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Metabolism is the consortium of reactions within a cell which directs a variety of processes

including energy synthesis, signalling and the behaviour of a biological system. Metabolic

networks, and more specifically the activity of enzymes within them, provide an accurate

status of how cellular information is being executed. The performance of these networks

and their ability to siphon metabolites in a number of directions may be the difference

between a healthy and diseased state. Blue native polyacrylamide gel electrophoresis (BN-

PAGE), owing to its simplicity and wide-ranging applications, permits the inspection of these

nodules. The separation of proteins and enzyme complexes in their native format enables

the  exploration of enzymatic activity in metabolic networks via in-gel assays. These are

quick, specific, and amenable to further studies. This electrophoretic technology not only
Protein–protein interactions
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enables the visualization of enzymatic efficacy but reveals the crosstalk among enzymes

and their interactions with other organellar partners.
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.  Introduction

etabolism is the foundation of all living organisms as it
ulfils a multitude of crucial functions that dictate their sur-
ival, proliferation and in essence, existence. It is broadly
ivided into catabolism and anabolism. The latter involves
he genesis of biomolecules and the former implicates the
egradation of substrates [1]. These constitute the inner work-

ngs of an organism and are characterized by an array of
etabolic networks that guides most cellular processes. These

etworks are orchestrated by enzymes that conjugate their
fforts to bring a series of biochemical reactions to fruition
2,3]. For instance, glycolysis is dedicated to the catabolism
f d-glucose with the effect of generating essential metabo-

ites like ATP and pyruvate [4]. Depending on the needs of
he cell, the latter may be shuttled to the tricarboxylic acid
TCA) cycle, a metabolic module which extracts reducing fac-
ors such as NADH and FADH2 [5]. These enzymes often work
n close association and are usually in close proximity to allow
or the effective channelling of substrates and for proper reg-
latory control [6]. Therefore, probing such multi-enzymatic
omplexes requires non-invasive tools that will ensure the
reservation of their activity [7].

Polyacrylamide gel electrophoresis is a technique that
ends itself to the study of biomolecules in a wide range of
elds, from biotechnology to molecular biology and forensic
cience [8]. Its ability to separate moieties such as proteins,
ipids, and nucleic acids in native forms grants investiga-
ors the capacity to inspect these molecular components
9]. Indeed, great leaps in molecular medicine would not
ave been possible without this critical tool. By excluding
trong detergents (e.g., sodium dodecyl sulfate) and utilizing
oomassie blue G-250 to induce a charge shift in proteins,
lue native polyacrylamide gel electrophoresis (BN-PAGE) was
riginally developed as a means of separating membrane
omplexes in enzymatically active form [10]. However, modifi-
ations to this electrophoretic technique and the emergence of
ovel in-gel activity assays have allowed researchers to ana-

yze a wider spectrum of enzymes, membrane proteins and
any supra-complexes residing in biological compartments

11–13]. The modulation of acrylamide concentration and
ntroduction of micelle-forming chemicals have extended the
nalytical flexibility of this technique [13,14]. The fine-tuning
f this electrophoretic technique has permitted the investi-
ation of key enzymatic activities in metabolic networks and
as yielded precise information on complex cellular processes

8,15].
Although these entities may be probed individually, BN-

AGE provides a relatively non-invasive technique to explore
ow these biomolecules function collaboratively. The abil-

ty of this analytical tool to maintain proteins and their
uperstructures in native conditions enables the molecular
isualization of these enzymes in a relatively undisturbed
ashion [16]. This procedure also tends to have minimal
mpact on the transient forces that orchestrate diverse

nzymes to congregate for their select metabolic tasks. Hence,
he exploration of these complexes and some of the key
nzymes that dictate the occurrence of a specific metabolic
etwork generate an accurate functional landscape of a
 7 ( 2 0 1 5 ) 64–72 65

particular metabolic nodule and its performance at a given
time [17].

