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ABSTRACT Under conditions of glucose excess, aerobically growing bacteria pre-
dominantly direct carbon flux toward acetate fermentation, a phenomenon known
as overflow metabolism or the bacterial “Crabtree effect.” Numerous studies of the
major acetate-generating pathway, the phosphotransacetylase (Pta)-acetate kinase
(AckA) pathway, have revealed its important role in bacterial fitness through the con-
trol of central metabolism to sustain balanced growth and cellular homeostasis. In
this work, we highlight the contribution of the Pta-AckA pathway to the fitness of
the spore-forming bacterium Bacillus anthracis. We demonstrate that disruption of
the Pta-AckA pathway causes drastic growth reduction in the mutants and alters the
metabolic and energy status of the cells. Our results revealed that inactivation of the
Pta-AckA pathway increases the glucose consumption rate, affects intracellular ATP,
NAD™, and NADH levels, and leads to a metabolic block at the pyruvate and acetyl
coenzyme A (acetyl-CoA) nodes. Consequently, accumulation of intracellular acetyl-
CoA and pyruvate forces bacteria to direct carbon into the tricarboxylic acid and/or
glyoxylate cycles, as well as fatty acid and poly(3-hydroxybutyrate) biosynthesis path-
ways. Notably, the presence of phosphotransbutyrylase (Ptb) in B. anthracis partially
compensates for the loss of Pta activity. Furthermore, overexpression of the ptb
gene not only eliminates the negative impact of the pta mutation on B. anthracis fit-
ness but also restores normal growth in the pta mutant of the non-butyrate-produc-
ing bacterium Staphylococcus aureus. Taken together, the results of this study dem-
onstrate the importance of the Pta-AckA pathway for B. anthracis fitness by
revealing its critical contribution to the maintenance of metabolic homeostasis dur-
ing aerobic growth under conditions of carbon overflow.

IMPORTANCE B. anthracis, the etiological agent of anthrax, is a highly pathogenic,
spore-forming bacterium that causes acute, life-threatening disease in both humans
and livestock. A greater understanding of the metabolic determinants governing the
fitness of B. anthracis is essential for the development of successful therapeutic and
vaccination strategies aimed at lessening the potential impact of this important bio-
defense pathogen. This study is the first to demonstrate the vital role of the Pta-
AckA pathway in preserving energy and metabolic homeostasis in B. anthracis under
conditions of carbon overflow, thus highlighting this pathway as a potential thera-
peutic target for drug discovery. Overall, the results of this study provide important
insights into the metabolic processes and requirements driving rapid B. anthracis
proliferation during vegetative growth.

KEYWORDS overflow metabolism, acetate production, metabolic status, fitness,
Bacillus anthracis

uring growth on glucose and other easily metabolizable carbohydrates, various
bacteria, including Bacillus spp., generate acetic acid as one of the most abundant
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by-products of carbon metabolism (1-8). The major pathway of acetate production in
prokaryotes, the phosphotransacetylase (Pta)-acetate kinase (AckA) pathway, is directly
linked to central metabolism and is composed of two enzymes, Pta and AckA. In
Escherichia coli and the majority of Gram-negative bacteria, the pta and ackA genes,
encoding Pta and AckA, respectively, form a single operon; in Bacillus subtilis and other
Gram-positive bacteria, however, these genes are located at distant loci on the chro-
mosome (2, 5, 6, 9-12). During acetate fermentation, Pta catalyzes a reaction with ace-
tyl coenzyme A (acetyl-CoA) to generate the high-energy, acid/base-labile intermediate
acetyl phosphate (AcP), which is then converted to acetate by AckA in the subsequent
reaction of substrate-level phosphorylation to generate ATP (5). In anaerobically grow-
ing bacteria, the end product of glycolysis, pyruvate, undergoes mixed-acid fermenta-
tion, leading to excretion of lactate, acetate, formate, and ethanol (13-15). In the pres-
ence of oxygen, however, pyruvate is decarboxylated to acetyl-CoA by the pyruvate
dehydrogenase complex (PDHC). The metabolic fate of aerobically generated acetyl-
CoA depends on the growth conditions. In environments with limited glucose, acetyl-
CoA is completely oxidized in the tricarboxylic acid (TCA) cycle to generate energy pri-
marily through aerobic respiration (oxidative phosphorylation). Under conditions of
glucose excess, however, the TCA cycle activity is restricted by carbon catabolite
repression (16-20) and acetyl-CoA is directed into acetate fermentation, where energy
is generated by the less efficient process of substrate-level phosphorylation, a phe-
nomenon known as overflow metabolism or the bacterial “Crabtree effect” (5, 21).
Overflow metabolism has been widely studied in E. coli and other bacteria over the
decades, and numerous works have revealed the critical importance of aerobic acetate
fermentation for bacterial fitness, central metabolism, cellular homeostasis, and physi-
ology through the preservation of the intricate balance between glycolytic flux and
pathways involved in energy production and biosynthesis (5, 6, 18, 22-29). To date,
however, the contribution of acetate fermentation to Bacillus anthracis fitness and
physiology during overflow metabolism is still poorly understood, and the Pta-AckA
pathway in this medically important pathogen has not been characterized.

