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Summary

Mycobacterium tuberculosis (Mth) has evolved within the human immune system as both host and
reservoir. The study of genes required for its growth and persistence in vivo thus offers linked
insights into its pathogenicity and host immunity. Studies of Mtb mutants have implicated
metabolic adaptation (consisting of carbon, nitrogen, vitamin and cofactor metabolism),
intrabacterial pH homeostasis, and defense against reactive oxygen and reactive nitrogen species,
as key determinants of its pathogenicity. However, the mechanisms of host immunity are complex
and often combinatorial. Growing evidence has thus begun to reveal that the determinants of Mtb's
pathogenicity may serve a broader and more complex array of functions than the isolated
experimental settings in which they were initially found. Here, we review select examples, which
exemplify this complexity, highlighting the distinct phases of Mtb's life cycle and the diverse
microenvironments encountered therein.
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Introduction

The pathogenicity of a microbe is defined by its ability to cause disease in a host organism.
For Mycobacterium tuberculosis (Mtb), this ability has been shaped by its evolution within
humans as both host and reservoir. Its pathogenicity has thus co-evolved with its physiology
as a species.

Following infection, Mth begins its life cycle within the terminal airspace, or alveolus, of the
lung. Here, the pathogen is phagocytosed by resident alveolar macrophages and dendritic
cells. Mtb is then believed to undergo a period of unrestricted replication, during which it
migrates to the local draining lymph nodes, disseminates through the bloodstream, infects
more macrophages, and reseeds additional regions of the lung. Infection is usually contained
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with the onset of cellular immunity and formation of granulomatous lesions, marking the
transition to a chronic phase of infection. During this period, Mtb is widely believed to exist
in in a clinically asymptomatic state of slowed or arrested replication lasting for decades, if
not the lifetime of the host. This period constitutes the longest phase of its life cycle.
However, Mtb remains poised to resume replicating throughout.

Mtb ultimately completes its life cycle upon immunologic failure, wherein granuloma
rupture is thought to facilitate exposure to fresh nutrients and oxygen, re-entry into cell
cycle, release into the extracellular airways, and aerosol transmission to a new host. Mtb's
pathogenicity thus derives from the complex requirements of a life cycle in which
unrestrained replication would extinguish its host and perfect symbiosis would preclude its
spread as a species. Inasmuch as Mth infects and resides chiefly within the immune
compartment, its pathogenicity is likely to have evolved from its specific adaptations to host
immunity.

Here we review current knowledge about genes required by Mtb to survive inside the host.
Reflecting the weight of existing data, we focus primarily on murine models of pulmonary
tuberculosis (TB). While murine models of TB fail to fully recapitulate the pathology of
both latent and active human TB (1), experimental infections of other animal models with
genetically altered Mtb mutants have been performed only rarely. Moreover, the availability
of various inbred strains, reagents, and genetically altered mutants, and the ease with which
mice can be infected and analyzed have allowed for the clear identification of genes
associated with Mtb's pathogenicity. Nonetheless, the growing use of other animal models
such as the guinea pig, rabbit, and non-human primates has begun to yield important insight
into those aspects of TB pathogenesis not modeled by the mouse.

While a significant number of genes have been shown to facilitate Mtb's growth and survival
within a host, we focus on only few selected examples. We place particular emphasis on
primary findings and accompanying limitations associated with their interpretation.

Dietary restrictions

Nutrient acquisition is essential for growth and survival of all organisms. For Mtb, this
requirement has been shaped by its evolution with the human immune system. Unlike many
pathogens, Mtb infects and resides within immune cells, apart from other microbes. Within
immune cells, Mtb can reside within the dynamic and heterogeneous environment of the
macrophage phagosome, the cell type and compartment most committed to its eradication.

