Gluconeogenic carbon flow of tricarboxylic acid cycle
intermediates is critical for Mycobacterium
tuberculosis to establish and maintain infection
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Metabolic adaptation to the host niche is a defining feature of the
pathogenicity of Mycobacterium tuberculosis (Mtb). In vitro, Mtb
is able to grow on a variety of carbon sources, but mounting
evidence has implicated fatty acids as the major source of carbon
and energy for Mtb during infection. When bacterial metabolism
is primarily fueled by fatty acids, biosynthesis of sugars from
intermediates of the tricarboxylic acid cycle is essential for
growth. The role of gluconeogenesis in the pathogenesis of Mtb
however remains unaddressed. Phosphoenolpyruvate carboxyki-
nase (PEPCK) catalyzes the first committed step of gluconeogen-
esis. We applied genetic analyses and '3C carbon tracing to
confirm that PEPCK is essential for growth of Mtb on fatty acids
and catalyzes carbon flow from tricarboxylic acid cycle-derived
metabolites to gluconeogenic intermediates. We further show
that PEPCK is required for growth of Mtb in isolated bone mar-
row-derived murine macrophages and in mice. Importantly, Mtb
lacking PEPCK not only failed to replicate in mouse lungs but also
failed to survive, and PEPCK depletion during the chronic phase
of infection resulted in mycobacterial clearance. Mtb thus relies
on gluconeogenesis throughout the infection. PEPCK depletion
also attenuated Mtb in IFNy-deficient mice, suggesting that this
enzyme represents an attractive target for chemotherapy.

carbon metabolism | gluconeogenesis | metabolomics | microbial
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Carbon metabolism is a significant determinant of the ability
of Mycobacterium tuberculosis (Mtb) to replicate and persist
in the host. Knowledge of the metabolic pathways used by Mtb
during infection is therefore important for understanding its
pathogenicity, and can also guide the development of new drug
therapies. New drugs are urgently needed to control infections
with Mtb, which kills ~2 million people annually (1, 2). Mounting
evidence suggests that Mtb preferentially uses fatty acids during
in vivo growth (3, 4). The enzymes required for fatty acid me-
tabolism in Mtb, however, remain incompletely defined.

Fatty acids are substrates for both the tricarboxylic acid (TCA)
cycle and gluconeogenesis, which serve energy and biomass
production, respectively (5). When biomass production solely
relies on fatty acids, cells must avoid carbon loss in the form of
CO;, during oxidation in the TCA cycle. This carbon preservation
need is fulfilled by the glyoxylate cycle, which diverts isocitrate to
succinate and glyoxylate through the joint activities of isocitrate
lyase and malate synthase. Most Mtb strains, including Mib
Erdman, express two isoforms of isocitrate lyase (ICL) encoded
by icll and icl2. Mtb missing both iclI and icl2 was unable to grow
using fatty acid substrates and was rapidly eliminated from lungs
of infected mice (6). These findings are in agreement with other
observations (7-11), which suggested that Mtb relies on fatty acid
metabolism through the glyoxylate cycle for in vivo growth.
However, ICLs of Mtb also function as methylisocitrate lyase
(MCL), which is involved in the metabolism of propionyl-CoA
through the methylcitrate cycle yielding pyruvate (12, 13). Beta-
oxidation of odd-chain fatty acids generates propionyl-CoA, and
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incomplete metabolism of propionyl-CoA due to the absence of
methylcitrate lyase activity can cause accumulation of toxic
intermediates (14). It has therefore been suggested that the
marked attenuation of the MtbAicll/Aicl2 double mutant in mice
might be due to impaired propionyl-CoA detoxification instead
of defective fatty acid catabolism and gluconeogenesis, or may be
a result of both (14).