2.  Energy-generating  networks

As the primary generator of the universal energy currency
adenosine triphosphate (ATP) in aerobic organisms, the sta-
tus of oxidative phosphorylation and the electron transport
chain (ETC) complexes provide a strong gauge of energetic
metabolism and mitochondrial well-being [18]. NADH and
FADH2 provide the reducing power necessary to generate a
proton gradient in complexes I–IV across the internal mito-
chondrial membrane. In turn, complex V harnesses this
gradient to catalyze the formation of the high-energy com-
pound ATP from adenosine diphosphate (ADP) [19]. The need
to study the activity of ETC components arose from the iden-
tification of a number of neuromuscular disorders stemming
from faulty mitochondrial activity. Genetic mutations in the
oxidative phosphorylation complexes affect 1 in 5000 indi-
viduals, and would be troublesome to characterize without
specialized enzyme assays [20,21]. In addition, environmen-
tal factors, such as metal stress, reactive oxygen and nitrogen
species (ROS and RNS, respectively) are capable of disrupting
this essential ATP-making machinery [22,23]. The inherent dif-
ficulty in studying ETC proteins lies in their hydrophobicity
and highly complex structures. A strong detergent such as SDS
leads to the dissociation of these multi-subunit structures,
rendering activity assays ineffective [24].

To counter this, Schägger and von Jagow employed the mild
detergent n-dodecyl �-d-maltoside (DDM), thus rendering the
complexes soluble for electrophoresis and maintaining their
superstructure [10]. Variations to the standard protocol, such
as the substitution of digitonin for DDM, as well as the devel-
opment of clear native PAGE, has led to the identification of
all the ETC complexes [13]. Once separated, the activity of this
ATP-generating machinery can be elucidated via specific in-
gel enzymatic activity assays [11]. The formation of reducing
cofactors like NADH, NADPH and FADH2 can be readily visu-
alized by the generation of formazan at the site of enzymatic
activity in the presence of phenazine methosulfate (PMS) and
iodonitrotetrazolium (INT) salts [25]. The substitution of PMS
with 2,6-dichlorophenolindophenol (DCPIP) permits the mon-
itoring of the enzymatic oxidation of reduced cofactors [26,27].
In some cases, products which are not amenable to redox pro-
cesses can be coupled with redox enzymes in order to reveal
their localization in the gel (Fig. 1) [26–28].

For instance, complexes I (EC 1.6.5.3) and II (EC 1.3.5.1)
can be detected via the addition of their preferred substrates
(NADH and succinic acid, respectively) and an indicator such
as PMS coupled to INT [11,14]. The latter, when reduced,
produces a pink-coloured formazan precipitate at the loca-
tion of the complex in-gel. A reaction mixture consisting of
cytochrome C and the indicator 3.3′-diaminobenzidine is used
to pinpoint complex IV (EC 1.9.3.1), while ADP  and Pb(NO3)2
are used to observe complex V (EC 3.6.3.14) [11,14,29]. These

activity assays permit the qualitative comparison of ETC
activity between disparate conditions, such as a healthy and
diseased state. While semi-quantitative measurements are
feasible using densitometric software such as ImageJ, precise
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Fig. 1 – BN-PAGE and secondary analyses. Following separation of the native protein mixture via electrophoresis, enzymatic
activity can be elucidated by specific direct or enzyme-coupled in-gel activity assays. The activity bands are amenable to
complementary assays which ascertain the nature of the protein [10,13,23]. INT, iodonitrotetrazolium; PMS, phenazine

methosulfate.

determination of enzymatic activity necessitates other ana-
lytical assays [28]. Although the maintenance of complex
structure and activity is valuable, another benefit of BN-PAGE
is the ability to uncover novel functional interactions between
mitochondrial proteins. For instance, there appears to be a
weak association between complex I and creatine kinase, as
evidenced by the latter migrating at a higher molecular mass
than the enzyme would if unaccompanied [30]. This technique
also identified the association of cytochrome C with com-
plexes III and IV of the ETC [30]. Further analysis, such as band
excision followed by two-dimensional SDS-PAGE, Western
blotting and mass spectrometry enables detailed characteri-
zations of these proteins (Fig. 1) [23,30–32].

