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Research Article

A facile electrophoretic technique to
monitor phosphoenolpyruvate-dependent
kinases

Phosphoenolpyruvate (PEP)-dependent kinases are central to numerous metabolic pro-
cesses and mediate the production of adenosine triphosphate (ATP) by substrate-level
phosphorylation (SLP). While pyruvate kinase (PK, EC: 2.7.1.40), the final enzyme of the
glycolytic pathway is critical in the anaerobic synthesis of ATP from ADP, pyruvate phos-
phate dikinase (PPDK, EC: 2.7.9.1), and phosphoenolpyruvate synthase (PEPS, EC: 2.7.9.2)
help generate ATP from AMP coupled to PEP as a substrate. Here we demonstrate an
inexpensive and effective electrophoretic technology to determine the activities of these
enzymes by blue-native polyacrylamide gel electrophoresis (BN-PAGE). The generation
of pyruvate is linked to exogenous lactate dehydrogenase (LDH), and the oxidation of
reduced nicotinamide adenine dinucleotide (NADH) coupled to 2,6-dichloroindophenol
(DCIP) and iodonitrotetrazolium chloride (INT) results in a formazan precipitate which
is easily quantifiable. The selectivity of the enzymes is ensured by including either AMP
or ADP and pyrophosphate (PPi) or inorganic phosphate (Pi). Activity bands were readily
obtained after incubation in the respective reaction mixtures for 20–30 min. Cell-free ex-
tract concentrations as low as 20 �g protein equivalent yielded activity bands and substrate
levels were manipulated to optimize sensitivity of this analytical technique. High-pressure
liquid chromatography (HPLC), two-dimensional (2-D) SDS-PAGE (where SDS is sodium
dodecyl sulfate), and immunoblot studies of the excised activity band help further charac-
terize these PEP-dependent kinases. Furthermore, these enzymes were readily identified
on the same gel by incubating it sequentially in the respective reaction mixtures. This
technique provides a facile method to elucidate these kinases in biological systems.
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1 Introduction

Adenosine triphosphate (ATP) is the universal energy cur-
rency in all organisms and biological systems have essen-
tially evolved three disparate mechanisms to generate this
high-energy phosphate derivative [1–3]. Both photophospho-
rylation and oxidative phosphorylation invoke the participa-
tion of ATP synthase to produce ATP from an electrochemical
gradient [4,5]. While the former evolves O2, the latter reduces
O2 into H2O [3, 6]. Substrate-level phosphorylation helps fix
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high-energy biochemicals into ATP, usually via a one-step
enzymatic reaction [7]. This phenomenon has been observed
in Trypanosoma brucei and Pseudomonas fluorescens, which ex-
press an ADP-dependent isoform of succinyl-CoA synthase
(SCS) to meet the ATP requirements of these organisms
[8, 9].

Additionally, organisms can also fulfill their energy quota
via upregulation of the Embden-Meyerhof-Parnas pathway,
which nets two ATP per molecule of glucose consumed [10].
Pyruvate kinase (PK) is an important component of this
metabolic network as it transfers the phosphate group of
phosphoenolpyruvate (PEP) to ADP, yielding pyruvate and
one ATP [11]. Several bacteria and some parasitic anaero-
bic eukaryotes utilize pyruvate phosphate dikinase (PPDK),
which catalyzes the same reaction as PK but with adenosine
monophosphate (AMP) and pyrophosphate (PPi) substitut-
ing for ADP [12–14]. The rationale underlying the switch to
the PPi-dependent reaction appears to be energy efficiency,
as a PPi-driven glycolytic pathway can produce five ATP per
glucose [15]. Phosphoenolpyruvate synthase (PEPS) catalyzes
a comparable reaction to that of PPDK, except that inorganic
phosphate (Pi) is utilized instead of PPi [16].
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Traditionally, PEP-dependent kinases have been probed
spectrophotometrically, with the aid of lactate dehydroge-
nase (LDH) as an auxiliary enzyme [16, 17]. The production
of pyruvate is subsequently monitored via the oxidation of
nicotinamide adenine dinucleotide (NADH). Despite their
simplicity, spectrophotometric analyses suffer from several
shortcomings, as they require large amounts of sample and
are subject to interference by endogenous LDH and other
competing enzymes in the cell-free extract. The accurate mea-
surements of enzyme activity by HPLC or by tracking radi-
olabeled substrates require high start up costs and a consid-
erable investment of time [18]. To mitigate these issues, we
have developed a facile blue-native polyacrylamide gel elec-
trophoresis (BN-PAGE) technique to probe these three PEP-
consuming kinases. Here, we show how this simple tool can
be applied to rapidly assess the activity of PEP-dependent
kinases in a biological system. The generation of pyruvate
is coupled to exogenous LDH, and the oxidation of NADH
linked to 2,6-dichloroindophenol (DCIP) and iodonitrotetra-
zolium chloride (INT) helps generate a formazan precipitate
at the site of the immobilized enzyme in the gel. This tech-
nique is specific, sensitive, and can identify these kinases in a
single gel. The effectiveness of this electrophoretic method in
monitoring PEP-dependent kinases under disparate culture
conditions is also discussed.