We investigated the specific role of gluconeogenesis in Mtb
pathogenesis by studying phosphoenolpyruvate carboxykinase
(PEPCK), which catalyzes the first committed step in gluconeogen-
esis. PEPCK catalyzes the guanosine or adenosine mononucleotide—
dependent reversible conversion of oxaloacetate (OAA) and phos-
phoenolpyruvate (PEP) (15, 16). PEPCK from Mycobacterium
smegmatis is GTP-dependent and preferentially catalyzes the glu-
coneogenic direction, whereby PEP is formed from OAA (17). The
gene encoding PEPCK, pckA, is induced by fatty acids in vitro and
during growth of Mtb in mice, suggesting a demand for gluconeo-
genesis during infection (9-11). PEPCK was first implicated in
mycobacterial pathogenesis because M. bovis deficient in PEPCK
did not cause spleen lesions in guinea pigs following s.c. injection
(18). In addition, M. bovis bacillus Calmette-Guérin lacking
pckA was killed almost 10-fold more than wild-type (WT) bacillus
Calmette-Guérin in mouse spleens between day 20 and 35 after
i.v. infection, although both strains survived similarly at later time
points (19).

Here, we demonstrate that PEPCK plays a pivotal role in the
pathogenesis of tuberculosis, as it is essential for growth and sur-
vival of Mtb during infections in mice. Our data indicate that Mrb
relies primarily on gluconeogenic substrates for in vivo growth
and persistence. This work also points to PEPCK as potential
target for anti-TB chemotherapy.

Results

PEPCK Is Required for Growth of Mth on Fatty Acids. We constructed
an Mtb knockout strain, ApckA, in which the entire pckA ORF
was deleted and replaced with a hygromycin resistance cassette
(Fig. S14); deletion of pckA was confirmed by Southern blot
(Fig. S1B) and immunoblot (Fig. S1C). In vitro growth of WT
Mtb and ApckA was similar with glycerol or glucose as the sole
carbon source (Fig. 14), but ApckA failed to grow more than in
the absence of an external carbon source when provided the fatty
acids acetate, valerate, or butyrate as the sole carbon source
(Fig. 1 B and C). This growth defect was restored when ApckA
was transformed with a plasmid that expressed pckA from its
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Fig. 1. PEPCK is necessary for growth with a fatty acid as
sole carbon source. Growth in carbon-defined media of
WT Mtb (), ApckA (@), ApckA complemented using its
native promoter (A\), and complemented under TetR con-
trol (pckA-TetON, ). (A) Growth in media with 0.1% glyc-
erol (black), glucose (gray), or no carbon (white). (B) Growth
in media with 0.1% acetate or (C) 0.1% valeric acid. (D)

104
A o - WT glycerol B sl
- WT glucose -@- ApckA
-3 WT no carbon —- Complemented
- ApckA glycerol —0- pckA-Tet-ON (+atc)
-©- ApckA glucose ~0-pckA-Tet-ON (-atc)
14 -C ApckA no carbon 14
2 g
a [=]
o o
0.1 & 0.1
o’ o’
g
0.01 T T T T T T T T T d 0.01 T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 6 2 4 8 8 W 12 14
Time (day) Time (day)
10+ 1
C -O-WT D o - WT gly + ace
-0~ ApckA -m-WT gly +val
—#-Complemented -@ ApckA gly + ace
—0-pckA-Tet-ON (+atc) -® ApckA gly +val
~O- pckA-Tet-ON (-atc)
14 1
& g
a [=]
o o
0.1 0.1
0.01 T T T T ™ T T J 0.01 r T
0 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14

Time (day) Time (day)

native promoter. Growth on fatty acids was also complemented
when pckA was expressed from a tetracycline repressor (TetR)-
regulated promoter (20, 21), and growth of this TetR-regulated
mutant strain (pckA4-TetON) in gluconeogenic substrates was
dependent on anhydrotetracycline (atc), the inducer of TetR-
regulated gene expression (Fig. 1 B and C). Growth of Apck4 in
media containing fatty acids could also be restored by adding
glycerol (Fig. 1D), demonstrating that fatty acids are not toxic to
ApckA in the presence of an alternative carbon source.

Together these results demonstrate that PEPCK is essential
for growth of Mtb on fatty acids as the sole carbon source.

