
 Analysis of 
Peptides and 
Proteins by 
Electrophoretic     
 Techniques

Angela R. Piergiovanni and José Manuel Herrero-Martínez

www.mdpi.com/journal/molecules

Edited by

Printed Edition of the Special Issue Published in Molecules

molecules



Analysis of Peptides and Proteins by
Electrophoretic Techniques





Analysis of Peptides and Proteins by
Electrophoretic Techniques

Special Issue Editors

Angela R. Piergiovanni
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Preface to ”Analysis of Peptides and Proteins by

Electrophoretic Techniques”

The characterization of complex matrices containing peptides and proteins is a relevant issue

in the research of life and biological sciences. To understand the key role of these macromolecules

in the structure and function of cells belonging to animal or plant tissues, as well as in nutritional,

physicochemical, and sensorial food traits, the study of their expression levels, post-translational

modifications, and specific interactions is necessary. The first step of these investigations consists

in the extraction of proteins and peptides from real matrices using appropriate methodologies.

Regardless of the starting tissue and the effectiveness of the used extraction method, mixtures

of proteins or peptides with similar chemicophysical properties provide a starting sample for

subsequent detailed analysis. In order to characterize each component of these mixtures, powerful

separation techniques are required. In addition to chromatographic methods, electrophoretic

techniques are known to represent a broad and powerful family of methodologies able to separate,

visualize, and quantify single proteins or peptides. A large part of these techniques is automated,

allowing for processing of a high number of samples. Moreover, in the last decade, the development

of microdevices has reduced sample consumption and waste production while use of high-sensitivity

detectors, such as mass spectrometry (MS) or laser-induced fluorescence (LIF), have significantly

improved with regards to separation efficiency and detection limits. All of these advancements have

enlarged the field of application for electrophoretic techniques.

This Special Issue of Molecules, entitled “Analysis of Peptides and Proteins by Electrophoretic

Techniques”, covers some of the recent and relevant advancements with regard to this subject

matter. This issue includes three research papers describing the use of capillary electrophoresis (CE)

protocols and slab gels to separate and characterize macromolecules present in biological matrices of

clinical interest. Toxicology is the field of investigation in the fourth paper, which characterizes the

venom proteome of an African spitting cobra species using 2-D electrophoresis and MALDI ToF/ToF

(matrix-assisted laser desorption/ionization time of flight) mass spectrometry techniques.

The two reviews included in this issue present the state of the art regarding the use of CE

methodologies in specific fields of application. The first reports on the expansion of immune and

enzyme assay portfolios obtained using CE-LIF while the second addresses progress on the biology

of seed storage proteins and their application in breeding using two-dimensional electrophoresis

(2-DE)-based maps.

Angela R. Piergiovanni, José Manuel Herrero-Martı́nez

Special Issue Editors
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Abstract: Carbon dots (CDs) are fluorescent nanomaterials used extensively in bioimaging, biosensing
and biomedicine. This is due in large part to their biocompatibility, photostability, lower toxicity,
and lower cost, compared to inorganic quantum dots or organic dyes. However, little is known about
the utility of CDs as separation adjuvants in capillary electrophoresis (CE) separations. CDs were
synthesized in-house according to a ‘bottom-up’ method from citric acid or other simple carbon
precursors. To demonstrate the applicability of CDs as separation adjuvants, mixtures of holo-
(metallated) and apo- (demetallated) forms of transferrin (Tf, an iron transport protein) were analyzed.
In the absence of CDs, the proteins were not resolved by a simple CE method; however, upon addition
of CDs to the separation buffer, multiple forms of Tf were resolved indicating that CDs are valuable
tools to facilitate the separation of analytes by CE. CE parameters including sample preparation,
buffer identity, ionic strength, pH, capillary inside diameter, and temperature were optimized.
The results suggest that dots synthesized from citric acid provide the best resolution of various
different forms of Tf and that CDs are versatile and promising tools to improve current electrophoretic
separation methods, especially for metalloprotein analysis.

Keywords: carbon dots; capillary electrophoresis; transferrin; metalloproteins; fluorescence

1. Introduction

Carbon dots (CDs) are a unique type of fluorescent nanomaterial consisting of a graphene core
decorated with oxygenated functional groups on the surface [1–5]. They are structures comprising of one
to a few layers of graphene sheets smaller than 10 nm in diameter. The distinctive photoluminescence
of CDs is attributed to the sp2 hybridized carbon atoms and the quantum confinement and edge effects
resulting from the small size of these carbon-based materials [6]. For example, typical CDs synthesized
from citric acid exhibit an emission maximum at 460 nm, independent of excitation wavelength from
300–420 nm, with carboxylic acid and hydroxyl functional groups on the surface [1,6]. CDs interact with
potential analytes through hydrophobic, π-π stacking, hydrogen bonding, cation-π, and electrostatic
interactions. The dispersibility of CDs in aqueous solutions is due to the hydroxyl and carbonyl
functional groups on their surface, which can be easily altered to render the materials hydrophobic or
amphiphilic [2]. CDs exhibit characteristic chemical and physical properties such as biocompatibility,
photostability, and low toxicity, and they have the added advantages of simple and low cost synthesis
methods. These features have triggered interest in the use of CDs as alternative fluorescence probes in
place of organic dyes and inorganic nanoparticles [1,3,5–7]. Many recent applications involving CDs
capitalize on their fluorescent properties for bioimaging [8–11], biomedicine [12], and biosensing [13–15]
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to aid in the diagnosis and treatments of diseases, defects, and cancers [1]. However, little is known about
the utility of CDs as separation adjuvants in capillary electrophoresis (CE) [3] in comparison to other
nanomaterials such as silica nanoparticles [16,17], carbon nanotubes [18], graphene nanoparticles [19],
single-walled carbon nanotubes [20], and gold nanoparticles [21–23], which have all been reported to
enhance CE separations.

