A). In the early
1990s, however, substantial evidence for an alternate route
resulted from various '3C-incorporation studies; most notably
were the conflicting results using >C-labeled mevalonate precur-
sors [7-13]. Attempts to incorporate >C from labeled acetate or
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Fig. 1. Biosynthetic schemes of the mevalonate and MEP pathways for IPP and DMAPP production.

mevalonate into isoprenoids in various plant systems [14-16] and
into pentalenolactone generated by several species of Streptomyces
[7,8] proved unsuccessful. Further, experiments utilizing labeled
glucose, glycerol, or pyruvate yielded results contradictory to those
predicted by the mevalonate pathway, suggesting the existence of
an alternative route [11,17-21].

The MEP pathway (non-mevalonate pathway), consisting of
seven enzymatic steps leading to IPP and DMAPP, is utilized by
many species of bacteria, protozoa, plants, and algae (Fig. 1B).

The enzymes in this pathway have been the subject of a recent
review [22]. Rohmer and co-workers [20] established that pyru-
vate and glyceraldehyde 3-phosphate (GAP) are the origins of the
isoprenoid carbon atoms in several species of bacteria. It was
determined that these two precursors undergo a condensation
and decarboxylation to produce DXP as the first intermediate in
the pathway [21]. The succeeding reaction catalyzed by DXP reduc-
toisomerase (EC 1.1.1.267; DXR), the subject of this review, con-
verts DXP to the intermediate that lends its name to the
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pathway, MEP [23]. Because DXP is also a precursor for vitamin B,
and Bg metabolic pathways [24], the DXR-catalyzed reaction is
considered the first committed step in this cascade.

1.3. DXR as a potential drug target

Although some species, such as higher plants, have been shown
to possess both MVA and MEP pathways [25], species found to uti-
lize this pathway exclusively include pathogens like Escherichia
coli, Mycobacterium tuberculosis, Mycobacterium leprae, Helicobacter
pylori, Vibrio cholera, Bacillus anthracis, and the malaria causing
protozoan Plasmodium falciparum [26]. The discovery of this MEP
pathway and the determination that it is heterologous from the
MVA pathway utilized by humans allows for the potential develop-
ment of antibacterial and herbicidal drugs with the avoidance of
toxicity to humans. This is likely a valid approach for all of the
aforementioned disease causing species since the enzymes
involved in this pathway have highly conserved sequences [27,28].

The identification of the E. coli gene encoding DXR and first suc-
cessful expression of recombinant protein was reported by Seto
and co-workers [23,29]. In this study, E. coli mutants were pro-
duced and screened for those that were auxotrophic to 2-C-meth-
ylerythritol (ME), which is the free alcohol analogue known to be
used in place of MEP by E. coli, and also circumvented the occur-
rence of poor uptake of the phosphorylated compound. Mutants
that could only survive with the addition of ME underwent com-
plementation studies using an E. coli genomic library. It was found
that the ispC gene was responsible for the growth of these mutants,
and the resulting enzyme from overexpression of this gene was
shown to convert DXP into MEP in a single reaction involving
two steps: an isomerization and immediate NADPH dependent
reduction, which led to the designation of this enzyme as DXP
reductoisomerase [23]. Other DXR knockout studies in E. coli
[30], Arabidopsis thaliana [31], and Bacillus subtilis [32], also proved
toxic for the respective species, further illustrating the dependence
of these organisms on DXR and the MEP pathway. For this reason,
DXR was established as a potential target for antimicrobial
development.

2. The chemical mechanism of the DXR-catalyzed reaction
2.1. Cofactor usage

DXR requires a divalent metal cation and NADPH as cofactors
for catalysis; note that NADPH can more accurately be termed a
co-substrate because it is consumed in the reaction.

2.1.1. Metal cofactor

In general, DXR is activated in decreasing order by Mn?*, Co?*,
and Mg?* but not by Ba?*, Ca*, Cu?*, Fe?*, Ni**, or Zn?* for the
enzymes of bacterial origin [29,33-37]. The greater efficacy of
DXR bound with Mn?* versus Mg?" is consistent with what is often
observed in other cases; it has been argued that the increased flex-
ibility of the metal-ligand bonds exhibited by Mn?" more easily
accommodates distortions in coordination geometry at the transi-
tion state [38]. The identity of the metal cofactor not only alters its
affinity to the enzyme by 2-3 orders of magnitude but also influ-
ences the K., of DXP and NADPH [33-35]. The concentration of
divalent metal required for 50% maximal activation, K,., was
reported to increase sharply at lower pH values; this was attrib-
uted to decreased metal affinity resulting from changes in the pro-
tonation state of the chelating carboxylate groups in the active site
[33,37]. Interestingly, DXRs from plant sources [39,40] and the par-
asite Toxoplasma gondii [41] exhibited similar degrees of activation
by both Mn?* and Mg?* and less or no activation by Co?*, while

plant enzymes additionally possessed a capability of metal cofactor
promiscuity being able to utilize Cu?*, Fe?*, Ni2* [39], Ca®*, and Zn?*
[40].

2.1.2. Dinucleotide cofactor

Preference for NADPH over NADH was reported for the bacterial
DXRs from E. coli [29], M. tuberculosis [33], and Synechococcus
leopoliensis [42], and for the plant enzymes [39,40]. As reflected
in the K, values measured with M. tuberculosis DXR, the primary
reason underlying the lower activity with NADH is its two-orders
decreased affinity [33]; since k¢, is essentially identical for NADPH
and NADH [33], the 2’-phosphate group is a binding determinant
and is not required for catalysis. Studies with DXR from Synecho-
cystis sp. PCC6803 [34], Zymomonas mobilis [43], and E. coli [29]
using a single concentration of NADH showed at least 100-fold
reduced activity, but in light of the elevated K, with M. tuberculosis
DXR, this may be due to sub-saturation.

2.2. Reaction stereochemistry

Stereochemistry studies using (4S)-[4-2H]NADPH with recom-
binant DXR from E. coli, Synechocystis, and M. tuberculosis con-
cluded that the C-1 pro-S hydrogen of MEP originates from the
C-3 hydrogen of DXP, while the C-1 pro-R hydrogen originates
from the C-4 pro-S hydride of NADPH upon reduction of the re face
of MEsP (Fig. 2), making DXR a class B dehydrogenase [44-46]. The
same stereochemical conclusion had been reached by Arigoni et al.
[47] by soaking plant leaves with 1-deoxy-p-[*H]xylulose (DX),
which becomes phosphorylated at C-5 in vivo to produce DXP,
and analyzing the 2-C-methyl-p-erythritol that results from DXR
conversion and dephosphorylation.

2.3. Evidence for carbon-skeleton rearrangement

Even before the ispC gene encoding DXR was identified, the
occurrence of an intramolecular rearrangement had been revealed
by '3C-incorporation experiments. Especially diagnostic were con-
tiguously labeled glucose and DX. Isotope incorporation from
[4,5-13C,]glucose into hopanoid and ubiquinone in Methylobacteri-
um fujisawaense [20] and from ['3Cg]glucose into isoprenoids of
Z. mobilis [21], plastidic isoprenoids of Scenedesmus obliquus [12],
menaquinones of Streptomyces aeriouvifer [13], and dihydromen-
aquinones of Corynebacterium ammoniagenes [17] clearly demon-
strated the separation between C-4 and C-5 in glucose in the
process of forming labeled IPP and DMAPP (Fig. 3). Branched iso-
prenoids resulted from '3C incorporation from [2,3,4,5-3C4]DX
into phytol and carotenoids in Catharanthus roseus [48] and from
[2,3-13C,]- and [2,4-13C,]DX into ubiquinone in E. coli [49]; in
contrast, deuterium incorporation from [1,1-2H,]MEP resulted in
a conserved carbon skeleton in ubiquinone and menaquinone
in E. coli [18]. These findings demonstrated that isomerization in
the MEP pathway occurs during DXP conversion to MEP and that
C-4 of DXP is translocated from C-3 to C-2.

