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Abstract

Tuberculosis, caused by Mycobacterium tuberculosis (M. tuberculosis), kills 1.6 million people 

annually. To bridge the gap between structure- and cell-based drug discovery strategies, we are 

pioneering a computer-aided discovery paradigm that merges structure-based virtual screening 

with ligand-based, machine learning methods trained with cell-based data. This approach 

successfully identified N-(3-methoxyphenyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (JSF-2164) 

as an inhibitor of purified InhA with whole-cell efficacy versus in vitro cultured M. tuberculosis. 

When the intrabacterial drug metabolism (IBDM) platform was leveraged, mechanistic studies 

demonstrated that JSF-2164 underwent a rapid F420H2-dependent biotransformation within M. 
tuberculosis to afford intrabacterial nitric oxide and two amines, identified as JSF-3616 and 

JSF-3617. Thus, metabolism of JSF-2164 obscured the InhA inhibition phenotype within cultured 

M. tuberculosis. This study demonstrates a new docking/Bayesian computational strategy to 

combine cell- and target-based drug screening and the need to probe intrabacterial metabolism 

when clarifying the antitubercular mechanism of action.
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A significant subset of the chemical biology field interrogates the fundamental biology of 

pathogenic bacteria through the discovery and study of small molecule chemical tools. The 

ramifications from both academic and humanitarian viewpoints are evident given the global 

health crisis around drug-resistant bacteria and the need for innovative therapies and 

therapeutic strategies.1 We face a common and yet significant challenge in the identification 

of small organic molecules with a set of properties consistent with their value as tools2 to 

probe the essential biology of the bacteria in the hopes of gaining insights into which 

proteins and/or metabolic pathways are requisite for infection in model systems of varying 

degrees of relevance to pathogenesis in humans.

We study the causative agent of tuberculosis (TB), Mycobacterium tuberculosis (M. 
tuberculosis), and utilize it herein as a model system. However, our approach should be 

applicable to any class of bacteria or infectious agent. Faced with the challenge of 

identifying highly useful chemical tools, TB researchers have relied on a range of techniques 

from target-based approaches (both structure-focused and biochemical high-throughput 

screens) to whole-cell high-throughput phenotypic screening. Target-based methods, 

presuming they focus on a gene/protein that is both essential3 and vulnerable4 under 

experimental conditions relevant to human infection, have often struggled to correlate the 

inhibition of protein function and whole-cell activity against in vitro cultured M. 
tuberculosis.5 Computational methods such as high-throughput docking, despite some 

success outside of the TB arena, in general can make educated guesses to increase the 

probability of finding small molecules that best fit a protein active site and impair its native 

function.6 However, the correlation between enzyme functional inhibition and whole-cell 

activity is often lacking.7
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To bridge the disconnection between in vitro enzyme inhibition and whole-cell activity, we 

have sought to utilize computational studies, in conjunction with chemical and biological 

techniques, to identify small molecule tool compounds for M. tuberculosis. We and others 

have found that high-throughput docking through a virtual screen (VS) against a single 

target can identify novel inhibitors of M. tuberculosis enzymes.8 We hypothesized that high-

throughput docking would be complemented by our proven machine learning methods9,10 to 

enhance the probability of finding compounds with bacterial growth inhibitory properties 

and the lack of mammalian cell cytotoxicity.

Herein, we describe the design of a high-throughput docking/Bayesian methodology, 

combining target-based and whole-cell-based screening, and its application to the M. 
tuberculosis enzyme InhA, an essential11,12 and vulnerable4 enoyl acyl carrier protein 

reductase inhibited by the front-line drug isoniazid (INH).13,14 This platform identified 

JSF-2164 as an inhibitor of purified InhA with bacterial growth inhibitory activity. Its 

mechanism within M. tuberculosis was complicated by intrabacterial metabolism, and we 

found our intrabacterial drug metabolism (IBDM) platform to be useful in detailing this 

process.

RESULTS

A Novel High-Throughput Docking/Bayesian Approach.

We examined a previous VS conducted by some of us that docked a 5.6 × 106 member 

composite library versus InhA as part of the GO Fight Against Malaria project (GO FAM).8 

This present work leverages a fraction of this library of commercially available drug-like 

small molecules, comprising a 5.07 × 105 collection of Asinex compounds docked against 

the Tonge laboratory structure of InhA complexed with a diaryl ether phenol (PDB ID 

2X23).15 This structure was chosen because InhA is bound to PT70, a very potent inhibitor 

(Ki = 7.8 nM) with a long residence time (24 min).15 The Asinex subset was docked into the 

active site with Auto Dock Vina.16 The average of the estimated free energy of binding 

values was −6.93 kcal/mol with a standard deviation of 0.81 kcal/mol. Docking filters 

narrowed down this subset to the top 370 compounds, on the basis of the requirement that 

the candidate’s predicted binding mode formed base-stacking interactions with the NAD+/

NADH cofactor, displayed at least 2 hydrogen bonds with the active site, and had an 

estimated free energy of binding of ≤−8.0 kcal/mol. These 370 compounds displayed an 

average estimated free energy of binding of −8.66 kcal/mol with a standard deviation of 0.55 

kcal/mol in the docking scores. At this point, current docking strategies typically transition 

to an experimental stage where the candidate inhibitors are tested in vitro either with or 

without prior visual inspection of the compounds. Our strategy diverges and utilizes our 

published TB Bayesian models to create a new workflow (Figure 1) that combines ligand-

based machine learning models and structure-based VS data. We proposed that the VS data 

versus a validated M. tuberculosis drug target such as InhA could be joined with our 

Bayesian dual-event models to select for novel InhA inhibitors with whole-cell activity and 

lack of mammalian cell cytotoxicity as assessed with Vero cells. Our published dual-event 

models consider both whole-cell efficacy versus in vitro cultured M. tuberculosis (under 

actively growing conditions) and Vero cell cytotoxicity, and they have learned via training 
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sets containing on the order of 103 drug-like small molecules.10 In this case as in our 

previous work, we define a selectivity index (SI = CC50/MIC, where the MIC is the 

minimum inhibitory concentration of the molecule that inhibits 90% growth of the bacteria 

in culture and CC50 is the concentration of the compound that inhibits the growth of 50% of 

the cultured mammalian cells (Vero cells). Our published models have demonstrated the 

ability to favorably score novel whole-cell active compounds with an acceptable selectivity 

index (SI ≥ 10) from screening collections in comparison to inactives.

370 compounds (that passed the initial docking filters) were scored with two of our recently 

validated Bayesian dual-event models selecting for bacterial growth inhibition with 

relatively low cytotoxicity in mammalian cells (Table S1). We chose to use the dose

−response and cytotoxicity (or TAACF-CB2) model, given its learning based on 1783 

compounds screened versus M. tuberculosis and Vero cells by Reynolds and co-workers and 

its successful identification of four diverse and promising antituberculars from a 

GlaxoSmithKline antimalarial hit set.10 The second model utilized was our combined TB 

dose–response and cytotoxicity (or Combined) model that draws on a data set of 5304 small 

molecules assayed versus M. tuberculosis and Vero cells.9 For the 370 compounds harvested 

with the initial docking filters, (a) their TAACF-CB2 model scores ranged from −8.61 to 

8.38, with 133 compounds predicted as whole-cell active versus M. tuberculosis and 

relatively nontoxic versus Vero cells having scores ≥0.54, and (b) their Combined model 

scores ranged from −13.77 to 8.84, with 93 compounds predicted as whole-cell active versus 

M. tuberculosis and relatively nontoxic versus Vero cells having scores ≥1.17. The top 100 

compounds by the TAACF-CB2 model (score ≥1.11) along with the highest scoring 52 from 

the Combined model afforded a total of 131 compounds for further analysis (given the 

overlap between the two sets equal to 21 molecules).

Visual inspection of the 131 predicted whole-cell active/noncytotoxic candidate InhA 

inhibitors was then undertaken. As discussed in our previous publication,8 advantageous 

attributes included the following: (a) almost all of the heteroatoms were involved in 

hydrogen bonds, favorable electrostatic interactions,17 or halogen bonds with the target,18,19 

(b) the hydrophobic groups packed favorably with hydrophobic side chains of InhA,8,16 and 

(c) aromatic rings formed T-stacking, base-stacking,20 or π−cation interactions20 with InhA, 

as measured by the Fox software (available at http://autodock.scripps.edu/resources/

raccoon). Base-stacking and T-stacking interactions depend on the distance between the 

centers of the two aromatic rings and the angle between the planes of each ring, while π
−cation interactions can occur when a positively charged group is less than 5−6 Å from the 

center of an aromatic ring.20 Disadvantageous attributes of a docked pose included 

displaying (a) one or more large, solvent-exposed hydrophobic groups (such as i-propyl, t-
butyl, or benzyl), (b) polar groups packed in hydrophobic pockets (unless they had a 

complementary group from the target in the vicinity),21 or (c) more than one repulsive 

electrostatic interaction with charged or polar groups of InhA. This manual inspection 

afforded 19 candidates for biological testing, which were available and obtained from the 

commercial source (Asinex; www.asinex.com).
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JSF-2164 (BAS01237091) as an InhA Inhibitor with Whole-Cell Activity.

