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ABSTRACT Fosmidomycin, a potent inhibitor of 1-deoxy-p-xylulose-5-phos-
phate reductoisomerase (DXR), has antibacterial and antimalaria activity. Due to
its poor pharmacokinetics, more lipophilic DXR inhibitors are needed. However,
the hydrophobic binding site(s) in DXR remains elusive. Here, pyridine/quinoline
containing phosphonates are identified to be DXR inhibitors with IC5, values as low
as 840 nM. We also report three DXR/inhibitor structures, revealing a novel binding
mode. The indole group of Trp211 is found to move ~4.6 A to open up a mainly
hydrophobic pocket, where the pyridine/quinoline rings of the inhibitors are
located and have strong w—a stacking/charge-transfer interactions with the indole.
Docking studies demonstrate our structures could be used to predict the binding
modes of other lipophilic DXR inhibitors. Overall, this work shows an important
role of Trp211 in inhibitor recognition and provides a structural basis for future
drug design and development.
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(MEP) isoprene biosynthesis pathway (Supporting In-
formation Figure S1) used by malaria parasite and
most bacteria, 1-deoxy-p-xylulose-5-phosphate reductoisome-
rase (DXR), is a validated anti-infective drug target.'> DXR
catalyzes the conversion of 1-deoxy-p-xylulose-5-phosphate
(DXP) to 2-C-methyl-p-erythritol-4-phosphate (MEP) with a
Mg>* and NADPH being the enzyme cofactors. Fosmidomy-
cin (1, Chart 1) is a potent DXR inhibitor’ and has antibac-
terial and antimalaria activity in preclinical studies and
clinical trials.*”"® However, due to its high hydrophilicity, 1
exhibits a short half-life (~1 h) in plasma and poor oral
availability. In addition, since 1 is actively transported into
cells via glycerol-3-phosphate transporter GlpT,” pathogens
without GIpT, such as Gram-positive bacteria, are resistant to
1 due to limited cellular uptake.® Great interest has therefore
been generated to develop potent inhibitors of DXR.”™*°
The central theme for the development is to find potent,
more lipophilic inhibitors that might possess improved
pharmacokinetic properties. Medicinal chemistry based on 1
has been investigated for the past decade.”™"® Although most
of these modifications yielded compounds with considerably
reduced activity, compounds 3—8 bearing an a-substituent
largely maintain the inhibitory activity.” The best compound is
8 with a 3,4-dichlorophenyl group having a similar enzyme
activity as that of 1. However, 8 demonstrated > 10x increased
activity against the malaria parasite Plasmodium falciparum

The second enzyme in the methylerythritol phosphate
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(EC50 0f 90 nM vs 1.1 uM for 1), presumably due to enhanced
cellular uptake. Other lipophilic inhibitors 3—7 also exhibited
better antimalaria activity (ECso's of 0.25—0.95 uM) than 1.
Structure activity relationship (SAR) analysis of 3—7 revealed
that DXR inhibition appears to be correlated to the increased
electron-deficiency of their phenyl rings.” However, the under-
lying mechanism remains unknown. DXR inhibitors that are
structurally distinct from 1 are scarce. The two bisphospho-
nates 9 and 10 were found to be relatively weak inhibitors
(ICso = 4 and 7 uM).'® We recently used a coordination
chemistry based design to find a lipophilic inhibitor 11 (IC5o =
1.4 uM) with a broad antibacterial activity.*

It is of interest to investigate how lipophilic inhibitors 3—8
bind to DXR, especially with respect to the binding site of their
hydrophobic groups. The structural probing should facilitate
further inhibitor design and development for antibacterial and
antimalaria purposes, since these widespread, drug-resistant
pathogens kill millions of people each year worldwide. How-
ever, their X-ray structures in complex with DXR are not
available. In fact, only two types of DXR/inhibitor structures
have been reported, i.e., DXR with 1?' ~** and bisphosphonates
9 and 10."
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Chart 1. Structures of Known DXR Inhibitors 1—11, Together with Their IC5, Values against E. coli DXR in Parentheses (IC5, Values Are from

