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ABSTRACT: We have targeted the Mycobacterium tuberculosis decaprenylphosphoryl-β-D-ribose oxidase (Mt-DprE1) for
potential chemotherapeutic intervention of tuberculosis. A multicopy suppression strategy that overexpressed Mt-DprE1 in M.
bovis BCG was used to profile the publically available GlaxoSmithKline antimycobacterial compound set, and one compound
(GSK710) was identified that showed an 8-fold higher minimum inhibitory concentration relative to the control strain.
Analogues of GSK710 show a clear relationship between whole cell potency and in vitro activity using an enzymatic assay
employing recombinant Mt-DprE1, with binding affinity measured by fluorescence quenching of the flavin cofactor of the
enzyme. M. bovis BCG spontaneous resistant mutants to GSK710 and a closely related analogue were isolated and sequencing of
ten such mutants revealed a single point mutation at two sites, E221Q or G248S within DprE1, providing further evidence that
DprE1 is the main target of these compounds. Finally, time-lapse microscopy experiments showed that exposure of M.
tuberculosis to a compound of this series arrests bacterial growth rapidly followed by a slower cytolysis phase.

KEYWORDS: multicopy suppression, target overexpression, time-lapse microscopy, drug discovery

Despite the existence of effective treatments for drug-
sensitive tuberculosis (TB) and some important recent

additions to the antibiotic arsenal against multidrug-resistant
(MDR) forms of the disease,1 TB still accounts for nearly 9
million new infections and over 1 million deaths each year.2

Combined with the increasing prevalence of MDR-TB3 and the
often fatal comorbidity between TB and human immunodefi-
ciency virus (HIV), the discovery of new chemical entities with
novel modes of action is a high priority in the global health
agenda. Ideally, a new drug should shorten the duration of

treatment, have a clean safety profile, avoid significant drug−drug
interactions with new or established regimens (TB and HIV),
treat both MDR and extremely drug-resistant TB (XDR-TB),
and be competitive in terms of cost with current standards of
care.
Essential to the goal of targeting MDR and XDR-TB is the

identification and exploitation of new molecules unencumbered
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by pre-established clinical resistance mechanisms. We and others
have explored a number of different strategies that include whole
cell assays4−6 and rational target-based screening.7 The public
release of hit compounds identified after systematic anti-
mycobacterial screens against compound repositories generates
new public−private collaborative opportunities for mode of
action studies and subsequent target-based discovery programs.8

Mycobacterium tuberculosis decaprenylphosphoryl-β-D-ribose
oxidase (Mt-DprE1, Figure 1) catalyzes the flavin adenine
dinucleotide (FAD) dependent oxidation of decaprenylphos-
phoryl-β-D-ribose (DPR) to decaprenylphosphoryl-β-D-2′-keto-
erythro-pentafuranose (DPX). DPX is subsequently reduced to
decaprenylphosphoryl-β-D-arabinose (DPA) by the reduced
pyridine nucleotide dependent enzyme, DprE2.9 DPA is the

Figure 1. Reactions catalyzed by DprE1 and DprE2.

Figure 2. Multicopy suppression screen of the TB-set. (A) Assay is validated by demonstrating that overexpression of Mt-DprE1 in M. bovis BCG
confers a >32-fold increase in resistance to BTZ043 but no resistance to ethambutol or isoniazid. M. bovis BCG transformed with pMV261 (empty
vector) or pMV261:dprE1 were grown in Middlebrook 7H9 media supplemented with 10% (v/v) OADC, 25 μg/mL kanamycin, and the indicated
compound concentrations expressed as fold-× of the MIC of each compound. Pink indicates viable cells, and blue indicates nonviable cells. (B)
Multicopy suppression screen of the TB-set at 2×MIC of each compound identifies GSK710 as a putative inhibitor ofMt-DprE1. Overexpression ofMt-
DprE1 inM. bovis BCG permits cells to grow significantly better in the presence of GSK710 and the positive control (BTZ043) but mildly better in the
presence of the other four compounds. (C) Overexpression of Mt-DprE1 in M. bovis BCG confers an 8-fold increase in resistance to GSK710.
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Table 1. Correlation between Inhibition of DprE1 Enzyme Activity, Binding Affinity, and Cellular Potency by GSK710 and
Analogues

aThe IC50 values are from the fits of the data in Figure 3D. bApparent Kd values from the fits of the FAD fluorescence quenching data in Figure 4B.
cMIC values are for M. tuberculosis transformed with pMV261. dOverexpressor (OE) MICs are for M. tuberculosis transformed with pMV261:dprE1.
eRatio of MIC values for M. tuberculosis transformed with pMV261:dprE1 to that for M. tuberculosis transformed with pMV261. fNot determined.
gNot applicable.
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sole donor of arabinose residues for the essential cell wall
components, arabinogalactan and lipoarabinomanan.9−11 Mt-
DprE1 has been genetically validated as a drug target using gene
knockout and knock-down technologies,12 and its extracytoplas-
mic localization makes it particularly vulnerable to inhibition by
small molecules.13 Mt-DprE1 has been shown to be the target of
the mechanism-based suicide inhibitor class of nitroaromatic
compounds, of which BTZ043 has been demonstrated to be an
effective anti-TB compound in mice.14,15 Several cell-active
reversible inhibitors of Mt-DprE1 have also been identified
recently,16−22 suggesting that Mt-DprE1 is a highly tractable
target for chemotherapeutic intervention.
To bring together target-based and phenotypic screening