The 19 candidate molecules (Table 1) were assessed for whole-cell growth inhibition of in 
vitro cultured M. tuberculosis wild type H37Rv strain. Two out of the 19 compounds, 

BAS01237091 and BAS01237231, exhibited promising whole-cell activity (MIC ≤ 12.5 µM; 

i.e., better than our goal of 10 µg/mL or ∼33 µM for a 300 g/mol MW compound). INH and 

triclosan were used as positive controls in all M. tuberculosis growth inhibition assays.22 

Interestingly, both compounds (BAS01237091 and BAS01237231) are of the benzofurazan 

class. The most potent whole-cell inhibitor was BAS01237231, featuring an MIC of 10 µM. 

From the initial set of 370 candidates passing the docking filters, the worst scoring five 

molecules (according to their score with the TAACF-CB2 model) were also assayed as a 

supplementary test of the potential for undesirable “false negative” predictions. All 

demonstrated MIC values between 125 and 250 µM (Table S2).

We applied an InhA enzyme assay17 to empirically confirm InhA inhibition efficacy of the 

19 predicted hits. Compound inhibition efficacy was calculated by NADH consumption rate 

when the purified M. tuberculosis InhA was coincubated with compounds and the model 

substrate 2-dodecenoyl-CoA. Triclosan was included as a positive control in all InhA 

inhibition assays.22 17/19 candidates were tested at a compound concentration of 50 µM, 

and 2/19 compounds (thiadiazole BAS03794545 and furanone BAS00135708) were tested 

at 25 µM due to demonstrated insolubility at 50 µM. 5/19 compounds, including the whole-

cell active compound BAS01237231, displayed at least 50% inhibition of InhA at this single 

concentration (Figure 2A and Table 1). Their respective IC50 values versus InhA ranged 

from 4.0 to 51 µM (Table 1 and Figure S1). The most efficacious InhA inhibitor was 

thiadiazole amide BAS06264740 with an IC50 = 4.0 ± 1.0 µM; however, it failed to inhibit 

bacteria growth (MIC > 500 µM versus the H37Rv strain). The whole-cell active compound 

BAS01237231 was determined as a moderate inhibitor of purified InhA with an IC50 = 51 ± 

19 µM (Table 1 and Figure S1).

Given their respective InhA inhibition and whole-cell growth inhibition, thiadiazole amide 

BAS06264740 (renamed JSF-2149) and benzofurazan BAS01237231 (renamed JSF-2164) 

were selected for further evaluation through synthesis and confirmation of their biological 

profiles. JSF-2149 was prepared (Figure S2) in three steps from commercially available 2-

chlorobenzaldehyde via formation of the thiosemicarbazone 1 that was then cyclized in the 

presence of ferric chloride to provide 2-aminothiazole 2.23 Acylation of 2 with 2-norbornane 

acetyl chloride provided JSF-2149. JSF-2164 was prepared (Figure S3) via the reaction of 

commercial 4-chloro-7-nitrobenzo[c][1,2,5]oxadiazole with 3-methoxyaniline, inspired by 

previously reported SNAr chemistry.24 The InhA inhibition (84 ± 2% inhibition at 50 µM 

compound) of synthetic JSF-2149 was similar to that of the commercial material, and the 

synthetic sample was also inactive versus M. tuberculosis (MIC > 500 µM). The MIC for 

synthetic JSF-2164 was similar to that of the commercial material (8.0 µM vs 10 µM, 

respectively) (Table 2) as were their respective percent inhibitions of InhA at 50 µM 

compound (synthetic vs commercial: 44 ± 1 vs 53 ± 4).

IC50 values within the µM range may raise concerns of promiscuous inhibition of purified 

enzyme InhA due to aggregates formed by compounds in the enzymatic buffer.25 We, 
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therefore, utilized Tween-20 at 1% of its critical micelle concentration (CMC) in the 

enzymatic buffer as a detergent to mitigate aggregate formation without disrupting enzyme 

activity (Figure S4). InhA inhibitory potency of the JSF-2149 was evidenced due to 

unspecific aggregation, judged by an IC50 shift from 4.0 ± 1.0 µM (without Tween-20) to 70 

± 16 µM (with Tween-20) (Figure S5). In contrast, the whole-cell active compound 

JSF-2164 was a specific InhA inhibitor in vitro given no statistically significant difference 

between the IC50 with or without Tween-20 (51 ± 19 µM vs 65 ± 16 µM) judged by an 

unpaired Student’s t test (Figure 2B). Finally, docking results predicted JSF-2164 to form 

the following quaternary interactions with InhA: base-stacking with the NAD cofactor, two 

hydrogen bonds with the hydroxyl in the side chain of Tyr158, two hydrogen bonds with the 

2′-hydroxyl of the ribose adjacent to the nicotinamide ring of NAD, a hydrogen bond with 

the 3′-hydroxyl of the ribose adjacent to the nicotinamide ring of NAD, and a hydrogen 

bond with the amide carbonyl of the nicotinamide ring of NAD (Figure 2C–E).

JSF-2164 Exhibited in Vitro Bacteriostatic Activity Involving More than InhA Inhibition.

Over 7 days, JSF-2164 at 16× MIC demonstrated an ca. 1 log10 reduction in M. tuberculosis 
colony-forming units/mL (CFU/mL) (Figure 3A). It indicated that JSF-2164 is not formally 

bactericidal,26 judged by a failure to determine its minimum bactericidal concentration 

(MBC; minimum compound concentration to afford ≥2 log10 reduction in bacterial 

CFU/mL) within 4-fold of its MIC range.27 This may be compared to the bactericidal 

activity of INH as demonstrated by complete sterilization at 4× MIC with a detection limit 

of 10 CFU/mL.

To probe the intrabacterial engagement of InhA by JSF-2164, we assessed the JSF-2164 

growth inhibitory effect against the M. tuberculosis inhA overexpression strain mc24914 

(Table 2), which harbors an inhA promoter c(−15)t mutation.13 INH demonstrated a 16× 

MIC shift versus the inhA overexpression strain as compared to H37Rv. JSF-2164, in 

contrast, exhibited a 3-fold shift in MIC versus the inhA overexpression strain as compared 

to H37Rv. The effect of JSF-2164 was also assayed on newly synthesized M. tuberculosis 
short-chain fatty acids and mycolic acids. M. tuberculosis strain H37Rv prelabeled with 14C-

acetate was treated with JSF-2164 or INH as a positive control.13 After lipid extraction and 

esterification to afford the corresponding methyl esters, the samples were analyzed for 

mycolic acid methyl esters (MAMEs) and their precursors, short-chain fatty acid methyl 

esters (FAMEs), via thin-layer chromatography (TLC) (Figure 3B,C). INH expectedly13 led 

to a depletion of MAMEs and an accumulation of FAMEs as a result of InhA inhibition, 

whereas JSF-2149 served as a negative control given its lack of significant whole-cell 

activity and failure to inhibit purified InhA in the presence of detergent. JSF-2164 

unexpectedly did not exhibit a pattern similar to that for INH. The smaller MIC shift for 

JSF-2164, as compared to INH, and its lack of a typical InhA (or more generally FAS-II) 

inhibition profile as judged by TLC, coupled with its IC50 versus purified InhA being ca. 5-

fold larger than its MIC against the H37Rv strain, hinted at an intrabacterial process where 

InhA inhibition is secondary to another mechanism of action. Consistent with this 

hypothesis was the observation that JSF-2164 exhibited in vitro efficacy versus the M. 
tuberculosis streptomycin-sensitive (ss18b) strain28 that models aspects of nonreplicating 

persistence. This was differentiated from the negative control INH, which as the prototypical 
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InhA inhibitor selectively inhibits actively replicating bacteria, and rifampicin as the positive 

control (Figures 3D,E and S6).

F420H2 Deficiency Linked to JSF-2164 Resistance.

To better comprehend the JSF-2164 mechanism of action within M. tuberculosis, we 

selected for spontaneous JSF-2164-resistant mutants in the M. tuberculosis strain H37Rv 

background. JSF-2164 exhibited a relatively high mutation rate (∼10−5), which was similar 

to the frequency of resistance of pretomanid (10−5 to 10−6),29 a clinical-stage antitubercular 

requiring activation dependent by the cofactor F420H2.29 We isolated 26 JSF-2164-resistant 

colonies selected with a JSF-2164 exposure ranging from 8−32× MIC and confirmed their 

resistance via a liquid culture MIC test. All tested colonies were resistant to JSF-2164: one 

strain (32 × 4) with a 4-fold MIC shift and the other 23 colonies with ≥16× MIC shift as 

compared to the wild type strain H37Rv (with an upper limit of 16-fold established by the 

solubility of JSF-2164 in the assay media) (Figure 4A). 5/24 colonies were cross-resistant to 

INH, consisting of strains 16 × 6 and 32 × 4 exhibiting 8× MIC shift and strains 32 × 3, 32 × 

5, and 32 × 6 showing 4× MIC shift against INH (Figure 4A).