While the primary role of the TCA cycle is to provide
the reducing factors necessary to power oxidative phos-
phorylation and the generation of ATP, the malleability of
this metabolic hub is often overlooked [33]. If energy is
not required, or the ETC is defective due to inherent or
environmental factors, citric acid may be diverted towards
gluconeogenesis, or the production of ATP via substrate-level
phosphorylation [22,34]. Key enzymes in the TCA cycle can
be observed using BN-PAGE in order to gauge the status of this

network. Given the susceptibility of iron (Fe) – sulfur (S) cluster-
containing proteins like aconitase (ACN, EC 4.2.1.3) to succumb
to the dangers of an oxidative environment, tricarballylic acid
is added to stabilize the enzyme during electrophoresis. ACN
activity is uncovered by coupling the formation of its prod-
uct isocitrate at the site of the enzyme to exogenous isocitrate
dehydrogenase (ICDH), NAD, PMS and INT [25]. The activity
of NAD+-dependent ICDH (ICDH-NAD, EC 1.1.1.41) can also
be measured using a reaction mixture consisting of its sub-
strates (isocitrate, NAD+), PMS and INT [35]. Isoenzymes can
be visualized as distinct activity bands in the gel [25]. The �-
ketoglutarate dehydrogenase (KGDH, EC 1.2.4.2) and pyruvate
dehydrogenase (PDH, EC 1.2.4.1) complexes are sensitive to the
presence of peroxide and peroxynitrite due to the presence of
a lipoic acid residue in the active site [36,37]. KGDH and PDH
dysfunctions have readily been revealed by BN-PAGE. However,
the large molecular mass of PDH necessitates a native agarose
gel in lieu of acrylamide to separate this protein [38–40].

Fumarase (FUM EC 4.2.1.2), which catalyzes the reversible
production of malate from fumarate, can be assessed by cou-
pling the production of the former to exogenously added
malate dehydrogenase (MDH) and INT [26]. The oxidation of
malate to oxaloacetate, the final step of the TCA cycle, is cat-
alyzed by MDH (EC 1.1.1.37) and is assessed using a reaction
mixture consisting of malate, NAD+, INT and PMS  [35]. It is
not uncommon for enzymes to congregate to channel metabo-

lites from one enzyme to another; a molecular arrangement
referred to as a metabolon [41,42]. However, these transient
associations are generally sensitive to experimental manipu-
lation [7]. BN-PAGE has enabled the identification of a complex

dx.doi.org/10.1016/j.euprot.2015.05.003
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Fig. 2 – BN-PAGE as a tool to uncover multi-protein complexes. Protein–protein interactions maintained during BN-PAGE can
be disrupted and analyzed following tandem SDS-PAGE. In-gel activity assays can be applied to identify the localization of
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etabolons, complexes consisting of two or more  intimately

onsisting of MDH  and citrate synthase in human embryonic
tem cells [31]. This analytical tool not only provides an actual
napshot of the oxidative ATP machinery but also reveals how
hese enzymes conjugate in an effort to ensure the efficiency
f the process (Fig. 2).

Although NADH and FADH2 help generate ATP via oxida-
ive phosphorylation, this process tends to create an oxidative
nvironment that has to be controlled [43–45]. BN-PAGE is

 powerful tool to monitor the redox status of a cell by
racking the activity of NADPH-producing enzymes [46,47].
his reductive cofactor not only orchestrates the homeosta-
is of oxidative tension but also participates in biosynthetic
eactions [48–50]. Living systems primarily employ NADP+-
ependent ICDH (ICDH-NADP, EC 1.1.1.42), malic enzyme (ME,
C 1.1.1.40) and G6PDH (EC 1.1.1.49) for the synthesis of
ADPH. These three soluble NADPH-generating proteins can
e tracked following BN-PAGE using reaction mixtures con-
aining NADP, INT and PMS  [47]. ICDH-NADP is analyzed via
he same protocol as ICDH-NAD, with NADP+ substituting for
AD+ in the reaction [51]. ME,  which catalyzes the formation
f pyruvate and NADPH from malate, requires the latter and
ADP+ to stimulate its activity [52]. G6PDH is probed in a simi-

ar manner, but with glucose-6-phosphate included in place of
alate. Interestingly, it’s possible to investigate the presence

f multiple isoforms of G6PDH by in-gel activity assays [53].
AD kinase (EC 2.7.1.23), an enzyme which phosphorylates
AD+ to generate the cofactor NADP+, is pivotal for redox bal-
nce [54,55]. It can be made apparent using a reaction mixture
onsisting of NAD+, ATP, ICDH-NADP, PMS  and INT [56].
.  d-Glucose  and  fatty  acid  metabolism

he interaction of soluble enzymes with the Coomassie G-
50 dye, and the utilization of gradient gels render enzymes
ed enzymes [23,26,28].