strategies, we considered the use of genetic tools that could help
systematically assign compounds with attractive anti-TB proper-
ties to specific targets of interest. This would minimize some of
the limitations associated with progressing hits to leads and lead
optimization programs based solely on minimum inhibitory
concentration (MIC) determinations. These include the lack of
guidance from structural biology and in vitro compound profiling
and mechanism of action studies, the difficulties associated with
identifying toxicological liabilities, and the somewhat unpredict-
able nature of mycobacterial small molecule permeability,
resulting in confounded structure−activity relationship analyses
and pursuit of molecules with poor physicochemical proper-
ties.23 The screening of a privileged set of published compounds
with attractive anti-TB activity against an Mt-DprE1 over-

expressor strain should make possible the assignment of
compound−target pairs of interest by means of a MIC shift
observed when wild type and overexpressor strains are
compared. This multicopy suppression method was successfully
applied first in Escherichia coli24 followed shortly thereafter in
Saccharomyces cerevisiae.25 The identification of novel Mt-DprE1
inhibitors would allow medicinal chemists access to biochemical
and structural biology support to guide future lead optimization
efforts in addition to helping to identify potential toxicological
risks associated with a particular target class.
In this paper, we describe how the combined use of phenotypic

and target-based approaches for Mt-DprE1 has led to the
identification of a new lead series for TB.

■ RESULTS

Multicopy Suppression Screen of the TB-Set. Pheno-
typic screening of the GlaxoSmithKline (GSK) compound
library has previously identified a collection of 177 compounds
that inhibited the growth of M. tuberculosis with MIC values of
<10 μM and a therapeutic index (HepG2 IC50/MIC) of > 50,
which we have termed the “TB-set”.4 Because the phenotype of
the screen was cell viability, the targets of the TB-set are largely
unknown. To identify inhibitors of Mt-DprE1 that might be
present in the TB-set, we employed two screening strategies: a
multicopy suppression approach and a traditional enzymatic
assay approach that monitors catalytic turnover.

Figure 3. Enzyme assay development and inhibition of Mt-DprE1 by GSK710 and analogues. (A) Redox cycling enzymatic assay principle for Mt-
DprE1. As FPR is oxidized to FPX, resazurin is reduced to resorufin and can bemonitored by an increase in fluorescence intensity at 595 nm. E-FAD and
E-FADH2 denote oxidized enzyme and two-electron reduced enzyme, respectively. (B) Rate−FPR concentration relationship. Assays contained 500
nM Mt-DprE1, 50 μM resazurin, and increasing FPR concentration. Velocity/[E] (min−1) represents moles of resorufin product formed per mole of
enzyme per minute. (C) Time courses illustrating reaction linearity for up to 60 min and inhibition of enzyme activity by GSK710. 1300 AFU
corresponds to 1 μM resorufin. Assays contained 250 nM Mt-DprE1, 1 mM FPR, 50 μM resazurin, and increasing concentrations of GSK710. (D)
Dose−response curves for GSK710 and 11 analogues. The solid lines are fits to eq 1, and the black line is the fit of the GSK710 data to eq 2. Assays
contained 250 nM Mt-DprE1, 1 mM FPR, 50 μM resazurin, and increasing concentrations of the indicated compounds.
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Mt-dprE1 was cloned into the plasmid pMV26126 to generate
pMV261:dprE1 and introduced into Mycobacterium bovis BCG.
This host−plasmid system permits constitutive expression of
target proteins. After the bacteria have been incubated in the
presence of compound for 7 days, cell viability can be assessed by
the ability of endogenous reductases to reduce resazurin to
resorufin.27 As a proof of concept, cells transformed with
pMV261:dprE1 grew in the presence of BTZ043 with an MIC
>32-fold higher than that when cells were transformed with
empty vector (Figure 2A). Cells transformed with
pMV261:dprE1 did not confer any growth advantage over cells
transformed with vector alone when cells were grown in the
presence of ethambutol or isoniazid, two anti-mycobacterial-
specific compounds that do not inhibit Mt-DprE1.2