Knowledge of the genes associated with Mtb metabolism within the host first emerged from
transcriptional studies of Mtb recovered from macrophages in vitro and from mouse lungs
(2-5). These studies implicated catabolism of fatty acids, biosynthesis of lysine and leucine,
and acquisition of iron, among others, as required upon entry in host cells. Subsequent work,
largely through the use of genetically engineered mutants, has begun to evaluate the function
and essentiality of individual genes associated with each of these pathways.

Mtb with a deletion of icl1, one of two genes encoding the glyoxylate shunt enzyme
isocitrate lyase (ICL) essential for metabolism of even chain fatty acids, was the first
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metabolic mutant reported to exhibit an in vivo survival defect (6). This defect was observed
in activated but not in naive macrophages and during the chronic but not during acute phase
of infection. These findings suggested an essential role for metabolism of even chain fatty
acids during the chronic phase of infection. Subsequent studies with Mtb strains completely
lacking ICL activity, due to deletion of both icl genes, however showed a complete in vitro
growth defect on both even and odd chain fatty acids, and profound attenuation during both
the acute and chronic phases of mouse infections. These studies thus implicated broader
roles for ICL and lipid metabolism in the growth and survival of Mtb during all phases of its
life cycle (7, 8).

More specific interpretations of the role of Mtb's ICLs in growth and survival in mice were
complicated by the discovery that these enzymes possessed both isocitrate (ICL) and
methylisocitrate lyase (MCL) activities and that these activities were encoded by the same
active site. ICL and MCL serve separate, though interlinked, pathways associated with the
metabolism of even and odd chain fatty acids, respectively (9). Recent metabolomic studies
nonetheless showed that the in vitro survival defect of ICL-deficient Mtb in media
containing even and odd chain fatty acids could be attributed to the specific loss of MCL
activity (10). These studies specifically demonstrated that ICL deficiency resulted in the
sequestration of tricarboxylic acid (TCA) cycle intermediates into methylcitrate cycle
intermediates, depletion of gluconeogenic precursors, inhibition of gluconeogenesis through
the accumulation of methylcitrate cycle intermediates, and ultimate loss of membrane
potential and intrabacterial pH homeostasis.

These studies further showed that the survival, though not growth, defect associated with
ICL-deficiency could be rescued in vitro with the addition of exogenous vitamin Bq, which
activated an alternate pathway for propionate metabolism and mitigated the need for MCL
activity. Previous studies had shown that the survival of Mtb mutants lacking the remaining
genes of the methylcitrate cycle was similarly impaired in a By,-reversible manner when
cultured in vitro with fatty acids or in macrophages, yet unaffected in mice, indicating that
Mtb has adequate access to By, invivo (11, 12). Thus, while Mtb's ICLs play clear roles in
the metabolism of fatty acids, the lack of such activities does not appear sufficient to explain
the severe attenuation of ICL-deficient Mtb observed in mice. Interestingly, Mtb's ICLs
were recently also reported to serve critical roles in adaptation to hypoxia and antibiotic
tolerance through mechanisms independent of fatty acid metabolism (13, 14). It is thus
likely that the severe in vivo attenuation of ICL-deficient Mtb may reflect the loss of such
additional functions.

While the physiologic basis for the attenuation of ICL-deficient Mtb remains unresolved,
studies of other Mth mutants have identified additional genes associated with lipid
metabolism required for survival in the host (reviewed in 15). These include mutants lacking
three or four phospholipase C enzymes important for lipid degradation, mutants unable to
take up or degrade cholesterol and mutants with deficient phosphoenolpyruvate
carboxykinase (PEPCK), catalyzing the first committed step of gluconeogenesis (16-21).