involved in glycolysis and lipogenesis amenable to BN-PAGE
[40,57]. Hexokinase (HK, EC 2.7.1.1), glucose-6-phosphate
isomerase (G6PI, EC 5.3.1.9), pyruvate kinase (PK, EC 2.7.1.40)
and lactate dehydrogenase (LDH, EC 1.1.1.27) can be assessed
[23,28,29,58,59]. The detection of HK and G6PI proceeds via a
coupling reaction, whereby the substrates (glucose and ATP for
HK; fructose-6-phosphate for G6PI) are included in the reac-
tion mixture, and enzymatic activity is elucidated by linking
the formation of glucose-6-phopshate to exogenously added
glucose-6-phosphate dehydrogenase (G6PDH) with NADP+,
INT and PMS [29]. PK is visualized with a reaction mixture
consisting of phosphoenolpyruvate (PEP), ADP, LDH, NADH,
2,6-dichlorophenolindophenol (DCPIP) and INT23. Interest-
ingly, substituting AMP  and inorganic phosphate (Pi) for ADP
allows for the detection of PEP synthase (PEPS, EC 2.7.9.2), a
reversible PEP-dependent kinase which plays a role in CO2

fixation [28,60]. By substituting Pi with inorganic pyrophos-
phate (PPi), it is also possible to spot the activity of pyruvate
orthophosphate dikinase (PPDK, EC 2.7.9.1), a key energy-
generator in such infectious parasites as Entamoeba histolytica
[28,61,62].

LDH, which plays a crucial role in anaerobic metabolism
and fermentation, is elucidated with the aid of lac-
tate, NAD, INT and PMS  [40,63]. Indeed, such analyses
have helped unearth the diverse roles of this enzyme in
the mitochondria and nucleus [40,58,59]. To further vali-
date the ability of this technique to maintain low-affinity
protein–protein interactions, BN-PAGE retardation assays
can be performed to determine whether such associations
exist. This method has been applied to demonstrate a
physical link between triosephosphate isomerase (TPI) and

dextran, a microbial polysaccharide [64]. A superstructure
composed of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), fructose-bisphosphate aldolase, phosphoglycerate
kinase 1 and TPI was recently identified by BN-PAGE followed

dx.doi.org/10.1016/j.euprot.2015.05.003
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Fig. 3 – Trans-organellar complexes identified by BN-PAGE. The maintenance of protein–protein interactions allows the
detection of multi-protein complexes consisting of enzymes from disparate compartments. Here, a complex consisting of
enolase (ENO), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), citrate synthase (CS), malate dehydrogenase (MDH)

ndar
and ATP synthetase (V) is investigated by BN-PAGE and seco

by MALDI-TOF/TOF MS, indicating that these enzymes are
likely to conjugate in vivo to carry out metabolic tasks (Fig. 3)
[31].

The regeneration of glucose, a phenomenon important
during fasting and starvation, is a ubiquitous process in all
organisms. Enzymes crucial to this operation include pyru-
vate carboxylase (PC, EC 6.4.1.1). PEP carboxykinase (PEPCK,
EC 4.1.1.32), and in some organisms, PEP carboxylase (PEPC, EC
4.1.1.31) [65–67]. While the latter is generally involved in CO2

fixation in plants, PEPCK is crucial to the formation of PEP dur-
ing gluconeogenesis. Both enzymes can be probed by BN-PAGE
with the aid of the substrates; PEP, GDP/ADP and HCO3

−/PEP
and HCO3

− for PEPCK and PEPC, respectively. The formation of
oxaloacetate is coupled to MDH, NADH, DCPIP and INT [23,26].
PC, which in tandem with PEPCK can reverse the action of
PK, can also be analyzed by linking oxaloacetate formation to
MDH as described above. The necessary substrates; pyruvate,
HCO3

− and ATP, are included in the reaction mixture [26]. In
addition, isocitrate lyase (ICL, EC 4.1.3.1), which allows plants,
bacteria and fungi to bypass the decarboxylation that occurs
in the TCA cycle, can be probed by in-gel activity assays [25].
When carbohydrates are required (e.g., for the synthesis of
cell walls), lipids are broken down via ICL and subsequently
channelled towards gluconeogenesis [68]. The analysis of ICL

proceeds via a reaction mixture consisting of isocitrate, NAD,
LDH, PMS  and INT [69].

