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Abstract

Once relegated to the supply of energy and biosynthetic precursors, it has now become clear that
metabolism is a specific mediator of nearly all physiologic processes. In the context of microbial
pathogenesis, metabolism has expanded outside its canonical role in bacterial replication. Among
human pathogens, this expansion has emerged perhaps nowhere more visibly than for
Mycobacterium tuberculosis, the causative agent of tuberculosis. Unlike most pathogens, M.
tuberculosis has evolved within humans, which are both host and reservoir. This makes
unrestrained replication and perpetual quiescence equally incompatible strategies for survival as a
species. In this Review, we summarize recent work that illustrates the diversity of metabolic
functions that not only enable M. tuberculosis to establish and maintain a state of chronic infection
within the host, but also facilitate survival in the face of drug pressure and, ultimately, completion
of its life cycle.

INTRODUCTION

In the Lewis Carroll novel, Through the Looking Glass, the White Queen reminds Alice that
“it’s a poor sort of memory that only works backward.” Nature similarly reminds scientists
that it’s a poor sort of science that remains rooted in outdated concepts, no matter how well
established!. For microbiologists, this lesson has proven especially invaluable in our
understanding of pathogenicity. Early work viewed pathogenicity as little more than
unrestricted growth of a microorganism in the host. However, growing evidence made it
difficult to overlook the host as an essential and specific contributor to this process, resulting
in a more refined view of pathogenicity as a complex, if not conditional, trait. Complicating
this view even further was the discovery that pathogen virulence and replication can be
dissociated from one another.
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It should thus come as no surprise that our understanding of microbial pathogenicity is in the
midst of yet another revision. Perhaps more surprising however is the nature of this revision.
Long recognized for its broadly conserved composition and function, metabolism has
recently emerged as an equally specific mediator of diverse biological phenotypes. Growing
evidence has demonstrated that, despite consisting of a broadly conserved set of enzymes
and reactions, metabolic networks have evolved to serve the specific biochemical needs of
their hosts through a diverse array of configurations. For microorganisms, this diversity has
begun to reveal specific and essential roles for metabolism apart from replication. Among
pathogens, such roles have emerged perhaps most clearly for Mycobacterium tuberculosis.

M. tuberculosis is the causative agent of tuberculosis (TB) and leading cause of deaths due
to an infectious disease, leading cause of deaths due to a transmissible disease, and leading
cause of deaths due to drug resistance. DNA evidence indicates that M. tuberculosis has co-
evolved with Homo sapiens as a species®. Within humans, M. tuberculosis resides mainly
inside and amidst cells of the immune system that can contain, or eradicate, most other
bacteria. Yet, humans serve as the only known natural host and reservoir of M. tuberculosis.
M. tuberculosis has thus adapted its physiology to serve interdependent cell physiologic and
pathogenic functions.

M. tuberculosis operates an erratic, though highly repetitive, life cycle (Box 1) that spans a
diverse and heterogeneous range of niches and physiologic states, many of which are distinct
from other pathogens. Given this unusual, if not unique, ecology, it is not entirely surprising
to discover that M. tuberculosis has evolved an equally distinct set of metabolic capabilities
to help facilitate its adaptation to and transit between hosts.

Here, we review the basic physiology of M. tuberculosis in the context of both its natural life
cycle and pathogenicity in the host. We consider the specific roles played by metabolism in
each of these processes. By doing so, we aim to not only reframe our understanding of
pathogenicity along a biochemical axis but conversely also expand our understanding of
metabolism along a physiologic axis.

METABOLIC REGULATION

Like most bacteria, M. tuberculosis can utilize a wide range of carbon sources to support in
vitro growth. In vivo however, M. tuberculosis resides within intra- and extracellular niches
whose nutrient composition is believed to be sparse and restrictive for replication3—. At the
same time, M. tuberculosis can re-initiate growth after prolonged periods of replicative
quiescence, enabling transmission to new hosts and survival as a species. M. tuberculosis has
thus adapted to a distinct, and potentially competing, set of metabolic pressures.

Co-catabolism of carbon substrates

Given these needs, it is not surprising that, despite encoding many of the same enzymes and
pathways as other bacteria, M. tuberculosis has evolved distinct metabolic regulatory
mechanisms of growth and replication. One widely conserved regulatory mechanism used
by many bacteria to achieve maximal growth is carbon catabolite repression (CCR). CCR
enables the selective and sequential use of carbon sources according to growth efficiency,
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such that growth is driven by metabolism of the carbon source capable of promoting fastest
growth®. Moreover, this mechanism may confer a growth advantage in competitive settings®.
It is perhaps for these reasons that classical CCR appears absent in M. tuberculosis, which
often resides in biochemically stringent niches apart from other microorganisms. M.
tuberculosis has instead evolved the capacity to co-catabolize multiple carbon substrates,
such that it is able to grow faster and more extensively on carbon source mixtures than the
total equivalent amount of any single component. Moreover, metabolic labelling experiments
revealed that M. tuberculosis not only co-catabolized glucose and acetate, but this occurred
in a compartmentalized and segregated manner allowing carbon flux through glycolysis and
gluconeogenesis simultaneously’.

Genetic studies of M. tuberculosis mutants lacking enzymes that catalyze critical reactions
in both glycolysis and gluconeogenesis, such as fructose-1,6-bisphophate aldolase (FBA)
and triosephosphate isomerase (TPI)8? (Figure 1), have provided similar evidence for the
existence of carbon co-catabolism. Genes encoding these enzymes could only be deleted
from the M. tuberculosis genome when two carbon sources, a glycolytic and a
gluconeogenic substrate, that enter metabolism at both sides of the interrupted metabolic
step were provided in the culture medium.

