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OPEN ACCESS Mycobacterium tuberculosis (Mtb) is one of the most formidable pathogens causing tuber-
culosis (TB), a devastating infectious disease responsible for the highest human mortality
and morbidity. The emergence of drug-resistant strains of the pathogen has increased the
burden of TB tremendously and new therapeutics to overcome the problem of drug resis-
tance are urgently needed. Metabolism of Mtb and its interactions with the host is important
for its survival and virulence; this is an important topic of research where there is growing in-
terest in developing new therapies and drugs that target these interactions and metabolism
of the pathogen during infection. Mtb adapts its metabolism in its intracellular niche and ac-
quires multiple nutrient sources from the host cell. Carbon metabolic pathways and fluxes of
Mtb has been extensively researched for over a decade and is well-defined. Recently, there
has been investigations and efforts to measure metabolism of nitrogen, which is another im-
portant nutrient for Mtb during infection. This review discusses our current understanding
of the central carbon and nitrogen metabolism, and metabolic fluxes that are important for
the survival of the TB pathogen.

Introduction

Despite decades of research and development in vaccination and therapeutics, tuberculosis (TB) still re-
mains one of the world’s deadliest infectious diseases [1]. TB causes mortality of more than one million
people every year. According to the latest World Health Organization global TB report, the number of
individuals recovered from TB with treatment and preventative therapies did improve in 2018 and 2019
[1,2] but the COVID-19 pandemic brought major setbacks to the treatment and cure and escalated the
burden of this disease [3,4]. Latent TB infection (LTBI), where individuals remain asymptomatic, but with
a variable risk of reactivation to active disease, accounts for over a billion cases globally; LTBI remains a
problem due to the lack of efficient diagnostic tools and therapies [5,6]. Drug resistance in TB is one of
the pressing problems that needs urgent attention. The causative agent of TB, Mycobacterium tubercu-
losis (Mtb) becomes resistant to the first-line drugs isoniazid or rifampicin causing multidrug-resistant
(MDR)-TB. Extensively drug-resistant (XDR)-TB cases are the ones where the MDR-TB strains are re-
sistant to any fluoroquinolone and second-line drugs. There were 470000 global incidents, and 180000
deaths from MDR-TB in 2020 [1]. We need to develop new diagnostic tools and treatments to detect,
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classified into one that produces metabolic products, energy, and biomass (anabolism) and the other involved in
breakdown of substrates (catabolism). Cellular carbon metabolism is at the heart of sustaining the metabolic net-
work function. Dysfunction or adaptations in carbon metabolism is implicated in many human diseases including
cancer, cardiovascular and metabolic disorders [7]. In cancer, tumour cells adapt to increased glucose uptake and
increased glycolytic state known as the “‘Warburg effect’ [7,8] This effect is accompanied with reduced mitochondrial
metabolism and oxidative phosphorylation [7,8]. One-carbon metabolism, with glucose converted into serine and
subsequently into nucleotides, has been identified as another important hallmark of cancer cells [7,9]. Warburg effect
in TB lesions was observed over a decade ago [10] and since then it has been researched as a ‘target’ for develop-
ing adjunctive host-directed therapeutics (HDTs) to control Mtb infection [11]. The idea is that upon Mtb infection,
infected immune cells adopt an increased glycolytic metabolic state required to mount maximal antibacterial and
proinflammatory response [12] and enhancing this Warburg effect could be used to control TB. Several metabolic
elements of the Warburg effect that are important for immune cell metabolism or immunometabolism in disease have
been investigated and are discussed in detail by other reviews [11,12]. In addition to evoking metabolic changes in
the host, the TB pathogen itself undergoes carbon metabolic adaptations to maximize its survival and pathogenicity.
The adaptations in Mtb’s carbon metabolism and metabolic fluxes during infection is the focus of this section.

Mtb are transmitted through aerosols and are engulfed by alveolar macrophages in the lungs of infected individu-
als. Inside macrophages, Mtb pathogen resides in phagosomes where it is challenged with harsh host cell defence re-
sponses including hypoxia, acidification, nutrient starvation, and oxidative stress [13-15]. However, Mtb has evolved
mechanisms to escape these macrophage antibacterial responses using metabolic adaptations as one of its strategies.
Mtb flexibly co-metabolizes multiple carbon substrates inside the host cells and Mtb’s central carbon metabolism
(CCM) play key roles in physiology and pathogenicity [16,17]. Several omic-based approaches including genomics,
transcriptomics, metabolomics, and fluxomics have revealed the organisation and function of Mtb’s central carbon
metabolic network.

