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Abstract Although nitrosative stress is known to
severely impede the ability of living systems to
generate adenosine triphosphate (ATP) via oxidative
phosphorylation, there is limited information on how
microorganisms fulfill their energy needs in order to
survive reactive nitrogen species (RNS). In this study
we demonstrate an elaborate strategy involving sub-
strate-level phosphorylation that enables the soil
microbe Pseudomonas fluorescens to synthesize
ATP in a defined medium with fumarate as the sole
carbon source. The enhanced activities of such
enzymes as phosphoenolpyruvate carboxylase and
pyruvate phosphate dikinase coupled with the
increased activities of phospho-transfer enzymes like
adenylate kinase and nucleoside diphophate kinase
provide an effective strategy to produce high energy
nucleosides in an O,-independent manner. The alter-
nate ATP producing machinery is fuelled by the
precursors derived from fumarate with the aid of
fumarase C and fumarate reductase. This metabolic
reconfiguration is key to the survival of P. fluorescens
and reveals potential targets against RNS-resistant
organisms.
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Introduction

Nitrosative stress occurs due to the uncontrolled
formation of such reactive nitrogen species (RNS) as
nitric oxide (NO), dinitrogen trioxide (N,Oj3), and
peroxynitrite (ONOO™). These RNS are generated
intracellularly when NO reacts with hydrogen perox-
ide and superoxide. They are known to be toxic as
these moieties react with sulphydryl groups, redox
metals, heme residues and tyrosine-containing mac-
romolecules (Quijano et al. 1997; Zielonka et al.
2012). Hence, nitrosative stress is known to severely
impair oxidative phosphorylation (OP), a process that
produces ATP in an O,-dependent manner. This ATP-
generating system relies on the tricarboxylic acid
(TCA) cycle and the electron transport chain (ETC).
While the former provides the reducing factors NADH
and FADH,, the latter aids in the shuttling of electrons
to O,, the terminal electron acceptor (Lemire et al.
2012). Numerous enzymes that participate in these
metabolic networks require heme and Fe-S clusters
for proper functioning and are rendered ineffective by
RNS (Auger et al. 2011; Poole 2005). Hence it is not
surprising that numerous microbes have developed
mechanisms to deal with these toxic RNS. Their
conversion into innocuous nitrate, and the upregula-
tion of enzymes dedicated to the removal of nitrosy-
lated moieties, a common occurrence during
nitrosative stress, are two strategies invoked by some
bacteria (Auger et al. 2011). Although the detoxifica-
tion mechanisms aimed at RNS have been studied,
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there is a dearth of information on how RNS-tolerant
microbes satisfy their ATP requirements.

Substrate level phosphorylation (SLP) is the other
ATP-producing machine that is commonly utilized by
biological systems. High energy compounds that are
obtained following various biochemical transforma-
tions help phosphorylate adenosine monophosphate
(AMP) and/or adenosine triphosphate (ADP) into ATP
(Kim et al. 2013). These compounds include phos-
phoenolpyruvate (PEP) and 1,3,biphosphoglycerate,
that are products of glycolysis, as well as succinyl CoA
which is produced during the TCA cycle (Han et al.
2013; Singh et al. 2009). Pyruvate kinase is a key
enzyme that converts PEP into ATP in the presence of
ADP (Auger et al. 2012, 2013). Some bacteria are also
known to possess the acetate kinase-phophotransace-
tylase system that is involved in the processing of
acetyl CoA into ATP (Hunt et al. 2010; Ingram-Smith
etal. 2006).Although ATP formation mediated by SLP
is widespread in nature, the metabolic networks that
are utilized to fulfill the need for this universal energy
currency under environmental stress along with its
regulation have yet to be fully elucidated.

As part of our efforts to decipher the metabolic
adaptations that allow the soil microbe Pseudomonas
fluorescens to survive in extreme environments (Auger
et al. 2011), we have evaluated how this nutritionally-
versatile microbe fulfills its requirements for ATP,
under a nitrosative challenge. This condition is known
to render OP ineffective. In this study fumarate a TCA
cycle intermediary and a dicarboxylic acid that is
usually metabolized by RNS-sensitive Fe—S cluster
rich enzymes was utilized as the sole source of carbon.
The ability of P. fluorescens to elaborate an alternate-
ATP generating network and the metabolism of
fumarate are described. The significance of these
findings in combatting RNS-resistant microbes is also
discussed.

