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ABSTRACT: Tuberculosis is caused by Mycobacterium tuberculosis
(Mtb) and is a deadly disease resulting in the deaths of approximately
1.5 million people with 10 million infections reported in 2018.
Recently, a key condensation step in the synthesis of mycolic acids was
shown to require β-ketoacyl-ACP synthase (KasA). A crystal structure
of KasA with the small molecule DG167 was recently described, which
provided a starting point for using computational structure-based
approaches to identify additional molecules binding to this protein.
We now describe structure-based pharmacophores, docking and
machine learning studies with Assay Central as a computational tool
for the identification of small molecules targeting KasA. We then
tested these compounds using nanoscale differential scanning
fluorimetry and microscale thermophoresis. Of note, we identified
several molecules including the Food and Drug Administration
(FDA)-approved drugs sildenafil and flubendazole with Kd values between 30−40 μM. This may provide additional starting points
for further optimization.

■ INTRODUCTION

Tuberculosis (TB) is a public health concern responsible for
the deaths of around 1.5 million people with 10 million
infections reported per year.1 Some estimates put 25% of the
world’s population infected with the causative pathogen
Mycobacterium tuberculosis (Mtb).1 Standard treatment of
care for nondrug-resistant infections consists of a two-month
regimen of four drugs, isoniazid, rifampin, pyrazinamide, and
ethambutol, followed by 4 months of continued isoniazid and
rifampin treatment.2 Of these first-line drugs, isoniazid is often
given as a prophylactic in cases of exposure; however,
resistance to this drug also occurs at a higher frequency than
the other first-line drugs.3 In 2018, approximately half a million
TB patients had either rifampin-resistant tuberculosis (RR-TB)
or multidrug-resistant tuberculosis (MDR-TB), which de-
scribes resistance to at least isoniazid and rifampin.1 Cases of
MDR-TB rely on the administration of second-line anti-
bacterial drugs that are less effective and have more adverse
effects than the first-line drugs, and the treatment time for
these cases extends from 6 months to 18−24 months. Ten
percent of MDR-TB cases are made up of extensively drug-
resistant TB (XDR-TB), which is resistant to isoniazid,
rifampin, a second-line injectable drug (consisting of amikacin,
capreomycin, or kanamycin), and any fluoroquinolone.4 Based
on the increasing proportion of drug-resistant cases of TB,
development of new drugs has become imperative. Despite the

increased focus on drug discovery in the past decade, finding
new molecules that are active against TB has proven to be a
difficult endeavor. These drugs must be able to overcome
resistance of the bacterium to hydrophobic molecules, must
target essential processes in the life cycle of the bacterium and
must not overlap with the function of any of the drugs
represented by MDR-TB. Recently, three drugs have come to
the market for the treatment of MDR-TB: bedaquiline,
delamanid, and pretomanid.5

The bacterial cell wall is historically one of the most
successful targets for Mtb drug discovery. The most commonly
used Mtb cell wall-active drugs are isoniazid (INH),
ethambutol and ethionamide. The Mycobacterium genus has
a unique cellular envelope that contains a layer of mycolic
acids, the mycolic membrane or mycomembrane, which is
covalently linked to the cell wall posing a permeability hurdle
to most small molecules while also allowing the mycobacteria
to survive inside the macrophages.6,7 Mycolic acids are
structural elements of the cell wall and essential for Mtb in
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vivo pathogenesis.8−10 Mycolic acids are C60−C90 branched
chain β-hydroxylated fatty acids.11 During mycolic acid
biosynthesis, the type I fatty acid synthase (FAS-I) extends
acyl-CoA primers to yield C16−C18 and C24−C26 fatty acids.
The FAS-II system then completes chain elongation,
producing meromycolic acids (C48−C64).

