L T

/

1\

=y

L)

Check for
updates

Pyruvate cycle increases aminoglycoside efficacy and
provides respiratory energy in bacteria

Yu-bin Su®', Bo Peng®® "%, Hui Li*“", Zhi-xue Cheng®’, Tian-tuo Zhang®, Jia-xin Zhu®, Dan Li®, Min-yi Li?, Jin-zhou Ye?,

Chao-chao Du?, Song Zhang?, Xian-liang Zhao® Man-jun Yang?, and Xuan-xian Peng

a,b,c,2

#Center for Proteomics and Metabolomics, State Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University, University City, Guangzhou
510006, People’s Republic of China; °Laboratory for Marine Fisheries Science and Food Production Processes, Marine Biology and Biotechnology, Qingdao
National Laboratory for Marine Science and Technology, Qingdao 266071, People’s Republic of China; “Guangdong Province Key Laboratory for
Pharmaceutical Functional Genes, Sun Yat-sen University, University City, Guangzhou 510006, People’s Republic of China; and dDepartment of Respiratory
Medicine, The Third Affiliated Hospital, Sun Yat-sen University, Guangzhou 510630, People’s Republic of China

Edited by Sankar Adhya, National Cancer Institute, National Institutes of Health, Bethesda, MD, and approved January 3, 2018 (received for review August

21, 2017)

The emergence and ongoing spread of multidrug-resistant bacteria
puts humans and other species at risk for potentially lethal infections.
Thus, novel antibiotics or alternative approaches are needed to
target drug-resistant bacteria, and metabolic modulation has been
documented to improve antibiotic efficacy, but the relevant meta-
bolic mechanisms require more studies. Here, we show that gluta-
mate potentiates aminoglycoside antibiotics, resulting in improved
elimination of antibiotic-resistant pathogens. When exploring the
metabolic flux of glutamate, it was found that the enzymes that link
the phosphoenolpyruvate (PEP)-pyruvate-AcCoA pathway to the TCA
cycle were key players in this increased efficacy. Together, the PEP-
pyruvate-AcCoA pathway and TCA cycle can be considered the
pyruvate cycle (P cycle). Our results show that inhibition or gene
depletion of the enzymes in the P cycle shut down the TCA cycle even
in the presence of excess carbon sources, and that the P cycle
operates routinely as a general mechanism for energy production
and regulation in Escherichia coli and Edwardsiella tarda. These find-
ings address metabolic mechanisms of metabolite-induced potentia-
tion and fundamental questions about bacterial biochemistry and
energy metabolism.
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he emergence and spread of antibiotic-resistant bacteria is a

major threat to human health and could also have significant
impacts on the health and survival of other species (1-3). Con-
ventional approaches to antibacterial development are based on the
inhibition of essential processes of antibiotic-resistant mechanisms,
which seem to have reached the point of diminishing returns (4).
The discovery that bacterial environments and pathways confound
antibiotic efficacy represents a fundamental shift in our under-
standing of bactericidal antibiotic modes of action (4, 5). A bacte-
rium acquires antibiotic resistance as a response to the antibiotic
environment, including the horizontal acquisition of new genes and
spontaneous mutations within chromosomally located genes and
the exhibition of intrinsic resistance. Conversely, the reversibility of
the resistance could be a result of environmental interventions such
as metabolic modulation, which leads to elevated sensitivity to an-
tibiotics (4). Therefore, environmental interventions can lead to the
development of new antimicrobial therapies.

Recent reports indicate that a high abundance of endogenous
metabolites, such as indole, nitric oxide, hydrogen sulfide, and
gaseous ammonia, correlate with higher prevalence of bacterial
resistance to antibiotics (5-9), whereas increased abundance of
an exogenous carbon source enhances inactivation by amino-
glycoside antibiotics (10-12), which suggests that the microbial
metabolic environment modulates antibiotic uptake and/or effi-
cacy (8, 13). Exogenous carbon-mediated inactivation by amino-
glycoside antibiotics is attributed to elevated NADH and proton
motive force (PMF) generation and increased antibiotic uptake
(10-13), which is supported by metabolic modulation, including
promotion of the tricarboxylic acid (TCA) cycle (11, 12). Thus,
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better understanding of the metabolic flux could lead to effective
therapeutic or preventive interventions for elimination of antibiotic-
resistant bacteria (14-16).

The TCA cycle (also known as the Krebs cycle or citric acid
cycle) was identified 80 y ago and is now understood to be the final
pathway in aerobic organisms for oxidation of carbohydrates, fatty
acids, and amino acids (17). The evolutionary origin of the TCA
cycle is an important question in biochemical research (18, 19). As
a new metabolic pathway is established, it could opportunistically
exploit enzymes from existing pathways in the cell (9). With this
strategy in mind, several alternatives of the TCA cycle have been
proposed and theoretically tested (18-20), including the phos-
phoenolpyruvate (PEP)-glyoxylate cycle in Escherichia coli (21, 22).
However, such speculation on the origin of a metabolic pathway
has limitations to understanding its metabolic reaction network
(23). Conversely, both stable and radioactive isotopes represent an
objective approach to tracing these molecules as they pass through
the metabolic reaction network in a relatively objective manner,
including techniques such as isotope-ratio mass spectrometry
(IRMS) and nontargeted isotope fate detection (NTFD) (23, 24).
Using IRMS, the PEP-glyoxylate cycle has been demonstrated as
an alternative to the TCA cycle in E. coli (25, 26). However, IRMS
neither provides quantitative information about mass isotopomer
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distributions (MIDs) nor quantifies the particular ion fragments
present in mass spectra. Comparatively, NTFD allows for the
tracing of labeled atoms present as an externally supplied com-
pound. Thus, metabolic pathways coupled to the applied tracer can
be elucidated without a priori knowledge of the pathway and
downstream identification of enzymes (23).

In a previous study, we characterized the metabolomes of
kanamycin-susceptible Edwardsiella tarda, LTB4-S, and isogenic
kanamycin-resistant E. tarda L'TB4-R, and identified depressed
alanine and glucose as two crucial metabolic biomarkers that are
related to antibiotic resistance. We demonstrated that exogenous
alanine and glucose increase flux through the TCA cycle and
promote antibiotic uptake, thereby eliminating antibiotic-resistant
bacteria (11). In the current study, we further showed that gluta-
mate, another depressed biomarker, also promotes the inactiva-
tion of drug-resistant bacteria by kanamycin. The detailed study of
the underlying mechanism revealed a previously unknown preva-
lent pathway, which we call the pyruvate cycle (P cycle). We found
that the P cycle is a common pathway of respiration and energy
production in E. tarda and E. coli grown under various conditions.
The P cycle also prioritizes use of oxaloacetate (OAA), which
regulates the TCA cycle, and together with the TCA cycle pro-
vides respiratory energy in E. farda and E. coli.

