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Design of potential bisubstrate inhibitors against
Mycobacterium tuberculosis (Mtb) 1-deoxy-D-xylulose
5-phosphate reductoisomerase (Dxr)—evidence of a
novel binding mode†
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In most bacteria, the nonmevalonate pathway is used to synthesize isoprene units. Dxr, the second step in

the pathway, catalyzes the NADPH-dependent reductive isomerization of 1-deoxy-D-xylulose-5-phosphate

(DXP) to 2-C-methyl-D-erythritol-4-phosphate (MEP). Dxr is inhibited by natural products fosmidomycin and

FR900098, which bind in the DXP binding site. These compounds, while potent inhibitors of Dxr, lack whole

cell activity against Mycobacterium tuberculosis (Mtb) due to their polarity. Our goal was to use the Mtb

Dxr-fosmidomycin co-crystal structure to design bisubstrate ligands to bind to both the DXP and NADPH

sites. Such compounds would be expected to demonstrate improved whole cell activity due to increased

lipophilicity. Two series of compounds were designed and synthesized. Compounds from both series

inhibited Mtb Dxr. The most potent compound (8) has an IC50 of 17.8 mM. Analysis shows 8 binds to

Mtb Dxr via a novel, non-bisubstrate mechanism. Further, the diethyl ester of 8 inhibits Mtb growth

making this class of compounds interesting lead molecules in the search for new antitubercular agents.
Tuberculosis (TB) remains a signicant threat to global public
health.1 TB is caused by the bacillus Mycobacterium tuberculosis
(Mtb). According to the World Health Organization (WHO),2

one-third of the world's population is currently infected with
Mtb, which is responsible for nearly 2 million deaths each year.
Current treatment of uncomplicated TB requires a combination
of four drugs (isoniazid, rifampin, pyrazinamide, ethambutol)
over a 6–9 months period.3 Emergence of drug-resistant Mtb
strains is a serious threat to TB control and treatment.4–6

Further, co-infection of TB and HIV has fueled the epidemic.
Therefore, there remains an urgent need for the discovery and
development of novel antitubercular agents.
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As in most bacteria, Mtb synthesizes ve-carbon isoprenoids
via the nonmevalonate pathway (NMP). These metabolites are
needed for bacterial cell wall biosynthesis and other essential
processes. Humans use the alternate (mevalonate) pathway to
biosynthesize the same isoprenoid units. Thus, there are no
human homologs for the enzymes of the NMP. Targeting the
bacterial enzymes for antibiotic development should not
interfere with human isoprene biosynthesis,7 making the NMP
an attractive pathway in the search for novel drugs.

The second step of the NMP is mediated by the enzyme
1-deoxy-D-xylulose 5-phosphate reductoisomerase (Dxr,
Fig. 1).1,8 Dxr is essential for Mtb survival9 and catalyzes the
isomerization and reduction of 1-deoxy-D-xylulose-5-phosphate
(DXP) to 2-C-methyl-D-erythritol-4-phosphate (MEP). In the
reaction, NADPH is a hydride donor and a metal cation (Mg2+ or
Mn2+) is a required enzyme cofactor. Current anti-TB drugs do
not target the NMP, thus, Dxr inhibition would be a new
Fig. 1 Dxr catalyzes the reduction and isomerization of DXP to form MEP.
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Fig. 2 Structures of fosmidomycin (1), FR900098 (2) and amide- or O-linked
analogs (3–9).
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mechanism of action, and Dxr inhibitors would be expected to
be effective against drug-resistant strains of Mtb.

Fosmidomycin (1) and its acetyl derivative FR900098 (2) are
natural products isolated from Streptomyces lavendulae
(Fig. 2).10 These secondary metabolites are both known inhibi-
tors of Dxr,11 and fosmidomycin is currently under clinical
investigation due to its activity against a variety of Gram-nega-
tive and Gram-positive bacteria, as well as malaria parasites.12–14

In these pathogens, fosmidomycin is actively transported into
cells via a glycerol-3-phosphate transporter, GlpT.15 Mtb,
however, does not have GlpT. This, combined with both the
hydrophilic nature of fosmidomycin and the highly hydro-
phobic Mtb cell wall, renders fosmidomycin inactive against
Mtb.9,16 However, we have shown that lipophilic prodrugs of
FR900098 demonstrate effective antitubercular activity17 and act
in a GlpT-independent manner.18 Additionally, a range of
synthetic fosmidomycin and FR900098 analogs have been
described, designed to compete with DXP at the substrate-
binding site.19–27 While demonstrating potent inhibition of the
puried enzyme, none of these analogs, to our knowledge, is
active against intact mycobacteria. Our goal was to expand on
this work designing Dxr inhibitors with a novel binding mech-
anism and sufficient lipophilicity to gain whole cell anti-
mycobacterial activity.