2.4. 2-C-methyl-p-erythrose 4-phosphate as a reaction intermediate

The carbon-skeleton rearrangement involved in conversion of
DXP to MEP is believed to proceed through the aldehyde interme-
diate 2-C-methyl-p-erythrose 4-phosphate (MEsP), which is subse-
quently reduced by NADPH (Fig. 4A) [21,48]. This hypothesis was
originally based on analogy to ketol-acid reductoisomerase (KARI;
EC 1.1.1.86), which catalyzes a similar rearrangement-reduction
sequence in the conversion of 2-acetolactate to 2,3-dihydroxy-3-
methylbutyrate, a precursor involved in the biosynthesis of
branched-chain amino acids (Fig. 4B) [50-52]. The hypothetical
intermediate, 3-hydroxy-3-methyl-2-oxobutyrate, has not been
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directly detected for the KARI-catalyzed reaction [53]; similarly,
MEsP was not observed in several DXR studies [23,29]. Attempts
by Koppisch et al. [35] to detect MEsP by '"H NMR were unsuccess-
ful, leading the authors to conclude the relative abundance of this
intermediate to be <0.2% of the sum of DXP and MEP; the use of
sodium borohydride or N-methylnitrosohydrazine failed to trap
any traces of the aldehyde. Hoeffler et al. [54] noted that the
absence of cofactor or the use of dihydro-NADPH, an inactive ana-
logue of NADPH, both failed to induce detectable isomerization of
DXP. These observations led to the conclusion that either the rear-
rangement and reduction steps are coordinated processes such
that MEsP is never definitively formed or MEsP is tightly bound
to the enzyme prior to NADPH reduction [29,54]; a similar pro-
posal had been made in the case of KARI [53] (see Fig. 4).
Although direct attempts to support MEsP as an intermediate in
the DXR-catalyzed reaction yielded negative results, Rohmer and
co-workers [54] provided the first compelling supportive evidence
by chemically synthesizing MEsP and demonstrating that it is
kinetically competent. When incubated with DXR and NADPH in

the presence of either Mn?* or Mg?*, MEsP was quantitatively con-
verted to MEP faster than DXP by a factor of 4 or 1.6, respectively.
When incubated with the oxidized form of the coenzyme, MEsP
was converted to DXP, albeit only to 7%. Similar to observations
with KARI and its hypothetical intermediate [55], the K, for MEsP
was found to be greater than that for DXP (294 and 158 puM,
respectively, in the presence of Mn?* and Mg?* versus 73 and
97 uM for DXP) [54]. It has been argued that the increased K, val-
ues counter the suggestion of tight binding of the intermediate to
these enzymes; however, it is hazardous to equate Ky and Ky,
which is true only when substrate dissociation is rapid. If one con-
siders a more general case of the two-step steady-state model (Eq.

(1)

ky ky
E+Skx:ES —E+P
1

(1)

Kq=k_1/ky and Ky, = (k_q1 + k3)[k1 = Kq + ko /k;. If reaction of MEsP (k;)
is much faster than its dissociation (k_;)—in other words, it has a
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high forward commitment, making it a “sticky” substrate—then its
K, would be dictated by ky/kq [56]; thus, depending on the ratio of
k, to ki, MEsP could have a K;;, that greatly exceeds its Kg.

2.5. Proposed chemical mechanisms for DXR-catalyzed rearrangement
of DXP

Despite the overall similarities between the DXR- and KARI-
catalyzed reactions, differences in the amino acid sequences and
X-ray crystal structures suggest that the DXR-catalyzed reaction
could potentially proceed through a different mechanism
[55,57,58]. Thus, three possible mechanisms have been considered
for the isomerization of DXP to MEsP: (1) an a-ketol rearrange-
ment, (2) a retro-aldolization/aldolization, and (3) a sequential
1,2-hydride and 1,2-methyl shift (Fig. 5) [43]. The third mechanism
was readily eliminated on the basis of the glucose '>C-incorpora-
tion studies described above (Section 2.2) [21], in addition to
labeled DXP experiments, where [2-'3C]- and [3,4,5-!3C5]DXP
strictly yielded [2-13C]- and [1,3,4-'3C3]MEP, respectively [33,59].
Most attention, therefore, has been placed on discriminating
between the first mechanism, which is directly analogous to that
proposed for KARI (see Section 2.4), and the second mechanism,
which parallels ribulose-5-phosphate 4-epimerase [54,60] and
bacterial class II aldolases [60,61].

2.5.1. Putative retro-aldol intermediates

The putative intermediates resulting from the retro-aldol cleav-
age of DXP are glycolaldehyde phosphate and the enediolate of
hydroxyacetone. Several studies have attempted to find evidence
supporting the generation of these species during turnover
[54,62,63]. Incubations of DXR with glycolaldehyde phosphate
(1-5 mM), hydroxyacetone (1-50 mM), and NADPH revealed no
cofactor oxidation above background when monitoring absorbance
at 340 nm [54,62]. Glycolaldehyde [*?P]phosphate also did not lead
to radioactively labeled DXP or MEP [62]. Moreover, incubation of
DXR with [1-13C|DXP and NADPH failed to yield a signal corre-
sponding to [3-!3C]hydroxyacetone, indicating this compound is
not formed in detectable quantities during the reaction [54].

An extensive label-incorporation study performed by Lauw
et al. [63] utilized various combinations of '3C-labeled/unlabeled
MEP, glycolaldehyde phosphate, and hydroxyacetone. Similar to
earlier studies, the incubation of high concentrations of hydroxyac-
etone and ['3C,]glycolaldehyde yielded no detectable MEP. A
mixture of [1-13C]- and [3-'>C]MEP and NADP* with a high concen-

tration of DXR was allowed to reach thermodynamic equilibrium,
but no fragment exchange was observed despite thousands of reac-
tion cycles. Likewise, no isotope washout was detected when
[1,3,4-13C3]MEP was incubated with unlabeled hydroxyacetone.
The results of these studies demonstrate that DXR does not possess
aldolase activity and led to the conclusion that either the reaction
proceeds via the a-ketol rearrangement mechanism or the putative
fragments are tightly confined in the active site during catalysis.
With respect to the latter possibility, the authors noted that crystal
structures depict DXR'’s active-site flexible loop (see Section 5.4) to
be closed when NADPH and DXP are bound, suggesting that ligand
exchange with bulk solvent is precluded. Since the intermediate
can access this site when it is added exogenously in place of
DXP, the flexible loop is clearly not a rigid barrier, and therefore,
the smaller putative intermediates would be expected to exhibit
similar access from bulk solvent [63]. The collective negative
results from this investigation are consistent with both mecha-
nisms, though fewer assumptions are required for the o-ketol
rearrangement [54,63].

An alternative substrate binding mode was offered by Li et al.
[64] as an explanation for the inability of DXR to exchange the
two putative products of the retro-aldol reaction with bulk solvent.
Incubation of DXR with Mg?*, NADPH, and DXP in buffered H,'0
resulted in '80 incorporation into C-2 of MEP, which originated
as the carbonyl (C-2) in DXP, but not into C-1 or C-3 (see Fig. 3
for atom numbering). According to the retro-aldol/aldol mecha-
nism, each of these three positions exists as a carbonyl, at least
transiently, during catalysis, and therefore, could potentially
exchange its oxygen with bulk solvent. The absence of isotope
exchange was considered to be indicative of protection due to
coordination of the carbonyl oxygen to the divalent metal, while
the occurrence of exchange was deemed the result of a lack of
coordination. Thus, the authors argued that, in conjunction with
previous studies that suggest DXP’s C-3 and C-4 hydroxyl groups
are essential for catalysis (see Section 2.5.2) [54,65], DXP binds
to the divalent metal via a C3-C4 binding mode (Fig. 6) rather than
the generally accepted C2-C3 mode [26,37,66,67]. It was suggested
that the inability of DXR to reunite the two putative intermediates
when added exogenously was due to the infrequent termolecular
process that would need to occur in order to form a reactive com-
plex. The absence of the reverse process—that is, aldolase-like
release of the enediolate and glycolaldehyde intermediates—was
reasoned to be the result of tight binding of these fragments via
the C3-C4 mode. The tight metal coordination suggested to accom-
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pany this binding mode additionally accounts for the kinetic
competence of exogenous MEsP and explains why it may not be
readily released from the active site during catalysis. Evidence for
the C3-C4 binding mode rests on interpretation of the '0
exchange experiment. The results could alternatively be inter-
preted as supporting the C2-C3 binding mode if one considers that
as a Lewis acid, the divalent metal would increase the electrophi-
licity of the coordinated carbonyl and therefore promote hydration.
Further, the absence of exchange at the other positions could be
the result of the transiency of the intermediates; exchange into
MEP’s oxygen atoms at C-1 (via MEsP) and C-3 (via glycolaldehyde
phosphate) requires the rate of on-enzyme hydration to rival the
rates of hydride transfer and aldolization (either back to DXP or
forward to MEsP), respectively.