Having validated that this assay can identify inhibitors that are
specific toMt-DprE1, we proceeded to screen the TB-set at twice
the previously measured MIC value of each compound. Figure
2B shows that overexpression of Mt-DprE1 in M. bovis BCG
conferred resistance to five compounds of the TB-set compared
to the empty vector. The MIC values for these five compounds
were then measured to determine if there was a shift in the MIC
when Mt-DprE1 was overexpressed. Of these five compounds,
GSK710 showed an 8-fold shift in the MIC when Mt-DprE1 was
overexpressed in M. bovis BCG (Figure 2C), whereas the
remaining four compounds showed a ≤2-fold shift in the MIC
and this was considered not to be significant. The MIC values for
GSK710 and 11 structural analogues were measured in M.
tuberculosis carrying pMV261 or pMV261:dprE1, and these are
shown in Table 1.
Enzyme Assay for Mt-DprE1. We developed a redox

cycling enzyme assay for Mt-DprE1 that uses farnesylphosphor-
yl-β-D-ribose (FPR) and resazurin as substrates and generates

farnesylphosphoryl-β-D-2′-keto-erythro-pentafuranose (FPX)
and resorufin as products (Figure 3A). Figure 3B shows that
Mt-DprE1 catalyzes the FPR-dependent reduction of resazurin
to resorufin, although the rate−FPR concentration relationship is
complex; there is a sigmoidal dependence at low FPR
concentration reaching a maximal apparent turnover number
of approximately 0.45 min−1 and apparent substrate inhibition at
high FPR concentration. A sigmoidal dependence of the rate on
FPR concentration has also been reported for the M. smegmatis
DprE1.28 Analytical ultracentrifugation studies suggest that Mt-
DprE1 is a monomer in solution and, therefore, cooperative
binding of substrate to the enzyme is difficult to rationalize in the
context of a monomeric enzyme with a single active site.15 The
reasons for this complex rate−FPR concentration relationship
are, therefore, not clear at the present time. Figure 3C shows
progress curves performed in the presence of 1 mMFPR and 250
nM Mt-DprE1 and increasing concentration of GSK710. The
resorufin product forms linearly with time up to 60 min, and the
rate of the reaction is inhibited by GSK710, yielding an IC50 value
of 54 nM (Figure 3D and Table 1). Also shown in Figure 3D is
the dose−response curves for the 11 analogues, and the IC50
values are also given in Table 1.

Effect of Compounds on the Optical Properties of the
FAD Cofactor. The mechanism of compound binding to Mt-
DprE1 was probed by monitoring changes in the FAD cofactor
environment by fluorescence. In the absence of FPR, the two
most potent compounds (GSK710 and GSK058) show
significant quenching of FAD fluorescence, whereas the other
compounds do not (Figure 4A). In the presence of 500 μMFPR,
all compounds show quenching of FAD fluorescence except for
the two weakest compounds, GSK074 and GSK944 (Figure 4B).
Figure 4C shows the absorbance spectrum of the FAD cofactor

Figure 4. Mechanism of binding of GSK710 and analogues to Mt-DprE1. FAD cofactor fluorescence quenching by GSK710 and analogues in the
absence (A) and presence of 500 μM FPR (B). Assays contained 2.9 μM Mt-DprE1 and increasing concentrations of the indicated compounds. The
solid lines are fits to eq 3. (C)UV−visible absorbance spectra for 10 μMMt-DprE1 (red), 10 μMMt-DprE1 and 500 μMFPR (5min incubation, green),
and 10 μMDprE1, 500 μMFPR, and 20 μMGSK059 (5 min incubation, blue). The contribution of 20 μMGSK059 to the absorbance spectrum of the
latter was subtracted.
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bound toMt-DprE1 in the absence and presence of turnover and
of enzyme inhibited by GSK059. The latter compound was
selected for this experiment rather than the original hit because of
its reasonable potency and improved aqueous solubility (Table
1).
Enzymatic Assay Screen of the TB-Set. The TB-set was

also screened using the enzymatic assay at a single compound
concentration of 10 μM. From the 177 compounds, 29 showed
>30% inhibition and were selected for 11-point dose−response
analysis using 100 μM as the top concentration. Of the 29
compounds tested, 20 showed dose−response curves that could
be fitted to eq 1, yielding IC50 values of <100 μM. The
distribution was as follows: 11 compounds showed IC50 values
between 10 and 60 μM, 7 compounds between 3 and 10 μM, and
2 compounds <1 μM. One of the compounds with IC50 < 1 μM
was GSK710. Compounds with IC50 values <10 μMare shown in
Table S1.
Generation of M. bovis BCG Spontaneous Mutants