Pyruvate kinase, which catalyzes the final and rate-limiting reaction in glycolysis, converting
phosphoenolpyruvate to pyruvate!%:!! (Figure 1) was conversely shown to be essential for
co-catabolism of glucose and fatty acid carbon sources. Moreover, genetic deletion of
pyruvate kinase in M. tuberculosis resulted in allosteric inhibition of the TCA cycle [G]
enzyme isocitrate dehydrogenase arising from accumulation of the pyruvate kinase substrate
phosphoenolpyruvate, when cultured on a mixture of glucose and fatty acid!2. This
inhibition, in turn, reduced flux through the TCA cycle, and impaired the ability of M.
tuberculosis to co-catabolize glucose and short chain fatty acids.

How and when M. tuberculosis segregates metabolism of individual carbon sources from
one another and achieves their functional compartmentalization remain important but
unanswered questions. Interestingly, both FBA and TPI mutants were found to be severely
attenuated in a mouse model of TB8?, suggesting that M. tuberculosis may not have access
to a balanced diet of glucose and fatty acids in vivo. In vitro studies of the FBA mutant
however demonstrated that growth on single carbon source could only be rescued over a
specific range of carbon source ratios, suggesting the existence of important but
unrecognized metabolic differences in model systems relevant to disease pathogenesis®.
Accordingly, although the pyruvate kinase mutant was not attenuated in mice, in vitro
studies had shown that the growth defect of pyruvate kinase-deficient M. fuberculosis on
mixtures of glucose and fatty acids could be rescued by addition of glutamate!2, a nutrient
thought to be available to M. fuberculosis in a macrophage-like human cell line, mouse
lungs and guinea pig granulomas!3:14,

In addition to facilitating growth in nutrient limited environments, recent work using in
silico modeling of metabolomics and transcriptomic data suggested that co-catabolism may
also help buffer the metabolism of M. tuberculosis against perturbations by the immune

system or chemotherapy!?.
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CcAMP: classical regulator, alternative roles

While lacking classical CCR, recent work suggests that M. tuberculosis appears to have
retained the capacity to regulate nutrient utilization in a cAMP-dependent manner. For
example, a screen for small molecules capable of inhibiting intracellular growth identified
several compounds that required the presence of cholesterol to inhibit growth of M.
tuberculosis in liquid culture!®. These compounds were subsequently found to increase
intrabacterial levels of cCAMP, a canonical effector of catabolite repression in E. coli 17.
Moreover, it was found that the activity of these compounds could be overcome by the
addition of acetate, suggesting that cAMP levels could regulate cholesterol uptake or
metabolism. Evidence for the former has since emerged with the discovery of a gene, lipid
uptake coordinator A (/ucA), linking cholesterol and fatty acid import via stabilization of

accessory subunits of both the Mce4 cholesterol and Mcel fatty acid importer complexes!8.

Metabolic recycling

In addition to optimizing utilization of multiple extracellular nutrients, M. tuberculosis can,
when needed, coordinate this metabolism with utilization of its internal nutrient stores. For
example, work by Larrouy-Maumus showed that M. fuberculosis can recycle the lipid polar
heads from glycerophospholipds via a D,L-glycerol 3-phosphate phosphatase, generating
inorganic phosphate and glycerol which serves as substrate of the glycerol kinase GlpK!°
(Figure 1). While the physiological role of this recycling pathway remains to be identified,
the importance of recycling has been demonstrated for other metabolites. M. fuberculosis
has been shown to be capable of reclaiming trehalose released from turnover of its cell wall
glycolipid trehalose monomycolate (TMM) and this process is required to establish infection
in mice2%. Moreover, exposure of M. tuberculosis to hypoxia, which is common in many the
of intra- and extracellular niches of M. tuberculosis®!, triggered a reduction in nutrient
uptake and linked increase in trehalose mycolate catabolism to prepare M. tuberculosis for
subsequent re-initiation of peptidoglycan biosynthesis and re-entry into cell cycle as
discussed below?2.

PRINCIPLES OF PERSISTENCE

Despite their traditional role as replicative ‘fuel’, metabolic enzymes have independently
begun to emerge as distinct and essential mediators that enable M. tuberculosis to persist in
the face of immune and drug induced pressure?3-2°. M. tuberculosis has evolved a life cycle
in which its replication is actively slowed or arrested by host immunity, yet remains
competent to resume and facilitate transmission to a new host after decades of
containment?’. This state of slowed or arrested replication further underlies persistence,
which is a form of non-heritable antibiotic resistance or tolerance widely believed to
mitigate the activity of most conventional antibiotics2® and a subject of extensive interest.

Nutritional homeostasis

Evidence for a specific role of metabolic enzymes in persistence first emerged from seminal
studies by McKinney and colleagues?®. These studies identified isocitrate lyase 1, one of
two isocitrate lyases (ICLs) in M. tuberculosis, as dispensable for standard in vitro growth
but selectively essential for survival in immune activated, rather than resting, macrophages,
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and maintenance, rather than establishment, of an infection in mice. Based on the canonical
role of ICL in the glyoxylate shunt [G] (Figure 1), these phenotypes were interpreted to indicate
that survival of persistent M. tuberculosis required the specific assimilation of even-chain
fatty acid substrates into 2-carbon acetyl coenzyme A (CoA) units for anaplerosis [G] of TCA
cycle and/or gluconeogenic intermediates.