Glycolytic and gluconeogenic carbon metabolism

The genome sequence analysis of Mtb by Cole et al. [18] confirmed the presence of the enzymes of CCM pathways in-
cluding glycolysis, pentose phosphate pathway (PPP), the tricarboxylic acid cycle (TCA), and glyoxylate shunt (Figure
1). The genes for ATP generation through aerobic oxidative phosphorylation (electron transport chain, cytochrome
b reductase, cytochrome ¢ oxidase) and through anaerobic phosphorylation (nitrate reductase, nitrite reductase, fu-
marate reductase) are present in Mtb [18,19]. Several studies have demonstrated that Mtb uses a range of glycolytic
carbon substrates including sugars and triglycerides in vitro, and during early replication in the host [20-25]. Loft-
house et al. [22] conducted a systems-based screen using computational and experimental approaches to compare a
range of carbon substrate utilisation in Mtb grown in vitro and compared the Mtb profile with its related pathogen
Mpycobacterium bovis, the causative agent of TB in cattle. Mtb utilized carbohydrates including glucose, mannose,
trehalose, and two- and three-carbon substrates including glycerol and pyruvate through glycolytic oxidation [22]. In
contrast, M. bovis was unable to utilise glucose, pyruvate, and alanine due to the mutations in pyruvate kinase pykA
and alanine dehydrogenase ald confirming metabolic heterogeneity between the two mycobacterial pathogens [22].
Mtb has two glucokinases (polyphosphate glucokinase ppgk and glka) to perform glucose phosphorylation, the first
step in glycolysis that incorporates carbon atoms from carbohydrates into the CCM [18,26]. These two glucokinases
are important for in vitro growth of Mtb on glucose as the carbon source. They are dispensable for Mtb’s intracellu-
lar growth but essential for Mtb’s persistence in mice lungs [26]. Mtb’s phosphofructokinase gene pfk A catalyses the
phosphorylation of fructose 6-phosphate, a key step in glycolysis [18]. Deletion of pfk A was non-essential for Mtb’s
survival in mice but was essential to sustain the survivability of non-replicating Mtb under hypoxia [27]. Glucose
maybe accessible to Mtb in the macrophage intracellular milieu, but it is not the primary carbon source for its intra-
cellular replication [15,23,26,28,29]. Mycobacterium leprae, the related pathogen uses host glucose-derived carbon
for synthesising amino acids during growth in Schwann cells, but Mtb replicating in human THP-1 macrophages do
not [29]. Glycerol is a widely used carbon source for in vitro growth of Mtb and precursor for the three-carbon (C3)
glycolytic substrates utilized by Mtb inside macrophages [23,25]. Beste et al. [24] provided the first metabolic flux
map of Mtb and the vaccine strain M. bovis BCG, quantifying the carbon fluxes on glycerol and Tween-80 using
Metabolic Flux Analysis (MFA), a systems-based experimental (*C-labelling in chemostat system) and computa-
tional modelling analyses. Both Mtb and BCG had relatively higher glycolytic/gluconeogenic fluxes at slow and fast
growth rates tested. Applying MFA, Beste et al. identified a ‘GAS’ pathway for pyruvate dissimilation involving the
oxidative TCA cycle, glyoxylate shunt, and anaplerotic CO, fixation. Isocitrate lyase (icl), is an important enzyme for
lipid metabolism, for the persistence of Mtb at slow growth rates and for the operation of GAS pathway [24,30-32].
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Figure 1. CCM in Mtb

The network shows metabolic intermediates; reactions for glycolysis, gluconeogenesis, anaplerosis (ANA), the tricarboxylic acid
cycle (TCA), methyl citrate cycle (MCC), methylmalonyl pathway, pentose phosphate pathway (PPP) and glyoxylate shunt; vari-
ous carbon substrates including glucose, glycerol, cholesterol, and fatty acids; red circles as carbon atom numbers participat-
ing in CCM. Metabolites shown are MALOAA (malate + oxaloacetate), SUC (succinate), SUCSEM (succinate semialdehyde), AC-
COA, PYR (pyruvate), ICIT (isocitrate), GLX (glyoxylate), OXG (x-ketoglutarate), SUCCOA (succinyl-CoA), FUM (fumarate), G6P
(glucose-6-phosphate), F6P (fructose-6-phosphate), FBP (fructose 1,6-bisphosphate), GAP (glyceraldehyde-3-phosphate), PGA
(phosphoglyceric acid), PEP (phosphoenolpyruvate), PYR (pyruvate), P5P (pentose-5-phosphate), E4P (erythrose-4-phosphate),
and S7P (sedoheptulose-7-phosphate), METCIT (methyl citrate), METICIT (methyl isocitrate)) MMCOA (methylmalonyl-CoA),
ISOBUTCOA (isobutyl-CoA), OXBT (oxobutanoate). Figure was created with Biorender.com

