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Background: It is well-known that elevated amounts of nitric oxide and other reactive nitrogen species (RNS) im-
pact negatively on the tricarboxylic acid (TCA) cycle and oxidative phosphorylation. These perturbations severely
compromise O2-dependent energy production. While bacteria are known to adapt to RNS, a key tool employed
by macrophages to combat infections, the exact mechanisms are unknown.
Methods: The bacterium was cultured in a defined mineral medium and cell-free extracts obtained at the same
growth phase were utilized for various biochemical studies Blue native polyacrylamide gel electrophoresis
followed by in-gel activity assays, high performance liquid chromatography and co-immunoprecipitaton are ap-
plied to investigate the effects of RNS on the model microbe Pseudomonas fluorescens.
Results: Citrate is channeled away from the tricarboxylic acid cycle using a novel metabolon consisting of citrate
lyase (CL), phosphoenolpyruvate carboxylase (PEPC) and pyruvate phosphate dikinase (PPDK). This metabolic
engine comprising three disparate enzymes appears to transiently assemble as a supercomplex aimed at ATP

synthesis. The up-regulation in the activities of adenylate kinase (AK) and nucleoside diphosphate kinase
(NDPK) ensured the efficacy of this ATP-making machine.
Conclusion:Microbes may escape the effects of nitrosative stress by re-engineering metabolic networks in order
to generate and store ATP anaerobically when the electron transport chain is defective.
General significance: The molecular configuration described herein provides further understanding of how me-
tabolism plays a key role in the adaptation to nitrosative stress and reveals novel targets that will inform the de-
velopment of antimicrobial agents to counter RNS-resistant pathogens.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

ATP is the universal energy currency in all living organisms and its
adequate supply is central to the survival and propagation of life. This
adenine moiety is commonly generated via substrate-level phosphory-
lation (SLP), photophosphorylation and oxidative phosphorylation. In
aerobes, ATP stems predominantly from the latter [1]. The NADH and
FADH2 formed via the tricarboxylic acid (TCA) cycle provide the
reductive potential necessary to synthesize the high-energy phosphate.
If not immediately required to accomplish cellularwork, thismoiety can
be distributed throughout the cell in the form of high-energy com-
pounds such as phosphocreatine, acetyl-phosphate, polyphosphates,
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phosphorylated nucleosides and/or stored as energy reserves in the
form of carbohydrates and fatty acids [2,3].

In an effort to maximize the production of ATP during oxidative
phosphorylation, an intimate interaction between complex V, the
ATP-synthesizing machine and various kinases does exist [4,5]. This al-
lows for the rapid transfer of phosphate from ATPwith the concomitant
formation of a high-energy compound and ADP. Indeed, such a system
further drives the ATP-making process. These phosphotransfer net-
works are crucial to the bioenergetics of an organism, ensuring an intri-
cate balance between ATP-generating and consuming processes. In the
absence of operative machinery mediated by the electron transport
chain (ETC), the generation of ATPmust proceed through SLP. In this in-
stance, cellular metabolism gives rise to energy-rich phosphorylated
compounds that are tapped as ATP [6]. Phosphoenolpyruvate (PEP)
and 1,3-biphosphoglycerate are two key glycolytic intermediates that
enable anaerobic organisms to fulfill their energy needs [7,8].

Due to their reliance on redoxmetals, the complexes of the ETCpres-
ent themselves as ideal targets for free radicals within the cell [9,10].
Nitric oxide (NO) stress is known to severely hinder oxidative phos-
phorylation and hence the ability of organisms to derive their ATP
needs via this machinery [11]. Therefore, if an organism subjected to
these insults is to survive, it must devise alternative ATP-producing
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strategies. Although a body of literature on the detoxification of NO and
reactive nitrogen species (RNS) exists, themolecular details on how or-
ganisms fulfill their ATP requirements during this challenge have yet to
be unraveled [12–14]. In this study we have examined the ability of
Pseudomonas fluorescens, a model microbe with genetic traits similar
to the opportunistic pathogen Pseudomonas aeruginosa, to generate
ATP in response to RNS-induced defective oxidative phosphorylation
[15]. The assembly of an ATP-generating supercomplex, in addition to
the increased activity of enzymes mediating the transfer of high-
energy phosphate, allows themicrobe to survive and proliferate despite
the onslaught of RNS. The significance of metabolic networks and
phosphotransfer systems in maintaining ATP homeostasis is discussed.
The targeting of these enzymes in RNS-resistance microbes is also
commented on.