In this study, we analyzed the contribution of the Pta-AckA pathway to the fitness
and physiology of B. anthracis. We demonstrated that disruption of either pta or ackA
significantly impairs growth and affects cellular homeostasis of B. anthracis under con-
ditions of carbon overflow. Our results showed that the fitness defects in the mutants
were associated with a metabolic block at the pyruvate and acetyl-CoA nodes, leading
to redirection of carbon away from growth into pathways that normally have only lim-
ited expression under conditions of carbon overflow.

RESULTS AND DISCUSSION

Inactivation of the Pta-AckA pathway impairs B. anthracis growth. During
growth under conditions of glucose and oxygen excess, Bacillus spp. generate acetate
as the major by-product of carbon overflow metabolism (1, 2, 18, 30, 31). This implies
that the Pta-AckA pathway, driving carbon flux toward acetate production, can play an
essential role in B. anthracis fitness, as has been reported for other bacteria (5-7, 10,
32-35). To determine the contribution of the Pta-AckA pathway to B. anthracis growth
and to examine its impact on bacterial metabolic status, we inactivated the ackA and
pta genes in the B. anthracis strain V770-NP1-R (see Materials and Methods). Disruption
of the Pta-AckA pathway by inactivation of the ackA and pta genes had a negative
impact on overall bacterial growth (Fig. 1A) and drastically decreased growth rates dur-
ing the exponential phase in both mutants, compared to the wild-type strain (Fig. 1B).
The impairment of growth was accompanied by a significant decline in the concentra-
tions and rate of acetic acid excretion in both the ackA and pta mutants (Fig. 1C and D).
Furthermore, the decreased growth rates in both mutants were reflected in the reduced
temporal depletion of glucose from the culture medium (Fig. 1E) and an increase in the
glucose consumption rate during the exponential growth phase (Fig. 1F). This suggests
that carbon flux was directed into other metabolic pathways, similar to what has been
reported for Staphylococcus aureus (6). Importantly, a complementation study using
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FIG 1 Inactivation of the Pta-AckA pathway affects growth characteristics of B. anthracis. (A) Growth curves of
the wild-type (wt) strain V770-NP1-R and mutant strains V770-ackA and V770-pta grown aerobically in TSB
containing 0.25% glucose. The OD,,, and the pH of the culture medium were determined at the indicated
times. (B) Growth rate of the wild-type strain V770-NP1-R and mutant strains V770-ackA and V770-pta grown
aerobically in TSB containing 0.25% glucose, determined between 0 and 3h of growth. (C) Temporal
accumulation and depletion of acetic acid in the culture medium of strains V770-NP1-R, V770-ackA, and V770-
pta. (D) Acetate excretion rate determined for strains V770-NP1-R, V770-ackA, and V770-pta between 0 and 3 h
of growth. (E) Temporal depletion of glucose from the culture medium of strains V770-NP1-R, V770-ackA, and
V770-pta. (F) Glucose consumption rate determined for strains V770-NP1-R, V770-ackA, and V770-pta between 0
and 3h of growth. For panels A, C, and E, the results are representative of at least three independent
experiments. For panels B, D, and F, the results are presented as the means plus standard errors of the means
of duplicate determinations for at least three independent experiments. Statistical significance between the
wild-type strain and the pta and ackA mutants was determined by using Student's t test. *, P <0.005.

plasmids containing the wild-type alleles of the ackA and pta genes showed restoration
of the growth characteristics in the mutants to the wild-type levels (see Fig. STA and B in
the supplemental material), verifying the absence of second-site mutations and confirm-
ing that the growth impairment was due to the inactivation of either ackA or pta. Taken
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FIG 2 Inactivation of the Pta-AckA pathway alters carbon flux at the pyruvate and acetyl-CoA nodes
and affects the energy status of B. anthracis. (A) Intracellular acetyl-CoA (Ac-CoA) concentrations
determined for strains V770-NP1-R, V770-ackA, and V770-pta after 3h of aerobic growth in TSB
containing 0.25% glucose. wt, wild-type. (B) Intracellular pyruvate concentrations determined for
strains V770-NP1-R, V770-ackA, and V770-pta after 3h of aerobic growth in TSB containing 0.25%
glucose. (C) Concentrations of pyruvate in the culture medium determined for strains V770-NP1-R,
V770-ackA, and V770-pta after 3 h of aerobic growth in TSB containing 0.25% glucose. (D) Intracellular
ATP concentrations determined for strains V770-NP1-R, V770-ackA, and V770-pta after 3 h of aerobic
growth in TSB containing 0.25% glucose. (E) Intracellular NAD* and NADH concentrations determined
for strains V770-NP1-R, V770-ackA, and V770-pta after 3 h of aerobic growth in TSB containing 0.25%
glucose. The results are presented as the means plus standard errors of the means of duplicate
determinations for at least three independent experiments. Statistical significance between the wild-
type strain and the pta and ackA mutants was determined by using Student's t test. *, P <0.01.