2 Material and methods

2.1 Cell culture

Pseudomonas fluorescens (ATCC 13525) was grown in a de-
fined citrate media consisting of 42 mM Na2HPO4, 22 mM
KH2PO4, 15 mM NH4Cl, 0.8 mM MgSO4·7H2O, and 19 mM
citrate per liter of deionized distilled water. Trace elements
were added as previously described [19] and pH was adjusted
to 6.8 using 2M NaOH. The media was dispensed into four
aliquots of 200 mL and two aliquots of 150 mL then autoclaved
for 45 min. Reactive nitrogen species (RNS) were introduced
by addition of 10 mM sodium nitroprusside (SNP), a nitric
oxide donor prior to inoculation in the medium (stressed
condition). Cells from this medium were utilized to iden-
tify the three PEP-dependent enzymes in the same gel. The
media was inoculated using 1 mL of P. fluorescens grown
to the stationary phase in control defined citrate media (un-
stressed condition). Cultures were grown in an aerated gyra-
tory water bath shaker, model 76 (New Brunswick Scientific)
at 26�C and 140 rpm. Cells were isolated at the same growth
period for analysis. Cell growth was monitored by measur-
ing solubilized protein content by the Bradford method us-
ing the Bio-Rad Protein Assay reagent on 10 mL aliquots of
culture [20].

2.2 Cellular fractionation

Bacteria were collected at the stationary stage of growth and
resuspended in 500 �L of cell storage buffer (CSB; 50 mM

Tris-HCl pH 7.3, 5 mM MgCl2, 1 mM phenylmethylsul-
fonylfluoride, and 1 mM dithiothreitol). Following the lysis
of the microbial cells via sonication and centrifugation at
180 000 × g for 3 h at 4�C, a soluble cytoplasmic fraction and
a membrane pellet were isolated. The membrane pellet was
resuspended in 500 �L of CSB. The protein content in the
soluble and membrane fractions was determined using the
Bradford assay [20].

2.3 BN-PAGE in-gel activity

BN-PAGE was performed following a modified method de-
scribed previously [19, 21]. Briefly, the membrane and cy-
tosolic (soluble) fractions were prepared in a non-denaturing
buffer (50 mM Bis-Tris, 500 mM �-aminocaproic acid, pH
7.0, 4�C) at a concentration of 4 �g/�L. A final concentra-
tion of 1% maltoside was added to the membrane fractions
to help solubilize membrane-bound proteins and ensure op-
timal protein separation. A 4–16% gradient gel was prepared
with the Bio-Rad MiniProteanTM 2 system using 1 mm spac-
ers. The final volume of the resolving gel was 5.8 mL, half of
which was a 4% v/v acrylamide solution (50 mM Bis-Tris and
500 mM �-aminoacproic acid [pH 7.0, 4�C]) and half of which
was a 16% v/v acrylamide solution (50 mM Bis-Tris, 500 mM
�-aminoacproic acid, and 10% glycerol pH 7.0, 4�C). Gradi-
ent gels were formed using a gradient former (BioRad) and
a peristaltic pump (Fisher). Sixty micrograms of protein was
loaded into each well and electrophoresed at 4�C under na-
tive conditions at 80 V and 15 mA to ensure proper stacking.
Once the protein reached the resolving gel, the voltage was
raised to 150 V at 15 mA until the protein migrated half way
through the gel. At the halfway mark the blue cathode buffer
(50 mM Tricine, 15 mM Bis-Tris, 0.02%w/v Coomassie G-250
[pH 7.0 at 4�C]) which aids in visualizing the running front
was changed to a colorless cathode buffer (50 mM Tricine,
15 mM Bis-Tris, 0.02%w/v Coomassie G-250 [pH 7 at 4�C]).
After this point the gel was electrophoresed at 300 V and
25 mA for further migration through the gel.