Glycerol metabolism in Mtb modulated the anti-TB drug potency in vitro [33,34]. During growth on rich media sup-
plemented with glycerol, the efficacy of Mtb’s cytochrome bc1:aa3 complex inhibitors (imidazopyridine carbox-amide
Q203, ND-1088530) was reduced; this was due to the up-regulation of Cyt-bd terminal oxidase as alternate respira-
tory complex in the presence of the drugs and glycerol, demonstrating that Mtb tunes glycerol utilisation through the
CCM and oxidative phosphorylation in order to escape drug killing [34,35].

Pyruvate kinase (pykA) is the rate-limiting step of glycolysis and is important for catabolism of glucose, and
co-catabolism of carbon sources and fatty acids [20,36]. Deletion of pykA did not affect the in vivo replication of
Mtb in mice models but attenuated in vitro utilisation of glycolytic and gluconeogenic substrates through the ac-
cumulation of phosphoenolpyruvate (PEP), citrate, aconite, and consequent allosteric inhibition of isocitrate dehy-
drogenase (icdh), a key enzyme of the TCA cycle [18,20,37]. ’C-isotopomer analysis and MFA revealed metabolic
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adaptations of Mtb on bedaquiline (BDQ), an anti-TB drug which inhibits oxidative phosphorylation [36]. MacKen-
zie et al. demonstrated that the dependence on glycolytic substrate level phosphorylation increases on BDQ and that
pykA was a key node in this adaptation [36]. BDQ rapidly sterilized a ApykA Mtb mutant illuminating an effective
synergistic drug therapeutic combination of BDQ and inhibitors of pykA. Although pykA is an attractive target be-
cause of its regulatory role on metabolism, the presence of pykA human orthologue means that drug development
against this Mtb enzyme is not straightforward.

Anaplerotic node and the TCA cycle fluxes

The anaplerotic or ANA node reactions connect glycolysis, gluconeogenesis, and the TCA cycle (Figure 1). The four
enzymes of the Mtb ANA node are phosphoenolpyruvate carboxykinase (PEPCK), pyruvate carboxylase (PCA), malic
enzyme (MEZ), and pyruvate phosphate dikinase (PPDK). PEPCK catalyses reversible conversion of oxaloacetate
(OAA) into PEP and is essential for the growth of Mtb on fatty acids and for Mtb’s survival in macrophages and mice
[38]. Enzymes PCA, PEPCK, and MEZ perform CO, fixation and is important for survival of Mtb in macrophages
[23,39]; PEPCK and PPDK are both involved in gluconeogenesis, and PPDK is essential for cholesterol and propionate
metabolism [39]. Mtb lacking MEZ displayed altered cell wall composition and attenuated entry into macrophages
[39,40]. Mtb lacking PPDK had significantly reduced survival upon BDQ treatment compared with the wildtype
posing PPDK as an attractive drug target [36].

