Table EV1

	Target
	Function
	Chemical Validation
	Genetic Validation

	DNA Replication and Repair

	DnaE1 
	DnaE1 is the a subunit of DNA polymerase III and responsible for chromosomal DNA replication.
	The natural product nargenicin binds to DnaE1 in a DNA-dependent manner, as shown by cryo-EM. On-target whole-cell activity in Mtb is supported by (i) a transcriptional profile dominated by a DNA damage response; (ii)  cell elongation consistent with replication inhibition (de Wet et al, 2020); and (iii) selective inhibition of DNA replication in macromolecular incorporation assays (Chengalroyen et al, 2022)
	Genetic inactivation of dnaE1 is growth inhibitory in vitro  (Chengalroyen et al., 2022) and dnaE1 is among the Mtb genes most vulnerable to partial genetic inactivation (Bosch et al, 2021).

	DnaN 
	DnaN is the b-sliding clamp (processivity factor) of DNA polymerase III. It co-localizes polymerase and repair enzymes with DNA via protein-protein interactions at a specific site in the dimer. It is essential for DNA replication and DNA repair.
	The macrocyclic peptide class of natural products – Griselimycins and Mycoplanecins – bind and inhibit the interaction of the sliding clamp and DNA polymerase III. These compounds have potent and antibacterial activity against Mtb and other mycobacteria. X-ray co-crystal structures with DnaN of Mtb and E. coli have been solved (e.g., 5AGU, 5AGV, 5AH4, 5AH2, 8CIZ).  Griselimycins are inactive against non-replicating Mtb under hypoxic conditions (Fu et al, 2024; Kling et al, 2015). Griselimycins are efficacious in mouse models of TB (Kling et al., 2015).  Resistance arises at low frequency with high fitness cost through chromosomal amplification of dnaN and flanking regions. This amplification rapidly reverses in the absence of drug pressure (Kling et al., 2015). 
	DnaN encodes an essential replisome component (Bosch et al., 2021; DeJesus et al, 2017). Conditional knockout strains have been generated in M. smegmatis (Msm) and show complementation by Mtb dnaN (Mulye & Jain, 2025).  

	Gyrase (GyrA, GyrB)
	DNA gyrase is a tetrameric (GyrA2B2) type II DNA topoisomerase that controls DNA topology. It introduces transient double‑stranded DNA breaks, passes another DNA segment through the break, and then reseals the DNA. 
	Fluoroquinolones, which are cidal and used clinically for TB, stabilize the cleaved DNA–enzyme intermediate and cause double‑stranded DNA breaks (Aldred et al, 2014). Multiple non-fluoroquinolone GyrA inhibitors that bind distinct ligand-binding sites also inhibit Mtb growth in vitro and in vivo (Basarab et al, 2022; Blanco et al, 2015; Gedeon et al, 2024; Imai et al, 2022). Coumarins such as novobiocin inhibit the ATPase activity of the GyrB subunits. Several natural products and small molecule inhibitors targeting GyrB inhibit Mtb growth (Chopra et al, 2012; Gl et al, 2020; Kashyap et al, 2018; Stokes et al, 2020). 
	GyrA and gyrB are essential, and their genetic silencing is cidal (Bosch et al., 2021; Choudhary et al, 2019; Rock et al, 2017). Genetic silencing of gyrase can, however, induce drug tolerant persisters (Choudhary et al., 2019). 

	Transcription and mRNA Metabolism

	RNA polymerase (RpoA, RpoB, RpoC, RpoZ)
	The RNAP core enzyme is encoded by rpoA (α-subunit), rpoB (β-subunit), rpoC (β’-subunit) and rpoZ (ω-subunit), forming the α2ββ’ω complex
	Several classes of antibiotics target RNA polymerase enzyme, including the rifamycins, soranigicin, kanglemycins, didoxamycins, and myxopyronins.  Rifamycins are naturally derived antibiotics and a critical component in standard TB therapy. They bind to a site on the β-subunit adjacent to the active center and prevent the transition from initiation to elongation (Kirsch et al, 2022). Most rifamycin resistance mutations map to rpoB, with the most prevalent clinical substitutions (e.g., S450L, H445Y, D435V) accounting for most rifampin-resistant TB. These single-amino-acid changes abolish rifamycin activity (Molodtsov et al, 2017; Mosaei & Zenkin, 2020).
Ongoing efforts aim to identify novel small molecules to address challenges associated with long‑term rifamycin use and clinical resistance. This includes work on aroyl‑aryl‑phenylalanine amides (AAPs), potent inhibitors that bind the β‑subunit at a site distinct from rifamycins (Lin et al, 2017).
	Bacterial RNA polymerase is an essential enzyme and is indispensable for growth (Bosch et al., 2021; DeJesus et al., 2017).  Conditional knockouts and hypomorphs are available to study on-target activity of compounds in Mtb.

	DosR
	DosR is a DNA binding protein that regulates a regulon of genes induced in response to hypoxia. Its DNA binding activity is positively regulated by phosphorylation via the sensor histidine kinases DosS and DosT, but can also be negatively regulated by post-translational modifications like reversible acetylation of lysine residue 182 (Sivaramakrishnan & de Montellano, 2013; Wisedchaisri et al, 2008). 
	A high-throughput chemical screen using a fluorescent reporter strain identified two chemical scaffolds that exhibited evidence of dose-dependent inhibition and biochemical evidence of on-target binding to DosR and DosS, respectively. This was demonstrated by inhibition of DosR DNA binding and DosS protein conformation and overexpression-mediated resistance. Combinations of these inhibitors additionally demonstrated evidence of in vitro synergy (Zheng et al, 2020).
	A dosRS deletion mutant of H37Rv showed modest attenuated in C57BL/6, BALB/C, C3HeB/FeJ mice, New Zealand white rabbits and outbred Hartley Guinea pigs, though this attenuation was due, in part, to a loss of DosS, rather than DosR (Converse et al, 2009; Gautam et al, 2015). A study in macaques however showed a defect in the ability of a DosR-specific deletion to persist that could be genetically complemented by DosR alone (Mehra et al, 2015).

	GpsI
	GpsI functions both as a polynucleotide phosphorylase (PNPase) and as a guanosine pentaphosphate synthetase (GpsI), with roles in RNA processing, rRNA maturation, and regulation of the stringent response.
	A biphenyl carboxamide (named X1) with activity against Mtb was identified in a phenotypic screen and shown to be susceptible to resistance mutations in gpsI (Dal Molin et al, 2019). Recently, X1 was demonstrated (i) to inhibit both poly(A) degradation and poly(A) synthesis by GpsI in vitro, and (ii) to bind between the RNA-binding domain and the catalytically active RNAse PH-like domain 2 (Griesser et al, 2025).  
	GpsI has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017).

	Rho
	Rho is an essential ATP-dependent helicase mediating transcription termination.
	The natural product bicyclomycin (BCM) acts as an antibiotic against many Gram-negative and some Gram-positive bacteria via inhibition of Rho. However, Rho of Mtb is intrinsically resistant to BCM (Saridakis et al, 2022) and efforts to identify progressible inhibitors for mycobacterial Rho have failed so far. 
	Genetic depletion of Rho leads to a rapid loss of viability for replicating and nonreplicating Mtb and strongly attenuates Mtb in acute and chronic mouse infections (Botella et al, 2017).

	VirS
	VirS is an AraC/XylS-family transcriptional regulator. It is positioned divergently from the acid-inducible mymA operon, which it directly activates. VirS orchestrates a broader transcriptional response to acidic stress, including genes involved in central metabolism, cell-envelope remodeling, efflux/ion transport and detoxification (Singh et al, 2003; Singh et al, 2019a). 
	A structure-guided/virtual screen followed by biochemical and cellular validation identified multiple small molecules that inhibit VirS DNA binding. These inhibitors reduce Mtb growth in vitro and diminish intracellular growth in macrophages (Singh et al., 2019a). Whether these compounds affect Mtb solely via engagement of VirS remains to be demonstrated. 
VirS is also the target of some ethionamide (ETH) boosters, such as SMARt751. ETH is a pro-drug that is activated by EthA and MymA (Grant et al, 2016). SMARt751 interacts with VirS in vitro and causes upregulation of the VirS regulon in Mtb. Mutations that cause resistance to the ETH-SMARt751 combination map to mymA and genes regulating the expression of mymA, including virS (Flipo et al, 2022). A derivative of SMARt751 (referred to as Alpibectir or BL-GSK098) is in clinical evaluation (Pieren et al, 2024).

	VirS is dispensable for growth of Mtb in vitro (Bosch et al., 2021; DeJesus et al., 2017). Disruption of virS alters mycolic acid composition and cell-envelope properties, compromises maintenance of intrabacterial pH under acid stress and within IFN-γ–activated macrophages, impairs the block of phagosome–lysosome fusion, reduces intracellular survival, and attenuates dissemination in vivo (Singh et al., 2003; Singh et al., 2019a).


