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Acyl-homoserine lactone (AHL)-mediated quorum sensing (QS)
controls the production of numerous intra- and extracellular
products across many species of Proteobacteria. Although these
cooperative activities are often costly at an individual level, they
provide significant benefits to the group. Other potential roles for
QS include the restriction of nutrient acquisition and maintenance
of metabolic homeostasis of individual cells in a crowded but co-
operative population. Under crowded conditions, QS may function
to modulate and coordinate nutrient utilization and the homeo-
static primary metabolism of individual cells. Here, we show that
QS down-regulates glucose uptake, substrate level and oxidative
phosphorylation, and de novo nucleotide biosynthesis via the ac-
tivity of the QS-dependent transcriptional regulator QsmR (quo-
rum sensing master regulator R) in the rice pathogen Burkholderia
glumae. Systematic analysis of glucose uptake and core primary
metabolite levels showed that QS deficiency perturbed nutrient
acquisition, and energy and nucleotide metabolism, of individuals
within the group. The QS mutants grew more rapidly than the wild
type at the early exponential stage and outcompeted wild-type cells
in coculture. Metabolic slowing of individuals in a QS-dependent man-
ner indicates that QS acts as a metabolic brake on individuals when
cells begin to mass, implying a mechanism by which AHL-mediated
QS might have evolved to ensure homeostasis of the primary metab-
olism of individuals under crowded conditions.

cyl-homoserine lactone (AHL)-mediated quorum sensing
(QS) controls diverse behaviors, including virulence, biofilm
formation, and motility, in many Proteobacteria (1-3). Such QS-
dependent activities are the result of density-dependent expres-
sion of both intra- and extracellular gene products important for
survival in crowded conditions (4-7). Other roles for bacterial
QS have been proposed, including allowing bacteria to control
nutrient uptake and maintain individual metabolic homeostasis
within a crowded but cooperative population. The metabolic
status of bacteria is usually defined as the average metabolic
activity of individual cells in a population; however, the concepts
of population biology have often been ignored in this context.
Little is known regarding whether or not individual cells change
their primary metabolism under crowded, but cooperative, con-
ditions or how they maintain metabolic homeostasis at the pop-
ulation level. In addition to the feedback inhibition circuits
characteristic of many biochemical processes (8-10), we hypoth-
esized that QS might control both glucose uptake and metabolic
homeostasis of individual cells in crowded populations based upon
earlier analyses of QS-dependent gene expression in Burkholderia
glumae and the role of QS in regulating the respiration of
Burkholderia thailandensis (11, 12). The model organism used in
this study, B. glumae, is an important agricultural pathogen due to
its ability to cause rice panicle blight. Compared with other closely
related pathogenic bacteria, B. glumae is relatively easy to handle
in the laboratory and contains only a single LuxI-R-type QS sys-
tem, signal synthase (TofI), synthesizing octanoyl-homoserine
lactone (C8-HSL), and the cognate receptor TofR (13), making
this organism an ideal model for the study of QS in bacteria. C8-
HSL binds to TofR, activating expression of an isocitrate lyase
regulator R (IcIR)-type transcriptional regulator QsmR, which in
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turn activates a series of genes associated with the production of
intra- and extracellular products important for survival in crowded
conditions (14-16).

Here, we address two major questions regarding the individual
cellular response to QS in B. glumae. First, we investigate whether
individual cells restrict nutrient acquisition under crowded con-
ditions, as a QS-mediated cooperative activity. Next, we ask whether
QS mechanisms control the primary metabolism of individual cells
as a means of maintaining metabolic homeostasis within the group.
We found that QS activity directly modulates glucose uptake and
slows primary metabolism at the level of substrate metabolism,
oxidative phosphorylation, and de novo nucleotide biosynthesis
within individual cells as a means of ensuring homeostatic me-
tabolism under crowded but cooperative conditions.

Results

QS Modulates Glucose Uptake. Based on a previous analysis of
QS-dependent gene expression in B. glumae (11), we hypothe-
sized that QS might affect glucose uptake in individual cells. To
determine the effect of QS on glucose uptake, we chose pts/
(bglu_1g31820), one of two phosphoenolpyruvate-protein phospho-
transferase genes and a representative gene in the multicomponent
phosphoenolpyruvate-dependent sugar phosphotransferase sys-
tem (PTS), based on previously published RNAseq results (11) and
measured the expression levels in wild type (BGR1), the toff mu-
tant BGS2, and the gsmR mutant BGS9. Expression of ptsI was
significantly higher in the QS mutants than the wild type (Fig. 14).
The levels of transported p-glucose-1-['*C] were significantly higher
in the QS mutants than the wild type, as assessed using ["*C]-NMR
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Fig. 1.

