
Characterization and Inhibition of 1‑Deoxy‑D‑Xylulose 5‑Phosphate
Reductoisomerase: A Promising Drug Target in Acinetobacter
baumannii and Klebsiella pneumoniae
Haley S. Ball,* Misgina B. Girma, Mosufa Zainab, Iswarduth Soojhawon, Robin D. Couch,*
and Schroeder M. Noble*

Cite This: ACS Infect. Dis. 2021, 7, 2987−2998 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The ESKAPE pathogens comprise a group of
multidrug-resistant bacteria that are the leading cause of
nosocomial infections worldwide. The prevalence of antibiotic
resistant strains and the relative ease by which bacteria acquire
resistance genes highlight the continual need for the development
of novel antibiotics against new drug targets. The methylerythritol
phosphate (MEP) pathway is an attractive target for the
development of new antibiotics. The MEP pathway governs the
synthesis of isoprenoids, which are key lipid precursors for vital cell
components such as ubiquinone and bacterial hopanoids. Addi-
tionally, the MEP pathway is entirely distinct from the
corresponding mammalian pathway, the mevalonic acid (MVA) pathway, making the first committed enzyme of the MEP
pathway, 1-deoxy-D-xylulose 5-phosphate reductoisomerase (IspC), an attractive target for antibiotic development. To facilitate drug
development against two of the ESKAPE pathogens, Acinetobacter baumannii and Klebsiella pneumoniae, we cloned, expressed,
purified, and characterized IspC from these two Gram-negative bacteria. Enzyme inhibition assays using IspC from these two
pathogens, and compounds fosmidomycin and FR900098, indicate IC50 values ranging from 19.5−45.5 nM. Antimicrobial
susceptibility tests with these inhibitors reveal that A. baumannii is susceptible to FR900098, whereas K. pneumoniae is susceptible to
both compounds. Finally, to facilitate structure-based drug design of inhibitors targeting A. baumannii IspC, we determined the 2.5 Å
crystal structure of IspC from A. baumannii in complex with inhibitor FR900098, and cofactors NADPH and magnesium.
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Acinetobacter baumannii and Klebsiella pneumoniae are Gram-
negative, opportunistic pathogens frequently encountered in
the healthcare and military sectors. They comprise two of the
ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter species), a group of
multidrug-resistant bacteria that are currently the leading
cause of nosocomial infections worldwide.1 The first record of
an A. baumannii nosocomial infection was during the Korean
War, and its pervasiveness has propagated throughout military
history.2−5 During the wars in Iraq and Afghanistan, A.
baumannii was a dominant cause of complicated wound
healing in injured military personnel,6,7 earning itself the name
“Iraqibacter”.8 In addition to bodily wounds, A. baumannii
infections commonly occur in the blood (septicemia), urinary
tract, and lungs (pneumonia).9 A. baumannii remains a threat
to civilians and veterans due to the spread of multidrug-
resistant (MDR) strains to civilian hospitals via infected
soldiers.10,11 A. baumannii is particularly successful in the
hospital environment due to its persistence on inanimate

surfaces (e.g., it can survive for up to 5 months on plasticware
via biofilm formation12,13) and due to its highly plastic genome
which readily accepts antibiotic resistance genes.11,14 Con-
sequently, patients whose care requires the use of ventilators or
catheters, or a prolonged hospital stay, are at especially high
risk of infection.9 Generally, carbapenems are the main course
of treatment for Acinetobacter infections, and thus, resistance to
carbapenems is concerning.15,16 According to the 2019
Antibiotic Resistance Threats Report (AR Threats Report),
issued by the Centers for Disease Control (CDC),
carbapenem-resistant Acinetobacter caused an estimated 8500
infections and 700 deaths in hospitalized patients in 2017.17
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K. pneumoniae is a bacterium that belongs to a large family of
Gram-negative bacteria known as Enterobacteriaceae.18 K.
pneumoniae is a naturally occurring member of human body
flora that typically colonizes the intestines, where it does not
cause disease.19 Like A. baumannii infections, most K.
pneumoniae infections occur in healthcare settings, where
patients are exposed via ventilators, catheters, or bodily
wounds.19 Consequently, K. pneumoniae is a common cause
of bacterial pneumonia and has been identified as the second
most common source of urinary tract infections (UTIs)
following Escherichia coli.20−23 K. pneumoniae infections are
largely attributed to the surface pili of the bacteria, which aids
in its adherence to the respiratory and urinary epithelium.24

Additionally, Klebsiella species are the most antibiotic resistant
of all identified Enterobacteriaceae.24 In 1983, K. pneumoniae
was first shown to exhibit resistance to various β-lactam
antibiotics, via production of extended-spectrum β-lactamases
(ESBLs).25,26 As indicated in the 2019 CDC AR Threats
Report, ESBL-producing Enterobacteriaceae caused an esti-
mated 197400 infections and 9100 deaths in hospitalized
patients in 2017.17 Typically, carbapenems are regarded as the
antibiotic class of choice for treatment of ESBL-producing
infections;27 however, in addition to β-lactam antibiotic
resistance, many ESBL-producing K. pneumoniae have also
acquired resistance to quinolones, aminoglycosides, and
carbapenems, further complicating treatment.28 Per the CDC
2019 AR Threats Report, carbapenem-resistant Enterobacter-
iaceae caused an estimated 13100 infections and 1100 deaths in
hospitalized patients in 2017.17