	Translation

	LeuS
	LeuS catalyzes the attachment of leucine to its corresponding tRNA, an essential step in protein synthesis.
	Ganfeborole (GSK3036656) is a 3-amino 4-chlorobenzoxaborole that selectively inhibits Mtb LeuS, resulting in potent cellular activity across DS, MDR and XDR strains of Mtb (Li et al, 2017). Crystal structures of compounds from this series bound to LeuS and the isolation of resistant mutants confirm an on-target mode of action (Palencia et al, 2016). Ganfeborole has recently completed Phase 2a clinical profiling (Diacon et al, 2024) and remains in clinical development.
	LeuS has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al, 2017).

	LysS
	LysS catalyzes the attachment of lysine to its corresponding tRNA, a critical step in protein synthesis.
	DDU209 (compound 8) is a potent LysRS inhibitor (IC50 = 50 nM) with  whole cell activity (intracellular MIC90 = 40 nM). Crystallography shows that the inhibitor binds in the ATP pocket (7QI8). On-target cellular f action was confirmed by resistant mutants and reduced potency in Mtb strains overexpressing LysRS (Davis et al, 2025; Green et al, 2022). Efficacy was observed in acute and chronic models of infection, with the early lead DDU774 (compound 5) can substitute for linezolid in preliminary combination studies (Davis et al., 2025; Green et al., 2022). Representatives from the series are active in a non-replicating and caseum MBC assay (unpublished data).
	LysS has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; De-Jesus et al, 2017).

	AspS
	AspS catalyzes the attachment of aspartic acid to its corresponding tRNA, an essential step in protein synthesis.
	The crystal structure of apo Msm AspS (PDB: 4O2D) was reported in 2014 (Gurcha et al, 2014). Subsequently, several biochemically validated Mtb AspS inhibitors were identified using a target-based whole-cell screening assay in M. bovis BCG genetically modified to constitutively express the Mtb aspS (Soto et al, 2018). A screen using a zebrafish infection model identified an additional chemotype (Habjan et al, 2021). No further progression of any of these AspS hits has been reported to date.
	AspS has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; De-Jesus et al, 2017).

	MetS
	MetS catalyzes the attachment of methionine to its corresponding tRNA, a critical step in protein synthesis.
	The crystal structure of Mtb MetRS in complex with its catalytic intermediate (methionyl adenylate) has been resolved (PDB: 6AX8). MetS has attracted interest as an antibacterial target (Green et al, 2009) and multiple modelling and machine learning studies have been reported (e.g. by Volynets and colleagues (Volynets et al, 2022) but no active inhibitors have been reported to date.
	MetS has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; De-Jesus et al, 2017).

	Ribosome
	Ribosomes are the protein-synthesizing factories of the cell, providing the platform on which amino acids are polymerized in a template-dependent fashion to form polypeptide chains.
	The ribosome is the target for multiple classes of drugs in clinical use and compounds in development, including aminoglycosides (Ahuja et al, 2012; Campbell et al, 2011; Council, 1948; Zaunbrecher et al, 2009), tuberactinomycins (Maus et al, 2005; Stanley et al, 2010), oxazolidinones (Aono et al, 2022; Conradie et al, 2020; Furin et al, 2016; Gordon et al, 2022; Kim et al, 2022; Wallis et al, 2014), spectinomycin derivatives (Bauman et al, 2024; Lee et al, 2014; Temrikar et al, 2023), and macrolides (Zhang et al, 2023b).
	Most genes encoding ribosomal proteins have been classified as essential by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017). 

	LysA
	LysA catalyzes decarboxylation of meso-diaminopimelate (meso-DAP) to produce L-lysine, contributing to both cell wall and amino acid biosynthesis.
	Small molecules that effectively engage LysA in Mtb remain to be developed.
	LysA is required for growth of Mtb in standard media, but the gene can be deleted when lysine is provided (Abrahams et al, 2012). The resulting lysine auxotroph was cleared rapidly from C57BL/6 mice (Pavelka et al, 2003).

	TrpA, TrpB
	TrpA and TrpB form tryptophan synthetase, a heterotetrametric enzyme complex that catalyzes a step in tryptophan biosynthesis.
	Three different chemical series have been reported that target TrpAB (Abrahams et al, 2017; Wellington et al, 2017). They were identified by phenotypic screening, with mechanisms of action establish via isolation of resistant mutants, tryptophan supplementation (which eliminates growth inhibition) and co-crystal structures. One series has demonstrated activity in a murine model of infection while the other had activity in a zebrafish model.
	Genetic analyses have shown that trpA and trpB are essential in vitro (Bosch et al., 2021; DeJesus et al., 2017) and during infection (Wellington et al., 2017). 

	Protein Degradation

	ClpP1, ClpP2
	The ClpP1P2 complex is an essential intracellular serine protease that maintains protein homeostasis by degrading abnormal, misfolded, or regulatory proteins. It associates with regulatory ATPases (ClpC1 and ClpX) to form a complete, ATP-dependent degradation machine. 
	Known inhibitors include peptide boronates, such as the anti-cancer drug bortezomib (Akopian et al, 2015) and the acyldepsipeptides (ADEPs) (Schmitz et al, 2023). Silencing of clpP1P2 sensitizes M. bovis BCG to growth inhibition by ADEPs (Famulla et al, 2016).
	TnSeq and CRISPRi have established essentiality of clpP1P2 for growth in vitro and in macrophages, and a high degree of vulnerability associated with down-regulation (Bosch et al., 2021; DeJesus et al., 2017; Lunge et al, 2020).

	ClpC1
	ClpC1 is an ATPase that associates with the proteolytic domains, ClpP1 and ClpP2, and together they are responsible for waste protein degradation within the cell. 
	Natural products such as Ecumicin, Cyclomarin A and Rufomycin bind ClpC1 with high affinity and inhibit bacterial growth (Choules et al, 2019; Gao et al, 2015; Schmitt et al, 2011). Crystal structures of these natural products bound to ClpC1 have been solved (e.g., 9DIN, 6CN8, 8A8V, 8A8W, 6PBS, 3WDC). Rufomycin and CymA resistant mutants carry mutations in ClpC1. In vivo administration of ecumicin reduces growth of Mtb in mice (Gao et al., 2015).
	ClpC1 is essential for growth of Mtb in vitro and in macrophages  (Bosch et al., 2021; DeJesus et al., 2017; Lunge et al., 2020).

	PrcB, PrcA
	PrcB and PrcA form the core proteasome complext that degrades proteins tagged with the prokaryotic ubiquitin-like protein Pup.
	Determination of the mechanism of inhibition by peptidyl boronates (Lin et al, 2009) was followed by determination of peptidyl species specificity (Lin et al, 2008) and then by demonstration of species-selective cidal activity of oxathiazolone inhibitors against non-replicating Mtb with solution of the structure of the co-crystal (Lin et al., 2009), then by N,C-capped dipeptides (Lin et al, 2013) and their co-crystals (Hsu et al, 2017) and phenylimidazole based peptidomimetics and their co-crystals (Zhan et al, 2019). Co-crystal structures were solved for all 5 series. Compounds in each series exhibit anti-Mtb activity. Oxathiazolones (Lin et al., 2008) and macrocyclic peptides (Zhang et al, 2021) were confirmed to inhibit the proteasome within Mtb.
	Conditional silencing of prcBA killed Mtb during the chronic phase of infection in mice (Gandotra et al, 2007). 

	Protein Secretion

	LepB
	LepB is the sole signal peptidase in mycobacteria (Ollinger et al, 2012). It cleaves the signal peptides from proteins exported via the general secretory (Sec) pathway (Paetzel et al, 2002). 
	MD3, a known signal peptidase inhibitor, has weak activity against M. tuberculosis, which appears to be via inhibition of secretion (Barbosa et al, 2002). Several compound series identified against a LepB hypomorph were identified; however, the published series do not appear to target LepB directly (Bonnett et al, 2023; Bonnett et al, 2016).
	LepB is essential in vitro under standard conditions against replicating and non-replicating bacilli (Bosch et al., 2021; DeJesus et al., 2017). Gene silencing confirms that lepB is vulnerable, but that depletion of LepB requires several generations before an effect on growth is seen. 