2.5.2. DXP analogues

Among the first kinetic evidence supporting the retro-aldol/
aldol pathway (or more precisely, failing to exclude it) was the
absence of activity upon removal or modification of DXP's C-4
hydroxyl group. This moiety is necessary for the retro-aldol/aldol
process but would not play a direct role in the o-ketol rearrange-
ment. 1,4-Dideoxy-p-xylulose 5-phosphate failed to serve as a sub-
strate for E. coli [54] and Synechocystis sp. [68] DXR, though it
displayed inhibition (K; = 120 uM and 30 pM, respectively) compa-
rable to DXP’s K, (73 uM and 170 pM, respectively), indicating
that the C-4 hydroxyl is required for turnover but not binding.
The C-4 epimer of DXP (i.e., 1-deoxy-L-ribulose 5-phosphate) sim-
ilarly failed to be converted by DXR but acted as a competitive
inhibitor (K; = 180 uM) [68]. Substitution of a fluorine for the C-4
hydroxyl group of DXP again resulted in a lack of turnover but
inhibited (K;=770 uM) E. coli DXR [65]. Because these inhibitors
were all reasonably good ligands but could not be processed by
the enzyme, the retro-aldol/aldol mechanism appeared favorable.

DXP analogues fluorinated at C-1 were also studied in an
attempt to distinguish between the two mechanisms through
inductive electronic effects in formation of the transition state dur-
ing the rate-limiting step in the reaction. The groups of Liu and
Poulter independently synthesized 1-fluoro-DXP and demon-
strated its competence as a substrate for E. coli DXR [62,65]. Liu
and co-workers [65] argued that the electron-withdrawing nature
of the fluorine substituent would render the carbonyl more elec-
tronegative and thereby accelerate a 1,2-migration. Although the
authors acknowledged that the fluorine would also promote a
retro-aldol cleavage through stabilization of the incipient enedio-
late, they noted that it may slow the subsequent aldol step. 1-Flu-
oro-DXP was found to be a slightly poorer substrate than DXP, with
a similar K, and fourfold lower k¢, prompting the authors to favor
the retro-aldol/aldol mechanism [65]. Fox and Poulter offered dif-
ferent reasoning. They asserted that the o-ketol rearrangement
requires the carbonyl oxygen either to be protonated or to coordi-
nate to the divalent metal to facilitate cleavage of the carbon-
carbon bond (Fig. 7). They also noted that the basicity of a ketone
carbonyl is reduced by each addition of an o fluorine [69]; thus, a
weakening in the ability of the ketone to complex with the metal
was expected. Because formation of the oxacarbenium ion under-
going rearrangement is typically much slower than the sigmatrop-

(1) a-Ketol (2) Retroaldol/aldol
-H -
X) ) X\ o
Oj/'Y\OPi Oj’,<,k‘/\oPi
o. 0\\
F H F H‘/:?
X .H X .
1 :0 1
o of :
0 . 0~
?H "jék(\opi \4‘/\ oP,
o, o})
F H F ®
i HB ~
'/':B we l
®
X H X o
® o HB
HO | 5 HO |
F—" oP; F—" OP,
o
s I
HO_ F HOI’ F
OP; F~ OP;

|
OH OH NADP* NADPH 0  OH

Fig. 7. DXR catalysis of 1-fluoro-DXP through (1) the a-ketol rearrangement and (2)
the retro-aldol/aldol mechanisms. Adapted from Fox and Poulter [62].

ic rearrangement itself, the o fluorine was anticipated to decelerate
such a process, not accelerate it, as had been suggested previously
[65]. Conversely, an o fluorine would facilitate the retro-aldol reac-
tion by stabilizing the developing enediolate, as was also argued by
Wong et al. [65]; this step was proposed to be rate determining in
the rearrangement. In contrast to the results by Liu and co-work-
ers, 1-fluoro-DXP was reported to be as good of a substrate as
DXP, with similar ke, (37 versus 21 s™!) and single-turnover rate
(kmax =61 57! for both). This result was taken as support for the
retro-aldol/aldol rearrangement, provided that the isomerization
step was at least partially rate limiting in the overall reaction
(see Section 2.5.3).

2.5.3. Kinetic isotope effects for isomerization

Although the substrate analogue studies are consistent with the
retro-aldol/aldol mechanism, functional group manipulations
often alter unintended parameters such as sterics and electronics,
and the results can be confounding. Kinetic isotope effects (KIEs)
provide an attractive alternative, as they introduce a kinetically
accessible perturbation in the substrate without changing its struc-
ture or electronics.

To better discern between the two possible rearrangement
mechanisms, o-secondary KIEs were measured for [3-?H]- and
[4-H]|DXP. In the case of the a-ketol rearrangement, C-3 under-
goes rehybridization from sp> to sp? while C-4 remains sp’
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hybridized. Because the C-H bond is looser when sp? hybridized
(due to its predominant lower-frequency out-of-plane bend), this
situation is expected to yield normal (i.e., KIE > 1) and unit KIE val-
ues, respectively, at C-3 and C-4. In contrast, during the retro-aldol
cleavage, both C-3 and C-4 undergo rehybridization from sp> to sp?
and are expected to yield normal KIEs [70]. Thus, the magnitude of
these KIEs can differentiate the two mechanisms, provided that
isomerization is at least partially rate limiting, which was estab-
lished for E. coli [62] and M. tuberculosis [33] DXRs (see Section 3.2).

An initial attempt to measure the 3- and 4-H KIEs on ke, and
keat/Km (symbolized PV and P(V/K), respectively) for E. coli DXR
was undertaken by Wong and Cox [71]. The unlabeled and two
deuterated DXPs were synthesized by three different routes, and
their steady-state kinetic parameters were measured individually
using a spectrophotometric assay. Calculating the KIEs as the quo-
tients of the rate constants, Wong and Cox reported inverse °(V/K)
of 0.92 and 0.86, respectively, for [3-H]- and [4->H]DXP and very
large, inverse PV of 0.56 and 0.62, respectively. They reasoned that
this was evidence for the retro-aldol/aldol pathway whereby the
aldol step, involving a rehybridization at both positions from sp?
to sp?, is rate limiting. However, their measured PV values exceed
the range of secondary deuterium KIEs. Munos et al. [70] suggested
that the erroneous KIEs could be attributable to the variable ee val-
ues (74-84%) of their chemically synthesized DXPs [72]; if their
unlabeled DXP had a lower ee than the deuterated DXP isotopo-
logues, then inverse KIEs would artificially result. To avoid such
factors that plague KIE determinations by direct comparison of
rates, Munos et al. [70] repeated the measurements using equilib-
rium perturbation, in which the light and heavy isotopologues
react simultaneously, and any inhibitors present would affect the
forward and reverse directions equally [70,73]. The corresponding
secondary KIEs were both normal—1.04 for [3->H]DXP and 1.11 for
[4-H]DXP—strongly supporting the retro-aldol/aldol mechanism.
The slightly lower magnitude of these ?H KIEs compared to muscle
aldolase, which employs a similar mechanism, was suggested to be
reflective of a partially rate-limiting rearrangement or an early
transition state. Further, it was suggested that the 4-H KIE is lar-
ger than the 3-?H KIE because C-4 has more s-character than C-3 in
the transition state such that the negative charge at C-3 has not yet
delocalized completely onto the carbonyl at C-2 in the transition
state.