together, these results demonstrate an important contribution of the Pta-AckA pathway
to B. anthracis fitness during overflow metabolism, as the loss of this pathway impairs
bacterial proliferation and increases the glucose consumption rate, suggesting that car-
bon is directed away from growth into other cellular processes.

Disruption of the Pta-AckA pathway causes a metabolic block at the pyruvate
and acetyl-CoA nodes and alters the cellular energy status. In previous studies, it
was reported that inactivation of the Pta-AckA pathway affects the metabolic and
energy status of S. aureus and E. coli by altering carbon flux through the pyruvate and
acetyl-CoA nodes (6, 7, 32, 36). To determine whether inactivation of the Pta-AckA
pathway in B. anthracis causes a similar effect on carbon flux, we measured the intra-
cellular concentrations of acetyl-CoA and pyruvate in the wild-type and mutant strains
during the exponential phase of growth. As anticipated, inactivation of the Pta-AckA
pathway in B. anthracis during vegetative growth led to the accumulation of intracellu-
lar acetyl-CoA and pyruvate in the mutants (Fig. 2A and B). Furthermore, similar to the
results reported earlier for E. coli and S. aureus (6, 10, 32, 37), measurements of the
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extracellular pyruvate concentrations revealed its significant increase in the culture
media for the ackA and pta mutants (Fig. 2C). Because pyruvate is an unusual by-prod-
uct that is not normally excreted by the wild-type strain of B. anthracis under condi-
tions of carbon overflow (Fig. 2C), its accumulation in the media might indicate leakage
and/or transport of excess of pyruvate out of the cells. This suggests that the surge in
the levels of intracellular pyruvate and/or acetyl-CoA caused by inactivation of the Pta-
AckA pathway might have a negative impact on bacterial fitness, as was earlier pro-
posed for S. aureus and E. coli (6, 32), thus forcing cells to excrete excess pyruvate and
direct carbon into other metabolic pathways at the cost of growth.

During overflow metabolism, i.e., aerobic growth in the presence of excess glucose,
the activity of the TCA cycle in bacilli is restricted by carbon catabolite repression (18,
38-40). Consequently, to support rapid cell proliferation under these conditions, a sub-
stantial part of energy in the form of ATP is generated through substrate-level phos-
phorylation via glycolysis and the Pta-AckA pathway (5, 41). Hence, the detrimental
impact on bacterial fitness in the pta and ackA mutants could be a result of the
decreased energy status of bacteria caused by the loss of the generation of two ATP
molecules per glucose consumed through the Pta-AckA pathway. To determine
whether disruption of the Pta-AckA pathway alters the cellular energy status, we meas-
ured the intracellular ATP, NAD", and NADH concentrations in the ackA and pta
mutants during the exponential phase of growth. As seen in Fig. 2D, our results dem-
onstrate that the intracellular ATP levels were indeed lower in the pta and ackA
mutants, compared to the wild-type strain. In contrast, determination of the intracellu-
lar NAD* and NADH concentrations revealed significant increases in the pools of these
metabolites (Fig. 2E), suggesting enhanced respiration in the mutants to compensate
for the loss of ATP. Previously, we demonstrated that inactivation of the Pta-AckA path-
way in S. aureus caused increases in the intracellular concentrations of ATP, NAD™, and
NADH, which resulted from redirection of carbon into the TCA cycle and enhanced
oxidative phosphorylation in the mutants (6). In B. anthracis, however, our experiments
demonstrate that disruption of the Pta-AckA pathway reduces the intracellular ATP con-
centrations in the mutants despite increasing the NAD* and NADH pools. Therefore, these
results suggest that in B. anthracis carbon might be directed toward the less efficient
energy-generating glyoxylate bypass of the TCA cycle, which is absent in S. aureus, and/or
directed into energy-consuming cellular processes.