CE is a high resolution separation technique that separates analytes based on differential migration
rates of charged species in an electric field [24,25]. Advantages of CE include relatively fast analysis
times, high efficiency separations, and small sample volumes [3,26]. Further selectivity may be achieved
in CE by employing pseudo-stationary phases (solution-based additives present in the separation
buffer, which effect the separation of analytes based on their differential associations). The use of
pseudo-stationary phases rather than true stationary phases in CE-based methods reduces problems
with irreproducibility between capillaries and furthermore, it is simpler than introducing selectivity
via the more time-consuming process of immobilization of nanomaterials to form inner capillary wall
coatings [27,28]. While surfactants are among the most commonly encountered buffer additives in
CE, the use of soluble nanomaterials as buffer additives (or “separation adjuvants”) provides another
option for CE method development. For example, Sun and colleagues [3] successfully employed CDs
as additives for the separation of cinnamic acid and its derivatives by CE coupled with UV detection
and observed increased resolution between cinnamic acid and its derivatives, concluding that CDs are
a promising separation material for analytical methods. While carbon nanotubes have be used to assist
in protein separations by CE [29], there are no published reports of CDs being used in this capacity
and thus, the potential for new developments in this area remains great. Based on these (limited)
precedents, we have sought to advance our understanding not only of the versatility and utility of CDs
as CE separation adjuvants but also, of metallated protein separations by CE.

In particular, this work focuses on the separation of transferrin (Tf) protein. Tf is a globular,
iron transport glycoprotein (comprised of 679 amino acid residues with a molecular weight of 80 kDa).
It has two lobes (the N and C lobes) with a high affinity Fe3+ binding domain in each [30,31]. When iron
is bound to both lobes in Tf (constituting the fully metallated or “holo-” form of the protein), the protein
adopts a structural conformation that is more closed (folded) than that of the demetallated (“apo-”) Tf
protein. There are four possible conformations of Tf, depending on the number and position of bound
Fe3+ ions: (i) holo-Tf (fully metallated), (ii) single Fe3+ bound only to the C-lobe or (iii) only to the N-lobe
(partially metallated), and (iv) apo-Tf (demetallated). The Tf receptor is overexpressed on proliferating
cancer cells, but not normal cells; therefore, Tf is a promising carrier protein for targeted drug delivery
and therapy for cancerous cells [31–39]. The ability to separate the different conformations of Tf (fully
metallated, partially metallated, and demetallated), is important because potential drug molecules
may have different affinities for the different conformations of Tf. However, a major challenge in
separating apo- and holo-Tf by CE is the fact that bound metal ions exert only subtle changes in
overall protein mass and charge [40]. This challenge may be met by the use of pseudostationary phases
or buffer additives, as demonstrated previously by Nowak and colleagues [26,40], who developed
and optimized a CE method for the separation of different forms of Tf using micellar electrokinetic
chromatography. Their work, employed sodium dodecyl sulfate and 20% methanol as separation
buffer additives, leading to the resolution of apo-Tf, holo-Tf, two partially metallated forms of Tf,
lactoferrin, and human serum albumin proteins.

Just as Nowak’s use of surfactants in CE was able to afford greater resolution of metallated and
demetallated protein forms, we hypothesized that the use of CDs in CE should likewise afford the
necessary selectivity for Tf separations. To this end, CDs were synthesized in-house by pyrolysis of
citric acid and other organic precursors. Fluorescence studies were performed to assess the interaction
between CDs and apo- and holo-Tf. A significant quenching was observed for the mixture of CDs
with holo-Tf and no change in fluorescence signal was observed for CDs with apo-Tf, suggesting
that the extent of protein metallation has an impact on protein interaction with CDs. A mixture
of holo- and apo-Tf was analyzed by a simple CE method. In the absence of CDs, the proteins
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were not resolved; however, upon addition of CDs to the separation buffer, multiple forms of Tf
were resolved. Sample preparation, buffer identity, ionic strength, pH, capillary inside diameter,
and temperature were optimized. The results indicate that dots synthesized from citric acid provide
the best resolution between the different metallated forms of Tf. Results from this work indicate that
CDs are inexpensive, stable, and convenient buffer additives able to improve current electrophoretic
separations of metalloproteins, with implications for greater selectivity in the CE separations of other
classes of analyte.

