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Isoprenoid biosynthesis is essential for survival of all living organisms. More than 50,000 unique isoprenoids occur naturally,
with each constructed from two simple five-carbon precursors: isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP). Two pathways for the biosynthesis of IPP and DMAPP are found in nature. Humans exclusively use the mevalonate
(MVA) pathway, while most bacteria, including all Gram-negative and many Gram-positive species, use the unrelated methyl-
erythritol phosphate (MEP) pathway. Here we report the development of a novel, whole-cell phenotypic screening platform to
identify compounds that selectively inhibit the MEP pathway. Strains of Salmonella enterica serovar Typhimurium were engi-
neered to have separately inducible MEP (native) and MVA (nonnative) pathways. These strains, RMC26 and CT31-7d, were
then used to differentiate MVA pathway- and MEP pathway-specific perturbation. Compounds that inhibit MEP pathway-de-
pendent bacterial growth but leave MVA-dependent growth unaffected represent MEP pathway-selective antibacterials. This
screening platform offers three significant results. First, the compound is antibacterial and is therefore cell permeant, enabling
access to the intracellular target. Second, the compound inhibits one or more MEP pathway enzymes. Third, the MVA pathway is
unaffected, suggesting selectivity for targeting the bacterial versus host pathway. The cell lines also display increased sensitivity
to two reported MEP pathway-specific inhibitors, further biasing the platform toward inhibitors selective for the MEP pathway.
We demonstrate development of a robust, high-throughput screening platform that combines phenotypic and target-based
screening that can identify MEP pathway-selective antibacterials simply by monitoring optical density as the readout for cell
growth/inhibition.

Antibiotic resistance, especially among Gram-negative bacte-
ria, continues to be a serious public health concern. While

considerable effort has been invested in developing new Gram-
positive agents, significantly fewer programs or pipeline agents
can be found for Gram-negative therapeutics. Carbapenems are
among the top drugs for treating serious hospital-acquired (nos-
ocomial) infections (NIs) caused by Gram-negative agents (39),
but, unfortunately, the emergence of blaNDM-1, a plasmid express-
ing a metallo-ß-lactamase that confers resistance to virtually all
�-lactam antibiotics, has increased the risk of resistance to mem-
bers of this drug class (46). Multidrug-resistant Gram-negative
bacteria now require the use of compounds that were long ago
abandoned due to toxicity, such as colistin, which exhibits neph-
rotoxicity, due to a lack of anything better (27).

Aggravating the concern are increasing reports of antibiotic
resistance in NIs, which add $4.5 billion to health care costs and
are responsible for 90,000 deaths each year (27). More than 60% of
NIs are caused by Gram-negative pathogens, with many of these
resistant to most, if not all, available therapies. The Infectious
Disease Society of America (IDSA) in its update of the “Bad Bugs,
No Drugs” report discusses the therapeutic development needs for
a group of pathogens that cause the majority of NIs (7). The IDSA
authors lament the lack of new purely anti-Gram-negative agents
in late stage clinical development and the correlative risk to pa-
tients. A separate report puts the concern plainly, saying “It is time
to intensify attention to Gram-negative resistance” (39).

The methylerythritol phosphate (MEP) pathway for iso-
prenoid biosynthesis has been described as a promising new target
for discovering novel Gram-negative antibacterial agents in this
time, when there is an “innovation gap” for antibiotic discovery

(42, 43). Isoprenoids are involved in numerous essential cellular
processes in all organisms, such as cellular respiration, cell wall
biosynthesis, photosynthesis, cell signaling, oxidative phosphory-
lation, and protein biosynthesis (6). All isoprenoids are produced
from the essential precursors isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). All Gram-negative bacteria,
in addition to many Gram-positives and apicomplexan parasites,
require the MEP pathway for IPP and DMAPP biosynthesis, while
humans (and other eukaryotes) use the unrelated mevalonate
(MVA) pathway. The MEP and MVA pathways have nonoverlap-
ping chemical intermediates and biosynthetic enzymes (Fig. 1).