Complementary to the deuterium KIE determinations, '>C KIEs
were determined by Manning et al. [74] for M. tuberculosis DXR
using a method based on 2D ['3C,'H]-HSQC NMR. This highly pre-
cise technique employs an internal competition for measurement
of KIEs, in which light (*2C) and heavy ('3C) substrates are reacted
simultaneously in the same mixture with the enzyme. As the reac-
tion proceeds under the influence of a KIE, the 3C/'2C ratio (R) of
the remaining substrate is observed to increase due to the faster

consumption of the light isotopologue. The KIE is obtained by plot-
ting R as a function of the fraction of conversion (F) and fitting the
data to Eq. (2),

R/Ry = (1 — F)/KE- 2)

where Ry is the initial value of R. Using this method, Manning et al.
[74] measured 2-, 3-, and 4-'3C KIEs of 1.0031, 1.0303, and 1.0148,
respectively. Whereas the latter two are large enough to be primary
KIEs (i.e., involving ¢ bond formation/cleavage), the smaller 2-13C is
not. Because the alkyl migration of the o-ketol rearrangement
requires primary '3C KIEs at all three positions, this mechanism
was excluded. Further, because the retro-aldol step involves cleav-
age of the C3-C4 bond with minimal change at C-2, these KIEs indi-
cate that this step cleanly limits the retro-aldol/aldol sequence.

3. Kinetic mechanism

Steady-state kinetic parameters have been reported for DXR
from various organisms of prokaryotic and eukaryotic origins
(Table 2). The values of many of these parameters spread over a
few orders of magnitude due to several variables including the
source organism, engineered features of the enzymes, and assay
conditions (in particular temperature and the metal cofactor).
Due to its high cellular concentration, Mg?* is often considered to
be the physiologically relevant cofactor used by DXR [33-35];
accordingly, it was employed in determinations of most of the
parameters in Table 2.

3.1. Substrate/product binding order and equilibrium constant

Detailed investigations of the kinetic mechanism have been
performed for E. coli [35,65] and M. tuberculosis [33,75] DXRs. Upon
inspection of the patterns of dead-end inhibition by the DXP ana-
logue fosmidomycin and the NADPH analogue 1,4,5,6-tetrahydro-
NADP (also referred to as dihydro-NADPH or NADPH3), a steady-
state ordered mechanism with NADPH adding before DXP was con-
cluded for the E. coli enzyme [35]. Consistent with this model, the
observed non-competitive patterns of inhibition by fluorinated
DXP mimics versus DXP and apparent substrate inhibition by
DXP led to the conclusion that MEP dissociates before NADP* and
that DXP can bind nonproductively to the E-NADP* complex
(Fig. 8A) [65]. Computer simulations using this mechanism
(Fig. 8A, black) were consistent with data acquired in an equilib-
rium perturbation experiment (see Section 2.5.3), which was used
to determine deuterium KIEs for E. coli DXR [70]. In the case of the
M. tuberculosis enzyme, product inhibition and KIE studies by Argy-
rou and Blanchard [33] and transient kinetic investigations by Liu
and Murkin [75] established a steady-state mechanism with

Table 1
Kinetic isotope effects for DXR.
Organism Label position Predicted KIE® Expt. KIE Ref.
o-Ketol rearrangement Retro-aldol/aldol rearrangement
Escherichia coli DXP 3-2H a-2°(1.0-1.5) a-2° (1.0-1.5) 1.04° [70]
DXP 4-2H No KIE (~1) 0-2° (1.0-1.5) 1.11°
NADPH 4-2H 1°(2-7) 1.02¢ [62]
Mycobacterium tuberculosis DXP 2-13C 1°(1.01-1.07) o-2° (~1) 1.0031¢ [74]
DXP 3-13C 1°(1.01-1.07) 1°(1.01-1.07) 1.0303¢
DXP 4-13C 1°(1.01-1.07) 1°(1.01-1.07) 1.0148¢
NADPH 4-H 1°(2-7) 2.2° [33,110]

2 Assuming the following are the rate-limiting steps: isomerization for a-ketol, retro-aldol step for retro-aldol/aldol, and hydride transfer. If more than one step is partially
rate limiting, KIEs would be expected to be toward the lower end of the predicted range.

b Calculated by numerical simulation to equilibrium perturbation data.

¢ Measured by direct comparison of single-turnover kinetics data.
9 Measured by competition by 2D ['H,'*C]-HSQC NMR.
¢ Measured by direct comparison of steady-state kinetics data.
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Table 2
Comparison of kinetic parameters of DXRs from various organisms.*
Organism Protein construct T (°C) Keat (s71) keat/Km.pxp (M~1s71) Km (UM) Kacemg (UM)° Ref.
DXP NADPH

Bacteria

Escherichia coli Native 37 116 1.0-10° 115 0.5 ND°© [35]
Native 37 12 40-10° 30 ND* ND* [116]
His-tagged 37 74 1-10°¢ 73 ND¢ ND¢ [54]
His-tagged 37 0.2 2.10° 99 18 ND¢ [36]

Mycobacterium tuberculosis Native 25 2.1 5.10% 42 5.0 1200 [33]
His-tagged 25 5.3 46-10* 115 9.8 ND¢ [75]

Synechocystis sp. Native 37 5.0 3.7-10% 134 5.0 2370 [34]
His-tagged 37 7.0 4.1.10* 170 4.6 ND°©

Zymomonas mobilis His-tagged 40 14¢ 47-10%¢ 300 5 ND*¢ [43]¢

Francisella tularensis His-tagged 22 2.0 1.9-10% 104 133 ND¢ [84]

Streptomyces coelicolor Native 25 19.2 1.0-10° 190 190 ND¢ [117]

Thermotoga maritima His-tagged 50 0.29 7.5.10° 40 2.8 ND¢ [85]

Protozoa

Plasmodium falciparum HB3 His-tagged 30 ND¢ ND¢ 106 ND¢ ND® [86]¢

Toxoplasma gondii His-tagged 30 ND® ND¢ 26 ND¢ ND¢ [41]

Plantae

Arabidopsis thaliana His-tagged 37 4.4 33.10% 132 30 1000 [39]

Coleus forskohlii His-tagged 37 0.25¢ 1.7-10°¢ 147.2 82.5 ND¢ [40]¢

Measured in the presence of Mg?*, unless stated otherwise.

ND = not determined.
Calculated from the reported specific activity.

a
b
C
d
¢ In the presence of MnCl,.

Concentration of the metal ion required for half-maximal activity at saturating substrate concentrations.

T A ket of 1.3 s~ was reported when NADPH was the variable substrate and the enzyme was 79% saturated with DXP.

random binding of NADPH and DXP but ordered release of the
products, NADP* followed by MEP (Fig. 10B). Additionally, NADPH
was demonstrated to be a “sticky” substrate, tending to proceed
through the reaction in preference to dissociating from the
Michaelis complex [33]; this behavior is reflected in a fourfold
lower K, relative to its Kq [75]. Due to the much lower K, of
NADPH versus DXP, the operational pathway of the reaction favors
binding of NADPH prior to DXP (Fig. 10B, blue), except at low con-
centrations of the cofactor [75]. The final step, release of MEP, is
partitioned into one of two alternative pathways: direct dissocia-
tion (Fig. 10B, green), which is the minor pathway when NADPH
is saturating, and dissociation from the nonproductive
E-NADPH-MEP complex (Fig. 10B, red), which is the predominant
pathway. In contrast to the proposed E. coli DXR mechanism, no
appreciable binding of DXP or MEP to the E.NADP® complex
(Fig. 10B, gray) was observed for M. tuberculosis DXR, suggesting
E-NADP" is an effectively dead-end complex [75].

The reversibility of the reaction (i.e., conversion of MEP to DXP)
has been shown for E. coli and M. tuberculosis DXRs [33,35,54,75].
The external equilibrium constant, K,,, for the formation of MEP
at pH 7.5 was estimated to by several groups using different meth-
ods to be in the range of 27-69 [33,35,54]. An internal equilibrium
constant of 22 was calculated for M. tuberculosis DXR using the
ratio of forward and reverse microscopic rate constants obtained
from kinetic simulation [75]. These findings indicate that the phys-
iological reaction direction is favored both on and off the enzyme,
consistent with the “descending staircase” free energy model
described by Benner and co-workers [76] in which optimal enzyme
catalysis is achieved when each catalytic step is energetically
favorable.