Materials and methods

Bacterial growth conditions

Pseudomonas fluorescens, strain ATCC 13525, was
grown in a phosphate growth medium containing
Na,HPO, (6 g), KH,PO, (3 g), NH,Cl (0.8 g),

MgSO,7H,0 (0.2 g), and fumarate (2.25 g) per 1 liter
of distilled and deionized water. One mL of trace
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elements was added per liter of medium as described in
Bignucolo et al. (2013). Nitrosative stress was achieved
with the addition of sodium nitroprusside (SNP) at a
concentration of 10 mM (Auger et al. 2011). Cultures
pH was adjusted to 6.8 using dilute NaOH. Previous
studies have shown that P. fluorescens has the ability to
reach its optimal growth at this pH (Auger et al. 2011).
The mixtures were then transferred to 500 mL Erlen-
meyer flasks. Each flask was filled with 200 mL of
medium. Cultures were inoculated by adding 1 mL of
stationary phase bacteria to the growth media. These
cultures were aerated on a gyrator water bath shaker
(Model 76, New Brunswick Scientific). Once the
stationary phase was reached, portions of samples were
centrifuged at 10,000x g for 10 min at 4 °C. Aliquots
(10 mL) of spent fluid were stored for further experi-
ments. Washing of the bacterial pellet was then
completed using 0.85 % NaCl, and the pellet was re-
suspended using a cell storage buffer (50 mM Tris—HCI,
5 mM MgCl,, and 1 mM phenylmethylsulphonyl fluo-
ride, pH 7.3). Membranous and soluble cellular fractions
were obtained by sonication and centrifugation of the
disrupted cells (al-Aoukaty et al. 1992). Bradford assays
were performed on both fractions in triplicate to
determine protein concentration. These fractions were
kept at 4 °C for 5 days or at —20 °C for 4 weeks for
further study.

RNS-detoxifying enzymes and functional
metabolomic studies

To evaluate the impact of the nitrosative stress on the
bacterium, cultures were grown in control and nitro-
sative stressed-conditions at various time intervals and
cellular yield was assessed by Bradford assay (Brad-
ford 1976). Fumarate consumption was monitored by
high performance liquid chromatography (HPLC) at a
wavelength of 236 nm (Charoo et al. 2014). The
presence of nitrate reductase and nitrite reductase were
also probed to determine the relative activity of these
detoxifying enzymes in each system. In gel activity of
the enzymes was monitored and densitometric read-
ings were recorded to obtain relative activities (Auger
et al. 2011). The Griess assay was performed on the
spent fluids from both control and RNS-stressed
cultures in order to determine relative content of
nitrate and nitrite respectively (Miranda et al. 2001).
To assess significant metabolite level differences in
control and RNS-exposed cultures, HPLC was
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performed on the spent fluids and soluble fractions of.
Two mg/mL of protein equivalent of the cell cell-free
extract (CFE) were taken and heated gently to ensure
precipitation of proteins and lipids (Mailloux et al.
2011). The supernatants were subsequently monitored
at 210 and 254 nm respectively. All metabolite levels
were compared to known compounds, and by spiking
with the appropriate standards (Auger et al. 2011).

Analyses of TCA cycle and ETC enzymes

Blue native polyacrylamide gel electrophoresis (BN-
PAGE) was performed to detect relative activity of
enzymes in control and stressed cultures involved in
the TCA cycle and in the ETC. Proteins were prepared
for BN-PAGE by dilution with native buffer (50 mM
Bis—Tris, 500 mM g-aminocaproic acid, pH 7.0, 4 °C)
until proteins were at a concentration of 4 mg/mL.
One % (v/v) B-dodecyl-p-maltoside was added to the
membranous fractions to help in the solubilization of
the proteins. Once the gel had finished separation, it
was placed in a reaction buffer (25 mM Tris—HCI,
5 mM MgCl2, at pH 7.4) for 15 min to rinse off
buffers. Once completed, specific protein fractions
were separated and placed in their appropriate reaction
mixtures where enzyme reactions were performed. All
reactions were based on the presence of a pink
formazan precipitate, formed during reduction reac-
tions (Schagger and von Jagow 1991; Han et al. 2012).