Absence of PEPCK Blocks Gluconeogenic Carbon Flow of TCA Cycle
Intermediates. We used liquid chromatography—mass spectrometry
(LC-MS) to examine how carbon flux of uniformly (U) '*C-labeled
glucose and acetate into key metabolites of glycolysis and the TCA
cycle was altered by the deletion of pckA, and to identify the
specific metabolic defect associated with the failure of ApckA to
grow on fatty acids (Fig. 2). We grew strains on a combination of
fatty acid and carbohydrates before labeling (to provide cell bio-
mass) and then exposed them to U-13C glucose or U-*C acetate
for 16 h, a period sufficient to achieve an isotopic steady state
(Fig. S2). We examined "*C label incorporation into the metabo-
lites hexose-phosphate, serine, alanine, pyruvate, phosphoenol-
pyruvate (PEP), aspartate, and malate to follow carbon flow
through glycolysis and gluconeogenesis (4). We could not measure
OAA directly because of its instability (22), and instead measured
aspartate the direct product and reporter of OAA (23). Metabo-
lism of U-"*C glucose was indistinguishable between WT and
ApckA (Fig. 2), confirming that PEPCK is dispensable for glycol-
ysis. Metabolism of U-'>C acetate into the TCA cycle—derived
intermediates malate and aspartate was also unaffected in ApckA.
In contrast, metabolism of U-'*C acetate into glycolytic inter-
mediates was blocked in the absence of PEPCK, reflected by the
lack of detectable incorporation from U-'>C acetate-derived
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Growth in media with 0.1% glycerol and 0.1% acetate
(gray) or 0.1% glycerol and 0.1% valeric acid (black). Data
represent one of three independent experiments.

carbon into PEP, serine, and hexose-phosphate (Fig. 2). This block
in gluconeogenic carbon flow was alleviated in the complemented
mutant. Interestingly, the PEPCK mutant could still incorporate
carbon from U-'°C acetate into pyruvate and alanine, indicating
the presence of a PEPCK-independent pathway for carbon flow
from the TCA cycle to pyruvate, such as that catalyzed by the malic
enzyme (MEZ) (Fig. 2). Moreover, the lack of acetate-derived *C
incorporation into serine suggests that pyruvate can neither serve
as a direct precursor for the biosynthesis of this amino acid, nor
through its conversion into PEP for subsequent biosynthesis of
phosphoserine via 3-phosphoglycerate. In summary, these meta-
bolomic analyses establish PEPCK as the sole enzyme in Mtb
capable of driving TCA cycle derived carbons for the biosynthesis
of glycolytic and gluconeogenic precursors.

Replication of Mth in Murine Macrophages Requires PEPCK. To in-
vestigate whether Mib relies on gluconeogenic substrates for in-
tracellular growth, we measured replication of the pckA mutants
within murine bone marrow—derived macrophages. In contrast
to WT Mtb, ApckA was unable to replicate within resting mac-
rophages (Fig. 34). IFNy-activated macrophages controlled
replication of WT Mrb but did not reduce survival of ApckA in
activated macrophages more than naive macrophages (Fig. 3B).
Introduction of a copy of the pckA gene restored replication of
ApckA in macrophages to WT levels (Fig. 34). The pckA-TetON
mutant replicated in the presence, but not in the absence, of atc
(Fig. 3 4 and C), indicating that pck4 expression was efficiently
regulated by TetR within macrophages. In fact, induction of
pckA expression at day 2 postinfection with atc rescued replica-
tion of the pckA-TetON mutant (Fig. 3C). These results thus
demonstrate that PEPCK is required for replication of Mtb in
macrophages.

PEPCK Is Essential for Growth and Survival of Mth During Both the
Acute and Chronic Phases of Infection in the Mouse. To determine
the role of PEPCK in a model of pulmonary tuberculosis, we
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Fig. 2. Gluconeogensis is blocked in the absence of PEPCK. Schematic illustration of metabolic pathways studied using carbon tracing analysis and relative
extent of incorporation of U-'3C acetate or U-"3C glucose into the intracellular pool of selected metabolites in WT, ApckA, and complemented mutant. Strains
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ykinase; MEZ, malic enzyme; OAA, oxaloacetate; and PEP, phoshoenolpyruvate. Each bar represents the mean of three sample replicates; error bars indicate

the SD. Data are representative of two independent experiments.