Results

Exogenous Glutamate Fluxes to the TCA Cycle Through the PEP-
Pyruvate-AcCoA Pathway. We previously showed that for the
E. tarda LTB4-R metabolome, alanine, aspartate, and glutamate
metabolism is the most important metabolic pathway and de-
pressed alanine, glutamate, and aspartate are crucial metabolites.
Exogenous alanine or/and glucose restored susceptibility to antibi-
otics in antibiotic-resistant bacteria by increasing TCA flux, NADH
production, and PMF generation to enhance kanamycin uptake
and thereby efficiently kill the multidrug-resistant pathogens (11).
Alanine and glutamate are reversibly converted to pyruvate and
a-ketoglutarate, respectively, by glutamic-pyruvic transaminase
(GPT), which then feed the TCA cycle (SI Appendix, Fig. S1B).
Thus, the present study further explored whether glutamate has the
same potential as alanine. Results showed that glutamate also el-
evates NADH and PMF to promote antibiotic uptake and thereby
restores susceptibility of drug-resistant E. tarda to kanamycin (S/
Appendix, Text S1, and Figs. S1 and S2). Furthermore, 2.5 mM
exogenous glutamate facilitates cell death of the multidrug-resistant
bacteria by kanamycin with higher efficiency than that of 40 mM
alanine (Fig. 14), suggesting differential modes of action between
these two metabolites. Additionally, variable uptake efficiencies of
the two metabolites by the bacteria could be another possibility.
To explore the metabolic mechanisms performed by exogenous
glutamate, we used NTFD to analyze metabolite fate (23, 24) in
EIB202, a multidrug-resistant E. farda, cultured in the presence of
1.25 mM "C-labeled glutamate and 1.25 mM unlabeled glutamate.
This analysis identified 21 *C-labeled metabolites, including suc-
cinate, fumarate, malate, and citrate (TCA cycle intermetabolites),
glycine, threonine, alanine, and some precursors of biosynthesis of
fatty acids (SI Appendix, Tables S1 and S2). '*C-labeled pyruvate
was also detected by ultra performance liquid chromatography-
mass spectrometry (UPLC-MS/MS). These results showed that
the labeled alanine, glycine, and threonine were from “C-OAA
through *C-PEP rather than *C-pyruvate, since '*C-pyruvate
is not irreversibly converted to PEP (www.genome.jp/kegg), but
13C.alanine, -glycine, and -threonine could be reversibly transferred
to pyruvate through PEP. Another interesting finding is the low
abundance of M4-labeled citrate, indicating the transformation of
M4-labeled OAA with unlabeled AcCoA to citrate was limited
by the TCA cycle (Fig. 1B). (Please see SI Appendix, Text S2 for
detailed interpretation of this result). In summary, the tracer
experiments suggest that exogenous glutamate is converted to
OAA and that OAA preferentially enters the PEP-pyruvate-AcCoA
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Fig. 1. The P cycle in E. tarda. (A) Percent survival of E. tarda EIB202. Cells were
grown in LB medium and then incubated in M9 medium with acetate (10 mM) in
the presence or absence of glutamate (2.5 mM) or alanine (40 mM) plus kana-
mycin (40 pg/mL). (B) Mass isotopomer distributions in EIB202. Cells were grown in
LB medium and then incubated in M9 medium plus acetate (10 mM) with
3C-labeled glutamate (1.25 mM) and unlabeled glutamate (1.25 mM). Please see
SI Appendlix, Text S2 for detailed interpretation of this result. (C) Expression of pck,
pykA, and pykF of EIB202, which was determined by qRT-PCR. Cells were grown in
LB medium and then incubated in M9 medium with acetate (10 mM) in the
presence or absence of glutamate (2.5 mM). (D) PEP and pyruvate abundance of
EIB202, which was determined by UPLCMS. Cells were grown in LB medium and
then incubated in M9 medium with acetate (10 mM) in the presence or absence of
glutamate (2.5 mM). (E and F) Expression of aceE and aceF (E) and genes in the
TCA cycle (F) of EIB202, which was determined by qRT-PCR. Cells were grown in LB
medium and then incubated in M9 medium with acetate (10 mM) in the presence
or absence of glutamate (2.5 mM). (G) Scatterplot of abundance of the indicated
metabolites, which were analyzed by GC-MS. Red, increased metabolites; black,
unchanged metabolite; gray, undetected metabolites. Each dot represents a bi-
ological or technical replicate. (H) Activity of citrate synthase (CS), isocitrate de-
hydrogenase (ICDH), and a-oxoglutarate dehydrogenase (OGDH). Cells were
grown in LB medium and then incubated in M9 medium with acetate (10 mM) in
the presence or absence of glutamate (2.5 mM). Information on these genes and
their encoding enzymes is described as follows: aceE and acef, pyruvate de-
hydrogenase complex E1 and E2, respectively; acnB, aconitase; frdA, fumarate
reductase subunit; fumC, fumarase; mdh, malate dehydrogenase; gftA, citrate
synthase; icd, isocitrate dehydrogenase; pck, phosphoenolpyruvate carboxykinase;
pykA and pykF, pyruvate kinases 2 and 1, respectively; sdhA, succinate de-
hydrogenase subunit; sucA, a-oxoglutarate dehydrogenase subunit; and sucC,
succinyl-CoA synthetase. Results (A and C-H) are displayed as mean + SEM; at least
three biological repeats were carried out. Statistically significant values are in-
dicated with asterisk (*P < 0.05, **P < 0.01) and determined by Student’s t test.
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pathway, and then enters the TCA cycle, which we refer to as the
P cycle (Fig. 24).

To examine flux through the P cycle more carefully, the ex-
pression of pck and pykA, pykF, which encode for PEP carboxy-
kinase (PEPCK) and pyruvate kinase (PK), respectively, were
analyzed by qRT-PCR. The results show that glutamate stimulates
expression of both pck and pykF, (Fig. 1C), which suggests in-
creased flux through the P cycle, leading to transformation of
OAA to PEP and pyruvate (Fig. 1D). However, exogenous glu-
tamate does not increase production of lactate (SI Appendix, Fig.
S3), which is another possible product from this pathway. Gluta-
mate also stimulated expression of aceE and aceF, encoding two
components of the pyruvate dehydrogenase complex (PDH) that
converts pyruvate to AcCoA (Fig. 1E) as well as nine other genes
in the TCA cycle (Fig. 1F). Exogenous glutamate increased the
abundance of succinate, fumarate, and malate (Fig. 1G) and the
activity of citrate synthase (CS), isocitrate dehydrogenase (ICDH),
and a-oxoglutarate dehydrogenase (OGDH) (Fig. 1H). Therefore,
these results indicate that glutamate increases flux through the
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Fig. 2. The P cycle and the TCA cycle in E. tarda. (A) Overview of the P cycle.
Black line, overlapped pathway between the P cycle and the TCA; blue, a
step of the TCA cycle, which does not exist in the P cycle; and red, pathways
of the P cycle, which do not exist in the TCA cycle. ACO, aconitase; CS, citrate
synthase; FUM, fumarase; GPT, glutamic-pyruvic transaminase; ICDH, isocitric
dehydrogenase; MAE, malic enzyme (NAD-dependent malic enzyme and
NADP-dependent malic enzyme); MDH, malate dehydrogenase; OGDH,
a-oxoglutarate dehydrogenase; OXD, oxaloacetate decarboxylase; PDH, py-
ruvate dehydrogenase; PEPC, phosphoenolpyruvate carboxylase; PEPCK,
phosphoenolpyruvate carboxykinase; PFO, pyruvate-flavodoxin oxidore-
ductase; PK, pyruvate kinase; SCS, succinyl-CoA synthetase; and SDH, succinic
dehydrogenase. (B) Optical density (OD) (Left) and percent survival (Right) of
EIB202. Cells were grown in LB medium and then incubated in M9 medium
with acetate (10 mM) or oxaloacetate (10 mM). Result (B) is displayed as
mean + SEM; at least three biological repeats were carried out. Statistically
significant values are indicated with asterisk (*P < 0.05, **P < 0.01) and
determined by Student's t test.
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TCA cycle preferentially through the OAA-PEP-pyruvate-AcCoA-
CIT(citrate) pathway (i.e., the P cycle).