The TCA cycle is at the epicentre of CCM that it generates substrates for oxidative phosphorylation and energy
production, and biosynthetic precursors for amino acids and lipids. The annotated Mtb’s genome encodes a full TCA
cycle [18], but recent years of biochemical analyses has revealed a discontinuous and bifurcated cycle (Figure 1). Tian
et al. [41] measured enzymatic activities of citrate synthase, aconitase, isocitrate dehydrogenase, fumarase, malate
dehydrogenase and succinate dehydrogenase, key enzymes of the TCA cycle. The activity of «-ketoglutarate dehy-
drogenase (kdh), an enzyme that catalyses conversion of «-ketoglutarate (or 2-oxoglutarate) into succinyl-CoA with
production of NADH was lacking in Mtb [41]. Tian et al. [41] posed a variant TCA cycle in Mtb with oxidative and
reductive half cycles and identified enzymes including -ketoglutarate decarboxylase (KDG) (encoded by Rv1248c),
GabD1 (encoded by Rv0234c), and GabD2 (encoded by Rv1731) linking the half cycles [41]. KDG catalysed the con-
version of o-ketoglutarate into succinate semialdehyde which was then converted into succinate by GabD1/GabD?2.
Metabolomic analyses showed discontinuous carbon flow through the TCA cycle in between the TCA cycle metabolic
intermediates o-ketoglutarate and succinate in Mtb in vitro cultures confirming the operation of an alternative route
as proposed by Tian et al. [16,25,41]. Glyoxylate shunt is a variant of the TCA cycle and facilitates bypass of carbon
oxidation through the oxidative branch of the TCA cycle. Glyoxylate shunt has been demonstrated to be essential for
growth of Mtb on fatty acids, acetate, and cholesterol [42-45]. Isocitrate lyase (ICL) and malate synthase (MS), the
two enzymes of the glyoxylate shunt facilitates carbon preservation and replenishment of the TCA cycle intermedi-
ates through the synthesis of succinate and glyoxylate from isocitrate [18,32,38,46]. Mtb possesses two isoforms of
isocitrate lyase genes, iclI and icl2 which are essential for Mtb to grow on fatty acid substrates and to survive in mice
models [18,47]. Mtb iclI mutant lacked activity of the glyoxylate shunt and methylcitrate cycle and exhibited slow
growth on steric acid [37]. In addition to assimilation of fatty acids, glyoxylate shunt also assists Mtb’s survival under
hypoxia, oxidative, and antibiotic stress [48-50].

Both the TCA cycle and glyoxylate shunt are primary routes for metabolism of fatty acid-derived substrates. Mtb
degrades fatty acids via 3-oxidation and generates acetyl-coenzyme A (CoA) which is converted into acetate through
the enzymatic activities of phosphotransacetylase (pta) and acetate kinase (ackA). Acetate can also be converted into
acetyl-CoA via acetyl-CoA synthetase (acs). Acetate enters the metabolic network via the TCA cycle which is oxidised
to generate substrates for ATP production. The use of oxidative or the reductive TCA cycle by Mtb was dependent
on the carbon substrate. For example, growth on acetate used the glyoxylate shunt and oxidative TCA cycle, but
growth on glycerol used a reductive TCA cycle [43]. Mtb can oxidise lactate to pyruvate using L-lactate dehydrogenase
ildD2; utilisation of lactate and pyruvate required the TCA cycle, glyoxylate and GABA shunt, valine degradation and
methylcitrate cycle [42,51]. During growth on glycerol, Mtb had significantly lower carbon fluxes through the TCA
cycle; Mtb used an incomplete TCA cycle along with the alternative GAS pathway involving glyoxylate shunt and
anaplerotic CO, fixation [23,45]. In contrast, during growth on cholesterol and acetate, Mtb used a complete TCA
cycle with both oxidative and reductive branches, and had significantly higher fluxes through both the TCA cycle and
glyoxylate shunt, confirming these two pathways as the primary routes for cholesterol and acetate assimilation [45].
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Methyl citrate cycle fluxes for lipid metabolism