3.2. Rate-limiting steps

KIE measurements [33,74] and transient kinetic analysis [75]
for M. tuberculosis DXR indicate that kc,/K,, is partially limited
by chemistry, while ke, is additionally limited by release of the
second product MEP. The slow release of MEP was associated with

a burst of NADPH oxidation nearly stoichiometric with the
M. tuberculosis DXR concentration under pre-steady-state condi-
tions [75]; interestingly, this behavior was not observed for the
E. coli enzyme [62], suggesting that the reaction free energy
profiles for these orthologues may differ.

The relative barrier for the reduction step has been examined
for E. coli and M. tuberculosis DXRs by determination of the primary
deuterium KIE for hydride transfer. Argyrou and Blanchard [33]
reported moderate values of PV=1.3 and P(V/Kpxp)=2.2 for M.
tuberculosis DXR using (4S)-[4-°H]NADPH, indicating a partially
rate-limiting reduction step. The suppressed KIE on kciy: (Vinax)
was explained by the fact that this rate constant and not k¢,¢/Kp,
includes slow release of the second product, MEP [75]. Interest-
ingly, the identity of the metal cofactor was found to influence
the magnitudes of these KIEs and correspondingly the nature of
rate-limiting steps of the reaction. Specifically, because both PV
and P(V/Kpxp) were significantly higher with Mn?* than with
Mg?* or Co®*, at least one step other than hydride transfer (e.g.,
isomerization, enzyme conformational change(s), or product
release) was suggested to be slower for the latter two metal ions
[33]. Fox and Poulter [62] followed this study by demonstrating
the absence of a KIE with E. coli DXR under single-turnover condi-
tions. In this case, excess enzyme relative to NADPH/NADPD was
employed to restrict the observed signal change to steps up to
and including hydride transfer during the first turnover. The unit
KIE therefore suggests that a step prior to reduction is rate limiting
for E. coli DXR. Curiously, hydride transfer could be rendered par-
tially rate limiting by using 1-fluoro-DXP as the substrate, resulting
in a KIE of 1.34 [62]. This change in rate-determining step indicates
that the introduction of fluorine either decelerates hydride transfer
or accelerates a previous step, such as rearrangement. The authors
favored the latter explanation, taking it as evidence for the retro-
aldol/aldol mechanism, in which the fluorine would be predicted
to stabilize the enediolate formed during the retro-aldol step
(recall Section 2.5.2).

If the rearrangement step is fully rate limiting in the reaction
catalyzed by E. coli DXR, as suggested by the above primary KIE
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Fig. 9. Fosmidomycin, analogues, and slow tight-binding inhibition mechanism. (A)
Fosmidomycin (R = H) and FR-900098 (R = Me). (B) Reverse hydroxamic analogues
(R=H or Me) from Kuntz et al. [81]. (C) Cyclic carbamate analogues (X = H or OH)
from Mercklé et al. [83]. (D) Two-step mechanism for slow tight binding of
fosmidomycin to DXR.

studies, one would expect the “half reaction” consisting of reduc-
tion of MEsP by NADPH to proceed much faster; however, as
described in Section 2.4, exogenous MEsP was converted to MEP
by E. coli DXR only 1.6-fold faster than DXP in the presence of
Mg?* [54]. Although this result appears at odds, it can be explained
by the existence of a slow conformational change associated with
MEsP binding, a step that is foreign (and detrimental) to the phys-
iological reaction with DXP. Transient kinetics and KIE experiments
on the “half reaction” may provide a resolution.

The rate limitation of the isomerization step was assessed by
KIEs using labeled DXP, discussed earlier (Section 2.5.3). The mod-
erate primary 3- and 4-'3C KIEs and small secondary 2-'3C KIE
measured by Manning et al. [74] for M. tuberculosis DXR indicate
that rearrangement is partially rate limiting overall and more spe-
cifically that the two-step isomerization is cleanly limited by the
retro-aldolization. The a-secondary 3- and 4-?H KIEs reported by
Munos et al. [70] for E. coli DXR similarly indicate that isomeriza-
tion contributes to rate limitation with this orthologue. At 1.04
and 1.11, respectively, these KIEs are much smaller than expected
for complete rehybridization from sp> to sp? at C-3 and C-4, indi-
cating that this process has an early (i.e., DXP-like) transition state
or it is only partially rate limiting. Additional KIE experiments are
necessary to distinguish between these possibilities.

4. Inhibition by fosmidomycin

To date, the design of inhibitors targeting DXR has been almost
entirely centered on structural alterations of the parent compound
fosmidomycin (Fig. 9A), a natural antibiotic isolated from the
actinobacterium Streptomyces lavendualae [77]. Several reviews
provide comprehensive background on the design, synthesis, and

biological evaluation of fosmidomycin analogues [26,78,79]. Here,
we focus on the kinetics and thermodynamics of interactions
between DXR and fosmidomycin.

4.1. Kinetics of fosmidomycin inhibition

The kinetics of inhibition by fosmidomycin has been character-
ized to different extents for DXRs of various species (Table 3).
Fosmidomycin mimics DXP [66], serving as a competitive inhibitor
against Z. mobilis [43] and A. thaliana [39] DXRs with K; values of
600 and 85 nM, respectively. In apparent contrast, initial studies
on the inhibition of the E. coli [23] and Synechocyctis [80] enzymes
reported mixed (non-competitive) inhibition versus DXP. More
detailed investigations of the pre-steady-state phase of inhibition
revealed that fosmidomycin is actually a slow-onset, tight-binding
inhibitor often described as following a two-step binding mecha-
nism (Fig. 9D) [35,80,81]. Initial weaker binding to the same
enzyme form that binds DXP determines the competitive inhibi-
tion pattern and is characterized by the constant K;, while an over-
all binding process leading to the tighter complex EI* gives rise to a
non-competitive profile with an inhibition constant K;. The ratio
Ki/K; indicates the increase in inhibition resulting from the slow,
thermodynamically favorable process, often considered a confor-
mational change that leads to stronger enzyme-inhibitor interac-
tions [82]; this ratio is dictated by the relative magnitudes of the
rate constants for formation (k,) and breakdown (k_,) of EI*
(Fig. 9D, inset). The values of Ki/K; vary from 4 to 10 for E. coli
DXR [35,81,83] up to 225 for Synechocystis DXR [80], indicating
that the favorability of the purported equilibrium depends on the
enzyme’s source. Based on these observations, the slow, tight-
binding behavior of fosmidomycin was assumed for DXRs from
Francisella tularensis [84], Thermotoga maritima [85], P. falciparum
[86], and T. gondii [41]; by pre-incubating these enzymes with
the inhibitor for 5-10 min prior to initiation of the reaction with
DXP, the slow-onset phase was avoided, and therefore, the
observed inhibition constants in these cases represent K; (Table 3).
Interestingly, fosmidomycin analogues with a reversed hydroxa-
mic moiety (Fig. 9B) also exhibit slow, tight-binding behavior
[81], while phosphonate derivatives containing a conformationally
locked carbamate (Fig. 9C) do not [83].

4.2. Fosmidomycin binding mode

Binding of fosmidomycin in the active site of DXR is determined
by two major interactions: (1) chelation by the oxygens of the
hydroxamic moiety to the bound metal cofactor (Mg?* or Mn?")
and (2) electrostatic/H-bond interactions between the active site
and the phosphonate group. The identity of the metal cation,
Mg?* or Mn?*, does not influence the affinity of fosmidomycin to
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residues and binding pockets are outlined. (C) Schematic illustration of interactions
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DXR, as determined by inhibition (Table 3) and isothermal titration
calorimetry (ITC) [86]. The absence of metal cofactor led to a failure
to observe binding of fosmidomycin to the enzyme in ITC experi-
ments, suggesting that chelation is a binding requisite; however,
E. coli DXR was shown to co-crystallize with NADPH and a high
concentration (10 mM) of fosmidomycin in the absence of any
divalent metal [37]. Moreover, non-chelating phosphonates were
reported to bind and moderately (in the micromolar range) inhibit
the enzyme [86-88]. Thus, metal chelation by fosmidomycin in the
active site of DXR is important for high affinity but not an essential
interaction. On the contrary, substitution of the phosphonate
group of fosmidomycin with an aryl halide or heterocyclic group
[87], uncharged sulfone or sulfonamide groups, and singly-charged
sulfamate, carboxylate, or phosphonate monoesters [80,89,90]
impaired the inhibitory activity of corresponding analogues by sev-
eral orders of the magnitude in comparison to fosmidomycin.