NAD™"-dependent isocitrate dehydrogenase (ICDH-
NAD™) activity was visualized using a reaction mixture
containing 5 mM isocitrate, 0.5 mMNAD™,0.2 mg/mL
PMS and 0.4 mg/mL INT. For malate dehydrogenase
(MDH) malate was used as the substrate for the reaction.
Complex II was detected by the addition of 0.5 mM
FAD", and 0.4 mg/mL INT with 5 mM succinate.
Complex IV was probed using diaminobenzidine
(10 mg/mL), cytochrome C (10 mg/mL), sucrose
(562.5 mg/mL). In the case of both ETC complexes
probed, the reaction were made in reaction buffer with
the addition of 5 mM of KCN. Appropriate negative
controls consisted of reaction mixtures that did not
contain the substrate or cofactors for the reaction. For
example, reaction mixtures devoid of isocitrate and/or
NAD™ were utilized as negative controls for ICDH-
NAD™ while the commercial enzyme was tested as a
positive control. Once completed all of the above
reactions were destained using 40 % methanol, 10 %
glacial acetic acid. Activity bands were quantified using

Image] for Windows. Proper protein loading was
determined by Coomassie staining for total proteins.
Equal amounts of proteins (60 pg) were loaded in the
respective lanes. Following the appearance of the
activity bands (at the same time), the bands were
excised and incubated in the reaction mixture to monitor
the products formed. Enzymes such as malate dehydro-
genase (MDH) and pyruvate carboxylase (PC) that had
similar activity in the control and stressed cultures were
utilized as internal controls. Unless otherwise men-
tioned, all comparative experiments were performed at
the late logarithmic phase of growth. Select activity
bands were excised and incubated in the appropriate
reaction mixtures. The substrates and products of these
mixtures were detected by HPLC.

Fumarate metabolism and ATP synthesizing
enzymes

In an effort to evaluate how fumarate was metabolized
the cell-free extract (2 mg/mL protein equivalent) was
incubated with 2 mM of fumarate in the presence or
absence of KCN (5 mM). The soluble cell free extract
(2 mg/mL) was also incubated with 2 mM oxaloace-
tate, | mM PP;, and 0.5 mM AMP in order to determine
how ATP was being generated. These reactions were
performed with and without KCN. The production of
ATP and other metabolites was monitored by HPLC.
Fumarase was identified by in-gel activity assay using a
reaction mixture containing 5 mM fumarate, 5 units/mL
of malate dehydrogenase, 0.5 mM NAD™, 0.2 mg/mL
PMS and 0.4 mg/mL INT. The two isoforms of
fumarase A and C were detected with the aid of
inhibitors as described in Chénier et al. (2008). Fuma-
rate reductase (FRD) was also probed using succinate
and NAD"' (Watanabe et al. 2011). The activity of,
pyruvate carboxylase (PC), was ascertained by utilizing
enzyme-coupled assays as described (Singh et al. 2005).
Pyruvate phosphate dikinase (PPDK) was monitored
using a reaction mixture consisting of 5 mM PEP,
0.5 mM AMP, 0.5 mM sodium pyrophosphate (PP;),
0.5 mM NADH, 10 units of LDH, 0.0167 mg/mL of
DCIP and 0.4 mg/mL of INT. Adenylate kinase (AK)
was detected by an enzyme-coupled assay involving
hexokinase and glucose-6-phosphate dehydrogenase
(G6PDH). The ability of the enzyme to convert ADP to
ATP enabled the conversion of glucose into glucose-6-
phosphate that was then detected by the precipitation of
formazan in the gel. Nucleoside diphosphate kinase
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Fig. 1 Effects of nitrosative stress on P. fluorescens, a growth
profiles of control and RNS-stressed cultures, b fumarate
consumption in control and stressed cultures as measured with

(NDPK) in gel assay, was performed as described in
Mailloux et al. (2008). These bands were excised and
their activities were followed by HPLC. Spectrophoto-
metric analyses were also performed to confirm the
activities of some select enzymes. MDH and ICDH-
NAD™" dependent were monitored by following the
formation of NADH at 340 nm in the CFE in the
presence of their respective substrates (Auger et al.
2011).

Data were expressed as a + standard deviation. Statis-
tical correlations and significance of data were all
confirmed using the Student T test (p < 0.05). All
experiments were performed at least twice snd in triplicate.