Studies of the cataplerotic [G] functions of ICLs in M. tuberculosis later identified a similarly
essential role for pckA, which encodes the gluconeogenic enzyme phosphoenolpyruvate
carboxykinase (PEPCK)3?. PEPCK was found to be dispensable for growth and survival in
vitro, but essential for growth during acute infection. Moreover, transcriptional silencing of
pckA during the chronic phase of infection resulted in clearance of M. tuberculosis from
mouse lungs and spleens. These findings thus established that metabolic enzymes mediate
specific and essential roles in persistence that are biologically dissociated from replication.

In conjunction with the advent of genome-scale transposon mutagenesis and conditionally
regulated genetic silencing technologies, an inventory of metabolic enzymes required for
persistence in mice has since begun to emerge3!=33. To date, this inventory has chiefly
consisted of enzymes of central pathways also required for in vitro growth and/or
establishment of a chronic infection in mice823:25,30,34-40 Nevertheless, the existence of
enzymes that are selectively required for survival during the chronic, rather than acute, phase
of infection in mice, including the metabolic stress response regulator, RelA, suggests the
existence of a persistence-specific metabolic program*!.

In contrast to the expanding inventory of enzymes described above, the specific functions
and mechanisms that define their essentiality remain understudied. For example, as stated
above, the canonical role of ICL in the glyoxylate shunt initially implicated anaplerosis of
TCA cycle intermediates and gluconeogenesis as essential features of persistence. However,
this view was later complicated by the discovery that ICL functions as both an isocitrate and
methylisocitrate lyase in M. tuberculosis*2, and that loss of the latter activity, which
functions to both detoxify and assimilate odd chain fatty acids, was sufficient to produce an
in vitro bactericidal phenotype similar to that observed in mice*3. To complicate matters
further, the canonical enzymatic activity of ICL was also found to mediate key functions
required for adaptation to hypoxia and defense against oxidative stress>+4.
Notwithstanding, additional evidence for the critical role of gluconeogenesis in establishing
infection in the mouse model is provided by the severe attenuation of M. tuberculosis that
lacks its two fructose bisphosphatases®?.

In vitro biochemical and metabolic labeling studies demonstrated that PEPCK in M.
tuberculosis, a canonical enzyme of gluconeogenesis, could catalyze the reverse, or
anaplerotic, reaction under reducing conditions and in macrophage-like cell lines!3-4°_ In this
regard, it is interesting to note that deletion of the only two glucokinases, PPGK and GLKA,
in M. tuberculosis selectively impaired growth on glucose, but not acetate, and survival
during the chronic, but not acute, phase of infection in mice. Moreover, this survival defect
was not restored in a phagocyte oxidase-deficient mouse, arguing against a primary role in
generation of the anti-oxidant NADPH3’.
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Looking across a broader range of genetically defined mutants, an emerging property among
some metabolic enzymes required for M. tuberculosis persistence is their ability to regulate
levels of chemically reactive or biologically toxic intermediates. Metabolic intermediates are
often viewed as innocuous transients en route to more functional biological end-products.
However, the accumulation of some intermediates has been found to mediate the toxicity of
other metabolites, such as the allosteric inhibitory activity of the propionyl CoA-derived
intermediate, 2-methylcitrate, on the gluconeogenic enzyme, fructose-1,6-bisphosphatase,
which may contribute to the apparent metabolic toxicity of cholesterol and odd-chain fatty
acids*347-48 The chemical structures of other intermediates are often highly labile, if not
reactive, and, in some cases, associated with biologically toxic activities, such as the ability
of propionyl-CoA itself to react with and titrate pools of the TCA cycle intermediate,
oxaloacetate™®.

Building on this theme, mounting evidence has demonstrated that the bactericidal phenotype
of some metabolic enzyme deletion or depletion strains may, in part, be due to the chemical
reactivity of their substrates. Genetic deletion of malate synthase, for example, resulted in
sterilization of M. tuberculosis in vitro when cultured on fatty acids, and during both the
acute and chronic phases of infection in mice38. Metabolomic profiling revealed that malate
synthase-deficient M. tuberculosis cultured on fatty acids accumulated high levels of its
aldehyde substrate, glyoxylate, acetyl phosphate, acetoacetyl-CoA, butyryl-CoA,
acetoacetate, and B-hydroxybutyrate. These changes were indicative of a glyoxylate-induced
titration of oxaloacetate, resulting in a metabolic state of acetate overload, and ketoacidosis [G],
Accordingly, reduction of intrabacterial glyoxylate levels using a chemical inhibitor of ICL,
which generates glyoxylate as a product, restored growth of malate synthase-deficient M.
tuberculosis, despite inhibiting entry of carbon into the glyoxylate shunt. Genetic
inactivation of fumarase (FUM) was found to be similarly bactericidal to M. tuberculosis
during the acute and chronic phases of infection in a mouse model of TB3°. Moreover, in
vitro depletion of FUM resulted in marked accumulation of its substrate fumarate, a
chemically reactive dienophile [G] which was shown to react broadly with protein and
metabolite thiols and impair anti-oxidant defenses and viability of M. tuberculosis. In a third
example, studies of Rv1248c, a multifunctional enzyme, which is involved in the
metabolism of a-ketoglutarate and which was previously annotated as the E1 component of
the a-ketoglutarate dehydrogenase complex, revealed a selectively essential role during the
chronic phase of infection. This defect could be attributed, in part, to an inability to
metabolize an increased flux of the chemically reactive intermediates glyoxylate and
succinic semialdehyde arising from the oxidative arm of the TCA cycle?3.