Down-regulation of glucose uptake mediated by QS and outgrowth of QS mutants. (A) Expression of the phosphoenolpyruvate-protein

phosphotransferase-encoding gene (pts/) in B. glumae. The expression levels of pts/ were higher in the QS-null mutants than the wild type, as revealed by
quantitative reverse transcription-PCR. (B) Total amounts of ['3C] after feeding of b-glucose-1-['3C] in the wild type and QS mutants of B. glumae. The total
cellular amounts of ['3C] were higher in QS mutants than the wild type as assessed by integration of peaks generated by ['*C]-NMR spectroscopy. Error bars
represent the error ranges of triplicate experiments. (C) Difference of growth rate between the wild-type BGR1 and the QS mutants. The QS mutants grew
more rapidly at the early exponential stage than did the wild type, and statistical analysis of the data are presented in S/ Appendix, Fig. S4. (D) Competition
assays between the tofR mutant BGS1 and the wild-type BGR1. The tofR mutant BGS1 outcompeted the wild-type strain in coculture.

spectroscopy (Fig. 1B and SI Appendix, Fig. S1). Levels of glucose
uptake in the fofl mutant BGS2 were restored to wild-type levels by
addition of 1 pM exogenous C8-HSL (Fig. 1B). Together, these
results show that the rate of glucose uptake is regulated in part by
the QS response. However, the mutation of pts/ did not cause
a significant change in growth rate compared with wild type (S
Appendix, Fig. S2).

Growth of QS Mutants. To investigate whether the growth rate of
QS mutants might be different from that of the wild type, we
monitored the growth of wild-type cells (BGR1), the fofl mutant
BGS2, the fofR mutant BGS1, and the gsmR mutant BGS9 in
Luria-Bertani (LB) medium. The QS mutants grew more rapidly
at the early exponential stage than did the wild type (Fig. 1C and
SI Appendix, Figs. S3 and S4). The growth rate of BGS2 was
recovered to the wild-type level by the exogenous addition of
1 pM C8-HSL (Fig. 1C). A complemented strain (S9C17) of the
gsmR mutant BGS9 exhibited a growth phenotype similar to that
of BGR1 (Fig. 1C). The addition of 1 pM C8-HSL to BGS1 did
not change the growth pattern (SI Appendix, Figs. S3 and S4). To
explore the competitive fitness of the QS mutants, we cocultured
BGS1 and BGR1 and monitored the colony-forming units (cfus)
of each strain. We found that the fofR mutant BGS1 outcompeted
the wild-type strain in coculture (Fig. 1D).

Primary Metabolic Activity Is Higher in the QS Mutants than the Wild
Type. To demonstrate that QS acts as a regulator of metabolic
homeostasis, we quantitatively analyzed the levels of 75 cationic
and anionic core primary metabolites of substrate-level and oxi-
dative phosphorylation, the pentose phosphate pathway, and de
novo purine and pyrimidine biosynthesis. We performed capillary
electrophoresis time-of-flight mass spectrometry (CE-TOFMS)
6 h and 10 h after bacterial subculture in LB or buffered LB (BLB)
broth, reflecting the early and midstages of the QS response, re-
spectively. The average levels of all metabolites in wild-type BGR1,
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tofl mutant BGS2, and gsmR mutant BGS9 were 109,616 pmol/lOg
cells, 124,620 pmol/10° cells, and 134,059 pmol/10° cells, respec-
tively, at 6 h after subculture in LB media. These levels increased to
126,419 pmol/lO9 cells, 209,024 pmol/lO9 cells, and 186,800
pmol/10° cells, respectively, at 10 h (SI Appendix, Table S1). The
differences between the 10- and 6-h totals reflect a ratio of 1.15
in the wild-type strain, compared with 1.39 and 1.68 in the QS
mutants. These data indicate that the level of primary metabolic
activity was higher in the QS mutants than the wild type.