2. Materials and methods

2.1. Cell culturing and fractionation

P. fluorescens 13525, obtained from the American Type Culture
Collection (ATCC), was cultured on 2% agar and grown in a phosphate
mineralmedium containingNa2HPO4 (6 g), KH2PO4 (3 g), MgSO4·7H2O
(0.2 g), NH4Cl (0.8 g), and citric acid (4 g) per litre of distilled and deion-
ized H2O (ddH2O). Trace elements were added to a final concentration
of 1%, as described previously, and NaOH was utilized to adjust the pH
to 6.8 prior to autoclaving at 121 °C for 20 min [16,17]. One milliliter
of P.fluorescens grown to stationary phase in a control culturewas intro-
duced to 200mL of media in an Erlenmeyer flask. To themedia, sodium
nitroprusside (SNP, 10 mM) or diethylamine NONOate (DEANO; 0.5,
1 mM) was added. DEANO and SNP are both initiators of nitrosative
stress via the release of NO [18,19]. A second dose of DEANO was
Fig. 1.Nucleotide and ETC analysis in P. fluorescens exposed to nitrosative stress. A; In-gel activ
1mMdiethylamine NONOate,+SFC, 10mMsodium ferrocyanide;+SNP, 10mM sodiumnitro
displaying nucleotide levels in soluble cell free extract from P. fluorescens grown in control cul
added during the exponential growth phase (16 h) to maintain NO
levels in the medium. Cultures treated with SNP were grown alongside
cultures with 10 mM sodium ferrocyanide as a control. The latter has a
similar structure to SNP minus the nitroso functional group [20]. As
DEANO and SNP are both initiators of nitrosative stress and generated
similar physiological results, they were used interchangeably. Bacteria
were grown and aerated on a gyratory water bath shaker (Model 76;
New Brunswick Scientific). After 24 h of growth, cells reached their
stationary phase and were isolated by centrifugation (10, 000 ×g,
10 min, 4 °C). Pellets were washed with 0.85% NaCl and re-suspended
in cell storage buffer (CSB; 50 mM Tris–HCl, 5 mM MgCl2, 1 mM
phenylmethylsulphonyl fluoride, pH 7.3).

Cell pellets were disrupted ultrasonically and then centrifuged at
3000 ×g for 30 min at 4 °C to remove intact bacteria. Soluble andmem-
brane cell-free extracts (CFE) were then obtained by centrifugation at
180,000 ×g for 3 h. Purity of the fractions was assessed via the analysis
of glucose-6-phosphate dehydrogenase (G6PDH) and complex IV activ-
ity in the soluble and membrane portions, respectively. Protein quanti-
ties were ascertained in triplicate with bovine serum albumin as a
standard, using the Bradford assay [21]. CFE fractionswere prepared im-
mediately for in-gel activity assays and frozen at−20 °C for storage up
to a maximum of 4 weeks.

2.2. Blue native polyacrylamide gel electrophoresis (BN-PAGE) in-gel
activity assays

BN-PAGE and activity assays were performed as described [22,23].
To ensure optimal protein separation, 4–16% linear gradient gels were
cast with the Bio-Rad MiniProteanTM 2 system using 1 mm spacers.
Soluble CFE was prepared in a native buffer (50 mM Bis–Tris, 500 mM
ε-aminocaproic acid, pH 7.0, 4 °C) at a final concentration of 4 mg of
ity assays of protein complexes from the electron transport chain (–, untreated; +DEANO,
prusside). Images shown are representative gels; n=3. B; Representative chromatographs
tures and 1 mM DEANO-containing cultures; n = 3.