Mtb lacking PEPCK failed to replicate in resting macrophages and during acute infections of
wildtype and IFNy-deficient mice (21). This phenotype is consistent with the view that Mtb
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utilizes gluconeogenic carbon sources to produce biomass during growth in vivo.
Unexpectedly however, the mutant was not only unable to replicate vivo but also died and
was rapidly cleared from mouse lungs. Moreover, depletion of PEPCK during the chronic
phase of an established infection similarly led to death of the bacilli. Absent any evidence
that fatty acids become toxic to Mth lacking PEPCK, its death in vivo remains unexplained.
PEPCK has been shown to also operate in the anaplerotic direction assimilating CO, and
generating oxaloacetate, which is important when the reverse TCA cycle is active (22). The
reverse TCA cycle has been demonstrated to operate with glycolytic carbon sources and in a
hypoxic environment and Mtb grown in THP1 cells (22-24). It is thus plausible that
metabolic cues and environmental conditions inside the host trigger flux though the reverse,
reductive TCA cycle.

ICL and PEPCK aside, Mtb has been shown to be capable of utilizing multiple carbon
substrates simultaneously (25, 26), suggesting that fatty acids may not be the only carbon
source it utilizes on during infections. Many bacteria prefer hexoses such as glucose as
carbon and energy source, and glucose serves as dominant carbon source for Salmonella
typhimurium when replicating in the host cell phagosome (27). Mth expresses two
glucokinases to convert glucose into its phosphorylated form, the entry step into glycolysis.
Deletion of the dominant glucokinase PPGK profoundly impaired growth of Mth with
glucose as sole carbon source, but the bacteria were still able to metabolize glucose although
far less efficiently than wildtype Mtb (28). Only deletion of both glucokinases, PPGK and
GLKA, resulted in a strain that failed to metabolize and grow on glucose. The PPGK/GLKA
double mutant replicated normally during the acute phase of a mouse infection but exhibited
a persistence defect in the chronic phase. This suggests that Mtb has access to at least some
amount of glucose in vivo and relies on glucose phosphorylation during persistence in mice.
The mechanism by which glucose-phosphate may contribute to Mtb's fitness in chronically
infected mice remains to be determined. The most straightforward interpretation of the
persistence defect caused by deletion of PPGK and GLKA seems to be that glucose
phosphate can serve a metabolic role and enter glycolysis as a source of carbon and energy
to maintain viability. Alternatively, but not exclusively, glucose phosphate might serve as
source of reducing power (29) and thereby help protect Mth from oxidative stress. In fact,
the glucokinase double mutant was found to be hypersusceptible to killing by H,0,, but not
other forms of ROS, yet its in vivo persistence defect was not rescued in NADPH phagocyte
oxidase deficient mice (28). Thus, while the impact of glucokinase deficiency demonstrates
the importance of Mtb's metabolic flexibility for its pathogenicity, the glucokinase double
mutant highlights the limited ability of in vitro phenotypes to inform on in vivo activities.

While genes encoding enzymes required for both glycolysis and gluconeogenesis were
predicted to be essential for growth of Mtb (30), both fructose-1,6-bisphosphate aldolase
(FBA) and triose phosphate isomerase (TPI) were found to be dispensable in vitro when Mth
was provided with a combination of a glycolytic and a gluconeogenic carbon source, such as
glucose and a fatty acid (31, 32). In vivo however, both mutants were unable to establish an
infection, and FBA depletion prevented persistence of Mtb during the chronic phase of
infection. These studies thus highlighted an in vivo form of essentiality whose in vitro
conditionality proved particularly informative. Moreover, only a specific, balanced ratio of
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glucose and butyrate allowed growth of the FBA mutant in vitro. Hence, its failure to
replicate or persist in vivo, while consistent with other evidence that Mtb faces an abundance
of fatty acids and lipids, leaves open the availability of glycolytic carbon substrates, albeit at
non-permissive levels.