	SecA1
	SecA1 is an essential ATPase in the canonical Sec pathway that mediates protein export across the cytoplasmic membrane. It associates peripherally with the SecYEG translocon and uses ATP hydrolysis to drive the translocation of unfolded preproteins through the membrane channel (Swanson et al, 2015). SecA1 recognizes the signal peptides and mature domains of preproteins and interacts with the SecB chaperone to ensure efficient protein export (Economou & Wickner, 1994; Hartl et al, 1990). 
	No Mtb–validated SecA1 inhibitors have been reported so far. Although SecA inhibitors such as sodium azide 
(Klein et al, 1994; Oliver et al, 1990; Segers & Anne, 2011), CJ-21058 (Sugie et al, 2002), pannomycin (Parish et al, 2009), SEW-05929 and HTS-12302 (Li et al, 2008), rose bengal (Hsieh et al, 2014; Huang et al, 2012), and thiouracils (Chen et al, 2010; Cui et al, 2017) demonstrate SecA inhibition in other bacterial species, there is no direct evidence for on-target activity in Mtb. The decoquinate derivative RMB041 (Knoll et al, 2022) exhibits potent whole-cell activity against Mtb, but mechanistic and computational studies implicate alternative targets, and do not validate SecA1 as its primary mode of action.
	SecA1 is highly conserved and essential for growth of Mtb (Bosch et al., 2021; DeJesus et al., 2017). Conditional depletion of SecA1 in Mtb impaired growth, reduced secretion of SecA1‐dependent substrates, and increased membrane permeability (Rigel et al, 2009).

	SecY, SecE, SecG
	The SecYEG complex forms the core protein-conducting channel of the Sec machinery in the cytoplasmic membrane. It mediates the translocation of unfolded preproteins across the cytoplasmic membrane or their insertion into the membrane (Economou & Wickner, 1994; Feltcher et al, 2010). Within this complex, SecY forms the central pore through which preproteins pass, while SecE1 and SecG stabilize and regulate the conformation of the channel during secretion (Miller et al, 2017; Tam et al, 2005). Together with SecA1 the SecYEG complex drives secretion of essential cell-wall and virulence proteins in Mtb (Driessen & Nouwen, 2008).
	In Mtb, SecYEG is chemically validated primarily via Amycobactin, a natural product that SecY and exhibits potent activity against replicating and non-replicating Mtb (Quigley et al, 2020). Other inhibitors, such as Eeyarestatin‑24 (ES24) (Schafer et al, 2023; Steenhuis et al, 2021) act on SecYEG in other bacteria but are not validated in Mtb. Decatransin (Junne et al, 2015) inhibits the eukaryotic Sec61 translocon (eukaryotic SecYEG homolog) but does not act on bacteria and has no demonstrated antibacterial activity or on‑target inhibition of bacterial SecYEG.
	The SecYEG complex in Mtb is essential for protein export. SecY and SecE genes are indispensable for bacterial viability, as demonstrated by loss-of-function and depletion studies causing severe secretion defects and loss of growth. SecG is nonessential but increases translocation efficiency, and its deletion reduces protein export performance, marked with a fitness defect, without lethal effects (DeJesus et al., 2017; Miller et al., 2017; Veenendaal et al, 2004). SecY and secE are also highly vulnerable to partial genetic inactivation (Bosch et al., 2021).

	Peptidoglycan

	MurA
	After the formation of uridine diphosphate (UDP)-N-acetylglucosamine (GlcNAc), several Mur enzymes (MurA–F) contribute to peptidoglycan (PG) synthesis. MurA catalyzes the first committed step by transferring an enolpyruvate residue from phosphoenolpyruvate to UDP-GlcNAc.
	MurA is validated in other pathogens as the target of the broad-spectrum antibiotic fosfomycin (Kim & Lees, 2025). However, Mtb MurA is insensitive to fosfomycin and small molecule inhibitors that inhibit growth of Mtb via engagement of MurA remain to be discovered.
	MurA has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017). Inducible depletion of MurA resulted in reduced fitness in a mouse model of TB (Koh et al, 2022).

	MurI
	MurI is glutamate racemase and converts L‑glutamate to D‑glutamate for incorporation into peptidoglycan (Maitra et al, 2019). It also exhibits a moonlighting, racemase‑independent activity that binds GyrA and inhibits DNA gyrase DNA binding (Sengupta et al, 2008).
	β‑Chloro‑D‑alanine (BCDA) is a mechanism‑based, irreversible MurI inhibitor with antitubercular activity. Treatment of Mtb with BCDA leads to (i) formation of a BCDA‑modified MurI peptide (consistent with covalent engagement of MurI) and (ii) causes selective changes in peptidoglycan precursor pools consistent with blockade of D‑Glu incorporation. Supplementation with D‑Glu (2 mM) increases the BCDA MIC for H37Rv by ~32‑fold and rescues metabolomic phenotypes without altering intracellular BCDA levels; overexpression of a surrogate glutamate racemase in Mtb H37Rv increased the BCDA MIC ~16‑fold (Prosser et al, 2016). 
	Attempts to delete murI in Mtb failed unless a second copy of murI was supplied (Morayya et al, 2015). MurI has also been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017)

	Nucleotide Biosynthesis

	GuaB2 
	GuaB2 is inosine monophosphate dehydrogenase (IMPDH) and catalyzes the conversion of inosine monophosphate (IMP) to xanthosine monophosphate (XMP) in the purine biosynthesis pathway. Of the three IMPDH homologs in Mtb, GuaB2 is the only essential, catalytically active enzyme.  
	Multiple inhibitors of Mtb GuaB2 with activity against wildtype Mtb have been described (Cox et al, 2016; Park et al, 2017; Singh et al, 2017; Singh et al, 2019b). Evidence for on-target activity is based on (i) an MIC upshift in M. bovis BCG overexpressing guaB2 (Cox et al., 2016); (ii) resistant mutations within guaB2 (Singh et al., 2017) or its promoter (Park et al., 2017); (iii) hypersensitization by guaB2 knockdown (Singh et al., 2017; Singh et al., 2019b); and (iv) metabolite rescue of Mtb by exogenous guanine (Park et al., 2017; Singh et al., 2017). 
Advanced indazole sulfonamide lead compounds failed to show efficacy in acute or chronic mouse models. Moreover, measurement of guanine levels in resected lung tissue from Mtb-infected rabbits and human TB patients revealed high levels of guanine (0.2-5 mM) suggested the potential for metabolic bypass further tempering enthusiasm for this target (Park et al., 2017). 
However, more recent studies of nucleobase levels in resected lung tissue from TB patients found much lower concentrations of guanine (~5 mM) (Lamprecht et al, 2025). 
	Mtb is vulnerable to partial genetic depletion of guaB2 (Bosch et al., 2021) and genetic inactivation of guaB2 prevents Mtb from establishing an infection in mice (Singh et al., 2017). 

	PurF
	PurF catalyzes the first and committed step of de novo purine biosynthesis, producing phosphoribosylamine (PRA) from phosphoribosylpyrophosphate (PRPP) via the conversion of glutamine to glutamate.
	JNJ-6640 is a potent inhibitor of PurF (IC50 = 1nM) with in vitro whole cell activity (MIC90 = 8.6 ± 3.9 nM, MBC99.9 = 140 ± 63 nM). In vivo efficacy was achieved using both acute and chronic mouse infection models. JNJ-6640 was also shown to contribute to the BPa backbone regimen in vitro and in vivo. 
That JNJ-6640 exerts its effects on Mtb strains is supported by (i) the mapping of resistance mutations to purF, (ii) inhibition of de novo purine biosynthesis in Mtb, and (iii) potentiation of JNJ-6640 activity in response to partial silencing of purF (Lamprecht et al., 2025).  
	PurF has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017). PurF transposon mutants (isolated in media supplemented with hypoxanthine and thiamine) show a strong growth defect in standard media and are severely attenuated in mice (Block et al, 2024).


	PyrG
	PyrG is CTP synthetase and catalyzes the ATP-dependent conversion of UTP to CTP by transferring an amide nitrogen from glutamine or ammonia
	Phenotypic screening identified two thiophenecarboxamide derivatives that require activation by EthA and are active against replicating and nonreplicating Mtb. Resistance mutations mapped to ethA and pyrG and an active metabolite of one thiophenecarboxamide derivative was found to be a competitive inhibitor of PyrG. Metabolomic studies confirmed that these compounds cause deregulation of nucleotide metabolism, consistent with inhibition of PyrG (Mori et al, 2005). Follow up work identified PanK as an additional target for these compounds (Chiarelli et al, 2018). Biochemical screens against recombinant PyrG identified thiozole derivates that were more potent against a pyrG conditional knockdown (Esposito et al, 2017).
	PyrG has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017).