Fig. 2. ATP-producing supercomplex. A; Enzymes participating in the metabolism of citrate were probed by BN-PAGE in control (–) and 1 mM DEANO-treated cultures (CL, citrate lyase;
PEPC, phosphoenolpyruvate carboxylase). B; i) the activity of phosphoenolpyruvate-dependent kinases was analyzed in-gel. ii) Reactionmixture without phosphoenolpyruvate served as
a negative control. iii) PPDK activity subsequent to regulation experiments. Control cellswere incubated in 10mMSNP-containingmedium for 8 h andvice versa prior to activity assays. iv)
PPDKdose responsewith DEANO. C; The activity band for CLwas excised from the gel and incubated in reaction buffer containing 2mMcitrate, 0.5mMAMP and 0.5mMPPi. Consumption
of the substrates and appearance of products was monitored by HPLC. n = 3 ± standard deviation. D; Soluble CFE from control and SNP-treated cultures were utilized for immunopre-
cipitation (IP) using antibodies against PEPC or PPDK. The immunoprecipitates were separated on 10% SDS-PAGE, transferred and an immunoblot (IB) was performed to analyze bound
proteins (PEPC, phosphoenolpyruvate carboxylase; PK, pyruvate kinase; PPDK, pyruvate phosphate dikinase) Images shown are representative gels; n=3. ImageJ forWindowswas used
to perform densitometry.
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protein per mL. Membrane CFE was prepared in a similar manner
except β-dodecyl-D-maltoside was added at a concentration of 1% to
the preparation to facilitate the solubilization of membrane-bound pro-
teins. Equal protein loadingwas ensured bymonitoring protein concen-
tration using the Bradford assay. Each well was loaded with 60 μg of
protein prior to electrophoresis. The latter was performed at 4 °C
under native conditions at 80 V and 15mA for proper stacking, followed
by 150 V and 25mAuntil themigration of the proteins reached halfway
through the resolving gel. At the halfway point, blue cathode buffer
(50 mM Tricine, 15 mM Bis–Tris, 0.02% w/v Coomassie G-250, pH 7 at
4 °C) was changed to a colorless cathode buffer (50 mM Tricine,
15 mM Bis–Tris, pH 7 at 4 °C). The electrophoresis was performed at
300 V and 25 mA beyond this point. Following electrophoresis, gel
slabs were equilibrated for 15 min in a reaction buffer (25 mM Tris–
HCl, 5mMMgCl2, at pH 7.4). Afterwards, enzyme activitieswere detect-
ed using select reaction mixtures.

The functionality of ETC complexes was ascertained as described [9,
24]. CL and PEPC reaction mixtures were prepared, containing citrate
and PEP as reactions substrates respectively, as demonstrated in [11].
PK and PPDK activity assays were performed as shown [25]. The activity
of NDPKwas probed using the enzymes hexokinase andG6PDH as elab-
orated in [26]. Acetate kinase (ACK)was analyzed in-gel with a reaction
mixture consisting of 5 mM acetyl-phosphate, 1 mM ADP, 5 mM glu-
cose, 10 units of G6PDH, 10 units of hexokinase, 1 mM NADP,
0.2 mg/mL of phenazine methosulfate (PMS) and 0.4 mg/mL of
iodonitrotetrazolium (INT). ATP formation allows the synthesis of
glucose-6-phosphate, which is coupled to G6PDH activity, allowing
NADP reduction and formazan precipitation at the site of the enzyme
in situ. Negative controls were performed without acetyl-phsophate or
without glucose. Adenylate kinase activity was discerned with a reac-
tion mixture containing 10 mM ADP, 5 mM glucose, 0.5 mM NADP,
10 units of hexokinase, 10 units of G6PDH, 0.2 mg/mL of PMS and
0.4 mg/mL of INT. Negative controls consisted of the same reaction
mixture without ADP or without glucose. PPase activity was monitored
in-gel via the formation of a phosphomolybdate complex with
malachite green, as described [27]. Destaining solution (40% methanol
and 10% glacial acetic acid) was used to terminate the reactions.
Coomassie blue staining was applied to assure equal protein loading.
To identify optimal conditions for these reactions, substrate concentra-
tions and incubation times were varied. Select activity bands were sub-
mitted to densitometry using ImageJ for Windows. All comparative
experiments were performed at the late logarithmic phase of growth.
BSA (66 kDa) and ferritin (450 kDa) were used as molecular weight
standards in a separate lane of the BN-PAGE gel.