An Energy-Generating Cycle: The P Cycle. The difference between
the P cycle and the TCA cycle is that the former consumes OAA,
while the latter consumes AcCoA; both cycles reduce NAD™ to
NADH, produce carbon dioxide, and fuel ATP production via
oxidative phosphorylation. The equation of the P cycle is: OAA +
4 NAD* + FAD + ADP + Pi+ H,O —» 3CO, + 4 NADH + 4 H* +
FADH, + ATP. The equation of the TCA cycle is: AcCoA + 3
NAD* + FAD + ADP + P; + 2 H,O — CoA-SH + 3 NADH + 3
H* + FADH, + ATP + 2 CO, (Fig. 24). Note that the P cycle
generates one more NADH than the TCA cycle, which could
explain why bacteria grow faster in M9 mineral medium (M9
medium) with OAA than in M9 medium with acetate (Fig. 2B).

The P Cycle Is a Prevalent Cycle. Our results raised the question of
whether the P cycle is glutamate dependent. We speculated that the
P cycle was a primary cycle rather than a secondary pathway initi-
ated by glutamate due to the reduced transformation of OAA and
AcCoA into citrate by the TCA cycle. To demonstrate this idea,
Michaelis-Menten kinetics were used to determine the rate of
PEPCK and citrate synthase (CS) reactions to OAA concentrations
in a glutamate-independent manner. PEPCK was shown to have a
lower K, value than citrate synthase, indicating that PEPCK was
more competitive than citrate synthase for OAA utilization (Fig.
34), which suggests OAA prefers the P cycle to the TCA cycle.

Kanamycin-mediated bacterial cell death is highly dependent
on PMF, which is associated with the buildup of protons (10).
Compared with the TCA cycle, the P cycle generated one more
NADH through PDH. Therefore, the P cycle can generate more
PMF than the TCA cycle and, therefore, would be more efficient
in kanamycin-mediated bacterial inactivation. To validate our
hypothesis, the following experiments were performed. The ad-
ditions of OAA, PEP, pyruvate, acetate (it is converted to
AcCoA in vivo), and citrate were assessed for bactericidal effects
for E. tarda exposed to 30 pg/mL kanamycin. OAA, PEP, and
pyruvate showed stronger inactivation (670- to 3,200-fold) than
that of citrate (480-fold) and acetate (1.6-fold) in comparison
with a control not given additional substrate, which may be due
to the additional molecule of NADH generated by PDH. Both
PEP and citrate increased the inactivation efficiency in a dose-
dependent manner when at low concentration (<2.5 mM of PEP
and <0.625 mM of citrate), but the efficiency decreased gradu-
ally at high concentration (Fig. 3B), implying that high concen-
tration of PEP impedes the transformation of OAA to PEP, and
high concentration of citrate decreases the condensation of
OAA and AcCoA to citrate in unidentified manners. Meanwhile,
the increased intracellular concentrations of NADH and PMF
were consistent with the bactericidal effects imposed by OAA,
PEP, and pyruvate and to a lesser extent citrate, due to more
proton generation (Fig. 3C). These findings provide evidence for
the P cycle. Note that acetate also increased PMF, although
somewhat lower than that induced by the other intermetabolites,
but failed to potentiate the bactericidal effect, suggesting the
threshold is required for effective results.

The TCA Cycle Is a Part of the P Cycle. The above results motivated
us to explore the relationship between the TCA cycle and the P
cycle. One difference between the proposed P cycle and the TCA
cycle was that the P cycle had three alternative metabolic steps
before following the TCA cycle. To validate the three steps that
represent essential components of the P cycle, and understand the
effect of these steps on the TCA cycle, we inactivated enzymes
with inhibitors to see whether they would abolish the glutamate-
triggered effects. Bromopyruvate and furfural, active site-directed
and noncompetitive inhibitor for pyruvate dehydrogenase El, re-
spectively, which converts pyruvate to AcCoA, impaired the ability
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Fig. 3. Oxaloacetate favors PEPCK to citrate synthesis, and the P cycle
generates more NADH and PMF than the TCA cycle in E. tarda. (A) Michaelis—
Menten kinetics of phosphoenolpyruvate carboxykinase (PEPCK) and citrate
synthase (CS) in oxaloacetate (0.625, 1.25, 2.5, 5, 10, 20, 40, 80 mM and 1.25,
2.5, 5, 10, 20, 40, 80, 160, 320 mM, respectively). Cells were grown in LB
medium and then incubated in M9 medium with acetate (10 mM). (B) Per-
cent survival of EIB202. Cells were grown in LB medium and then incubated
in M9 medium plus acetate (10 mM) in the presence or absence of the in-
dicated concentrations of metabolites plus kanamycin (30 pg/mL). (C) NADH
and PMF of EIB202. Cells were grown in LB medium and then incubated in
M9 medium plus acetate (10 mM) in the presence or absence of the in-
dicated metabolites sodium citrate (0.625 mM), sodium pyruvate (10 mM),
sodium PEP (1.25 mM), or sodium oxaloacetate (10 mM). Result (B and C) is
displayed as mean + SEM, and three biological repeats were carried out.
Significant differences are identified (*P < 0.05, **P < 0.01) as determined by
Student’s t test. P < 0.01 in B except for acetate.