Four strains (16 × 2, 16 × 6, 32 × 4, and 32 × 5) were selected for whole-genome 

sequencing, according to their resistance to JSF-2164 and varying susceptibility to INH 

(Table S3). Mutations with high-level JSF-2164 resistance in strains 16 × 2, 16 × 6, and 32 × 

5 led to single nucleotide polymorphisms (SNPs) in the gene fbiC (F567S) or a frameshift in 

the gene fgd1 (C insertion in between 411 and 412 resulting in a frameshift at Leu138) 

(Table S3). We also noted a promoter mutation in the essential30 thymidylate kinase tmk of 

the sequenced strain 32 × 4. Both enzymes FbiC and Fgd1 comprise the biosynthetic 

pathway of deazaflavin cofactor F420H2. FbiC is required for biosynthesis of FO, a precursor 

of the cofactor F420.31 Fgd1, also known as F420-dependent glucose-6-phosphate 

dehydrogenase, recharges F420H2 through the oxidation of glucose-6-phosphate.29 Loss of 

function mutations in fgd1 and fbiC led to resistance to pretomanid, a nitro-containing 

heterocyclic antitubercular requiring F420H2-dependent activation.29 The cross-resistance of 

pretomanid was indeed observed in these 3 mutant strains judged by the >500× MIC shift as 

compared to wild type H37Rv (Table S3). A strain fgd1::tn, with fgd1 functionally 

inactivated by transposon insertion,11,32 led to resistance to both pretomanid (>500× MIC 

shift) and JSF-2164 (>20× MIC shift) (Table 2). This further confirmed that F420H2 was 

essential for JSF-2164 activity. Strain 16 × 6, which was resistant to INH, harbored a c(−15)t 
mutation at the promoter of inhA. This mutation was identical to the one reported in strain 

mc24914 and other clinical strains,33 which were resistant to INH due to statistically 

significant inhA overexpression as compared to the H37Rv strain (Figure S7).

The mechanism of action of JSF-2164 was further probed by Himar-1 transposon library 

screening (Figure 4B).30,34 A saturated transposon insertion library derived from the H37Rv 

background was exposed to JSF-2164 at concentrations ranging from 5 to 30× MIC for 4 

weeks. Select single colonies surviving JSF-2164 pressure were isolated, and the transposon 

location was determined for each strain.34 A total of 90 colonies (54 colonies from 5× MIC, 

8 colonies from 10× MIC, 8 colonies from 20× MIC, and 20 colonies from 30× MIC) 

exhibited JSF-2164 resistance on agar plates. JSF-2164 resistance for each of the 90 colonies 
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was confirmed by a liquid MIC test and was quantified by a ≥16× MIC shift as compared to 

wild type H37Rv (again, being limited by the solubility of JSF-2164 in media) for 89/90 

strains (Table S4). 89 out of 90 colonies demonstrated significant resistance to pretomanid, 

quantified by a ≥500× MIC shift (Table S4). All of the colonies were susceptible to INH. 

Genomic DNA was extracted from each of the colonies followed by SacII digestion, and the 

Himar-1 transposon sequence was ligated into a plasmid with an oriR6K replication 

initiation site and a kanamycin selection marker.34 Transposon insertion sites were 

determined via Sanger sequencing of the plasmids containing the Himar-1 sequence 

followed by mapping results onto the H37Rv genome. 84/90 colonies harbored a transposon 

insertion in the open reading frame of fgd1, suggesting the functional inactivation of fgd1 as 

a leading cause of JSF-2164 resistance. One insertion was observed in the open reading 

frame of gene pta (rv0408) locating in the same operon as fgd1. This pta disruption may 

indicate a polar effect of transposon insertion. The other five insertions were harbored in 

rv3312c (an α/β hydrolase),35 rv1534 (a TetR family transcription regulator),35 and alkB 
(rv3252c, a transmembrane alkane 1-monooxygenase).35

JSF-2164 Released Intrabacterial NO· Dependent on Cofactor F420H2.

Nitrobenzofurazan family compound NBDHEX (6-(7-nitro,2,1,3-benzoxadiazole-4-ylthio)-

hexanol)36 and NBF-SPh37 (7-nitro-4-(phenylthio)-benzofurazan) are reported to release 

reactive nitrogen species (RNS) and reactive oxygen species (ROS) in cancer cells,37,38 and 

thus, we hypothesized that the growth inhibitory activity of JSF-2164 may be due to 

production of intrabacterial nitric oxide (NO·) dependent on the F420H2 cofactor. Although 

of different chemotypes, the triazine nitrofurans,39 pretomanid,40 and delamanid41 have been 

found to release NO· within M. tuberculosis through an F420H2-dependent process. We 

utilized the Griess reagent to quantify the supernatant concentration of nitrite, arising 

through the intrabacterial extrusion of NO· followed by its oxidation and export from the 

cell.42 Briefly, the M. tuberculosis strains H37Rv and fgd1::tn were treated with 20 or 100 

µM pretomanid or JSF-2164, and for consecutive 5 days, the supernatant nitrite 

concentration was assessed via Griess reagent. Each compound’s NO· production was 

quantified via a ratio of nitrite concentration to compound dose. For the H37Rv arm of the 

experiment, pretomanid treatment led to a burst of NO· production in the initial 2 days, 

demonstrated by 49% (9.8 µM) and 17% (17 µM) of NO· release for the 20 and 100 µM 

pretomanid exposures, respectively (Figure 5A). The lower dose of JSF-2164 treatment (20 

µM = 2.5× MIC) generated a small yet discernible amount of NO· at 2 days post-treatment 

of the H37Rv strain, quantified as 0.84 µM, which is slightly above the 0.78 µM limit of 

detection (Figure 5A). The higher dose of JSF-2164 (100 µM = 12.5× MIC) yielded a larger 

production of NO·, quantified as 6.7 µM at t = 2 days. F420H2 cofactor deficiency in the 

fgd1::tn strain abolished NO· production for both the pretomanid and JSF-2164 treatments, 

indicating that F420H2 was required to produce NO· from JSF-2164 (Figure 5B). Pretomanid 

has been shown to produce NO· primarily via the catalysis of the nitroreductase Ddn, which 

utilizes F420H2 as cofactor.40 We excluded Ddn as being responsible for the whole-cell 

activity of JSF-2164 as a comparison of MIC values of JSF-2164 versus H37Rv and 

ddn:tn26,40 strains showed no difference (Table 2).
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JSF-2164 Intrabacterial Metabolism Produces Two Amines. NO· production suggested an 

intrabacterial metabolism of JSF-2164 contributing to its activity. We applied a liquid 

chromatography−mass spectrometry (LC-MS) platform for querying intrabacterial drug 

metabolism (IBDM)39 to probe the fate of JSF-2164 in M. tuberculosis. Briefly, M. 
tuberculosis H37Rv or fgd1::tn strain was treated with 20 µM JSF-2164 followed by 

metabolite extraction at various of time points for identification via liquid chromatography

−mass spectrometry (LC-MS). After 24 h of treatment of H37Rv with JSF-2164, two peaks 

(one major and one minor) were observed to gradually accumulate, as detected via LC-MS 

(250 nm absorption; both peaks were associated with an m/z = 257.0) (Figure 5C). 

Suggested by a loss of 30 amu as compared to the parent JSF-2164 (m/z = 287.0), we 

hypothesized that these peaks corresponded to two amines, derived from the reduction of the 

nitro group. We purified the two metabolites from M. tuberculosis treated with JSF-2164 and 

assigned their chemical structures (Figure 5D) via NMR and high-resolution mass 

spectrometry studies. The major metabolite (designated as M1) was determined to be N5-(3-

methoxyphenyl)benzo[c][1,2,5]oxadiazole-4,5-diamine, apparently resulting from a shift of 

the 1,2,5-oxadiazole with a reduction of the nitro group to an amine. The minor metabolite 

(designated as M2) was identified as N4-(3-methoxyphenyl)-benzo[c][1,2,5]oxadiazole-4,7-

diamine, the apparent reduction product of the nitro moiety of JSF-2164. We synthesized 

authentic M1 and M2 and renamed them as JSF-3617 and JSF-3616, respectively (Figure 

S3). LC-MS data (Figures S8 and S9) demonstrated the synthetic samples were identical to 

the metabolites isolated from M. tuberculosis. JSF-3617 was inactive against M. tuberculosis 
judged by MIC values of 250 and 125 µM against the H37Rv and fgd1::tn strains, 

respectively (Table 2). JSF-3616 demonstrated modest growth inhibitory efficacy with an 

MIC of 32 µM versus both the M. tuberculosis and fgd1::tn strains (Table 2). JSF-3616 and 

JSF-3617 exhibited 46 ± 2.9% and 77 ± 0.73% (Table 2). InhA was inhibited at 50 µM in the 

presence of 1% CMC Tween-20. We were unable to observe the des-nitro JSF-2164 

metabolite via LC-MS comparison to a synthetic standard (JSF-2169; Figure S2).