infected immune-competent mice by aerosol with WT, ApckA,
and the complemented strains. The ApckA strain failed to rep-
licate during the acute phase of infection and was cleared from
lungs by day 56 (Fig. 4). Introduction of pckA expressed from its
native promoter (Fig. S3) or the TetR-regulated promoter (Fig.
4) restored survival and replication, although the bacterial load
in the lungs did not reach WT level. In contrast, growth of Apck4
on fatty acids in vitro and in macrophages was fully restored to
WT levels in the complemented strains (Figs. 1 B and C and 34).
PEPCK protein levels were also found to be similar in WT and
complemented strains (Fig. S1C). This discrepancy in comple-
mentation led us to investigate whether the attenuation of the
complemented strains might be due to a deficiency of the cell
wall-associated lipid phthiocerol dimycocerosate (PDIM). Loss
of PDIM results in impaired replication of Mtb in mouse lungs
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(24, 25), and mutations that abolish synthesis of this lipid have
been show to occur spontaneously (26-28). Lipid profile analysis
revealed that both WT and ApckA strains expressed similar levels
of PDIM. However, this lipid was nearly absent in both com-
plemented strains (Fig. S34), suggesting that these strains were
less virulent than WT due to the absence of PDIM. To directly
assess the impact of loss of PDIM on virulence of our WT strain,
we transformed it with an empty plasmid and recovered PDIM-
negative and PDIM-positive strains (Fig. S34). We compared
growth in mouse lungs of these isogenic WT strains that differed
in their PDIM status. This confirmed that the absence of PDIM
resulted in a 2 log;o reduction in CFU in mouse lungs at day 21
postinfection (Fig. S3B). In addition, the WT PDIM-negative
and the PDIM-negative complemented ApckA strains achieved
similar bacterial loads in the lung. These data suggest that loss of
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Fig. 3. PEPCK is necessary for replication in macrophages. CFU of WT (), ApckA (@), complemented mutant (/A\), and pckA-TetON mutant (Q) in bone
marrow-derived macrophages. (A) Infection of resting macrophages. (B) Infection of IFNy-activated macrophages. (C) Infection of resting macrophages with
ApckA and pckA-TetON. One set of macrophages infected with pckA-TetON received atc at day 2. Data represent the mean of triplicate cultures; error bars
indicate the SD. Data shown in A and B are representative of three independent experiments.

PDIM caused the remaining growth defect of the complemented
ApckA strain in mouse lungs.

We previously demonstrated that the activity of TetR-controlled
promoters can be regulated during infections in mice (21, 29). In
Mtb-containing WT TetR, a TetR-controlled promoter is active in
mice that receive doxycycline (doxy)-containing food and is re-
pressed in mice that receive doxy-free food. Accordingly, growth
and survival of pckA-TetON was restored only in mice fed with doxy
throughout the infection (Fig. 4). In mice not receiving doxy, the
pckA-TetON mutant was cleared similar to ApckA4. When doxy was
provided only for the first 10 days of infection, growth of pckA4-
TetON was impaired between day 10 and day 21; subsequently,
bacterial titers progressively declined and reached undetectable
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Fig. 4. PEPEC is essential for growth and survival in mice. Bacterial loads in
lungs from mice infected with WT ({J), ApckA (@), or pckA-TetON (©). PckA
expression in pckA-TetON was induced by feeding mice the inducer doxy-
cycline (doxy) and silenced by removal of doxy from food. Mice infected with
pckA-TetON were fed with doxy for the entire experiment (green diamond),
for 10 days (blue diamond), for 21 days (gray diamond), or for 40 days (or-
ange diamond). In mice kept without doxy food (red diamonds), bacteria
could be detected only in two (day 56) or one (day 112) of four animals
(entire lungs were plated for CFU). Dashed lines indicate that no CFU were
detected in whole lungs at the next time point. Data represents the mean of
four mice per group; error bars indicate the SD.
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levels by day 112 postinfection. When expression of pck4 was si-
lenced beginning at day 21 and day 40 postinfection, this resulted in
a 3-log;o and 2-log;o decrease, respectively, in bacterial titers in the
lungs at day 112 (Fig. 4). These experiments demonstrate that
PEPCK is not only essential for M#b to establish an infection and to
grow during the acute phase of infection, but is equally important
for Mtb survival during the chronic phase of infection.