2.3. Enzyme confirmation and metabolite analyses via HPLC

To evaluate the influence of nitrosative stress on metabolite levels,
these were analyzed by high performance liquid chromatography
(HPLC). Metabolites were separated using a C18 column with a polar
cap (3.5 μm, amide cap, 4.6 mm × 150 mm inside diameter, Symmetry
Column, Phenomenex®, Torrance, CA, USA). The mobile phase

image of Fig.�2


Fig. 3. Phosphorylation and dissociation of ATP-generating machinery. A; CL, PEPC and PPDK were probed with their respective reaction mixtures and activity bands were identified at a
similar spot in the gel (top). Soluble CFE treated with 20 U of alkaline phosphatase for 15 min prior to BN-PAGE was loaded into wells and activity assays were performed after electro-
phoresis. CL and PEPC appeared lower in the gel after treatment, while PPDK activity was notably absent (1, Control; 2, 10 mM SNP-treated). B; the band attributed to PPDK was excised
and loaded into a 10% SDS gel. Following electrophoresis and protein transfer, the membrane was submitted to Western blot analysis. Anti-PPDK antibodies (green—800 nm) and anti-
bodies versus phosphoserine/threonine/tyrosine (red—680 nm) were applied and a yellow band was generated using IR-tagged secondary antibodies. C; A band at 60 kDa, the reported
molecular weight of PPDK, was visible in both channels. Images shown are representative gels; n = 4.
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consisted of 20 mM KH2PO4 (pH 2.9 with 6 N HCl) prepared in Milli-Q
water and the column was eluted at a flow rate of 0.7 mL/min at
25 °C. A 2 mg protein equivalent of soluble CFE from control and
1 mM DEANO-treated cells was boiled for 5 min to precipitate protein
prior to injection. Nucleotides were detected at 254 nm, while organic
acids were visualized at 210 nm using a Waters UV–visible detector.
Metabolites were identified by spiking biological samples with known
standards, and peaks were quantified using the Empower software
(Waters Corporation). The HPLC was standardized using a five-point
calibration prior to each injection protocol.

The BN-PAGE activity band belonging to CL/PEPC/PPDK was rinsed
twice with reaction buffer, excised from the gel and placed in reaction
buffer containing 2 mM citrate, 0.5 mM AMP and 0.5 mM PPi. After
30 min of incubation, 100 μL of the sample was collected and diluted
ten-fold with Milli-Q water for HPLC analysis. While multiple time
points were taken, a 30 min incubation afforded optimal results.
Samples were injected immediately after the reactions in order to min-
imize substrate and product degradation. A similar protocolwas applied
to ascertain the nature of the activity band for AK. However, the reaction
buffer solely contained 0.5 mM ADP, and was allowed to react with the
enzyme for 45 min prior to injection.

2.4. 2D SDS-PAGE and Western blots

The activity band for CL/PEPC/PPDK was precision cut from the gel
and incubated at ambient temperature for 30 min in a denaturing solu-
tion of 1% (w/v) SDS and 1% (v/v) 2-mercaptoethanol. The band was
rinsed twice for 10 s with SDS-PAGE electrophoresis buffer (25 mM
Tris–HCl, 192 mM glycine and 0.1% (w/v) SDS; pH 8.3) then placed ver-
tically in the well of a 10% isocratic SDS gel (8 × 7 cm). SDS-PAGE was
performed according to a modified protocol [28]. Electrophoresis was
conducted at 80 V at room temperature until the proteins reached the
separating gel. The voltage was then raised to 200 V until completion.
The molecular mass of proteins was assessed using the EZ-Run
Prestained Recombinant Protein Ladder (Fisher Scientific). Following
electrophoresis, the proteins were transferred for 16 h at 25 V on to a
nitrocellulosemembrane (Li-COR) forWestern blots. Non-specific bind-
ing sites on the membrane were blocked by treatment with 5% non-fat
skim milk dissolved in TTBS [20 mM Tris–HCl, 0.8% NaCl, 1% Tween-20
(pH7.6)] for 1 h. Primary antibodies directed toward PEPC (Rabbit poly-
clonal; dilution: 1:500; Abcam), PPDK (Rabbit polyclonal; dilution:
1:1000; generous gift from Dr. Frédéric Bringaud [Université Bordeaux
Segalen, France]) and phosphoserine/threonine/tyrosine (Mouse
monoclonal; dilution: 1:200, Abcam)were diluted in TTBS and incubat-
ed with the membrane for 1 h. The secondary antibodies consisted of
donkey anti-rabbit infrared (IR) 800-conjugated (LI-COR) and donkey
anti-mouse IR 680-conjugated (LI-COR) and were applied for 1 h in
the dark in TTBS. Protein expressionwas documented using an Odyssey
Infrared Imager and accompanying software (LI-COR. Lincoln, NE, USA)
which detected an infrared signal from the conjugated secondary
antibody at λexcitation = 778 nm, λemission = 795 nm (IR 800) or
λexcitation = 676 nm, λemission = 693 nm (IR 680).