Carbon aside, recent work has also begun to implicate essential roles for genes associated
with nitrogen assimilation in Mtb (33, 34). Nitrogen is an essential nutrient for all
organisms, and bacteria can use amino acids as precursors. Accordingly, deletion of the
aspartate transporter AnsP1 in Mtb abolished in vitro uptake of aspartate, in vitro growth on
media containing aspartate as sole nitrogen source, and Mtb replication during the acute
phase of infection in mouse lungs (33). Together, these findings implicated a potentially
essential role for aspartate as a nitrogen source for Mtb during infection. However somewhat
surprisingly, the AnsP1 mutant replicated normally in macrophages. Thus, while it is
possible that this finding reflects differences in the nutritional environment provided by
macrophages in vitro compared to, it may alternatively point to an additional, yet to be
identified role of AnsP1 in virulence.

Work from the same group revealed that another transporter AnsP2 is involved in but not
essential for uptake of asparagine (34). The AnsP2 mutant replicated normally in
macrophages and in vivo indicating that Mtb can utilize a redundant asparagine uptake
system or that asparagine is replaceable by other nitrogen sources. That asparagine is
important for Mtb's pathogenicity is however evident from a mutant lacking the
asparaginase AnsA, which Mtb requires to hydrolyze asparagine into aspartate and
ammonia. The AnsA mutant failed to replicate normally in macrophages and in mouse
lungs. Invitro, the mutant not only showed impaired asparagine-derived nitrogen
incorporation but also reduced growth at low pH and impaired ammonia secretion
implicating asparagine hydrolysis via AnsA as mechanism for pH buffering and acid
resistance. The attenuation of the AnsA mutant in vivo may thus be the consequence of
impaired nitrogen assimilation and/or a deficiency in coping with acidification. Whether
Mtb relies on amino acid uptake and nitrogen acquisition for long-term persistence however
remains to be investigated.

Looking beyond metabolic enzymes themselves, experimental studies in both mice and
guinea pigs have identified an essential role for the Mtb ortholog of the metabolic stress
response regulator, RelA (35, 36). The stringent response helps bacteria to adapt to
environmental stresses including limited availability of nutrients. This cellular
reprogramming involves transcriptional and posttranscriptional responses and is mediated
through the accumulation of hyperphosphorylated guanine nucleotides, (p)ppGpp, through
the activity of RelA (37). Deletion of rel A compromised Mtb's ability to survive nutrient
starvation in culture (38) and impaired its long-term survival during the chronic phase of
infection in mice and acutely infected guinea (35, 36). These phenotypes are consistent with
limited nutrient availability in vivo but could also be caused by increased susceptibility of
Mtb incapable of mounting the stringent response to other forms of stress. Furthermore,
deletion of rel A perturbed the expression of a large number of genes including several
dominant mycobacterial antigens(35). The extent to which the attenuation of rel A-deficient

Immunol Rev. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ehrt et al. Page 6

Mtb reflects its specific roles in sensing and regulating the metabolic state of Mtb during the
acute and chronic phases of infection thus awaits further investigation.

Take your vitamins

Biotin serves as an essential enzyme cofactor and bacteria obtain it either through de novo
synthesis or active uptake from extracellular sources. Mtb requires biotin—dependent
enzymes for the synthesis of fatty acids and lipids that are part of its cell envelope (39).
Transposon site hybridization (TraSH) experiments (40) predicted mutants with transposon
insertions in genes required to synthesize biotin to be severely attenuated in mice (41).
These predictions were confirmed with an Mth mutant, in which the biotin biosynthetic
enzyme 7,8-diaminopelargonic acid synthase (BioA) had been deleted (42). This mutant
required external biotin for growth and survival in culture and failed to establish infection in
mice. Conditional bioA-TetON mutants, in which bioA transcription is controlled by
tetracycline repressor and dependent on the presence of a tetracycline, were used to
demonstrate that BioA activity was not only required to establish infections but also to
maintain mycobacterial persistence. Complementation of the in vitro growth defect of the
bioA deletion mutant required a minimum of 50 nM biotin, which is at least 25 times higher
than the biotin concentration in human serum. Together these experiments demonstrate that
at least in the mouse model Mtb fails to have access to biotin and depends on de novo biotin
biosynthesis for replication and persistence.