of glutamate to stimulate the production of NADH, and to in-
crease PMF (Fig. 44). Similar results were obtained with malonate,
a competitive inhibitor of the enzyme succinate dehydrogenase
(SDH) in the TCA cycle, as a control (Fig. 44). These data in-
dicate that inhibition of the P cycle or the TCA cycle leads to the
similar increase of NAD*/NADH and decrease of PMF. Seem-
ingly, the TCA cycle is suppressed when PDH is inhibited. Thus,
inhibition of either PDH (not in the TCA cycle) or SDH (in the
TCA cycle) abolished the potency of glutamate in bacterial killing,
suggesting that the P cycle rather than the TCA cycle led the
functional link. Meanwhile, two other inhibitors, namely Na,-ATP
(inhibitor for PEPCK, CS, ICDH, and OGDH) and furfural
(noncompetitive inhibitor for PDH) were used to further define
the role of the three steps (SI Appendix, Text S3, and Fig. S44). All
of these inhibitors were shown to reduce glutamate-triggered ef-
fects regardless of the cycles these enzymes belong to, while they
did not affect the growth of EIB202. Furfural inhibited glutamate-
mediated bactericidal effects most efficiently while the other three
reduced inactivation promoted by glutamate in a dose-dependent
manner (SI Appendix, Fig. S4B). The inhibition of the conversion
from pyruvate to AcCoA completely abolished glutamate-triggered
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effects, implying a critical role for the related alternative three
steps and subsequent effects on the TCA cycle. Thus, the above
data strongly implied the TCA cycle is a part of the P cycle in
E. tarda energy generation.

Further tests demonstrated that inhibition of the OAA-PEP-
pyruvate-AcCoA-CIT pathway could attenuate or block the TCA
cycle, while confirming that inhibition of PDH does not down-
regulate the TCA cycle indirectly by decreasing the abundance of
AcCoA. To test this idea, cells were grown in the presence of
OAA plus PEP, pyruvate, or acetate. These metabolites restored
susceptibility to antibiotics, but this effect was blocked by furfural,
bromopyruvate, or malonate agents, that inhibited the P cycle or
TCA cycle, respectively (Fig. 4B), and similar effects were ob-
served with glucose and alanine instead of glutamate (Fig. 4C).
Therefore, we suggest that the P cycle, rather than TCA cycle, is
the fundamental energy-generating cycle in E. tarda cells.

Demonstration of the P Cycle in E. coli. To determine whether the P
cycle is unique to E. tarda, additional experiments were performed
in E. coli K12 BW25113. Michaelis-Menten Kkinetic analysis
showed that, the K,,, of PEPCK for OAA was 2.74 mM with a V.«
of 1708.5 nM:min~"mg™~". The K,, of citrate synthase for OAA
was 10.48 mM with a V. of 1.19 nM-min~'-mg™ (Fig. 54),
suggesting higher affinity of OAA for PEPCK. Nontargeted
3Cs-glutamate isotope tracer analysis was carried out when
E. coli K12 BW25113 cells were cultured in Luria-Bertani (LB)
medium and then M9 medium with acetate plus the labeled me-
tabolite. The obtained results were similar in results described
above in E. tarda EIB202. Specifically, '*C labeled alanine, glycine,
and threonine were detected and the abundance of M4-labeled
citrate was low, which supported the P cycle and low flux through
the TCA cycle, respectively (Fig. 5B and SI Appendix, Table S3),
and exogenous glutamate elevated the relative abundance of
malate, pyruvate, succinate, and fumarate (Fig. 5C). Similar re-
sults were obtained in M9 medium cultures with 0.3% glucose, as
well as super optimal broth with catabolite repression (SOC
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Fig. 4. Inhibition of the P cycle abrogates metabolite-mediated killing.
(A) NAD*/NADH and PMF of EIB202. Cells were grown in LB medium and then
incubated in M9 medium plus acetate (10 mM) with and without glutamate
(2.5 mM) in the presence or absence of bromopyruvate (2.5 mM), furfural
(10 mM), or malonate (20 mM), as indicated. (B) Percent survival of EIB202.
Cells were grown in LB medium and then incubated in M9 medium plus ace-
tate (10 mM) in the presence or absence of oxaloacetate (10 mM) and PEP
(1.25 mM), pyruvate (10 mM), or acetate (10 mM) with or without furfural
(10 mM), bromopyruvate (2.5 mM), or malonate (20 mM). (C) Percent survival
of EIB202. Cells were grown in LB medium and then incubated in M9 medium
plus acetate (10 mM) in the presence or absence of alanine (40 mM) or glucose
(10 mM) and effect of inhibitors furfural (10 mM) or malonate (20 mM). Results
are displayed as mean + SEM, and three biological repeats were carried out.
Statistically significant differences are indicated by asterisk (*P < 0.05, **P <
0.01) and were determined by Student’s t test.

PNAS | Published online January 30, 2018 | E1581

%)
=2
o
a
w
<
=
[

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714645115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714645115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714645115/-/DCSupplemental

L T

/

1\

BN AS  DNAS P

A B 0.8) Pyruvate
_ 2+ EcoliPEPCK o
g18 1 Gtychne 02
£ 0. e 10 SRS
E ;25 33 Glycing *" 2322
) Km:2.74 mM .
E 0.4 Vmax:1708.50 nM 0 233 ,_/'P”"'"’a‘e"’
=0
= "0 20 40 60 80 100 Ve 08 Gt
Sodium oxaloacetate (mM) —— ) : (0.8431)
" Maaie — Citrate g;
? 2 E.coliCS 081  (0341g) Vrcapws M1 +M2+M3 in
= 16 oy o L D M+ MO 3322322
c 04 Malate Veiutamate M1+ M2 + M4 + M2 2222 =1
E 12 gg (from glyone)
= 1 et +
g 08 Km:10.48 mM £3333 N
E. 04 Vmax:1.19 nM 0 !;umarate Succinald Glutamate
& umarate
0 0 100 200 300 ) 8: SucunamMT gg L-Giutamate
Sodium oxaloacetate (mM) o osfl 04
0 02 02
e pygl 1 V] ool _ 1
33333 ogaher “'gEEEE
C  Glutamate/ Control D _ E Glutamate
Pyruvate, L-Glutamate k-] 25mM— +
- rate | 2 & —
9_) = T
. | 5 =
Malate  TCA -
. £ PEPCK.
Fumarate g PK Il e
- @
\Succ‘na!e'/' PK | ——
POH El s
F G | PDH Ell s i
OKi2 = = CS ——
S6 — Vp Kp =
g =4 =i %S- 4 p f 310'0 ICOH m——
%4 5 D 3 o715
b4 T2 ® 2 T 50
22 3 5 1 g 25
2 ; N &0 & 00
LT e 0 25 025025 0246 0246
Glutamate(mM) Glutamate{mM) Glutamate(mM) Glucose (mM)
5, OEm 5 Glutamate
2 2 02 4 6 mMglucose g2s B +Givtamale
g = y 815
2 E
2 e 1.0
5! % 0!
@ 20
o @