2.5. Supercomplex analyses and dissociation

BN-PAGE in-gel assays for CL, PEPC and PPDK revealed an activity
band at a similar spot for all three enzymes, despite their disparate mo-
lecular masses. Incubation of this activity band in a solution of citrate,
AMP and PPi, as described above, did indeed generate pyruvate and
ATP. This intriguing finding prompted us to explore whether any post-
translational modifications may be involved in the formation of this
metabolon. As such, bands were excised and loaded into a SDS gel for
immunoblot analyses. Antibodies versus acetylated lysine residues
(Rabbit polyclonal; dilution: 1:500; Abcam) and nitrosylated tyrosines
(Mouse monoclonal; dilution: 1:1400; Abcam) did not generate a sig-
nal. In an attempt to dissociate these three enzymes, soluble CFE (at
4 mg protein/mL) was incubated with alkaline phosphatase (20 U) for
15 min at room temperature before BN-PAGE. Indeed, this proved
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Fig. 4.Nucleotide production and phosphotransfer networks. A; The activity of various phosphotransfer enzymes was monitored in-gel. ImageJ for Windows was used to perform densi-
tometry (AK, adenylate kinase; NDPK, nucleoside diphosphate kinase; PPase, inorganic pyrophosphatase). Gels are representative; n=3. B; The activity band for AK from control (i) and
10 mM SNP-treated (ii) cells was excised and incubated in a solution of 0.5 mM ADP for 45 min. The appearance of products was monitored by HPLC; n = 3 ± standard deviation.
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effective, indicating that a phosphorylation event was involved in
metabolon formation. The link between proteins was further explored
via pull-down assays.

2.6. Co-immunoprecipitation

Pull-down experiments were performed according to the
manufacturer's instructions (Abcam). Cell pellets were lysed in 100 μL
lysis buffer (1% maltoside, 1 mg/mL BSA, pepstatin A, leupeptin) for
60 min on ice with occasional vortexing. Agarose anti-IgG conjugates
were prepared by diluting them 1:1 in dilution buffer (1% maltoside,
1 mg/mL BSA). Ten microliters of agarose conjugates was added to
lysed samples and left to incubate for 1 h at 4 °C with gentle shaking
to remove proteins which spontaneously bind to the agarose anti IgG
conjugates. Samples were centrifuged at 200 g for 1 min and the super-
natant was saved. Ten microliters of polyclonal anti-PPDK or 20 μL of
polyclonal anti-PEPC was added to the diluted lysate for 1 h at 4 °C
with gentle shaking. Following incubation with the primary antibody,
50 μL of agarose IgG conjugate was added per tube and allowed to incu-
bate for 1 h with gentle shaking at 4 °C. Following incubation, samples
were centrifuged at 200 g for 5 s. The supernatant was removed and
thepelletwas re-suspended in 500 μL of dilution buffer then centrifuged
again at 200 g for 5 s. The supernatant was removed and the pellet was
re-suspended in TBS and centrifuged. Re-suspension and centrifugation
were repeated one more time using a solution of 0.5 M Tris at a pH of
6.8. The pelletwas re-suspended in SDS-PAGE sample buffer and heated
for 5 min at 100 °C. The sample was centrifuged at 200 g for 5 s and the
supernatant was loaded onto a 10% SDS gel. A Western blot was per-
formed on PEPC or PPDK, as described above.
2.7. Recovery experiments and statistical analysis

The NO-mediated modulation of PPDK activity was further con-
firmed with regulation experiments. Control cells grown in citrate me-
dium for 24 h were transferred to a 10 mM SNP-containing medium.
Following an 8 h exposure, the cells were collected and processed for
BN PAGE as described above. Similar experiments were performed
with 10 mM SNP-stressed cells transferred into a control medium.
Data were expressed as means ± standard deviations. All experiments
were performed in triplicate and biological duplicate.
3. Results