Results and discussion

When P. fluorescens was exposed to nitrosative stress
in a defined phosphate medium with fumarate as the
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HPLC at 236 nm. n = 3. (SD AU =), ¢ select metabolites and
nucleotides in the soluble cell free extract (SCFE). White bar
control, black bar stressed cultures (n = 3; SD +)

sole source of carbon, the biomass at the stationary
phase of growth was similar to that of the control
culture. Although growth rate was slower in the
stressed cultures, fumarate was utilized at a faster rate
(Fig. 1). The impact of nitrosative stress was evident
in the stressed bacteria, as there was an increase of 18
and 13 fold in activity of nitrite and nitrate reductase
respectively. The presence of elevated levels of nitrate
and nitrite in the spent fluid indicated that RNS was
also being detoxified (Table 1). The disparate meta-
bolic profiles observed in the soluble CFE between
control and stressed cultures at the same phase of
growth indicated a shift in metabolic pathways. Peaks
attributed to pyruvate, PEP and AMP were also more
intense in the bacteria obtained from the RNS-exposed
cultures. The control cultures had higher levels of
ADP (Fig. 1).

As there was a stark difference in these nucleoside
phosphate levels, it became apparent that the ATP-
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Table 1 Activities of some enzymes, and nitrate and nitrite levels in control and stressed cultures

Experiment Control stress

Nitrate reductase activity (AU)* 3,597 + 58 46,501 + 49
Nitrite reductase activity (AU)* 2,113 + 62 37,632 £ 197
Griess assay (NO, ") 2.10 £ 0.63 uM 102 &+ 15 uM
Griess assay (NO3™) 2778 £ 0.71 yM 113 £ 22 yM
ICDH-NAD* activity (nmol NADH formed/min/mg protein)” 106.67 £+ 10.4 33.55 £ 2.1
MDH activity (nmol NADH formed/min/mg protein)b 60.43 £ 5.5 56.13 £ 3.2

? In gel activity was monitored using densitometric reading (n = 3)

® NADH levels monitored at 340 nm. Produced using processed protein mixed with appropriate substrates

producing machinery had been affected. Analysis of
select TCA cycle enzymes and the ETC revealed that
ICDH-NAD™ dependent, Complex II and Complex IV
decreased in RNS-exposed bacteria. MDH did not
appear to change in the control and stressed cultures
(Fig. 2). Indeed the activity of ICDH-NAD" was
about 3 fold higher in the control compared to the
stressed cultures as measured spectrophotometrically.
MDH activity was found to be similar in these two
conditions (Table 1). Hence, it was important to
discern how ATP was generated since the TCA cycle
and ETC enzymes were ineffective in the stressed
cultures. When the CFE of the control and stressed P.
fluorescens were incubated with fumarate in the
presence of KCN, a potent inhibitor of OP, ATP
production was severely decreased in the control.
However, ATP levels in the CFE obtained from the
RNS-challenged cells remained relatively similar with
and without the presence of KCN. This indicated that
P. fluorescens was utilizing an alternate metabolic

Fig. 2 Enzymatic activity Con  Str
of select TCA cycle and
ETC enzymes: a ICDH-
NAD™, b MDH, ¢ Complex
II, d Complex IV (Con
control, Str stress):

e fumarate metabolism in P.
fluorescens (n = 3). white
bar ATP without KCN, dark
gray bar: ATP with KCN,
light gray bar fumarate
consumption without KCN,
black bar fumarate
consumption with KCN.
Con control, Str stress

B[ S W |
c ]

network, independent of OP, to generate ATP in an
effort to combat the toxic influence of the nitrosative
stress (Fig. 2).

Fumarate is usually metabolized by fumarase, an
enzyme known to be sensitive to oxidative and
nitrosative stress (Lushchak et al. 2014,). In this
instance, P. fluorescens upregulated the activity of
fumarase C, an isoenzyme known to be less prone to
nitrosative stress. Two bands were evident in the
electrophoregram obtained from BN-PAGE analysis
(Fig. 3). FRD, another enzyme involved in fumarate
metabolism was prominent in the stressed cells while
the activity band attributable to this enzyme was
barely discernable in the control cells (Fig. 3). Hence,
Fum C and FRD were utilized to degrade fumarate in
the stressed bacteria. The presence of elevated
amounts of phosphoenol pyruvate (PEP) in the CFE
of the stressed cultures, led us to analyze enzymes
responsible for the production of this metabolite.
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Fig. 3 Enzymes involved in fumarate metabolism; a fumarase NDP NDPK NTP