the Original Refs 9, 19, and 20)
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Chart 2. Structures of 12—19, Together with Their IC5, Values against E. coli DXR in Parentheses
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To find lipophilic analogues of 8 that are active against DXR,
we synthesized compounds 12 and 13 (Chart 2 and Supporting
Information Experimental Section). These two compounds
were designed by removing either the phosphonate group
(for 12) or the hydroxamate moiety (for 13) from 8. However,
when tested against recombinant E. coli DXR, both com-
pounds were found to have no activity at 100 uM. Since SAR
suggested a more electron-deficient ring could be favored,” 14
and 15 with a pyridin-4-yl group were prepared. Although
hydroxamate 14 is not active, compound 15 was found to be
a DXR inhibitor with an ICsq value of 7.1 uM. Analogous 16
and 17 with a pyridin-3-yl and -2-yl side chain were subse-
quently made and found to be also active, with 17 having an
IC50 value of 4.6 uM. To further probe the hydrophobic fea-
ture of DXR, more lipophilic 18 and 19 were synthesized. 18,
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5-phenylpyridin-2-ylmethylphosphonic acid, exhibits the stron-
gest DXR inhibition in this series (IC5o = 0.84 uM). 19, having a
quinolin-2-yl group, is weaker than 17 (ICso = 15.9 uM).
Compounds 15—19 represent a new class of lipophilic DXR
inhibitors that are structurally distinct from 1, with 18 being
among the very few inhibitors possessing submicromolar
activity. These compounds should provide a new scaffold for
further inhibitor development. Moreover, they can be exploited
to probe the elusive hydrophobic pocket(s) of DXR.

We performed X-ray crystallographic studies and obtained
the crystal structures of 17—19 complexed with E. coli DXR.
The structures were refined at 2.1 A (for DXR/17) or 2.0 A
(for DXR/18 and DXR/19) with the crystallographic details
and overall structures shown in Table S1 and Figures S2. The
three protein complexes crystallize as homodimers, with
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each subunit containing one inhibitor and one NADPH
molecule. Their overall 3-D structures are similar to those
previously reported.'®*' ~** As shown in Figure 1a, 17—19
bind to the same site as 1 and DXP, showing a competitive
mode of action. The phosphonate groups of our inhibitors
are located in the phosphonate binding site of 1. The
distances between the P atoms of 17—19 and that of 1 are
~1.3 A. Each of the electron-deficient pyridine/quinoline
rings has a w—u stacking interaction with the electron-rich
indole ring of Trp211, with the distance between the two
parallel rings being ~3.5 A (Figure 1B—D). Possible charge-
transfer makes the interaction particularly strong, which
could elucidate why 15—19 have good inhibitory activity,
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(
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Y

Figure 1. (A) Superimposed structures of 17—19 and 1 (in cyan)
in DXR with NADPH; (B) active site of the DXR/17 complex; (C)
active site of the DXR/18 complex; (D) active site of the DXR/19
complex.
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while 13 is inactive. The hydroxamate binding site of 1 is
unoccupied. Moreover, there is no Mg®" observed, despite 5
mM of Mg*" present in the crystallization buffer. This could
be due to the acidic crystallization condition (pH = 5.6)
leading to a higher K, (17 mM) for Mg>*.*? It is remarkable
that three carboxylates of metal binding residues Asp149,
Glu151, and Glu230 are still positioned very close to those
with a bound Mg in the DXR/1 complex (Figure S3).