TP EELSPTF S FF

PP FESFF

Vp Kp

Vp Kp

Fig. 5. The P cycle in E. coli. (A) Kinetic analysis of E. coli PEPCK and E. coli citrate synthase (CS) with oxaloacetate (0.625, 1.25, 2.5, 5, 10, 20, 40, 80 mM and 1.25,
2.5, 5,10, 20, 40, 80, 160, 320 mM, respectively) as substrate at the indicated concentration. Cells were grown in LB medium and then incubated in M9 plus acetate
(10 mM). (B) Mass isotopomer distributions in E. coli. Cells were grown in LB medium and then incubated in M9 medium plus acetate (10 mM) with 3C-labeled
glutamate (1.25 mM) and unlabeled glutamate (1.25 mM). Black, '*C-labeled metabolites; gray, undetected metabolites. (C) Metabolites with increased abun-
dance (in red) in the TCA cycle, which were detected by GC-MS. Cells were grown in LB medium and then incubated in M9 medium plus acetate (10 mM) with and
without glutamate (2.5 mM). Gray, undetected metabolites. Each dot represents a biological or technical replicate. (D and E) Expression of the indicated genes (D)
and proteins (E) determined by gRT-PCR and Western blot, respectively. Cells were grown in LB medium and then incubated in M9 medium plus acetate (10 mM)
with and without glutamate (2.5 mM). pck, pykA, pykF, aceE aceF, gltA, icd encode PEPCK, PKII, PKI, PDH E1, PDH Ell, CS, ICDH, respectively. (F and G) Expression of
malic enzyme (F) and intracellular pyruvate (G) in Apck and E. coli K12. Genes maeA and maeB encode NAD-dependent malic enzyme and NADP-dependent malic
enzyme, respectively. Cells were grown in LB medium and then incubated in M9 medium plus acetate (10 mM) with and without glutamate (2.5 mM). (H)
Expression of malic enzyme, oxaloaceate decarboxylase and PEPCK genes in V. parahaemolyticus or K. pneumonia. Cells were grown in LB medium and then
incubated in M9 medium plus acetate (10 mM) with and without the indicated concentrations of glucose. (/) Intracellular pyruvate in V. parahaemolyticus (V. p) or
K. pneumonia (K. p). Cells were grown in LB medium and then incubated in M9 medium plus acetate (10 mM) with and without glutamate (2.5 mM) or the
indicated glucose concentrations. Results (D and F-/) are displayed as mean + SEM, and three biological repeats were carried out. Statistically significant values are
indicated by asterisk (*P < 0.05, **P < 0.01) and were determined by Student’s t test.

medium) with subsequent transfer to M9 medium with acetate
plus the labeled metabolite, and shorter incubation periods did
not significantly change the results (SI Appendix, Fig. S5, and
Tables S4-S7). qRT-PCR and Western blot data, similar to that
presented for E. tarda, also confirmed the presence of an active P
cycle in E. coli K12 BW25113 (i.e., elevated mRNA and protein
expression of pck, pykA, aceE aceF, gltA, and icd in the presence
of exogenous glutamate) (Fig. 5 D and E).

Two alternative metabolic pathways for malate/OAA to py-
ruvate have been reported previously in some bacterial species
(27, 28), namely, OAA decarboxylase conversion of OAA to
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pyruvate (OAA-pyruvate), as well as enzymatic conversion of
malate to pyruvate (MAL-pyruvate) (Fig. 24). To test whether
these pathways respond to exogenous glutamate, expression of
maeA and maeB, which encode NAD-dependent malic enzyme
and NADP-dependent malic enzyme, respectively, were exam-
ined in E. coli K12 BW25113 and Apck (pck encodes PEPCK). It
was found that maeA and maeB expression increased in the
presence of glutamate, and that the loss of pck led to higher
expression of maeA and maeB (Fig. 5F). Furthermore, exoge-
nous glutamate was observed to lead to higher pyruvate, while
loss of pck led to lower pyruvate (Fig. 5G). OAA decarboxylase is
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absent in E. coli, but present in Vibrio parahaemolyticus (oadA
and oadB) and Kilebsiella pneumonia (oadA, oadB, and oadC).
Results in these bacteria showed increased expression of oadA,
oadB, pck, mdh, mqo, and mqo2 (Fig. 5H) and increased pyru-
vate in the presence of glutamate or glucose (Fig. 5I). These
results suggest that MAL-pyruvate or/and OAA-pyruvate alter-
native pathways function in E. coli, V. parahaemolyticus, and
K. pneumonia, which supports evidence for the P cycle.

Loss of the OAA-PEP-Pyruvate-AcCoA-CIT Pathway Loses the TCA
Cycle in the Presence or Absence of Glutamate. To understand the
effect of OAA-PEP-pyruvate-AcCoA-CIT on the TCA cycle, we
also analyzed the effect of glutamate on gentamicin susceptibility
of 19 strains of E. coli K12, each carrying a deletion mutation in
one enzyme of the P cycle with kanamycin resistance. E. coli
K12 was susceptible to gentamicin in the presence of glutamate,
showing decreased survival and intracellular NAD"/NADH and
increased PMF (Fig. 6 A and B). In contrast, the 19 mutant strains
with increased NAD*/NADH and decreased PMF (Fig. 6C) were
not susceptible or were weakly susceptible to killing by gentamicin
in the presence of glutamate (Fig. 64 and SI Appendix, Fig. S64).
When the mutation in each strain was corrected by genetic com-
plementation, susceptibility to antibiotics in the presence of glu-
tamate was restored (SI Appendix, Fig. S6B).

Interestingly, among the 19 mutants, Apck, Appc, ApykA,
AaceE, and AaceF play no role in the TCA cycle. The loss of
these genes and sucA in the TCA cycle led to decreased PMF but
increased killing, indicating gentamicin-mediated killing and
PMF level are not tightly correlated. Thus, the mechanism by
which the PMF-dependent increased susceptibility to gentamicin
is unclear (10-12), where the deleted genes may have additional
effects. Intriguingly, AaceF cells had high intracellular oleate and
intracellular gentamicin, and exogenous oleate enhanced both
uptake and bactericidal effects of gentamicin (SI Appendix, Fig.
S6 C-F), indicating that oleate promotes gentamicin uptake in
the lower PMF, but the significance of this observation is not yet
understood. It was also shown that exogenous glutamate pro-
moted gentamicin to kill E. coli K12 but not AaceE and AaceF
strains in mouse urinary tracts (SI Appendix, Fig. S6G).

Metabolite profiling was conducted in Apck, AaceE (within
the OAA-PEP-pyruvate-AcCoA-CIT pathway), AgltA (within
TCA cycle), and E. coli K12 grown without glutamate. Lower
citrate, fumarate, succinate, and malate were detected in AaceE
and AgltA, and lower succinate was detected in Apck. However,
exogenous glutamate led to higher levels of citrate, fumarate,
succinate, and malate in E. coli K12 but not in Apck, AaceE, or
AgltA cells, except for succinate in Apck (Fig. 6D). These results
suggest that the OAA-PEP-pyruvate-AcCoA-CIT pathway af-
fects the TCA cycle in the presence or absence of glutamate.