Nicotinamide adenine dinucleotide (NAD) is a central cofactor with chief roles in cellular
metabolism and energy production in all living cells. It is important for redox homeostasis
and energy metabolism, for the activity of the NAD-dependent DNA ligase, protein ADP-
ribosylases, protein deacetylation, in cobalamin biosynthesis and for calcium homeostasis
(43, 44). Bacteria can synthesize NAD de novo or recycle precursors by a variety of
pathways or scavenge it from exogenous sources (43). Mtb has been shown to recycle
exogenously provided nicotinamide for NAD synthesis(44). Mtb mutants lacking enzymes
of either the de novo biosynthesis or the recycling pathway replicated and persisted normally
in vivo due to the abundance of nicotinamide and nicotinic acid in the host. Chemical
inhibition of the NAD synthetase NadE inhibited growth of Mtb in vitro, which could not be
rescued by the addition of precursors such as nicotinamide, because NadE is required for
both the recycling and the de novo biosynthesis pathway. Accordingly nadE is essential for
growth of Mtb and cannot be deleted (30, 45, 46) complicating the analysis whether this
enzyme is required for viability of Mtb populations that are nonreplicating or slowly
replicating such as those associated with the chronic phase of infection. A recently
developed genetic dual control (DUC) switch that simultaneously activates transcriptional
repression of a target gene and degradation of the encoded protein was applied to probe the
essentiality of NadE in different environments (46). Depletion of NadE in Mtb prevented
growth and strong NadE depletion resulted in death of Mtb in culture, during nonreplicating
persistence in vitro, and during acute and chronic mouse infections. The Mtb kill Kinetics in
mouse lungs and spleens were fast and similar regardless of the time point at which NadE
depletion was initiated, validating NadE as promising target for further antitubercular
therapeutic development.
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These and other studies indicate that Mtb has restricted access to vitamins and cofactors
during infection. However, studies of Mtb mutants depend on the limitations of the specific
host model used. The mouse strains most commonly used for such studies do not form
necrotic and caseating granulomas in response to Mtb infection (1, 47, 48). Progression of
human gramulomas is accompanied by necrosis, a central caseation that is sometimes
surrounded by calcification, and accumulation of extracellular bacilli (49-51). It is plausible
that these extracellular populations gain access to nutrients and cofactors that are scarce in
intracellular compartments, a hypothesis that remains to be investigated.

Resist to persist

Experimental analyses of infected macrophages from mice or humans have provided
biochemical evidence that Mtb is exposed reactive oxygen species (ROS) produced by
phagocyte oxidase (Nox2), to reactive nitrogen species (RNS) generated by IFNy-inducible
nitric oxide synthase (iNOS), decreased concentrations of oxygen, and limited acidification
(~pH 6.5) in resting macrophages, a maturation block that can be overcome with IFNy-
activation reaching a pH of as low as 4.5 (52-54). That ROS and RNS contribute to control
of Mtb during infections is supported by studies with genetically altered mice lacking
functional iINOS or Nox2, while immunohistochemistry revealed expression of iNOS and
the presence of nitrotyrosine, a marker of nitric oxide, in tuberculous granulomas in humans
(55, 56). Reduced oxygen concentrations in TB granulomas have been demonstrated by in
situ staining with hypoxia-sensitive pimonidazole (51). In addition, studies of pathogen and
host transcriptional responses and experimental infection of animals with Mtb mutants that
are deficient in response to a given stress in vitro have implicated additional host-derived
stresses that can vary depending on the host, localization of the pathogen within the host and
stage of the infection (57-59).