The activity of pivotal enzymes like acetyl-CoA carboxy-
lase (ACC, EC 6.4.1.2), acetyl CoA synthetase (ACS, EC 6.2.1.1)
y analyses [81,87].

and ATP-citrate lyase (EC 2.3.3.8) that mediate lipogenesis can
be tracked by BN-PAGE [70,71]. Following electrophoresis, the
gel is incubated in a reaction mixture with ATP, HCO3

− and
acetyl-CoA to detect ACC. The activity band is made visible
using phosphate precipitation reagent [71]. The formation of
acetyl-CoA by acetate is probed with a solution containing
acetyl-CoA, AMP  and PPi. The generation of ATP is tracked
using hexokinase, glucose, G6PDH and NADP, and the enzyme
is spotted in-gel with PMS and INT [40]. The production of
oxaloacetate mediated by ATP-citrate lyase is tracked with
MDH, NADH, DCPIP and INT [71]. The breakdown of fatty
acids by beta-oxidation is facilitated by l-carnitine, a moi-
ety that transports lipids into the mitochondrial matrix for
their subsequent degradation [72]. Two key enzymes involved
in carnitine biosynthesis, namely �-butyrobetainealdehyde
dehydrogenase (BADH, EC 1.2.1.47) and butyrobetaine dioxy-
genase (BBDOX, EC 1.14.11.1) can be probed to study the
formation of this non-essential amino acid [73]. BADH activ-
ity is monitored by adding �-butyrobetaine, NADH, DCPIP, and
INT in equilibration buffer. BBDOX activity is ascertained by
the addition of �-butyrobetaine, KG, sodium ascorbate, ferrous
sulfate, and INT [73]. BN-PAGE was instrumental in detecting
a PK and ATP-citrate synthase complex, the rate limiting step
in the conversion of glucose to fatty acids in stem cells [31].

The ability of this method to capture transient metabolic links
between pathways such as these is of the upmost importance
as we attempt to unearth the dynamic workings of metabolic
processes [74].

dx.doi.org/10.1016/j.euprot.2015.05.003
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Fig. 4 – Metabolic enzymes investigated by BN-PAGE. Rate-limiting enzymes and those governing key intersections that
have been analyzed by in-gel activity assays are highlighted in green [28,47,51,53,78]. I–V: Complexes of the electron
transport chain; ACC, acetyl-CoA carboxylase; G6PDH, glucose-6-phosphate dehydrogenase; GDH, glutamate
dehydrogenase; HK, hexokinase; ICDH, isocitrate dehydrogenase; ICL, isocitrate lyase; KGDH, alpha-ketoglutarate
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ehydrogenase; PDH, pyruvate dehydrogenase; PEPCK, phos

.  Nitrogen  homeostasis

he maintenance and regulation of nitrogen metabolism is
ecessary for the proliferation and survival of organisms. Glu-

amate and glutamine are two metabolites that play key roles
n the homeostasis of nitrogen, a process mediated by such
nzymes as glutamate dehydrogenase (GDH) and glutaminase
GS) (Fig. 4) [75]. Both NAD+ and NADP+ dependent forms of
DH (EC 1.4.1.2 and EC 1.4.1.4) can be analyzed in-gel via the

nclusion of glutamate, NAD(P)+, PMS  and INT [76,77]. The role
f this enzyme, however, can also be extended to the detec-
ion of a variety of transaminases in biological systems by
oupling the production of glutamate or NH3 to NAD(P)H for-
ation. For instance, alanine and aspartate transaminase (EC

.6.1.2 and EC 2.6.1.1, respectively), can both be detected by
xposing the gel to the substrates (alanine or aspartate, with
G) and reacting the resultant glutamate with GDH, NAD+,

NT and PMS  [78]. Other glutamate and ammonia-generating
nzymes, such as ornithine aminotransferase (EC 2.6.1.13),

lutaminase (EC 3.5.1.2) and carbamoyl-phosphate synthase
CPS, EC 6.3.4.16) can also be probed as their respective reac-
ions generate a product detected by GDH [78]. The activity of
PS, a crucial component of the urea cycle and pyrimidine
enolpyruvate carboxykinase; PK, pyruvate kinase.

synthesis, is visualized via the coupling of NH3 production
to GDH [78]. This reaction is particularly intriguing, as the
common protocol for its detection involves the coupling of
the enzyme to ornithine transcarbamoylase followed by the
colorimetric measurement of citrulline formed [79]. As this
method is commonly subject to interference from endoge-
nous compounds in the biological sample, BN-PAGE provides
a means to more  accurately qualify the activity of this enzyme
[80].