The overall 3-D structures of the DXR/17—19 complexes
are almost identical (Figure 2a). However, the conformation
of Trp211 in the DXR/18 complex is different, with the indole
ring flipped almost 180° (Figure 1B—D). This orientation
could allow the 5-phenylpyridine group of 18 to have more
m—a stacking and hydrophobic interactions with the indole
which might account for the enhanced activity of 18. We
next examined functions of Trp211 in other DXR/inhibitor
complexes. As shown in Figure 2b, superposition of the DXR/
1,°* DXR/9,'? and DXR/18 structures shows major confor-
mational changes for a flexible loop containing residues
205—215in the DXR active site, while only subtle deviations
are observed for the remaining part of the protein backbone.
Even more noticeable is the conformational change of the
Trp211 indole ring (Figure 2c). In the DXR/1 structure, the
indole ring moves toward the center of the active site and
covers the top of the carbon skeleton of 1, which is relatively
hydrophobic. This allows the hydrophobic indole group to
separate 1 from the solvent and largely close the active site,
which might account for its tight binding. The structures of
DXR complexed with 18 and 9 demonstrate the flexible loop
has great plasticity such that the Trp211 indole ring is able to
move considerably in order to have favorable interactions
with the lipophilic groups of these inhibitors (Figure 2c). The
indole N atoms of the DXR/18 and DXR/9 complexes are
46 A and 4.4 A away from that of the DXR/1 complex,
respectively. In the DXR/bisphosphonate complexes, the
indole could also possess m—m stacking/charge transfer
interactions with the isoquinoline (for 9) or pyridine ring

Figure 2. (A) Protein backbones of the superimposed structures of the DXR/17—19 complexes; (B) tube models of the superimposed
structures of the DXR/18 (in green), DXR/1 (in gray), and DXR/9 (in orange) complexes, showing major conformational changes for the
flexible loop in the active site; (C) close-up view of the superimposed active sites of the DXR/18 (in green), DXR/1 (in gray), and DXR/9 (in
orange) complexes, showing the indole ring of Trp211 moves considerably to recognize different inhibitors bound to DXR. Mg*" is shown as
a pink sphere.
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(for 10), although there is a small angle of ~15° between the
two rings.

It is clear that Trp211 plays an important role in recogniz-
ing all of the DXR inhibitors with known structures, which
suggests that an electron-deficient, hydrophobic group could
be favored for future inhibitor design. Moreover, Trp211 is con-
served across the species using the MEP pathway (Figure S4).
It is therefore likely that inhibitors having strong interactions
with Trp211 could exhibit broad activity.

The crystal structures of the DXR/17—19 complexes re-
veal two mainly hydrophobic pockets. The conformational
change of Trp211 opens up a large, mainly hydrophobic
pocket (pocket A), defined by Trp211, Pro273, His208,
His256, Asn210, Ser253, and Ser150. In the previously
reported structures, the corresponding pocket A is largely
compressed due to the orientation of the Trp211 side chain
and, thus, poorly defined. Pocket B is surrounded by the
residues Trp211, Met 213, Met275, and Ser150, which is not
occupied by 17—19. Rather, this pocket is the binding site of
the hydrophobic groups of 9 and 10.

We finally investigated if our structures with newly dis-
covered pocket A could be used to model the binding
structures of 3—8, using Glide in the Schrodinger Suite.*”
First, we found Glide is able to well predict the binding modes
of 1, 10, and 17, with each set of 10 docking structures
with lowest energies having rms (root-mean-square) devia-
tions of 0.37—1.9 A (Figure S5). We next used the DXR/17
structure to model the binding mode of 8. Since a Mg*" is
needed for successful docking of 8 having a hydroxamate
group, Mg " was extracted from DXR/1 and added into DXR/
17, and the new structure was energy-minimized. This is
reasonable, as the conformations of Mg**-binding residues
Asp149, Glul51, and Glu230 do not change significantly
(Figure S3). Since 8 contains an asymmetric a-carbon atom,
both enantiomers (R)- and (S)-8 were docked into the
DXR/17 structure with the Mg*" and the results shown in
Figure 3A—C. (R)-8 can be docked favorably, with 10 tightly
clustered docking structures mimicking the binding mode of 1.
All of the phosphonate groups are located in the phospho-
nate binding site of 1, and each of the hydroxamate moieties
chelates Mg®", which is the “gold” standard for docking a
hydroxamate into a metalloenzyme. In addition, all of the
3,4-dichlorophenyl groups occupy pocket A and have 7—m
stacking interactions with the Trp211 indole ring. However,
docking (S)-8 yielded a relatively poor result (Figure 3c). All
of the 10 docking structures show a “reversed” binding mode
with the phosphonate binding to Mg®" and the hydroxamate
located in the phosphonate binding site. In addition, their
3,4-dichlorophenyl groups are in pocket B without interac-
tions with Trp211.