We found that significant differences in the levels of key
metabolites of substrate-level and oxidative phosphorylation
were evident between the wild-type strain and the QS mutants
(SI Appendix, Table S1). For example, glucose-6-phosphate,
3-phosphoglycerate, and phosphoenolpyruvate levels were all
significantly higher in the fofl mutant BGS2 than in the wild-type
strain 10 h after subculture (Fig. 2 and SI Appendix, Fig. S5 and
Table S1). These results are consistent with repression of glucose
uptake by a QS-dependent mechanism. When we assessed the ex-
pression levels of the phosphoglycerate kinase (pgk) and pyruvate
kinase (pyk) genes, using our earlier RNAseq data, we found that
both were higher in the QS mutants than the wild type (Fig. 34). In
addition, the level of pyruvate kinase activity was higher in the QS
mutants than the wild type (Fig. 3B). In terms of oxidative phos-
phorylation, the expression levels of the NADH dehydrogenase
(nuoB) and FoF;ATP synthase C (afpE) genes were significantly
higher in the QS mutants than the wild type (Fig. 34). QsmR was
shown to bind directly to the putative promoter regions of ptsl, pgk,
pyk, nuoB, and atpE (Fig. 3C and SI Appendix, Fig. S6).

Regulation of Pentose Phosphate Pathway by QS. As both uptake
and utilization of glucose were elevated in the QS mutants, we
next compared the levels of metabolites associated with the
pentose phosphate pathway because B. glumae uses the Entner—
Doudoroff pathway rather than glycolysis. Concentrations of
both ribose-5-phosphate and ribulose-5-phosphate increased
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Fig. 2. QS-dependent changes in the levels of metabolites involved in central carbon metabolism. The levels of metabolites of the Entner-Doudoroff and

pentose phosphate pathways were plotted on pathway maps. The x and y axe

s refer to two different incubation times and show metabolite concentrations

(in pmol per 10° cells), respectively. Red, blue, and black lines indicate wild-type BGR1, the tofl mutant BGS2, and the gsmR mutant BGS9, respectively. Blunt
arrows in red indicate QsmR-mediated repression of target genes. Each value is an average of data from three independent experiments, and statistical

analysis of the data are presented in S/ Appendix, Fig. S5.

gradually over time in the QS mutants but remained relatively
constant in the wild type (Fig. 2). However, levels of sedo-
heptulose 7-phosphate were dramatically decreased in the wild
type but showed slight increases over time in the QS mutants
(Fig. 2). Furthermore, because the pentose phosphate pathway is
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the main source of bacterial NADPH, we also measured NADP*
concentrations. NADP™ concentrations were significantly higher
in the QS mutants at 10 h after subculture compared with the
wild type (SI Appendix, Fig. S5 and Table S1), indicative of
higher levels of pathway activation in the QS mutants.
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Regulation of de Novo Nucleotide Biosynthesis by QS. To determine
whether the suppressive effects of QS on glucose metabolism
were also reflected in the biosynthesis of ribonucleoside 5'-tri-
phosphates (NTPs) and 5’-diphosphates (NDPs), we compared
levels of NTPs and NDPs in the wild type and QS mutants. The
concentrations of all NTPs were significantly higher in the QS
mutants compared with the wild type 10 h after subculture (Fig. 4
and SI Appendix, Table S1). The ATP/ADP ratio remained rel-
atively constant in the wild type but increased from 2.0 to 3.0
over time in the QS mutants (SI Appendix, Table S1). The ATP
level was therefore homeostatic in the wild type, but not in the
QS mutants. Another line of evidence was afforded by analysis of
the differential expression of the adenylate kinase (adk) and
nucleoside-diphosphate kinase (ndk) genes involved in de novo
purine biosynthesis (Fig. 34). Adenylate kinase activity was el-
evated in the QS mutants compared with the wild type (Fig. 3B).
To explain why the other NTPs were also unbalanced, we esti-
mated the expression levels of the phosphoribosylglycinamide
synthetase D (purD) and carbamoyl phosphate synthase A (carA)
genes involved in de novo purine and pyrimidine biosynthesis,
respectively, as suggested by our earlier RNAseq data (11). The
expression levels of both genes were higher in QS mutants than
in the wild type (Fig. 34), explaining the observed imbalances in
other NTPs in the QS mutants. We also observed imbalances in
the levels of deoxyribonucleoside 5’-triphosphates (ANTPs) and
higher-level expression of the ribonucleotide reductase B (nrdB)
gene, whose product catalyzes formation of deoxyribonucleo-
tides from ribonucleotides, in the QS mutants compared with the
wild type (Fig. 34 and SI Appendix, Table S1). Direct binding of
QsmR to the putative promoter regions of the adk, ndk, purD,
carA, and nrdB genes supported the notion that these genes were
regulated by QsmR (Fig. 3C and SI Appendix, Fig. S6).