	Isoprenoid Biosynthesis

	Dxs1
	Dxs1 catalyzes the first and rate-limiting step of the methylerythritol phosphate (MEP) pathway, one of two routes for isoprenoid biosynthesis in bacteria. This pathway is essential for growth of Mtb, as the alternative mevalonate pathway is absent. The Dxs1 enzyme is also involved in thiamine diphosphate (cofactor) biosynthesis (Gierse et al, 2021; Zhang et al, 2009).
	Several inhibitor classes have demonstrated varying potencies against Mtb Dxs1. Thiamine derivatives (hDP analogs) act as competitive inhibitors mimicking thiamine diphosphate (ThDP), showing sub-M to low micromolar inhibition of Mtb Dxs1 (Masini et al, 2015). 
Butylacetyl phosphonate (BAP) is a selective mechanism-based inhibitor that binds to the pyruvate site of Mtb Dxs1. However, despite effective enzyme inhibition at low micromolar concentrations, BAP’s antibacterial activity is limited due to poor cellular uptake across the mycobacterial cell envelope (Smith et al, 2014). 
Ligand-based virtual screening has identified novel drug-like molecules, showing promising enzymatic and whole-cell activity against drug-resistant Mtb strains, with favorable stability and low resistance development (Zhu et al, 2022). 
That Mtb growth inhibition is due to engagement of Dxs1 remains to be demonstrated.
	Dxs1 has been classified as essential by TnSeq and transcriptional suppression of dxs1 markedly hindered Mtb growth, confirming its essential role for bacterial viability. The growth defect could not be alleviated by adding MEP pathway intermediates, demonstrating that Mtb depends on dxs1 for isoprenoid biosynthesis in the absence of alternative salvage routes. Overexpression of dxs1 was inhibitory to Mtb growth. Furthermore, dxs1-depleted strains exhibited heightened susceptibility to first-line tuberculosis drugs (isoniazid, rifampicin, and ethambutol) (Bosch et al., 2021; Brown et al, 2010; DeJesus et al., 2017; Rani & Surolia, 2024).

	Lipid Transport
	
	
	

	EfpA
	EfpA is a membrane protein that belongs to the major facilitator superfamily. Recent studies suggest that it primarily functions as a lipid transporter and it has been implicated in resistance to multiple drugs (Li et al, 2024; Wang et al, 2024). 
	EfpA inhibitors were identified in chemical genetic screens (Johnson et al, 2019; Johnson et al, 2020) and the structures of EfpA in complex with two inhibitors have been determined (Khandelwal et al, 2025; Li et al., 2024; Wang et al., 2024). On-target activity of these inhibitors in Mtb is supported by resistance mutations in efpA (Johnson et al., 2019; Khandelwal et al., 2025).
	EfpA has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017).

	Central Carbon Metabolism

	PckA
	PckA (or PEPCK) is a GTP-dependent phophoenolpyruvate (PEP) carboxykinase that catalyzes the first committed step in gluconeogenesis, replenishing PEP from oxaloacetate (Mukhopadhyay et al, 2001). PckA links the TCA cycle to synthesis of hexose phosphates and is required to channel carbon from fatty acids and other non‑carbohydrate substrates into gluconeogenic intermediates and ultimately cell‑wall precursors and other cellular components.

	Xanthine based human PEPCK inhibitors have been described (Foley et al, 2003a, b). However, selective inhibitors of Mtb PckA have not been reported. The crystal structure of Mtb PckA and its biochemical mechanism are available (Machova et al, 2017; Machova et al, 2015).
	PckA is dispensable for growth of Mtb in standard media but required for growth on gluconeogenic carbon sources. PckA knockouts are unable to establish infections in mice and conditional depletion of PEPCK prevents survival of Mtb in chronic infections (Marrero et al, 2010). Deletion of pckA also reduces growth at low pH (Dechow & Abramovitch, 2024). 

	LpdC
	LpdC acts as the E3 component to catalyze NAD(H) dependent redox cycling of the lipoamide prosthetic group attached to the E2 components of pyruvate dehydrogenase, a-ketoglutarate dehydrogenase and branched chain ketoacid dehydrogenase; and as E1 for a peroxynitrite reductase-peroxidase with AhpD and AhpC.
	Co-crystal resolved, species-selective indazole (Ginn et al, 2021) and 2-cyanoindole sulfonamide (Sun et al, 2024) inhibitors are competitive with lipoamide and growth inhibitory to Mtb in carbohydrate-based media and bactericidal for Mtb in axenic culture under NO stress and in Mtb-infected primary mouse macrophages. Resistance to both scaffolds is generated via SNPs in lpdC (Sun et al., 2024). On-target activity is further supported by intra-Mtb accumulation of pyruvate and other ketoacids upon exposure (Ginn et al., 2021). 2-cyanoindole analogs demonstrate efficacy in acute TB infection in mice (R. Bryk et al., unpublished data).
	Mtb with a lpdC gene deletion cannot grow in carbohydrate-based media, is highly susceptible to NO stress, and could not establish infection in mice (Venugopal et al, 2011).

	GlcB
	GlcB (malate synthase) is the second enzyme of the glyoxylate shunt, which converts glyoxylate into malate by incorporating acetyl from acetyl-CoA. It is essential for utilization of fatty acid- derived carbon source and for the detoxification of glyoxylate.
	Phenyl-diketo acid (PDKA) inhibitors of malate synthase (GlcB) inhibit growth of Mtb on acetate and reduce growth of Mtb in mice. Crystal structures of GlcB in complex with PDKA inhibitors have been solved and overexpression of GlcB reduces the MIC of these inhibitors (Krieger et al, 2012).
	GlcB has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017). Induced depletion of GlcB prevents Mtb from establishing the infection in the mouse model of TB and later induction at any stage of infection results in bacteria clearing up (Puckett et al, 2017).

	Mdh
	Mdh (malate dehydrogenase) catalyzes the final step of the Krebs cycle: the reversible conversion of L-malate ((S)-malate) to oxaloacetate, coupled to the conversion of NAD+ to NADH + H+. While highly endergonic, this reaction is driven in the forward direction by coupling to the downstream condensation of its product, oxaloacetate with acetyl CoA to generate citrate. This reaction is also catalyzed by Rv2852c, an annotated malate quinone oxidoreductase, that is also essential for optimal growth in 7H9 (Harold et al, 2022).

	A high throughput screen of phenotypically active compounds against Mtb in 7H9 identified a compound that inhibited purified recombinant Mtb MDH in vitro and enhanced phenotypic potency against a strain of Mtb in which levels of MDH were reduced. A crystal structure of Mtb MDH revealed a species-specific loop overlying the NAD binding pocket (Rittershaus et al, 2018).
	Mdh is essential for growth in standard 7H9, survival in stationary phase, survival in hypoxia, and survival in C57BL/6 mice (Rittershaus et al., 2018). 

	Cell Division

	FtsZ
	FtsZ is critical for cell division and polymerizes to form the Z-ring, which serves as a scaffold for recruitment of other cell division proteins (Hong et al, 2013).
	Trisubstituted benzimidazoles series have been proposed as FtsZ inhibitors (Awasthi et al, 2013; Haranahalli et al, 2021; Kumar et al, 2011; Lin et al, 2018), but in several cases evidence that FtsZ is indeed the potency-determining target in Mtb remains incomplete. Nonetheless, several molecules in this class are potent in vitro and have in vivo activity in the mouse model (Knudson et al, 2015; Knudson et al, 2014).
Compounds that disrupt the interaction of FtsZ and SepF also inhibit growth and cause filamentation (Huang et al, 2007; Zhang et al, 2023a).
TBE-12 ((9,10-dioxo-9,10-dihydroanthracen-2-yl) methyl) triphenylphosphonium bromide) inhibits FtsZ GTPase activity in Msm and overexpression of an FtsZ-GFP fusion increases the MIC of TBE-12 (Lin et al., 2018). 
Additional molecules (pyridopyrazine and pyrimidothiazine analogs) were identified by virtual screening but have not been confirmed to have whole cell activity (Suresh et al, 2023).
	FtsZ is essential for growth of Mtb in vitro and among the genes most vulnerable to partial genetic inactivation (Bosch et al., 2021; DeJesus et al., 2017). Silencing of ftsZ in Msm disrupts cell division and leads to filamentation (Blokpoel et al, 2005; Ehrt et al, 2005).