Several crystal structures of Dxr have been reported, facili-
tating the rational design of novel inhibitors.28,29 The structure
of Mtb Dxr in complex with the competitive inhibitor fosmi-
domycin has led to the identication of binding sites in the
enzyme and is an excellent template for protein-ligand dock-
ing.28 In particular, the crystal structure has revealed chelation
between the retrohydroxamate moiety of fosmidomycin and a
metal cation, the phosphonate binding site, and the close
binding proximity of fosmidomycin and NADPH. The
Fig. 3 Mtb Dxr active site and docking results. (A) Active site of Mtb Dxr with fosm
separated by�3.5 Å. (B) DockedO-linked ligand 4. (C) Docked amide ligand 8. Protei
sticks colored by atom type, protein residues as lines colored by atom type. Hydrog

1100 | Med. Chem. Commun., 2013, 4, 1099–1104
nicotinamide ring of NADPH binds approximately 3.5 Å from
the formyl carbon atom of fosmidomycin (Fig. 3A). Hence, our
approach toward Dxr inhibitor development was based on the
design of fosmidomycin/FR900098 analogs that target the two
major binding sites in Dxr: the fosmidomycin/DXP site and the
NADPH site. Our goal was to bridge these adjacent binding sites
to yield a high affinity, bisubstrate ligand, while considering the
need for increased lipophilicity compared with fosmidomycin/
FR900098. We report here the design, synthesis, and evaluation
of two series of compounds with either amide- or O-linked
substituents appended to the retrohydroxamate moiety of
FR900098 (Fig. 2) and evidence of a novel, non-bisubstrate
mode of binding.
Results
Modeling of amide- and O-linked ligands

Several studies describe the in silico evaluation of inhibitors
against Dxr.20,30–35 These reports highlight the challenges of
modeling a protein that undergoes signicant conformational
change upon cofactor binding. We sought to use docking to
discern whether bisubstrate inhibition of Mtb Dxr with amide
or O-linked compounds was feasible.

200 Compounds with the general structures shown in Fig. 2
were docked into the Mtb Dxr structure.28 NADPH and fosmi-
domycin were removed from the active site, while Mn2+ was kept
in place. The analogs retained the phosphonate and backbone
of the parent compounds, designed to ensure affinity to the DXP
binding site in the enzyme. The analogs were appended with
(un)substituted aromatic, alkylaryl, or (cyclo)alkyl substituents
to the N-hydroxy oxygen atom or the amide carbonyl group of
the retrohydroxamate. These structural features were designed
to increase affinity to the NADPH binding site. Specically, we
were interested in testing aromatic substituents as mimics of
the nicotinamide ring of NADPH, aiming to increase affinity to
that pocket. Cycloalkyl groups were used to examine the
importance of an aryl substituent.

The docking results predicted that our ligands would adopt a
bisubstrate binding mode and bridge the two adjacent binding
sites. Representative docking images are shown in Fig. 3B and
C. In general, the amide-linked compounds were expected to
bind with greater affinity compared with the O-linked
idomycin (left ligand) and NADPH (right ligand) bound (pdb 2JCZ).18 Ligands are
n chain A is shown as cartoon (blue), Mn2+ as a sphere (pink), ligands are shown as
en atoms have been hidden for clarity.

This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Synthesis of O-linked compounds 3–6. Conditions: (a) BnONHAc, NaH, NaI, THF, 70 �C, 75%; (b) H2, Pd/C, MeOH, 76%; (c) R(CH2)nBr, NaH, THF, 70 �C,
27–81%; (d) (i): TMSBr, CH2Cl2, (ii): H2O, (iii): NaOHaq., 61%-quant.