The MVA pathway has been well studied since the 1950s. The
first two steps involve condensation reactions with acetyl-coen-
zyme A (acetyl-CoA) to produce acetoacetyl-CoA and hydroxy-
methyl glutaryl-CoA (HMG-CoA) (3, 30). HMG-CoA is reduced
to create MVA, which is subsequently phosphorylated twice be-
fore it is decarboxylated to form IPP (1, 5). IPP isomerase (IDI)
converts IPP to DMAPP (10). Unlike the MVA pathway, the MEP
pathway was discovered only recently. DXP synthase was the first
protein identified, in 1997 (40), and IspH (catalyzing the last two
steps) was the last enzyme reported, in 2002 (2). The MEP path-
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way begins with the condensation of glyceraldehyde 3-phosphate
(G3P) and pyruvate to produce 1-deoxy-D-xylulose 5-phosphate
(DXP) by DXP synthase (DXS) followed by the MEP synthase
(DXR)-catalyzed rearrangement and reduction of DXP to gener-
ate MEP (16, 20, 22, 25). MEP is converted to 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate (cMEDP) by the successive ac-
tions of 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME)
synthase (IspD), CDP-ME 2-phosphate (CDP-ME2P) synthase
(IspE), and cMEDP synthase (IspF) (18, 26, 35). 1-Hydroxy
2-methyl-2-buten-4-yl diphosphate (HDMAPP) is formed by the
IspG-catalyzed ring opening of cMEDP (34). IPP and DMAPP are
ultimately formed in one step by IspH (34). Each of these enzymes
has been demonstrated to be essential for cellular viability (41). A
nonessential IDI likely maintains a balanced pool of IPP and
DMAPP in organisms utilizing the MEP pathway (13).

The MEP pathway has been validated as an antibacterial target
with fosmidomycin (Fos). In the 1980s, Fos was investigated clin-

ically as an antibacterial, although its target was not known. In
1998, long after it was abandoned as an antibacterial candidate
due to poor bioavailability, DXR was identified as the target (21).
Fos has also demonstrated efficacy in treating the malaria parasite
Plasmodium falciparum, which requires the MEP pathway for vi-
ability, with minimal side effects on humans (19, 24). However,
since the discovery and elucidation of the MEP pathway, there has
not been a single agent to have entered clinical development tar-
geting it.

Each of the seven enzymes in the MEP pathway represents
unexploited druggable targets that could yield new antibacterial
classes. Here we report the development of a novel, whole-cell
phenotypic screening platform for identifying compounds that
selectively inhibit the MEP pathway. Here we report a genetically
engineered Salmonella enterica serovar Typhimurium strain,
CT31-7d, that has been constructed and formatted as part of a
high-throughput screening (HTS) platform which was validated
using two known MEP pathway-selective compounds: the previ-
ously described Fos and 5-ketoclomazone (5-KT), which inhibits
DXS (15, 31).

CT31-7d was derived from strain RMC26 (41), which was
engineered to have both the MEP and MVA pathways, each
independently inducible. Construction of RMC26, which was
engineered to have both the MEP and MVA pathways, each
independently inducible, has been described elsewhere (41).
Briefly, RMC26 has a lethal disruption (dxs::MVAoperon) in the
MEP pathway, which was accomplished by inserting a synthetic
mevalonate operon (MVAoperon) into the chromosomal copy of
the gene encoding DXS. The MVAoperon is under the control of
an arabinose-inducible promoter (PBAD) and contains three
genes encoding the proteins responsible for converting MVA to
IPP: MVA kinase, phospho-MVA (PMVA) kinase, and MVA
diphosphate decarboxylase. A kanamycin resistance (Kanr)
cassette was included in the insertion to facilitate selection of
cells harboring an insertion. Viability of RMC26 can be re-
stored by supplementing the growth medium with 1-deoxy-D-
xylulose (DX) or 2-C-methyl-D-erythritol (ME), which have
been shown to be taken up by the cell and subsequently phos-
phorylated, thereby reconstituting the MEP pathway (4, 11, 33,
36, 38, 41). Alternatively, cell viability may be restored by uti-
lizing the engineered MVA pathway by supplementation with
MVA and arabinose (MVA/ara). In the absence of ara and
MVA, RMC26 is unable to propagate, as the operon is not
turned on. A compound that specifically inhibits the MEP
pathway elicits a phenotype of growth with MVA/ara and no
growth with DX.

RMC26 lacks DXS and as a result is unable to identify inhibi-
tors of this step of the MEP pathway. While DXS enzymes exhibit
high levels of sequence similarity to mammalian transketolases,
the crystal structure has revealed that the structural domains have
a novel arrangement in bacteria, suggesting a potential druggable
target (45). As a result, CT31-7d was created to enable identifica-
tion of DXS inhibitors, in addition to the six other MEP pathway
enzymes, by the introduction of a plasmid-encoded DXS to
RMC26. The gene encoding DXS was cloned from Bacillus anthra-
cis and inserted into the isopropyl-�-D-thiogalactopyranoside
(IPTG)-inducible and ampicillin (Amp)-resistant plasmid
pTrcHis2a, creating pCT25, which was subsequently introduced
into RMC26, creating CT31-7d. CT31-7d is still unable to utilize
the MVA pathway unless provided exogenous MVA and ara.