Inactivation of the Pta-AckA pathway directs carbon into the TCA and glyoxylate
cycles, fatty acid biosynthesis, and PHB production. As mentioned above and similar
to S. aureus (6), the loss of ATP production caused by inactivation of either pta or ackA
increased the glucose consumption rate (Fig. 1F), suggesting enhanced carbon flux
through the glycolytic machinery. In support of this, a quantitative real-time reverse
transcriptase PCR (RT-PCR) analysis using primers specific to pfkA, the gene encoding
the key glycolytic enzyme phosphofructokinase, showed >2.5-fold increases in the lev-
els of pfkA mRNA transcripts in both mutants (Fig. 3A). Given that the metabolic block
at the pyruvate and acetyl-CoA nodes increased the glucose consumption rate as well
as intracellular NAD* and NADH levels in the mutants, we speculated that, similar to S.
aureus and E. coli (6, 32), carbon flux in B. anthracis would be directed into the TCA
and/or glyoxylate cycles in order to fulfill the ATP requirements through oxidative
phosphorylation. To determine whether inactivation of the Pta-AckA pathway alters
transcription of genes involved in the control of the TCA cycle, we performed a quanti-
tative RT-PCR analysis using primers specific to the citZ, citC, and sucA genes, encoding
the TCA cycle enzymes citrate synthase, isocitrate dehydrogenase, and 2-oxoglutarate
dehydrogenase (E1), respectively, as well as primers specific to the aceB gene, encod-
ing malate synthase of the glyoxylate bypass. Using this approach, we found that inac-
tivation of ackA led to >2.5-fold increases in the levels of the citZ, citC, and aceB tran-
scripts and >3.5-fold increases in the levels of the sucA transcripts (Fig. 3A). Although
similar, a less pronounced positive impact on the accumulation of the corresponding
transcript levels was observed for the pta mutant (Fig. 3A). To confirm that disruption
of the Pta-AckA pathway directs carbon into the TCA cycle and/or the glyoxylate shunt,
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FIG 3 Inactivation of the Pta-AckA pathway in B. anthracis directs carbon into the TCA cycle, fatty
acid biosynthesis, and PHB production. (A) Relative transcript levels of the pfkA, citZ, citC, aceB, sucA,
fabH, and fabl genes determined by quantitative RT-PCR after 3 h of aerobic growth in TSB containing
0.25% glucose. Transcript levels in the V770-ackA and V770-pta mutants are presented as a fold
difference, compared to those in the wild-type (wt) strain. (B) Intracellular citrate concentrations
determined for strains V770-NP1-R, V770-ackA, and V770-pta after 3h of aerobic growth in TSB
containing 0.25% glucose. (C) Visualization of PHB granules for strains V770-NP1-R, V770-ackA, and
V770-pta after 3 and 6h of aerobic growth in TSB supplemented with 0.25% glucose by confocal
laser scanning microscopy using the fluorescent dye Nile red. For panels A and B, the results are
presented as the means plus standard errors of the means of duplicate determinations for at least
three independent experiments. Statistical significance between the wild-type strain and the pta and
ackA mutants was determined by using Student's t test. *, P <0.01.

we measured the intracellular citrate levels in the pta and ackA mutants and the wild-
type strain. In agreement with the RT-PCR data, our results showed that inactivation of
the Pta-AckA pathway increased the intracellular citrate pools in both mutants, com-
pared to the wild-type strain (Fig. 3B).

B. anthracis and other members of the Bacillus cereus group accumulate poly(3-
hydroxybutyrate) (PHB) granules as a carbon and energy storage reservoir during
growth (42). In particular, it was shown that aerobically growing B. cereus produced
PHB through the catabolism of acetate when glucose was depleted from the medium
(42, 43). In agreement with this, we previously demonstrated that in B. anthracis the
contribution of the PHB biosynthesis pathway to carbon flux during overflow metabo-
lism is minimal (44). Interestingly, previous studies reported that inactivation of the pta
gene in Ralstonia eutropha and cyanobacteria significantly enhanced production of
PHB, suggesting that the metabolic block at the acetyl-CoA node directs carbon into
the PHB biosynthesis pathway (45, 46). Furthermore, overexpression of the phbCAB
genes from Alcaligenes eutrophus was shown to restore the defective growth and sur-
vival of the pta mutant in the non-PHB-producing bacterium E. coli (32). Therefore, to
determine whether disruption of the Pta-AckA pathway in B. anthracis directs carbon
toward production of PHB, we visualized intracellular accumulation of PHB granules
in the wild-type strain and pta and ackA mutants during the exponential (3 h) and
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postexponential (6 h) phases of growth by confocal laser scanning microscopy using
the fluorescent dye Nile red. In agreement with the results of previous studies
(42-44), the B. anthracis V770-NP1-R wild-type strain produced negligible amounts of
PHB during exponential growth but accumulated PHB during acetate catabolism in
the postexponential phase of growth (Fig. 1C and 3C). In contrast, the pta and ackA
mutants produced substantial amounts of PHB during the exponential growth phase
(Fig. 3Q) in the presence of glucose (Fig. 1E), suggesting that the metabolic block at
the pyruvate and acetyl-CoA nodes caused by inactivation of the Pta-AckA pathway
directs carbon flux toward the production of PHB, similar to findings for R. eutropha
and cyanobacteria (45, 46).