Resistant to GSK710 and GSK303.M. bovis BCG andM. bovis

BCG recG strains were plated at 2.5, 5, and 10 times the MIC
values for GSK710 and the analogue, GSK303. At 5 times the
MIC, spontaneous resistant mutants to GSK710 and GSK303
were isolated at a frequency of 10 and 13 per 108 cells,
respectively, for the M. bovis BCG strain. For the M. bovis BCG
recG mutant strain, spontaneous resistant mutants appeared at a
frequency of 6 per 108 cells at 5 times the MIC of GSK710 and
170 per 108 cells at 2.5 times the MIC of GSK303. Sequencing of
the dprE1 open reading frame of 10 resistant mutants revealed
that each mutant had one of two single nucleotide mutations.
The first had a G→ Cmutation at nucleotide 661 (661GAA663→
661CAA663) and the second had a G→ A mutation at nucleotide
742 (742GGC744 → 742AGC744), resulting in E221Q or G248S
mutations, respectively. The MICs of the mutants were
compared to those of the parental strains for GSK710 and
GSK303 and for the structurally unrelated inhibitors, TCA121

and BTZ04314 (Table 2 and Figure S1). Both mutations
conferred resistance to GSK710 (16-fold for E221Q and 4-fold
for G248S), GSK303 (8-fold for E221Q and 4-fold for G248S),

Table 2. Minimum Inhibitory Concentrations (MIC) of M. bovis BCG Spontaneous Mutantsa

aMICs (μM) were determined from the graphs in Figure S1. brecG DprE1 E221Q and recG DprE1 G248S refer to spontaneous mutants in DprE1
generated using the M. bovis BCG recG mutant strain, and WT DprE1 E221Q refers to spontaneous mutants generated using the wild type M. bovis
BCG strain.

Figure 5. Single-cell analysis of the effect of GSK059 on M. tuberculosis. Representative image series of M. tuberculosis expressing GFP, grown in a
microfluidic device and exposed to 40 μMGSK059 between 44 and 212 h, after which the drug was washed out. The flowmedium is indicated on the top
left of the images (7H9 denotes complete 7H9medium; Comp. denotes complete 7H9medium containing 40 μMGSK059). Numbers on the top right
of the images indicate the hours elapsed. The scale bar shown represents 3 μm.
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and TCA1 (8-fold for E221Q and 4-fold for G248S), but no or
minimal resistance to BTZ043 (2-fold for E221Q and 0.5-fold for
G248S).
Time-Lapse Microscopy. To evaluate the bactericidal

activity of the GSK710 compound series, we carried out time-
lapse microscopy on M. tuberculosis grown in a microfluidic
device.29 Bacteria were initially grown until they formed small
microcolonies, after which they were exposed to 40 μMGSK059
(10 times the MIC) for 7 days. Upon addition of compound, the
cells decreased their growth rate quite dramatically, even though
cell divisions continued for some time (Figure 5; Movie S1).
However, cell lysis was delayed, starting only after about 4 days of
drug exposure as evidenced from an abrupt loss of GFP signal,
and continued after washout of the compound between 212 and
340 h (Figure 5; Movie S1). The delay in cytolysis is similar to
that observed with the 4-aminoquinoline piperidine amide (AQ)
inhibitor of DprE1 described recently17 but different from the
killing induced by BTZ043,14 where the lysis was much more
rapid and pronounced. Also, unlike BTZ043 and AQ, exposure of
M. tuberculosis to GSK059 did not result in pleomorphic changes
in bacterial shapes, even though some cells appeared to release
their cytoplasmic contents from regions near the poles (Movie
S1, phase channel).

■ DISCUSSION
Target overexpression is a clinically observed mechanism of
bacterial resistance to antibiotics.30−32 Resistance in these cases
arises because inhibition of essential cellular processes is
overcome by overexpression of the target. Target overexpression
can occur through point mutations in gene promoters resulting
in increased transcription and translation. For example, mutation
in the promoter of the M. tuberculosis inhA gene is a mechanism
of clinical resistance to isoniazid, a key drug used to treat TB.30 In
the laboratory, overexpression of proteins can be accomplished
using plasmids that overexpress these genes, and this strategy has
been successfully applied to demonstrate antibiotic resistance by
way of shifts inMIC values.14,33,34 Shifts inMIC values caused by
target overexpression, therefore, can provide a simple measure of
target engagement at the cellular level, which is extremely
valuable information for drug discovery programs from the early
hit identification stage and well into lead optimization.35,36

Prior successes utilizing target overexpression in hit
identification campaigns in Escherichia coli24 and Saccharomyces
cerevisiae,25 encouraged us to use this approach to profile GSK’s
TB-set of compounds for whole cell active inhibitors of Mt-
DprE1 and identified one compound, GSK710, that showed an
8-fold shift in the MIC when Mt-DprE1 was overexpressed inM.
bovis BCG. MIC shifts alone, however, are insufficient evidence
for target engagement. MIC shifts can also arise through
nontarget mechanisms such as covalent modification of the
compound by the overexpressed protein that renders it
inactive.37 Evidence of inhibition of Mt-DprE1 enzyme activity
was additionally required to establish a link between MIC shift
and cellular target engagement. We, therefore, developed an
enzymatic assay using FPR as substrate, which differs significantly
from the physiological substrate in terms of both length and
geometric isomer configuration of double bonds in the
polyisoprenoid chain (see Figures 1 and 3A).10 Despite these
differences, the Mycobacterium smegmatis DprE1 has previously
been shown to catalyze turnover of FPR,28 which encouraged us
to explore an FPR-based enzymatic assay for Mt-DprE1 given
that the physiological substrate is not available or readily
synthesized.