While untested, it is interesting to consider analogous roles for enzymes such as triose
phosphate isomerase (TPI) and fructose bisphosphate aldolase (FBA) in the regulation of the
reactive aldehyde, methylglyoxal, a spontaneous and enzymatic product that can arise from
accumulation of the shared glycolytic and gluconeogenic intermediate, dihydroxyacetone
phosphate®?. From the standpoint of drug development, enzymes whose inhibition has the
potential to result in the accumulation of reactive substrates or intermediates may merit
particular attention due to their dominant negative toxic gain of function.
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In addition to enzymes of central carbon metabolism, a number of more clearly defined
physiologic functions required for growth and/or persistence in the host have emerged from
studies of genes associated with more discrete or isolated metabolic activities. These include
genes involved in the biosynthesis of enzymatic co-factors such as biotin (bioA), NAD
(nadE) and pyridoxine (pdx /), all of which are essential for replication and persistence in
vitro and/or in vivo**—2, Among metabolic enzymes, the persistence defect of metA-
deficient M. tuberculosis is perhaps the most clearly defined. MetA catalyzes the first
committed step in methionine biosynthesis3. Deletion of metA results in a rapid
bactericidal death in vitro, which can be chemically rescued with methionine
supplementation alone, and is associated with survival defects in both the acute and chronic
phases of infection. These results thus define a specific and essential role for methionine or
methionine-derived metabolites for in vivo growth and survival, which potentially involve
regulation of protein biosynthesis, nucleic acid modification, and lipid biosynthesis.
Moreover, these examples collectively help to elucidate the homeostatic nutritional
requirements for M. tuberculosis to persist in the host.

Anti-oxidant defense

In addition to fueling the nutritional requirements of persistent or non- or slowly replicating
M. tuberculosis, metabolic enzymes have also emerged as key mediators of anti-oxidant
defense (Figure 2). Studies of alkyl hydroperoxide reductase C (AhpC), a member of the
peroxiredoxin family of nonheme peroxidases, first revealed a four-protein NADH-
dependent peroxidase and peroxynitrite reductase (PNR-P) system, which included the E2
(Dlat) and E3 (Lpd) components of the pyruvate dehydrogenase and a-ketoglutarate
dehydrogenase complexes; with Lpd running in reverse as the E1, and DIaT as E2
components in this system?%-34. Subsequent work revealed that this system could also be
fueled by the oxidative decarboxylation of alpha-ketoacids via the activities of Rv1248c (for
a-ketoglutarate as described above) or the annotated E1 component of its pyruvate
dehydrogenase complex, AceE (for pyruvate), perhaps indicating an evolutionary coupling

between metabolite detoxification and anti-oxidant defense23.

Membrane bioenergetics

From a biochemical perspective, no essential function has been more strongly implicated for
metabolic enzymes in persistence of M. tuberculosis by in vitro, animal and clinical
evidence than maintenance of membrane function. This evidence stems, in large part, from
studies of hypoxic M. tuberculosis. Though classified as an obligate aerobe, growing
evidence indicates that M. tuberculosis resides mainly in intra- and extracellular niches that
are often either directly (ambient O,<1%) or functionally hypoxic (such as imposed by nitric
oxide). Microbiologic studies have shown that, although M. tuberculosis is unable to
survive abrupt changes in O, concentration, it can persist in a non- or slowly replicating,
antibiotic tolerant state for up to decades at O, tensions as low as 0.03% if allowed to adapt
gradually>®. From a metabolic perspective, 13C tracing experiments conducted in two
independent studies revealed that hypoxia induced a metabolic remodeling of the TCA cycle
in M. tuberculosis, resulting in the production of succinate as a secreted endproduct**-7.
This increased production of succinate was subsequently shown to be essential for viability
because secretion of succinate as an electrogenic substrate is used to maintain membrane
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potential, ATP synthesis and anaplerosis at a rate proportional to the respiratory capacity*4.
Similar evidence for the essentiality of membrane function later emerged from studies on the
essentiality of the membrane anchor subunit of succinate dehydrogenase (Sdh1; Rv0249c) in
vitro and in infected mice8. The arguably most compelling line of evidence supporting the
essentiality of membrane function homeostasis however is the clinical efficacy of
bedaquiline, a potent and species-selective inhibitor of the ATP synthase in M. tuberculosis,
and pretomanid (PA-824) (and its related nitroimidazo-oxazole, delamanid (OPC-67683)),
which are believed to kill hypoxic M. tuberculosis by poisoning its respiratory chain through
the intrabacterial generation of nitric oxide®®~°!. Moreover, both bedaquiline and the nitro-
imidazoles have been shown to be capable of killing non-replicating M. tuberculosis

populations in vitro, in animal models and in people®2-93,

METABOLIC REGULATION OF THE CELL CYCLE

Persistence in a latently infected host only contributes to survival of a bacterial species if it
leads to active disease and transmission to a new host at some point and with sufficient
frequency. The transition from latency to active disease requires re-initiation of bacterial
growth. Yet, knowledge of the specific requirements for cell cycle re-entry has remained
largely lacking. As alluded to above, a recent study by Eoh and colleagues reported that the
adaptation of M. tuberculosis to hypoxia was accompanied by an accumulation of glycolytic
and pentose phosphate pathway intermediates, which was accompanied by linked decreases
in the downstream glycolytic intermediate, phosphoenolpyruvate, and an upstream glucose
disaccharide, trehalose?2. These changes were found to derive from catabolism of cell
surface trehalose mycolates by the freS-encoded trehalose synthase, and more importantly,
facilitate the re-initiation of de novo synthesis of peptidoglycan, inhibition of which was
shown to be essential for cell cycle re-entry and, by extension, viability. This study thus
demonstrated the existence of an anticipatory metabolic regulatory response that was
initiated at the time of cell cycle exit but required for re-entry.