ApckA Is Killed in Vivo Independently of IFN-y-Mediated Immune
Responses. To identify stresses that might be responsible for
killing of ApckA in vivo, we measured survival of the knockout
under various in vitro conditions. ApckA was not significantly
more sensitive than WT to stresses likely to be encountered in-
side the host, such as low pH, hydrogen peroxide, nitric oxide
(NO), and starvation (Fig. S4). Moreover, IFNy-activated mac-
rophages did not kill ApckA more than resting macrophages, and
ApckA was killed in vivo even before the onset of the adaptive
immune response. Thus, the in vivo killing of ApckA is unlikely to
depend on IFNy-dependent elements of the host immune re-
sponse. To test this hypothesis, we infected IFNy-deficient mice
with the pckA-TetON mutant and determined the impact of
pckA silencing. PckA-TetON replicated in IFNy™~ mice with
similar kinetics as in WT mice, when mice were fed doxy during
the entire experiment (Fig. 5). In contrast, silencing pckA4 ex-
pression throughout the infection resulted in loss of survival of
the bacteria, so that 90% of the inoculum was killed by day 56.
Silencing pckA expression at day 10 postinfection, when the
bacteria were actively replicating, resulted in a 1-log;o reduction
in CFU from day 21 to day 56 postinfection. Thus, Mtb requires
PEPCK for growth and survival in immunecompromised mice.

Discussion

Mib can use a variety of carbon substrates via multiple pathways
including glycolysis, pentose phosphate pathway, and the TCA,
glyoxylate and methylcitrate cycles. Analyses of the Mtb icl
mutants suggested that fatty acids are an important carbon
and energy source for Mtb during infection (3, 4). However, fatty
acids are toxic to MtbAicll/2 even in the presence of carbohy-
drates, complicating the mechanistic interpretation of the at-
tenuation of this mutant in mice. The failure of the ICL mutant
to establish an infection in mice could be the result of defective
replenishment of TCA cycle intermediates (anaplerosis), de-
fective gluconeogenesis, or impaired propionyl-CoA metabo-
lism through the methylcitrate cycle (13, 14, 30). Furthermore,
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ICL is important for essential intracellular ATP level reduction
in nonreplicating, carbon-starved Mtb (31).

Similar to the glycoxylate cycle, gluconeogenesis is a bio-
synthetic pathway that is dispensable for growth of many bacteria
in media containing carbohydrates, but is essential for growth on
fatty acids. If fatty acids are the primary carbon source for Mtb
during infections, mutations that inactivate gluconeogenesis
should drastically impair in vivo growth. From previous work,
however, it is not clear whether Mrb requires gluconeogenesis to
grow during infections. The work described here demonstrates
that gluconeogenesis is critical for the pathogenicity of Mib
during both active and latent forms of disease.

PEPCK, encoded by pckA, catalyzes the first committed step in
gluconeogenesis; accordingly, ApckA could not grow using gluco-
neogenic carbon substrates, such as fatty acids, as sole carbon
source. U-">C tracing analysis of glycolytic (glucose) and gluco-
neogenic (acetate) carbon substrates confirmed that PEPCK is the
sole gluconeogenic enzyme in Mtb that can convert TCA cycle
intermediates to PEP. Metabolism of U-'C glucose—derived car-
bons to TCA cycle intermediates was unaffected by the absence
of PEPCK, suggesting that in Mb PEPCK is not required for
the conversion of PEP to OAA under the tested experimental
conditions. Carbon from U-'">C acetate was not incorporated into
PEP, serine, and hexose-P, indicating that gluconeogenic carbon
flux of acetate was blocked in Apck4. Carbon flux through the
TCA cycle was, however, unimpaired, suggesting that anaplerosis
occurs independently of PEPCK. U-'>C acetate—derived carbons
were metabolized into pyruvate and alanine, indicating activity of
the malic enzyme that converts malate into pyruvate, the direct
precursor of alanine. However, pyruvate could not serve as pre-
cursor for the biosynthesis of PEP. Thus, in Mth, PEPCK is re-
quired for and predominantly catalyzes the formation of PEP and
does not appear to catalyze the reverse reaction to OAA during
metabolism of glucose. These findings are in accordance with the
enzymatic properties reported for PEPCK from M. smegmatis (17).