Discussion

There is accumulating evidence that QS controls cooperative
activities of bacteria and confers benefits upon individuals in the
group. However, among QS-mediated cooperative activities, one
long-standing idea that has not yet been addressed is whether QS
mechanisms can regulate the nutrient uptake of individual cells
as a form of cooperative activity. We believe that we have

uncovered a previously unknown cooperative activity of AHL-
mediated QS in B. glumae. QS-mediated repression of multiple
intracellular products to maintain energy and nucleotide ho-
meostasis represents a case where QS functions as a metabolic
brake. QS-mediated control of glucose utilization and primary
metabolism adds another tier of regulation in primary metabo-
lism, functioning alongside a variety of other systems, including
feedback inhibition in bacteria.

QS did not affect the metabolic diversity in phenotype-
microarray experiments of B. thailandensis; however, it did have
a negative influence on the respiration rate using several carbon
and nitrogen sources (12). One possible explanation for this
difference is that the metabolic costs of producing QS-induced
factors lead to the slower growth of the wild-type strain relative
to the QS mutant. Likewise, we believe that the metabolic costs
to produce QS-induced factors may have led to the metabolite
imbalance in B. glumae. The effects of such costs on the general
metabolism and growth of QS mutants might be an issue if
nutrients are limiting in terms of growth. However, it is not clear
whether metabolic costs seriously affect general metabolism
upon growth in a nutrient-rich medium such as LB. Alterna-
tively, we explored the possibility that QS might repress primary
metabolism directly in this study. We showed that multiple genes
encoding enzymes associated with glucose uptake and primary
metabolism are directly repressed by QS-dependent QsmR.

The phosphoenolpyruvate-dependent sugar PTS is a common
method for transporting sugars into bacteria (17, 18). Our data
showed that QsmR represses the expression of ptsl, indicating
that QsmR directly represses the phospho-transfer of glucose in
B. glumae. To our knowledge, this is the first report that QS or
QS-dependent transcriptional regulators directly control nu-
trient acquisition of individual cells in crowded conditions.
This restriction of glucose consumption of individual cells in a
cooperative population is somewhat similar to calorie restriction
in mammalian cells (19) and is consistent with a report demon-
strating a negative influence of QS on the rate of respiration in
B. thailandensis in the presence of various carbon and nitrogen
sources (12). However, the growth rate of the ptsI mutant was
similar to that of the wild type. No difference of growth rate of
the ptsI mutant compared to the wild type may be due to genetic
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Fig. 4. Down-regulation of nucleotide metabolism by QsmR. The levels of intermediates of nucleotide metabolism were plotted on pathway maps. The x and y
axes refer to two different incubation times and show metabolite concentrations (in pmol per 10° cells), respectively. Red, blue, and black lines indicate wild-type
BGR1, the tofl mutant BGS2, and the gsmR mutant BGS9, respectively. Blunt arrows in red indicate QsmR-mediated repression of target genes. Each value is an
average of data from at least three independent experiments, and statistical analyses of the data are presented in S/ Appendix, Fig. S5.
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redundancy; alternatively, the phosphoenolpyruvate-dependent
sugar PTS might not be crucial for growth in LB, which is a
glucose-limited medium.

Repression of the pgk and pyk genes by QsmR would affect the
cellular concentration of ATP because phosphoglycerate kinase
and pyruvate kinase are two key enzymes involved in the sub-
strate-level phosphorylation that generates ATP. The ATP im-
balance observed in the QS mutants may also be attributable to
elevated expression of nuoB and atpE, which are involved in
oxidative phosphorylation and proton-motive force-driven ATP
biosynthesis, respectively, in those mutants. Furthermore, high
levels of ribose-5-phosphate in QS mutants could also cause an
imbalance in nucleotide concentration because intracellular ribose-
5-phosphate is the primary regulator of de novo purine and
pyrimidine biosynthesis (20). Further evidence shows that the
nucleotide imbalance resulted from dysregulation of de novo
nucleotide biosynthesis by QsmR.