2. Results and Discussion

2.1. Probing Interactions Between CDs and Tf by Fluorimetry

The interactions between CDs and metallated versus demetallated forms of Tf were assessed
by fluorimetry. CDs used in these studies were synthesized by oven pyrolysis of dry citric acid
reagent followed by suspension of the resulting CDs in aqueous solution. Fluorescence emission of
the CDs alone was measured, followed by emission of the CDs upon addition of increasing amounts
of apo-Tf or holo-Tf, as seen in Figure 1. No significant change (11.2% quenching) in fluorescence
emission (at 460 nm) was observed for a 35 μg/mL CD sample as the concentration of apo-Tf was
increased from 0 to 100 μM (Figure 1A). However, the fluorescence signal was quenched by as
much as 47.6% upon the addition of up to 100 μM holo-Tf to the same CD sample (see Figure 1B).
The intensities represented in Figure 1C were determined at the wavelength of maximum fluorescence
emission (460 nm) after having corrected for native Tf fluorescence at each concentration (as shown in
Figure S1A,B) and applying a five-point boxcar smoothing. The extent of change in fluorescence of
CDs as a function of Tf protein concentration is represented by the slopes of the response curves in
Figure 1C. The slope for apo-Tf is −0.0112 RFU/μM indicating very little to no change in fluorescence of
the CDs. However, the slope for holo-Tf is −0.048 RFU/μM, revealing a direct proportionality between
the extent of fluorescence quenching of the CDs signal and the concentration of holo-Tf. In work
by Bhattacharya and colleagues [39] a similar effect was characterized as static quenching via their
steady-state and time-resolved photoluminescence measurements at pH 7.4. Based on estimated
thermodynamic parameters of the CD-Tf association determined from quenching measurements
performed at various temperatures, they concluded that the observed quenching was a result of the
electrostatic interaction between CDs and the Fe3+ ions associated with holo-Tf, not the amino acid
residues. Furthermore, Zhu and coworkers [41] showed that the presence of Fe3+ ions in bulk solution
quenched the intrinsic fluorescence of CDs. Therefore, we believe the differential effect of apo- versus
holo-Tf on the fluorescence of CDs in our experiments is most likely a result of the paramagnetic
property of the Fe3+ ions of the holo-Tf impacting the quantum yield. However, such an effect does not
preclude the possibility of different metallated protein states interacting to different extents with the
CDs (and we explore this possibility in more detail in the capillary electrophoresis studies discussed in
Section 2.2).

Additionally, the experiment was repeated using CDs synthesized in the autoclave and suspended
in aqueous solution. A similar trend was observed with these CDs: little to no change in fluorescence
emission of the CDs upon increasing the concentration of apo-Tf (Figure S-1D), and decreased
fluorescence emission upon increasing the concentration of holo-Tf (Figure S-1E). The conformation
of demetallated apo-Tf is such that it has two tryrosine, one aspartate, and one histidine residue
exposed [39]. While it seems plausible that these exposed residues could interact with the CDs (via
hydrophobic, π-π stacking, H-bonding, or electrostatic interactions), the relative lack of change in
fluorescence emission of apo-Tf with CDs could not provide evidence for any such interactions under
the solution conditions employed here. However, the observed fluorescence quenching of CDs with
holo-Tf indicates that the bound Fe3+ in the metallated form of the protein experiences electrostatic
interactions with the hydroxyl and carboxylic acid groups on the surface of the CDs, resulting in a
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non-emissive ground state complex [39]. Thus, even though CDs may interact (to a different extent)
with demetallated and metallated forms of Tf, this could not be confirmed by fluorescence studies alone.

 

Figure 1. Fluorescence emission spectra for 35 μg/mL samples of oven-synthesized citric acid CDs,
with increasing concentrations (from 0.5μM to 100μM) of added apo-Tf (A) and holo-Tf (B). Fluorescence
response in terms of intensity at the wavelength of maximum emission (460 nm) as a function of Tf
concentration, for apo- and holo-Tf are shown in (C). All samples were prepared to the concentrations
indicated in the Figures using 50 mM tris-200 mM tricine (pH 7.4) buffer as diluent. The data were
corrected for the respective native Tf fluorescence at each concentration. The excitation wavelength
was 360 nm and the emission scan range was 365–700 nm.

2.2. CE Method Development and Optimization for the Separation of Apo-Tf and Holo-Tf

2.2.1. Studying the Effects of Sample Preparation: Diluent and Sample Additives

Given the differential interactions of CDs with metallated versus demetallated forms of Tf,
as evidenced by differences in fluorescence quenching (Section 2.1), we surmised that CDs might be
useful in the separation of these protein forms. Samples of apo-Tf, holo-Tf, and mixtures of apo-
and holo-Tf were first prepared in aqueous solution alone and then subjected to analysis by CE
with UV absorbance detection, employing a 50 mM tris-200 mM tricine (pH 7.4) separation buffer.
Typical electropherograms resulting from these protein samples prepared in aqueous solution–with
no CDs–are shown in Figure 2A. Subsequently, the water-based Tf samples and the separation buffer
were prepared with added CDs (such that the final concentration of dots was 35 μg/mL in all cases),
and the resulting electropherograms are shown in Figure 2B. The CDs used for these CE experiments
were synthesized from citric acid by oven pyrolysis, followed by suspension in 50 mM NaOH and
dialysis against ultrapure water for eight hours prior to use, unless otherwise stated.