Mtb utilizes host immune cell-derived lipids (fatty acids and cholesterol) as primary nutrient sources for survival
in the hypoxic and nutrient-limited macrophage intracellular environment [28,52]. Mtb has a wide array of genes
encoding ~250 enzymes for fatty acid biosynthesis and degradation [18]. Mtb possesses fatty acid synthesis Fas
enzyme complexes to synthesize both simple and complex lipids including mycolic acid. Mtb’s Mcel operon en-
coding two putative permease subunits (Rv0167/YrbE1A and Rv0168/YrbE1B), six Mce proteins (Rv0169/McelA,
Rv0170/McelB, Rv0171/McelC, Rv0172/McelD,Rv0173/McelE, and Rv0174/McelF), and four accessory subunits
(Rv0175/Mam1lA, Rv0176/Mam1B, Rv0177/Maml1C, and Rv0178/Mam1D) facilitate the transport of fatty acids
through the cell envelope [52]. However, the role of Mcel in the pathogenesis of Mtb remains debatable as there
are conflicting studies showing both fitness defects and hypervirulent phenotypes of Mcel mutants in mice and
macrophages, and an anti-inflammatory response inducing phenotype in macrophages [52-54]. Mtb uses mce4
operon to import host cholesterol, and this operon have been demonstrated to be essential for an optimal growth
and persistence of Mtb in vivo [28,53]. The mce4 operon in Mtb comprises two putative, integral membrane perme-
ase subunits (Rv3501/YrbE4 and Rv3502/YrbE4B) and six putative cell wall proteins (Rv3499/Mce4A, Rv3498/Mce4B,
Rv3497/Mce4C, Rv3496/Mce4D, Rv3495/Mce4E, and Rv3494/Mce4F) [55]. Microarray and gene expression analyses
by Santangelo et al. [56] identified the role of Mce3R as a transcriptional regulator controlling the expression of genes
for lipid metabolism and {3-oxidation in Mtb. Mtb degrades fatty acids using [3-oxidation pathways and the precur-
sors derived such as acetyl-CoA is used to fuel central metabolism and lipid biosynthesis. Cholesterol degradation
by Mtb yields acetyl-CoA, propionyl-CoA, succinyl-CoA, and pyruvate that enter Mtb’s CCM [57]. Propionyl-CoA
derived from cholesterol and fatty acid degradation fuels virulence lipid biosynthesis such as the methyl-branched
moieties of phthiocerol-dimycocerosate (PDIM), polyacylated trehalose and sulpholipid (SL) [45,52]. Propionyl-CoA
enters CCM through the methyl citrate cycle (MCC) which comprises prpC, prpD, and icl genes (Figure. 1). It is im-
portant to maintain the cellular homoeostasis of propionyl-CoA for growth and persistence, as accumulation of this
metabolite is toxic to Mtb [58]. In addition to the MCC, methylmalonyl pathway is also operational in Mtb and func-
tions as an alternative pathway for utilisation of propionyl-CoA. Savvi et al. [58] demonstrated that the functionality
of the methylmalonyl pathway was dependent on the availability of vitamin B, which served as a cofactor for the
enzymatic activity of the mutAB-encoded methylmalonyl-CoA mutase. Borah et al. measured the MCC and methyl-
malonyl pathway fluxes of Mtb growing on cholesterol and acetate (the precursor for fatty acids), and compared these
fluxes with that measured during growth on glycerol and oleic acid [45]. Mtb had comparatively reduced MCC fluxes
on cholesterol and acetate, as these nutrients were high energy substrates and provided metabolic intermediates that
fuelled metabolism and incorporated directly into the biomass. Propionyl-CoA derived from cholesterol degrada-
tion was used as the precursor for acylphosphatidylinositol dimannosides (Acyl-PIMs), PIMs, and sulpholipids such
as SL-II [45,59-62]. The MCC fluxes were reversed during growth on glycerol, lactate, and pyruvate to synthesize
propionyl-CoA as precursor for lipids highlighting the flexible use of the MCC during growth on different carbon
substrates [42,45].

Metabolic fluxes for carbon co-catabolism

In vitro growth comparisons on dextrose, acetate, and glycerol and on combinations of substrates (cholesterol-acetate
and glycerol-oleic acid) demonstrated Mtb to selectively produce highest biomass on glycerol [25,45]. Such selective
use of carbon substrates was also demonstrated in non-pathogenic Mycobacterium smegmatis, where carotenoid
production was higher on glucose than that on acetate and glycerol [63]. de Carvalho et al. [25] used isotopi-
cally labelled '*C-substrates to track the incorporation of carbons into the CCM metabolic intermediates of Mtb
batch cultures, and demonstrated the use of glycolysis/gluconeogenesis, PPP, and TCA cycle by Mtb during aerobic
growth on dextrose, acetate, and glycerol and posed substrate-specific fates and compartmentalised metabolism in
Mtb [25]; however, this feature was not observed in a recent work by Borah et al. Mtb cultures grown at metabolic
and isotopic steady states in a chemostat system on combinations of '*C-labelled substrates (glycerol-Tween 80 or
cholesterol-acetate) exhibited no compartmentalised assimilation of different carbon substrates [45]. There were uni-
form proportions of labelled and unlabelled carbons in the amino acids synthesized from glycerol-Tween 80 and
cholesterol-acetate substrates demonstrating no compartmentalised carbon assimilation [45]. The discrepancies be-
tween the two studies could be attributed to the metabolic steady state of Mtb, which can be achieved at a controlled
growth rate in a chemostat system, but batch culture studies are limited in this respect [25,45]. Mtb showed distinct
carbon flux distributions during growth on different carbon substrates and selective use of the CCM fluxes for nu-
tritional flexibility. During growth on glycerol and Tween-80, fluxes through glycolysis and PPP were significantly
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higher than the TCA cycle and glyoxylate shunt. This profile was reversed during growth on cholesterol and ac-
etate which showed significantly higher TCA cycle and glyoxylate shunt fluxes. Growth on cholesterol and acetate
required a conventional MCC for the assimilation of highly reduced carbon units from cholesterol while growth on
simple substrates such as glycerol, lactate, and pyruvate required a reverse MCC channelling carbons for the synthesis
of propionyl-coenzyme A (CoA) which is a precursor needed for the cell wall synthesis [24,42,45].