METABOLIC REGULATION OF IMMUNOREACTIVITY

Somewhat paradoxically, M. tuberculosis can elicit an inflammatory response that is
sufficient to cause liquefactive tissue necrosis and facilitate transmission in some hosts, yet
can also remain clinically asymptomatic for decades, if not lifetime of the host, in a state of
persistent infection. This duality is due, in part, to the dynamic and immunoreactive nature
of its cell surface lipids®*5.

Lipids account for approximately 60% of the M. tuberculosis cell envelope by dry weight,
and are diverse in structure and key determinants of its pathogenicity (reviewed in®®).
Moreover, growing evidence has suggested direct links between metabolic adaptations of M.
tuberculosis to its host niche and the composition and immunoreactivity of its cell surface
lipids (Figure 3). The most abundant cell wall glycolipid in M. tuberculosis, cord factor
(trehalose 6,6’-dimycolate, TDM) activates the C-type lectin Mincle on macrophages to
stimulate proinflammatory cytokine secretion and granuloma formation®”. TDM-coated
beads induce granulomas in mice with phenotypes similar to human TB granulomas,
including foamy macrophage formation, fibrosis, and necrosis®-%%. In response to host-
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imposed environmental stimuli M. tuberculosis controls the composition and quantity of
immune stimulatory molecules. For example, during hypoxia, M. tuberculosis repurposes
cell envelope trehalose mycolates, both trehalose monomycolate (TMM) and TDM,

rendering the pathogen less immunostimulatory2270,

Mycolic acids

Changes in the composition of mycolic acids in response to various environmental stimuli
have similarly been shown to be central to the adaptation of M. tuberculosis to the in vivo
environment. M. tuberculosis lacking Pca, the enzyme that catalyzes the formation of the
proximal cyclopropane ring of immunoreactive alpha-mycolic acids, for example, exhibited
alterations in cording [G] morphology (a biomarker of virulence), an altered lipid profile and
was unable to persist during chronic mouse infection’!. Eukaryotic-like Ser/Thr protein
kinases (STPK) have similarly been shown to control the chain length of mycolic acids via
phosphorylation of the B-ketoacyl-acyl carrier protein (ACP)-synthase KasB’2.
Phosphorylation-mediated inhibition of KasB activity results in the production of shorter
mycolic acids, loss of acid- fastness [G] and severe attenuation in mice. Although the
environmental signals that control STPK activity and specific kinases responsible for KasB
phosphorylation remain to be determined, this regulation likely contributes to the ability of
M. tuberculosis to persist during latent infection as evidenced by the reduced, but persistent,
bacterial burden and loss of acid fastness observed in tissues of chronically infected mice 73.
Recent work revealed that the mycolate chains serve as antigenic determinants for the
conserved human germline-encoded mycolyl lipid-reactive (GEM) T cell receptors (TCRs)
and that structural alterations of the mycolate chains may modulate GEM-TCR activity’4.

Phthiocerol dimycocerosates and sulfoglycolipids

In addition to mycolic acid composition, M. tuberculosis also controls the abundance and
size of two other bioactive lipids, phthiocerol dimycocerosate (PDIM) and sulfolipid-1
(SL-1) in response to the availability of their common precursor, methyl malonyl-CoA
(MMCoA)75. Moreover, growth on odd-chain fatty acids, potentially derived from
cholesterol 7n vivo, promoted increased flux of MMCoA through lipid biosynthetic
pathways, resulting in increased levels of SL-1 and PDIM; in vivo perturbation of SL-1 and
PDIM biosynthesis attenuated M. tuberculosis virulence in mice’%77,

PDIM is a virulence lipid believed to enhance host cell phagocytosis by targeting the host
lipid membrane, confer protection against nitric oxide, interfere with recognition and
recruitment of immune cells and promote escape from the phagosome and host cell
death’8-81, Moreover, PDIM appears specifically important in the context of innate
pulmonary immunity as PDIM deficiency attenuated growth of M. fuberculosis in mouse
lungs, but not in other organs and is not required for persistence in the lungs of mice32. By
contrast, sulfolipids are long-studied virulence factors whose immunoregulatory activities
have only recently begun to emerge. Moreover, recent studies of M. fuberculosis mutants
with increased capacity to activate NF-xB identified sulfoglycolipids as competitive
inhibitors of TLR2 and immune recognition of M. tuberculosis®3.
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Taken together, these observations thus define the composition and immunoreactivity of cell
surface lipids as specific and essential determinants of M. tuberculosis virulence and
establish a multifactorial link between metabolism, lipid biosynthesis and immunoreactivity
in the pathogenesis of TB.

METABOLIC REGULATION OF DRUG TOLERANCE

Studies of M. tuberculosis cells that were exposed to growth-limiting stresses resembling the
host environment or recovered from the sputa of patients with active pulmonary TB have
long established an association between bacterial dormancy, lipid inclusions and antibiotic
tolerance. However, only recent work has begun to elucidate the metabolic basis of this
relationship. Work by Baek and colleagues specifically showed that hypoxia induced a
redirection of carbon flux away from central metabolic pathways into the storage molecule
triacylglycerol (TAG)34. Intracellular TAG accumulation is associated with a reduction in
growth rate and increased tolerance to antibiotics 7n vitro and during mouse infection. M.
tuberculosis utilizes the TAG transporter LprG to regulate intracellular TAG levels by
transporting it out of the cytoplasm into the cell wall®3. Inside hypoxic, lipid-rich
macrophages M. tuberculosis imports fatty acids that are derived from host TAG and
incorporates them into its own TAG supply®0. The synthesis, accumulation and subcellular
distribution of TAG thus appear critical for the cellular homeostasis of M. fuberculosis and
link lipid metabolism with growth rate regulation, virulence and antibiotic tolerance.