Two assays have previously been developed for M. smegmatis
DprE1.28 The first assay monitors the oxidase activity of DprE1
by coupling the hydrogen peroxide product (Figure 1) to
horseradish peroxidase and amplex red, resulting in the
formation of resorufin, which can be monitored by a change in
absorbance or fluorescence. The second assay takes advantage of
the diaphorase activity that many flavin-dependent enzymes
possess and monitors reduction of dicholorophenolindophenol
by absorbance. Although both assays were suitable, an alternative
direct assay that avoids the use of coupling enzymes and
possesses the required sensitivity to enable miniaturization was
desired. We tested resazurin as an alternative electron acceptor,
which upon reduction regenerates resorufin. GSK710 inhibits
Mt-DprE1 with an IC50 of 54 nM (Figure 3D), suggesting that
Mt-DprE1 is the primary target of this compound. The measured
IC50 value is 5-fold lower than the enzyme concentration used in
the assay, suggesting that this value may not be accurate due to
tight-binding limit considerations. The same data were, there-
fore, fitted to eq 2 to allow for compound depletion that could
arise due to the tight-binding conditions of the assay, yielding an
apparent Ki of 25 nM (Figure 3D, black line).38 This analysis
additionally calculates an active enzyme concentration of 60 nM,
suggesting that the enzyme is approximately 25% fractionally
active under the assay conditions. The low maximal turnover
number of 0.45 min−1 for Mt-DprE1 using the FPR substrate,
therefore, probably reflects the nonphysiological nature of this
substrate rather than largely inactive recombinant enzyme.
Having confirmed that Mt-DprE1 is inhibited by GSK710,

analogues were tested to improve the suboptimal physicochem-
ical properties of the original hit (high Chrom LogD7.4 and no
measurable solubility). As shown in Table 1, changes can be
tolerated on the terminal phenyl group including addition of
fluorine at the para position and replacement with pyridine
regioisomers and other functional groups, as well as removal,
resulting in dramatic increases in solubility and improved
distribution coefficients while maintaining inhibitory activity.
The modifications result in a wide range of enzymatic IC50 values
that correlate withM. tuberculosisMIC values, and the analogues
stay on target as evidenced by the observed MIC shifts between
the wild type and the Mt-DprE1 overexpressor strain. It should
be noted that the compound series represented by GSK710 is
structurally distinct from previously identified DprE1 inhibitors
TCA1,21 BTZ043,14 AQ,17 pyrazolopyridones,18 and 1,4-
azaindole.16,19

Screening of the TB-set using the enzymatic assay identified a
number of other compounds with measured IC50 values in the
0.8−10 μM range, which were not identified using the multicopy
suppression approach (Table S1). However, more lead validation
work would be required before these compoundsmight qualify as
bona fide inhibitors of Mt-DprE1 for one or more of the
following reasons: (1) poor compound solubility relative to the
enzymatic IC50 values (GSK678 and GSK671); (2) minimal or
no loss in potency going from the enzymatic assay to the cell
viability assay (GSK389 and GSK9310), suggesting that these
compounds may have additional targets; and (3) minimal or no
shift in the MIC between the wild type and the Mt-DprE1
overexpressor (GSK703, GSK960, andGSK553), also suggesting
that these compounds may have additional targets. GSK703,
GSK553, and GSK684 have a common pyridinyl thiazole amine
moiety, suggesting that a DprE1-specific compound series could
emerge through further chemistry.
The complex rate−FPR relationship shown in Figure 3B

precludes determining the mechanism of inhibition ofMt-DprE1
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by inhibitors using full pattern inhibition analysis. We therefore
examined changes in the optical properties of the FAD cofactor
as an alternative means of obtaining information about the
mechanism of compound binding to Mt-DprE1. The fluo-
rescence of the FAD cofactor bound to Mt-DprE1 is quenched
approximately 20-fold relative to FAD in solution. Displacement
of the FAD by compound as a potential mechanism of inhibition
can be ruled out because an increase in FAD fluorescence upon
addition of compound is not observed, regardless of whether
FPR is present or not (Figure 4A,B). Except for the two most
potent compounds, FPR seems to be required to observe FAD
fluorescence quenching. Given that Mt-DprE1 is undergoing
turnover in the presence of FPR via the oxidase activity during
these measurements, in principle, compounds could inhibit Mt-
DprE1 by binding to any of the intermediates during the catalytic
cycle, including the resting state of the enzyme (E-FAD), the
Michaelis complex (E-FAD:FPR), or the reduced flavin
intermediate either before (E-FADH2:FPX) or after (E-
FADH2) dissociation of the FPX product. A significantly reduced
absorbance in the 450 nm range is expected if compounds inhibit
Mt-DprE1 by trapping the enzyme in the two-electron reduced
form. Instead, in the presence of FPR and GSK059, the FAD
remains oxidized and the spectrum is characterized by a blue shift
in the maximal absorbance from 448 to 444 nm and the
emergence of a shoulder at 470 nm, which suggests binding of the
isoalloxazine ring of the FAD in a more hydrophobic
environment (Figure 4C).39 Therefore, this class of compounds
inhibits Mt-DprE1 by binding to E-FAD or the Michaelis
complex, and our data, at present, cannot distinguish between
these two possibilities. Finally, there is a good correlation
between inhibition of enzymatic activity (IC50) and apparent
binding affinity (Kd) measured by FAD fluorescence quenching
in the presence of FPR (Table 1).
Isolation of spontaneous resistant mutants to antibiotics has