In February 2017, the World Health Organization published
its first ever list of antibiotic-resistant “priority pathogens”,
which included both carbapenem-resistant A. baumannii and K.
pneumoniae and ESBL-producing K. pneumoniae as “Priority 1:
Critical” pathogens.29 The rapid increase of MDR Gram-
negative pathogens, such as A. baumannii and K. pneumoniae,
has led to increased use of the “last-resort drug” colistin,
despite its serious nephrotoxicity and neurotoxicity is-
sues.26,30,31 With the elevated usage of colistin to treat MDR
Gram-negative infections, the emergence of colistin-resistant
pathogens now poses a dire health threat and an urgent need
for developing a novel class of antibiotics.26 Underscoring this
need, in September 2016, a patient died in Reno, Nevada due
to K. pneumoniae induced sepsis.32 The specific strain of K.
pneumoniae isolated from her infection was found to be
resistant to all 26 antibiotics available in the United States,
including colistin.32

Increasing antimicrobial resistance, in conjunction with the
shrinking arsenal of effective antibiotics to treat MDR A.
baumannii and K. pneumoniae infections, have prompted an
urgent need for developing new antibiotics with novel targets.
The methylerythritol phosphate (MEP) pathway of isoprenoid
biosynthesis (Figure 1) is an attractive target for the
development of novel antimicrobial drugs. Isoprenoids
comprise a large and diverse group of over 30000 known
products with vital biological functions, such as electron
transport and peptidoglycan biosynthesis in bacteria.33−36

Bacteria synthesize isoprenoids via the methylerythritol
phosphate (MEP) pathway, whereas mammals synthesize
isoprenoids via the mevalonic acid (MVA) pathway.37,38 The
MEP pathway is entirely distinct from the MVA pathway
making it an attractive target for antibiotic development.37,38

Two potent phosphonate inhibitors of the first committed
MEP pathway enzyme, IspC, include fosmidomycin (a) and its
acetyl derivative FR900098 (b) (Figure 2), which are naturally

produced by the filamentous bacteria Streptomyces lavendulae
and Streptomyces rubellomurinus, respectively.47−49 Fosmido-
mycin, in conjunction with clindamycin, piperaquine, or
azithromycin has shown promise in the treatment of
malaria.50−56 In addition to demonstrating growth inhibition
of a causative agent of malaria, Plasmodium falciparum,
fosmidomycin and/or FR900098 have also shown in vitro
growth inhibition of the bacteria Yersinia pestis, Escherichia coli,
K. pneumoniae, and Francisella tularensis.35,57−62

Herein, we describe the cloning, expression, purification, and
kinetic characterization of the first committed MEP pathway
enzyme, IspC, from A. baumannii (AbIspC) and K. pneumoniae

Figure 1. MEP Pathway. The MEP pathway is used by many eubacteria, as well as plants and apicomplexan protozoa. Pyruvate is condensed with
glyceraldehyde 3-phosphate to yield 1-deoxy-D-xylulose 5-phosphate, DXP.39 1-deoxy-D-xylulose 5-phosphate reductoisomerase (IspC) catalyzes
the reduction and isomerization of DXP to yield 2-C-methylerythritol 4-phosphate (MEP).40 Isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP) are produced after an additional five enzymatic steps.37,41−46 IPP and DMAPP are precursors for isoprenoids, such as
bacterial hopanoids, bactoprenols, ubiquinone, and menaquinone.33,36

Figure 2. Inhibition of IspC. IspC is inhibited by two potent
phosphonate inhibitors, fosmidomycin (a) and its acetyl derivative
FR900098 (b).
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(KpIspC). Additionally, we characterize enzyme and bacterial
growth inhibition using two known IspC inhibitors,
fosmidomycin and FR900098. Furthermore, to facilitate
structure-based drug design of inhibitors targeting AbIspC,
we determined the 2.5 Å crystal structure of AbIspC in
complex with inhibitor, FR900098, and cofactors NADPH and
magnesium.

■ RESULTS AND DISCUSSION
MEP Pathway as an Antimicrobial Target forA.

baumannii and K. pneumoniae. To evaluate the effective-
ness of fosmidomycin and FR900098 in inhibiting the growth
of K. pneumoniae and A. baumannii, we performed antimicro-
bial susceptibility tests. The determined minimum inhibitory
concentrations (MICs) for fosmidomycin and FR900098 for
each strain of A. baumannii and K. pneumoniae are summarized
in Table 1. Each strain is indicated as being either resistant
(R), or susceptible (S), to each compound.