10 The essentiality
of mycolic acids to the Mtb cell wall has suggested that the
different enzymatic steps involved in the mycolic acid
biosynthesis would be good drug targets. INH is a critical
component of front-line TB therapy. Its mechanism of action
in vitro and in vivo is due primarily to its inhibition of the
enoyl-acyl carrier protein reductase (InhA).12,13 InhA is a
protein integral in the FAS-II cycle, a system that is distinct to
the eukaryotic fatty acid biosynthesis.14 Other FAS-II enzymes

are highly likely to be good Mtb drug targets for this same
reason. Unfortunately, INH demonstrates biphasic kill kinetics
in vitro, with resistance and persistence developing within one
week of drug exposure, leading to decreased cidality.15 Drugs
with a synergistic activity with INH should circumvent this
issue, and those drugs with the ability to potentiate the activity
of INH and eradicate INH-induced persisters would also likely
provide substantial benefit in TB treatment.16

A recent drug target of focus is β-ketoacyl-ACP synthase
(KasA), which performs the condensation step in the synthesis
of mycolic acids.17,18 KasA is an essential protein in Mtb and a
component of the fatty acid synthase II complex (FAS II),
which unlike FAS I has no human equivalent.16,19−22 Small
molecules have been identified that inhibit KasA, including

Figure 1. Representation of the KasA nanoDSF results. ΔTm is calculated from a dimethyl sulfoxide (DMSO)-treated KasA control. Chemical
structures are depicted for those compounds with the most pronounced ΔTm. Many of the identified compounds share a similar indazole core,
suggesting that this may be an important structural element responsible for binding to KasA. Interestingly, two of these compounds with the
indazole core seem to destabilize KasA as opposed to stabilizing it.

Figure 2. NanoDSF traces for the compounds showing the most significant KasA stabilization. (A) Ratio of mean fluorescence (350/330 nm). (B)
Ratio of mean fluorescence 350/330 nm (1st derivative). KasA (10 μM) was tested in the presence of 100 μM of compounds. Sildenafil (purple)
and triclosan (green) have a ΔTm of 6.7 and 3.8 °C, respectively.
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derivatives of thiolactomycin23 and oxadiazolone.24 A screen of
the GSK library of antitubercular hits25 for cell wall
biosynthesis inhibitors was previously reported.16

GSK3011724A (renamed DG167; Figure S1) has a minimum
inhibitor concentration (MIC) of 0.39 M, and the cocrystal

structure with KasA was determined.16 Another group recently
reported that this molecule targets KasA,22 but its original X-
ray crystal structure bound to KasA was misinterpreted. This
KasA−DG167 structure revealed that each monomer of KasA
in the biological dimer binds to two molecules of DG167

Figure 3. Microscale thermophoresis data. Compounds chosen by various approaches were assessed for KasA binding. Each compound was run in
triplicate, and ± represents the Kd confidence interval (68% CI). The compound 15407843 was also evaluated, but no binding could be determined
via MST.
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instead of a single one. This X-ray crystal structure was recently
leveraged by Inoyama et al. to afford a preclinical tuberculosis
compound (JSF-3285).26 Previous computational studies have
also proposed natural products27 and derivatives of thiolacto-
mycin as KasA-targeting compounds.28 The current study aims
to use an array of computational structure-based and ligand-
based approaches to identify compounds binding to KasA as
potential starting points for future optimization.

■ RESULTS AND DISCUSSION
We used multiple approaches to identify additional molecules
that potentially bind to KasA, including structure-based
pharmacophores (Figure S2), shape-based pharmacophores
(Figure S3), a whole cell Mtb machine learning model,
docking, and a substructure similarity search using DG167.
Using these approaches, 62 compounds were identified and
tested using either nanoscale differential scanning fluorimetry
(nanoDSF, Figures 1 and 2)29 and/or microscale thermopho-
resis (MST, Figure 3).30,31 Binding affinities using MST were
assessed for eight compounds (Figure 3), and nanoDSF was
performed for 60 compounds (Figure S4). Six of these showed
notable changes in melting temperature (ΔTm) (Figure 1).
The molecules triclosan, metoclopramide, chlorpropamide,