These findings emphasize the importance of the phosphodianion
anchoring group of fosmidomycin and its derivatives. Additionally,
structural [91] and kinetic [92] investigations have suggested that
this moiety is an allosteric effector, triggering closure of a flexible
loop over the active site of DXR (see Section 5.4).

4.3. Thermodynamics of fosmidomycin binding

While the kinetics of fosmidomycin interactions with DXR have
been a subject of many investigations for almost two decades, the
thermodynamic aspect of these interactions came into focus only
recently. Cai and co-workers [86] reported a thermodynamic
investigation of fosmidomycin binding to DXRs from E. coli,
M. tuberculosis, and P. falciparum. The affinity of fosmidomycin to
E. coli and P. falciparum DXRs is essentially the same and an order
of magnitude higher than that to the M. tuberculosis enzyme
(Table 2). In contrast, the thermodynamic signatures of fosmido-
mycin’s interaction with P. falciparum and M. tuberculosis DXRs
are similar, featuring exothermic binding driven equally by enthal-
pic and entropic components, while binding to E. coli DXR is
endothermic and strongly entropy-driven. This behavior has been
rationalized by a difference in degree of hydration of the unli-
ganded metal-binding site in which the E. coli enzyme is signifi-
cantly more hydrated.

4.4. Pharmacokinetics

With the exception of sulfur-containing isosteres [93], the
potency of fosmidomycin and its acetyl analogue FR-9800098
(Fig. 9A) has never been dramatically outcompeted despite signif-
icant efforts in inhibitor design. These inhibitors are effective
against the growth of malaria-causing P. falciparum in vitro and
in vivo (Table 3) [94], and fosmidomycin has shown clinical suc-
cess in clearing malarial infections in combination with clindamy-
cin [95]. Unfortunately, both compounds have poor bioavailability
and do not exhibit antitubercular activity [79,96]. Uptake studies
have confirmed that unlike with Gram-negative bacteria, fosmido-
mycin does not accumulate intracellularly in M. tuberculosis [97].
One of the reasons underlying the poor pharmacokinetics of fosm-
idomycin is its polar, anionic character, hindering transport
through the lipid-rich mycobacterial cell wall or the several mem-
branes leading to the plasmodial apicoplast, the organelle contain-
ing the enzyme. Three inhibitor-design strategies aimed to
increase the inhibitor’s hydrophobicity include (1) esterified pro-
drugs that undergo conversion to the intact form of fosmidomycin
inside the cell [79,98], (2) introduction of lipophilic moieties onto
the backbone of fosmidomycin [87,98,99], and (3) replacement of
the phosphonate dianion moiety by lipophilic groups [87,100].
Esterification has shown to be the most successful of these
approaches to date in improving antimicrobial efficacy [79,98].

5. Structural studies
5.1. Overall structure of DXR

Structures of DXR and its complexes have been investigated by
X-ray crystallography, solution NMR [101,102], and molecular
dynamics [103]. These structures reveal that all known DXRs exist
as homodimers (each subunit molecular weight is 39-45 kDa) with
similar overall 3D arrangement [67,91]. The crystal structures to
date reveal an asymmetric homodimer comprised of an N-terminal
NADPH-binding domain (a member of the classical Rossmann-type
dinucleotide-binding domains), catalytic domain, connecting
region, and C-terminal domain (Fig. 10A, chain A). The integrity
of the dimer in maintained upon formation of multiple salt-bridges
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Table 3
Inhibition of DXRs from various organisms by fosmidomycin.

Organism* Ref. Divalent metal Inhibition mode” T (°C) K; (nM) Biological activity®
Bacteria
Escherichia coli (native) [35] Mg?* Slow tight-binding 37 Ki=215 ND¢
Ki=21
Escherichia coli (His-tagged) [23] Mn?* Mixed 37 38 3.13 pg/mL
[83] Mn?* Slow tight-binding 37 Ki=272 ND¢
K =41
[81] Mg? Slow tight-binding 37 K; = 40 10 uM
K =10
[88] Mg?* STB assumed® 30 27 ND¢
Mycobacterium tuberculosis (native) [79] Mg?* ND¢ 30 ND >500 pg/mL
Mycobacterium tuberculosis (His-tagged) [96] Mg?* ND¢ 30 150" ND¢
[88] Mg?* STB assumed® 30 140 ND¢
[110] Mg?* Slow tight-binding 25 93 ND¢
Synechocystis sp. [80] Mn?* Mixed Slow tight-binding 37 57 (mixed) ND¢
K; =900
Ki=4
Zymomonas mobilis [43] Mn?* Competitive 40 600 ND¢
Francisella tularensis [84] Mg? STB assumed® 22 99 IC50=12.1 uM
Thermotoga maritima [85] Mg?* STB assumed® 50 168 ND¢
85 38°
Protozoa
Plasmodium falciparum (native) [94,118,119]" ND¢ ICs0=0.290-1.17 uM
Plasmodium falciparum (His-tagged) [86] Mn?* STB assumed® 30 21 ND¢
Toxoplasma gondii (native) [120] ND! No effect on culture
Toxoplasma gondii (His-tagged) [41] Mg?* STB assumed® 30 90 ND¢
Plantae
Arabidopsis thaliana [39] Mg?* Competitive 37 85 ND¢
Coleus forskohlii [40] Mn?* ND¢ 37 148" ICso ~ 1 mM

¢ All enzymes are His-tagged fusions unless stated otherwise.
5 Inhibition versus DXP.

¢ Minimum inhibitory concentration unless stated otherwise.
9 ND = not determined.

e

STB = slow tight binding. The enzyme was pre-incubated with fosmidomycin for 5-10 min prior to addition of DXP.

f

Calculated from reported ICso value of 310 nM, using the Cheng-Prusoff equation with 50 uM DXP and K, pxp = 47 UM, as measured by the authors.

& Calculated from reported ICso values of 93 nM (50 °C) and 107 nM (85 °C), using the Cheng-Prusoff equation with 200 uM DXP and Ky, pxp =40 uM (50 °C) and 110 pM

(85 °C), as measured by the authors.
" Values are strain dependent.

I Calculated from reported ICs, value of 450 nM, using the Cheng-Prusoff equation with 300 puM DXP and K, pxp = 147 UM, as measured by the authors.

at the dimer interface. As previously reported, the number of salt
bridges varies for different species: three, eight, four, and fourteen
for E. coli, M. tuberculosis, Z. mobilis, and T. maritima DXRs, respec-
tively [85]. The large number in T. maritima DXR is believed to
account for its thermostability. Sequence alignment of the struc-
tures of DXR from organisms listed in Tables 2 and 3 show high
conservation of the residues from the catalytic domain (Fig. 10A,
chain B) and variation of the peripheral domain residues, with an
overall sequence identity fluctuating around 40%. Numerous publi-
cations provide multiple-sequence alignment of DXRs from various
organisms, and the reader is referred to those sources
[39,40,91,104,105].