Ab5075, which was isolated from a patient at Walter Reed
Army Medical Center (WRAMC), is a highly virulent MDR
strain,63 and Ab5711 is a substantial biofilm-forming MDR
clinical strain.64 Virulence has been linked to antibiotic
resistance in multiple animal infection models,65 and biofilm-
forming pathogens generally exhibit decreased susceptibility to
antibacterial agents.66 Accordingly, higher MIC values were
expected for Ab5075 and Ab5711. However, Ab19606 is a less
virulent and antibiotic susceptible strain obtained from ATCC;
therefore, lower MIC values were expected. KpBAA-1705,
obtained from ATCC, is a MDR carbapenem-resistant K.
pneumoniae strain, and KpNSC-277 is a MDR carbapenem-
sensitive clinical strain. Because the MEP pathway is present in
many Gram-negative bacteria, Fosmidomycin and FR900098
were generally expected to have inhibition effects on the whole
cells.
As depicted in Table 1, all three A. baumannii strains

(Ab5075, Ab5711, and Ab19606) were resistant to fosmido-
mycin at the tested drug concentration range (1−512 μg/mL).
However, A. baumannii strains Ab5075 and Ab19606 were
susceptible to FR900098 with MICs of 256 and 128 μg/mL,
respectively; strain Ab5711 was resistant to FR900098.
Conversely, the K. pneumoniae strains (KpBAA-1705 and
KpNSC-277) were more susceptible to fosmidomycin than the
A. baumannii strains, with MICs of 128 and 64 μg/mL,
respectively. Both K. pneumoniae strains were susceptible to
FR900098 with an MIC of 256 μg/mL.
To enter bacterial cells and inhibit the MEP pathway,

fosmidomycin is dependent on the glycerol-3-phosphate
transporter (GlpT).48,67,68 Some pathogens which are lacking
the GlpT transporter, such as Mycobacterium tuberculosis, are
impermeable to fosmidomycin.69 However, lipophilic phos-
phonate prodrugs have proven effective MEP pathway
inhibitors against bacteria lacking the GlpT transporter.48,69−72

Table 1. MICs of Fosmidomycin and FR900098 against A.
baumannii (Ab) and K. pneumoniae (Kp) Strains with
Rifampicin as the Controla

Strains Fosmidomycin FR900098 Rifampicin

MIC (μg/mL) MIC (μg/mL) MIC (μg/mL)

Ab5075 >512 (R) 256 (S) 4 (S)
Ab5711 >512 (R) >512 (R) 4 (S)
Ab19606 >512 (R) 128 (S) 2 (S)
KpBAA-1705 128 (S) 256 (S) 64 (S)
KpNSC-277 64 (S) 256 (S) 64 (S)

aSusceptibility to compounds is represented as “S” and resistance as
“R”. Each experiment was performed in triplicate.

Figure 3. Substrate dependent catalytic activity of A. baumannii and K. pneumoniae IspC. Shown are Michaelis−Menten plots of AbIspC reaction
velocity as a function of (A) DXP concentration and (B) NADPH concentration. Also shown are the Michaelis−Menten plots of KpIspC reaction
velocity as a function of (C) DXP concentration and (D) NADPH concentration. KM

app values were obtained using GraphPad Prism 5.0. Least-
squares best fit of the data to the Michaelis−Menten equation produces the kinetic parameters depicted here and listed in Table 2. The R2 value for
each plot is indicated. All assays were performed in duplicate. The error bars indicate the standard deviation for each data point.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.1c00132
ACS Infect. Dis. 2021, 7, 2987−2998

2989

https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.1c00132?fig=fig3&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.1c00132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A BLAST search with the E. coli K-12 GlpT protein sequence
(accession no. P08194) identifies a homologous transport
protein in the K. pneumoniae KpBAA-1705 proteome
(accession no. EMR29960; 93.06% identity). A BLAST search
with the E. coli K-12 GlpT protein sequence and the A.
baumannii Ab5075 proteome did not identify a GlpT
transporter. The BLAST searches were performed with the
National Center for Biotechnology Information (NCBI)
BLAST (blastp) suite. Sequenced proteomes for KpNSC-
277, Ab5711, and Ab19606 were not available for searching. A.
baumannii resistance to fosmidomycin may therefore be due to
poor cellular uptake. Additionally, previous studies have shown
that uptake of FR900098 is only partially dependent on GlpT,
which may explain the growth inhibition of A. baumannii
strains Ab5075 and Ab19606.48 Furthermore, resistance of
Ab5711 to fosmidomycin and FR900098 could be due to its
substantial biofilm formation characteristics in vitro.64

Fosmidomycin and FR900098 are hydrophilic compounds
which may not be able to effectively penetrate the A. baumannii
and K. pneumoniae cell. Alternatively, or in combination,
resistance to Fosmidomycin and FR900098 may be due to
efflux. However, additional studies are warranted to validate
the mechanism of cellular uptake and/or efflux in A. baumannii
and K. pneumoniae species conclusively. Because fosmidomycin
and/or FR900098 clearly inhibited A. baumannii and K.
pneumoniae growth, we cloned and characterized both the A.
baumannii and K. pneumoniae IspC enzyme to further assess
IspC as an antibiotic target for A. baumannii and K. pneumoniae
and to provide a framework for developing more potent
derivatives.
Characterization of A. baumannii and K. pneumoniae