Scheme 2 Synthesis of amide ligands 7 and 8. Conditions: (a) 2N HCl, 84%; (b) BnONH2, MeOH, 40 �C, then NaBH3CN, HCl, MeOH, 79%; (c) R(CH2)nCOCl, Et3N, CH2Cl2,
50–75%; (d) H2, Pd/C, MeOH, 56–59%; (e) (i): TMSBr, CH2Cl2, (ii): H2O, (iii): NaOHaq., quant.
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compounds. This was anticipated due to differences between
the two series in binding the divalent cation. Prior work has
shown that the unsubstituted hydroxyl oxygen of the retro-
hydroxamate is required for tight coordination of the metal.36

The aryl groups from each series docked in the NADPH binding
site (Fig. 3B and C). Collectively, the docking results indicated
that the two series might work well as bisubstrate inhibitors of
Mtb Dxr and, as such, bind in a manner distinct from fosmi-
domycin and FR900098.
Synthesis

The preparation of these compounds is shown in Schemes 1
and 2 and in ESI.† A new synthetic route was developed for the
synthesis of theO-linked compounds 3–6, using straightforward
reactions allowing fast access to small, structurally modied
molecules in good yield (Scheme 1).

3-Bromopropylphosphonate 10 was prepared from triethyl
phosphite and 1,3-dibromopropane, using the Arbuzov reaction
under microwave irradiation.37 Compound 10 and N-(benzyloxy)
acetamide were then combined under basic conditions to give
11, which yielded hydroxylamine 12 aer hydrogenation.
O-linked compounds 13a–d were obtained by alkylation of
intermediate 12 using sodium hydride and the corresponding
aryl or alkyl bromide. The four desired monosodium salts 3–6
were obtained aer removal of the diethyl ester using
This journal is ª The Royal Society of Chemistry 2013
bromotrimethylsilane, hydrolysis of the resulting silylester with
water, and treatment with 1 equivalent of sodium hydroxide.

Amide ligands 7 and 8 were prepared using the synthetic
route shown in Scheme 2. Aldehyde 15 was synthesized from
commercially available acetal 14 in acidic conditions.
Compound 15 was combined with O-benzylhydroxylamine.
Reduction with sodium cyanoborohydride and hydrochloric
acid gave diethyl ester 16.38 Alkylation of 16 using triethylamine
and the corresponding acyl chloride gave amide intermediates
17. Monosodium salts 7 and 8 were afforded aer deprotection
of both the retrohydroxamate and the phosphonate ester.
Amide 9 was prepared using a similar path shown in the ESI.†

As has been seen with related compounds, most of the mono-
sodium salts were isolated and evaluated as a mixture of two
conformers.39 Indeed, Zingĺe et al. showed thatN-substituted orN-
and O-substituted hydroxamic acids were usually present as a
mixture of Z and E conformers because of the restricted rotation
around the C–N bond.39Moreover, the ratio was dependent on the
substituent and the nature of the solvent.
Biochemical and antitubercular evaluation

To evaluate the inhibitory activity of compounds 3–9, enzyme
assays were performed with puried Mtb Dxr using a reported
spectrophotometric assay monitoring NADPH consump-
tion.28,40,41 The half maximal inhibitory activity (IC50) of the
Med. Chem. Commun., 2013, 4, 1099–1104 | 1101
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Table 1 Mtb Dxr IC50 values of amide and O-linked ligands

compd R1 R2 IC50 (mM)

1 H H 0.3116

2 H CH3 2.39
3 (CH2)2Ph CH3 (81.5)a

4 (CH2)3Ph CH3 (77.5)a

5 4-Ipr-benzyl CH3 48.4
6 CH2cyclohexyl CH3 (83.5)a

7 H CH2Ph 26.9
8 H (CH2)3Ph 17.8
9 H Cyclohexyl (80.0)a

a Values in parentheses are percent remaining enzyme activity at
100 mM.

Fig. 4 Mode of inhibition by ligand 8. The Lineweaver–Burk plots indicate that 8 is
competitivewith respect to DXP (A), but noncompetitive with respect to NADPH (B).

Table 2 Antitubercular activity of ligands and their diethyl esters

Compd
H37Rv Mtb MIC
(mg mL�1)

Fosmidomycin (1) >500
FR900098 (2) >500
Diethyl-1 250
8 >200
Diethyl-8 (18b) 200
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compounds is shown in Table 1 (see also ESI,† Fig. 1). Among
the O-linked ligands (compounds 3–6), compound 5 demon-
strated the greatest inhibition, with an IC50 of 48.4 mM. The
activity of the O-linked ligands is surprising and challenges the
notion that chelation of the metal cation by the retro-
hydroxamate is required for binding to the enzyme. For the
O-linked compounds, binding of the aryl substituent could
compensate for diminished coordination of the cation.