As noted above, the intracellular ATP levels in the pta and ackA mutants were found
to be lower than those in the wild-type strain under conditions of carbon overflow
(Fig. 2D), suggesting that carbon is directed toward energy-consuming cellular proc-
esses. The generation of malonyl-CoA, the rate-limiting step of the de novo fatty acid
biosynthesis catalyzed by the ATP-dependent acetyl-CoA carboxylase, represents one
such energy-consuming reaction (47). To determine whether inactivation of the Pta-
AckA pathway directs carbon toward lipid biosynthesis, we performed a quantitative
RT-PCR analysis using primers specific to the fabH and fabl genes, which encode two
key enzymes in fatty acid synthesis, i.e., B-ketoacyl-acyl carrier protein synthase Ill and
enoyl-acyl carrier protein reductase |, respectively. Using this approach, we found that
inactivation of the Pta-AckA pathway led to an ~2.5-fold increase in the levels of fabl
transcripts and a >3.5-fold increase in the levels of fabH transcripts (Fig. 3A), suggest-
ing enhanced carbon flux toward de novo lipid biosynthesis in the pta and ackA
mutants. It has been shown that in Gram-positive bacteria the expression of genes
involved in fatty acid synthesis, including fabH and fabl, is negatively regulated by the
malonyl-CoA-responsive transcriptional repressor FapR, for which malonyl-CoA serves
as a concentration-dependent DNA binding inhibitor (48-50). Therefore, the observed
elevated levels of the fabH and fabl mRNA transcripts not only suggest increased
expression of their corresponding genes but also corroborate higher intracellular malo-
nyl-CoA levels in the pta and ackA mutants.

Overexpression of the ptb-encoded Ptb restores growth of the B. anthracis and
S. aureus pta mutants. Previously, it was proposed that in B. subtilis and E. coli the
increase in the intracellular AcP levels might be the cause of the more severe growth
inhibition seen in the ackA mutant, compared to the pta mutant (2, 35). Similarly, our
current work demonstrated that inactivation of the pta gene in B. anthracis resulted in
less pronounced negative impacts on bacterial growth and the metabolic status, com-
pared to disruption of the ackA gene (Fig. 1, 2, and 3A and B). In contrast, our study of
the Pta-AckA pathway in S. aureus revealed a more severe detrimental effect of the pta
mutation on bacterial fitness, compared to inactivation of the ackA gene (6). Taken to-
gether, these results suggested that perturbations in the intracellular levels of AcP
might not be a primary cause of the growth defect in the mutants; rather, this differ-
ence is likely based on the presence of a species-specific enzyme or pathway that com-
pensates for the loss of the Pta function within the cells. An earlier study of Pta from B.
subtilis showed its ability to use the short-chain fatty acid esters propionyl-CoA and bu-
tyryl-CoA (which differ from acetyl-CoA by only one and two saturated carbon atoms,
respectively) as less efficient substrates for the reaction (51). More recent characteriza-
tion of Pta from Thermotoga maritima revealed that the N-terminal amino acid
sequence of the protein showed high homology to phosphotransbutyrylases (Ptbs)
from Clostridium acetobutylicum ATCC 824 and NCIMB 8052 (52). Furthermore, Bock
and colleagues (52) showed that, similar to B. subtilis Pta (51), the Pta from T. maritima
not only catalyzes a reaction with acetyl-CoA but also, to a lesser extent, can use propi-
onyl-CoA and butyryl-CoA as substrates. Similarly, Sirobhushanam and colleagues (53)
recently demonstrated that the Ptb of Listeria monocytogenes not only catalyzes a re-
versible reaction with butyryl-CoA to form butyryl phosphate but also has broad sub-
strate specificity, with different affinities for different acyl-CoA substrates. Therefore,
considering the higher levels of extracellular acetate production in the pta mutant,
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FIG 4 Overexpression of the ptb gene restores growth of the pta mutant in S. aureus. (A) Growth curves of the wild-type (wt) strain UAMS-1, the mutant
strain UAMS-1-pta, and UAMS-1-pta with the plasmid pMRS183, containing the ptb gene from B. anthracis, grown aerobically in TSB containing 0.25%
glucose. The ODg,, and the pH of the culture medium were determined at the indicated times. (B) Temporal depletion of glucose from the culture medium
of strains UAMS-1, UAMS-1-pta, and UAMS-1-pta with the plasmid pMRS183. (C) Temporal accumulation and depletion of acetic acid in the culture medium
of strains UAMS-1, UAMS-1-pta, and UAMS-1-pta with the plasmid pMRS183. In the experiments, the wild-type strain and the pta mutant contain pCN51
(empty vector) plasmid. The results are representative of at least three independent experiments.