IspC Enzymes. To enable the enzymatic characterization of A.
baumannii IspC, the A. baumannii ispC gene was PCR
amplified from genomic DNA, cloned into a pBG1861 vector,
and transformed into chemically competent E. coli BL21(DE3)
codon plus RIL cells for protein expression. The resulting
recombinant AbIspC enzyme was affinity purified to near
homogeneity via an N-terminal histidine tag. In parallel, the K.
pneumoniae ispC gene was fully synthesized (GenScript USA
Inc., Piscataway, NJ), cloned into a pMCSG28 vector, and
transformed into chemically competent E. coli BL21(DE3)
codon plus RIL cells. The resulting recombinant KpIspC
enzyme was affinity purified to near homogeneity via a C-
terminal histidine tag.
The catalytic activity of each purified recombinant enzyme

was determined by a spectrophotometric assay monitoring the
substrate dependent oxidation of NADPH. Nonlinear

regression fitting of enzyme velocity versus substrate
concentration was used to determine the apparent kinetic
constants (Figure 3). The KM

app for DXP was obtained using
assays performed with a saturating concentration of NADPH
(150 μM), whereas the KM

app for NADPH was obtained using
assays performed with 400 μM DXP. Generally, the
recombinant A. baumannii IspC and K. pneumoniae IspC
have KM

app, DXP, KM
app, NADPH, kcat

DXP, and kcat
NADPH values that

are comparable to those reported for homologous enzymes
from other organisms (Table 2). The apparent specificity
constant (Kcat

DXP/KM
DXP) of both A. baumannii and K.

pneumoniae IspC are approximately 2-fold higher than that
reported for Yersinia pestis IspC, approximately 30-fold lower
than that reported for the E. coli enzyme, and approximately 2-
fold lower than those reported for the Francisella tularensis and
Mycobacterium tuberculosis enzymes (Table 2).
IspC requires a divalent cation−generally Mg2+ or Mn2+ −

for catalysis.35,57,73 Like many other IspC enzymes,35,57,73

evaluation of enzyme activity in the presence of various
divalent cations reveals that recombinant AbIspC and KpIspC
preferentially use Mg2+ (Figure 4), although approximately
10% and 6% enzyme activity (relative to Mg2+) is retained for
AbIspC and KpIspC, respectively, when Mn2+ is used.

Next, we determined the half-maximal inhibitory (IC50)
concentrations of the phosphonate inhibitors fosmidomycin
and FR900098, with AbIspC and KpIspC (Figure 5). While
AbIspC was more potently inhibited by FR900098 than
fosmidomycin, KpIspC was inhibited by fosmidomycin and
FR900098 at similar potencies. The improved potency of
FR900098 over fosmidomycin against AbIspC agrees with the

Table 2. IspC Apparent Kinetic Parameters

AbIspC KpIspC EcIspCa FtIspCa MtIspCa YpIspCa

KM
app (DXP) (μM)b 127.6 ± 7.2 155.5 ± 10.8 81−250 103.7 ± 12.1 47 221.5 ± 34.3

KM
app(NADPH)(μM) 19.53 ± 0.53 14.51 ± 0.83 0.5−18 13.3 ± 1.5 29.7 12.7 ± 1.5

kcat
DXP (s−1)b 1.92 ± 0.03 2.21 ± 0.06 33 2.0 ± 0.09 1.2 1.7

kcat
NADPH (s−1) 1.64 ± 0.01 1.96 ± 0.03 1.3 ± 0.04 1.0

kcat
DXP/KM

DXP (M−1 min−1) 9.0 × 105 ± 5.3 × 104 8.5 × 105 ± 6.3 × 104 2.4 × 107 1.2 × 106 1.5 × 106 4.6 × 105

IC50
fosmidomycin (nM)c 46.8 (38.2−57.2) 20.2 (15.9−25.6) 35 247 80 710

IC50
FR900098 (nM) 23.9 (21.4−26.7) 23.1 (18.3−29.2) 35 230 160 231

ref This study This study 40,74−76 35,72 71,77 57

aEcIspC, FtIspC, MtIspC, YpIspC = recombinant IspC from Escherichia coli, Francisella tularensis, Mycobacterium tuberculosis, and Yersinia pestis,
respectively. bKM

app and kcat values were obtained using GraphPad Prism 5.0. cThe 95% confidence intervals of the IC50 values are indicated
parenthetically. All assays were performed in duplicate. The standard errors for the KM

app and kcat values for DXP and NADPH, and kcat
DXP/KM

DXP

are indicated for AbIspC and KpIspC.

Figure 4. Cation specificity of A. baumannii and K. pneumoniae IspC.
Enzyme assays were performed with fixed concentrations of NADPH
(150 μM), DXP (400 μM), and divalent cation (25 mM). AbIspC
and KpIspC prefer Mg2+. Assays were performed in duplicate. The
error bars indicate the standard deviation.
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MIC values wherein all three A. baumannii strains were
resistant to fosmidomycin at 1−512 μg/mL. It is noteworthy
that, in general, fosmidomycin and FR900098 are more potent
against AbIspC and KpIspC than the homologous recombi-
nant enzymes from F. tularensis, M. tuberculosis, and Y. pestis
(Table 2), thus highlighting their promise as targets for
therapeutics against A. baumannii and K. pneumoniae.
Overall Structure of AbIspC in Complex with