Loss of the OAA-PEP-Pyruvate-AcCoA-CIT Pathway Interrupts the TCA
Cycle in the Presence or Absence of Glucose or Fructose. When
antibiotic-resistant E. coli and E. tarda were grown in the presence
of glutamate, glucose, or fructose, these metabolites had similar
effects, stimulating uptake and bactericidal effects of amino-
glycoside antibiotics (10-12). Our previous study emphasized that
the TCA cycle was the critical pathway for glucose- and fructose-
enabled bacterial inactivation (11, 12). However, given the current
results, we arrived at expanded conclusions, as described below.
Because PEPCK is involved in the P cycle but not the TCA
cycle, experiments were performed in Apck cells. Results were
compared with those in AgltA or Aicd cells (within the TCA
cycle). These mutations abrogated glucose- and fructose-enabled
inactivation in the presence of gentamicin (Fig. 74), which was
attributed to decreased PMF and increased NAD*/NADH
(Fig. 7B). Thus, the P cycle is an important part of glucose- and
fructose-enabled bactericidal activity. One noticeable finding is
that similarly increased PMF was detected in E. tarda cultured
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Fig. 6. Effect of exogenous glutamate on the P cycle and the TCA cycle in
E. coli. (A) Percent survival of E. coli K12 and selected P cycle mutants. Cells
were grown in LB medium and then incubated in M9 medium with acetate
(10 mM) in the presence or absence of glutamate (2.5 mM) plus gentamicin
(1.2 pg/mL). (B and C) NAD*/NADH (Left) and PMF (Right) of E. coli K 12 (B)
and selected P cycle mutants (C). Cells were grown in LB medium and then
incubated in M9 medium plus acetate (10 mM) in the presence or absence of
glutamate (2.5 mM). (D) Effect of pck, aceE, and gltA deficiency on abun-
dance of the indicated metabolites. Cells grown in LB medium and then
incubated in M9 medium plus acetate (10 mM) in the presence or absence of
glutamate (2.5 mM). Results (A-D) are mean + SEM of three biological re-
peats. Statistically significant values are indicated with an asterisk (*P < 0.05,
**P < 0.01) and were determined by Student'’s t test.

with exogenous acetate and in E. coli Apck cultured with exog-
enous glucose, but low killing and strong killing were found in
E. tarda and in E. coli Apck, respectively. This discrepancy sug-
gests that PMF-dependent killing thresholds could be different
for different bacteria, and the deleted gene possibly plays an
unidentified role in increasing PMF-dependent susceptibility to
gentamicin. Comparatively, stronger action was detected in
AgltA and Aicd than Apck, which should be attributed to the
MAL-pyruvate pathway. To demonstrate this, qRT-PCR was
used to examine the expression of maed and maeB in E. coli
K12 and Apck cells grown in M9 medium with or without glu-
cose. Exogenous glucose promoted maeA and maeB expression
(Fig. 7C) and increased pyruvate in a dose-dependent manner in
Apck and E. coli K12 (Fig. 7D). Interestingly, higher pyruvate
was detected in Apck than the parental strain (Fig. 7D), sug-
gesting that the TCA cycle is obstructed when the P cycle is in-
active. Studies have indicated that high doses of glucose depress
pck expression (29), which is consistent with results reported
here for cells grown in LB with variable glucose. As shown in
earlier studies (29), pck was negatively regulated by glucose, in
the 10- to 100-mM range (Fig. 7E). However, maeA and maeB
expression increased in high glucose (Fig. 7E), which was con-
sistent with the elevated pyruvate (Fig. 7F).

When '*Cs-glutamate was replaced with *C4-glucose in the
nontargeted isotope tracer analysis, a similar pattern of labeled
metabolites existed for both, with M4-labeled metabolites and
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Fig. 7. Effect of exogenous glucose on the P cycle and the TCA cycle in

E. coli. (A) Percent survival of the indicated strains. Cells were grown in LB
medium and then incubated in M9 medium plus acetate (10 mM) in the
presence or absence of glucose (10 mM) or fructose (2.5 mM) plus genta-
micin (1.2 pg/mL). (B) As in A showing intracellular PMF (Left) and NAD*/
NADH (Right). (C) Relative expression of pck and maeA and maeB de-
termined by gRT-PCR in Apck or control cells. Cells were grown in LB medium
and then incubated in M9 medium plus acetate (10 mM) in the presence or
absence of glucose (6 mM). (D) Intracellular pyruvate determined by UPLC-MS
in Apck or control cells. Cells were grown in LB medium and then in-
cubated in M9 medium plus acetate (10 mM) in the presence of 0, 2, 4, or
6 mM glucose, as indicated. (E and F) Relative expression of maeA, maeB,
and pck determined by gRT-PCR (E) and intracellular pyruvate determined
by UPLC-MS (F) in E. coli K12. Cells were grown in LB medium and then in-
cubated in M9 medium plus acetate (10 mM) in the presence of the indicated
concentrations of glucose. (G) Mass isotopomer distributions in E. coli. Cells
were grown in LB medium and then incubated in M9 medium plus acetate
(10 mM) in the presence or absence of *C-labeled glucose (5 mM) and un-
labeled glucose (5 mM). Black, 3C-labeled metabolites; gray, undetected
metabolites. (H) Scatterplot of the abundance of the indicated metabolites
in Apck, AaceE, and AgltA E. coli. Cells were grown in LB medium and then
incubated in M9 medium plus acetate (10 mM) in the presence or absence of
glucose (10 mM). Results (A-E and H) are mean + SEM of three biological
repeats. Statistically significant values are indicated with an asterisk (*P <
0.05, **P < 0.01) and were determined by Student’s t test. P < 0.01 in gra-
dient of D-F.

M6-labeled citrate detected in low levels (Fig. 7G and SI Ap-
pendix, Table S8). These results support evidence that the P cycle
is a prevalent metabolic pathway regardless of nutrient sources.

GC-MS analysis was used to quantify metabolites of the P cycle
in Apck, AaceE, and Aglt4 in the presence or absence of glucose.
Exogenous glucose increased citrate, fumarate, succinate, and
malate in wild-type variants, while not affecting citrate in Apck cells,
or citrate, fumarate, or malate in AaceE and AgltA cells (Fig. 7H).
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Loss of the OAA-PEP-Pyruvate-AcCoA-CIT Pathway Interrupts the TCA
Cycle in the Presence of Ample Fuels for the TCA Cycle. We showed
that exogenous OAA, pyruvate, and acetate, which fuel the TCA
cycle, elevated the adenylate energy charge and PMF, and de-
creased the NAD*/NADH ratio in E. coli K12, but not in AaceE
or AaceF (Fig. 84), two genes that transform pyruvate into
AcCoA. Similar results were detected in Apck, ApykE, AgltA,
and Aicd in some mutants unless complemented with exogenous
pyruvate. Generally, high NAD*/NADH and low adenylate en-
ergy charge and PMF levels were found in AaceE, AaceF, and
AgltA, which may have resulted from the additional NADH
generated while transforming pyruvate into AcCoA in AaceE
and AaceF (Fig. 84). It is also possible that the git4 deletion
affected the transformation, due to accumulation of PDH pro-
duction (AcCoA) that was transformed by citrate synthase.