Imbalance in the ATP/ADP ratio may be due to elevated
adenylate kinase and nucleoside-diphosphate kinase activities in
the QS mutants compared with wild type because these enzymes
are essential for maintaining equilibrium among the various
nucleoside triphosphates (21, 22). These data therefore show
that the QS mutants suffer from energy and nucleotide imbal-
ance because ATP is the general energy donor of metabolism.
Furthermore, we observed a ANTP imbalance in the QS mutants,
suggesting that a QS deficiency may negatively affect the genetic
stability of B. glumae because dNTP imbalances have been shown
to trigger high-frequency mutation in Escherichia coli (23, 24).

Elevated expression of nuoB in QS mutants would result in
higher levels of NAD" in the QS mutants compared with the wild
type (SI Appendix, Table S1). Similarly, higher levels of NADP*
in the QS mutants may be attributable to elevation of the activity
of the pentose phosphate pathway, a major source of bacterial
NADPH. Together with the higher levels of oxidized divalent
glutathione evident in QS mutants (SI Appendix, Table S1), the
data suggest that QS mutants are likely exposed to more oxi-
dative stress than the wild type because NADPH and reduced
monovalent glutathione are the principal reducing agents pro-
tecting cells against toxic reactive oxygen species. These results
are consistent with our previous report that the QS mutants have
lower catalase activity (25).

In AHL QS-mediated gene regulation, a LuxR-type regulator
can act as either a transcriptional activator or a repressor (26-28)
although evidence of simultaneous activation and repression is
relatively rare. According to genome-wide AHL-dependent
analyses of Pseudomonas aeruginosa and other bacteria, there
are indications that QS negatively influences gene expression
(29, 30). More recently, a QS-dependent transcriptome analysis
of B. thailandensis found that the expression of genes encod-
ing HPr, cytidylate kinase, and ribonucleotide diphosphate re-
ductase, which are involved in glucose uptake and nucleotide
metabolism, respectively, was down-regulated by QS (31). It
should be noted that the strains of B. thailandensis were grown in
LB supplemented with 50 mM 3-(N-morpholino) propane-
sulfonic acid, which is different from the growth conditions we
used for the growth of B. glumae. Nonetheless, these results in-
dicate that QS-mediated metabolic slowing is not an unusual
phenotype in B. glumae.

We report that QS-dependent QsmR represses multiple genes
encoding important intracellular products in B. glumae. Re-
pression of multiple genes by QsmR is not unusual because IcIR-
type transcriptional regulators have been shown to function as
both activators and repressors in other bacteria (26). Repression
of multiple enzymes involved in glucose uptake and primary
metabolism by QsmR is therefore a normal aspect of QS, but
also the result of indirect control of QS in B. glumae.

One might argue that imbalance of primary metabolism in QS
mutants occurred as a result of direct control of glucose uptake
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by QsmR. However, it should be noted that p-glucose-1-[1*C]
was added to LB media for all glucose uptake assays, but not for
metabolomic analyses. Considering that LB is a glucose-limited
medium (32), it is unlikely that different glucose uptake rates
between the wild type and QS mutants seriously affected the
balance of primary metabolism. Nevertheless, we cannot rule out
a possibility of different uptake rates for amino acids present in
LB medium, which might affect primary carbon metabolism.

By repressing the synthesis of multiple intracellular products,
QS responses benefit both individual cells as well as the group by
placing more restrictive controls on nutrient utilization and cel-
lular energy consumption under high-cell-density conditions. It is
plausible that the repression of multiple intracellular products by
QS as a mechanism of cooperativity might provide survival
benefits under conditions of nutrient limitation brought on by
crowding. Our systematic analysis of the levels of core primary
metabolites and the molecular and biochemical evidence sup-
porting these claims clearly show that QS acts as a metabolic
brake on individuals within a group and reveal that individuals
in a crowded but noncooperative population experience serious
physiological challenges. In conclusion, QS slows metabolic
functions to ensure homeostasis of the primary metabolism
of individual cells in crowded situations and is a form of
cooperative activity.

Materials and Methods

Strains and growth conditions are described in S/ Appendix, S| Materials and
Methods. Primers are listed in S/ Appendix, Table S3. Detailed protocols for
statistical analysis, RNA isolation, quantitative reverse transcription-PCR, and
electrophoretic mobility-shift assay are described in S/ Appendix, S| Materials
and Methods.