and flubendazole (Figure S2) were identified using a
pharmacophore-based methodology. A structure-based phar-
macophore resulted in two hydrophobic features: a hydrogen
bond acceptor and a hydrogen bond donor as well as excluded
volumes (Figure S2). These aforementioned molecules were
shown to map well to this pharmacophore. The binding
affinities were determined using MST for two of these,
chlorpropamide (Kd = 90.60 ± 40.29 μM) and flubendazole
(Kd = 38.52 ± 13.51 μM) (Figure 3). A second approach was
employed using a shape-based pharmacophore including both
DG167 molecules from the crystal structure PDB code
5W2O,16 potentially capturing more of the binding site
volume. When this shape-based pharmacophore was used to
search the Food and Drug Administration (FDA)-approved
drugs, three drugs mapped well into this pocket: streptomycin,
lovastatin, and sildenafil (Figure S3). Binding affinities were
determined for lovastatin and sildenafil using MST (Kd = 224
± 86 μM and Kd = 32.51 ± 14.36 μM, respectively) (Figure 3).
As DG167 was previously shown to be a potent binder of KasA
(EC50 of 130.9 ± 18.2 nM),16 additional potential KasA-
targeting compounds were identified using a substructure
search using DG167 in PubChem. We tested 16 compounds
identified in this manner using nanoDSF, with Z915548488
and Z997831624 increasing and Z1981674637 decreasing Tm
by almost 1 °C, respectively (Figure 1).
A very different approach utilized is reminiscent of a target-

independent strategy, which is often used in Mtb screening due
to the challenge of overcoming the low permeability of the
mycomembrane. In this schema, we first used a previously
published whole cell Mtb machine learning model developed
with the Assay Central with a 100 nM MIC activity cutoff32 to
screen ∼2.5 million commercially available molecules from
ChemBridge, MCE, Enamine, Octava, and Selleck chemicals in
an attempt to find compounds likely to have a whole cell
activity. It should be noted that this process identified
compounds that were predicted to be active against Mtb in
general, and we were not selecting compounds specifically
targeting KasA. The selected compounds were then docked in
the KasA structure (PDB code 5W2O).16 Thirty-four
compounds were selected from the top 50 that had a libdock

score > 95 for purchase. The compounds 88983431, 4781032,
9278699, and 15407843 had libdock scores of 155.35, 145.32,
128.67, and 136.03, respectively, and were chosen to be
assessed for KasA binding via MST (Figure 3). All of these
compounds, with the exception of 15407843, showed
quantifiable binding via MST, though lovastatin and
chlorpropamide displayed weak binding (Kd > 90 μM).
15407843 showed an insufficient signal-to-noise ratio to bind
at the concentrations tested using MST.
The majority of these compounds described earlier were

assessed for KasA binding via nanoDSF (Figure S5 and Table
S1), a technique more conducive to a higher throughput
screening. In addition to these selected compounds, as a
control, five random compounds were chosen from our library
to be tested for binding to KasA using nanoDSF: naloxone,
cisapride, N-acetyl procainamide, pyronaridine, and haloper-
idol.
In summary, in this study, we have used the previously

generated crystal structure of DG167 in KasA16 to develop
several computational approaches to screen drugs and
commercial molecules and in the process have identified
several FDA-approved drugs that bind to the KasA protein.
The largest ΔTm values were identified for the compounds
sildenafil and triclosan (Figure 2). Sildenafil was previously
reported to inhibit Mtb via the host effect33,34 but we are not
aware of any assessment of the direct activity against the
bacteria in vitro or identification of potential targets in Mtb. In
this study, it showed a large ΔTm (ΔTm 6.7 °C, Figure 1),
indicative of binding to the protein. Triclosan has also been
widely reported as an Mtb inhibitor (MIC 12.5 μM35,36), and
others suggest that it inhibits InhA and not KasA in
Mycobacterium smegmatis37−39 Our data showed that triclosan
can stabilize KasA with a ΔTm of 3.8 °C using nanoDSF
(Figure 1); however, other experiments are necessary to verify
if it can also inhibit the enzyme activity and to further identify
the triclosan binding site (i.e., crystal structure).
In total, we tested 62 commercially available compounds