Several other recent observations have similarly implicated the metabolic state of M.
tuberculosis as a specific determinant of drug tolerance. First, ICL has been identified as
mediator of antibiotic tolerance, functioning through its role in antioxidant defense rather
than through its canonical activity in fatty acid metabolism?*. Second, the glutamine
amidotransferase GatCAB maintains translational fidelity, yet it fails to do so perfectly.
Clinical M. tuberculosis isolates with mutations in a subunit of GatCAB showed increased
mistranslation, which was associated with increased rifampicin tolerance, likely mediated by
mistranslation of RNA polymerase subunit B87-38, Third, host-derived stresses can induce
drug tolerance and impair drug efficacy against intracellular M. tuberculosis®®. M.
tuberculosis residing in activated myeloid cells isolated from infected mice showed a greater
degree of drug tolerance than M. tuberculosis in resting cells®®. Moreover, transcriptional
profiling of drug treated intracellular M. fuberculosis led to a model predicting that host
stress-induced remodeling of bacterial physiology results in a metabolically quiescent state
that cross-protects M. tuberculosis against environmental and antibiotic injury.

Additional evidence in support of metabolism as a specific and regulated mediator of
tolerance comes from the transcriptional analysis of M. tuberculosis exposed to the ATP
synthase inhibitor bedaquiline®. This identified a regulatory network, which is controlled by
two transcription factors and which coordinates multiple mechanisms that drive M.
tuberculosis into a bedaquiline-tolerant state®. Specific nutrient availability may control this
adaptive regulatory network because killing of M. tuberculosis by bedaquiline was enhanced
when grown on fatty acids in contrast to carbon sources that promote ATP synthesis via
glycolysis®!. Intracellular metabolic reprograming resulting in the utilization of fatty acids is
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likely the reason for the observed increased bactericidal activity of bedaquiline against
intracellular M. tuberculosis®2.

Collectively, these observations argue that antibiotic tolerance is not solely a product of
stochastic variability among minor bacterial subpopulations, but also a deterministically
encoded metabolic capability of the majority population, though the specific mechanisms

which mediate this capability remain to be determined?8.

METABOLIC ENZYMES AS DRUG TARGETS

In 1939, the Nobel Prize in Physiology or Medicine was awarded to Gerhard Domagk for
discovering the antibacterial effects of prontosil, the first broadly used therapeutic with
selective antibacterial activity. Prontosil interferes with the bacterial synthesis of
tetrahydrofolic acid”3. Trimethoprim, an inhibitor of dihydrofolate reductase that is still in
clinical use, was developed as an antibiotic in the 1960s%4. Despite this precedent for the
clinical value of inhibiting bacterial metabolism, many metabolic enzymes have long been
perceived to be difficult if not impossible targets for antibacterial drug discovery. In part,
because the substrates of many metabolic enzymes, particularly those in central carbon
metabolism, tend to be small and hydrophilic. The active sites of these enzymes are
therefore often dominated by properties that score poorly in druggability predictions??.
Recent studies have nevertheless begun to reveal their potential as clinically potent and
selective targets?0-%7,

Screens for compounds that inhibit growth of M. fuberculosis in liquid culture identified two
compounds, a sulfonale” and an azetidine derivative, BRD4592%. Selection and sequencing
of resistant mutants suggested heterotetrameric tryptophan synthase (TrpAB), which
catalyzes the last two steps in the biosynthesis of tryptophan, as a candidate target for both
compounds (Figure 4). Additional genetic and biochemical studies confirmed that inhibition
of TrpAB indeed is the mechanism which inhibits growth of M. tuberculosis. Structural
analyses revealed that both the sulfanole and BRD4592 do not interact directly with the
active site of TrpAB, but instead bind to the interface between its a- and B-subunits. Elegant
and detailed mechanistic analyses strongly suggest that BRD4592 inhibits TrpAB activity
not by perturbing the active site structure from a distance, but instead by reducing the
enzymes flexibility and locking it in a closed conformation®®. BRD4592 restricts growth of
M. marinum in zebrafish embryos and the sulfanole showed activity in the mouse model of
TBY.

In contrast to the enzymes of central metabolism, those required for fatty acid biosynthesis
have long been recognized as attractive targets for TB drug development. Among these are
enzymes needed to synthesize mycolic acids, long-chain fatty acids that are the hallmark of
the mycobacterial cell envelope. Several inhibitors of mycolic acid synthesis are of clinical
value and none more so than isoniazid, which inhibits the essential enoyl-acyl-carrier
protein (ACP) reductase, InhA, and has been a cornerstone of TB chemotherapy since the
1950s%8. Isoniazid is a prodrug that requires activation by the catalase KatG. Resistance due
to loss-of-function mutations in katG occurs frequently”®, which limits the value of
isoniazid. One strategy to overcome the high frequency of resistance is to develop InhA
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inhibitors that do not require KatG!%0; another is the inhibition of other enzymes required
for mycolic acid biosynthesis. One such enzyme is polyketide synthase 13 (Pks13), an
essential enzyme required for the condensation of mycolic acid precursors'9!. The
therapeutic potential of inhibiting Pks13 was recently demonstrated in a study that used a
structure-guided approach to advance a previously identified inhibitor to the extent that is
activity could be tested in vivo. The most optimized inhibitor, TAM16, was highly potent in
vitro against a panel of drug-sensitive and drug-resistant M. tuberculosis strains (minimum
inhibitory concentrations ranged from 0.05 to 0.42 uM) and exhibits very attractive
physicochemical, toxicological and pharmacological properties!?2. In mice, TAM16 showed
similar efficacy as isoniazid, both alone and in combination with rifampicin, another first-
line drug. In vitro, its frequency of resistance was approximately 100-fold lower than that of
isoniazid.