Nitrogen metabolic fluxes

In addition to carbon, nitrogen is another essential building block for biomass including nucleic acids, amino acids,
proteins, lipids, and cofactors. Nitrogen metabolism is important for Mtb’s nutrition and survival in the human host.
Like other bacterial species, the regulation of nitrogen metabolism in Mtb is dependent on the nitrogen status, i.e.,
the ratio of the metabolic intermediate x-ketoglutarate or 2-oxoglutarate to glutamine [64]. The regulation occurs
at two levels one of which is the transcriptional regulation of genes involved in nitrogen metabolism and the other
is post-transcriptional control of the enzymes involved in nitrogen assimilatory pathways [65]. GInE, GInB/GInK,
and GInD are central regulatory proteins for nitrogen metabolism in Mtb [64,66]. GInR, a transcription regulator
protein controls transcriptional and post-transcriptional regulation of genes involved in nitric oxide detoxification
and intracellular survival [66,67]. The amtB-gInK-glnD operon encoding for AmtB transporter protein, GInK PII
signalling protein and GInD uridylyl transferase are induced under conditions of nitrogen limitations [68]. GInE
regulates adenylation of glutamine synthetase that catalyses production of glutamine by the ATP-dependent conden-
sation of glutamate and ammonia [66,68]. The glycogen accumulation regulator A (GarA) regulated interconversions
between glutamate and 2-oxoglutarate. Phosphorylation of GarA by the serine-threonine protein kinase controls the
activity of key nitrogen metabolic enzymes such as glutamate dehydrogenase and glutamine oxoglutarate aminotrans-
ferase [68]. Despite the recent progress made in the identification of regulators for nitrogen metabolism, there remain
gaps in our complete understanding of the regulatory processes and the steps involved.

In vitro, Mtb can utilize a range of nitrogen sources including ammonium chloride and various amino acids
[22,69,70]. The genome of Mtb encodes several transporters for nitrogen sources such as AmtB for ammonium chlo-
ride, NarK2 for nitrate, and ABC transporters for amino acids [18]. Nitrogen from ammonium is assimilated primarily
by the glutamine synthetase/glutamate synthase (GS/GOGAT) pathways [71]. Mtb can also reduce nitrate to ammo-
nium using its nitrate reductase complex comprising narGH]JI locus [71,72]. Agapova et al. [69] demonstrated that
Mtb preferentially utilizes amino acids such as glutamate, aspartate, asparagine, and glutamine over inorganic nitro-
gen sources in vitro. This study also demonstrated that like carbon co-catabolism, Mtb can co-assimilate two amino
acids as nitrogen sources in vitro. Our own work investigated nitrogen metabolism of Mtb in human macrophages
and identified multiple amino acids including aspartate, glutamate, glutamine, valine, leucine, alanine, and glycine
that are available to Mtb during intracellular growth [70]. Nitrogen metabolism in Mtb was compartmentalised with
some amino acids such as aspartate and glutamine preferentially utilised as nitrogen donors for the synthesis of other
amino acids while others such as alanine and glycine were utilised restrictively and incorporated directly into biomass
[70]. Aspartate is transported by aspartate transporter AnsP1, which was essential for nitrogen metabolism and sur-
vival of Mtb in mice model [73]. Nitrogen from aspartate is assimilated into various amino acids and is used to
synthesise biomass. Rv3722, a recently assigned aspartate aminotransferase that facilitated aspartate-dependent ni-
trogen transfer to form glutamate from 2-oxoglutarate was important for in vitro growth and for virulence in mice
and macrophages [74]. Asparaginase, ansA is essential to assimilate nitrogen from asparagine and to resist acid stress
in the phagosomes [75]. Glutamate is de novo synthesized primarily via amination of 2-oxoglutarate catalysed by
gItBD operon, which encodes large and small subunits of GOGAT; glutamate can also be synthesized by glutamate
dehydrogenase gdh. Deletion of GOGAT and gdh causes glutamate auxotrophy in Mtb and significant reduction in
growth in presence of glutamate as sole nitrogen source respectively [76]. Glutamine is the primary nitrogen donor
for the synthesis of other amino acids in intracellular Mtb [70]. Branched-chain amino acids valine and isoleucine
were also used as nitrogen sources by Mtb inside macrophages. Valine was a nitrogen donor for other amino acids; a
valine auxotroph was able to survive intracellularly in macrophages demonstrating the direct uptake of valine from
the host cells by Mtb [70,77]. Leucine and serine auxotrophs are severely attenuated in macrophages demonstrating
the de novo biosynthesis of these amino acids is essential in intracellular Mtb, and that the enzymes for their biosyn-
thesis, LeuD and SerC are potential drug targets [70,78]. Alanine and glycine were acquired directly from the host
macrophages by Mtb and were incorporated into the biomass such as the cell wall, of which both alanine and glycine
are components. Although there has been progress in the identification of amino acids as nitrogen sources for Mtb
during infection, the knowledge, identification and functional assignment of transaminases and amino acid trans-
port systems that are important for Mtb’s nitrogen metabolism, survival, and in vivo growth remain largely unknown.