In addition, NAD*/NADH levels were higher, and the ade-
nylate energy charge and PMF levels were lower in these mu-
tants compared with control cultures of E. coli K12 cultured in
medium without exogenous metabolites, indicating the impor-
tance of the whole P cycle (Fig. 84). GC-MS analysis of me-
tabolite abundance in Apck, AaceE, and AgltA cells showed
lower or similar amounts of metabolites (but not citrate and
malate in Apck). In the presence of OAA or/and pyruvate, suc-
cinate, fumarate, and malate were substantially lower or similar
in all of the mutants but not citrate and malate in Apck with
OAA and citrate in Apck with pyruvate (Fig. 8B), indicating that
depletion of these genes shuts down the TCA cycle even in the
presence of excess carbon sources.

Finally, experiments were performed in ApfkB cells to test the
effect of a mutation that plays no role in the P cycle or TCA cycle
on cell growth and energy production in the presence of exog-
enous metabolites. ApfkB encodes ATP-dependent 6-phospho-
fructokinase isozyme 2, which catalyzes the phosphorylation of
D-fructose 6-phosphate to fructose 1,6-bisphosphate by ATP.
Loss of this gene had little or no effect on the intracellular
adenylate energy charge, NAD*/NADH ratio, and PMF levels in
the presence of exogenous metabolites (Fig. 84).

The P Cycle Is Present in Other Bacterial Pathogens. Similar experi-
ments were performed in E. coli strains from humans and chicken,
Vibrio anguillarum, Vibrio alginolyticus, V. parahaemolyticus, Pho-
tobacterium damsel, Vibrio vulnificus, and Vibrio fluvialis. Glutamate
and fructose increased susceptibility to kanamycin in bacteria tested
here, but this was inhibited by furfural or malonate (Fig. 8C).

Discussion

During investigation of metabolite suppression in kanamycin-
resistant bacteria, it was demonstrated that exogenous glutamate
conferred distinct efficacy to the biocidal effects of kanamycin.
We further found that OAA, PEP, pyruvate, and citrate also
showed potentiation; however, higher induced efficacy was de-
tected in glutamate, OAA, PEP, and pyruvate compared with
citrate. To understand the metabolic flux, we performed non-
targeted tracer fate detection to determine the fate of glutamate
carbon atoms after uptake. The results show that glutamate
enters the TCA cycle through the OAA-PEP-pyruvate-AcCoA-
CIT pathway, which we call here the P cycle.

This raises questions regarding whether OAA-PEP-pyruvate-
AcCoA-CIT was a causal pathway initiated by glutamate or a
prevalent metabolic pathway in energy generation, and the details of
the relationship between this pathway and the TCA cycle. In the
current study, we performed a series of knockout and inhibition
experiments and found that the bioconversion OAA-PEP-pyruvate-
AcCoA-CIT was an essential pathway for glutamate-mediated
bacterial inactivation by aminoglycoside antibiotics, and it also
represents an integrated, glutamate-independent, energy metab-
olism pathway. Our results showed that loss of the pathway in-
terrupts action of the TCA cycle, indicating that the P cycle
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Fig. 8. The P cycle and the TCA cycle in media containing excess oxaloacetate,
pyruvate, or acetate in E. coli. (A) Adenylate energy charge, NAD*/NADH, and
PMF of E. coli K12 and the indicated mutants. Cells were grown in LB medium
and then incubated in M9 medium with and without acetate (10 mM) in the
presence or absence of the indicated oxaloacetate (10 mM) and pyruvate
(10 mM), as indicated. (B) Scatterplot of the abundance of the indicated me-
tabolites in Apck, AaceE, and AgltA or control cells. Cells were grown in LB
medium and then incubated in M9 medium plus acetate (10 mM) in the pres-
ence or absence of oxaloacetate (10 mM), pyruvate (10 mM), or both. (C) Percent
survival of the indicated bacterial species/strains. Cells were grown in LB medium
and then incubated in M9 medium plus acetate (10 mM) in the presence or
absence of the indicated compounds: glutamate (2.5 mM) or fructose (2.5 mM),
furfural (10 mM) or malonate (20 mM), and kanamycin (40 or 80 pg/mL) or
gentamicin (1.6 pg/mL). Strains tgc6, mcc31, and Y1, Y17 are clinically isolated E.
coli from infected chicken and humans, respectively. Results (A-C) are mean +
SEM of three biological repeats. Statistically significant values are indicated with
an asterisk (*P < 0.05, **P < 0.01) and were determined by Student’s t test.

controls the TCA cycle. We also characterized two alternative
opinions of OAA-pyruvate-AcCoA and MAL-pyruvate-AcCoA in
the P cycle. The P cycle is similar to pyruvate recycling common in
mammalian cells based on homologous cycle steps (30). However,
the pyruvate recycling is distinctly different from the P cycle, in
that pyruvate recycling is a causal pathway resulting from excess
metabolites (30), whereas our experiments with or without excess
metabolites identified the P cycle as a prevalent cycle. Thus, while
pyruvate recycling is a bypass of the TCA cycle, OAA favored
PEPCK over citrate synthase, indicating that the TCA cycle is a
bypass of the P cycle. Additionally, the effect of pyruvate recycling
on the TCA cycle is not known, but the P cycle appears to regulate
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the TCA cycle. Furthermore, pyruvate recycling occurs in specific
cells under specific conditions (30-33), whereas the P cycle can
occur in different culture conditions including LB, M9, with ace-
tate plus glucose or SOC medium, over different incubation times.
Furthermore, the P cycle is different from the PEP-glyoxylate
cycle in E. coli, which integrates OAA-PEP-pyruvate-AcCoA-
CIT with the glyoxylate cycle rather than the TCA cycle, in
which two PEP molecules are oxidized sequentially from
AcCoA, citrate, glyoxylate, and OAA to CO,, and one PEP is
regenerated (25). The present study found that the integration
of OAA-PEP-pyruvate-AcCoA-CIT, OAA-pyruvate-AcCoA,
and/or MAL-pyruvate-AcCoA pathways with the TCA cycle oper-
ates routinely as a general mechanism for energy production.