Upon completion, the gel was equilibrated in reaction
buffer (25 mM Tris-HCl, 5 mM MgCl2 [pH 7.4]) for 15–
30 min. The in-gel visualization of PEP dependent kinases
was done by coupling the formation of pyruvate to LDH in an
enzyme linked assay. These enzymes were located in the solu-
ble cellular fraction. The addition of a solution containing PEP
(5 mM), NADH (0.5 mM), 10 units LDH, DCIP (16.7 �g/mL),
INT (0.5 mg/mL), and reaction buffer allowed for the oxida-
tion of NADH via LDH to DCIP which in turn reduces INT
at the site of the immobilized enzyme in the gel. For PK,
0.5 mM of ADP was utilized while for PPDK, 0.5 mM AMP
and 0.5 mM PPi was added. The PEPS reaction mixture was
similar to the PPDK except 1.0 mM Pi was included instead
of PPi. Reactions were stopped using a destaining solution
(40% methanol, 10% glacial acetic acid) and quantified using
the densitometry software ImageJ for Windows. Coomassie
staining ensured equal protein loading. Reactions performed
without the addition of a substrate or the addition of an in-
hibitor (5 mM NiCl2) ensured specificity of the reactions.
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Substrate and protein concentrations were varied in an ef-
fort to gauge the sensitivity of this technique. In an effort to
compare this electrophoretic procedure with the established
spectrophotometric assay, the soluble CFE (40 �g) was incu-
bated in the reaction mixture with or without 1 mM of AMP.
The activity of PEPS was measured by monitoring the pro-
duction of pyruvate in the presence of LDH (10 units) and
NADH (0.1 mM) [22]. The decrease in absorbance at 340 nm
was recorded. The same amount of CFE (40 �g) was loaded
on the gel and following electrophoresis, activity bands were
monitored upon incubation of the gel in the reaction mixture
with or without AMP at various time intervals.

2.4 HPLC analysis

To aid in the further identification of the enzymes, the ac-
tivity bands were precisely cut out of the gel slab and placed
in reaction mixtures specific to each kinase. After 30 min of
incubation, a 100 �L of the sample reaction mixture was di-
luted 100-fold in milli-Q water and injected into an Alliance
HPLC equipped with a C18 reverse-phase column (Synergi
Hydro-RP; 4 �m; 250 × 4.6 mm, Phenomenex) operating at
a flow rate of 0.7 mL/min at ambient temperature. A mobile
phase consisting of 20 mM KH2PO4 (pH 2.9) was used to sep-
arate organic acids, which were detected using a Waters dual
absorbance detector at 210 nm. Nucleotides were detected at
254 nm. Metabolites were identified using known standards,
and peaks were quantified using the Empower software (Wa-
ters Corporation).

2.5 Silver stain and immunoblot assays

Sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed as described in [23]. For
two-dimensional (2-D) assays activity bands were precisely
excised from the gel, incubated in denaturing buffer
(1% �-mercaptoethanol, 5% SDS) for 30 min and then loaded
vertically into a 10% isocratic gel and electrophoresed at 80
V and 15 mA to allow for stacking and resolution. Following
the resolution of protein bands, the gel was subjected to sil-
ver stain [24]. For immunoblot assays, the proteins were elec-
trophoretically transferred onto a nitrocellulose membrane at
25 V and 80 mA at 4�C overnight. Nonspecific binding sites
were blocked using a Tris-Tween buffered saline solution
(20 mM Tris-HCl, 0.8% NaCl, 1% Tween-20 [pH 7.6]) with the
addition of 5% nonfat skim milk for 1 h. After this blocking
step, the nitrocellulose membrane was incubated in primary
antibody for 1 h, washed then incubated with secondary an-
tibody for an hour before visualization. Polyclonal antibodies
for PPDK were a generous gift from Dr. Frédéric Bringaud
(Université Bordeaux Segalen, France). Fluorescently tagged
secondary antibodies (Li-Cor, Lincoln, NE, USA) allowed for
visualization using an Odyssey infrared imaging system (Li-
Cor). Unless otherwise mentioned, all chemicals were pur-
chased from Sigma-Aldrich.

Figure 1. A schematic depiction of the electrophoretic method to
detect PEP-dependent kinases (note: the formazan precipitate is
formed at the site where the enzyme is localized in the gel).

