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Unlike other heterotrophic bacteria, Mycobacterium
tuberculosis (Mtb) can co-catabolize a range of carbon
sources simultaneously. Evolution of Mtb within host
nutrient environment allows Mtb to consume the
host’s fatty acids as a main carbon source during infec-
tion. The fatty acid-induced metabolic advantage
greatly contributes to Mtb’s pathogenicity and viru-
lence. Thus, the identification of key enzymes involved
in Mtb’s fatty acid metabolism is urgently needed to
aid new drug development. Two fatty acid metabolism
enzymes, phosphoenolpyruvate carboxykinase (PEPCK)
and isocitrate lyase (ICL) have been intensively studied
as promising drug targets, but recently, Quinonez et al.
(mBio, doi: 10.1128/mbio.03559-21) highlighted a link
between the fatty acid-induced dormancy-like state
and drug tolerance. Using metabolomics profiling of a
PEPCK-deficient mutant, Quinonez et al. identified that
over-accumulation of methyilcitrate cycle (MCC) inter-
mediates are phenotypically associated with enhanced
drug tolerance against first- and second- line TB antibi-
otics. This finding was further corroborated by
metabolomics and phenotypic characterization of Mtb
mutants lacking either ICL or 2-methyicitrate dehydra-
tase. Fatty acid metabolism induced drug-tolerance
was also recapitulated in wildtype Mtb after treatment
with authentic 2-methylisocitrate, an MCC intermedi-

ate. Together, the fatty acid-induced dormancy-like
state and drug tolerance are attributed to dysregulat-
ed MCC activity.

THE METABOLISM OF M. TUBERCULOSIS

Latent M. tuberculosis (Mtb) refers to a dormancy-like
state in which Mtb is relatively less susceptible to a range
of environmental stresses such as nutrient starvation and
hypoxia, and antibiotic effects. To resist these challenges,
Mtb exhibits metabolic plasticity that allows Mtb to pheno-
typically switch between replicating and nonreplicating
states. Remarkably, Mtb survives lethal doses of mycobac-
tericidal antibiotics by shifting its metabolic networks
without genetic mutation-induced resistance. Therefore,
understanding the intricate metabolic remodeling that Mtb
uses to survive during infection and to form a dormancy-
like state is critical for the development of new tuberculo-
sis (TB) antibiotics. Quinonez et al. showed that suboptimal
fatty acid metabolism of Mtb led to a drug-tolerant state.
This fatty acid metabolism-induced drug-tolerance was
metabolically associated with an accumulation of the
methylcitrate cycle (MCC) intermediates, which was previ-
ously known to neutralize propionate toxicity. Three Mtb
mutant strains lacking a gene in either gluconeogenesis or
MCC were used to investigate the functional essentiality
between fatty acid-induced drug tolerance and MCC in-
termediates.
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THE EFFECT OF FATTY ACID METABOLISM IN M. TU-
BERCULOSIS PEPCK-DEFICIENT STRAIN

Quinonez et al. established the metabolic state of PEPCK
knockout strain (ApckA) cultured in either fatty acid or
glycerol media. This strain lacks phosphoenolpyruvate car-
boxykinase (PEPCK), the first enzyme in gluconeogenesis
that converts oxaloacetate to phosphoenolpyruvate (PEP).
This reaction requires GTP as a cofactor. In fatty acid media,
ApckA failed to grow but remained viable, whilst it grew at
levels similar to that of wildtype in glycerol media. Target-
ed metabolomics of ApckA in acetate media showed that
intermediates in the MCC accumulated (~10 fold for
2-methylcitrate and 2-methylisocitrate) and the oxidative
branch of the tricarboxylic acid (TCA) cycle (~21 fold for
aspartate, ~17 fold for succinate, ~58 fold for fumarate,
and ~69 fold for malate) as compared to those in glycerol
media. qRT-PCR and ®3C stable isotope tracing analyses
confirmed that the accumulation of MCC and reductive
TCA cycle branch intermediates were attributed to slowed
TCA cycle activity, not to enhanced carbon fluxes.

In fatty acid media containing [U-3C] acetate, 13C stable
isotope tracing analysis of ApckA further implied that
ApckA may use preexisting carbon sources to fuel glycolysis.
This was confirmed by the finding that ApckA sustained
PEP abundance at a level similar to that of wildtype and its
complement strain, however, the PEP biosynthesis oc-
curred only within the unlabeled fraction. Given that ApckA
lacks a gluconeogenesis carbon flux, the PEP levels could
have only been sustained by the glycolytic activity from an
endogenous carbon store. This metabolic remodeling is a
likely mechanism underlying a dormancy-like state of
ApckA in fatty acid media as glycolysis generates 15 times
less ATP than the electron transport chain (ETC) activity
mediated oxidative phosphorylation. Thus, ApckA main-
tained low levels of ATP due to low ETC and oxidative
phosphorylation activity. ApckA in fatty acid media resists
Bedaquiline (BDQ) treatment as this antibiotic kills Mtb by
inhibiting its oxidative phosphorylation activity and ATP
biosynthesis, which are not essential for ApckA viability in
fatty acid media.