JSF-2164 underwent a rapid metabolism in H37Rv, demonstrated by intrabacterial 

accumulation over 2 h and followed by a degradation to a negligible level (lower limit of 

detection = 7.5 pmol) at t ≥ 4h (Figure 5E). Intrabacterial JSF-3616 and JSF-3617 were 

detectable after 30 min of treatment (with lower limits of detection of 12 and 94 pmol, 

respectively). Their concentrations increased over the first ca. 2 and 8 h, respectively, and 

then leveled off. JSF-3617 was a major intrabacterial metabolite judged by a higher 

accumulation amount as compared to JSF-3616 and the parent JSF-2164. The lack of 

cofactor F420H2 in the fgd1::tn strain slowed the JSF-2164 intrabacterial metabolism as 

compared to the H37Rv strain, judged by an extended intrabacterial half-life of JSF-2164 in 

fgd1::tn than that in H37Rv. Conversion of JSF-2164 into the metabolites JSF-3616 and 

JSF-3617 was also slowed as compared to the H37Rv strain. JSF-3616 and JSF-3617 were 

discernible in fgd1::tn after 4 h of treatment with intrabacterial concentrations significantly 

lower than concentrations in H37Rv at each same time point, judged by the Student’s t test 

with p < 0.05. This result indicated an F420-dependent intrabacterial metabolism consuming 

JSF-2164 to produce two amine metabolites with NO· generation in M. tuberculosis (Figure 

6).
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DISCUSSION

Multidrug-resistant TB is a global epidemic crisis that requires new drugs to be added to the 

current antitubercular arsenal. We hypothesized that an innovative workflow, combining 

cell-based data via our dual-event Bayesian models and target structural data through high-

throughput docking, would offer structurally novel small molecules that inhibit InhA and M. 
tuberculosis in vitro growth while offering an acceptable lack of Vero cell cytotoxicity. Our 

initial foray into large-scale virtual screening of commercial chemical space for InhA 

inhibitors led to two novel fragment-sized enzyme inhibitors of InhA that displayed Ki 

values of 54 and 59 µM, respectively.8 That previous study used the identical docking 

program, docking parameters, docking filters, and docking target as the present study, and 

the same individual (A.L.P.) visually inspected the docking results for both investigations. 

The most significant difference was the previous docking workflow involved algorithms that 

knew nothing about the structural and physiochemical properties of small molecules that 

contribute to antitubercular whole-cell efficacy and lack of relative Vero cell cytotoxicity. 

While our workflow depended on a Bayesian model component, other machine learning 

strategies could have been used alternatively. However, we have found that Bayesian models 

perform at least as well as those derived with Support Vector Machines and Recursive 

Partitioning.9 Although several previous studies have investigated different ways of 

combining or comparing docking calculations with Bayesian or SVM models, those hybrid 

workflows focused on increasing the probability of finding inhibitors of a particular protein 

target or group of targets (or identifying the target).43–48 They did not involve combining 

Bayesian models (trained on cell-based data) with docking studies to increase the efficiency 

of finding whole-cell active, less toxic compounds that could inhibit a particular target 

within M. tuberculosis. The value of our workflow has been supported by the virtual 

processing of 5.07 × 105 commercially available small molecules to afford 19 candidates, 

predicted to exhibit acceptable InhA inhibition (≥50% inhibition at 50 µM compound), an 

MIC ≤ 10 µg/mL versus M. tuberculosis, and an SI ≥ 10 with respect to Vero cells. One 

compound, JSF-2164, met the first two criteria and while its Vero cell-based SI of 5.5 (using 

the most stringent and conservative metrics) did not meet the criterion of 10, it was not 

prohibitively low (SI ≤ 2) in our opinion. Critically, JSF-2164 represented a novel 

chemotype for an antitubercular agent inhibiting InhA.

The high-throughput docking/Bayesian workflow was, thus, able to find a small molecule 

(JSF-2164) with promising InhA inhibition, whole-cell activity, and modest SI versus Vero 

cells for a virtual screening hit. The hit rate of 2/19 (10.5%) compounds with acceptable 

antitubercular efficacy is similar to hit rates we have witnessed when implementing 

Bayesian models in previous ligand-based screens,9,10,49–51 which are more cost- and time-

efficient than experimental HTS against M. tuberculosis (hit rates <1%). Additionally, the 

Bayesian approach removed from consideration whole-cell inactive compounds, as the 

TAACF-CB2 model’s lowest scoring five candidates all exhibited MIC values between 125 

and 250 µM. The two most potent whole-cell actives (JSF-2164 and BAS01237091) were 

not found when searching the CDD database of antitubercular screening data 

(www.collaborativedrug.com). This analysis supports the likelihood that optimization efforts 

with these compounds, or others arising from similar computational screening of different 
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commercial libraries both within and outside of GO FAM, will lead to novel chemical tools. 

On the topic of chemical similarity, it is also noteworthy that the benzofurazans JSF-2164 

and BAS01237091 are dissimilar from the Bayesian training set/s that predicted them to be 

active as judged by their respective calculated closest distance to the training set (closest 

distance of identical molecules = 0; JSF-2164: TAACF-CB2 closest distance = 0.55, 

combined closest distance = 0.54; BAS01237091: combined closest distance = 0.56). It has 

become clear that our Bayesian models thus far are able to predict actives that are 

structurally dissimilar to the model’s training set, which supports their general utility when 

exploring novel areas of chemical space. When scoring a new set of molecules for 

prospective testing, a Bayesian model gives favorable scores to molecules that contain 

chemical features recognized among the actives in its training set. Thus, predicted actives 

may comprise a mixture of training set active molecules’ features that have been “mixed and 

matched”, as well as additional features that were not part of any training set member (as 

long as those added features do not have properties that match those of the training set 

inactives).

A critical assessment of our workflow was tied to the question as to whether JSF-2164 

achieved its whole-cell growth inhibition primarily through InhA inhibition. Intrabacterial 

metabolism is clearly a complicating factor in providing an answer, as this predicted whole-

cell active InhA inhibitor has a short lifetime within the bacterium. In addition to producing 

NO·, the metabolism of JSF-2164 was shown to afford two derivatives (JSF-3617 and 

JSF-3616), which are less active as growth inhibitors and do not exhibit a loss of efficacy 

upon inhA overexpression as does JSF-2164 but still maintain modest inhibition of purified 

InhA. Given the significant consumption of JSF-2164 and production of JSF-3617 within the 

fgd1::tn strain, we cannot discount the involvement of other genes, despite the results from 

resistant mutant and transposon insertion experiments, in the production of JSF-2164 

metabolites. The potential also exists for metabolites other than those identified to have 

eluded our LC-MS-based methodology. For the parent molecule and its identified 

metabolites, some disconnects exist between inhibition of purified InhA and the intracellular 

hallmarks of InhA inhibition that were assayed. At this level of interrogation, InhA 

inhibition appears to be a secondary target, but once again, we cannot minimize the role of 

intrabacterial metabolism in complicating the apparent mechanism of action.

We assert that intrabacterial metabolism must be considered when assessing the connection, 

or disconnection, between an antitubercular’s interaction with the purified primary protein 

target and its effect on that protein’s function within the bacterium. Thus, our novel 

computational workflow may be judged to be successful in that it identified a compound that 

inhibited purified InhA and achieved significant whole-cell activity. However, neither the 

docking approach nor the Bayesian modeling was capable of understanding intrabacterial 

metabolism. It was only comprehended through IBDM studies that were tipped off by the 

attainment of JSF-2164-resistant mutants that evidenced (1) the engagement of InhA within 

the cell through the c(−15)t mutation in the inhA promoter region leading to an 

overexpression of inhA in JSF-2164 spontaneous mutants and (2) the F420H2-based 

reduction of JSF-2164 to amine metabolites JSF-3617 and JSF-3616 accompanied by the 

production of NO·. We were unable to observe via LC-MS the presence of the des-nitro 
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JSF-2164 (JSF-2169) that would be formed via loss of NO· in analogy to pretomanid,40 

delamanid,41 and JSF-2019.39

Finally, it is significant to note that small molecule nitro-containing heterocycles have been 

reported as metabolically labile in M. tuberculosis. The recently FDA-approved 

pretomanid40,52 and EMA-approved delamanid41 are bactericidal in M. tuberculosis due to a 

release of NO· catalyzed by the nitroreductase Ddn in the presence of the cofactor F420H2. 

JSF-2164, however, exhibited bacteriostatic activity even with a demonstrated NO· release. 

We have noted a smaller NO· production amount with JSF-2164 treatment as compared to 

pretomanid treatment of H37Rv. This quantitative difference in NO· production may play a 

significant role in determining bactericidal versus bacteriostatic activity. Given the 

demonstrated need to attain follow-up compounds to pretomanid and delamanid, it is 

important to better understand nitroheterocycles in terms of their intrabacterial metabolism 

to afford NO· and other metabolites that have cidal consequences for M. tuberculosis.

CONCLUSIONS

A novel computational workflow combining target-based virtual screening and machine 

learning from data sets containing whole-cell efficacy and model mammalian cell 

cytotoxicity has been designed and assessed with regard to M. tuberculosis and InhA. This 

model successfully identified JSF-2164 from a library of ∼105 compounds as an in vitro 
InhA inhibitor with whole-cell activity in M. tuberculosis, supporting our goal of further 

developing and applying this novel hybrid workflow. The F420H2-dependent intrabacterial 

metabolism, revealed through drug-resistant mutant studies, led to sufficiently rapid 

biotransformation of JSF-2164 to produce NO· and two amine metabolites that obscured the 

mechanism of the parent compound. The IBDM platform was crucial to probing this 

phenomenon. We assert the comprehension of molecule intrabacterial metabolism is critical 

to investigate the mode of action of antibacterial chemical tools and drug discovery entities.