identified through various computational methods. Seven
molecules were assessed using MST (Figure 3) with the Kd
values ranging from 20−224 μM. The highest affinity binding
molecule was 92786999, identified through predictions based
on the whole cell Mtb machine learning model, followed by
sildenafil, identified through a shape-based pharmacophore
(Figure 3), both of which represent different core structures
(Figure S5) when compared to DG167 (Figure S1). Other
compounds that showed binding to KasA are chlorpropamide
and flubendazole, identified through a structure-based
pharmacophore approach; lovastatin, identified through a
shape-based pharmacophore; and compounds 47871032 and
89983431, identified through machine learning models. Using
nanoDSF, in addition to sildenafil and triclosan (discussed
above), Z915548488 and Z997831624 increased and
Z1981674637 decreased Tm by almost 1 °C, respectively
(Figure 1). These compounds were identified through a
substructure similarity search with DG167. While being less
pronounced, 91864296, identified through predictions based
on the whole cell Mtb machine learning model, also appeared
to show a decrease in Tm of note (Figure 1).
Differential scanning fluorimetry has been utilized primarily

as a drug discovery method to identify promising lead
compounds for a number of target proteins for decades.40

NanoDSF relies on the change of intrinsic tryptophan
fluorescence at 330 and 350 nm, and Tm can be determined
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by measuring the ratio of the fluorescence at 330 and 350 nm
against temperature. NanoDSF approaches are sensitive to the
intrinsic fluorescence properties of the molecules present in the
screen under examination, which can result in a wide variation
in the background of thermal profilesresulting in false
negatives.44 Some compounds showed binding using the MST
technique, but did not show significant changes in Tm, such as
flubendazole, lovastatin, chlorpropamide, and 47871032. One
potential explanation is that these compounds could bind to
allosteric sites or not cause conformational changes that could
increase or decrease the stability of the protein. Since nanoDSF
is based on the intrinsic fluorescence of tryptophan, the
binding of these compounds did not alter the exposure of
tryptophan.
In conclusion, the combination of structure-based computa-

tional approaches combined with biophysical methods to
validate binding to the proteins may provide additional
information to build the structure−activity relationship for
KasA and suggest additional molecules for in vitro and
structural studies in the future.

■ EXPERIMENTAL SECTION
Materials. M. tuberculosis KasA was purified as previously

described.16 Compounds 15407843, 25671189, 30253177,
30664114, 34490793, 40460913, 41386319, 47871032,
47939596, 54184949, 56835939, 63585074, 66085352,
66164428, 68068491, 85444047, 89807517, 89983431,
91864298, 92786999, and 86776267 were purchased from
ChemBridge Corporation (San Diego, CA). Z1160866713,
Z1914226114, Z1981674637, Z2027060424, Z2168541837,
Z2185649167, Z2186204950, Z2186647917, Z2187106221,
Z2187123225, Z2187298674, Z2191260537, Z2197830902,
Z2198620308, Z2199688154, Z2297567622, Z872338402,
Z915548396, Z915548454, Z915548488, Z915548528,
Z915548646, Z915548688, Z915548714, Z997831398,
Z997831408, Z997831442, and Z997831624 were purchased
from Enamine Ltd. (Monmouth Jct., NJ). PB915625920 was
purchased from UkrOrgSynthesis Ltd. (Kiev, Ukraine).
Pyronaridine was purchased from BOC Sciences (Shirley,
NY). Chlorpropamide, cisapride, flubendazole, haloperidol,
lovastatin, metoclopramide, N-acetylprocainamide, sildenafil,
streptomycin sulfate, and triclosan were purchased from
MedChemExpress (MCE), and naloxone hydrochloride was
purchased from TRC (Canada).
KasA Receptor-Based Pharmacophore. A receptor-

based pharmacophore was generated for the DG167 crystal
structure (PDB code 5W2O)16 using a method that has been
previously described using Discovery Studio software (Biovia,
San Diego, CA).41,42 The resulting pharmacophore was then
used to search an FDA-approved drug library (MicroSource
Spectrum). Several compounds (Figure S5, shown in orange)
were selected for purchase and testing.
KasA Shape-Based Pharmacophore. Both DG167

molecules in the crystal structure PDB code 5W2O16 were
used to build a combined 3D shape43 that was then used for
shape-based searching in Discovery Studio software. This
shape-based pharmacophore was also used to screen a library
of >1000 FDA-approved drugs, and several molecules (Figure
S5, shown in yellow) were selected that fit the shape-based
pharmacophore volume well and were then selected for
purchase.
Selection of Compounds with a Similar Substructure

to DG167. As DG167 was previously shown to be a potent

KasA binder, we utilized a substructure search of this
compound in PubChem to identify other compounds that
may target KasA in a similar manner. Sixteen compounds
(Figure S5, shown in green) were found using this substructure
search that was commercially available. These were purchased
to determine their ability to bind to KasA.