FR900098, NADPH, and Mg2+. The structure of AbIspC
in complex with FR900098, NADPH, and Mg2+ was refined at
2.5 Å resolution with Rfree and Rwork values of 24% and 23%,
respectively (Figure 6). AbIspC crystallized in space group
P21212 and the unit cell parameters were a = 66.572, b =
118.251, c = 53.911, and α = β = γ = 90. The refinement and
statistics are summarized in Table 3. AbIspC crystallized as a

monomer in the asymmetric unit, with the homodimer formed
by crystallographic symmetry. The biological assembly of IspC
is known to be a homodimer.78 The overall structure of the
AbIspC monomer (Figure 6A) is similar to those that have
been previously reported, in which each monomer consists of
three domains: a central catalytic domain, an N-terminal
NADPH-binding domain, and a C-terminal α-helical do-
main.79,80 The AbIspC N-terminal NADPH binding domain is
comprised of a seven-stranded parallel β-sheet and six α-helices
joined by a Rossman or adenosine diphosphate (ADP)-binding
βαβ fold which binds NADPH in a classical manner.81 The C-
terminal α-helical domain is comprised of a four-helix bundle.
The central catalytic domain, which binds the divalent
magnesium ion and FR900098, is located within a deep cleft
at the center of the monomer, and is covered by an active site

Figure 5. Dose-dependent inhibition of AbIspC and KpIspC. IC50 values for AbIspC were determined using (A) fosmidomycin or (B) FR900098.
IC50 values for KpIspC were also determined using (C) fosmidomycin or (D) FR900098. The R2 value for each plot is indicated. IC50 values were
obtained using GraphPad Prism 5.0. Assays were performed in duplicate. The error bars indicate the standard deviation for each data point.

Figure 6. Structure of the AbIspC complex. (A) The overall crystal structure of AbIspC (blue) in complex with NADPH (yellow), FR900098
(magenta), and Mg2+ (gray). The N- and C-termini are indicated. (B) Focused view of the AbIspC FR900098 and Mg2+ binding site. The Fo-Fc
difference map around FR900098 and Mg2+ is shown in green mesh, contoured at a radius of 3.0 Å around the ligand. Residues 191−193 and 258
and NADPH were deleted for visualization of the binding site. Bonded waters are shown. AbIspC structure (PDB ID: 4ZN6) was used as a search
model for phasing.
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loop (Figure 7) which is known to close over the active site
upon substrate binding.80,82 The four-stranded β-sheet which
sits below the catalytic domain contains one parallel and two
antiparallel alignments and is known to comprise part of the
dimer interaction with the second IspC monomer.79

Active Site and Active Site Loop. FR900098 is bound to
the active site via hydrogen bonding interactions with the
oxygens of its phosphonate and hydroxamate groups,
coordination with the divalent magnesium ion, and hydro-

phobic interactions with the propyl backbone of FR900098
(Figure 6B). The phosphonate oxygens of FR900098 form
hydrogen bonds with Asn235, two water molecules, and highly
conserved residues, Ser230, Ser194, and Lys236.74,79 Both the
side chain and backbone nitrogen of Ser194 are hydrogen
bonded to the phosphonate oxygen. The divalent magnesium
cation is coordinated to highly conserved residues Asp159,
Glu161, and Glu239 and the carbonyl and hydroxyl oxygens of
the FR900098 hydroxamate group in a distorted trigonal
bipyramidal geometry.74,79 The metal interactions are similar
to those observed in other quaternary IspC complexes with
FR900098, NADPH, and a divalent cation. In the quaternary
structure of IspC from M. tuberculosis in complex with
FR900098, NADPH, and Mn2+, only five oxygen atoms
coordinate each metal ion, with an approximate octahedral
geometry.83 Similarly, in the quaternary structure of IspC from
Plasmodium falciparum in complex with FR900098, Mg2+, and
NADPH, the Mg2+ ion binds to three protein ligands and two
inhibitor atoms, resulting in a distorted trigonal bipyramidal
geometry.84 The Ser160 side chain and its backbone nitrogen
also form hydrogen bonds with the hydroxyl oxygen of the
hydroxamate group. The active site loop is closed over the
FR900098 and Mg2+ binding site, and the propyl backbone of
FR900098 interacts with the adjacent Trp220 and Met222 (of
the active site loop) at approximate distances of 4.138 and
4.150 Å, respectively.

Closed Conformation of AbIspC in Complex with
FR900098, NADPH, and Mg2+. The primary difference
between the quaternary AbIspC structure (AbIspC in complex
with FR900098, NADPH, and Mg2+) and the apo AbIspC
structure (deposited by the Seattle Structural Genomics
Center for Infectious Disease, PDB ID: 4ZN6) is the overall
conformation of the enzyme, wherein the apo structure adopts
a more open conformation and the quaternary structure adopts
a closed conformation. This can be observed by superimposing

Table 3. Crystallography Data Collection and Refinement
Statistics

Recombinant AbIspCa

Wavelength (Å) 1.54
Resolution range (Å) 33.917−2.490 (2.533−2.490)
Space group P21212
Unit cell 66.572 118.251 53.911 90 90 90
Unique reflections 28399 (15339)
Multiplicity 7.23
Completeness (%) 98.57 (98.57)
Mean I/sigma(I) 23.09
Wilson B-factor 23.33
R-merge 0.2494
R-work 0.2307
R-free 0.2442
RMS(bonds) 0.008
Number of H2O 147
Ramachandran favored (%) 97.46
Ramachandran outliers (%) 0
Clashscore 0
Average B-factor 23.65
macromolecules 23.78
ligands 19.34

aStatistics for the highest-resolution shell are shown in parentheses.