FIG 1 MEP and MVA pathways for isoprenoid biosynthesis.
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Identification of MEP pathway-selective inhibitors can be accom-
plished by screening compound collections and evaluating their
effects on MEP pathway growth compared to MVA pathway
growth (Fig. 2). Compounds that inhibit MEP pathway growth
but not MVA pathway growth represent MEP-selective antibacte-
rials (Fig. 2, rows A and B). Compounds affecting growth of both
pathways represent antibacterials that act on a target other than
the MEP pathway (Fig. 2, rows C and D), while compounds not
affecting the growth of either pathway are not antibacterial (Fig. 2,
rows E to H). The screening platform enables identification of
inhibitors of any of the seven steps of the MEP pathway. Impor-
tantly, hits in screens using our platform yielded three results: (i)
the inhibitors are antibacterial and able to cross the S. Typhimu-
rium cell wall; (ii) they target the MEP pathway selectively; and
(iii) they do not affect the MVA pathway.

MATERIALS AND METHODS
Materials and general methods. Medium (LB broth and agar, Mueller-
Hinton broth), pTrcHis2a, an Easy-DNA kit, and Fos were purchased
from Invitrogen (Carlsbad, CA). Mevalonolactone, L-arabinose (ara),
IPTG, and antibiotics were purchased from Sigma-Aldrich (St. Louis,
MO). 5-KT, DX, and ME are commercially available from Echelon Bio-
sciences, Inc. (Salt Lake City, UT). MVA was prepared by hydrolysis of 1
vol of 1 M mevalonolactone with 1.02 vol of 1 M KOH followed by incu-
bation of the mixture at 37°C for 30 min. MVA was used at a final con-
centration of 5 mM with 0.04% ara, except where noted. DX was used at 5
�M, except where noted. Kanamycin (Kan) was used at 40 �g/ml and
ampicillin (Amp) at 100 �g/ml. AeraSeal sterile breathable sealing films
were obtained from Excel Scientific (Victorville, CA). All assays were per-
formed using clear 96-well microtiter plates (MTPs) from Nunc (Roch-
ester, NY). MICs were determined using a slight modification of the broth
microdilution method (32).

Construction of strain CT31-7d. Genomic DNA was isolated from B.
anthracis (Sterne 34F2 strain) using an Easy-DNA kit per the manufactur-
er’s instructions and used for PCR amplification of dxs. Primers were
designed to introduce NcoI and BglII sites at the 5= and 3= termini, respec-
tively, for subcloning into the corresponding sites of pTrcHis2a, creating
pCT25. S. Typhimurium strain RMC26 was transformed with pCT25 to
create CT31-7d using standard protocols (37).

RMC26 growth assay optimization. Well-isolated colonies of RMC26
were picked from LB/Kan/DX plates and used to inoculate 3 ml of LB/
Kan/DX. The same colony was used to inoculate 3 ml of LB/Kan/MVA/
ara. Cultures were grown for 18 h at 37°C with shaking at 250 rpm (1:10
dilution of cultures typically exhibited an absorbance at 600 nm [A600]
of �0.250 and corresponded to �5 � 107 CFU/ml compared to the
McFarland standard). Cell suspensions for screening were prepared by
adding 1 �l overnight (o/n) culture per 1 ml LB/Kan (which makes a
2� cell suspension of 5 � 105 CFU/ml). DX concentrations (0, 1, 2, 5,
10, and 100 �M) for MEP pathway growth and MVA (0, 1, 5, 10 and 50

mM) plus ara (0, 0.001, 0.005, 0.01, 0.05 and 0.1%) concentrations
were investigated for screening. Growth evaluation was performed in
clear 96-well plates using a Biomek 2000 workstation for most pi-
petting steps. Plates are covered with sterile breathable seals and incu-
bated at 37°C and 80% humidity with shaking at 350 rpm for 20 h using
a Multitron II orbital shaker (Appropriate Technical Resources, Inc.,
Laurel, MD). Growth was determined by reading absorbance at 600
nm (A600) using a SpectraMax M2 plate reader (Molecular Devices,
Sunnyvale, CA).

The effect of dimethyl sulfoxide (DMSO) was evaluated by performing
serial dilutions using both MEP and MVA growth conditions. Aliquots
(150 �l) of LB/Kan plus 4% DMSO were added to wells in column 1 in
each of 2 MTPs. LB/Kan was added (75 �l) to all wells in columns 2 to 11,
with 150 �l LB/Kan added to wells in column 12 (media blanks). The
contents of wells in column 1 were mixed followed by transfer of 75 �l
from column 1 to column 2; the contents of the wells in column 2 were
mixed, and then 75 �l was transferred to column 3. This process is re-
peated until column 10 was reached, with the remaining 75 �l discarded.
A MEP or MVA cell suspension (75 �l of a 2� concentration) was added
to all wells in columns 1 to 11, and plates were incubated as described
above. The concentrations of MVA evaluated were 1, 2, and 5 mM, with
0.01%, 0.04%, and 0.08% ara also evaluated for each MVA concentration
examined. The DMSO concentration range evaluated for each combina-
tion of MVA plus ara was 0.0039% to 2%.