ApckA was unable to grow in macrophages and mice and was
susceptible to killing early during infection in mice. These phe-
notypes are reminiscent of Mtb lacking both ICLs (6). However, in
contrast to the ICL mutant, Mtb lacking PEPCK was not sus-
ceptible to death induced by incomplete propionyl-CoA metab-
olism in vitro, as its growth with glycolytic substrates was not
inhibited by the addition of odd-chain fatty acids such as valerate
and propionate (Fig. 1D and Fig. S5) and radiolabeled propionate
was incorporated into the cell wall lipid PIDIM (Fig. S34). Fatty
acid toxicity is therefore unlikely the reason for the in vivo growth
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defect of ApckA. The strong attenuation of this mutant strongly
argues that sugars are not available to Mtb during infections in
mice, and that growth and persistence depends on gluconeogenic
carbon sources.

Unexpectedly, PEPCK was not only important for growth in
vivo but was also required for persistence of Mtb in mice, as si-
lencing pckA expression during the chronic infection phase resul-
ted in effective mycobacterial killing. Thus, Mtb appears to rely
on gluconeogenesis and to be metabolically active throughout
the infection. In contrast, the nonpathogenic M. bovis bacillus
Calmette—-Guérin lacking pckA survived with reduced titers com-
pared with WT bacillus Calmette—-Guérin for 8 weeks in mouse
spleens (19), suggesting that the metabolic pathways of Mrb and
M. bovis might be different.

The inability to use gluconeogenic substrates for energy and
biomass production explains the failure of ApckA4 to grow in vivo,
but it is currently unclear how the host kills this mutant. In vivo
killing occurred independently of the stage of infection and did
not require IFNy-dependent host immune responses. However,
ApckA was not significantly more susceptible than WT Mtb to
various in vitro stress conditions, including oxidative and nitro-
sative stress, acid, and prolonged carbon starvation (Fig. S4). Mtb
pathogenesis is an intricate process involving a wide array of
host-microbe interactions, any of which could be disrupted due
to the absence of PEP formation in ApckA4 during infection. The
cell wall of Mtb serves as an important virulence factor, and
changes in this complex structure likely facilitate clearance of
Mtb by its host (32, 33); however, ApckA did not seem to have
a compromised cell wall, as it was not hypersensitive to deter-
gents (Fig. S6). In addition, loss of PEPCK did not affect pro-
duction of PDIM during culture in vitro. It is possible that the
defect in gluconeogenesis sensitized ApckA to the antimicrobial
mechanisms in the in vivo environment.

In summary, this work supports the view that Mtb preferentially
metabolizes gluconeogenic carbon substrates such as fatty acids
and/or amino acids, and therefore requires PEPCK for growth
and survival in vivo. Clearance of ApckA in mice did not require
IFNy-dependent immune responses. Thus, PEPCK might repre-
sent a promising new target for effective eradication of Mt in-
fection in immune-competent and immune-compromised patients.