Figure 7. The active site loop. (A) The AbIspC quaternary complex (blue) superimposed with apo AbIspC (PDB ID: 4ZN6, orange). The N- and
C-termini are indicated. The active site loop (residues 216−223, violet) is closed over the active site in the quaternary complex. The conformation
of both the N-terminal NADPH binding domain and the central catalytic domain are not greatly shifted by ligand binding. However, there is a
distinct shift in the position of the four-helix bundle comprising the C-terminal α-helical domain. (B) Zoomed in view of the active site loop. The
Fo-Fc electron density difference map, contoured at a radius of 2.8 Å around the loop region (residues 216−223), is shown in green mesh. Electron
density can be observed for residues 216, and 220−223.
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the two structures (Figures 7 and 8). In the quaternary
structure, the flexible loop region (residues 216−223) is closed
over the active site, whereas, in the apo AbIspC structure
(PDB ID: 4ZN6), the flexible loop region is disordered. The
loop region in the quaternary structure is well-ordered, and
residues 216−223 were built into the Fo-Fc difference electron
density map (Figure 7B). As observed from the superimposed
structures, the conformation of both the N-terminal NADPH
binding domain and the central catalytic domain are not
greatly shifted by the binding of FR900098, NADPH, and
Mg2+ in the quaternary structure (Figure 7A). However, there
is a distinct shift in the position of the four-helix bundle
comprising the C-terminal α-helical domain (Figure 7 and 8).

■ CONCLUSION

In summary, we have shown that A. baumannii and K.
pneumoniae IspC are valid targets for the development of novel
antibiotics. Although all A. baumannii strains were resistant to
fosmidomycin at 512 μg/mL and Ab5711 was resistant to both
inhibitors at 512 μg/mL, A. baumannii strains Ab5075 and
Ab19606 were susceptible to FR900098 at MICs of 256 and
128 μg/mL, respectively. A. baumannii resistance to
fosmidomycin may be due to lack of GlpT uptake and/or
impermeability. Ab5711’s resistance to both fosmidomycin and
FR900098 could likewise be attributed to impermeability due
to the substantial biofilm formation characteristics of Ab5711.
Conversely, K. pneumoniae was more susceptible to fosmido-
mycin than FR900098. Strains KpBAA-1705 and KpNSC-277
were susceptible to fosmidomycin at MICs of 128 and 64 μg/
mL, respectively, whereas, both strains were susceptible to
FR900098 at an MIC of 256 μg/mL. As mentioned,
fosmidomycin uptake is GlpT-dependent, whereas FR900098
uptake is partially GlpT-dependent. K. pneumoniae’s improved
susceptibility to fosmidomycin over FR900098 may be
attributed to uptake via GlpT. Nonetheless, Fosmidomycin
and FR900098 are highly hydrophilic compounds; therefore,
resistance may be generally attributed to impermeability
regardless of GlpT uptake. Future studies are warranted to
assess the method of uptake, or efflux, of these compounds in
A. baumannii and K. pneumoniae.

Unlike the bacterial growth inhibition assays, both A.
baumannii and K. pneumoniae IspC were potently inhibited
by fosmidomycin and FR900098 in vitro. Additionally, both A.
baumannii and K. pneumoniae IspC were generally more
susceptible to the inhibitors than other homologous enzymes.
The in vitro potency of fosmidomycin and FR900098 against
A. baumannii and K. pneumoniae IspC highlights their promise
as targets for therapeutics against A. baumannii and K.
pneumoniae. We resolved the quaternary structure of AbIspC
in complex with FR900098, NADPH, and Mg2+. This structure
can guide additional structure−based drug design, which may
yield derivatives with more favorable bacterial growth
inhibition. As mentioned previously, where cellular penetration
has posed a challenge for bacterial growth inhibition, lipophilic
phosphonate prodrugs have demonstrated potential for
effective bacterial growth inhibition. Accordingly, lipophilic
prodrugs of fosmidomycin and FR900098 analogs likely
represent the best prospects for A. baumannii and K.
pneumoniae, as well as other ESKAPE pathogens.

■ METHODS

Bacterial Strains and Growth Conditions. Clinical
isolates of A. baumannii strains Ab5075 and Ab5711 and K.
pneumoniae strain KpNSC-277 were obtained from the
Multidrug-resistant organism Repository and Surveillance
Network (MRSN) at Walter Reed Army Institute of Research.
Ab5075 is the most virulent and multidrug-resistant strain.
Ab5711 is also an MDR strain and is known to form
substantial biofilms in vitro. A. baumannii strain Ab19606, K.
pneumoniae strain KpBAA-1705, and Escherichia coli strain
Ec25922 were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The bacterial
isolates were cultured on blood agar plates (Tryptic Soy
Agar with 5% sheep blood) at 37 °C for 16−18 h prior to
antimicrobial susceptibility tests. Recombinant proteins were
expressed in Escherichia coli BL21 CodonPlus (DE3)-RIL cells
obtained from Stratagene (La Jolla, CA). E. coli was cultured at
37 °C in Luria−Bertani (LB) media supplemented with 100
μg/mL ampicillin and 50 μg/mL chloramphenicol with
constant shaking at 250 rpm. Agar (1.5 wt %/vol) was
added to prepare solid media.