CT31-7d growth assay optimization. Well-isolated colonies of
CT31-7d were picked from LB/Kan/Amp plates and used to inoculate
liquid cultures of both LB/Kan/Amp and LB/Kan/Amp/MVA/ara using
the same inoculum. Cultures were grown and screened as described
above, except MEP cell suspensions were prepared using LB/Kan/Amp.
Various concentrations of IPTG created by serial dilution starting at 20
�M (final dilution of 0.0039 �M) and a preparation without IPTG were
investigated for their effect on growth of CT31-7d. Various concentra-
tions of IPTG (0, 2, 20, and 200 �M) were used to investigate the effect on
the MIC of Fos against CT31-7d. Serial dilutions were performed using
the indicated concentrations of IPTG starting at 0.2 �g/ml Fos. DMSO
was evaluated as described for RMC26, using the corresponding CT31-7d
growth media.

Activity of known MEP pathway inhibitors against RMC26 or CT31-
7d. MEP and MVA cultures of RMC26 were prepared as described above
using final concentrations of 5 �M DX or 5 mM MVA plus 0.04% ara.
MEP and MVA cultures of CT31-7d were prepared as described above.
Compound stocks were prepared in DMSO, with a final DMSO concen-
tration of �2%. Compound solutions (2�) were prepared by adding 25
�l compound stock to 600 �l medium (LB/Kan for RMC26 or LB/Kan/
Amp for CT31-7d). To perform the screening, 150 �l of 2� compound
solution was manually added to 2 wells in column 1 of a 96-well MTP (4
compounds/plate) for evaluation in duplicate. Medium (75 �l) was added
to all wells in columns 2 to 10 of the MTP, and 150 �l was added to all wells
in column 12 (media blank). Compounds were serially diluted by mixing
column 1 followed by transfer of 75 �l to column 2. This was repeated
through column 11. The remaining 75 �l of material from column 11 was
discarded. The process was repeated for a second MTP. An MEP or MVA
cell suspension (75 �l of 2�) was added to all wells in columns 1 to 11.
5-KT screening used a starting concentration of 2 �g/ml, while Fos
screening used 0.2 �g/ml as the initial concentration (except in the inves-
tigation of MVA inhibition, which started at 1,000 �g/ml).

To further demonstrate the utility of our cell lines, DX (10 �M) and
ME (5 and 25 �g/ml) were used to supplement growth media for CT31-7d
for incubation with Fos (100 �g/ml starting concentration). Inhibition of
growth was investigated as described above.

Activity of known antibacterials against RMC26 and CT31-7d.
Plates and cultures were prepared as described above for MEP pathway
inhibitors. Fos was added to wells A11 and B11 as a positive control (3 �M
final concentration). This concentration of Fos was selected as it inhibits
CT31-7d and is ineffective at inhibiting the growth of any wild-type

FIG 2 Expected screening results for the MEP screening platform. Rows A and
B represent an MEP pathway-selective inhibitor and rows C and D an antibac-
terial that is not selective for the MEP pathway; rows E and F and rows G and
H are not antibacterial. Wells A11 and B11 are Fos controls, C11 to H11 are
no-inhibitor controls, and column 12 represents media blanks. � � cell
growth; Œ � no cell growth.
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strains. Percent inhibition was determined by comparing bacterial growth
to no-inhibitor controls. Values corresponding to the absence of inhibi-
tion were obtained by averaging the value for no-inhibitor wells (C11 to
H11) and subtracting the value for the average for medium blank wells
(A12 to H12). MIC values were defined as the lowest concentration caus-
ing �90% inhibition of bacterial growth for all wells, relative to no-inhib-
itor control results (measuring A600). The initial screening concentrations
(column 1) are listed in Table 1.

Comparison of MICs to wild-type S. Typhimurium. Activities of
known antibacterials against RMC26 and CT31-7d were compared to
those against S. Typhimurium LT2 (ATCC 19585; parent strain of
RMC26). Cultures grown on LB agar plates were used to inoculate 3 ml of
medium (LB or cation-adjusted Mueller-Hinton broth [CAMHB]). Liq-
uid cultures were grown overnight (18 to 20 h) at 37°C and then added to
fresh medium to produce a 2� screening culture (1 � 106 CFU/ml com-
pared to the McFarland standard). Serial dilutions were performed as
described above. Antibacterials were evaluated in duplicate, and experi-
ments were performed independently at least three times.