METHODS

Synthetic Methods.

JSF-2149.—(Synthetic route is depicted in Figure S2.) A mixture of 2-chlorobenzaldehyde 

(4.5 mL, 40 mmol) and thiosemicarbazide (3.6 g, 40 mmol) in methanol (40 mL) was heated 

at 70 °C for 3 h. The reaction mixture was cooled in an ice−water bath, and the precipitate 

formed was filtered to give intermediate 1 (7.1 g, 33 mmol, 83%) as a white powder that was 

used without characterization. To 1 (4.17 g, 19.5 mmol) in methanol (30 mL) was added an 

aqueous solution of ferric chloride (9.48 g, 71.0 mmol in 13 mL of H2O). The reaction 

mixture was heated at 110 °C for 2 h and filtered hot through a plug of activated carbon (4.0 

g). To the filtrate, an aqueous solution of citric acid (11.52 g) and sodium citrate (6.42 g) in 

40 mL of water was added, and the solution was refluxed for 1 h with stirring. After, the 

solution was neutralized with 10% aqueous ammonia to pH 4−5 and cooled in an ice−water 

bath. A precipitate was formed and washed several times with water to give intermediate 2 
(2.36 g, 11.5 mmol, 59.0%) as a white powder: 1H NMR (600 MHz, DMSO-d6) δ 8.00 (dd, 

J = 7.2, 2.1 Hz, 1), 7.65−7.57 (m, 1), 7.51−7.45 (m, 2), 7.44 (s, 2).
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To 2-norbornaneacetic acid (0.87 mL, 6.0 mmol) in 30 mL of dichloromethane was added 

three drops of DMF and oxalyl chloride (0.57 mL, 6.6 mmol). The reaction mixture was 

stirred at room temperature for 3 h, and then, the solvent was removed to provide a brown 

liquid. The crude material was diluted in 6.5 mL of dichloromethane to make a theoretically 

0.92 M solution of 2-norbornaneacetyl chloride. To intermediate 2 (211 mg, 0.997 mmol) in 

5% aqueous NaOH (1.5 mL) was added 2-norbornaneacetyl chloride (1.1 mL, 1.0 mmol, 

0.92 M solution in dichloromethane). The reaction mixture was stirred at room temperature 

for 30 min, diluted in dichloromethane, washed with 1 N aqueous NaOH and saturated 

aqueous brine solution, and dried over anhydrous sodium sulfate. The mixture was then 

filtered and concentrated to afford a solid that was crystallized from dichloromethane to give 

JSF-2149 (210 mg, 0.56 mmol, 56%) as white needles: 1H NMR (500 MHz, DMSO-d6) δ 
8.08 (d, J = 7.6 Hz, 1), 7.67 (d, J = 7.8 Hz, 1), 7.58−7.48 (m, 2), 2.48−2.42 (m, 1), 2.35 (dd, 

J = 14.6, 7.6 Hz, 1), 2.19 (s, 1), 1.97 (s, 1), 1.94−1.86 (m, 1), 1.52−1.39 (m, 3), 1.35 (d, J = 

9.7 Hz, 1), 1.20−1.03 (m, 4). Also noted a minor peak at 3.3 (br s, H2O). 13C NMR (126 

MHz, DMSO-d6) δ 171.5, 160.4, 158.1, 132.2, 131.5, 131.3, 131.1, 129.5, 128.3, 42.1, 40.9, 

38.8, 37.5, 36.6, 35.3, 29.8, 28.7. ESI-HRMS (ESI-TOF) m/z: [M + H]+ Calcd for 

C17H19ClN3OS 348.0932; found 348.0943.

JSF-2164.—(Synthetic routes for this compound and its below candidate metabolites are 

depicted in Figure S3.) To 4-chloro-7-nitrobenzo[c][1,2,5]oxadiazole (0.347 g, 1.70 mmol) 

in methanol (7 mL) at rt was added 3-methoxyaniline (0.19 mL, 1.7 mmol). The mixture 

was heated to 60 °C for 3 h, and the solvent was removed under a stream of nitrogen. The 

resulting solid was chromatographed on silica gel with a 0% to 80% ethyl acetate/hexane 

gradient. After concentrating fractions, the product was isolated as a brick-red solid (0.307 

g, 1.07 mmol, 62.9%): 1H NMR (600 MHz, acetone-d6) δ 9.76 (s, 1), 8.55 (d, J = 8.7 Hz, 1), 

7.43 (t, J = 8.1 Hz, 1), 7.16 (ddd, J = 6.0, 3.6, 1.5 Hz, 2), 6.93 (dd, J = 8.0, 4.7 Hz, 2), 3.85 

(s, 3). Also noted minor peaks at 6.1 (m), 6.2 (m), 2.8 (s, H2O), 2.8 (s, H2O), 0.75 (s). 13C 

NMR (126 MHz, DMSO-d6) δ 160.1, 145.0, 144.2, 142.1, 138.9, 137.7, 130.4, 123.2, 115.8, 

111.9, 109.5, 102.1, 55.3. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H10N4NaO4 

309.0600; found 309.0607.

JSF-2169.—A microwave vial was charged with benzo[c]-[1,2,5]oxadiazol-4-amine 

(0.1174 g, 0.8427 mmol) and cesium carbonate (0.70 g, 2.1 mmol) and flushed with 

nitrogen. To this mixture was added dioxane (2 mL) and 1-bromo-3-methoxybenzene (0.13 

mL, 1.0 mmol), and again, the reaction mixture was flushed with nitrogen. The mixture was 

subjected to the addition of 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) 

(63.5 mg, 0.133 mmol) and tris-(dibenzylideneacetone) dipalladium(0) (25 mg, 0.043 mmol) 

and was then irradiated in a microwave reactor (120 °C, 30 min). After cooling, the reaction 

mixture was assayed via LC-MS to demonstrate the presence of product and a small amount 

of starting amine. The mixture was filtered, concentrated, and chromatographed on silica gel 

with a 0% to 50% ethyl acetate/hexane gradient. After concentrating fractions, the product 

was isolated as a red-orange crystalline solid (0.161 g, 0.667 mmol, 79.1%): 1H NMR (600 

MHz, acetone-d6) δ 8.20 (s, 1), 7.41 (dd, J = 18.6, 10.0 Hz, 1), 7.29 (t, J = 8.1 Hz, 1), 7.22 

(dd, J = 9.0, 0.4 Hz, 1), 7.06−6.96 (m, 3), 6.72−6.62 (m, 1), 3.80 (d, J = 0.9 Hz, 3). Also 

noted minor peaks at 7.72 (m), 2.85 (s, H2O), 2.83 (s, H2O), 0.80 (s). 13C NMR (126 MHz, 
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DMSO-d6) δ 145.4, 142.0, 134.7, 132.5, 129.9, 112.6, 108.2, 106.3, 103.7, 55.0. LRMS (ES

+) m/z: [M + H]+ Calcd for C13H12N3O2 242.1; found 242.0.

JSF-3616.—A solution of JSF-2164 (100 mg, 0.350 mmol) in DCM (12.0 mL) and MeOH 

(5.00 mL) was subjected to the addition of iron powder (133 mg, 2.38 mmol) and 

concentrated aqueous HCl (0.750 mL, 7.50 mmol). The reaction mixture was stirred at room 

temperature overnight, quenched with 1 N aqueous NaHCO3 (15.0 mL) carefully, and 

extracted with ethyl acetate (2 × 40 mL). The pooled organic extracts were washed with 

saturated aqueous brine solution (20 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo. The crude material was subjected to flash column chromatography 

over silica gel, eluted with 0−10% methanol in DCM with 0.1% triethylamine, to afford 

JSF-3616 as a dark red solid (27.0 mg, 0.105 mmol, 30.0% yield): 1H NMR (500 MHz, 

CDCl3) δ 7.24 (t, J = 8.1 Hz, 1), 6.93 (d, J = 7.7 Hz, 1), 6.77−6.72 (m, 1), 6.71 (t, J = 2.1 Hz, 

1), 6.56 (dd, J = 8.2, 1.7 Hz, 1), 6.34 (d, J = 7.7 Hz, 1), 6.19 (s, 1), 4.27 (br s, 2), 3.82 (s, 3). 

Also noted minor peaks at 5.3 (s), 5.1 (s), 3.4 (s), 2.4 (t), 2.1 (s), 2.0 (s), 1.2 (s), 0.8 (t). 13C 

NMR (126 MHz, CDCl3) δ 160.7, 146.5, 145.4, 143.3, 130.2, 127.6, 122.3, 112.9, 110.7, 

109.1, 106.8, 104.1, 55.3. LRMS (ES+) m/z: [M + H]+ Calcd for C13H13N4O2 257.1; found 

257.0. ESI-HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C13H13N4O2 257.1030; found 

257.1026.