The blue traces (i) in Figure 2A,B represent apo-Tf samples without and with added CDs,
respectively. While there was no significant change in the observed migration time of the apo-Tf peak
as a result of adding CDs to the sample (and separation buffer), there was a marked change (50.6%) in
the (negative) electrophoretic mobility μep of apo-Tf (from −0.00239 cm2 V−1 s−1 in the absence of CDs
to −0.00360 cm2 V−1 s−1 in the presence of CDs). This change in (negative) electrophoretic mobility
of apo-Tf was accompanied by a 34.0% increase in peak height and a 44.4% increase in peak area.
The increase in (negative) electrophoretic mobility may provide evidence of the association of apo-Tf
with CDs to produce a larger complex with greater net negative charge. Such a complex with greater
negative electrophoretic mobility would move counter to the direction of electroosmotic flow, and so
might be expected to appear at a longer migration time in the resulting electropherogram. However,
based on the position of the small negative marker peak in Figure 2A,B, the electroosmotic mobility
was found to increase by 5.4% (from 0.0205 cm2 V−1 s−1 to 0.0216 cm2 V−1 s−1) upon the addition
of CDs to the buffer system. In this particular case, the combination of the increased electroosmotic
mobility and the decreased (i.e., increased negative) electrophoretic mobility resulted in very little
change in the net mobility of apo-Tf (with and without added CDs) and thus the migration time of the
apo-Tf peak appeared virtually unchanged. The increase in apo-Tf peak height and area in the system
containing CDs may provide further evidence of the formation of apo-Tf-CD complexes, since such
complexes may demonstrate some variation in size and enhanced absorbance relative to free apo-Tf.
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Figure 2. Effects of oven CDs as additives for samples of apo-Tf, holo-Tf and mixtures of apo- and
holo-Tf (25 μM each) without CDs (A) and with CDs (B) for 25 μM apo-Tf (i), 25 μM holo-Tf (ii), and a
mixture of apo- and holo-Tf (iii). Electropherograms are vertically offset for clarity. A volume of 1.25 nL
(5.2 sec at 1.3 psi) was injected and 20 kV was applied. The separation occurred on a Beckman Coulter
P/ACE MDQ System coupled with a UV detector at 15 ◦C on a 25 μm i.d. capillary with an effective
length of 30 cm and a total length of 40 cm.

The red traces (ii) in Figure 2A,B represent holo-Tf samples without and with added CDs,
respectively. A 6.0% decrease in migration time of holo-Tf (from 3.38 min to 3.18 min) was observed
upon the addition of CDs. This reduced migration time is due to an increase in net mobility, and recall
that net mobility is given by the sum of electroosmotic and electrophoretic mobilities. In the case of
holo-Tf, it appears that the impact of added CDs on the electroosmotic flow (recall, a 5.9% increase in
electroosmotic mobility was observed) was greater than the impact of added CDs on the electrophoretic
mobility of the protein. The electrophoretic mobility of holo-Tf was found to be −0.00281 cm2 V−1 s−1

in the absence of CDs and −0.00278 cm2 V−1 s−1 in the presence of CDs, which represents just a 1.1%
decrease (in the negative electrophoretic mobility, which is effectively the same as a 1.1% increase in
μep towards the cathode). This change is small in comparison to the 50.6% change in electrophoretic
mobility observed for apo-Tf, which might suggest that the demetallated form of the protein has a
greater affinity for (or forms more stable, long-lived complexes with) CDs compared to the metallated
form of the protein. Thus, in the case of holo-Tf, the relatively small change in electrophoretic mobility
is overshadowed by a greater change in electroosmotic flow upon the addition of CDs to the sample
and separation buffers, which translates into a greater net mobility and shorter migration time.

The peak height of the primary holo-Tf peak decreased 19.1% and the area increased by 15.5%
upon the addition of CDs (Figure 2A(ii) vs. Figure 2B(ii)). The decrease in peak height and increase in
peak area is attributed to the loss of Fe3+ ions by holo-Tf [40] while the appearance of a new, smaller
peak at 3.25 min (see Figure 2B(ii)) is attributed to a partially metallated form of Tf, which may associate
with CDs in the separation buffer to a different extent than does the fully metallated form of Tf from
which it originates. This appearance of an additional peak induced by the addition of CDs to the
holo-Tf sample, taken together with changes in migration times or net mobilities, supports the idea of
differential interactions between CDs with various different metallated forms of Tf.

Whereas samples of individual Tf proteins in the absence of CDs gave rise to single peaks
(Figure 2A(i and ii)), a sample mixture containing 25 μM each of apo- and holo-Tf in water (also in
the absence of CDs) gave rise to an unresolved cluster of three peaks by CE (Figure 2A(iii)). In the
protein mixture, there is presumably an opportunity for exchange of Fe3+ ions between protein forms,
resulting in unresolved metallated, demetallated, and partially metallated Tf proteins. Upon the
addition of CDs, the cluster of three peaks was more clearly resolved in the electropherogram for the
mixed-protein sample (Figure 2B(iii)). Interestingly, the combined area of the mixture increased 22.6%,
and the migration order of apo-Tf and holo-Tf was reversed in the electropherogram of the protein
mixture upon the addition of CDs to the sample and separation buffer. Whereas holo-Tf migrated last
in the sample containing a mixture of proteins in the absence of CDs, it migrated first in the sample
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containing CDs. As discussed previously, this change in the proteins’ net mobilities, brought about
by the addition of CDs to the buffer system, may be attributed to the combined effects of a change in
electroosmotic mobility and a change in electrophoretic mobility due to associations between CDs and
Tf proteins. The overall impact was improved resolution of the protein mixture.

To further ascertain the importance of sample composition on CE resolution, Tf samples were
prepared using the separation buffer (50 mM tris-200 mM tricine, pH 7.4) as a diluent rather than
using pure water, without or with added CDs (35 μg/mL). Representative electropherograms are
shown in Figure S2-A,B, respectively. Additionally, Tf samples were prepared in the buffer of 25 mM
tris-100 mM tricine (pH 7.4). Representative electropherograms for these Tf samples without added
CDs and with 17.5 μg/mL added CDs are shown in Figure S2-C,D, respectively. No significant
improvement (nor deterioration) in separation efficiency was afforded by the changes sample buffer
concentrations studied.