Table 1 shows that amide ligands 7 and 8 are more potent
inhibitors of the enzyme with values of 26.9 and 17.8 mM,
respectively. This result may arise from more efficient coordi-
nation of the metal cation by the amide versus O-linked analogs.
In the amide series, a slightly longer chain length between the
retrohydroxamate and the aryl group may be preferable, as
compound 8 gave slightly better inhibition than compound 7.
Weaker inhibition by compounds 6 and 9, both with a nonar-
omatic ring, highlight the importance of having an aromatic
group in the inhibitor.

Since we designed our inhibitors to occupy both the DXP and
NADPH binding sites, compound 8 was further examined to
discern its mechanism of inhibition. Catalysis by Mtb Dxr
undergoes an ordered bi bi reaction mechanism, wherein
NADPH must bind to the enzyme before DXP can bind.42 This
process is reective of a protein conformational change that
occurs upon NADPH binding, resulting in the formation of the
DXP binding site. Fosmidomycin and FR900098 are competitive
inhibitors with respect to DXP and uncompetitive relative to
NADPH42 (see also ESI Fig. 1†). Hence, NADPHmust bind to Dxr
before either of these inhibitors can occupy the Dxr binding
site. With this mechanism in mind, we used classical compe-
tition experiments to assess the mode of binding of ligand 8.

As illustrated in Fig. 4, the double reciprocal plots indicate that
ligand 8 is competitive with respect to DXP, but noncompetitive
relative to NADPH. Thus, in stark contrast to fosmidomycin and
FR900098, the binding mechanism of compound 8 does not
require the initial binding of NADPH. Since inhibitor 8 does not
directly compete with the binding of NADPH, the phenylpropyl
1102 | Med. Chem. Commun., 2013, 4, 1099–1104
substituent of 8 is likely binding in an alternate location. Inter-
estingly, this site is likely distinct from the NADPH site, but may
promote the same structural change that gives rise to DXP
binding. Studies are underway to further elucidate the nature and
kinetics of this novel mode of inhibitor binding to Dxr.

To complement the characterization of compound 8 against
puried Mtb Dxr, we assayed the efficacy of 8 and its lipophilic
diethyl phosphonate ester (diethyl-8, 18b) against whole cell
Mtb (H37Rv, Table 2). While the hydrophilic fosmidomycin,
FR900098, and compound 8 do not inhibit Mtb, the diethyl
phosphonate ester of fosmidomycin17 and 18b display
measurable antitubercular activity (Table 2). Collectively, the
enzyme and growth inhibition assays highlight the novel anti-
tubercular activity of the amide-linked series of Dxr inhibitors,
identifying compound 8 as a prototypical lead molecule for the
further development of a new class of novel antimycobacterial
agents.
Conclusions

There is an urgent need for the development of new, highly
active, and less toxic anti-TB drugs. Dxr is an attractive target
since humans do not have the enzyme or a homolog. Dxr
inhibitors should be effective against drug-resistant Mtb
This journal is ª The Royal Society of Chemistry 2013
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strains, and, due to NMP's importance in early points of
bacterial metabolism, may be effective against both active and
latent Mtb. Aided by an available co-crystal structure, our
docking studies suggested that analogs of FR900098 with
amide- or O-linked aryl substituents on the retrohydroxamate
could be novel and potent inhibitors of Mtb Dxr. The inhibition
data from our initial set of ligands (3–9), while not more active
than the parent compounds, show promising results, with our
best compound (8) having an IC50 of 17.8 mM. Indeed, our
inhibition results align with prior reports of similar N-acyl
analogs against E. coli and P. falciparum Dxr.26,33,35

Compound 8 displays a new mode of binding to Mtb Dxr not
previously seen with parent compounds fosmidomycin and
FR900098 or other known Dxr inhibitors. Prior modeling
studies on similar N-acyl analogs indicated possible binding in
a non-NADPH site.26 Ligand 8 could be using this alternate
binding site and current studies are aimed at elucidating this.
While this binding mode was not part of our original bisub-
strate design per se, demonstration of a novel binding mode is
both interesting and signicant.

The MIC of the simple diethyl ester of 8 is comparable to the
corresponding fosmidomycin ester and represents a new class of
antitubercular compounds. As the MIC reects both the lip-
ophilicity and enzyme inhibition of 8, we expect it to improve as
inhibitors with optimized potencies against Dxr are developed.
Work is currently underway to explore an expanded set of
analogs, reveal a comprehensive SAR, prove an on-target mech-
anism, and discern details of this new binding mode. Taken
together, our data suggests new possibilities in the design and
development of novel, antimycobacterial Dxr inhibitors.
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