5.  Multi-protein  structures  and
inter/intra-organellar  metabolism

The dynamic nature of biological processes necessitates con-
stant association, dissociation and re-arrangement of the
proteins participating in a specific task [6]. These functional
effectors may be the residents of the same or disparate
organelles. The interactions among partners are ephemeral
and are governed by transient forces that are usually amenable

to BN-PAGE [13,23]. Indeed, this technique has helped
identify the cooperation between proteins and scaffolding
networks, metabolons, and trans-organellar communication
[31]. For instance, the application of BN-PAGE has revealed 50

dx.doi.org/10.1016/j.euprot.2015.05.003
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hetero-multimeric complexes in Escherichia coli,  compared to
the 18 identified by tandem affinity purification [81]. Some of
these superstructures include twin arginine translocase, mul-
tidrug efflux transporters, methanogenesis complexes and
aromatic degradation complexes [82–86]. In Pseudomonas fluo-
rescens, a metabolon generated in response to nitrosative
stress and consisting of the metabolic enzymes citrate lyase
(CL), PEPC and PPDK has been demonstrated. This com-
plex is promoted by the phosphorylation of PPDK and
its dismantling ensues following de-phosphorylation [23].
This enzymatic assembly favours the production of ATP
and the channelling of citrate [35]. In yeast, the glycolytic
enzyme enolase, which catalyzes the formation of PEP from
2-phosphoglycerate, has been found associated with the mito-
chondrial membrane [87]. This peripheral localization of a
glycolytic enzyme with the mitochondrion was visualized
with the aid of BN-PAGE. The unearthing of other compo-
nents of this multi-enzymatic machine that includes aldolase,
GAPDH, mitochondrial porins, ATP synthase subunits, citrate
synthase and MDH  has been made possible by this elec-
trophoretic technique [87]. Recently, the interaction between
LDH and SIRT1 in the nucleus has been demonstrated. In
this instance, LDH modulates the concentration of NAD+, a
metabolite intimately associated with the modification of his-
tones and gene regulation [58,88]. Although these MPCs likely
contain other candidate proteins that may be sensitive to
electrophoresis, it is tempting to speculate that these enzy-
matic congregations representing disparate metabolic hubs
are brought together in order to execute a specific time-
sensitive biological function.

6.  Conclusion  and  future  perspectives

While genetic microarrays and protein arrays can help dis-
cern the overall expression of enzymes involved in various
metabolic hubs, these data do not necessarily correlate to the
final product or biological outcome. The information acquired
by these procedures relates to biomolecules or their products
that can be modified or lost depending on cellular conditions
[89–91]. Hence, in order to understand the biological action
that occurs, the monitoring of enzymatic activities is criti-
cal (Suppl. Table 1). The workings of these enzymes need to
be captured in a non-invasive manner where the transient
assembly and the intimacy of MPCs are maintained [7,23].
BN-PAGE is indeed a powerful tool to image  the enzymatic
interactions contributing to select biological functions and
metabolic networks. The activity bands generated lend them-
selves to further manipulations such as high performance
liquid chromatography (HPLC), two-dimensional SDS-PAGE,
and mass spectrometry. These analyses complement the piv-
otal data on enzymatic activities and their partnerships with
other entities in the cell [17,30]. This electrophoretic technique
is also conducive to the monitoring of isoenzymes and can
be utilized to elucidate the metabolic status of the organism
by visualizing key enzymes in select pathways [53]. Hence,

it is quite likely that this relatively simple procedure will
unearth more  tantalizing details on how enzymes conjugate
to engineer the workings of metabolic networks [92–94]. These
processes that may necessitate cooperation from participants
 s 7 ( 2 0 1 5 ) 64–72

residing in the same or disparate organelles reveal a precise
snapshot of cellular operations.
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