P. fluorescens was grown in a citrate medium with or without a NO
donor until the culture reached its stationary phase, as measured by
Bradford assay. At this point, bacteria were spun out of solution by cen-
trifugation and the pellets submitted to sonication to separate the solu-
ble and membrane fractions. The latter was prepared for BN-PAGE in
order to ascertain the effect of NO on the ETC. Indeed, the addition of
SNP or DEANO to the growth medium severely impeded complex I, II
and IV, as visualized by in-gel activity assays (Fig. 1A). Given the reper-
cussions of a defective ETC, the cytoplasm was subjected to HPLC anal-
ysis with a UV–visible detector set to 254 nm to identify nucleotides.
While ADP and ATP levels in the RNS-treated cells were diminished,
there was a slight increase in AMP and a large increase in pyrophos-
phate, as seen in chromatograms (Fig. 1B; ATP values determined by
the area under the curve were 42 565 ± 3678 AU for the control and
14 326 ± 2479 AU for the nitrosative stress samples, respectively).
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Fig. 5. Bioenergetics in Pseudomonas fluorescens exposed to nitrosative stress. A
supercomplex involving CL, PEPC and PPDK is assembled by the organism to effectively
produce ATP, while phosphotransfer networks permit the storage of this crucial moiety
(red: enzymes inactivated by nitrosative stress; green: enzymes up-regulated during
nitrosative stress; gray = metabolon enzymes disassociated by dephosphorylation).
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These data suggest that nitrosative stress triggers a shift in the bioener-
getics of the organism.

We have previously shown that, to counteract the detrimental
effects of RNS on oxidative phosphorylation, the microbe up-regulates
the activity and expression of CL in order to bypass the TCA cycle and
generate energy in an anaerobic manner [11]. Here, it can be seen that
CL and PEPC activities are sharply increased in order to generate the
high-energy compound PEP when the microbe undergoes treatment
with DEANO (Fig. 2A). PK, the usual candidate for the production of py-
ruvate and ATP,was noticeably inactive in the stress,whereas PPDKwas
up-regulated in the DEANO-treated cultures (Fig. 2B, i). This shift was
apparent with the NO donor SNP as well. Reaction substrates, such as
PEP, were routinely omitted from the in-gel activity assays to serve as
a negative control. (Fig. 2B, ii). To confirm that NO donors were indeed
triggering the metabolic reconfiguration, regulation experiments were
performed. Cells cultured to the stationary phase with SNP were
transferred to control medium for 8 h and vice versa. As shown, PPDK
activity was lowered as the cells returned to an untreated environment
(Fig. 2B, iii).

The primary advantage of the BN-PAGE system is that proteins re-
main in their native state, allowing the study of their interactions with
other biomolecules as they would occur in vivo [29,30]. The lowered ac-
tivity of aconitase, a consequence of intracellular RNS, causes an up-
regulation of CL, PEPC, and PPDK. Despite these three enzymes having
differentmolecularmasses, the formazan precipitate indicative of enzy-
matic activity appeared at the same location in the gel, perhaps indicat-
ing that CL, PEPC and PPDK were migrating as a super-complex. This
observation led us to hypothesize that these proteins were cooperating
in the form of a metabolon. To confirm this, the band was excised from
the native gel and incubated in a solution containing citrate, AMP and
PPi. After 30 min, the reaction mixture was subjected to HPLC analysis
for the presence of reaction products. Indeed, the concentration of sub-
strates was lowered and there was an appearance of distinct peaks
characteristic of PEP, pyruvate, ATP and oxaloacetate (Fig. 2C). The pos-
sibility of a physical link between the three enzymes prompted us to im-
munoprecipitate PEPC to analyze the presence of attached proteins.
Although antibodies against bacterial CL are not commercially available,
PPDK was readily identified via Western blot. PEPC was also detected
when PPDK was pulled down, while neither enzyme was detected in
the control cells. (Fig. 2D).