6 (© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Table 1 Summary of Mtb metabolic enzymes that have been used as drug targets or have been identified as potential drug

targets

Enzyme targets Genes Participation in metabolism

ATP synthase (AtpE) Rv1305 Oxidative phosphorylation (OXPHOS) and energy
metabolism (carbon metabolism) [79]

Pyruvate kinase (PykA) Rv1617 Glycolysis (carbon metabolism) [36]

Phosphoenolpyruvate carboxykinase (PEPCK) Rv0211 Gluconeogenesis (carbon metabolism) [39]

Pyruvate phosphate dikinase (PPDK) Rvi1127¢c Glycolysis/gluconeogenesis (carbon metabolism) [39]

Isocitrate lyase (ICL1) Rv0467 Glyoxylate shunt; methyl citrate cycle (carbon metabolism)
[44]

Mce4 operon Rv3499c, Rv3494c, Rv3496¢c, Rv3497¢c, Rv3498c, Lipid metabolism (carbon metabolism) [28,53]

Rv3495¢, Rv3498c

Asparaginase (AnsA) Rv1538¢c Asparagine catabolism (nitrogen metabolism) [75]

Aspartate aminotransferase Rv3722 Aspartate biosynthesis (nitrogen metabolism) [74]

3-isopropylmalate dehydratase (small subunit) (LeuD)  Rv2987¢c Leucine biosynthesis (nitrogen metabolism) [78]

Phosphoserine aminotransferase (SerC) Rv0884c Serine biosynthesis (nitrogen metabolism) [70]

The table shows the participation of each enzyme and its respective genes in carbon and nitrogen metabolism. Deletion of these enzymes results in

intracellular and in vivo growth and survival defects.

Mutagenesis and gene knockout analysis studies are useful in identifying those genes that are required for nitrogen
uptake or metabolism during intracellular growth, but they cannot provide the nitrogen metabolic flux measure-
ments. To this end, systems-based technology such as MFA and metabolic modelling can aid in quantification of
intracellular nitrogen fluxes. However, nitrogen metabolic modelling, isotopic labelling, and flux analysis needs to be
turther developed. Currently, the incomplete knowledge about the transaminases and lack of nitrogen atomic back-
bone rearrangement in the metabolic network limits direct application of carbon-based MFA to measure nitrogen
fluxes.