5.2. Inhibitor-enzyme contacts

The active-site architecture of DXR with bound Mn?*, NADPH,
and inhibitor features three major nodes of interaction between
the inhibitor and active-site residues: a metal-binding site, a phos-
phate-binding pocket, and flexible loop forming the lid over the
active site (Fig. 10B). Interestingly, the binding mode of fosmido-
mycin was first interpreted as reflecting that of the intermediate
MESsP, due to the presence of formyl groups in each [66]; however,
it was later noted that based on the observed metal coordination of
fosmidomycin’s carbonyl, superposition of MEsP would predict the
incorrect stereochemistry for hydride transfer [67]. Further, FR-
900098, which bears an acetyl group in place of the formyl group
of fosmidomycin and is therefore considered a closer mimic of
DXP (Fig. 9A), was found to bind identically to fosmidomycin in

quaternary complex with M. tuberculosis DXR, Mn?*, and NADPH
[104]. Fig. 10C schematically outlines the major interactions
between functional groups of FR-900098 (or analogous functional
groups of fosmidomycin) and DXR active site residues as observed
in the crystal structures of M. tuberculosis [67,104], E. coli [66], and
P. falciparum [78]| DXRs.

Two oxygens of the hydroxamic head of the antibiotic coordi-
nate to the divalent metal (Mn?" in the case of M. tuberculosis
and E. coli DXRs and Mg?* for P. falciparum DXR) along with carbox-
ylate groups of two glutamates and an aspartate. The coordination
state of the metal cation was described as pentacoordinate with
either trigonal bipyramidal geometry for the P. falciparum enzyme
[78] or an approximately octahedral geometry for the M. tuberculosis
enzyme [104]. Interestingly, for E. coli DXR a sixth coordination
position of the metal cation (either Mn?* or Mg?") was occupied by
a water molecule, thus leading to a regular octahedral geometry
[66,106]. In the absence of the inhibitor in the active site, the coordi-
nation status of metal cofactor is octahedral, with three water mol-
ecules and three carboxylate side chains occupying the coordination
positions, as reported for E. coli [66], M. tuberculosis [67], and
T. maritima [85] DXRs. Mutagenesis studies revealed the loss of metal
binding and activity upon mutation of two of the three carboxylate
residues to their uncharged amide analogues, as demonstrated for
the M. tuberculosis DXR double mutant D151N/E222Q [67]. While
the double mutant could still bind NADPH, fosmidomycin, and sul-
fate, these ligands exhibited increased dynamics, suggesting the loss
of native conformation of the enzyme. Upon introduction of a single
mutation in the metal-binding site of Synechocystis DXR, it was found
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that loss of the aspartate charge is less detrimental than loss of the
charge belonging to one of the glutamates, presumably involved in
hydrogen-bonding interactions with the substrate [107]. Addition-
ally, mutations of one of the glutamate residues for both Synechocys-
tis [107] and E. coli [36] DXRs were rather detrimental to the
catalysis than to the binding of the substrates. The influence of these
and other mutations on the kinetic parameters of DXR is summa-
rized in Table 4.

In addition to metal chelation, anchoring of the hydroxamic
group of the inhibitor is believed to occur through hydrogen bond-
ing to Ser152 (M. tuberculosis) [67] and Ser151 (E. coli) [37]. The
effect of mutation of this conserved serine residue was probed
for Syhechocystis DXR [107]; because S153N and S153T retained
substantially more activity than S153A, it appears a residue capa-
ble of hydrogen bonding is required.

The phosphate-binding pocket of the DXR active is composed of
a series of highly conserved amino acid residues forming multiple
interactions with the phosphonate dianion of the inhibitor and
similar interactions with the phosphate dianion of the substrate
[37]. As shown in Fig. 10C, some of these interactions are con-
served for DXRs from various species, while others have been
observed only for DXRs from certain organisms (see figure caption
for more details). Hydrogen-bond donors in the phosphate-binding
pocket include an asparagine residue, two serine residues, and a
lysine residue. Attempts to introduce an additional negative charge
into the phosphate-binding pocket of F. tularensis DXR by mutation
of one of the serine residues to glutamate or aspartate resulted in
complete loss of activity [84].

5.3. DXR conformations

A variety of conformations have been captured in the crystal
structures of various complexes of DXR, suggesting high conforma-
tional flexibility and dynamics of the enzyme. Molecular dynamics
studies sampled multiple conformations of DXR, underscoring its
flexibility [103]. For this reason solution NMR studies of DXR have
been significantly compromised [101]. Most importantly, while the
overall conformation of DXR domains remained essentially the
same in complexes of DXR from various organisms, a conserved
loop consisting of residues 198-206 (M. tuberculosis DXR), 291-
299 (P. falciparum DXR), or 207-215 (E. coli DXR) was observed
to adopt multiple conformations depending on the nature of the
ligands bound in the active site. These conformations specifically
involve various degrees of closure of the flexible loop over the
active site, serving as a lid that shields the contents of active site
from the bulk solvent. Additionally, closure of the flexible loop is
often accompanied by movement of N- and C-terminal domains
as rigid bodies towards each other and forming the active-site cleft.
Two classifications of DXR conformations can be found in litera-
ture. The classification introduced in the work of Henriksson and
co-workers [67] to categorize existing conformations of E. coli
and M. tuberculosis DXR complexes is based on the distance across
the active-site cleft, between residues 36 and 348 (E. coli DXR) and
47 and 339 of (M. tuberculosis DXR). According to this classification,
crystal structures of E. coli DXR have been grouped into closed
(17.6-18.4 A), open (24.7-25.9 A), and super-open (28 A) forms
(Fig. 11), while structures of M. tuberculosis DXR exhibit less

Table 4
Influence of active-site mutations on kinetic parameters of DXR.
Organism (reference) Mutant (Kin)mut/(Km)wt (keat) e (Keat /Kimpxe ) e
(Reat )wr m
DXP NADPH

Metal-binding-site residues

M. tuberculosis [67] D151N/E222Q Inactive

E. coli [36] E231K 1.1 2.4 0.24% 0.22%

Synechocystis sp. [107] D151A" Inactive
D152N 7.1 2.3 2.4% 0.3%
E154D° 1.2 1.5 0.3% 0.4%
E154Q 0.008% activity of WT at 10 mM DXP
E223H° 0.007% activity of WT at 10 mM DXP
E223Q Inactive

Hydroxamic-binding residues

Synechocystis sp. [107] S153A¢ 8.1 2.5 0.1% 0.014%
S153N 1.1 1.6 0.8% 0.6%
S153T 8.6 49 4.8% 0.6%

Phosphate-binding-pocket residues

F. tularensis [84] S177E¢ Inactive
S177D Inactive

Flexible-loop residues

E. coli [36] H209Q 7.6 2.4 0.15% 0.02%

Synechocystis sp. [107,109] W204F" 2.5 1.0 59% 24%
W204L 171 6.9 1.5% 0.09%
W204V 294 ND 3.2% 0.11%
W204A 70.6 ND 0.94% 0.013%
M206A® 25.2 5.1 9.4% 0.4%
M206V Inactive

M. tuberculosis [110] W203F 8.0 ND 38% 4.7%
W203Y 2.8 ND 84% 29%
W203A Inactive
W203G Inactive

¢ Equivalent to D151 of EcDXR.
b Equivalent to D153 of ECDXR.
¢ Equivalent to E231 of EcDXR.
4 Equivalent to S151 of ECDXR.
€ Equivalent to S186 of EcDXR.
! Equivalent to W212 of EcDXR.
& Equivalent to M214 of EcDXR.
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Fig. 11. Illustration of super-open (1K5H [122], chain A, gold), open (1T1S [123],
chain B, purple) and closed (1QOL [37], chain A, green) domain conformations, and
open (1K5H) and closed (1T1S, 1QOL) loop conformations of E. coli DXR. The image
was created with UCSF Chimera [121].

variation of the cleft distances, falling in the range between open
and closed conformations (20.3-25.0 A). Another classification,
described in the work of Takenoya and co-workers [85], is grouping
the structures of E. coli, M. tuberculosis, Z. mobilis and T. maritima
DXRs into four conformations, taking into account not only the size
of the active-site cleft (adopting only two major forms in this classi-
fication: open domain and closed domain) but also the position of
the flexible loop over the active site (open or closed). As observed
in crystal structures of DXRs from various organisms, the closure
of the flexible loop appears to be triggered by interactions with the
phosphodianion group of the inhibitor or even its minimal analogue,
inorganic sulfate dianion [67,91,108]. Based on the analysis of a
series of crystal structures, Takenoya and co-workers suggested that
closure of the domains and the flexible loop could only be achieved
upon co-crystallization of the antibiotic (fosmidomycin or FR-
900098) with the enzyme [37,67,78,85,104]. The only exclusion from
this pattern was seen for the fully closed quaternary complex involv-
ing T. maritima DXR, Mg?*, NADPH, and fosmidomycin, obtained
upon soaking the metal-bound enzyme crystals in a solution of the
two other ligands [85]. In contrast, soaking of the apo-form of the
enzyme in the inhibitor solution resulted in formation of the open-
domain/closed-loop form [66,106], suggesting that movement of
the domains in the apo-form of DXR is restrained by crystal contacts.
Interestingly, this complex has been suggested to represent the ini-
tially formed, loose E-I complex associated with the slow, tight bind-
ing of the inhibitor (recall Section 4.1).