JSF-3617.—A solution of 5-chloro-4-nitrobenzo[c][1,2,5]-oxadiazole (100 mg, 0.500 

mmol) in DMF (2.0 mL) was subjected to the addition of m-anisidine (56.0 µL, 0.500 mmol) 

and Cs2CO3 (163 mg, 0.500 mmol). The reaction mixture was stirred at 60 °C overnight, 

was subjected to the addition of water (20 mL), and was extracted with ethyl acetate (2 × 40 

mL). The pooled organic extracts were washed with saturated aqueous brine solution (20 

mL), dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude material 

was subjected to flash column chromatography over silica gel, eluted with DCM, to afford 

N-(3-methoxyphenyl)-4-nitrobenzo[c][1,2,5]-oxadiazol-5-amine as a yellow solid (45.0 mg, 

0.161 mmol, 32.2% yield): 1H NMR (500 MHz, DMSO-d6) δ 11.7 (s, 1), 8.13 (d, J = 9.9 

Hz, 1), 7.47 (t, J = 8.1 Hz, 1), 7.33 (d, J = 9.9 Hz, 1), 7.09 (s, 1), 7.07−6.99 (m, 2), 3.81 (s, 

3). LRMS (ES+) m/z: [M + H]+ Calcd for C13H11N4O4 287.1; found 287.0.

To a solution of N-(3-methoxyphenyl)-4-nitrobenzo[c]-[1,2,5]oxadiazol-5-amine (15.0 mg, 

0.0524 mmol) in DCM (1.2 mL) and MeOH (0.50 mL) was added iron powder (32.0 mg, 

0.571 mmol) and concentrated aqueous HCl (0.10 mL). The reaction mixture was stirred at 

room temperature overnight. The reaction mixture was subjected to careful addition of 1 N 

NaHCO3 (2.0 mL) and was extracted with ethyl acetate (2 × 20 mL). The pooled organic 

extracts were washed with saturated aqueous brine solution (10 mL), dried over anhydrous 

Na2SO4, filtered, and concentrated in vacuo. The crude reaction material was subjected to 

flash column chromatography over silica gel, eluted with 0−10% methanol in DCM with 

0.1% triethylamine, to afford JSF-3617 as dark red solid (6.6 mg, 0.026 mmol, 49% yield): 
1H NMR (500 MHz, DMSO-d6) δ 7.50 (s, 1), 7.33 (d, J = 9.3 Hz, 1), 7.13 (d, J = 9.3 Hz, 1), 

7.07 (t, J = 8.1 Hz, 1), 6.36−6.31 (m, 2), 6.28 (t, J = 2.1 Hz, 1), 5.81 (s, 2), 3.68 (s, 3). 13C 

NMR (126 MHz, DMSO-d6) δ 160.8, 148.6, 146.7, 145.9, 134.6, 130.3, 126.8, 120.5, 108.1, 
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104.5, 101.9, 101.3, 55.3. ESI-HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C13H13N4O2 

257.1030; found 257.1027.

Structure-Based Virtual Screening.

Docking calculations were performed on the Asinex library of 507 486 compounds against 

the PT70-bound crystal structure of InhA (PDB ID: 2X23)15 using AutoDock Vina,16 as part 

of the Global Online Fight Against Malaria project (GO Fight Against Malaria, or GO FAM; 

http://GOFightAgainstMalaria.scripps.edu).8 The 3-D “mol2” models of the 5.07 × 105 

small molecules in the Asinex library were obtained from the ZINC server.53 The methods 

used to prepare and reformat all of the models of the small molecules used in virtual screens 

on GO FAM were discussed in our recent paper.8 The pdbqt version of the Asinex library 

compounds, and of all 5.6 million compounds screened in the GO FAM experiments, is 

available on request from A.L.P.

These docking calculations focused on the (PDB ID 2X23)15 crystal structure of InhA, 

because it is bound to PT70, an InhA inhibitor with a Ki = 7.8 nM and a long residence time 

of 24 min. The MolProbity server54 was used to add the hydrogen atoms to the model of the 

InhA target. The pdbqt docking format for the target model was then prepared using 

AutoDockTools 4.2,55 which added the Gasteiger-Marsili charges,56 merged the nonpolar 

hydrogen atoms onto their respective heavy atoms, and assigned the AutoDock atom types. 

All crystallographic waters, counterions, and buffer molecules were removed prior to the 

docking calculations. The “grid box” (the region the small molecules are allowed to explore 

during the docking calculations) was centered between the N9 atom of adenine and the C1 

atom of the adjacent ribose in the NAD cofactor, and it had a size of 30 × 30 × 30 Å3. Since 

it was more efficient to select a single grid box for all of the different InhA and Pf ENR 

(Plasmodium falciparum enoyl acyl-carrier protein reductase) targets that were part of the 

GO FAM experiment, this location and large size of the grid box were chosen. Since a large 

grid box was involved in these calculations, the “exhaustiveness” setting in AutoDock Vina 

was increased to 20 (from the default value of 8) to ensure sufficient sampling of the 

conformations, locations, and orientations of the small molecules during the docking 

process.

The docking score (estimated free energy of binding) and the number and types of 

energetically favorable interactions predicted to occur between each small molecule in the 

Asinex library and InhA were characterized by Python scripts from the Raccoon2 and Fox 

software, using established protocols.6,57 On the basis of our analysis of the crystal 

structures of several of the noncovalent, nanomolar inhibitors of InhA,15,22 we initially 

filtered the docked results to harvest small molecule compounds that were predicted to form 

similar quaternary interactions (base-stacking with the NAD+/NADH cofactor and at least 

two hydrogen bonds to the active site of InhA). In addition to these interaction-based 

docking filters, the top-ranked docking mode of each small molecule also had to display an 

estimated free energy of binding (FEB) ≤ −8.0 kcal/mol; see Figure 1. This first stage of 

docking-based filters narrowed down the 5.07 × 106 small molecules in the Asinex library to 

370 compounds. These 370 compounds then underwent a second stage of filtering, using the 

dual-event Bayesian scores.

Wang et al. Page 15

ACS Infect Dis. Author manuscript; available in PMC 2021 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://gofightagainstmalaria.scripps.edu/


Filtering the Docked Results with Machine Learning Methods.

Recently, we developed and validated “dual-event” Bayesian models (trained with both M. 
tuberculosis MIC data and Vero cell cytotoxicity data) that allowed the prediction of the 

relative likelihood that a compound would display antitubercular activity and lack 

cytotoxicity to mammalian cells.9,10,49–51 These machine learning models were trained 

using the following “molecular descriptors” that characterize different aspects of the small 

molecules: molecular weight, AlogP, FCFP_6 (molecular function class fingerprints of a 

maximum diameter of 6, which describe topology), number of rotatable bonds, number of 

aromatic rings, number of all rings, number of hydrogen bond acceptors, number of 

hydrogen bond donors, and the molecular fractional polar surface area. These descriptors 

were calculated, and the dual-event Bayesian models were built using Pipeline Pilot and 

Discovery Studio (BIOVIA Inc., Discovery Studio Modeling Environment, 2013), which 

were also used to calculate the Bayesian scores on the new, untested compounds from the 

Asinex library.

Two different dual-event Bayesian models that had performed well in prior validation 

studies were both utilized to independently filter the docking results to enable a comparison 

of their hit rates against both InhA and M. tuberculosis: the combined TB dual-event 

Bayesian model9 and the TAACF-CB2 dual-event Bayesian model.10 The 370 Asinex 

compounds that passed the docking filters were scored with both the combined TB model 

and the TAACF-CB2 model to harvest two different sets of compounds that (a) docked well 

to InhA and (b) had a reasonable likelihood of displaying whole-cell activity against in vitro 
cultured M. tuberculosis and a relative lack of cytotoxicity to mammalian cells. This docking 

and Bayesian approach harvested 52 compounds when using the combined TB dual-event 

Bayesian model, and the top 100 compounds were chosen using the TAACF-CB2 Bayesian 

model (which included 21 compounds that were also present in the combined TB set). The 

docked binding modes of these 131 compounds were then visually inspected.

Visual Inspection of the Subset That Passed Both Docking-Based Filters and Dual-Event 
Bayesian Filters.

Visual inspection is a vague and subjective process, but having experts in macromolecular 

recognition who also understand the strengths and weaknesses of different modeling 

approaches view, measure, and judge/prioritize the docked results is an important step. 

Using expert human knowledge (“in cerebro” quality control) to select which computer-

aided (“in silico”) predictions seem best is a strategy supported by previous blind docking 

challenges, such as SAMPL2 and SAMPL4.58 Our visual inspection process incorporated 

multiple criteria, in an attempt to decrease the number of false positives that often result 

from virtual screens. We tended to reject compounds that had (a) one or more large 

hydrophobic group/s exposed to solvent, (b) more than one polar group packed in 

hydrophobic pockets (i.e., unless they had a complementary group from the target in the 

vicinity), (c) docked modes that displayed significantly distorted geometries, or (d) more 

than one unfavorable electrostatic repulsion interaction with charged or polar groups in the 

target. We tried to select/accept efficient ligands, according to both their computed ligand 

efficiencies from AutoDock Vina and the observation that (a) most of their heteroatoms were 

involved in hydrogen bonds, favorable electrostatic interactions, or halogen bonds with the 
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target, (b) the hydrophobic groups packed well with nonpolar regions of the target, and (c) 

aromatic rings displayed π−π (base-stacking or T-stacking) or π−cation interactions with 

the target (as described in the results). When compounds were predicted to display strong 

interactions with well-conserved features of the target (such as invariant residues, backbone 

atoms, or the cofactor), they were given extra consideration.