A comparison of Figure 2 and Figure S-2 leads us to conclude that an enhancement of the CE
separation of apo- and holo-Tf is achieved in the presence of CDs regardless of sample composition.
That is, preparations of Tf samples in water, separation buffer, and diluted separation buffer all resulted
in similar electropherograms. The electropherograms for mixed samples containing both apo-Tf and
holo-Tf protein standards revealed the appearance of a third peak, which was better resolved upon
the addition of CDs to the sample and separation buffer. The appearance of this third peak upon
mixing apo-Tf and holo-Tf together may indicate a partial exchange of Fe3+ from the holo-Tf to apo-Tf
when mixed. Intraconversion between metallated and demetallated forms of Tf has been documented
elsewhere [40]. In all cases, resolution improved upon the addition of CDs. In Figure 2, for example,
the peak attributed to a partially metallated Tf species is better resolved from the apo-Tf peak (Rs = 0.5
without CDs and Rs = 1.1 with CDs) and it is also better resolved from the holo-Tf peak (Rs = 0.8
without CDs and Rs = 1.5 with CDs) in mixed protein samples. This suggests that the CDs interact
differentially with each form of Tf, presumably due to differing contributions from hydrophobic,
π-π stacking, H-bonding, or electrostatic interactions in the absence and presence of metal in various
folded states of the proteins. Regardless of the sample preparation (that is, protein in water, 25 mM
tris-100 mM tricine, or 50 mM tris-200 mM tricine), apo-Tf migrated first and holo-Tf last in the absence
of CDs; however, in the presence of CDs, holo-Tf migrated first and apo-Tf last. Furthermore, since the
effect of sample buffer ions on the resolution of a mixture of Tf protein forms was nominal relative to
the effect of added CDs, method development is not constrained to a single sample preparation, giving
the analyst greater flexibility when optimizing metalloprotein separations by this CD-enhanced CE
method. Based on simplicity, ultrapure water with added CDs was chosen for Tf sample preparations
in subsequent studies.

Whereas CDs were introduced simultaneously to both the sample preparation and the separation
buffer to improve the separation of mixtures of apo-Tf and holo-Tf, as described above, the impact
of CDs as separation adjuvants for on-column use only (CDs only in the separation buffer) and
pre-column use only (CDs only in the sample preparation) was also explored. Pre-column use of
CDs (as additives to the sample preparation only) did not result in a significant improvement in
resolution of Tf protein forms (Figure S-3ii) relative to the use of no added CDs (Figure S-3i). However,
CDs added to the separation buffer alone led to improved resolution of a mixture of Tf proteins relative
to separations conducted without added CDs, as seen in Figures S-3-iii and S-3-iv relative to S-3-i.
The resolution achieved with CDs in the separation buffer alone was still not as good as the resolution
achieved with CDs in both the sample buffer and the separation buffer (Figure S-3-iv, and previously,
Figure 2B-iii), and so CDs were employed as additives to both sample and separation buffers in all
following CE experiments.

The effects of changes to CD composition on the resolution of the three Tf peaks observed
for a mixture of apo- and holo-Tf with CDs were tested. Carbon dot composition was altered by
replacing citric acid as the organic precursor with ascorbic acid, gluconic acid, N-acetylneuraminic
acid, or glucose. Figure S-4 shows representative electropherograms employing these altered CDs

6



Molecules 2019, 24, 1916

(35 μg/mL) as adjuvants in the separation of mixtures of apo- and holo-Tf with UV detection at 200 nm
(Figure S-4A) and with LIF detection using a 375 nm laser and a 400 nm long pass filter (Figure S-4B).
Altering dot composition by using different precursors resulted in some CDs with the potential to
improve the resolution of the individual components in a mixture of apo- and holo-Tf with further
optimization and others that did not affect the mobility at all as observed by UV detection and a
single peak or broad hump from LIF detection. Although all of the chosen precursors result in CDs
decorated with hydroxyl and carboxylic acid functional groups, the differences in their interaction
with apo- and holo-Tf could be due to the ratio of carboxylic acid to hydroxyl functional groups on the
surface, or differences in the carbon dot core, which may result from the arrangement of each precursor
molecule as the carbon dot core was built, leading to the differences in the intrinsic fluorescence of the
CDs from each precursor. Overall, CDs prepared from citric acid yielded the best resolution between
the metallated, partially metallated, and demetallated forms of Tf.

Incubation time studies ranging from 2–197 min (time elapsed between preparation of Tf protein
samples with added CDs and their analysis by CE) revealed no correlation between sample incubation
time and peak area or migration time (data not shown). Thus, CDs can be employed as separation
adjuvants in CE studies without imposing any additional restrictions on method or time of sample
preparation. This lends further credence to the utility of CDs as CE separation adjuvants.

2.2.2. Effect of Concentration of Added CDs

CE experiments were conducted with different concentrations of CDs added to the sample
preparations and separation buffer in order to determine the optimal concentration to enhance the
separation of a mixture of apo- and holo-Tf. The concentrations of CDs tested were 2, 5, 7, 10, 25,
35, 50, 75, 100, 250 and 500 μg/mL. A subset of these representative electropherograms are shown in
Figure 3 (with the full concentration range shown in Figure S-5). At CD concentrations of 2–7 μg/mL,
only two peaks were observed for a sample mixture containing 25 μM each of apo-Tf and holo-Tf
(Figure 3-i). The addition of 10μg/mL CDs gave rise to a broad signal with three unresolved components
(Figure 3-ii). Upon the addition of anywhere from 25–500 μg/mL of CDs to the sample and separation
buffer, three nearly resolved peaks were observed (Figure 3iii–v). It should be noted that sample
compositions in Figure 3 differ from the optimal sample conditions shown in Figure 2 (optimal), due to
the sequencing of experiments conducted. The samples in Figure 3 were prepared in 25 mM tris-100
mM tricine buffer (pH 7.4), with a concentration of CDs in the sample equal to half of the concentration
in the separation buffer.