proven to be a successful method of target identification
including the identification of Mt-DprE1 as the target of
BTZ043.14 We used this strategy as an independent and
completely unbiased method of identifying the target(s) of
GSK710 and isolated M. bovis BCG spontaneous resistant
mutants to GSK710 and GSK303. All 10 of the randomly
selected mutants had a single point mutation at two sites, E221Q
or G248S within DprE1, suggesting that DprE1 is the main target
of these compounds. These mutants also show cross-resistance
to TCA1 but minimal or no resistance to BTZ043, two active-site
inhibitors of DprE1 (Table 2). The residues E221 and G248 are
located in the substrate-binding domain of the protein but far
from the active-site pocket (Figure 6). Despite repeated
attempts, we have not succeeded in obtaining a crystal structure
of Mt-DprE1 with a compound from the GSK710 series bound,
which makes interpretation of how mutation of these residues
could affect compound binding difficult.
In conclusion, we have harnessed the combined power of

phenotypic and target-based approaches and identified a new
lead series that inhibits Mt-DprE1 with nanomolar affinity,
arrests bacterial growth at low micromolar concentration, and is
bactericidal. Exemplars are in good chemical space and amenable
to further chemistry, with the potential of a new drug emerging to
combat both drug-sensitive and multidrug-resistant tuberculosis.

■ METHODS
Materials. All chemicals and buffers were of analytical or

reagent grade and were used without further purification unless
otherwise stated. Flavin adenine dinucleotide (FAD) was from

Sigma, resazurin and resorufin were from Life Technologies,
BamHI and HindIII restriction enzymes and Tween-20 were
from Thermo Scientific, and Quick-stick ligase was from Bioline.
Isoniazid and ethambutol were from Sigma-Aldrich, BTZ043 was
from Selleckchem, and TCA1 was from Life Chemicals.

General Chemical Syntheses Methods. Reactions were
monitored by thin layer chromatography (TLC) using Merck 60
F254 silica gel glass backed plates, and elution was visualized by
UV light. Reactions were also monitored by liquid chromatog-
raphy−mass spectrometry (LC-MS) using an Agilent 1100 LC
system equipped with a photo diode array detector and a Waters
ZMD 2000 high-resolution mass spectrometer. Compounds
were purified by column chromatography or preparative high-
performance liquid chromatography (HPLC). Automated flash
chromatography was performed on a Flash Biotage Isolera SP4
system, and preparative HPLC was performed on an Agilent
1100 or 1200 with peak detection. All NMR spectra were
recorded on a Bruker DPX Avance 400 MHz instrument
equipped with a quattro nucleus probe. Measurements were
made at room temperature in an appropriate deuterated solvent
using the residual solvent hydrogen resonances as standards (d6-
DMSO, δ = 2.50 ppm; CDCl3, δ = 7.27 ppm; CD3OD, δ = 3.31
ppm). Chemical shifts are expressed in parts per million (ppm, δ
units). Coupling constants (J) are in units of hertz (Hz). Splitting
patterns describe apparent multiplicities and are designated s
(singlet), d (doublet), t (triplet), q (quartet), dd (double
doublet), m (multiplet), and br (broad). Analytical purity was
≥95% unless stated otherwise and was determined by 1H NMR
and HPLC analyses. The purity of the final compounds was
checked using a Waters 2795 HPLC system equipped with a
Waters 2996 photo diode array detector and a Waters ZQ2000
mass spectrometer. All mass spectra were performed by
electrospray ionization (ESI). Representative procedures and
physical properties and characterization of the main compounds
are described. The commercial sources and synthetic strategies of
FPR and all compounds used in this study are described in the
Supporting Information.

Cloning, Expression, and Purification. Cloning of Mt-
DprE1 into plasmids pCDF-Duet and pMV261 and expression
and purification of Mt-DprE1 are detailed in the Supporting
Information.