	PknA, PknB
	PknA and PknB are essential eukaryotic-like Ser/Thr kinases that act together as a central signaling hub controlling cell wall synthesis, cell division, and growth of Mtb.
	Several small-molecules that are either dual inhibitors of PknA/B or primarily inactivate PknB have been described in literature (Fernandez et al, 2006; Lougheed et al, 2011; Mori et al, 2019; Thongdee et al, 2022; Vieira et al, 2021; Wang et al, 2017a). Many of these compounds are either not active against Mtb or evidence that growth inhibition is due to engagement of PknB is either incomplete or missing entirely. 
However, for the 5-substituted pyrimidines, which are potent inhibitors of PknB (Ki = 0.004 uM) and PknA (Ki = 0.018), inhibition of Mtb growth via engagement of PknA/B is supported by chemical-genetic and phosphoproteomic data (Carette et al, 2018). 
For indolocarbazoles and staurosporine, overexpression of PknB increased the MIC (Fernandez et al., 2006; Mori et al., 2019). IMB-YH-8 produces cell wall/morphological and transcriptional changes consistent with PknB pathway perturbation (Xu et al, 2017a); imidazopyridine aminofurazans reduce PknB‑mediated GarA phosphorylation and are susceptible to mutations in pknB (Wlodarchak et al, 2018).
	PknA and pknB are essential for growth of Mtb in vitro and in mice (Bosch et al., 2021; Chawla et al, 2014; DeJesus et al., 2017; Fernandez et al., 2006; Nagarajan et al, 2015).

	MtrA
	MtrA encodes the response regulator of the MtrAB-LpqB system. MtrA is activated via phosphorylation by the sensor kinase MtrB, which responds to yet-undefined signals. Once phosphorylated, MtrA binds to DNA and regulates transcription of target genes involved in cell envelope remodeling, cell division, and DNA replication.
	Small molecules that effectively engage MtrA in Mtb remain to be developed.
	Genetic inactivation of mtrA is growth inhibitory in vitro and bactericidal in Mtb-infected macrophages (Li et al, 2022). Partial silencing of mtrA sensitizes Mtb to multiple antitubercular compounds, including bedaquiline, clarithromycin, rifampicin and vancomycin (Li et al., 2022).

	cAMP Metabolism

	CyA
	CyA is a membrane-associated class III adenylyl cyclase catalyzes the conversion of ATP to cyclic AMP (cAMP), a second messenger involved in regulating stress adaptation, lipid metabolism, and virulence in Mtb. Elevated cAMP levels inhibit the ability of Mtb to utilize cholesterol, a critical pathway for persistence during infection, and rewire transcriptional networks linked to virulence and host adaptation.
	Small-molecule agonists such as V-59, mCLB073 (also known as TBD11), and GSK2556286 (referred to as GSK286) directly activate CyA. These compounds raise intracellular levels of cyclic AMP (cAMP) by 50- to 140-fold and inhibit the growth of Mtb on cholesterol-rich substrates. These compounds mimic the effects of CyA overexpression, lead to the downregulation of cholesterol catabolic genes, and exhibit bacterial growth inhibition that depends on CyA. 
Medicinal optimization of V‑59 yielded mCLB073, which entered Phase 1 clinical testing in 2024, and GSK2556286 has shown potential to shorten treatment duration in preclinical models of the Nix-TB regimen. 
Loss‑of‑function mutations in cya confer resistance to all known agonists and abolish compound‑induced cAMP accumulation (Brown et al, 2023; Martinez et al, 2025; Wilburn et al, 2022). 
	Cya is dispensable for growth of Mtb in standard media (Bosch et al., 2021; DeJesus et al., 2017). Overexpression of CyA increases drug sensitivity, while genetic disruption reduces intracellular survival and virulence, underscoring the enzyme's importance in host adaptation (Brown et al., 2023; Wilburn et al., 2022).

	Arabinogalactan Biosynthesis

	DprE1
	DprE1 (decaprenylphosphoryl-β-D-ribose 2′-epimerase 1) is a flavoenzyme that catalyzes a key step in the biosynthesis of the cell wall. It converts decaprenylphosphoryl-β-D-ribose (DPR) into decaprenylphosphoryl-D-arabinose (DPA), a precursor required for the production of arabinogalactan and lipoarabinomannan, which are essential components of the mycobacterial cell envelope (Mikusova et al, 2005; Wolucka, 2008).
	DprE1 is the target of several small-molecule inhibitors that are active against Mtb in mice and for which resistance mutations map to dprE1, including (i) benzothiazinones (BTZ043, PBTZ169/Macozinone) (Makarov et al, 2009; Neres et al, 2012); (ii) dinitrobenzamides and related benzoxacinones (Riccardi et al, 2013; Richter et al, 2018); (iii) Quabodepistat (OPC-167832) (Hariguchi et al, 2020); and (iv) 1,4-azaindole derivatives, such as TBA-7371 (Chatterji et al, 2014; Shirude et al, 2013; Shirude et al, 2014). 
Quabodepistat, TBA-7371, and Macozinone are in clinical development.
	DprE1 has been classified as essential by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017). Conditional silencing of dprE1 results in swelling of the bacteria, cell envelope damage and lysis (Kolly et al, 2014) and genetic depletion of DprE1 attenuates Mtb in mice (Boldrin et al, 2018).

	EmbC, EmbA, EmbB
	EmbC, EmbA and EmbB are membrane-embedded arabinosyltransferases (AraTs) required for the synthesis of arabinogalactan (AG) and lipoarabinomannan (LAM). EmbB and EmbA form a heteromeric complex that catalyzes branching reactions. EmbC contributes to arabinan chain elongation (Berg et al, 2007; Escuyer et al, 2001; Zhang et al, 2020). 
	EmbC and EmbB are the direct targets of ethambutol (EMB), a first-line drug for treatment of TB. EMB inhibits the biochemical activity of these arabinosyltransferases and Cryo-EM maps demonstrated binding of EMB to the active-site regions of EmbB and EmbC (Zhang et al., 2020). Mutations in embB are associated with EMB-resistant clinical Mtb isolates (Telenti et al, 1997) and many of these map near the EMB binding site (Zhang et al., 2020), the arabinose donor decaprenyl-phosphoryl-D-arabinose (DPA) accumulates in EMB-treated Msm (Wolucka et al, 1994). Overexpression of EmbC decreases growth inhibition by EMB; EmbC underexpression increases it (Korkegian et al, 2014).
	EmbCAB are essential for growth of Mtb (Amin et al, 2008; Bosch et al., 2021; DeJesus et al., 2017)

	UbiA
	UbiA catalyzes the transfer of a pentosylribose moiety from phosphoribosyl pyrophosphate to decaprenyl phosphate, channeling decaprenyl phosphate into decaprenylphospho-D-arabinofuranose, a key intermediate in the arabinogalactan biosynthesis. It serves as the sole donor of arabinose in Mtb.
	An ubiA conditional knockdown Mtb strain was hypersusceptible to a compound called KRT2029 (Kolly et al., 2014) but target specificity has not been established.
	Genetic inactivation of ubiA leads to bacillary swelling, cell wall damage, lysis and death in vitro (Kolly et al., 2014) and ubiA is among the genes most vulnerable to partial genetic inactivation (Bosch et al., 2021).

	Lipid Biosynthesis

	PptT
	PptT catalyzes covalent transfer of a phosphopantetheine moiety from coenzyme A to a conserved serine residue of multiple acyl carrier domain proteins that are involved in the biosynthesis of structural and virulence-associated lipids in Mtb.
	Amidinoureas were the first whole-cell active inhibitors identified with validated on-target activity, as demonstrated through hypomorphic and hypermorphic strain profiling, resistance mutations in pathway and target genes and solutions of co-crystal structures. Although amidinoureas function as partial inhibitors, compound 8918 prevented Mtb growth in mice, with a 100 mg/kg dose producing an effect comparable to that of 10 mg/kg rifampicin (Ballinger et al, 2019; Ottavi et al, 2023; Ottavi et al, 2022). Raltitrexed and thioquinazolinones have also been validated for on-target activity—Raltitrexed through enzyme-bound structural analysis (Singh et al, 2024) and thioquinazolinones through resistant mutant and hypomorphic strain profiling (Singh et al, 2025).
	Genetic inactivation of pptT was bactericidal, inhibiting bacterial growth in vitro as well as during both the acute and chronic phases of infection in mice (Leblanc et al, 2012).

	Mycolic Acid Biosynthesis

	KasA
	KasA is the b-ketoacyl synthase component of the type II fatty acid synthase (FAS-II) system. It catalyzes the addition of 2-carbon units to acyl-AcpM in each round of the Fas-II cycle to generate the long chain fatty acids that are required for the synthesis of mycolic acids.
	Multipe KasA inhibitor classes with potent in vitro activity against Mtb have been identified and were reviewed recently (Rudraraju et al, 2022). 
The natural product thiolactomycin (TLM) inhibits KasA, KasB and FabH and is active against extracellular and intracellular mycobacteria. Inhibition of cell-wall synthesis by TLM has been demonstrated in Msm and M. bovis BCG (Kremer et al, 2000; Slayden et al, 1996).
Indazole sulphonamides have been extensively explored by the Freundlich and GSK groups, showing activity in vitro and in mice (Abrahams et al, 2016). The original GSK series was abandoned due to genotoxicity, but other groups have made progress in maintaining the antitubercular activity while reducing mutagenicity (Warapande et al, 2025). On-target activity of this chemotype is supported by isolation of resistance mutation in kasA and in vitro inhibition of KasA enzyme (Cunningham et al, 2020). KasA inhibitors also combine favorably with bedaquiline‑ and pretomanid‑containing regimens and may contribute to treatment shortening (Soni et al, 2025). 
Cyclic sulfamates repersent a newer series that act via inhibition of KasA (Bartolomeu Halicki et al, 2025).
	KasA is essential for in vitro growth under standard aerobic, replicating conditions as demonstrated by numerous transposon library approaches, including by DeJesus et al. (DeJesus et al., 2017). Genetic knockdown confirmed that KasA is also a vulnerable target (Bosch et al., 2021).