Figure 8. The C-terminal α-helical domain. The AbIspC quaternary complex (blue) superimposed with apo AbIspC (PDB ID: 4ZN6, orange).
The N- and C-termini are indicated where visible. The C-terminal α-helices adopt a more open conformation in the apo structure (1αa, 2αa, 3αa,
4αa), and a closed conformation in the quaternary complex (1αb, 2αb, 3αb, 4αb). (A) C-terminal α-helices 2 (residues 339−355) and 4 (residues
383−404) in the quaternary complex (2αb and 4αb) and in the apo conformation (2αa and 4αa). 2αb is shifted approximately 4.585 Å toward the
active site relative to 2αa. 4αb is shifted approximately 5.880 Å toward the active site relative to 4αa. (B) C-terminal α-helices 1 (residues 325−335)
and 3 (residues 361−374) in the quaternary complex (1αb and 3αb) and in the apo conformation (1αa and 3αa). 1αb is shifted approximately 2.163
Å toward the active site relative to 1αa. 3αb is shifted approximately 5.053 Å toward the active site relative to 3αa.
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Antimicrobial Susceptibility Assays. The minimum
inhibitory concentration (MIC) of each compound was
evaluated using the broth microdilution method according to
the guidelines described in the Clinical and Laboratory
Standards Institute (CLSI).85 Fosmidomycin and FR900098
were purchased from Sigma-Aldrich (St. Louis, MO).
Inhibitors stock solution were prepared in phosphate buffered
saline (PBS) and stored at −80 °C. The compounds were 2-
fold diluted in cation-adjusted Mueller-Hinton Broth
(CAMHB) in 96-well round-bottom, polystyrene microtiter
plates to final concentrations ranging from 1 to 512 μg/mL.
100 μL of the drug containing broth was dispensed into the
wells of the 96-well plate in triplicate. Wells containing broth
only served as growth and sterility controls. Prior to
antimicrobial susceptibility testing, A. baumannii strains were
cultured on blood agar plates at 37 °C for 16−18 h, and K.
pneumoniae strains were cultured in CAMHB media at 37 °C
for 5−6 h.
Fresh colonies and suspension cultures in PBS were adjusted

spectrophotometrically to an optical density of 0.1, at
wavelength of 600 nm, to yield approximately 1 × 108

colony-forming units (CFU)/mL. The bacterial suspension
was further diluted in CAMHB, and 5 μL of the suspension
was inoculated into respective wells to yield a starting
inoculum of around 5 × 105 CFU/mL. The 96-well plates
were incubated at 37 °C for 18 to 20 h. The MIC was recorded
as the lowest concentration of antimicrobial agent that inhibits
the visible growth of the bacterial isolate after 18−20 h
incubation.85,86 E-coli strain ATCC 25922 was used as the
quality control strain with ampicillin as the antibiotic
Rifampicin was used as the control against A. baumannii and
K. pneumoniae strains. A minimum of three replicates were
performed for each compound.
Cloning, Expression, and Purification of A. baumannii

and K. pneumoniae IspC. The A. baumannii and K.
pneumoniae IspC genes (ispC) were identified in the complete
genome sequence using primary sequence homology with
orthologs from other organisms. Sequence alignment was
performed with the National Center for Biotechnology
Information (NCBI) BLAST (blastp) suite with the following
NCBI reference sequences: E. coli (U00096.2, AAC73284.1),
F. tularensis (AJ749949.2, CAG46207.1), M. tuberculosis
(NC_000962.3, NP_217386.2), Y. pestis (NC_003143.1,
YP_002346091.1), A. baumannii (NZ_AFCZ00000000.2,
EJP43779.1), and K. pneumoniae (KK036887.1, EWF09955.1).
The A. baumannii IspC clone was generously provided by

the Seattle Structural Genomics Center for Infectious Disease
(SSGCID). To prepare the clone, the A. baumannii ispC gene
was PCR amplified from genomic DNA and cloned into a
pBG1861 vector to yield pAbIspC, facilitating the expression
of A. baumannii IspC with an N-terminal His6-tag. The K.
pneumoniae ispC gene was fully synthesized (GenScript USA
Inc., Piscataway, NJ) and cloned into a pMCSG28 vector to
yield pKpIspC, facilitating the expression of K. pneumoniae
IspC with a C-terminal His6-tag.
Each expression plasmid (pAbIspC and pKpIspC) was

separately transformed into chemically competent E. coli BL21
CodonPlus (DE3)-RIL cells for protein expression. To express
the His-tagged protein, a 10 mL overnight seed culture was
added to 1 L of LB media supplemented with 100 μg/mL
ampicillin and 50 μg/mL chloramphenicol and then incubated
with shaking at 37 °C and 250 rpm. At an OD600 of 0.8, protein
expression was induced with addition of isopropyl b-D-

thiogalactopyranoside (IPTG) to 0.5 mM and the culture
was further incubated with shaking at 37 °C and 250 rpm for
an additional 18 h. Cells were harvested via centrifugation
(4648g, 20 min, 4 °C) and stored at −80 °C. Protein was
subsequently isolated and purified from the cells via chemical
lysis and affinity chromatography.
Cells were lysed with lysis buffer A (100 mM Tris pH 8.0,