The elucidation of the P cycle leads to an understanding of the
TCA cycle and the integrated basic energy mechanism. Our dem-
onstration that the TCA cycle does not work when a step in the P
cycle is perturbed, such as loss of aceE and inhibition by furfural,
indicates that the TCA cycle is only a component of the P cycle,
regardless of whether the origin is glycolysis (such as PEP) or al-
anine, aspartate, and glutamate metabolism (such as a-ketoglutaric
acid). Our finding that the synergistic action of citrate synthase
substrates, such as OAA, AcCoA, or its upstream metabolites, did
not drive the TCA cycle when PDH activity was inhibited or a key
gene of the enzyme complex (aceE) or pck was deleted, suggests
that the P cycle, rather than the TCA cycle, generates respiratory
energy in E. tarda and E. coli.

Michaelis-Menten kinetics demonstrated that PEPCK has
higher affinity than citrate synthase for OAA, which supports the
conclusion that PEPCK prioritizes metabolism of OAA through
the P cycle. It is noteworthy that nontargeted tracer fate analysis
showed that OAA plays many roles in and beyond the TCA
cycle. The OAA function beyond the TCA cycle could represent
a main source of the P cycle due to higher detection of M1 and
M2 labels and lower detection of M4 labels, which is metabolized
in the P cycle. OAA is a metabolic intermediate involved in
processes such as gluconeogenesis, the glyoxylate cycle, amino
acid synthesis, and fatty acid synthesis. Therefore, OAA arises
from rich energy sources, such as carbohydrates through glycol-
ysis, AcCoA through the glyoxylate cycle, and amino acids
through protein metabolism (Fig. 9) (28, 34-36). Comparatively,
carbohydrates have similar metabolic pathways to form OAA or
AcCoA (28), while amino acids and fatty acids may be trans-
formed and degraded to OAA and AcCoA, respectively (37, 38).
AcCoA is then synthesized to OAA in the glyoxylate cycle (39).
Clearly, the P cycle permits carbohydrates, amino acids, and fatty
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Fig. 9. Model showing proposed metabolic pathways for oxaloacetate. See
text for Discussion. Oxaloacetate (I) and (ll) represent sources within and
beyond the TCA cycle, respectively.
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acids to directly enter energy metabolism pathways, whereas the
TCA cycle requires indirect entrance for carbohydrates and fatty
acids by AcCoA (Fig. 9). Thus, the P cycle is more suitable than
the TCA cycle for the utilization of all three potential energy
inputs. These data indicate the importance of the P cycle in
regulating energy metabolism, and further investigations are
required to understand metabolic regulation among the carbo-
hydrates, amino acids, and fatty acids in context of the P cycle.

Reports have indicated that cells have a transport system with
high affinity for acetate and with lower affinity for pyruvate, and
both pyruvate and acetate are not limited in the TCA cycle and
the PEP-pyruvate-AcCoA pathway (27). Among the five metab-
olites, OAA, pyruvate, and acetate showed that the highest in-
activation efficiency reached a plateau at 10 mM. When the
concentration was elevated by 400%, inactivation was unaffected,
and similar results were obtained for PEP and citrate. Thus, the
differences in inactivation efficacy among the five metabolites
were not significantly related to intermembrane or off-target ef-
fects. In summary, these results indicate that the P cycle is
a prevalent cycle that acts in a glutamate-independent manner in
E. tarda and E. coli.

The present study indicates that exogenous glutamate stimulates
metabolic flux through the P cycle. The idea that carbon metab-
olism in the TCA cycle is central to antibiotic resistance is not new
(10-12, 40-48), but the reported impact that exogenous nitrogen
sources, such as glutamate, as well as OAA, PEP, and pyruvate can
exert on energy homeostasis, PMF, and drug uptake is, as far as we
know, unprecedented, and indicates the role that the P cycle plays
in this process. These findings also support previous work (11),
confirming that these pathways can be exploited to combat anti-
biotic resistance in naturally occurring and laboratory-derived
bacterial pathogens. Our results demonstrate that P cycle gene
knockouts display decreased resistance to aminoglycosides, re-
gardless of whether these genes are components of the TCA cycle.
This is not consistent with the finding that aminoglycoside uptake
is related to PMF, which is attributed to increased NADH gen-
erated by promotion of the TCA cycle (10, 11). A possible mech-
anism could be that the cell reallocates metabolites during
glycolysis and/or pyruvate metabolism due to abrogation of the P
cycle or the TCA cycle to replenish the stores of other amino acids
and/or intermediates. This was demonstrated by the finding that
loss of aceF leads to elevated oleate concentrations, which promotes
gentamicin uptake in a PMF-independent manner. These results
support the conclusion that the microbial metabolic environment
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has a strong influence on antibiotic efficacy (5). As quickly as new
antibiotics are being discovered (49, 50), bacterial strains are
emerging with acquired drug resistance to the new reagents. Our
strategy provides an alternative approach by restoring sensitivity to
previously effective antibiotics through metabolic modulation. In
addition, both acetate and glucose were used together in the
glucose-enabled bacterial inactivation. Recently, acetate has been
shown to block the flow of glucose carbons into AcCoA and the
TCA cycle (51), suggesting that further optimization of reac-
tion conditions may promote the potential of metabolites such as
glucose.

In summary, the most critical results of this study are: (i) the P
cycle plays a critical role in energy homeostasis in E. coli and
E. tarda; (ii) the TCA cycle can be a bypass pathway that pro-
vides OAA for the P cycle; (iii) the P cycle regulates the TCA
cycle; and (iv) exogenous glutamate, OAA, PEP, and pyruvate
revert the phenotype of antibiotic resistance and modulate flux
through the P cycle. The results provide insights into metabolite-
enabled cell death via administration of antibiotics as well as
bacterial energy metabolism and homeostasis.

Materials and Methods

In all experiments, bacterial cells were cultured in 50 mL LB broth for 24 h at
30 °C (E. tarda) and 16 h (E. coli) at 37 °C, 200 rpm and 80% humidity in 250-mL
flasks. E. coli K12 BW25113 and its knockout strains from the Keio collection,
and other clinical isolated strains were obtained from the collection of our
laboratory. Unless otherwise noted, overnight bacterial cultures were har-
vested by centrifugation and washed for GC-MS and bacterial survival exper-
iments in M9 medium plus acetate or other metabolites indicated. GC-MS
analysis was carried out with a variation on the two-stage technique and
the resulting data were processed using pattern recognition methods as de-
scribed previously (52, 53). For bacterial survival detection, bacterial cells were
resuspended in M9 medium, adjusted ODggo to 0.6, and supplied glutamate
and/or antibiotic as desired. Measurement of percentage survival was per-
formed by serially diluting and spot plating onto LB agar plates to determine
colony-forming units per milliliter and survival as described previously with a
few modifications (10, 11). NADH, PMF, ATP, enzyme activity and antibiotic
concentration were measured with commercially available assay kits according
to the manufacturer’s manual. The isotope tracer experiment was carried out
as previously described (23, 54). gPCR, SDS/PAGE, Western blot, and gene
complementation assays were carried out according to routine procedures
(53-55). For full details of all these processes, please see S/ Appendix.
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