Materials and Methods

Bacterial Strains and Media. Mtb (Erdman) strains were grown at 37 °C in
Middlebrook 7H9 liquid medium (Difco) containing 0.2% glycerol, 0.5% BSA,
0.2% dextrose, 0.085% NacCl, and 0.05% Tween 80, or on Middlebrook 7H10
agar plates containing 10% OADC supplement (Becton Dickinson) and 0.5%
glycerol. For growth with defined carbon sources, 7H9 medium with 0.05%
Tyloxapol and a carbon substrate at 0.1% (wt/vol) was used. Hygromycin B
(50 pg/mL) and kanamycin (25 pg/mL) were included when required for se-
lection. Anhydrotetracycline (Sigma) was used at 200 ng/mL and replenished
every 4 days in liquid culture. For metabolomic profiling, Mtb was cultivated
on filters according to Brauer et al. (34). Mtb was seeded on 0.22-uM ni-
trocellulose filters and grown on 7H10 agar plates containing 10% OADC
supplement (Becton Dickinson) and 0.5% glycerol for 5 days. Filters were
then transferred to 7H10 plates containing 0.5% BSA, 0.085% NacCl, and
0.2% U-"3C acetate or 0.2% U-'3C glucose (Cambridge Isotope Laboratories)
for ~0.75 generation times (16 h). Preliminary studies established that iso-
topic steady state for the tested metabolites was achieved by 16 h following
transfer of filter-laden bacteria in the logarithmic phase of growth to fresh
'3Ccontaining media (Fig. S3). Bacteria were metabolically quenched by
immersion into acetonitrile:methanol:H,O (40:40:20) precooled to —40 °C,
and metabolites were extracted by mechanical lysis followed by clarification
and filtration across a 0.22-um filter. Bacterial biomass of individual samples
was determined by measuring residual protein content.

Mutant Construction. ApckA was constructed via allelic exchange using spe-
cialized transducing phage phAE87 (35). Briefly, ~500-bp fragments con-
taining the upstream and downstream region of the pckA gene were
amplified by PCR and cloned into pJSC284-loxP to flank the hygromycin
resistance gene. pJSC284-loxP is a derivative of pJSC284 (gift from Jeff S.
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Cox) containing loxP sites flanking the hygromycin cassette. The plasmid was
digested with Pacl and packaged into the unique Pacl site of the tempera-
ture-sensitive phage phAE87. The phage was amplified in M. smegmatis at
30 °C and used to infect Mtb as previously described (36). The ApckA::hyg
knockout was confirmed using Southern blot (Fig. S1A).

Complementation plasmids were constructed using Gateway Cloning
Technology (Invitrogen). The putative native pckA promoter was amplified
by PCR. The Py tetO promoter (21) and WT TetR (20) were used to gen-
erate the pckA-TetON mutant. Primer sequences are available upon request.

Mouse and Macrophage Infections. C57BL/6 mice and IFNy™~ mice on a C57BL/
6 genetic background (Jackson Laboratory) were infected with Mtb by
aerosol as described (37). When indicated, mice received doxycycline-
containing mouse chow (2,000 ppm; Research Diets). Bacterial numbers were
determined by plating homogenized organs for CFU. Bone marrow-derived
mouse macrophages were isolated and infected with Mtb as described (37).
The Institutional Animal Care and Use Committee of Weill Cornell Medical
College approved murine experimental procedures.

Liquid Chromatography—Mass Spectrometry. Metabolites were separated on
a Cogent Diamond Hydride Type C column (Microsolve Technologies) (38).
The mass spectrometer used was Agilent Accurate Mass 6220 TOF coupled to
an Agilent 1200 LC system. Dynamic mass axis calibration was achieved by
continuous infusion of a reference mass solution using an isocratic pump
with a 100:1 splitter. This configuration achieved mass errors of ~5 parts per
million (ppm), mass resolution ranging from 10,000-25,000 (over m/z 121-
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955 amu), and 5 logo dynamic range. Detected ions were deemed metab-
olites on the basis of unique accurate mass retention time (AMRT) identifiers
for masses exhibiting the expected distribution of accompanying iso-
topomers (Table S1). Metabolite identities were established by querying
against a prepopulated AMRT library of metabolite standards and demon-
strating chromatographic coelution of candidate metabolites with pure
chemical standards spiked into representative biological samples.

Isotopomer Data Analysis. The extent of isotopic labeling for each metabolite
was determined by dividing the summed peak height ion intensities of all
labeled species by the ion intensity of both labeled and unlabeled species,
expressed in percent. Label-specific ion counts were corrected for naturally
occurring 3¢ species (i.e., [M+1] and [M+2]). The relative abundance of each
isotopically labeled species was determined by dividing the peak height ion
intensity of each isotopic form (corrected for naturally occurring '>C species
as above) by the summed peak height ion intensity of all labeled species.
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