0.032% lysozyme, 3 mL per gram cell pellet), followed by lysis
buffer B (0.1 M CaCl2, 0.1 M MgCl2, 0.1 M NaCl, 0.020%
DNase, 0.3 mL per gram cell pellet). Clarified cell lysate was
collected after centrifugation (48,000g, 20 min, 4 °C) and
passed through a TALON immobilized metal affinity column
(Clontech Laboratories, Mountain View, CA).
The column was washed with 20 column volumes of

equilibrium buffer (50 mM HEPES pH 7.5, 300 mM NaCl),
10 column volumes of wash buffer A (50 mM HEPES pH 7.5,
300 mM NaCl, 10 mM imidazole), and 15 column volumes of
wash buffer B (100 mM HEPES pH 7.5, 600 mM NaCl, 20
mM imidazole). The protein was eluted with 5 column
volumes of elution buffer (150 mM imidazole pH 7.0, 300 mM
NaCl). Buffer was exchanged with protein storage buffer (100
mM Tris pH 7.5, 1 mM NaCl, 5 mM DTT) during
concentration by ultrafiltration. Protein concentration was
determined using Advanced Protein Assay Reagent (Cytoske-
leton, Denver CO) with γ-globulins (Sigma-Aldrich) as the
standard and by measuring the absorbance at 280 nm (A280).
Purified protein was visualized via Coomassie stained sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-
PAGE). The yield of AbIspC averages 20 mg per 1 L shake
flask, whereas the yield of KpIspC averages 10 mg per 1 L
shake flask.

Crystallization. Crystallization experiments were set up
with AbIspC according to the conditions published by the
Seattle Structural Genomics Center for Infectious Disease
(SSGCID) in the RCSB Protein Data Bank (PDB ID: 4ZN6).
Crystals were obtained via sitting drop vapor diffusion at 16 °C
from drops containing 100 mM sodium citrate:HCl pH 5.60,
250 mM ammonium sulfate, and 24% PEG 4000. Crystals were
transferred to 100 mM sodium citrate:HCl pH 5.60, 250 mM
ammonium chloride, and 24% PEG 4000 at 16 °C.
Subsequently, the crystals were soaked with 50 mM
magnesium chloride, 1 mM NADPH, and 50 mM FR900098.

Data Collection and Processing. The crystals were
cryoprotected in mother liquor containing 10% ethylene
glycol, followed by mother liquor containing 20% ethylene
glycol, and then flash frozen in a N2 gas stream. Data was
collected at 100 K to 2.4 Å resolution using a Bruker Microstar
Rotating Anode X-ray generator with a Pt 135 CCD detector
in-house at the Walter Reed Army Institute of Research X-ray
Crystallography Center with integration and scaling using
Proteum (Bruker).

Molecular Replacement and Refinement. The struc-
ture was determined by molecular replacement using the
AbIspC structure (PDB ID 4ZN6) as a search model for
phasing. Molecular replacement was performed using the
program Phaser within the PHENIX suite. The NADPH,
FR900098, and Mg2+ molecules were built within the mFo-Fc
difference density map using Coot and Phenix. Refinement of
the AbIspC:NADPH:FR900098:Mg tetra-complex was per-
formed using the phenix.refine within the Phenix software suite
and Coot.

Enzyme Assays. Data was analyzed using GraphPad Prism
5.0 for Windows (GraphPad Software Inc., San Diego, CA). A.
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baumannii and K. pneumoniae IspC activity was assayed at 37
°C by spectrophotometrically monitoring the enzyme cata-
lyzed oxidation of NADPH upon addition of 1-deoxy-D-
xylulose 5-phosphate (DXP; Echelon Biosciences, Salt Lake
City, UT) to the assay mixture, as described previously.87 The
oxidation of NADPH was monitored at 340 nm using an
Agilent 8453 UV−vis spectrophotometer equipped with a
temperature regulated cuvette holder. All assays were
performed in duplicate.
To determine the apparent KM for DXP, 120 μL assay

solutions contained 100 mM Tris pH 7.8, 25 mM MgCl2, 150
μM NADPH, 0.18 μM IspC, and variable concentrations of
DXP. The assay solution was incubated at 37 °C for 10 min,
prior to addition of DXP, to facilitate the association of
NADPH with the enzyme. To determine the apparent KM for
NADPH, assays were performed with a fixed DXP concen-
tration (400 μM) and variable concentrations of NADPH. The
kinetic constants were determined by nonlinear regression to
the Michaelis−Menten equation using GraphPad PRISM
version 5.00 for Windows (GraphPad Software Inc., San
Diego, CA). IC50 values were determined by nonlinear
regression to a dose−response curve: Y= (100)/(1 +
10∧((LogIC50-X)) using GraphPad PRISM version 5.00 for
Windows.
To determine cation specificity, assays were performed with

either MgCl2, CoCl2, CuCl2, MnCl2, or NiCl2 at 25 mM final
concentration. Half-maximal inhibition (IC50) of enzyme
activity by fosmidomycin and FR900098 was determined
using a plot of fractional enzyme activity as a function of
inhibitor concentration using GraphPad Prism 5.0 for
Windows. As both inhibitors are slow, tight binding
inhibitors,40 fosmidomycin and FR900098 were preincubated
with the enzyme at 37 °C for 10 min prior to the addition of
the substrate, DXP.
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