Docking studies of 8 using the DXR/1 and DXR/10 struc-
tures were also performed as a comparison. In both cases,
(R)- and (S)-8 are predicted to adopt a “reversed” binding
style (Figure S6), with all of the phosphonate groups binding
to Mg®". The hydroxamate groups are mostly located in the
phosphonate binding site and the lipophilic 3,4-dichlorophe-
nyl group found in Pocket B. These results show our DXR
structures could be a better platform for modeling com-
pound 8. Interestingly, these results also suggest that (R)-8
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Figure 3. (A) Docking result of (R)-8 using the DXR/17 structure
with a Mg®" (pink sphere); (B) lowest energy docking structure of
(R)-8, superimposed with 1 (in yellow), showing (R)-8 is predicted
to bind favorably to DXR; (C) docking result of (S)-8 using the DXR/
17 structure, exhibiting a “reversed” binding mode; (D) lowest-
energy docking structure of (R)-3 using the DXR/17 structure,
superimposed with the crystal structures of 1 (in yellow) and 17
(in green).

might have better activity than its (S)-enantiomer, which is
also implied by superimposing DXR/1 to DXR/17 (Figure 1a).
Should the pyridin-2-yl group have been attached to the
a-position of 1, the virtually generated molecule would have
a R-configuration.

Docking studies of compounds 3—7 yielded similar out-
comes. The (R)-enantiomers can be docked favorably into
our DXR structures (Figures 3d and S7). It is noteworthy that
these docking results are supported by previously reported
SAR of 3—7.7 The generally increasing activities from 3 to 7
(4-OMe-Ph < 4-Me-Ph < H—Ph < 4-Cl-Ph & 3,4-diCl-Ph) are
correlated to their interactions with the electron-rich Trp211
indole ring. Our crystallographic and modeling studies now
provide a structural basis to validate these experimental
data.

In summary, this work is of interest for a number of
reasons. First, potent lipophilic DXR inhibitors are needed
for their potential to become new drugs to treat drug-
resistant bacterial and malarial infections. However, struc-
tural insight into the hydrophobic nature of the DXR active
site remains unclear. We have found pyridine/quinoline
containing phosphonates 15—19 to be a new class of DXR
inhibitors (IC50's as low as 0.84 uM). Second, we solved the
structures of three DXR/inhibitor complexes that reveal a
novel inhibitor binding mode. Of particular interest is that
the conformation of the flexible loop is changed consider-
ably, with the Trp211 indole ring moving ~4.6 A to open up a
large, mainly hydrophobic pocket. The pyridine/quinoline
rings are located in this newly formed cavity and have 7—x
stacking/charge-transfer interactions with the indole. Anal-
ysis of all DXR/inhibitor structures uncovers the critical role
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of Trp211 in inhibitor recognition and binding. Third, dock-
ing studies show our structures could be a better platform for
modeling the binding modes of 3—8, supported by SAR of
these inhibitors. Overall, this work provides a structural basis
for future design and development of lipophilic DXR inhibitors.

SUPPORTING INFORMATION AVAILABLE Figures showing
the methylerythritol phosphate (MEP) isoprene biosynthesis path-
way, the structures of DXR/17, DXR/18, and DXR/19, ClustalX
alignment of DXRs, and docking structures of 1, 4—8, and 10; table
of data collection and refinement statistics; and an Experimental
Section giving synthesis and compound analysis details. This
material is available free of charge via the Internet at http://pubs.
acs.org.

Accession Codes: The coordinates for the DXR/17, DXR/18, and
DXR/19 complexes have been deposited in the Protein Data Bank as
entries 3ANL, 3ANM, and 3ANN, respectively.
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