3 Results and discussion

The generation of ATP is necessary to accomplish func-
tional work within the cell. While photophosphorylation and
oxidative phosphorylation can both produce this moiety with
high throughput, a portion of ATP is generated via the activ-
ity of PEP-dependent kinases. Under oxidative stress, most
organisms rely on increased glycolytic output to fulfill their
energy need [25, 26]. As there are three enzymes which may
feasibly accomplish this role, we sought to develop a method

Figure 2. Identification of pyruvate kinase by BN-PAGE. Panel A:
A representative in-gel enzyme activity stain with a negative con-
trol (-PEP) and inhibitor (-NiCl2); Panel B: The activity band from
A was excised and incubated in the reaction mixture; substrates
and products were monitored by HPLC (n = 3; mean ± standard
deviation).
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Figure 3. Monitoring of pyruvate, phosphate dikinase (PPDK) by
BN-PAGE. Panel A: Representative in-gel activity of PPDK at var-
ious protein concentrations. Panel B: Bands from panel A were
excised and loaded into an SDS denaturing gel and analyzed by
Western blot.

which could quickly and accurately gauge their individual ac-
tivities. BN-PAGE, due to its simplicity, is an ideal choice for
evaluating PEP-dependent kinases. Exogenous LDH is uti-
lized to metabolize the pyruvate produced and the oxidation
of NADH is coupled to DCIP and INT to create a purple
formazan precipitate in situ (Fig. 1). Here, P. fluorescens was
grown in citrate-containing medium for 24 h and the soluble
fraction was isolated and probed for activity of PEP-dependent
kinases. PK, being the most common source of glycolytic
ATP production [27], was the first enzyme analyzed. In Fig.
2 (panel A), we demonstrate the specificity of this method,
as the activity band indicative of PK was not present when
the substrate was removed from the reaction mixture. Fur-

thermore, this precipitate was absent upon the addition of
NiCl2, an inhibitor which competes for the binding site of
the essential cofactor Mg2+ [28]. In order to further verify the
nature of this enzyme, the activity band attributed to PK was
excised and placed in a reaction mixture containing PEP and
ADP. Indeed, after a 30-min incubation, the appearance of the
products pyruvate and ATP were evident by HPLC analysis
(Fig. 2, panel B).

The effectiveness of this technique led us to explore its
suitability to other PEP-dependent kinases. By replacing ADP
in the reaction mixture with AMP and sodium pyrophos-
phate, we were able to detect the activity of PPDK in-gel.
Using various protein concentrations, we examined the sen-
sitivity of this BN-PAGE method. A formazan precipitate was
visible after 30 min of incubation in the reaction mixture in
a gel where as little as 40 �g of protein was loaded (Fig. 3,
panel A). It is important to note that as the incubation time
increased, the band intensity was also magnified. However,
higher protein concentrations yielded activity bands faster
and time of incubation can be manipulated to obtain activ-
ity bands even with lower protein concentrations (data not
shown). In order to confirm that the activity in question was
indeed attributable to PPDK, bands were cut and loaded into
a 2-D SDS-PAGE then subjected to Western blot analysis. A
single band with a molecular mass of approximately 60 kDa
was detected, thus confirming the purity of the enzyme (Fig.
3, panel B).

PEPS, an enzyme with both gluconeogenetic and gly-
colytic roles, was probed by substituting Pi in the PPDK re-
action mixture in lieu of PPi [16]. The resulting activity band
could be visualized at a slightly lower molecular mass than
PPDK in the native gel. The sensitivity of this method in
regards to substrate concentration was verified, with concen-
trations ranging from 1 to 5 mM. As seen in Fig. 4 (panel A),
band intensity increased with respect to PEP concentration.
Densitometry was performed using ImageJ for Windows. It
appears that 3.5 mM of PEP generates a strong band. When

Figure 4. BN-PAGE analysis of kinases
generating ATP from PEP. Panel A: A
representative gel demonstrating the de-
pendence of activity band intensity on
substrate concentration (note: 60 �g of
protein was loaded and the incubation
time was 30 min). Panel B: A representa-
tive gel illustrating the activity of all three
PEP-dependent kinases (note: following
the appearance of a given activity band,
the gel was washed and sequentially re-
incubated in different reaction mixtures).
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Figure 5. The biochemical application of this electrophoretic method. Panel A: The detection of phosphoenolpyruvate synthase (PEPS)
activity in soluble cell free extract from control and SNP-stressed Pseudomonas fluorescens (note: equal loading was assured by staining
total protein with Coomassie blue R-250). Panel B: Activity bands from A were excised and loaded into a SDS denaturing gel and protein
levels were determined by silver stain. Panel C: A comparative evaluation of the spectrophotometric and BN-PAGE techniques to monitor
PEPS: I) spectrophotometric detection of PEPS in cell free extract (pyruvate formation was assessed by monitoring the decrease of NADH
at 340 nm in the presence of LDH; n = 3, mean ± standard deviation); II) BN-PAGE detection of PEPS (note: no activity was evident in the
absence of AMP. Similar results were obtained with PK and PPDK).

this concentration of PEP was utilized, activity bands were
observed even in gels where lower concentrations of protein
were loaded (data not shown).