RESULTS
Construction of an MEP pathway mutant cell line for antibacte-
rial screening. As previously reported, RMC26 is unable to prop-
agate unless the growth medium is supplemented to circumvent
the lack of DXS either by restoring the MEP pathway (DX or ME)
or by utilizing the MVA pathway (MVA and ara). CT31-7d was
constructed by transforming RMC26 with pCT25, a pTrcHis-de-
rived plasmid bearing dxs from B. anthracis. The plasmid pCT25
was constructed so that transcription of the dxs gene was under the
control of IPTG-inducible trc promoter, facilitating growth
through the MEP pathway. Alternatively, the MVA pathway orig-
inally engineered into RMC26 may be turned on by adding both
MVA and ara. The presence of the pTrcHis plasmid also confers
ampicillin resistance in addition to kanamycin resistance of RMC26.

Optimization and validation of MEP pathway mutant cell
lines for antibacterial screening. While RMC26 was previously

described, optimization of growth conditions was not reported
and its use in antibacterial screening has not been described.
Therefore, optimal concentrations of DX or ME for MEP pathway
growth and MVA and ara for MVA pathway growth were deter-
mined. Substrate concentrations, of 5 �M DX and 5 mM MVA
plus 0.04% ara, were selected as they were the lowest concentra-
tions that afforded growth at an A600 of �0.9 and �10% inhibi-
tion by 2% DMSO under both sets of growth conditions (data not
shown).

MEP pathway growth for CT31-7d was evaluated by adjusting
the concentration of IPTG (Fig. 3). We found that even in the
absence of IPTG, CT31-7d was viable. This was likely due to the

TABLE 1 Antibiotics screeneda

Antibiotic Initial concn (�g/ml)

MIC (�g/ml)

RMC26 CT31-7d

S. Typhimurium LT2MEP MVA MEP MVA

Ampicillin 200 2.5 2.5 NA NA 0.8–1.6
Carbenicillin 200 20 200 NA NA 100
Streptomycin 200 50 100 100 100 12.5
Neomycin 200 NA NA NA NA 25
Azithromycin 20 0.31–2.5 5–10 5 5 12.5
Clindamycin 200 0.16–0.63 2.5–5 NA NA 2.5–5
Erythromycin 200 50–100 100–200 25–50 50 100–200
Clarithromycin 200 25–50 100 25–50 50 100–200
Lincomycin 200 12.5 NA 25–50 200 NA
Tetracycline 2 0.25–0.5 0.5–2 2 2 0.5
Doxycycline 20 0.08–0.6 0.63–1.25 1.25–2.5 1.25 0.5
Trimethoprim 20 2.5 20 1.25–2.5 1.25–2.5 0.5
Chloramphenicol 20 1.25 2.5 1.25–2.5 1.25–2.5 5
Ciprofloxacin 0.08 0.005–0.01 0.01–0.02 0.01 0.01 0.02
Levofloxacin 2 0.06–0.25 0.25–0.5 0.03 0.03 0.03
Nalidixic acid 20 1.25 2.5 2.5 2.5 1.25–5
Fosfomycin 100 (-) (-) 1 1 (-)
Fosmidomycin Var. 0.2 NA 0.01 NA 10
a MICs were determined as the lowest concentration that inhibited bacterial growth � 90%, as determined by A600 values relative to no-inhibitor control results. A minimum of 3
independent experiments, each run in duplicate, were used to determine MICs. Plates were incubated at 37°C and 80% humidity with shaking at 250 rpm. Plates were read after 18
h. NA � no activity; (-) � not screened.

FIG 3 Effect of adjusting [IPTG] on CT31-7d growth. Cultures were grown in
LB/Kan/Amp with various concentrations of IPTG (serial dilutions starting at
0.02 mM and ending at 0.00039 mM) and no IPTG. Plates were incubated at
37°C and 80% humidity with shaking at 250 rpm for 18 h, at which point A600

values were determined. Error bars represent the averages of four independent
data points.
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leakiness of the trc promoter from the pTrcHis plasmid (47),
whereby endogenous levels of induction are suitable for cell
growth. Adjusting the level of IPTG induction had a significant
effect on the MIC of Fos against CT31-7d (Fig. 4). As the level of
IPTG was increased, thereby increasing the level of growth
through the MEP pathway, the MIC of Fos increased. DXS pre-
cedes DXR and has been implicated as the rate-limiting step of the
MEP pathway (23), so this result would be expected, especially
given the report by DeVito et al. of a study where they engineered
antibacterial screening strains with increased susceptibility to tar-
get-selective compounds by modulating expression of target pro-
teins (9). As there were no changes to the engineered MVA operon
for CT31-7d, the optimal concentrations of MVA and ara (5 mM
and 0.04%, respectively) determined for RMC26 were used. In the
absence of MVA and ara, both RMC26 and CT31-7d were unable
to propagate using the MVA pathway. DMSO was well tolerated
by both cell lines, with no effect at up to a 2% final concentration
for both MEP and MVA pathway growth (data not shown).