These studies were soon followed by efforts to identify the genes and specific mechanisms
that Mtb employs to resist defined modes of stress. To determine how Mtb resists acid
stress, a library of approximately 10,000 transposon mutants was screened for those that
exhibited a survival defect at acidic pH 4.5 (60). The majority of isolated mutants showed
increased susceptibility to low pH only in the presence of a fatty acid released from BSA or
Tween, both constituents of the screening media. Nonetheless, two mutants were
hypersusceptible to pH 4.5 in a simple buffer not containing any fatty acid, a condition that
wildtype Mtb can withstand for days without losing viability. One of these mutants lacked
the periplasmic serine protease encoded by rv3671c. This protein was confirmed to function
as a protease (61) and to be required to resist acid stress and maintain a near neutral
intrabacterial pH in vitro and in IFNvy-activated primary macrophages (60). Accordingly, it
was named mycobacterial acid resistance protease (MarP) (62). Loss of MarP also
attenuated Mtb's growth and long-term persistence in mice consistent with the concept that
phagosome acidification is a major host defense mechanism the pathogen has to withstand.
However, loss of MarP not only crippled pH homeostasis but also rendered the bacilli
hypersusceptible to oxidative stress, certain antibiotics and cell wall damaging agents such
as SDS (60, 62). Therefore, while phagosome acidification is clearly one of the host-
imposed stresses against which MarP helps defend, the increased susceptibility of the mutant
to other stresses likely contributed to its attenuation in vivo.
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A similar case can be made for Mtb's proteasome. A screen for RNS hypersusceptible
transposon mutants identified a role for the proteasome accessory factor A PafA and
Mycobacterium proteasomal ATPase Mpa in RNS resistance (63). Depletion and deletion of
the proteasome core proteasome PrcBA similarly caused increased susceptibility to
nitrosative stress (64, 65). In mice, these mutants were attenuated for growth and
persistence, suggesting that the ability to degrade proteins damaged by RNS is crucial for
virulence of Mtb (63-66). Yet, genetic deficiency of iNOS did not fully rescue an Mpa
mutant, and chemical inhibition of iINOS failed to improve growth or persistence in mice of
Mtb lacking the core proteasome suggesting that protection from RNS damage is not the
major activity by which the proteasome contributes to Mtb's pathogenicity.

Mtb lacking a fully functional proteasome had defects beyond RNS hypersusceptibility.
Mpa and PafA mutants exhibited transcriptional deregulation of two metal-dependent
regulons (67), implying that a failure to normally adapt to changes in metal homeostasis in
the host could have contributed to the attenuation phenotypes of these mutants (68). The
Mtb proteasome core deletion mutant had a growth defect in culture and lost viability in
prolonged stationary phase and during nutrient starvation (65). Surprisingly, expression of
an active site mutant proteasome complemented the mutant's RNS sensitivity, its slow
growth in vitro, and growth defect in acute mouse infection, suggesting that the proteasome
core may have proteolysis-independent functions in Mth. In contrast, rescue of the survival
defects in stationary phase, during nutrient starvation, and the impaired in vivo persistence
required a proteoytically active proteasome. These findings linked nutrient limitation with in
vivo persistence and led to the hypothesis that Mtb might require the proteasome for both
amino acid supply and turnover of damaged proteins to enable long term persistence within
its host (65). In mammalian cells, proteasomal protein degradation is crucial for supplying
amino acids for the synthesis of new proteins during amino acid deprivation (69) and
Legionella pneumophilia exploits its host's proteasome to generate amino acids as sources of
carbon and energy during infection (70). M. smegmatis has also been recently found to
recycle amino acids via the proteasome in response to nutrient starvation (71).

Like the acid sensitive mutants, mutants with deficiencies in proteasome functions
highlighted the complications and complexity associated with interpreting the in vivo
phenotypes. In vivo Mtb does not face any of the stresses that were used to screen for
mutants with survival defects in isolation. Instead, the environment and conditions
encountered by Mtb in vivo are complex and include numerous molecules that impact on
each other, for example the pH of the phagosome activates lysosomal hydrolases and
potentiates generation of RNS and ROS. Inevitably, interpretation of Mtb mutant
phenotypes is often more complicated than one might anticipate.