 

Figure 3. Abbreviated range of CDs concentrations tested with a mixture of apo- and holo-Tf (25 μM
each). Concentrations of CDs shown are (i) 2 μg/mL, (ii) 10 μg/mL, (iii) 35 μg/mL, (iv) 100 μg/mL,
and (v) 500 μg/mL. Electropherograms are vertically offset for clarity. A volume of 5 nL (2.1 s at 45 mbar)
was injected and 20 kV was applied. The separation occurred on an Agilent G1600A CE coupled with a
DAD UV/Vis Detector at 25 ◦C on a 50 μm i.d. capillary with an effective length of 24 cm and a total
length of 32.5 cm.
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Based on the results in Figure 3 (and Figure S-5), we determined the optimal concentration of CDs
to be 35 μg/mL for the CE separation of the sample mixture of apo- and holo-Tf. While 25–500 μg/mL
CDs also permitted the partial resolution of three peaks (attributed to apo-Tf, holo-Tf, and partially
metallated Tf in the sample), the use of 35 μg/mL CDs was chosen as a conservative value to afford
the necessary separation while also accommodating any synthetic variations from different batches of
CDs, or effects due to post synthesis clean-up, and to prevent a high baseline from the absorbance of
the CDs should they have been used at higher concentrations.

2.2.3. Separation Buffer Composition: Background Electrolyte, pH, and Concentration Effects

A variety of different background electrolytes were tested as separation buffers in order to
determine their effects on separation efficiency for sample mixtures containing apo- and holo-Tf.
These included buffers composed of phosphate, tris-tricine, tris-glycine, and tris-HCl, all at pH 7.4.
Representative electropherograms obtained using each of these separation buffers for the analysis
of a sample mixture containing 25 μM each of apo-Tf and holo-Tf with 35 μg/mL CDs are shown in
Figure 4i–v. Tris-tricine and tris-HCl separation buffers at pH 7.4 (Figure 4-ii and Figure 4-v, respectively)
afforded the best resolution (with three nearly resolved peaks representing apo-Tf, holo-Tf, and partially
metallated Tf), albeit with the longest migration times relative to the other separation buffers tested.
Calculated resolution values are summarized in Table S-2. The remaining separation buffers at pH 7.4
(10 mM phosphate, Figure 4-i; 50 mM tris-200 mM glycine, Figure 4-iii; 50 mM tris-500 mM glycine,
Figure 4-iv) yielded faster eluting, unresolved peaks and so were not preferred above the tris-tricine
and tris-HCl buffers.

 

Figure 4. Separation buffer composition study for mixtures of apo- and holo-Tf (25 μM each) with CDs
at pH 7.4 in different separation buffers. The separation buffers used were 10 mM phosphate (i), 50 mM
tris-200 mM tricine (ii), 50 mM tris-200 mM glycine (iii), 50 mm tris-500 mM glycine (iv), and 50 mM
tris-HCl (v). Electropherograms are vertically offset for clarity. A volume of 1.25 nL (5.2 s at 1.3 psi) was
injected and 20 kV was applied. The separation occurred on a Beckman Coulter P/ACE MDQ System
coupled with a UV detector at 25 ◦C on a 25 μm i.d. capillary with an effective length of 30 cm and a
total length of 40 cm.

Subsequently, the effect of separation buffer pH on the resolution of a mixture of apo- and holo-Tf
with CDs was evaluated with phosphate and tris-tricine separation buffers at pH 4.4, 7.4, and 10.4.
No signal was observed in electropherograms recorded at pH 4.4 for both tris-tricine and phosphate
buffers. At pH 7.4 the tris-tricine buffer gave rise to three peaks while the phosphate buffer gave rise to
only two peaks (Figure S-6-i and S-6-ii, respectively), while at pH 10.4 only one peak was observed for
both tris-tricine and phosphate buffers (Figure S-6-iii and S-6-iv, respectively). The lack of resolution
afforded by pH 4.4 and 10.4 separation buffers and by phosphate buffer relative to tris-tricine buffer at
all pHs tested, led us to conclude that the tris-tricine buffer at pH 7.4 (with CDs) was optimal for the
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resolution of a sample mixture containing apo-Tf and holo-Tf (also with CDs). However, the optimal
concentration for the tris-tricine buffer remained to be determined, and so a concentration study was
undertaken, as described presently.

With a fixed concentration of 50.0 mM tris, we varied the concentration of tricine from
100.0–300.0 mM to create a series of separation buffers (each adjusted to pH 7.4, if necessary) in
order to determine the optimum buffer concentration for this work. Representative electropherograms
recorded for a Tf mixture sample using the various concentrations of tris-tricine separation buffer (at
pH 7.4, both with and without CDs) are shown in Figure S-7. At or above tricine concentrations of
200 mM we observed a significant increase in migration time for Tf; however, the increased resolution
afforded by these higher concentration buffers, especially in the range of 200–250 mM tricine relative to
100–175 mM tricine, suggested that 200 mM tricine was optimal.