For screening chemical libraries, the platform is capable of
evaluating 2,560 compounds in duplicate (32 plates) per day.

Activity of known MEP pathway inhibitors against RMC26
or CT31-7d. The use of the MEP pathway inhibitor Fos or 5-KT
requires activation of the MVA pathway to restore viability of
CT31-7d. For both RMC26 and CT31-7d, DX supplementation of
the growth medium was unable to restore viability when Fos was
included in the growth medium, and yet both cell lines were able
to grow when provided ME (Fig. 5). As expected, inhibition of
CT31-7d by 5-KT was restored by supplementation with ME.

Activity of common antibiotics and comparison to wild-type
S. Typhimurium results. To validate the performance of CT31-
7d, common antibiotics among several classes were examined.
MICs for all compounds were the same for all organisms when LB
or CAMHB was used as the growth medium. In most cases, the
antibiotics demonstrated MICs against RMC26 and CT31-7d
similar to those seen with S. Typhimurium LT2 (Table 1). Perhaps
more importantly, MICs for MEP versus MVA growth for the two
cell lines were equivalent. Additionally, the MEP pathway inhibi-
tors Fos and 5-KT were evaluated. We observed that both RMC26
and CT31-7d were more sensitive to Fos than LT2, as reflected in

the MIC values. MICs for RMC26 and CT31-7d MEP growth were
0.2 and 0.01 �g/ml, respectively, while the MIC for LT2 was 10
�g/ml. The MIC for 5-KT against CT31-7d was 0.06 �g/ml, and
5-KT was inactive against LT2 (up to 1,000 �g/ml). Activity of
5-KT against RMC26 was not investigated, as it lacks the intracel-
lular target, DXS. CT31-7d, even with constitutive MEP pathway
activation due to the leaky trc promoter, was more sensitive to Fos
and 5-KT than wild-type LT2 and even RMC26. The quality of the
screen of antibacterials and MEP pathway inhibitors was excel-
lent, as reflected by average z= values of 0.917 � 0.094 (n � 128)
for RMC26 and 0.927 � 0.051 for CT31-7d (n � 114).

DISCUSSION

Whole-cell phenotypic screens offer the ability to identify inhibi-
tors of a pathway of interest that are able to permeate cells and
affect the target. We have developed such a system for identifying
inhibitors that are selective against any step in the MEP pathway
for isoprenoid biosynthesis using S. Typhimurium strain CT31-
7d. The MEP pathway is an attractive target for development of
new antimicrobial agents. It is an essential pathway in most bac-
teria and apicomplexan parasites such as P. falciparum, the caus-
ative agent of most human malaria. Of significance to the platform
developed is that it utilizes a genetically engineered cell line that is
capable of using both the MEP pathway and the nonnative MVA
pathway. The only difference between the growth conditions is
simply the pathway that is activated. The platform is a simple,
robust system relying on optical density for bacterial growth as the
readout, thereby facilitating broad utility. We developed the plat-
form using 96-well plates, but this system could easily be adapted
to higher-density MTPs.

Two related cell lines are described that can be used for high-
throughput screening of chemical collections. Both were validated
using the two available known MEP pathway inhibitors; 5-KT and
Fos. Both of the MEP pathway mutant cell lines demonstrated
increased sensitivity to Fos and 5-KT. Clomazone is an herbicide
that has been used for several years, and yet its metabolite 5-KT is
responsible for activity (15, 31). Clomazone is converted to 5-KT
by the action of plant cytochrome P450 enzymes, which are likely
responsible for herbicidal activity (12). While 5-KT has been

FIG 4 Adjusting [IPTG] for CT31-7d growth affects Fos MIC. Cultures were
grown in LB/Kan/Amp with various concentrations of Fos (serial dilutions
starting at 200 ng/ml and ending at 0.39 ng/ml). Plates were incubated at 37°C
and 80% humidity with shaking at 250 rpm for 18 h, at which point A600 values
were determined. Error bars represent the averages of four independent data
points. � � 0 mM IPTG, Œ � 0.002 mM IPTG, � � 0.02 mM IPTG, � � 0.
2 mM IPTG.