In Vitro Growth Inhibition Assay with M. tuberculosis.

MIC values of the compounds were determined following the microplate-based Alamar Blue 

assay (MABA) method as previously described.59 50 mM compound stock solutions in 

DMSO were dissolved in sterile Middlebrook 7H9-OADC broth to afford a 1 mM pretest 

solution. 100 µL of pretest solution was added into the wells in column 1 of a sterile 

polystyrene 96-well round-bottom plate (CLS3795, Corning, NY). Wells in columns 2−12 

received 50 µL of sterile 7H9-OADC broth. Serial 2-fold dilutions of compounds were 

performed, and column 12 was used as a drug-free (inoculum-only) control. Final 

concentrations of compounds were as follows: for INH, 0.012 to 25 µM; for all candidate 

InhA inhibitors, 0.50 to 500 µM. M. tuberculosis wild type strain H37Rv and inhA 
overexpression strain mc2491413 were 1:1000 diluted in 7H9+OADC medium at the mid-

logarithmic stage of growth (OD595 nm= 0.4). 50 µL of diluted bacteria suspensions was 

inoculated into each well. Plates were sealed with Parafilm and incubated at 37 °C for 7 

days. Twenty microliters of alamarBlue reagent (Invitrogen, Frederick, MD) freshly mixed 

with 12.5 µL of 20% Tween-80 was added into each well, followed by 24 h of incubation at 

37 °C. Absorbance was read at 570 nm, with a reference wavelength of 600 nm, using a 

microplate reader (ELX808, Biotek Instruments). The MIC end point was defined as the 

lowest concentration of the test agent that produced at least 90% reduction in absorbance 

compared with that of the drug-free control.

Determination of InhA Percent Inhibition and IC50.

Enzyme kinetics, following a published procedure,60 were determined in pH 6.8 PIPES 

buffer supplemented with or without 0.01 CMC Tween-20 (0.6 mg/L) via a Shimadzu 

UV-2550 UV−visible spectrophotometer. NADH (20 µM), InhA (20 nM; expressed and 

purified following a literature protocol17), and inhibitor with different concentrations 

dissolved in DMSO were mixed and incubated for 5 min, followed by addition of trans-2-

dodecenoyl-CoA (prepared from trans-2-dodecenoic acid via a mixed anhydride method as 

described by Parikh et al.61) to initiate the reaction. Assays were followed 

spectrophotometrically at 25 °C, tracking the consumption of NADH, absorbed at 340 nm, 

to form NAD+. For the determination of a molecule’s percent inhibition of InhA catalytic 

activity, the inhibitor concentration was chosen to be 50 µM. For IC50 determination, 

inhibitor concentrations were varied from 10 nM to 100 µM. Equation 1 was utilized to 

determine the NAD+ production curve where NNAD+ was the NAD+ concentration, A0 and 

At were the 340 nm absorbances at time 0 and time t, and CNADH was the initial NADH 

concentration.
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NNAD+ = A0 − At
A0

× CNADH (1)

The InhA percent inhibition and IC50 for each inhibitor were calculated with Prism 

GraphPad version 6.0 and reported as the mean ± standard error. Aggregator formation was 

experimentally defined as the observation of a significant IC50 shift between assays with and 

without Tween-20 (p < 0.05).

Minimum Bactericidal Concentration (MBC) Assay.

The bacterial cultures from the 96-well plates utilized for the compound MIC determination 

instead of undergoing Alamar Blue addition were resuspended, serially diluted with the 

sterile 7H9 media, and plated on Middlebrook 7H10 plates. Colony-forming units (CFUs) 

were enumerated following 21 days of incubation at 37 °C. The MBC was reported as the 

minimum compound concentration at which a 2 log10 reduction in CFUs was observed as 

compared to the no-compound control.

Cytotoxicity Assay.

The assay was performed on Vero cells as described previously.62

M. tuberculosis Spontaneous Mutagenesis.

Mid-log phase (OD595 = 0.4) M. tuberculosis was harvested and concentrated to ∼109 

CFU/mL in fresh 7H9 + ADS followed by CFU enumeration by streaking on the 7H11 agar 

plates supplemented with OADC. Compound JSF-2164 was supplemented into 7H10 agar 

plates with 10% (v/v) ADS and 0.5% glycerol at MICs ranging from 4× to 32×. 100 µL of 

culture (108 CFU) was streaked on JSF-2164 containing agar plates followed by incubation 

at 37 °C for 4 to 6 weeks. Single colonies were isolated followed by the liquid MIC test for 

resistance verification. For resistant colonies of interest, genomic DNA was isolated. For 

resistant colonies of interest, genomic DNA was isolated.63 Genomic libraries were prepared 

using the Nextera XP Library Prep Kit (Illumina, San Diego, CA) prior to sequencing on the 

Illumina NextSeq Platform (Illumina, San Diego, CA). Sequence reads were aligned to 

reference strain H37Rv (AL123456.3) and analyzed for single nucleotide polymorphisms 

(SNPs) using the SNPTB platform.64 Whole-genome sequencing data for the M. 
tuberculosis mutants in this paper have been deposited in the NCBI Sequence Read Archive 

(SRA) with access code PRJNA544744.

Transposon Insertion Locus Determination.

106 CFU of the saturated Himar-1 transposon strain library at the mid-log phase (OD595 = 

0.4) were streaked on 7H11 + OADC agar plates supplemented with JSF-2164 

concentrations ranging from 1 to 30× MIC. After a 5 week incubation at 37 °C, single 

colonies were isolated, followed by resistance verification via the liquid MIC test. Genomic 

DNA from the colonies were extracted, followed by a restrict digestion catalyzed by SacII 

and a self-ligation mediated by T4 ligase. The digestion and ligation generated plasmids 

containing the kanamycin resistance cassette and R6Kγ ori site of the MycoMar transposon 

element plus flanking chromosomal DNA.34 The plasmids were transformed into the E. coli 
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DH5α-pir116 strain (Lucigen, Cat. #60602) containing the pir gene,65 followed by 

kanamycin selection. Plasmids were isolated from the kanamycin-resistant E. coli followed 

by Sanger sequencing using the primer annealing to the T7 promoters (primer = 5′-

CGCTTCCTCGTGCTTT-ACGGTATCG-3′). The Sanger sequencing results were aligned 

to the H37Rv genome (NCBI taxid: 83332) to determine the insertion locus.

TLC Assay for Inhibition of M. tuberculosis Fatty Acid Biosynthesis.

For the analysis of mycolic acids and fatty acids,62 5 mL of M. tuberculosis culture (OD595 

= 0.4) was pretreated with an antitubercular agent and incubated at 37 °C for 4 h. 

Radiolabeling of M. tuberculosis lipids with 14C-acetate was carried out via addition of the 

sodium salt of [1,2-14C] acetic acid (PerkinElmer Inc.) at a final concentration of 2 µCi/mL. 

Following incubation at 37 °C for another 4 h, the 14C-labeled cells were harvested and 

washed with PBS. The lipids from the cell pellet were hydrolyzed overnight by treatment 

with 2 mL of tetra-n-butylammonium hydroxide at 100 °C. Fatty acids were esterified by 

adding 300 µL of iodomethane in 4 mL of CH2Cl2 and 2 mL of distilled water, followed by 

mixing at rt for 1 h. After centrifugation, the lower phase was washed with distilled/

deionized water and air-dried. The resulting sample was resuspended in 3 mL of diethyl 

ether, and the organic phase was separated after centrifugation and air-dried. Lipids were 

resuspended in 200 µL of CH2Cl2. Equal counts of samples (40 000 c.p.m.) were loaded on 

a silica gel 60 F254 thin-layer chromatography (TLC) plate and resolved using hexane/ethyl 

acetate (19:1, v/v). The fatty acid methyl esters (FAMEs) and mycolic acid methyl esters 

(MAMEs) were detected by autoradiography.

Griess Assay for NO· Quantification.

Griess reagent (Invitrogen, G7921) was applied to quantify NO· release from the M. 
tuberculosis strain in the presence of compound. M. tuberculosis strains were grown to mid-

log phase (OD595 = 0.3) followed by compound treatment. At each time point, the 

supernatant of the culture aliquot was added to a 96-well plate in triplicate (200 µL/well). 

Twenty microliters of Griess reagent mix was added into each well followed by incubation 

at rt for 30 min. Results were read at an absorbance of 548 nm, and sample nitrite 

concentration was converted from the absorbance reading according to a nitrite calibration 

curve.

Intrabacterial Drug Metabolism (IBDM) Assay.

An M. tuberculosis culture was grown to mid-log phase (OD595= 0.6; ∼2 × 108 CFU/mL) in 

7H9 + ADS + tyloxapol for each compound treatment at the desired concentration. After 24 

h, the cell pellet was harvested by centrifugation (10 000 rpm for 10 min at 4 °C). The 

washed pellet was quenched with CH3CN/CH3OH/water (2:2:1) prechilled on dry ice, 

followed by lysis via bead beating (6.5 m/s, 30 s, 6 times). In between each round of bead 

beating, the sample was chilled on ice for 2 min to avoid overheating. The pellet metabolite 

extract in organic solvent was collected via a 0.22 µm filter. After a proper decontamination 

process, the pellet extract was brought out of the BSL-3 for further analysis.