	InhA
	InhA is the NADH-dependent enoyl-ACP reductase of the type II fatty acid synthase (FAS-II) system. It reduces the trans C2–C3 double bond of long-chain acyl-ACP thioesters to generate the long fatty acyl precursors required for mycolic acid biosynthesis (Quemard et al, 1995).
	Activated isoniazid (INH) forms an isonicotinyl–NAD(H) adduct that binds InhA with sub‑nanomolar affinity; crystal structures of ternary InhA–NAD(H)–INH complexes visualize this adduct in the active site (Rozwarski et al, 1998). On-target activity against Mtb is supported by (i) INH resistance mutations in inhA; (ii) the decrease in potency caused by overexpression of InhA confers resistance to INH; (iii) the decrease in potency caused by InhA substitutions (e.g., S94A) that alter NADH binding (Banerjee et al, 1994; Lempens et al, 2018); (iv) the depletion of mycolic acids that occurs after exposing Mtb to INH; (v) the cell‑wall morphological changes cause by exposing Mtb to INH; and (vi) that genetic inactivation of inhA phenocopies these effects (Schroeder et al, 2002).
InhA is also inhibited by ethionamide, pyridomycin, 4‑hydroxy‑2‑pyridones, and triclosan (Hartkoorn et al, 2012; Manjunatha et al, 2015; North et al, 2014)
	InhA has been classified as an in vitro essential Mtb gene by TnSeq  (DeJesus et al., 2017) and is among the genes most vulnerable to partial genetic inactivation (Bosch et al., 2021).

	HadA, HadB, HadC
	Heterodimers of HadAB  and HadBC form the (3R)-hydroxyacyl-ACP dehydratases of the FAS-II system. These catalyze the dehydration of (3R)-hydroxyacyl-ACP during the FAS-II elongation cycles, with HadB serving as the catalytic subunit of both heterodimers. HadAB is most likely involved in the early fatty acid elongation cycles, producing intermediate‑size meromycolic chains, whereas HadBC is implicated in late‑stage meromycolic chain biosynthesis with a preference for longer substrates (Sacco et al, 2007).
	The prodrugs isoxyl (ISO, MIC 1-10 µg/ml) and thiacetazone (TAC, MIC 0.1-0.5 µg/ml), both once used to treat TB, inhibit HadAB by covalently modifying Cys61 of HadA (Grzegorzewicz et al, 2015). On-target activity is supported by (i) the accumulation of 3-hydroxy C18, C20, and C22 fatty acids in response to exposing Mtb to ISO or TAC; and (ii) resistance mutations hadA.
A series of 1,3-diarylpyrazolyl-acylsulfonamides also inhibits HadAB and disrupts mycolic acid biosynthesis in Mtb (Singh et al, 2022). Inhibition is mediated by non-covalent interactions within the HadAB active site.
	The hadA-hadC gene cluster was first shown to be essential in vitro via a homologous recombination study (Sacco et al., 2007), and later confirmed via genome wide TnSeq (DeJesus et al., 2017) and CRISPRi studies (Bosch et al., 2021). 


	FadD32
	FadD32 is required for mycolic acid biosynthesis. It catalyzes the activation of long-chain fatty acids via their adenylation to acyl-adenylates (acyl-AMP). The activated fatty acids are subsequently transferred to polyketide synthase (Pks13) for further chain extension (Gavalda et al, 2009; Leger et al, 2009; Trivedi et al, 2004).


	Radiolabeling experiments demonstrated that the fatty acyl ACP synthetase activity of FadD32 is inhibited by 4,6-diaryl-5,7-dimethyl coumarins (Stanley et al, 2013). Several compounds from this series are potent against Mtb (0.42 - 0.24 µM) and were active against M. marinum in the zebrafish model. On-target validation evidence includes (i) resistance mutations mapping to fadD32; (ii) episomal expression of mutant FadD32 alleles (E120A or F291L) confers dominant resistance in wild-type strains; and (iii) failure to inhibit acyl-AcpM adduct formation in a resistant mutant.
Scaffold morphing from the coumarins led to a quinoline-2-carboxamides series with maintained FadD32 activity, improved ADME/PK properties and in vivo efficacy an 8-day acute mouse model (Fang et al, 2018). On-target evidence for this series rests primarily on cross-resistance of mutants isolated for quinoline analogs.
More recently, the 2,4-dibromo-6-[3-(trifluoromethyl)-1,2-oxazol-5-yl]phenol (M1) was identified via virtual screening of an isoxazole scaffold library against FadD32 (Rani et al, 2025). M1 activity was confirmed against FadD32 enzymatically and showed ex vivo and in vivo activity against Mtb. Transcriptomic analysis of Mtb exposed to M1 reveals down‑regulation and dysregulation of genes involved in cell‑wall and mycolic‑acid biosynthesis, supporting on‑target interference with FadD‑dependent pathways.
	Disruption of fadD32 resulted in mycolic acid deficiency in C. glutamicum and was shown to be essential for growth of M. smegmatis in vitro (Portevin et al, 2005). Essentiality of fadD32 in Mtb was confirmed by TnSeq (DeJesus et al., 2017) and CRISPRi (Bosch et al., 2021). 


	Pks13
	Pks13 catalyzes the final condensation step in mycolic acid biosynthesis, joining meromycolyl and α-chain precursors to produce the long-chain mycolic acids that form the Mtb cell wall. These lipids provide structural rigidity and impermeability, protecting the bacterium from antibiotics and host immune system. Structural studies on the enzyme corroborate its central role in mycolic-acid assembly (Kim et al., 2023).
	Multiple chemotypes targeting four of the five Pks13 domains (N-acyl carrier protein domain (Wilson et al, 2013), N-acyl carrier protein / ketosynthase domain (Green et al, 2025), acyltransferase (AT) domain (Krieger et al, 2025), and thioesterase (TE) domain (Green et al, 2023; Krieger et al, 2024; Wilson et al, 2022)), establishing this enzyme as a druggable target. 
Early thiophene derivatives inhibited bacterial growth by covalently modifying the AT domain, directly linking disruption of mycolic acid biosynthesis to pks13 mutations. 
The benzofuran amide, TAM16, was later identified as a selective inhibitor of the TE domain, blocking product release and enhancing susceptibility to front-line agents. 
Optimization of coumestan analogs improved metabolic stability and minimized off-target ion channel activity while maintaining sub-M potency. 
The most advanced chemotype, CMX410, is a covalent SuFEx-based inhibitor that acylates the catalytic Ser801 in the AT domain, irreversibly blocking acyl chain transfer. CMX410 displays low-nanomolar potency, activity against drug-sensitive and MDR/XDR Mtb strains, and robust efficacy in murine TB infection models. Mutations conferring resistance to the SuFEx-based inhibitors map to pks13 and overexpression of Pks13 increases the MIC of these compounds (Khola et al, 2024; Krieger et al., 2025; Krieger et al., 2024; Wilson et al., 2013)
	Genome-scale saturated transposon mutagenesis identified pks13 as essential for the growth of Mtb in vitro (DeJesus et al., 2017) and CRISPRi demonstrated Mtb’s vulnerability to partial genetic inactivation of Pks13 (Bosch et al., 2021). Depletion of Pks13 in Msm blocks terminal mycolate condensation, leading to rapid loss of viability (Portevin et al, 2004).

	MmpL3
	MmpL3 is required to synthesize the mycomembrane of mycobacteria, using proton translocation as the driving force to transport trehalose monomycolates (TMM) across the cytosolic membrane. MmpL3 is unique to mycobacteria (Stevens et al, 2022; Xu et al, 2017b).
	Numerous scaffolds have been identified which inhibit MmpL3 function including adamantyl ureas, aryl indoles, pyrazoles, oxazoles, thiazoles, and indolecarboxamides (Baldin et al, 2025; Bolla, 2020; Grzegorzewicz et al, 2012; Li et al, 2016; Li et al, 2014; Shao et al, 2020; Williams et al, 2019; Zhao et al, 2022). Inhibition of MmpL3 is bactericidal in vitro and compounds have activity against intracellular and extracellular activity. Several classes have been confirmed to have in vivo activity in the TB mouse model, most notably the indolecarboxamides (Stec et al, 2016). 
On-target activity has been confirmed for many compounds by (i) isolation of resistant mutants, (ii) activity against hyper-hypomorphs, and (ii) intracellular accumulation of mycolates (Grover et al, 2021; Li et al., 2014; McNeil et al, 2020).
	MmpL3 is essential for growth in standard medium, macrophages and in the mouse model of infection (Cheung et al, 2022; Degiacomi et al, 2017; Li et al., 2016; McNeil & Cook, 2019; Poce et al, 2013; Williams et al, 2024). 