FIG 5 Growth of CT31-7d with or without 100 �g/ml Fos in LB/Kan/Amp
and with or without DX and ME supplementation. Black bars � no supple-
ments plus Fos; gray bars � 10 �M DX plus Fos; boxed gray bars � 25 �g/ml
ME plus Fos; boxed white bars � 5 mM MVA plus 0.04% ara plus Fos. Cul-
tures were grown in LB/Kan/Amp with the indicated supplements at 37°C and
80% humidity with shaking at 250 rpm for 18 h, at which point A600 values
were determined. Values represent the means � standard errors of duplicate
data points from two independent experiments.
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known to inhibit plant growth, it has very little activity against
bacterial cells. A recent report has shown that it has modest activ-
ity against Haemophilus influenzae, with a 12.5 �g/ml MIC (28).
Those authors report an MIC of 800 �g/ml against Escherichia coli,
which correlates with the lack of activity that we observed for S.
Typhimurium reported above. We have also not seen any activity
of 5-KT against E. coli (unpublished data). A known efflux pump
inhibitor, phenylalanine-arginine �-naphthylamide, did not af-
fect the activity against LT2, suggesting that 5-KT resistance is
imparted by a mechanism other than efflux (data not shown).

Fos was evaluated as an antibacterial in the 1970s and 1980s,
long before the first report of an MEP pathway enzyme (DXP
synthase was reported in 1997 [40]). Kinetic analysis of Fos activ-
ity against DXR has revealed that it acts as a competitive inhibitor
against DXP (20). A recent publication reports that E. coli is also
inhibited at IspD when incubated with Fos, but the authors sug-
gest that this may be indirectly due to Fos (48). They reported that
Fos was effective against IspD only at very high concentrations, as
reflected by a 50% inhibitory concentration (IC50) of 20.4 mM,
and that IspD inhibition may be due to accumulation of a DXR
reaction intermediate. In our platform, the appearance of slight
(�10%) inhibition of MVA growth at 100 �g/ml Fos as shown in
Fig. 5 was likely due to the DMSO used as a solvent. This interpre-
tation is supported by evaluation of Fos concentrations of up to
1,000 �g/ml, which demonstrated �10% inhibition of MVA
growth as well (data not shown). Growth conditions for the cell
lines were adjusted so that the MEP pathway expression level was
attenuated. This rendered them more susceptible to MEP pathway
inhibitors, as demonstrated in Fig. 4, where adjusting levels of
IPTG induction of DXS affected MICs of Fos.

Both RMC26 and CT31-7d were further evaluated using sev-
eral known antibiotics, selected from commonly used classes, and
compared for activity against S. Typhimurium strain LT2, the
parent strain of RMC26 and CT31-7d. Lower or no susceptibility
of RMC26 and CT31-7d to aminoglycosides was expected given
the engineered resistance to the aminoglycoside kanamycin as
part of the MVA operon. Resistance of CT31-7d to ampicillin and
carbenicillin is conferred by pCT25, carrying the pTrcHis-en-
coded dxs gene. It is interesting that our engineered cell lines
showed susceptibilities to the macrolides tested that were slightly
different from those seen with LT2 under the growth conditions
used. This observation requires additional investigation. With this
exception, all of the antibiotics tested demonstrated MICs com-
parable to those seen with wild-type S. Typhimurium. Increased
susceptibility to Fos and 5-KT is not surprising, given that growth
through the MEP pathway has been attenuated and selected so
that it is turned on at a very low level, as determined by the relative
levels of cell growth. This is similar to the reported example by
DeVito et al. discussed above (9), whose strains had target proteins
downregulated, thereby rendering them more sensitive to inhibi-
tors with that enzyme as their target. The cell lines described in this
work have the MEP pathway downregulated by limiting the level
at which DXP is available. DXS has been reported to represent a
rate-limiting step of the MEP pathway in several organisms (8, 14,
17, 29). As a result, altering the levels of DXP available for DXR
would be expected to have significant effects on cell viability. In
the case of RMC26, the DXS enzyme is lacking due to its disrup-
tion with the MVA operon. As a result, the only source of DXP is
that of supplementation with DX, which has been shown to be
transported into bacterial cells and subsequently phosphorylated

by the protein encoded by xylB to produce DXP independently of
the MEP pathway (44). As a result, the pool of available DXP for
the enzyme target of Fos, DXR, is limited to what is supplied in the
growth medium. This situation is related to that described by De-
vito et al., except that the available substrate was limited instead of
enzyme levels. For CT31-7d, DXP levels are limited by the level to
which DXS is expressed, which is directly related to the amount of
IPTG provided. Higher concentrations of IPTG corresponded to
higher levels of DXS expression and thereby higher levels of DXP
available for DXR. The heightened sensitivity of CT31-7d to Fos
relative to RMC26 was surprising, given that its MEP pathway
growth is dependent solely on endogenous induction of the pTrc
plasmid. It is possible that lower levels of DX supplementation of
RMC26 would render this cell line as sensitive as CT31-7d to Fos.
ME supplementation results in conversion to MEP, which by-
passes the inhibition of Fos. It is possible that attenuating levels of
ME would have a similar effect on inhibitors downstream of DXR.
However, there are no available inhibitors with antibacterial ac-
tivity that are active against downstream enzymes.