Using this, we subsequently varied the tris concentration from 25.0–100.0 mM in the separation
buffer while maintaining a pH of 7.4 to complete the buffer optimization process. Representative
electropherograms for a sample mixture of apo- and holo-Tf revealed three peaks for 200 mM tricine
separation buffers containing CDs with either 25 mM or 50 mM tris (Figure S-8-i and S-8-ii, respectively),
but only two peaks were resolved with the higher concentrations of tris in the separation buffer (75 mM,
Figure S-8(iii); 100 mM, Figure S-8(iv)). At all concentrations, we again verified that the presence of
CDs (in the tris-tricine buffer and the Tf sample) was essential to achieving resolution of the various
metallated forms of the protein (Figure S-8). Hence, 50 mM tris-200 mM tricine (pH 7.4) containing
35 μg/mL CDs was chosen as the optimal separation buffer for this method.

2.2.4. Optimizing Capillary Inside Diameter and Temperature

In addition to optimizing the separation buffer and sample preparation including CDs, we likewise
studied the effects of capillary inside diameter and temperature on the resolution of a mixture of apo-
and holo-Tf in order to optimize the overall separation method. Separations were conducted using 20,
25, and 50 μm i.d. capillaries (as shown in Figure S-9A, S-9B, and S-9C, respectively), each thermostated
at 15, 25, or 30 ◦C, with the optimized buffer and sample conditions determined herein. Interestingly,
variation in capillary inside diameter and temperature within the ranges conducted in this study did
not have a marked impact on separation efficiencies. As expected, increased temperatures led to
decreased migration times (due to reduced buffer viscosities), and the largest capillary (50 μm i.d.)
produced broader, less resolved signals with greater absolute absorbances (due to greater sample
loading). Based on these results, the 25 μm i.d. capillary operated at 15◦C (Figure S-9Bi) was chosen as
optimal for this method.

Thus, the final optimized CE method, designed to afford the greatest resolution of a sample
mixture containing various metallated forms of Tf protein, employs a 25 μm i.d. capillary at 15 ◦C
with a 50 mM tris-200 mM tricine separation buffer (pH 7.4) containing 35 μg/mL CDs, and samples
prepared or sample buffer with 35 μg/mL CDs added.

3. Materials and Methods

3.1. Reagents

Citric acid (>99.5%) and glycine (≥99.0%, NT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Sodium phosphate dibasic (ACS Grade), HCl (ACS Grade), and NaOH (ACS Grade) were all
purchased from Fisher Scientific (Suwanee, GA, USA). Human apo-transferrin (“Apo-Tf”) (≥95%) and
human holo-Tf (≥95%) were purchased from Calbiochem (San Diego, CA, USA). Tricine (electrophoresis
grade) was purchased from MP Biomedicals (Solon, OH, USA) and tris(hydroxymethyl)aminomethane
(proteomics grade, Amresco Life Science, Solon, OH, USA) was purchased from VWR (Atlanta,
GA, USA). Ultrapure water, purified using a Milli-Q® Reagent Water System from EMD Millipore
Corporation (Billerica, MA, USA), was used for all aqueous samples and solutions.
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3.2. Carbon Dots

The CDs used in this work were prepared in-house following the method from Dong et al. [6]
with some modifications. Briefly, 2 g of dry citric acid in a 20-mL disposable scintillation vial was
heated in an Isotemp oven (model 506G; Fisher Scientific, Waltham, MA, USA) at 180 ◦C for four hours.
Alternatively, 2 g of dry citric acid was placed in a 50 mL Teflon autoclave liner, which was placed into a
standard stainless steel 304 autoclave reactor (purchased from Labware on Amazon.com, part number:
2T50, Wilmington, DE, USA) and heated in the oven at 180 ◦C for 24 hours. The resulting dark orange
liquid was cooled slightly and a 20 mL aqueous solution of 50 mM NaOH was added to the scintillation
vial (or autoclave reactor) and was sonicated using a 2510 Branson sonicator (Branson Ultrasonics
Corporation, Danbury, CT, USA) for 30 min to suspend the CDs. Three, 0.5-mL aliquots of the resulting
neat CD solutions were lyophilized with a FreeZone 2.5 Liter −84 ◦C Benchtop Freeze Dryer (Labconco,
Kansas City, MO, USA), and the mass of the resulting dried product was found. The average mass of
three dried CD aliquots was found in order to provide a representative mass-per-volume (mg/mL)
concentration of CDs for the batch. In some cases, a post-synthesis cleanup was performed by dialyzing
(Float-a-Lyzer G2, MWCO 500-1000 D, from Spectrum Labs, (purchased from Fisher Scientific, Suwanee,
GA, USA)) about 5 mL of the neat CD solution against water for eight hours, changing the water every
two hours.

3.3. Separation Buffer and Sample Preparation

Stock solutions (1.00 M) of each buffer component (tris and tricine) were prepared separately by
dissolving the appropriate mass of reagent in water, quantitatively transferring to a volumetric flask
and filling to the line with ultrapure water. The resulting stock solutions were filtered (0.2 μm nylon
syringe filter, VWR) and stored in a polypropylene or HDPE vessel at 2–8 ◦C until needed. The stock
solutions were brought to room temperature before use. The tris-tricine buffer used for fluorescence
emission and CE studies, was prepared to a final concentration of 50.0 mM tris and 200.0 mM tricine
(unadjusted pH 7.4).