We typically applied an Agilent 1260 HPLC coupled with an Agilent 6120 quadrupole mass 

spectrum for metabolite analysis. Verapamil as an internal standard was added into each 
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sample to a final concentration of 1 µg/mL. Metabolites were separated on a Chromolith 

SpeedRod column with a gradient of H2O and acetonitrile acidified with 0.1% formic acid. 

The mass resolution ranged from 10 to 2000 with an accuracy of ±0.13 Da within the 

calibrated mass range in scan mode. After extraction and purification of a certain metabolite 

from cell lysate, its structure was confirmed by comparison of its 1H NMR spectrum (Bruker 

Avance 500 MHz spectrometer), LC-MS spectrum (Agilent 6120 single quadrupole LC-MS 

system), and high-resolution mass spectrum (Agilent 6220 accurate-mass time-of-flight) 

with those for an authentic/independently synthesized sample. Signal intensity was 

quantified by a standard curve for an authentic/independently synthesized sample and 

normalized by sample protein concentration determined via the Pierce BCA protein assay 

kit.
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Figure 1. 
Innovative workflow to advance the discovery of whole-cell active chemical tools against M. 
tuberculosis that inhibit a drug target and lack significant relative toxicity to mammalian 

cells. (i) GO Fight Against Malaria experiment 9 docked the Asinex library of 5.07 × 105 

models of small molecules against InhA (PDB ID: 2X23). Docking filters narrowed down 

the results to the top 370 compounds. (ii) These 370 compounds were filtered with two 

different dual-event Bayesian models to identify 131 compounds predicted to display whole-

cell activity against M. tuberculosis and a lack of significant relative toxicity to Vero cells. 

(iii) The docked binding modes of the top 131 compounds were visually inspected to 

identify 19 candidate compounds, which were then ordered. (iv) The 19 candidate 

compounds were each tested at 50 µM to identify five hits with at least 50% inhibition of 

InhA activity. A principal component analysis is shown on the right that compares the 

chemical property space of the five hits (four in blue inhibit InhA; one in green is the most 

active against M. tuberculosis) to 157 known InhA inhibitors (magenta) in the TB Mobile 2 

data set. (v) These 5 novel InhA inhibitors were then tested in M. tuberculosis growth 

inhibition assays to identify one InhA inhibitor that significantly inhibited bacterial growth. 

Shown on the left with light green carbons is the inhibitor with the best whole-cell activity, 

an MIC of 8.0 µM.
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Figure 2. 
Screening hit JSF-2164 (BAS01237231) is a moderate InhA inhibitor in vitro. (A) InhA 

inhibition efficacy of the 19 Docking/Bayesian screen hits was assessed by measuring the 

percent inhibition of purified InhA at 50 µM compound. The dashed line indicates 50% 

InhA inhibition efficacy. Triclosan was used as a positive control shown in red, and DMSO 

was used as a negative control. The five screening hits with % InhA inhibition >50% at 50 

µM were shown in orange. (B) The InhA enzyme assay was utilized to evaluate the IC50 for 

JSF-2164 inhibition of purified InhA. Enzyme activity was determined via the consumption 

rate of NADH read at 340 nm. Enzymatic buffer with or without 0.01 CMC of Tween-20 

was shown in red or black, respectively. IC50 values were calculated by nonlinear regression 

via Prism GraphPad (Version 6.0c). (C−E) Docking evidenced JSF-2164 binding to InhA. In 

(C), the NAD cofactor was displayed in a ball-and-stick model with magenta carbons, and 

the residues Tyr158 and Met199 were shown as thin sticks. In (D) and (E), the NAD cofactor 

was displayed as CPK, and the key residues Phe149, Tyr158, Thr196, Ala198, Met199, and 

Gln214 were shown as thin sticks with dark purple carbon atoms. The inhibitor that 

crystallized with InhA in PDB ID: 2×23, PT70, was shown as thick magenta lines in (E) as a 

reference.
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Figure 3. 
JSF-2164 exhibits an antitubercular profile distinct from INH. (A) 105 CFU/mL M. 
tuberculosis H37Rv were exposed to INH or JSF-2164 at different folds of the MIC for 7 

days, followed by CFU enumeration. The detection limit of 10 CFU/mL is depicted as a 

dashed line. One-way ANOVA adjusted with Bonferroni’s multiple comparison test was 

applied to analyze the CFU statistical difference between the inoculation and INH or 

JSF-2164 treated bacteria. *p < 0.05; **p < 0.01. (B, C) Mid-log phase (OD595 = 0.4) M. 
tuberculosis H37Rv was pretreated with INH or JSF-2164 for 2 h followed by 14Cacetate 

labeling for 4 h. Lipids were extracted and esterified to afford the corresponding methyl 

esters. The mycolic acid methyl esters (MAMEs) and fatty acid methyl esters (FAMEs) were 

analyzed via thin-layer chromatography (TLC) and developed via a Typhoon 

phosphorimager. (C) Showed quantification of the gray scale of FAMEs and MAMEs from 

(B). (D, E) M. tuberculosis streptomycin-sensitive strain ss18b was starved without 

streptomycin for 2 weeks to maintain OD595 = 0.3, followed by treatment with INH or 

JSF-2164 for 7 days. The compound activity against ss18b was determined via the resazurin 

microtiter assay (REMA). IC50 and IC90 were quantified via nonlinear regression with Prism 

GraphPad (Version 6.0c). Error bars indicated standard errors.
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Figure 4. 
Spontaneous mutagenesis and transposon library selection indicate that mutations in F420H2 

biosynthesis result in JSF-2164 resistance. (A) 26 M. tuberculosis colonies spontaneously 

resistant to JSF-2164 were isolated followed by confirmation of JSF-2164 resistance and 

evaluation of cross-resistance with INH via the liquid culture MIC test. MIC values for 

JSF-2164 and INH versus strains were normalized by their corresponding MIC value versus 

H37Rv, and fold changes were depicted in red (JSF-2164) and in blue (INH). Resistance was 

determined as a >4-fold MIC shift as compared to H37Rv with an upper limit of 16-fold 

established by the solubility of JSF-2164 in the assay media. (B) A saturated Himar-1 

transposon insertion library with an H37Rv background was selected in the presence of 

JSF-2164 at 5−30× MIC on 7H10 agar plates supplemented with albumin-dextrose-saline 

(ADS). 90 viable colonies were isolated, and their resistance to JSF-2164 was verified via 
liquid culture MIC tests. Transposon insertion sites in the 90 colonies were determined via 
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SacII digestion, ligation, and sequence alignment of the Sanger sequencing fragment with 

primers annealed to the outward-facing T7 promoter.
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Figure 5. 
JSF-2164 is metabolized into two amines with NO· release dependent on cofactor F420H2. 

(A, B) Mid-log phase (OD600 = 0.4) M. tuberculosis H37Rv and fgd1::tn strains were 

treated with pretomanid or JSF-2019 at 20 or 100 µM. NO· release was measured via Griess 

reagent in biological triplicates. Percentage numbers indicated a proportion of release NO· 

from pretomanid or JSF-2019, calculated by a ratio of nitrite concentration versus compound 

dose. Error bars showed standard errors. (C) Mid-log phase M. tuberculosis H37Rv was 

treated with 20 µM JSF-2164 for 24 h, and metabolites were extracted at several time points. 

Two peaks with the same m/z of 257.0 indicated two metabolites JSF-3617 and JSF-3616 

with the same molecular weight. (D) The structure of the two amine metabolites JSF-3617 

and JSF-3616 were assigned via NMR and high-resolution mass spectrometry experiments 

with the metabolites isolated from the M. tuberculosis extract. (E, F) Mid-log phase (OD600 

= 0.4) M. tuberculosis H37Rv and fgd1::tn strains were treated with 20 µM JSF-2164 in 
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biological triplicates followed by metabolite extraction at various time points ranging from 0 

to 24 h. Metabolites were analyzed and quantified via liquid-chromatography mass 

spectrometry (LC-MS), followed by normalization by protein amount. Error bars indicated 

standard errors.
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Figure 6. 
Proposed JSF-2164 intrabacterial metabolism in M. tuberculosis. JSF-2164 was a hit of an in 
silico Docking/Bayesian screening in search for an InhA inhibitor with antitubercular 

activity and low cytotoxicity. JSF-2164 suffered an F420H2-dependent metabolism to afford 

two amine metabolites JSF-3616 and JSF-3617 with NO· production. * InhA inhibition was 

assessed at 50 µM compound in the presence of 1% CMC Tween-20.
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Table 2.

MIC Values for JSF-2164 and Its Two Metabolites versus M. tuberculosis Strains

Compound Structure
MIC (µM) % InhA inhibition at 50 µM with 1% CMC 

Tween-20H37Rv mc24914 fgd1::tn ddn::tn

1NH 0.16 2.5 0.078 0.078 N.D.

JSF-2164 8.0 25 >200 8.0 44 ± 1.0

JSF-3617 250 125 125 250 77 ± 0.74

JSF-3616 32 32 32 32 46 ± 2.9
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