	Respiratory Chain

	Ndh, NdhA
	Type 2 NADH dehydrogenases (Ndh, NdhA) catalyze electron transfer from NADH to the quinone pool and regenerate NAD+ from NADH.
	Several inhibitors have been identified and were reviewed recently (Wu et al, 2025). Activity of 2-mercaptoquinazolinones and tricyclic spironolactones against Mtb is restricted to media containing fatty acids, which is consistent with on-target whole-cell activity (Beites et al, 2019). Efficient killing of Mtb by inhibition of Ndh requires simultaneous inactivation of type I NADH dehydrogenase (Beites et al., 2019; Xu et al, 2023).
	Together, type 2 NADH dehydrogenases are essential for growth in fatty-acid containing media but dispensable for growth in fatty-acid free media. They are required for optimal growth of Mtb in mice but inactivation on Ndh and NdhA is insufficient to prevent growth entirely (Beites et al., 2019). 

	Cytochrome bc1-aa3 oxidase
	The cytochrome bc1-aa3 oxidase supercomplex transfers electrons from menaquionol to oxygen, reducing it to water and contributing to the proton motive force (PMF) that drives ATP synthesis.
	Several inhibitors have been identified and were recently reviewed (Bajeli et al, 2020)). 
On-target whole-cell activity for several inhibitors is supported (i) by resistance mutations (Pethe et al, 2013), (ii) failure to inhibit Mtb in which cytochrome bc1-aa3 oxidase has been genetically inactivated (Beites et al., 2019), (iii) and synergy with inhibition of cytochrome bd oxidase (Beites et al., 2019). 
Telacebec (Q203) has shown variable efficacy in mice - from potent killing of wild‑type Mtb (Pethe et al., 2013) to activity restricted to strains lacking cytochrome bd oxidase (Kalia et al, 2017) – but demonstrates activity in a phase 2 clinical trial (de Jager et al, 2020; Janssen et al, 2025). 
Recent work indicates that cytochrome bc1-aa3, including telacebec, can provide sterilizing and treatment‑shortening benefits in clinically relevant regimens based on mouse relapse studies, and that clinical Mtb isolates are more susceptible to cytochrome bc1-aa3 inhibition (Aguilar-Perez et al, 2025).
	Complete genetic inactivation reduces growth in vitro and in mice. Simultaneous inactivation of cytochrome bc1-aa3 oxidase and cytochrome bd oxidase prevents growth in vitro and kills Mtb in mice (Beites et al., 2019).

	Cytochrome bd oxidase (CydA, CydB)
	Cytochrome bd oxidase is an alternative respiratory terminal oxidase that transfers electrons from menaquinol to oxygen but does not contribute to the generation of PMF.
	Inhibitors of cytochrome bd oxidase have little activity by themselves, but show in vitro and in vivo efficacy in combination with telacebec, with a significant though modest effect size in mice (Jeffreys et al, 2023; Lee et al, 2021). 
On-target whole-cell activity is supported by (i) the requirement for telacebec to be effective, (ii) RNAseq experiments demonstrating that the combination of ND-011992 with telacebec affects the Mtb transcriptome in a manner that is similar to the impact telacebec has on the transcriptome of Mtb lacking cytochrome bd oxidase, and (iii) that impact on oxygen consumption rate is reduced by overexpression of cytochrome bd oxidase (Jeffreys et al., 2023; Lee et al., 2021).
	Deletion of cydAB does not impact growth of Mtb in standard media but increases susceptibility of Mtb to killing by an activated immune system and to acid stress (Beites et al., 2019; Cai et al, 2021). Simultaneous inactivation of cytochrome bc1-aa3 oxidase and cytochrome bd oxidase prevents growth in vitro and kills Mtb in mice (Beites et al., 2019).

	ATP synthase
	ATP synthase catalyzes the synthesis of ATP from ADP and inorganic phosphate, using the PMF generated by respiration.
	Bedaquiline (BDQ), the best‑characterized ATP synthase inhibitor, is active against Mtb in vitro and in mouse models and is a cornerstone of regimens that shorten treatment for drug‑resistant TB (Andries et al, 2005; Conradie et al., 2020). 
Evidence for on-target whole cell activity includes (i) resistance mutations in atpE (which encodes the c subunit of ATP synthase), and (ii) depletion of ATP pools, which is prevented by BDQ resistance mutations (Andries et al., 2005; Koul et al, 2014).
Squaramides, e.g., SQ31f, are another class of ATP synthase inhibitors (Tantry et al, 2017).  SQ31f and BDQ bind overlapping regions of the Fo subunit but occupy distinct pockets at different depths and with different stoichiometries (Courbon et al, 2023). On‑target activity is supported by resistance mutations, which partly overlap with those conferring resistance to BDQ (e.g. atpE D28), but many bedaquiline atpE mutants (A63/I66) remain squaramide‑susceptible.
	ATP synthase is essential for growth of Mtb under all conditions tested and vulnerable to partial genetic inactivation (Bosch et al., 2021; DeJesus et al., 2017).

	MenG
	MenG is a SAM-dependent methyltransferase that catalyzes the terminal methylation of demethylmenaquinone (DMK-9) to menaquinone-9 (MK-9), a key redox cofactor in the Mtb respiratory chain. Menaquinone is essential for ATP synthesis and redox balance under both replicating and non-replicating conditions (Johnston et al, 2003).
	Small-molecule inhibitors of MenG, including DG70 and later analogs, block the conversion of DMK-9 to MK-9, collapse the proton motive force, and are bactericidal to both actively growing and nutrient-starved persisters (Sukheja et al, 2017). Optimization has produced next-generation scaffolds such as benzothiazole, benzoxazole, and aminobenzimidazole derivatives with improved potency and physicochemical properties (Sharma et al, 2025; Velappan et al, 2020). 
Inhibitors derived from GSK517A inhibit MenG with low-nanomolar biochemical potency (JNJ-6887 IC50 ~1.1–1.3 nM; JNJ-1866 12 ± 2.8 nM)(Wetzel et al, 2026). JNJ-6887 kills Mtb, reduces respiration, and synergizes with bedaquiline to resensitize Rv0678 efflux-mediated bedaquiline-resistant Mtb. On-target whole-cell activity is supported by (i) resistance selections mapping to menG, (ii) MenG-directed CRISPRi hypersensitization, and (iii) menaquinone depletion after compound treatment. 
	MenG has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017). Loss or inhibition of MenG activity leads to depletion of MK-9, accumulation of DMK-9, collapse of the proton motive force, and cell death under both replicating and non-replicating conditions (Sukheja et al., 2017).

	Mycobactin Biosynthesis

	MbtA 
	MbtA is the adenylating enzyme that catalyzes the first committed step of mycobactin siderophore biosynthesis.
	Salicyl-AMS and its derivatives are the best-studied MtbA inhibitors and show activity both biochemically and against Mtb in vitro and in mice (Dawadi et al, 2016; Dawadi et al, 2015; Engelhart & Aldrich, 2013; Ferreras et al, 2005; Krajczyk et al, 2016; Lun et al, 2013; Nelson et al, 2015). Their on-target activity is supported by (i) inhibition of mycobactin biosynthesis in Mtb; and (ii) reduced potency in media supplemented with salicylate or high iron (Bythrow et al, 2019; Dawadi et al, 2018; Ferreras et al., 2005).
	Mtb relies on mycobactins to scavenge ferric iron (Fe3+) and to support growth in iron-limited media (De Voss et al, 2000). However, the role of siderophore-dependent iron acquisition varies with host genotype (Smith et al, 2022; Tufariello et al, 2016) and the specific impact of genetically inactivating MbtA on Mtb growth and persistence during infection remains largely unexplored. 