compared to the ackA mutant (Fig. 1C and D), and the ability of the Pta/Ptb family pro-
teins to catalyze the reactions with various acyl-CoA substrates, we argued that the Ptb
activity in B. anthracis would partially compensate for the loss of the Pta function
within cells. To test this hypothesis, we constructed the plasmid pMRS183, overex-
pressing the Ptb of B. anthracis V770-NP1-R (see Materials and Methods). We then
introduced this multicopy plasmid into the pta mutant to determine whether expres-
sion of the Ptb would complement growth. As anticipated, overexpression of Ptb
restored growth of the B. anthracis V770-NP1-R pta mutant to wild-type levels (Fig.
S1Q). As noted earlier, a pta mutation in S. aureus caused a more severe growth defect,
compared to the inactivation of ackA (6). Therefore, we introduced the pMRS183 plas-
mid into S. aureus strain UAMS-1, which lacks a Ptb orthologue, to determine whether
expression of the B. anthracis Ptb would restore growth characteristics of the pta mu-
tant. As shown in the Fig. 4A and B, heterologous expression of the B. anthracis ptb
gene in S. aureus completely restored growth and temporal glucose consumption in
the UAMS-1 pta mutant. Importantly, in confirmation of the ability of the B. anthracis
Ptb to utilize acetyl-CoA as a substrate and thus to compensate for the loss of Pta func-
tion, its overexpression restored the production of acetic acid in the pta mutant of S.
aureus to wild-type levels (Fig. 4C).

Concluding remarks. In this study, we demonstrated that overflow metabolism in
the form of aerobic acetate excretion by B. anthracis represents an important physio-
logical characteristic of this dangerous human pathogen. Our results revealed that the
activity of the major acetate-generating pathway, the Pta-AckA pathway, has a direct
impact on central metabolism and fitness of B. anthracis, as disruption of this pathway
abolished rapid proliferation during exponential growth and globally altered the meta-
bolic status of the cells. We found that the loss of ATP generation by substrate-level
phosphorylation increased glucose consumption and glycolytic rates in the mutants
and directed carbon into the TCA and/or glyoxylate cycles. Furthermore, our results
demonstrated that inactivation of the Pta-AckA pathway resulted in a metabolic block
at the pyruvate and acetyl-CoA nodes. Consequently, the surge in the intracellular
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pyruvate and acetyl-CoA concentrations forced the cells to excrete pyruvate and to
direct carbon away from growth toward other metabolic pathways and cellular proc-
esses that normally do not operate under these conditions. Interestingly, the fitness
and metabolic differences between the pta and ackA mutants in B. anthracis were not
associated with perturbations in the AcP pools, as suggested for other bacteria (2, 5,
35), but rather were a result of the presence of a Ptb that was able to partially compen-
sate for the loss of Pta activity within the cells. Overall, the results of this study not only
revealed the essential function of the Pta-AckA pathway in regulating cellular homeo-
stasis by maintaining optimal carbon fluxes in central metabolism but also demon-
strated the unique features of aerobic acetate production in B. anthracis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Strains and plasmids used in this study are
listed in Table S1 in the supplemental material. Escherichia coli strains were grown in LB medium (EMD
Millipore) or on LB agar. B. anthracis strains were grown in tryptic soy broth (TSB) (BD Biosciences) sup-
plemented with 0.25% glucose (Sigma-Aldrich). B. anthracis cultures were inoculated to an optical den-
sity at 600 nm (ODy,,) of 0.05 from overnight cultures (grown in TSB without dextrose [BD Biosciences]),
incubated at 37°C, and aerated at 250 rpm with a flask/medium ratio of 10:1. Bacterial growth was
assessed by measuring the OD,,. The ODy,, for stationary-phase cultures was measured following dilu-
tion of cultures in TSB to remain within the linear range of a spectrophotometer. Antibiotics were pur-
chased from Thermo Fisher Scientific and were used at the following concentrations: ampicillin, 100 g/
ml; chloramphenicol, 10ug/ml; spectinomycin, 100 ug/ml; erythromycin, 5ug/ml; and kanamycin,
50 ug/ml.

Construction of the ackA and pta mutants in B. anthracis. Primers (see Table S2 in the supplemen-
tal material) used for construction and confirmation of the ackA and pta mutations were generated
based on the sequence of B. anthracis strain Sterne (GenBank accession number NC_005945). The ackA
mutant was constructed by replacing a 0.6-kb internal region of the ackA gene with a kanamycin resist-
ance gene (kan), using the gene splicing by overlap extension (SOE) technique (54). The kan antibiotic
resistance cassette was amplified from pDG780 (55) using ackA-kan-f and ackA-kan-r primers, which con-
tain sequences homologous to the ackA gene. The primers BamHI-BAS4536-f and kan-ackA-r were used
for amplification of a 1.4-kb region upstream of the ackA gene, while a 1.2-kb region downstream of the
ackA gene was amplified using kan-ackA-f and Sall-BAS4533-f primers. The three PCR fragments were
mixed in equimolar ratio (1:1:1) and amplified using BamHI-BAS4536-f and Sall-BAS4533-f primers. The
resulting 4.1-kb PCR product consisted of the 1.5-kb kan cassette flanked by the sequences upstream
and downstream of the ackA gene. Following digestion with the restriction endonucleases BamHI and
Sall, the 4.1-kb product was cloned into pCL52.2 (56) to generate the pMRS130 plasmid.