What general conclusions can be drawn from the recent work on TrpAB and Pks13? For
one, these studies confirm several principles that have guided recent antibacterial drug
discovery efforts. These include that (i) screening for whole-cell activity can overcome one
of the main reasons for failure (the inability of many small molecules to enter bacteria), (ii)
pursuing new targets avoids cross-resistance with existing drugs, and (iii) a detailed
understanding of the mechanism of action of an inhibitor can greatly facilitate its
development. The work on TrpAB further emphasizes an intrinsic limitation of druggability
predictions when they are based on active site evaluations alone and suggests that searching
for allosteric inhibitors can be an attractive strategy for targeting metabolic enzymes. The
latter conclusion is also supported by advances in cancer drug development, which resulted
in allosteric modulators of several metabolic enzymes, including pyruvate kinase,
glutaminase C, and isocitrate dehydrogenase!%3. Finally, it is worth recognizing that M.
tuberculosis can grow without TrpAB when fed with sufficient amounts of tryptophan. The
beneficial effect that chemical inhibition of TrpAB has on M. tuberculosis infection in mice
strongly suggests that conditionally essential enzymes can serve as targets for drug
development. However, it remains important to integrate efforts that develop inhibitors
against this type of target with experiments that determine the concentrations of the
complementing metabolites in human samples, ideally isolated from TB patients and
uninfected controls.

Looking back, it has become apparent that metabolism serves the pathogenicity of M.
tuberculosis through multiple roles beyond that of replicative fuel. These include cell
intrinsic functions, such as nutritional homeostasis, membrane function, anti-oxidant
defense, and cell cycle transit, which are required to maintain viability, as well as extrinsic
functions, such as regulation of immunoreactivity and antibiotic tolerance, which are
required for survival within the host niche. In retrospect, the discovery of such roles is not
entirely surprising as metabolism is the biochemical foundation of all physiologic processes.
What is more surprising however is the specificity through which metabolism has met these
needs. Growing evidence, both within and outside of microbial physiology, has
demonstrated that metabolism serves cellular physiology in ways that are qualitatively and
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quantitatively specific, and may provide vulnerability to species- and phenotype-specific
modulation.

Looking ahead, it will be of particular importance to understand the underlying biochemical
functions or principles that explain the diverse phenotypic roles of metabolism in the
pathogenicity of M. tuberculosis. Toward this end, the advent of new technologies has made
it increasingly possible to replace sequence homology-based inferences with direct
experimental measurements. Such technologies promise to not only expand specific
knowledge of the pathogenicity of M. tuberculosis but also enable computational modeling-
based technologies to address more complex questions that go beyond homology-based

reconstructions!04-107

. One such fundamental question is the biochemical objective of
persistent M. tuberculosis. Awaiting such answers, it is important to be reminded by the
White Queen of the importance of “(believing) as many as six impossible things before

breakfast”.
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Glossary terms

TCA cycle The tricarboxylic acid cycle is a biochemical energy-
generating pathway for the final steps of the oxidation of
carbohydrates and fatty acids

Glyoxylate shunt An anaplerotic pathway that converts isocitrate into malate
and succinate bypassing the two decarboxylation steps of
the tricarboxylic acid cycle

Anaplerosis The process of replenishing metabolite pools

Cataplerosis The process of extracting metabolites for biosynthetic
reactions

Ketoacidosis The accumulation of high concentrations of the ketones

acetoacetate and beta-hydroxybutyrate

Dienophile A compound that readily reacts with an unsaturated
hydrocarbon (diene)

Cording The aggregation of mycobacteria in a structure that
resembles cords. This is due to the glycolipid trehalose
dimycolate, also called cord factor

Acid-fastness The physical property of the mycolic acid-containing
mycobacterial cell envelope to resist decolorization by
acid/ethanol
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BOX 1. TB PATHOGENESIS: THE MYCOBACTERIAL CIRCLE OF LIFE

Transmitted by aerosol, current WHO estimates indicate that Mycobacterium
tuberculosis infects approximately a third of the global population!%8. Following
infection, M. tuberculosis often enters a prolonged state of asymptomatic, latent infection
that can last decades, if not the remaining lifetime of the host. In a minority of hosts, this
latent infection reactivates to cause clinically symptomatic and contagious (active)
disease!%. Among immunocompetent individuals, this lifetime risk is estimated to be
approximately 10%, but in immunocompromised hosts can be as high as 10% per year. In
both immunocompetent and immunocompromised hosts however, latent infection is
believed to harbor non- or slowly replicating populations of M. fuberculosis that serve as
a reservoir for future disease, transmission and treatment relapse.