EnzymeAssay for DprE1.Oxidation of farnesylphosphoryl-
β-D-ribose (FPR) to farnesylphosphoryl-β-D-2′-keto-erythro-
pentafuranose (FPX) by DprE1 results in the formation of a
two-electron reduced flavin intermediate (FADH2). To com-

Figure 6. Mt-DprE1 structure with TCA1 bound (PDB ID 4KW5)
illustrating the position of residues E221 and G248 relative to the active
site pocket.
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plete the catalytic cycle, the FADH2 has to be reoxidized to FAD.
In the present assay, this can be accomplished by resazurin, which
upon reduction generates the highly fluorescent product
resorufin (Figure 3). Reactions were monitored by following
an increase in fluorescence intensity (λex = 530 nm, λem = 595
nm) associated with the formation of resorufin. Assays were
carried out in black 384-well low-volume microplates (Greiner
Bio-one, Stonehouse, UK; catalog no. 78076) and contained 50
mMHepes, pH 7.5, 100 mMNaCl, 1.5% (v/v) DMSO, 100 μM
Tween-20, 2 μM FAD, and 50 μM resazurin, with variable
concentrations of FPR and DprE1 in a total reaction volume of
10 μL. Measurements were made using a Tecan Safire2

instrument (Tecan Group Ltd., Seestrasse, Switzerland).
Enzymatic rates in arbitrary fluorescence units per unit time
were converted to quantity of product formed per unit time using
a resorufin standard curve. For the 24-point dose−response
curves of Figure 3D, DMSO solutions of compounds were
dispensed using a Hewlett-Packard HP D300 digital dispenser
(Tecan Group Ltd.).
FAD Cofactor Fluorescence Quenching by Com-

pounds. Assays were performed in the same plate type as the
enzymatic assay in a final volume of 10 μL. DMSO solutions of
compounds were also dispensed using the Hewlett-Packard HP
D300 digital dispenser giving a final DMSO concentration of 1%
(v/v). Upon addition of 2.9 μMMt-DprE1 in 50 mMHepes, pH
7.5, 100 mM NaCl, and 100 μM Tween-20 to the compounds,
the plates were sealed and incubated at room temperature, in the
dark, for 1 h. Fluorescence intensity measurements were
performed using a Tecan Safire2 plate reader in fluorescence
polarization mode (λex = 470 nm, λem = 520 nm). Total
fluorescence intensity was calculated from the parallel and
perpendicular components and normalized relative to the
intensity of a 125 nM FAD control.
Absorbance Spectra. UV−visible absorbance spectra were

recorded on an Agilent 8453 UV−visible spectrophotometer (1
nm intervals; 0.5 s integration times) using a 1 mL Hellma
QS282 quartz cuvette. A solution of 10 μM Mt-DprE1 and 500
μM FPR was pre-incubated for 5 min before its UV−visible
spectrum was measured. To this solution was added 20 μM
GSK059 (from a 2 mM stock solution in DMSO), and the UV−
visible spectrum of this solution was measured after 5 min. All
measurements were performed in 50 mM Hepes, pH 7.5, 100
mMNaCl, 100 μMTween-20, and 1.5% (v/v) glycerol at 25 °C.
Enzymatic Assay Screen. Five microliters of a 2× substrate

solution containing 1.2 mM FPR and 100 μM resazurin in assay
buffer (50 mM Hepes, pH 7.5, 100 mM NaCl, 100 μM Tween-
20, 2 μMFAD) was dispensed into the 384-well screening plates
containing 100 nL of compound. Reactions were initiated by the
addition of 5 μL of a 2× enzyme solution containing 1.2 μMMt-
DprE1, also in assay buffer. Plates were centrifuged at 1000 rpm
for 1 min and the reactions incubated at room temperature for 2
h, before the fluorescence (λex = 544 nm, 15 nm bandwidth filter;
λem = 590 nm, 20 nm bandwidth filter) was measured on an
Envision multilabel reader (PerkinElmer). All solutions were
dispensed using a Multidrop Combi dispenser (Thermo Fisher
Scientific, Waltham, MA, USA).
Multicopy Suppression Screen. Intermediate plates

containing 1 and 0.1 mM compounds in DMSO were prepared
in 96-well, flat-bottom, polystyrene plates. Two microliters of
these compound solutions was transferred in duplicate to
Greiner black-bottom assay plates. As a positive control, BTZ043
was added to one well to a final concentration of 4 ng/ μL. M.
bovis BCG/pMV261 and pMV261:dprE1 cells were grown at 37

°C in Middlebrook 7H9 medium supplemented with 10% (v/v)
oleic albumin dextrose catalase (OADC, Sigma) and 25 μg/mL
kanamycin. Exponentially growing cells were diluted to 1.5 × 106

colony-forming units (CFU)/mL in the same medium, and 98
μL of the diluted cells was added to the assay plates; the plates
were sealed with parafilm and silver foil and incubated at 37 °C in
a humid, CO2 incubator. After a 7 day incubation period, 30 μL of
0.02% (w/v) resazurin and 12.5 μL of 20%Tween-80 were added
to each well, and the plates were further incubated overnight.40

Fluorescence wasmeasured by excitation at 530 nm and emission
at 590 nm, using a POLARstar Omega plate reader (BMG
Labtech). To determine the compound MIC values, 2 μL of 2-
fold serial dilutions of 50× DMSO solutions of the compounds
was transferred to the assay plates, leaving a row of wells around
the edge of the plate filled with water as a humidity barrier. The
remainder of the assay was performed as above for single-
concentration screening. The pMV261 expression system is also
compatible with M. tuberculosis and permitted measurement of
compound MIC values in M. tuberculosis as described40 with
slight modifications: the inoculumwas 1× 105 CFU/mL, and the
growth medium was Middlebrook 7H9 supplemented with 10%
(v/v) OADC and 0.025% (v/v) Tween-80.