A striking example highlighting a mycobacterial mechanism of resisting host immunity
came from a search for Mtb genes that protect the pathogen from CD4* T-cell-mediated host
immunity (72). A screen expertly designed to identify Mtb's CD4 ‘counteractome’ revealed
the importance of tryptophan biosynthesis for Mth's ability to survive CD4* T-cell
responses. Deletion of trpE in Mtb resulted in tryptophan auxotrophy and severe growth
attenuation in mice, which was rescued in MHC class Il-deficient animals. With a set of
elegant experiments the authors demonstrated that IFN-y-dependent, tryptophan-
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catabolizing indolamine-2,3-dioxygenase (IDO) mediates tryptophan starvation, which the
trpE mutant failed to survive. This work not only emphasized how Mtb evolved to evade
immune-driven starvation but also provided validation of the tryptophan biosynthesis
pathway as potential chemotherapeutic target.

Concluding remarks

The advent of genetic tools and approaches in TB research has rapidly expanded our ability
to inventory the determinants of Mtb's pathogenicity, on an organism-wide and gene-
specific level. However, our understanding of the functions they serve and the basis for their
essentiality have only recently begun to emerge (57, 58, 73, 74). Indeed, growing evidence
indicates that many of these factors may serve multiple functions beyond those identified in
isolated in vitro settings, reflecting the far more complex and heterogeneous in vivo settings
in which Mtb evolved.

Central carbon metabolism, while not a classical subject of focus when analyzing a
pathogen's virulence, has emerged as fundamental to Mth's pathogenicity (15). Mtb lacks
classical carbon catabolite repression and instead co-catabolizes multiple carbon sources
simultaneously (25), which likely reflects an adaptation to diverse host niches where the
pathogen encounters few microbial competitors. Mutants with defects in central carbon
metabolism pathways are among the most strongly attenuated in vivo. Work that integrated
genetic, biochemical, and metabolomics analyses has taught us that one cannot simply rely
on annotation, predicted function, or even demonstrated activity of a given enzyme when
interpreting a mutant's phenotype. The studies of Mtb's ICL enzymes serve as an excellent
example. While initially thought to reveal a specific metabolic requirement of Mtb inside the
host, sophisticated multidisciplinary approaches demonstrated that instead, the mutant's
attenuation most likely resulted from the perturbation of a set of complex activities beyond
the ones in central carbon metabolism (10, 13, 14). These are not the only studies revealing a
connection between metabolism and stress response. The asparaginase AnsA, the metabolic
stress response regulator RelA and the proteasome similarly integrate metabolic functions
and stress defense activities.

That annotations can be misleading was exemplified by the gene (Rv1248) annotated to
encode Mtb's a-ketoglutarate dehydrogenase. Biochemical analysis revealed its activity as
thiamine diphosphate-dependent a-ketoglutarate decarboxylase (KGD) (75) followed by
metabolomics analysis demonstrating its carboligase activity as hydroxyoxoadipate synthase
(76). Further structural and biochemical work revealed that this enzyme is in fact
multifunctional and capable of catalyzing a-ketoglutarate decarboxylase, a-ketoglutarate
dehydrogenase, and hydroxyoxoadipate synthase activities (77). Accordingly, the
understanding of the mutant's in vivo phenotype will be challenging.

As has been the case for Mtb's ICL, a better understanding and interpretation of attenuated
mutants will require multidisciplinary approaches. Combination of genetics, biochemistry,
metabolomics, and structural analysis is crucial to determine gene function and is also
required for defining the in vivo correlates causing a mutant's attenuation. A look beyond the
obvious and the consideration of Mth's specific host niches and complex pressures

Immunol Rev. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ehrt et al.

Page 10

encountered therein are equally important and challenging but will provide new knowledge
about the genes required by Mtb to survive in the host.
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