Selection of Commercially Available Compounds
Using a Combination of Machine Learning and Docking
Studies. To identify additional compounds that may be active
againstMtb, multiple vendor libraries from ChemBridge (Core,
experimental, Lipinski), Enamine (advanced, diversity, HTS,
screening), MCE (full), Octava (Drug-like green, In-house,
lead-like), and Selleck (Bioactive, Bioactive II, Clinical, Drug
repurposing, Express pick, FDA-approved) were scored for
predicted activity in our previously published Assay Central
Bayesian machine learningMtb model32 with a 100 nM activity
threshold cutoff (18,886 total, 645 active). A maximum model
overlap threshold of 0.9 was applied to ensure diversity from
the training set, but a minimum of 0.5 was used to enhance the
model predictivity. In addition, a molecular weight (MW)
cutoff of 500 Dal was used to remove large molecules. A
chemical diversity filter selected the top 50 most diverse
compounds out of the top 250 compounds predicted as active
(≤ 0.5 prediction score). The “top” compounds were defined
as those with the highest probability-like score to be “active”
from each commercial library scored (14 libraries scored in
all). As there were overlapping molecules in the commercial
libraries, duplicates were removed and then the top 50 diverse
molecules were selected from this concatenated data set. Each
of these compounds were docked in the KasA crystal structure
(PDB code 5W2O)16 using libdock in Discovery Studio. The
32 compounds (Figure S5, shown in red) chosen for purchase
had a favorable libdock score of >95 (96.34−155.35),
suggesting KasA may be a viable target for these molecules.

Thermal Shift Experiments Using NanoDSF. The
compounds lovastatin, flubendazole, chlorpropamide, sildena-
fil, metoclopramide, triclosan, and streptomycin, identified
through the shape-based pharmacophore analysis, and addi-
tional compounds identified through docking and machine
learning studies described above, were tested using nanoDSF
Prometheus (NanoTemper). A total of 60 compounds were
assessed for KasA binding using this experimental technique.
NanoDSF is a modified differential scanning fluorimetry
method to determine the protein stability by employing
intrinsic tryptophan or tyrosine fluorescence. This technique
was used to verify if the molecules identified through shape-
based pharmacophore searching and docking could bind to
KasA and stabilize the protein by increasing the Tm. For the
experiment, 10 μM of KasA in MST buffer (150 mM NaCl, 10
mM HEPES pH 7.4, 1 mM β-mercaptoethanol) was incubated
with 100 μM of compounds and analyzed using Prometheus
(NanoTemper).

Binding Studies Using MST. We also conducted MST to
determine Kd for eight compounds using Monolith (Nano-
Temper). MST is a sensitive method that can be used to assess
biomolecular interactions30 and has been utilized to study
interactions between a variety of binding partners of various
molecular sizes: protein−protein, antibody−antigen, protein−
DNA, and protein−RNA interactions and the binding of ligand
to ternary complexes.30,31

For KasA labeling, a Monolith His-Tag Labeling Kit RED-
tris-NTA 2nd Generation kit (NanoTemper) was used
according to the manufacturer’s protocol. In short, once the
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initial Kd of the his-tagged KasA protein was calculated to be
∼14 nM in PBS-T, the KasA protein stock was diluted to a
concentration of 20× the Kd in the supplied PBS-T buffer. The
protein and the dye were incubated with the dye for 30 min at
room temperature, which was followed by a centrifugation of
15,000 g for 10 min (4 °C). The concentration after labeling
was 200 nM. The labeled protein was kept on ice during the
MST experiments. KasA binding affinity measurements were
performed in the supplied PBS-T buffer. The final concen-
tration of KasA in each assay was 10 nM. Each compound had
an initial concentration of 10 mM and was serially diluted 15
times in 100% DMSO creating 16 independent stocks. For
each experiment, 0.5 μL of the compound was transferred to
19.5 μL of labeled KasA. The final concentration of DMSO in
the experiment was 2.5%. KasA was incubated in the presence
of compounds for 20 min at room temperature in a nonbinding
384-well plate.
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