In living systems where all three enzymes may con-
tribute to the ATP budget and may be intricately regu-
lated, this method can be utilized to ascertain the activity
of each PEP-dependent kinase in a single gel. SNP is an in-
organic compound which donates nitric oxide in vivo [29,30].
When subjected to treatment with SNP, P. fluorescens repro-
grams its metabolism to circumvent its noxious effect. Under
nitrosative stess, P. fluorescens appeared to express all three
enzymes. Soluble cell-free extract from SNP-stressed cultures
was utilized to obtain all three enzymes on the same gel. In
Fig. 4 (panel B), the gel was first incubated in the reaction
mixture for PK until an activity band was visible. After wash-
ing with reaction buffer, the gel was subsequently placed in

the reaction mixture for PPDK until the appearance of an
activity band. Following a second washing, the same gel was
incubated in reaction mixture for PEPS until its activity was
detectable.

Additionally, this electrophoretic technique can be uti-
lized to compare these enzymatic activities in organisms un-
der disparate growth conditions. Under nitrosative stress, one
of the adaptations utilized by this organism is the upreg-
ulation of PEPS. In Fig. 5 (panel A), 60 �g protein equiv-
alent from the control and SNP-treated bacteria was elec-
trophoresed and incubated in the PEPS reaction mixture for
30 min. A sharp band was observed only in the SNP-treated
cell-free extract. (Note: an activity band was barely discernable
in the control after 1 h.) This is indicative of the ability of the
microbe to upregulate the activity of PEPS. The validity of
this finding was ascertained by comparing the activity stain
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to molecular mass standards and a protein loading control
stained with Coomassie R-250 dye. To further prove that this
enzyme was indeed PEPS, the ability of the excised gel to pro-
duce ATP from PEP, AMP, and Pi was confirmed by HPLC
(data not shown). Furthermore, the activity band from A was
cut and ran in a 2-D SDS-PAGE. Silver staining was utilized
to determine the expression levels of this enzyme. A band
with a molecular mass of approximately 75 kDa was detected
(Fig. 5, panel B). This is consistent with previous data show-
ing that PEPS is a dimer of 77 kDa [31]. The comparative
study of the BN-PAGE and spectrophotometric techniques
revealed that the former is superior in terms of specificity
and sensitivity. While a decrease of absorbance was observed
in the enzyme coupled assay in the reaction mixture without
the substrate AMP, no activity band was evident in the gel
incubated in a reaction mixture devoid of AMP (Fig. 5, panel
C). Furthermore, the densitometric readings of the activity
bands had a sharp variation. The change of optical density
range appeared to be more pronounced in the absence of
AMP, thus, revealing the unsuitability of the spectrophoto-
metric procedure. Similar results were obtained with PK and
PPDK (data not shown).

Despite the increased time required to perform the BN-
PAGE analysis versus spectrophotometric assays, our method
appears to be more effective, as it does not require prior
purification of the enzyme and is not subjected to interfer-
ence from endogenous compounds. Additionally, these in-
gel activity assays differentiate between the PEP-dependent
kinases, a feature where classical methods fall short. This
was demonstrated by the utilization of NADH in the absence
of a cofactor (Fig. 5, panel C). Although the spectrophoto-
metric and BN-PAGE techniques utilize similar enzyme and
substrate concentrations, the latter allows for follow-up stud-
ies of enzyme expression and characterization that are not
possible using classical methods [16,32,33]. Hence, this BN-
PAGE method exhibits numerous advantages to the spec-
trophotometric analysis, an analytical technique that clearly
appears to be ineffective in this instance.

In summary, PEP-dependent kinases supply numerous
organisms with a portion of their ATP via substrate-level
phosphorylation (SLP). This BN-PAGE technique affords a
simple and inexpensive tool which can be applied to readily as-
sess the activity of these important ATP-generating enzymes.
Furthermore, once identified, the enzyme of interest can be
subjected to 2-D SDS-PAGE to study its expression levels us-
ing silver stain or Western blot analyses or further purified
for detailed molecular examination. Additionally, this tech-
nique can also be invoked to screen PEP-dependent kinases
in organisms subjected to various environmental conditions
and to evaluate if indeed SLP is an important contributor to
their energy budget.
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