(A)
H3C£O OH
H-OH 7_? H3C£OH
HO H NADPH, NADP* H-T-OH
R o R
R = CH,0P0O,%, DXP
R=H, DE

5.4. Flexible loop

As illustrated in the Fig. 10C, residues of the flexible loop inter-
act with different parts of FR-900098. The highly conserved trypto-
phan residue of the loop forms hydrophobic interactions with the
methyl group of the hydroxamic acid. It is noteworthy that this
residue plays an important role in substrate discrimination by
DXR. Mutagenesis studies by Fernandes and co-workers [109]
showed that whereas wild-type Synechocystis DXR does not turn-
over the larger substrate analogue 1-methyl-DXP, its W204F
mutant accepts it as a slow alternative substrate, presumably
due to reduced steric hindrance. Attempts to substitute this trypto-
phan with non-aromatic amino acids (Leu, Val or Ala) led to the
mutants strongly impaired in both binding and catalytic properties
[109]. Similarly, Kholodar and co-workers [110] demonstrated a
lack of activity for W203G and W203A mutants of M. tuberculosis
DXR. Interestingly, however, phenylalanine and tyrosine substitu-
tions were well accommodated (Table 4), underscoring the neces-
sity for an aromatic residue. Furthermore, W203F and W203Y
exhibited greatly diminished burst kinetics and larger primary 2H
KIEs on k¢, than the wild-type enzyme (recall Section 3.2), indicat-
ing that mutation had rendered chemical steps more rate limiting.
Surprisingly, fosmidomycin was found to bind more tightly to
these mutants by up to an order of magnitude, a result that was
attributable to a large increase in binding enthalpy [110].

Another highly conserved loop residue, His209 (E. coli DXR), is
involved in an interaction with the phosphonate moiety of the
inhibitor. Hydrogen bonding and/or salt bridging between this his-
tidine and the phosphodianion of the ligand was suggested to be a
factor favoring pre-orientation of the ligand in the active site and
playing an important role in loop closure [37,104]. The importance
of His209 has been indicated from a mutagenesis study with
EcDXR, in which H209Q exhibited an 8-fold increase in DXP’s K,
and a 700-fold decrease in k., [36].

Additionally, reports indicate that the highly conserved methi-
onine residue in the flexible loop (not shown in Fig. 10C) forms
hydrophobic interactions with the backbone of the inhibitor or
the nicotinamide moiety of NADPH [78]. Mutation of this residue
to alanine or valine was reported to significantly impair DXP bind-
ing and turnover [107].

5.5. The role of the substrate’s phosphodianion group

Abundant structural and kinetic evidence indicates the neces-
sity of phosphodianion-enzyme interactions for activity of DXR’s
ligands as substrates or inhibitors and driving the major conforma-
tional rearrangements: closure of the flexible loop over the active
site and tightening of the active site cleft (Fig. 11). These factors
suggest that the phosphodianion group of the ligand does not sim-
ply serve as an anchoring functionality but modulates the active-
site architecture, potentially leading to altered catalytic properties

(B) DE
Egm—>—=FDE

—~————

Km
K K
¢ *r BE ¢ *T kcat
Ec —~——=F.DE —>P

HPO 2\ KmHpo 2
Ky DE Kq
kcat
EC-HP032"—?‘EC-DE-HPO32'—>P
m

Fig. 12. (A) DXR-catalyzed reaction of natural substrate DXP and truncated substrate DE. (B) Kinetic scheme for rationalization of phosphite activation of the reaction of the

“substrate in pieces” catalyzed by M. tuberculosis DXR.
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of the enzyme. According to studies on the substrate specificity of
E. coli DXR, the dephosphorylated version of DXP, 1-deoxy-p-xylu-
lose, does not exhibit any measurable activity at the highest con-
centration (2 mM) used [29]. Curiously, the truncated substrate
1-deoxy-L-erythrulose, which lacks the terminal phosphorylmethyl
group, can be turned over by M. tuberculosis DXR with a 3000-fold
lower kee and 10%-fold lower kea/Km than the natural substrate
DXP (Fig. 12A) [92]. The tremendous decrease of the second-order
rate constant corresponds to a transition-state energy increase of
8.4 kcal/mol due to removal of by the non-reacting phosphorylm-
ethyl group, assuming truncation does not alter the transition-
state structure (this appears to be true for triosephosphate isomer-
ase [111]). In the presence of inorganic phosphite dianion, the
enzymatic function was partially complemented, resulting in an
increase of first- and second-order rate constants by a factor of five.
Thus, 3.2 kcal/mol of the lost transition-state stabilization was
recovered in the reaction of “the substrate in pieces” [92]. These
results agree with those of similar studies involving phosphite acti-
vation of reactions with truncated substrates for the mechanisti-
cally unrelated enzymes triosephosphate isomerase (TIM) [112],
orotidine-5-monophosphate decarboxylase (OMPDC) [113], and
glycerol-3’-phosphate dehydrogenase (GPDH) [114]. DXR shares
one common feature with these enzymes: a flexible loop that
closes over the phosphate-binding pocket of the active site in the
presence of phosphodianion or an analogue. The suggested general
effect of this conformational change is to extrude water molecules
from the active site, leading to a decrease in its effective dielectric
constant [115]. This condition favors stronger interactions between
active-site residues and transition states and/or intermediates of
the reaction, which ultimately results in rate acceleration.

As illustrated by the kinetic scheme (Fig. 12B), the equilibrium
between conformations of the free enzyme can be simplified to
inactive loop-open (Ep) and active loop-closed (Ec) forms. While
the truncated substrate can bind both conformations without
influencing the equilibrium between them, phosphite dianion only
binds to the loop-closed form, shifting the total conformational
pool to the Ec form. Therefore, the central equilibrium between
Eo and E¢ (K.) dictates the observed activation factor of truncated
substrate turnover. Unlike TIM, OMPDC and GPDH, which exhibit
significant activation factors ranging from 7 -10? to 7 - 10% the
modest fivefold activation observed for DXR indicates that more
complexity is involved in the stabilization of its transitions state
[92]. Most significantly, in contrast to these other enzymes, DXR
employs a metal cofactor to position the substrate and stabilize
the transitions state(s) and intermediate of the reaction. Therefore,
the total binding energy of the rate-limiting transition state is split
between the metal-chelating and phosphodianion termini of DXP,
while the total binding energy of transition states for TIM, OMPDC,
and GPDH is likely to be considerably concentrated on the phos-
phodianion functionality.

6. Conclusion

DXR has received thorough investigation over the past sixteen
years due to its strong potential as a target for antibiotic and
herbicide development and because of its intriguing rearrange-
ment-reduction chemistry. Largely supported by studies employ-
ing substrate analogues and kinetic isotope effects, a retro-aldol/
aldol mechanism is responsible for the isomerization of DXP to
the aldehyde intermediate MEsP. Depending on the enzyme source
and the degree of enzyme saturation, the retro-aldol, hydride-
transfer, and MEP-release steps may limit DXP turnover to differ-
ent extents. Fosmidomycin serves as a prototypical DXR inhibitor
that has demonstrated high potency with the isolated enzyme
but varied success in cell-based experiments. Knowledge of the

chemical and kinetic mechanisms and of the nature of fosmidomy-
cin binding and inhibition may drive the discovery of new DXR
inhibitors with more favorable pharmaceutical properties.
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