Following transmission to a new host via aerosol, M. fuberculosis is believed to first
undergo phagocytosis in the lung by tissue resident alveolar macrophages and dendritic
cells! 1OM. tuberculosis is then thought to undergo a brief period of unrestricted
intracellular replication, during which infected cells migrate to local draining lymph
nodes. After reaching the regional lymph node, M. tuberculosis is believed to circulate
through the bloodstream, where it encounters and infects additional host cells, ultimately
re-seeding additional regions of the lung. With the onset of cellular immunity, local pro-
inflammatory responses lead to the recruitment of additional monocytes and

110 which, in turn, assemble around infected macrophages to contain M.

lymphocytes
tuberculosis within an organized cellular structure, known as a granuloma (figure). The
granuloma is the pathological hallmark of tuberculosis (TB) and site in which M.
tuberculosis is believed to persist in a prolonged state of slowed or arrested

replication!11-113,

Within the host, M. tuberculosis can infect numerous immune and non-immune cells.
However, its primary host cell is the macrophage. Within macrophages, M. tuberculosis
resides primarily inside phagosomes, apart from other microorganisms, where it can
encounter a complex and dynamic range of host defenses, including acidification,
reactive oxygen and nitrogen intermediates and antimicrobial peptides!14-113.
Interestingly, recent work has shown that M. tuberculosis can also escape to the cytosol
where it likely encounters additional, and yet-to-be identified, environmental
stringencies!16-117 Trrespective of locale however, it is clear that M. tuberculosis has
evolved in the face of diverse biochemical stringencies, many of which are capable of

suppressing, but not eradicating, it.

M. tuberculosis is often contained within granulomas for extended intervals of time, often
lasting decades. However, granuloma integrity can wane, resulting in cellular necrosis
and caseation [G] that exposes the bacteria to a lipid rich, hypoxic extracellular
environment!18-120_ Fyrther loss of granuloma integrity, mediated in part via
upregulation of matrix metalloproteinases, provides access to vascular nutrients and
oxygen, followed by the eventual rupture of granulomas into the airways, releasing

thousands of viable bacterial 19-121,
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Once released into the airways, M. tuberculosis ultimately completes its life cycle by
forming infectious aerosols that enable transmission to a new host (figure). In sputum, M.
tuberculosis has been shown to reside within neutrophils and bacteriologic and
transcriptional profiling studies have identified distinct subpopulations of non-replicating
bacteria as well subpopulations that fail to form colonies on agar plates and can only be

recovered in liquid media!22-125,
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ToC blurb

As an obligate human pathogen, Mycobacterium tuberculosis has evolved to survive and
thrive in biochemically challenging niches in its host. Ehrt, Schnappinger and Rhee
review the unique metabolic features that enable M. tuberculosis pathogenesis and
persistence but also represent drug targets.
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Figure 1. Enzymesrequired for growth and/or persistence of M. tuberculosis
Schematic representation of central carbon metabolism pathways and key enzymes in M.

tuberculosis. Enzymatic steps dedicated to glycolysis are depicted in light blue, reversible
steps of glycolysis/gluconeogenesis are depicted in pink, dedicated steps of gluconeogenesis
are depicted in red, the TCA cycle is depicted in green, the glyoxylate shunt is depicted in
orange, and the methylcitrate cycle is depicted in dark blue. Pathways of glycerol and
glyerolphospholipid metabolism are depicted in grey. GK, glucokinase; GLPK, glycerol
kinase; GPP, glycerol phosphate phosphatase; FBP, fructose bisphosphatase; FBA, fructose
bisphosphate aldolase; TPI, triosephosphate isomerase; PK, pyruvate kinase; PDH, pyruvate
dehydrogenase; KDH, ketoglutarate dehydrogenase; ICL, isocitrate lyase; SDH, succinate
dehydrogenase; FUM, fumarase; MS, malate synthase; PEPCK, phosphoenolpyruvate
caboxykinase.
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Figure 2. Effects of metabolism beyond fulfilling nutritional demands on the physiology of M.
tuberculosis

The pentose phosphate pathway supports peptidoglycan biosynthesis. Trehalose recycling
from trehalose mycolates in the cell envelope facilitates exit from hypoxia and re-entry into
active replication through the generation of glycolytic intermediates including phosphoenol
pyruvate (PEP). The pyruvate dehydrogenase (PDH) complex and the a-ketoglutarate
(KDH) complex share enzymes with the peroxynitrite reductase and peroxidase (PNR-P)
complex and provide antioxidant defense. Isocitrate lyase (ICL) serves antioxidant functions
and facilitates drug tolerance. The TCA metabolite succinate controls membrane potential.
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Figure 3. Immunoreactive cell envelope lipids of M. tuberculosis
Trehalose dimycolate (TDM) activates Mincle on macrophages to stimulate

proinflammatory cytokine secretion and granuloma formation. Mycolic acids confer acid
fastness and are crucial for virulence. The mycolic acid chains are antigenic determinants for
the conserved human germline encoded mycolyl lipid-reactive (GEM) T cell receptors
(TCRs) and may modulate T cell responses. Phthiocerol dimycocerosate (PDIM) has been
shown to contribute to virulence by multiple mechanisms, including by stimulating
phagocytosis, protecting against nitric oxide (NO), promoting escape from the phagosome
and inducing host cell death. Sulfolipids and sulfoglycolipids (SGLs) are
immunomodulatory and required for virulence. SGLs can antagonize TLR2 and thereby
interfere with recognition by the immune system.

Nat Rev Microbiol. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ehrt et al.
High-throughput screen Minimum inhibitory
for growth inhibitors concentration

Growth

Concentration

Resistant
mutants

. 4

Figure 4. | dentification of a small-molecule allosteric inhibitor of tryptophan synthase (TrpAB)

in M. tuberculosis

High-throughput screening identified compounds that inhibit the growth of against M.

tuberculosis. Compounds with a low minimum inhibitory concentration (MIC) were used to

select for resistant mutants. This suggested tryptophane synthase as target. The co-crystal

structure shows that the inhibitor binds to TrpAB outside of the active site of the enzyme.

Structural image adapted with permission from ref?°.
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