The assembly of metabolic complexes referred to as metabolons is
often transient, and brought about by distinct post-translational
modifications [31,32]. This allows them to form rapidly and come
apart when the needs of the cell are met. Incubation of the soluble frac-
tion of the organism with alkaline phosphatase for 15 min prior to BN-
PAGE was applied to separate the three enzymes. Following this treat-
ment, CL and PEPC activity bandswere identified at their respectivemo-
lecular mass lower in the gel in comparison to when they migrated as a
metabolon (Fig. 3A). PPDK activity was noticeably absent after dephos-
phorylation, thus indicating the importance of this modification to the
function of the enzyme. To demonstrate this finding, the band for
PPDK was excised and run through a SDS-PAGE gel. Both antibodies
against PPDK and antibodies against phosphorylated amino acid resi-
dues generated a yellow signal at 60 kDA, the reported molecular
mass of this enzyme (Fig. 3B). PPDK and phosphorylated proteins
could be detected separately in the green (800 nm) and red (680 nm)
channels, respectively (Fig. 3C).

Activity assays were applied to measure the activity of phos-
photransfer enzymes in the cell, as these allow for the storage of high-
energy phosphate [5]. Acetate kinase, which phosphorylates acetate
and thus facilitates the production of acetyl-CoA, was found to be up-
regulated in the stressed cells (Fig. 4A). NDPK allows the transfer of
high energy phosphate between nucleosides and also displayed higher
activity than the control cultures (Fig. 4A). PPase, which catalyzes the
breakdown of PPi into two phosphate ions, was analyzed in order to un-
derstand why PPi levels were elevated in the NO-treated cultures.
Indeed, this enzyme had diminished activity in the stressed cells
(Fig. 4A). Adenylate kinase, which takes two ADPmolecules and gener-
ates ATP and AMP, also had higher activity in the RNS-treated cultures
(Fig. 4A). To ascertain the nature of the enzyme, activity bands are rou-
tinely excised and incubated in their respective substrates. The band in-
dicative of AKwas cut out of the gel from the control (Fig. 4B, i) and SNP-
treated (Fig. 4B, ii) lanes and incubated in 1mMADP for 45min. As seen
in the chromatograms, ADP was consumed quicker in the SNP-treated
cells, and the appearance of ATP and AMP was more pronounced, indi-
cating an increased activity of the enzyme.

4. Discussion

The data presented here describe a novel metabolic pathway aimed
at ATP production (Fig. 5). Nitrosative stress brings about the assembly
of CL, PEPC and PPDK, three enzymeswhich allow the production of ATP
when the ETC of P. fluorescens is defective. It is a common perception
that enzymes diffuse freely in biological systems, catalyzing their
respective reactions when metabolites interact with them via passive
diffusion. However, the formation of enzyme or protein aggregates is a
more likely event as these enable metabolic networks to be more profi-
cient. The benefits of such an arrangement are numerous. The close
proximity between sequential enzymes allows the product of one reac-
tion to be channeled to the next without equilibrating with the bulk
cellular fluid. Such an event also assures a greater degree of specificity,
allowing metabolites that are acted upon by a number of proteins to
be funneled towards the desired end product. Indeed, these protein-
protein interactions may allow certain reactions to transpire in vivo
that would not occur if the enzyme was unaccompanied [33–35].
Although these interactions are usually fragile and difficult to study,
techniques such as BN-PAGE afford a potent tool to decipher these
metabolons [35,36].