The pta mutant was constructed by replacing a 0.7-kb internal region of the pta gene with a specti-
nomycin resistance gene (spc), using the gene SOE technique (54). The spc antibiotic resistance cassette
was amplified from pDG1726 (55) using pta-spc-f and pta-spc-r primers, which contain sequences ho-
mologous to the pta gene. The primers BamHI-BAS5239-r and spc-pta-r were used for amplification of a
1.2-kb region upstream of the pta gene, while a 1.1-kb region downstream of the pta gene was ampli-
fied using spc-pta-f and Sall-IplA-f primers. The three PCR fragments were mixed in equimolar ratio
(1:1:1) and amplified using BamHI-BAS5239-r and Sall-IplA-f primers. The resulting 3.5-kb PCR product
consisted of the 1.2-kb spc cassette flanked by the sequences upstream and downstream of the pta
gene. Following digestion with the restriction endonucleases BamHI and Sall, the 3.5-kb product was
cloned into pJA175 (44) to generate the pJM2 plasmid.

Plasmids pMRS130 and pJM2 were propagated in E. coli strain GM2929 (57), transformed into B.
anthracis strain V770-NP1-R (58) by electroporation, and used to construct V770-ackA and V770-pta
mutants through standard allelic exchange methodology at 37°C as described (59). The replacement of
the ackA gene in the mutant with the kan cassette was confirmed by PCR using primers BAS4536-f and
BAS4533-f. The replacement of the pta gene in the mutant with the spc cassette was confirmed by PCR
using primers BAS5239-r and BAS5237-f.

Complementation of the ackA and pta mutations. For complementation of the ackA mutation, a
1.2-kb PCR product containing the wild-type ackA gene was amplified using primers B-Sall-ackA-f and B-
Sacl-ackA-r. Following digestion with the restriction endonucleases Sall and Sacl, the PCR product was
cloned into the plasmid pCN51 under the control of a cadmium-inducible promoter (60). The resulting
recombinant plasmid was designated pMRS180. For complementation of the pta mutation, a 0.8-kb PCR
product containing the wild-type pta gene was amplified using primers Ba-Sall-pta-f and B-Sacl-pta-r.
Following digestion with the restriction endonucleases Sall and Sacl, the PCR product was cloned into
the plasmid pCN51 under the control of a cadmium-inducible promoter (60). The resulting recombinant
plasmid was designated pMRS200. The plasmids pMRS180 and pMRS200 were propagated in the E. coli
strain GM2929 (57) and introduced into the V770-ackA and V770-pta mutants by electroporation
correspondingly.

For heterologous complementation of the pta mutations in B. anthracis and S. aureus by the B.
anthracis ptb (BAS4071) gene, a 1.0-kb PCR product containing the wild-type ptb gene was amplified
using primers Sall-BAS4071-f and Sacl-BAS4071-r. Following digestion with the restriction endonucleases
Sall and Sacl, the PCR product was cloned into the plasmid pCN51 under the control of a cadmium-
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inducible promoter (60). The resulting recombinant plasmid was designated pMRS183. For complemen-
tation of the pta mutation in B. anthracis, the plasmid pMRS183 was propagated in E. coli strain GM2929
(57) and introduced into the V770-pta mutant by electroporation. For complementation of the pta muta-
tion in S. aureus, the plasmid pMRS183 was transformed into strain RN4220 by electroporation and then
introduced into the UAMS-1-Apta strain by phage ®11-mediated transduction (61).

Measurement of extracellular glucose, acetic acid, and pyruvate concentrations. Aliquots of
bacterial cultures (1 ml) were centrifuged at 18,407 x g for 3 min at 4°C. The supernatants were removed
and stored at —20°C until use. Acetate and glucose concentrations were determined using kits pur-
chased from R-Biopharm, according to the manufacturer's protocol and as described previously (6).
Pyruvate concentrations were determined using the pyruvate assay kit (MBL), according to the manufac-
turer’s protocol.

Determination of intracellular pyruvate, citrate, ATP, NAD*, NADH, and acetyl-CoA concentrations.
Intracellular pyruvate concentrations were determined using the pyruvate assay kit (MBL). Aliquots of
bacterial cultures (10 ml) were harvested by centrifugation at 3,630 x g at 4°C for 10 min. The bacterial
pellets were washed twice with 1 ml of phosphate-buffered saline (PBS) (pH 7.4), resuspended in 0.35 ml
of pyruvate assay buffer, incubated for 20 min at 80°C, and lysed using Lysing Matrix B tubes (MP
Biomedicals) in a FastPrep instrument (Qbiogene). The lysates were centrifuged at 18,407 x g at 4°C for
5 min. Pyruvate concentrations were determined according to the manufacturer's protocol and normal-
ized to the corresponding total cellular protein concentration at the time of harvest.