Conclusions and future perspectives

Recent decades of research have advanced our understanding of Mtb’s metabolic physiology and identified cellular
processes and components that are essential for its virulence and survival in the host. Mtb adapts its nutritional be-
haviour and metabolic fluxes during infection and growth on different carbon sources. These adaptations have been
measured by several studies and attempts to identify metabolic drug targets have been successful. A summary of the
enzymes identified as drug targets and their involvement in carbon and nitrogen metabolism is provided in Table 1.
Carbon fluxes of Mtb have been extensively researched. Drug-induced metabolic reprogramming and vulnerabilities
such as that observed in BDQ-treated Mtb highlighted metabolic targets in the glycolytic substrate-level phosphory-
lation. Central carbon metabolic enzymes including ICL, PEPCK, PPDK, PYKA are attractive targets for developing
anti-TB therapies. Despite the progress in Mtb’s carbon metabolism research, the relevance of the metabolic phys-
iology of Mtb in vivo and the validation of the proposed drug targets in clinical trials remain under investigated.
Whilst carbon metabolism of Mtb is well-researched, nitrogen metabolism, remains underexplored. Till date, only a
few studies exist that identified nitrogen sources such as amino acids to be important for the nutrition and survival
of the TB pathogen. The intracellular nitrogen fluxes that support Mtb’s growth in vitro or in the human host cells
has never been attempted. Also, the intersecting nodes between carbon and nitrogen metabolic pathways, and those
that are important for TB infection have not been elucidated. Measuring nitrogen fluxes alone can be technically
challenging due to the lack of biochemical information for enzymes such as transaminases/transamidases and the
very limited nitrogen atomic backbone rearrangement which is insufficient for robust systems-based analysis such
as mathematical modelling and MFA. An alternative approach such as to measure carbon and nitrogen co-metabolic
fluxes to overcome the limited atomic measurements for nitrogen and to deduce nitrogen metabolic fluxes from the
carbon-nitrogen co-metabolic profiles. An illustration of carbon-nitrogen co-metabolism in amino acids is depicted
in Figure 2. Such an approach will identify metabolic nodes and enzymes which are important for sustaining both
carbon-nitrogen metabolism. Drugs targeting these nodes or enzymes may be more potent than targeting carbon
or nitrogen metabolism alone. It is also important to carefully consider the metabolic drug targets as the drug de-
velopment may be challenging due to the presence of human orthologs. The relevance of the metabolic physiology
measured using drug susceptible Mtb strains needs to be cross-checked with the drug-resistant strains. This is im-
portant to extend the identification of drug targets to MDR- and XDR-TB. Most of the metabolic focus research in
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Figure 2. lllustration of carbon-nitrogen co-metabolism for amino acid biosynthesis

Amino acids are synthesised from the carbon metabolic intermediates of glycolysis, pentose phosphate pathway (PPP), and the
TCA cycle and from nitrogen. Aspartate (ASP) is formed from the amination of oxaloacetate (OAA) produced from the TCA cycle.
Glutamate (GLU) is formed from the amination of 2-oxoglutarate or «-ketoglutarate (OXG) produced from the TCA cycle. ASP is
the nitrogen and carbon-nitrogen donor to other amino acids including threonine (THR), methionine (MET), lysine (LYS), isoleucine
(ILE), and asparagine (ASN). GLU is the carbon-nitrogen donor for proline (PRO) and glutamine (GLN). Both ASP and GLU are
precursors for the synthesis of arginine (ARG). Serine (SER) synthesized by the amination of 3-phosphoglyceric acid (PGA); SER
is the precursor for glycine (GLY) and cysteine (CYS). Histidine (HIS), phenylalanine (PHE), tyrosine (TYR), and tryptophan (TRP)
are synthesised from PPP and glycolytic intermediates (erythrose 4-phosphate (E4P) and phosphoenolpyruvate (PEP)) along with
GLU, GLN, or ASP as the nitrogen donor. Valine (VAL), alanine (ALA), and leucine (LEU) are synthesized from the amination of the
glycolytic intermediate pyruvate (PYR). Carbon and nitrogen atoms in amino acids are shown as black and red circles respectively.
Figure was created with Biorender.com.

Mtb was conducted in in vitro and in ex vivo Mtb replicating in macrophages. Also, the metabolic flux measurement
techniques used by previous studies are not consistent across in vitro and ex vivo models, which makes it difficult
to compare the phenotypes derived from the two models. The metabolic flux studies in in vitro Mtb primarily uses
steady state cultivation and isotopic labelling of the bacteria such as in chemostat setup [45]. However, this is very
challenging in case of ex vivo Mtb because growth of Mtb-infected human macrophages or cells cannot be culti-
vated in the in vitro chemostat setup. This will require a sophisticated bioreactor setup for cultivation of human cells
to provide an appropriate environment for human cell proliferation. Future research to measure metabolic fluxes of
Mtb in animal models, and in human tissues such as the lungs will provide new information on the clinically relevant
metabolism of Mtb, which in turn will facilitate the development of new and effective therapeutics.
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