isoforms Fum A and Fum C, b fumarate reductase (FRD),
¢ phosphoenolpyruvate carboxylase (PEPC), d pyruvate phos-
phate dikinase (PPDK), e pyruvate carboxylase (PC)

transformation of oxaloacetate into PEP, was
increased as was PPDK (Fig. 3). The former utilizes
inorganic phosphate (P;) while the latter invokes the
participation of PEP, AMP and PP; to form pyruvate
and ATP. This metabolic arrangement would provide
an effective means of producing ATP in an O,-
independent manner. Indeed similar ATP-generating
networks have been uncovered in infectious organisms
(Adam 2001; Couston et al. 2003; Hall and Ji 2013:
Ma et al. 2013). However, it was important to evaluate
the biochemical processes involved in the fixation of
ATP and the formation of AMP, a feature critical for
this energy-generating machinery to work efficiently
via substrate-level phosphorylation.

Adenylate kinase (AK), an enzyme that orches-
trates the synthesis of ATP from ADP produces AMP,

Fig. 4 a Adenylate Kinase

T . .. St
activity, b NDPK activity, A Con r
activity band and I LR
densitometric readings for in JHBIE fw
gel activity (n = 3) (Con s T

control, Str stress) bands

were incubated with ADP
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significant nucleotides with
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GTP and ADP after 30 min B Con str

of incubation (white bar I’_‘—l

control, black bar stress)

n = 3. d Nucleoside
triphosphate production by
CFE in the presence of
oxaloacetate, AMP, PP;.
(Con control, Str stress)

n = 3 (SD AU =) (white
bar control, black bar
Stress)

51546 63628
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Fig. 5 An alternate ATP-producing machinery in P. fluores-
cens exposed to nitrosative stress. Fumarate and AMP are key
ingredients in this process

while NDPK is able to transfer the high energy
phosphate from ATP to NDP or dNDP. Indeed both of
these enzymes were found to have enhanced activities
in the culture obtained from the stressed media
compared to the control (Fig. 4). When the activity
band was excised and incubated with the respective
substrate, the formation of ATP and AMP from ADP
in the case of AK was evident. The excised activity
band of NDPK readily gave peaks indicative of ATP
and GDP when incubated with ADP and GTP (Fig. 4).
To confirm the workings of this metabolic network
oxaloacetate, a product of fumarate, AMP, and PP;
were incubated with the soluble CFE from stressed
and control bacteria obtained at the same phase of
growth. Peaks attributed to PEP, GTP, and ATP, in the
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CFE isolated from the stressed P. fluorescens provided
elegant evidence for the energy generating machine
that was responsible for fuelling the survival of the
stressed bacteria challenged by nitrosative stress
(Fig. 5).

Although the detoxification mechanisms involved
in nitrosative stress have been subject to numerous
investigations, the molecular pathways involved in the
maintenance of ATP homeostasis under these condi-
tions have yet to be fully unravelled. This study shows
that P. fluorescens elaborates an intricate network to
fulfill its energy needs. The pivotal role of the TCA
cycle in generating ATP by substrate-level phosphor-
ylation in P. fluorescens exposed to aluminum toxicity
was recently demonstrated (Singh et al. 2009). In this
instance the upregulation of ICDH-NADP dependent
and isocitrate lyase allows to combat the ineffective-
ness of the Al-sensitive aconitase in order to generate
glyoxylate and NADPH. The former then is trans-
formed into oxalate and ATP, a process that is
mediated by acylating glyoxylate dehydrogenase,
oxalate CoA-transferase and succinyl-CoA synthe-
tase. NADH and NADPH levels are also intricately
modulated during stress (Mailloux et al. 2011; Li et al.
2014). In this study, PPDK in tandem with the
phosphotransfer systems involving AK and NDPK,
provides an efficient route to ATP with the concom-
itant formation of AMP and NTP. Indeed, infectious
organisms that are subjected to the defense mecha-
nisms of their host are known to invoke SLP, using
PPDK to produce ATP. Strategies to inhibit these
enzymes may provide therapeutic cues against these
microbes. In conclusion, findings in this report further
reveal the nutritional versatility and adaptability of P.
fluorescens and demonstrate the intricate metabolic
network it utilizes to fulfill its requirements for ATP
when subjected to nitrosative stress. The metabolic
module may be a practical target to arrest infectious
organisms known to invoke this pathway to thwart
host defenses.
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