Supplementation experiments with DX and ME have the abil-
ity to narrow the target of a selected MEP pathway inhibitor. DX
conversion to DXP is discussed above, while ME has been shown
to be transported into bacterial cells and phosphorylated by the
sorbitol phosphotransferase system (41). MEP pathway inhibitors
that have DXR as their target can be identified by feeding experi-
ments using DX and ME (Fig. 6). DX supplementation was unable
to restore viability when Fos was presented, as the MEP pathway is
restored prior to the target enzyme DXR. ME, however, is capable
of restoring cell growth, as it is converted to MEP independently of
the MEP pathway (via the sorbitol transferase system). The ability
to restore viability with ME supplementation of the growth me-
dium and the lack of growth seen with DX supplementation in the
presence of Fos are phenomena that are expected for any DXR
inhibitor.

Identification of MEP pathway-selective inhibitors from com-
pound collections using the cell lines can be accomplished by
the following process. Large compound collections should be
screened first with only the MEP pathway active to identify any
antibacterial compound in a primary screen. This would eliminate
�99% of the collection for secondary screening against both path-
ways, thereby conserving time and resources. Our internal discov-
ery efforts have found an antibacterial hit rate of �1% in screen-
ing �275,000 compounds (data to be reported elsewhere).
Antibacterial hits from the primary screen can then be cherry-
picked and subjected to a secondary screen for identifying MEP
pathway-selective agents using RMC26 and/or CT31-7d and eval-
uating both MEP and MVA growth conditions. In this secondary
screen, hits are evaluated in one plate with only the MEP pathway
activated and separately in a second plate with the MVA pathway
turned on. For MEP pathway selectivity, compounds can be eval-
uated for dose response (DR) by serial dilution of hits. Those that

FIG 6 Schematic of feeding experiments with a DXR inhibitor.
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inhibit MEP but not MVA pathway growth represent MEP-selec-
tive antibacterials. Compounds affecting growth of both pathways
represent antibacterials that act on a target other than the MEP
pathway. Subsequent screening with RMC26 enables filtering out
any compounds that interfere with the trc promoter rather than
inhibition of the MEP pathway.

Given the presence of a functional DXS enzyme, CT31-7d was
determined to be the optimal cell line to use for antibacterial
screening. The use of DX supplementation with RMC26 was able
to identify inhibitors of the MEP pathway for all steps except for
DXS, which may also be a viable antibacterial target as discussed
above. In addition, CT31-7d is more sensitive to the MEP pathway
inhibitors Fos and 5-KT than RMC26 and wild-type S. Typhimu-
rium, indicating that it may be able to select less-potent inhibitors
that could be optimized using medicinal chemistry to generate
leads that could otherwise be missed if the less-sensitive RMC26
were used for screening.

The screening platform enables identification of inhibitors of
any of the seven steps of the MEP pathway. The specific enzyme
target can subsequently be identified by substrate feeding experi-
ments (using DX and/or ME) and/or biochemical assays for the
individual enzyme. Importantly, hits in screens using our plat-
form yield three results: (i) they are antibacterial and able to per-
meate the S. Typhimurium cell; (ii) they target the MEP pathway
selectively; and (iii) they do not affect the MVA pathway. The
increased sensitivity of our screening platform to MEP pathway-
specific compounds is expected to facilitate identification of weak
inhibitors that are able to permeate the robust Gram-negative cell
wall and would likely be missed using wild-type organisms. In fact,
we have identified one such scaffold that we are currently pursuing
(data to be reported elsewhere). The fact that the same cell line is
used for both growth conditions with the only difference being the
supplements utilized for growth is expected to minimize the fre-
quency of identifying common promiscuous inhibitors, thereby
saving development time.

This report describes development of a sensitive, robust whole-
cell screening platform that is expected to provide a powerful tool
to identify antibacterial leads against an exciting new antibacterial
target pathway. In addition, the platform will be valuable for guid-
ing hit-to-lead optimization efforts of MEP pathway inhibitors.
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