Intracellular citrate concentrations were determined using the citrate colorimetric/fluorometric assay
kit (BioVision). Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 3,630 x g at 4°C
for 10 min. Bacterial pellets were washed twice with 1 ml of PBS and resuspended in 0.5 ml of PBS, fol-
lowed by the addition of 0.1 ml of ice-cold 3 M perchloric acid. Cells were lysed using Lysing Matrix B
tubes (MP Biomedicals) in a FastPrep instrument (Qbiogene). The lysates were then centrifuged at
18,407 x g for 3 min. Subsequently, 300 ul of supernatants was neutralized with 75 ul of a saturated so-
lution of potassium bicarbonate and centrifuged at 18,407 x g at 4°C for 3 min. Citrate concentrations
were determined according to the manufacturer’s protocol and normalized to the corresponding total
cellular protein concentration at the time of harvest.

Intracellular ATP concentrations were determined using the BacTiter-Glo kit (Promega) according to
the manufacturer's protocol and normalized to the total cellular protein concentration at the time of
harvest.

Intracellular NAD* and NADH concentrations were determined using the Fluoro NAD/NADH kit (Cell
Technology). Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 3,630 x g at 4°C
for 10 min. The bacterial pellets were washed twice with 1 ml of PBS and then resuspended in 0.2 ml of
the NAD/NADH extraction buffer and 0.2 ml of the lysis buffer. Cells were lysed using Lysing Matrix B
tubes (MP Biomedicals) in a FastPrep instrument (Qbiogene). The lysates were then incubated at 60°C
for 15 min and centrifuged at 18,407 x g at 4°C for 3 min. NAD" and NADH concentrations in the lysates
were determined according to the manufacturer's protocol and normalized to the total cellular protein
concentration at the time of harvest.

Intracellular acetyl-CoA concentrations were determined using the PicoProbe acetyl-CoA assay kit
(BioVision). Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 3,630 x g at 4°C for
10 min. The bacterial pellets were washed twice with 1 ml of PBS and resuspended in 0.5 ml of PBS, fol-
lowed by the addition of 0.1 ml of ice-cold 3 M perchloric acid. The cells were lysed using Lysing Matrix
B tubes (MP Biomedicals) in a FastPrep instrument (Qbiogene). The lysates were centrifuged at
18,407 x g at 4°C for 3 min. Subsequently, 300 ul of supernatants was neutralized with 75 ul of a satu-
rated solution of potassium bicarbonate and centrifuged at 18,407 x g at 4°C for 3 min. Acetyl-CoA con-
centrations were determined according to the manufacturer's protocol and normalized to the total cellu-
lar protein concentration at the time of harvest.

All assays were performed in duplicate for at least three independent experiments. Protein concen-
trations for all assays were determined by the Lowry method (62).

Confocal microscopy. PHB granules in B. anthracis were visualized with the fluorescent dye Nile red
(Sigma-Aldrich) as described (63). Bacterial samples collected after 3 and 6 h of growth in TSB supple-
mented with 0.25% glucose were stained with Nile red by addition of 0.5 volumes of Nile red solution
(1 wg/ml in ethanol). Bacteria were immobilized by addition of 1 volume of 1% agarose (55°C), and then
15 ul of the cell suspension was placed on a microscope slide and covered with a coverslip. Bacteria
were imaged with an inverted Zeiss 510 Meta confocal laser scanning microscope fitted with a Plan-
Apochromat 63x/1.40 numerical aperture oil differential interference contrast (DIC) M27 objective set to
a 1.7 digital zoom. In addition to the acquisition of DIC images, a 561-nm diode-pumped solid-state
(DPSS) laser was used to excite Nile red and the emissions were collected with a 575- to 615-nm band-
pass filter.

mRNA quantification. RNA isolation from B. anthracis cultures after 3 h of growth in TSB supple-
mented with 0.25% glucose was carried out as described previously (64). Quantitative real-time PCR was
performed using rpoD-, citZ-, citC-, sucA-, aceB-, fabl-, fabH-, and pfkA-specific primers, as listed in Table
S2. Briefly, cDNA was synthesized from 500 ng of total RNA using the QuantiTect reverse transcription kit
(Qiagen). The samples were then diluted 1:50, and the cDNA products were amplified using the
LightCycler FastStart DNA Master SYBR green | kit (Roche Applied Science) following the manufacturer's
protocol. The relative transcript levels were calculated using the comparative threshold cycle (C;)
method (65) with normalization to the amount of rpoD transcripts. The results were recorded in dupli-
cate and are representative of three independent experiments.
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