Growth Monitoring and Competition Assay. BGR1 (wild type), three QS
mutants, BGS1 (BGR1 tofR::Q), BGS2 (BGR1 tofl::Q2), and BGS9 (BGR1
gsmR::Q), and KJ1120 (BGR1 pts/::mini-Tn5rescue) were grown overnight
and diluted to ~1 x 10° CFU/mL for subculture in LB. The optical density (OD)
at Agoo Was recorded every hour from 3 h until 11 h after subculture. For the
competition experiments, the tofR mutant BGS1 and wild type were grown
individually overnight and diluted to OD = 0.05 at Aggo to give ~2 x 107 cfu/mL.
Cells of each strain were mixed at a 1:1 ratio. After coculture, the cells were
spotted onto LB agar plates and LB agar plates supplemented with 100 pg/mL
spectinomycin from serial dilutions. Colonies grown on LB agar plates containing
spectinomycin were counted as the tofR mutant BGS1; these numbers were
subtracted from the cell numbers on LB agar plates to calculate the wild-type
cell number.

Quantitative Analysis of p-glucose-1-['3C] Uptake Using NMR Spectroscopy.
Seed cultures of B. glumae BGR1 and two QS-defective mutants, BGS2
(BGR1 tofl::Q) and BGS9 (BGR1 gsmR::Q), were subcultured for 6 h and 10 h.
Cells (8.0 x 10% and 3.0 x 10° at 6 h and 10 h, respectively) were harvested
from 10-mL subcultures, washed thoroughly in sterilized distilled water to
remove residual D—glucose—1—[13C], and resuspended in 0.5 mL of 99% (vol/vol)
D,0. As a reference, 0.5 pL of 0.5 M trimethylsilyl propanoic acid (TSP)
(100 pmol) was added to all samples. Pulsed ['*C-NMR spectra were obtained
on a Bruker Avance 600 MHz spectrometer with a probe temperature of 27 °C,
operating at 150.90 MHz, using the following parameters: a 30° pulse angle, a
spectral width of 42.373 kHz, 65-K data points, an acquisition time of 0.7733 s,
and a 2.0-s relaxation delay. Typically, 10,240 scans were accumulated, and line
broadening of 3 Hz was used during data processing. Expression levels were
assigned to the integrated values of individual peaks, which were identified by
reference to the chemical shift of the reference, TSP, at 0 ppm.

Metabolome Analysis. Intracellular metabolites of B. glumae BGR1 and two
QS-defective mutants, BGS2 (BGR1 tofl::Q2) and BGS9 (BGR1 gsmR::Q), were
extracted as follows. Cells were grown in either LB or BLB medium at 37 °C.
Culture aliquots (2 mL) were collected 6 h and 10 h after subculture, diluted
to 1 x 107 cells per mL, and passed through a 0.45-um filter. Cells were
washed with 20-mL Milli-Q water to remove any residual LB medium, and
the filter was then placed into sealable Petri dishes containing a 2-mL
methanolic solution of internal standards (5 uM), and sonicated for 30 s to
resuspend the cells. Next, 1.6-mL of chloroform and 640-pL of Milli-Q water
were added, and the suspension was mixed thoroughly. The aqueous layer
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(375 pL) was then collected and filtered via centrifugation through a Millipore
5-kDa-cutoff filter to remove soluble proteins. The filtrate was dried under
vacuum and dissolved in 50 pL of Milli-Q water. Samples were then ana-
lyzed by CE-TOFMS; intracellular metabolites were quantified as described
previously (33, 34). All experiments were performed using at least three
independent replicates.

Pyruvate Kinase Assay. Pyruvate kinase activity was measured using a fluo-
rometric assay kit (Biovision) according to the manufacturer’s instructions. In
this assay, phosphoenolpyruvate and ADP react to form pyruvate and ATP,
in a reaction catalyzed by pyruvate kinase. The resulting pyruvate is then
oxidized by pyruvate oxidase to produce a colored fluorescent product. We
measured fluorescence using EX/Em wavelengths of 535/587 nm every 5 min
for 30 min at 25 °C. Pyruvate kinase activity was calculated using a standard
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curve, and the AF and AT values were obtained from the region of linear
signal increase.

Adenylate Kinase Assay. Adenylate kinase activity was measured using
a ToxiLight bioassay kit (Lonza) according to the manufacturer’s instructions.
ADP is converted to ATP by adenylate kinase. Luciferase catalyzes the
formation of light from ATP and luciferin. When the two reactions are
combined, the emitted light intensity is linearly related to adenylate
kinase concentration and is measured using a multilabel plate reader
(PerkinElmer).
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