	Cofactor Metabolism

	Coenzyme A (CoA)

	CoaBC
	CoaBC is a bifunctional enzyme in CoA biosynthesis; its CoaB domain (4‑phosphopantothenoyl‑L‑cysteine synthetase) catalyzes condensation of 4‑phosphopantothenate with cysteine to form 4‑phosphopantothenoyl‑L‑cysteine.
	A CoaB inhibitor (4-(5-chloro-1,3-benzoxazol-2-yl)sulfanyl-5-methyl-2-phenyl-pyrazol-3-ol) was identified from a biochemical screen. Evidence for on-target activity in Mtb include (i) a metabolomic profile consistent with perturbations in pantothenate and CoA biosynthesis, and (ii) metabolite rescue (CoaBC bypass by pantethine) (Evans et al, 2021). 
Inhibitors with weak albeit on-target activity, which engage an allosteric site in CoaB, have also been described (Mendes et al, 2021).
	CoaBC has been genetically validated as an essential target in vitro (Bosch et al., 2021; DeJesus et al., 2017) and coaBC is required for Mtb to establish an infection and to grow and persist in mice (Evans et al, 2016)

	PanK 
	PanK (also referred to as CoaA) is the type I Pantothenate kinase that converts pantothenate to 4’-phosphopantothenate in the CoA biosynthesis pathway.  
	Biaryl acetic acid inhibitors of PanK inhibit growth of Mtb, with on-target activity supported by an MIC upshift upon overexpression of PanK (Reddy et al, 2014).
Prodrugs activated by EthA inhibit PyrG and PanK. On-target whole-cell activity against Mtb rests on the identification of resistance mutations in panK and demonstration of an impact of the resistance-associated mutations o PanK/ CoaA biochemical activity (Chiarelli et al., 2018). 
Potent ATP competitive triazoles and quinolones further attest to the biochemical tractability of PanK (Butman et al, 2020). These compounds inhibit growth of panK hypomorphs but are inactive against wild‑type Mtb, an observation consistent with low target vulnerability (Evans et al., 2016; Reddy et al., 2014).
	PanK is essential for growth of Mtb in vitro, but relatively invulnerable to partial genetic inactivation (Bosch et al., 2021; Evans et al., 2016; Reddy et al., 2014).

	NAD

	NadD
	[bookmark: OLE_LINK1]NadD catalyzes the adenylation of NaMN (b-nicotinate D-ribonucleotide) to form NaAD (deamido-NAD+), a substrate of NadE, and is essential for the synthesis of NAD(H) and NADP(H).
	Screening of a small library of whole cell actives (Osterman et al, 2019) yielded weak inhibitors that lack evidence of on-target engagement in Mtb. Hits from phenotypic and target-based HTS campaigns in the TBDA are under evaluation. 
	NadD is one of the most vulnerable genes in Mtb (Bosch et al., 2021). Inducible degradation of NadD caused a strong bactericidal effect in replicating and nonreplicating Msm (Rodionova et al, 2014).

	NadE
	Catalyzes the conversion of nicotinic acid adenine dinucleotide (NaAD) to nicotinamide adenine dinucleotide (NAD+), using glutamine as ammonia donor although ammonia can substitute for glutamine in vitro.
	Inhibitors of NadE that result in intracellular depletion of NAD(H) are cidal to non-replicating as well as replicating Mtb in vitro with the MBC and MIC values being similar for the most potent compounds (Boshoff et al, 2008). Compounds with different pharmacophores have been tested but showed limited improvement in potency (Wang et al, 2017b). Clear evidence that potency of these compounds against Mtb is primarily due to inhibition of NadE is missing.

	Knockdown of NadE is cidal under non-replicating and replicating conditions in vitro (Bosch et al., 2021; Kim et al, 2013; Rodionova et al., 2014; Sharma et al, 2023). Depletion of NadE results in rapid loss of viability in acute and chronic models of mouse infection (Kim et al., 2013).

	Chorismate

	AroG
	AroG (3‑deoxy‑D‑arabino‑heptulosonate‑7‑phosphate synthase, DAHP synthase) catalyzes the first committed step in chorismate biosynthesis, converting erythrose‑4‑phosphate and phosphoenolpyruvate into DAHP. Chorismate is a central branchpoint precursor for aromatic amino acids, folate, and ubiquinone.
	No small‑molecule AroG inhibitors with confirmed whole‑cell activity against Mtb have been reported to date. 
	The Aro pathway is essential in vitro in standard medium (Parish & Stoker, 2002). AroG is essential in standard medium and in macrophages (Galina et al, 2022). Supplementation with L-tryptophan, L-tyrosine, L-phenylalanine, p-hydroxybenzoate, p-aminobenzoic acid and 2,3-dihydroxybenzoate restores growth only partially. 
AroG is the most vulnerable target of the pathway according to genetic screens (Bosch et al., 2021).

	Biotin

	BioA
	BioA (7,8-diaminopelargonic acid synthase) catalyzes the antepenultimate step in the biotin biosynthesis pathway, transferring an amino group from S-adenosyl-L-methionine (SAM) to 7-keto-8-aminopelargonic acid (KAPA) to form 7,8-diaminopelargonic acid (DAPA).
	BioA is the target of the natural product amiclenomycin (Mann et al, 2005) and can by inhibited by various small molecules, including aryl hydrazines, hydrazides, and pyridoxal 5′‑phosphate–dependent transaminase inhibitors (Dai et al, 2014; Liu et al, 2017; Liu et al, 2025; Park et al, 2015). 
Recent structure‑guided development has yielded a potent BioA inhibitor that validates biotin synthesis inhibition as an antitubercular strategy, with one compound demonstrating attenuation of Mtb in a low‑biotin mouse model of infection (Liu et al., 2025). 
On-target whole-cell activity of several BioA inhibitors is supported by loss of potency in biotin-supplemented media and BioA overexpression. 
	Genes involved in biotin synthesis, including bioA and bioB, are dispensable for Mtb growth in standard laboratory media, which contain biotin. This dispensability in vitro enabled assessment of their roles in vivo using TnSeq, which showed that Mtb must synthesize biotin to proliferate during infection (Sassetti & Rubin, 2003). Conditional bioA knockdown demonstrated that endogenous biotin synthesis is essential for Mtb persistence in mice. Notably, attenuation of Mtb in this model requires BioA expression to be reduced by more than 96% (Woong Park et al, 2011).

	BioB
	BioB (biotin synthase) catalyzes the final step of biotin biosynthesis, converting dethiobiotin (DTB) to biotin.
	Acidomycin is a natural product that inhibits growth of Mtb via inhibition of BioB (Bockman et al, 2019; Qu et al, 2024).
	

	BirA
	Biotin protein ligase (BirA or BPL) post-translationally attaches biotin to specific lysine residues on biotin-dependent enzymes such as acyl-CoA carboxylases and pyruvate CoA carboxylase.
	Mtb BirA can be inhibited with a bisubstrate mimic that also has whole-cell activity. That inhibition of Mtb growth is due to engagement of BirA is supported by a decrease of biotinylated proteins and a decrease in potency upon BirA overexpression (Duckworth et al, 2011). However, subsequent screens to identify additional BirA inhibitors with progressible leads have not been successful.
	Genetic inactivation of BirA prevents growth and persistence of Mtb in mice (Tiwari et al, 2018) and is often sufficient to eliminate Mtb from chronically infected mice (Su et al, 2021). 

	Folate

	DfrA
	DfrA (dihydrofolate reductase) catalyzes the reduction of dihydrofolate (DHF) coupled to oxidation of NADPH to NADP, and thus supplies one‑carbon units for nucleotide and amino acid biosynthesis.
	DfrA is a chemically well validated antibacterial target, including against Mtb. Methotrexate esters inhibit Mtb DfrA in vitro and exhibit on-target activity against Mtb as demonstrated by knockdown and overexpression (Nixon et al, 2014). 
DfrA is also targeted by para-aminosalicylic acid (PAS), a pro-drug which is one of the oldest antitubercular agents, introduced in 1946 for treatment of TB (Minato et al, 2015; Zheng et al, 2013). However, activated PAS does not seem to be a monospecific DHFR inhibitor but rather a multi-target antifolate (Hajian et al, 2019). 
	DfrA has been classified as in vitro essential by transposon mutagenesis and CRISPRi (Bosch et al., 2021; DeJesus et al., 2017).

	Riboflavin

	RibF
	RibF is a bifunctional enzyme that catalyzes the conversion of riboflavin to FMN through action of the riboflavin kinase (RFK) domain, and subsequent conversion of FMN to FAD catalyzed by the FMN adenylyltranferase (FMNAT) domain.  The FMNAT domain displays significant structural divergence from human FAD synthase which makes it a more attractive target than the RFK domain which shares sequence and similarity to the human ortholog.
	Small molecules that effectively engage RibF in Mtb remain to be developed.
	RibF has been classified as an in vitro essential Mtb gene by TnSeq and CRISPRi (Bosch et al., 2021; De-Jesus et al, 2017). Genetic inactivation of ribF by CRISRPi is bactericidal in Mtb under standard in vitro culture conditions  (Chengalroyen et al, 2024). 
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