It has long been known that the presence of heme groups and
iron-sulfur clusters within the electron transport chain render these
complexes susceptible to oxidative and nitrosative stress. Indeed, this
vulnerability underlies the success of white blood cells and their ability
to subdue invading pathogens, as the formation of noxious radicals by
NADPH oxidase and inducible nitric oxide synthase are key tools in
combatting infectious microbes [37,38]. Here, we show that the pres-
ence of SNP or DEANO in the growth medium has a detrimental effect
on ATP-formation via oxidative phosphorylation, as visualized by
in-gel enzyme activity assays and HPLC. Previous studies have reported
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that, under nitrosative stress, the microbe survives by rerouting citrate
away from the tricarboxylic acid cycle using CL in an effort to generate
ATP anaerobically [11]. This metabolic shift is to be expected, since the
first three enzymes of the TCA cycle are sensitive to free radicals, as ev-
idenced by their reduced activity [11,39–41].We postulated that, on the
basis of their migration together in the BN-PAGE unit, CL, PEPC and
PPDK were acting in tandem, thus presenting a means by which ATP
could be generated efficiently for the survival of the organism [11]. Incu-
bation of the band from the in-gel activity assay with the proper sub-
strates and co-immunoprecipitation were applied to confirm this
hypothesis. Initial attempts to understand how this supercomplex was
assembled in vivo included Western blots to analyze the presence of
acetylated or nitrosylated residues on the proteins, moieties that are ex-
pected given the environmental conditions of the cell. However, these
modifications were not found (data not shown). Incubation of the solu-
ble cell free extract with alkaline phosphatase prior to performing BN-
PAGE was effective in separating themetabolon, indicating that a phos-
phorylation event is responsible for bringing these proteins in close con-
tact. Indeed, this post-translational modification also appears to be
responsible for the increase in PPDK activity. Although we are the first
to report on this unique multiprotein complex designed to generate
ATP, others have described metabolons involving glycolytic and TCA
cycle enzymes, thus lending further support to the notion that metabol-
ic enzymes rarely function unaccompanied in biological systems [35,42,
43]. A similar association involving PEPC and PPDK is evident in the
presence of such carbon source as glucose and glutamate (personal
observation).

It is of interest to note that, whereas CL and PEPC mediate the con-
version of citrate into the high-energy intermediate PEP, it is PPDK
which converts this moiety into pyruvate and ATP, a role normally ful-
filled by PK. While the latter utilizes ADP as a cofactor for this reaction,
PPDK employs AMP and PPi. The substitution of PPDK for PK is im-
mensely beneficial to the organism, especially in conditions where oxi-
dative phosphorylation is rendered inadequate. This dikinase is more
commonly found in plants and anaerobic parasites such as Trypanosoma
spp. and Entamoeba spp., where it presents itself as a novel therapeutic
target due to the lack of PPDK analogues in mammalian systems [44,
45]. Energy efficiency may be an important consideration behind the
preference for PPDK, as this enzyme can utilize PPi instead of ADP. The
participation of PPDK, coupled to the activity of adenylate kinase, per-
mits the production of two ATP per molecule of PEP, while traditional
glycolysis can only generate one [46]. Under energy-limiting conditions,
such as those invoked by the inactivation of the electron transport
chain, this adaptation becomes vital.

Indeed, both PPDK and AK display increased activity in our system
when exposed to NO stress. For this stratagem to remain sustainable,
the maintenance of a PPi pool is required to drive this reaction forward.
Pyrophosphate is formed as a byproduct in a plethora of synthetic reac-
tions, such as those involved in the synthesis of macromolecules like
DNA and proteins [47]. However, the energy stored in the anhydride
bond of PPi is not utilized as the ubiquitous inorganic pyrophosphatase
(PPase) immediately hydrolyses this compound to Pi [48]. Here, the
down-regulation of PPase activity would certainly allow the PPi concen-
tration in the cell to remain elevated in an effort to propel PPDK activity.
It is not unlikely that the increase in intracellular PPi inactivates PK, as
the former is known to be an allosteric inhibitor of this enzyme [47].
The increased activities of phosphotransfer enzymes such as AK and
NDPK, which allow the storage and distribution of high-energy phos-
phate, would also drive the continued activity of PPDK while fulfilling
the need for nucleotides in cellular division. Indeed, the existence of
phosphowires allows for the proper functioning of complex V. In this in-
stance, ADP is converted into ATP and the energy shuttled via AK, NDPK
as well as creatine kinase [5].

In conclusion, this report reveals how an intricate arrangement in-
volving CL, PEPC and PPDK allows for the effective generation of ATP
when oxidative phosphorylation is compromised by nitrosative stress.
This metabolic complex that appears to hinge on the alkaline
phosphatase-sensitive PPDK mediates the conversion of citrate into
pyruvate and ATP with the participation of AMP and PPi. A
phosphotransfer system propelled by ACK, NDPK and AK generates
various high-energy compounds with the concomitant formation of
AMP, a key ingredient that fuels the metabolon. The pivotal role
metabolism and this multi-enzyme complex play in the survival of
this microbe provides important therapeutic cues against RNS-
resistant bacteria.
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