Generation of M. bovis BCG Spontaneous Mutants. M.
bovis BCG was grown on Middlebrook 7H11 agar plates (Difco)
supplemented with 10% (v/v) OADC (Sigma) and 0.5% (v/v)
glycerol or in liquid medium in Middlebrook 7H9 broth (Difco),
containing 0.05% (v/v) Tween-80, 10% (v/v) OADC, and
0.25% (v/v) glycerol. TheMIC values of the compounds on solid
medium were first determined by plating out 10 μL of dilutions
of 104, 103, 102, and 101 of mid log phase bacteria onto the agar
plates with increasing concentrations of compound. M. bovis
BCG spontaneous mutants were generated by plating 108 mid
log cells (A600 nm of 0.8−1.0) onto agar plates containing 2.5 , 5,
and 10 times the MIC of each compound. A strain with a recG
mutation, which could theoretically increase mutation frequency,
was also tested. Colonies appeared after 2−4 weeks of incubation
at 37 °C in a CO2 incubator and were picked and grown to mid
log phase in liquid medium at 37 °C. Resistance was confirmed
by plating 10 μL of bacteria onto agar plates containing 5 times
the MIC of the compound. Resistant mutants and the parental
strains were grown tomid log phase in 10mL of liquidmedium at
2 times the MIC of the compound for the mutant strains but no
compound for the parent strains. Following genomic DNA
extraction from each resistant mutant and the parental strains,
Mt-dprE1 was amplified by PCR using the primers 5′-
CCGAATTGTGCAGGTAGC-3′ and 5′-GGCACCGCCACG-
GTAATC-3′ and sequenced using the same primers by Eurofins
MWG Operon, Ebersberg, Germany. Point mutations were
identified using the EMBL-EBI pairwise sequence alignment tool
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.
html).

Time-Lapse Microscopy. A recombinant M. tuberculosis
strain carrying the integrative plasmid pND235 expressing
GFP29 was grown to mid log phase. Bacteria were collected and
concentrated 10-fold by centrifugation, and single-cell suspen-
sions were prepared by passing the cells through a 5 μm filter to
remove clumps. Bacteria were grown and imaged in a
microfluidic device as described previously.29 Images were
acquired every 60 min on the phase and fluorescent channels
using a PersonalDV imaging system (Applied Precision, GE
Healthcare) equipped with a 100× objective (1.30 NA, 0.2 mm
WD) and a CoolSnap HQ2 CCD camera. Bacteria were initially
grown in complete Middlebrook 7H9 medium until they formed
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small microcolonies, after which they were exposed to GSK059
for 7 days. Fresh medium (with or without compound) was
supplemented every 24 h. Analysis and annotation of the image
sequences was carried out using ImageJ v 1.47a (http://rsb.info.
nih.gov/ij/).
Data Analysis. Enzyme kinetic data and FAD fluorescence

quenching data were fitted using the nonlinear curve-fitting
program GraFit version 7.0.3 (Erithacus Software Ltd., Surrey,
UK). Dose−response curve data were fitted to eq 1

= −

+
+

( )
v

a d
d

( )

1
i h

[I]
IC50 (1)

where vi is the rate, a is the uninhibited value, d is the fully
inhibited value, [I] is the inhibitor concentration, IC50 is the [I]
that gives 1/2 × (a − d), and h is the Hill coefficient. For
compounds showing an IC50 of less than the enzyme
concentration, the same dose−response curve data were also
fitted to eq 2
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where v0 and vi are the rates in the absence and presence of
inhibitor, respectively, [E] is the total active enzyme concen-
tration, Ki

app is the apparent inhibition constant, [I] is the
concentration of inhibitor, and c is the fully inhibited background
rate.38

FAD fluorescence quenching curves were fitted to eq 3
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where Fobs and F0 are the normalized fluorescence intensities in
the absence and presence of inhibitor, respectively, [E] is the
total active enzyme concentration, Kd

app is the apparent
dissociation constant, [I] is the concentration of inhibitor, and
c is Fobs at infinite [I]. E was fixed at 2.9 μM except for tight-
binding compounds (GSK710, GSK058, GSK059, and
GSK310), where E was floated. Screening data were analyzed
using the ActivityBase Suite (ID Business Solutions Ltd., Surrey,
UK). Single-concentration screening data were expressed as
percent inhibition.
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