DRUG TOLERANCE IN
DORMANT STATE

Mtb in a viable but reduced growth rate state is normally
less susceptible to TB antibiotics. ApckA in fatty acid media
resists first- and second-line TB antibiotics as fatty acid
enhances the formation of viable but reduced growth rate
population in ApckA. This was confirmed by enhanced per-
sister formation (an isogenic drug-tolerant Mtb population)
in ApckA in fatty acid media after treatment with
D-cycloserine, an effective cell-lysing antibiotic, which was
not observed in glycerol media. Indeed, the viability rate of
ApckA in fatty acid media was significantly greater than
that in glycerol media after isoniazid (INH) or BDQ treat-
ment (~13 fold (0.26% and 0.02%) or ~487 fold (4.4% and
0.0009%)) respectively. Metabolomics of ApckA after anti-
biotic treatment confirmed the role of over-accumulated

FATTY ACID-TRIGGERED
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intermediates in MCC and reductive TCA cycle branch in
resisting antibiotic treatment.

ACCUMULATIN OF METHYLCITRATE CYCLE INTERME-
DIATES AND DRUG TOLERANCE

To functionally link fatty acid-induced metabolic remodel-
ing of ApckA to drug tolerance, two mutants lacking en-
zyme activity in the MCC were tested: an isocitrate lyase
knockdown strain (ICL KD) and a 2-methylcitrate dehydra-
tase knockout strain (AprpD). ICL catalyses the last step
(converting 2-methylisocitrate to succinate and pyruvate)
in the MCC, whilst PrpD catalytically converts 2-methyl-
citrate to 2-methyl cis-aconitate, the second step in the
MCC. As toxic propionyl-CoA is an initial substrate of the
MCC, the growth kinetics of these two mutants were as-
sessed in media containing propionate. Similar to the
ApckA growth phenotype, ICL KD was unable to grow but a
small fraction remained viable in propionate media due to
over-accumulation of MCC intermediates. The growth rates
and viability of AprpD were relatively unaltered in propio-
nate media due to no quantitative change in MCC interme-
diates.

Upon INH treatment, the survival rate of ICL KD in pro-
pionate media was significantly greater by ~7.0 fold as
compared to that of wildtype and ~2.8 fold as compared to
that of AprpD. Metabolomics analysis indicated that ICL KD
accumulated MCC intermediates but not reductive TCA
cycle branch intermediates, suggesting a crucial role of
MCC, but not TCA cycle, in resisting antibiotic effects. This
was further confirmed by monitoring wildtype Mtb drug
tolerance after treatment with MCC intermediate. Pre-
treatment with 5 mM 2-methylisocitrate enhanced the
levels of wildtype Mtb drug tolerance levels against INH or
BDQ by ~2.0 or ~ 3.0 folds even in glycerol media as com-
pared to those with no treatment.

PROPOSED DRUG TOLERANCE MECHANISM OF ApckA
Besides accumulated MCC intermediates, slowed TCA cycle
activity, low levels of oxidative phosphorylation activity,
and accompanying reduced ATP levels in acetate media,
ApckA also demonstrated a high level of reactive oxygen
species (ROS), increased NADH/NAD ratios, and a stable
membrane potential as additional mechanistic bases un-
derlying fatty acid metabolism induced drug tolerance.
Upon antibiotic treatment, both ATP and ROS levels of
ApckA were not as negatively impacted as those of
wildtype, and the membrane potential was relatively unaf-
fected by the INH treatment. A putative mechanism behind
the membrane potential homeostasis is the succinate se-
cretion as ApckA secreted succinate at a significantly
greater level in acetate media than that of wildtype in ace-
tate media or ApckA in glycerol media. Collectively, slowing
down the TCA cycle activity and accumulating MCC inter-
mediates caused a decrease in reducing equivalents (NADH
and FADH,) required to sustain the ETC activity, leading to
reduced NAD recycling, respiration, and intracellular ATP,
ultimately leading to growth arrest and drug tolerance
(Figure 1).
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FIGURE 1: The effect of carbon metabolism on drug tolerance of Mycobacterium tuberculosis. The new findings indicate that fatty acids
(acetate or propionate) alter Mtb central carbon metabolism, triggering a dormant-like state and drug-tolerance. In glycerol media, glycolysis
and TCA cycle are active to biosynthesize ATP and NADH. NADH serves as a substrate of ETC activity, leading to biosynthesis of high levels of
ATP (Left panel). Fatty acids activate the methylcitrate cycle (MCC) and accumulates the reductive TCA cycle branch intermediates.
Accumulated MCC intermediates alter ETC activity and increases the ROS level as compared to those in glycerol media. Succinate secretion is
an additional activity involved in maintaining the membrane potential (Middle panel). ApckA and ICL KD in fatty acid media induce metabolic
remodeling associated with high drug tolerance. Over-accumulated MCC intermediates, slowed TCA cycle activity, reduced ATP levels,
induced ROS, increased NADH/NAD ratios, and a relatively stable membrane potential are mechanistic bases underlying fatty acid-induced
drug tolerance of ApckA and ICL KD (Right panel). Figures were created by BioRender.com.

FATTY ACID METABOLISM OF Mtb

The role of fatty acid metabolism of Mtb has been studied
as a source of potential drug targets. In this study, Qui-
nonez et al. investigated the understudied side effects aris-
ing from suboptimal regulation of fatty acid metabolism on
Mtb growth phenotypes and drug tolerance. A drug dis-
covery platform should acknowledge over-accumulated
MCC intermediates as a metabolic cause to inversely in-
voke drug tolerance under a specific host nutrient envi-
ronment.
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