Additionally, other separation buffers were prepared from phosphate, tris and glycine.
The phosphate separation buffer was prepared to a final concentration of 10.0 mM dibasic sodium
phosphate adjusted to pH 7.4 with 1.0 M phosphoric acid. Two different tris-glycine buffers were
prepared, one with a final concentration of 50.0 mM tris-200.0 mM glycine, and the other with 50.0 mM
tris-500.0 mM glycine, and both adjusted to pH 7.4 by the dropwise addition of 1.0 M HCl. Lastly,
a tris-HCl separation buffer was prepared to a final concentration of 50.0 mM tris adjusted to pH 7.4
with 1.0 M HCl.

Separate apo- and holo-Tf stock solutions (250 μM each) were prepared by dissolving the 0.01 g of
apo-Tf or holo-Tf in the 500 μL of filtered ultrapure water (0.2 μm, nylon syringe filter) in a 1.6 mL
microcentrifuge vial. Unused Tf stock solutions (of apo- and holo-Tf, separately) were portioned into
5 μL aliquots and stored at −20 ◦C until needed.

Samples were prepared for analysis by adding the appropriate volumes of apo-Tf, holo-Tf, or both
stock solution(s) to a 1.6 mL microcentrifuge vial (Fisher Scientific, Suwanee, GA, USA) for fluorimetry
studies and a 0.6 mL microcentrifuge vial (Fisher Scientific) for CE studies, followed by dilution with
the appropriate volume of buffer (50 mM tris-200 mM tricine pH 7.4) for fluorimetry measurements,
and with the appropriate volumes of sample buffer (100 mM tris-400 mM tricine pH 7.4, with 70 μg/mL
CDs when present) and ultrapure water (producing a sample with a total volume of 50 μL) such that
the final buffer concentration was (50 mM tris-200 mM tricine pH 7.4) for CE samples. The final buffer
concentrations for fluorimetry samples are shown in Table S-1. For fluorimetry studies, a working
solution of CDs (350 μg/mL) was prepared each time the studies were performed, from the neat solution
of CDs after sonication of the neat solution for 5 min followed by approximately 25-fold dilution of a
39.78 μL portion of the neat solution with 960.22 μL buffer. The working solution was sonicated for
1–2 min prior to transferring the appropriate volume to the microcentrifuge vial containing the diluted
Tf protein immediately prior to analysis (producing a sample with total volume of 500 μL). For CE
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samples, neat CDs solution (a 25.6 μL aliquot) was diluted approximately 390 fold with separation
buffer in a 10.00 mL volumetric flask (resulting in a separation buffer with a final concentration of
35 μg/mL CDs), and a 2.56 μL aliquot of neat CDs solution was diluted 195 fold with 497.44 μL
sample buffer in a 1.6 mL microcentrifuge tube (resulting in sample buffer with a final concentration of
70 μg/mL CDs). The sample vial was then vortexed to mix all constituents, and the solution therein
(containing various combinations of apo-Tf, holo-Tf, buffer, and CDs, as needed) was transferred to a
clean, dry, injection vial (Agilent, 250 μL or Beckman, 200 μL) for CE studies or to a semi-micro quartz
cuvette (Fisher Scientific) for fluorimetry studies. The cuvette was cleaned by triple-rinsing with water
and with 95% ethanol (Fisher Scientific).

3.4. Instrumentation

Spectrofluorimetry studies were conducted using a Cary Eclipse fluorescence spectrophotometer
(Agilent Technologies, Foster City, CA, USA). An excitation wavelength of 360 nm was used, followed
by an emission scan from 365–700 nm. Excitation and emission slit widths were 5 nm; the scan rate
was 300 nm/min; and the PMT voltage was 600 V. CE studies were conducted using a P/ACE MDQ CE
System with 32Karat software (Beckman Coulter, Redwood City, CA, USA) or an Agilent G1600A CE
System equipped with Chemstation software. Detection was performed by UV absorbance at 200 nm,
or by laser-induced fluorescence (LIF) using a 375 nm diode laser with 5 mW output power (Oz Optics
Ltd., Carp, ON, Canada) and 400 nm long pass filter (Omega Optical, Brattleboro, VT, USA), or a
Picometrics LIF Detector (406 nm laser with 12.5 mW output power and 410 nm emission filter) for
the Beckman-Coulter and Agilent CE systems, respectively. All CE experiments employed uncoated
fused-silica capillaries (Polymicro Technologies, Phoenix, AZ, USA) with different lengths and inside
diameters (as specified in the Results and Discussion section).

4. Conclusions

The use of CDs as separation adjuvants in CE method development is presented as an opportunity
to expand upon the usual repertoire of pseudo-stationary phases and buffer additives for enhanced
separations. CDs employed in this study were synthesized in-house by a simple method of oven
pyrolysis of citric acid. It is of significance that CDs were found to interact differentially with the various
forms of Tf protein (metallated, demetallated, and partially metallated), as evidenced by varying
extents of fluorescence quenching (which occurred for holo-Tf but not apo-Tf), and by a much more
pronounced change in electrophoretic mobility for apo-Tf relative to holo-Tf with CDs present in the
sample and separation buffers. This differential association of CDs with metallated and demetallated
proteins facilitated greater resolution of apo- and holo-Tf by CE, along with the added ability to
discern an additional sample component in the resulting electropherograms, which is presumed to be a
partially metallated form of the protein, arising from spontaneous metal ion exchange between holo-Tf
and apo-Tf components of the sample. Specifically, by employing a 25 μm i.d. capillary at 15 ◦C with
a 50 mM tris-200 mM tricine separation buffer (pH 7.4) containing 35 μg/mL CDs, we were able to
resolve three peaks for a sample comprising 25 μM each of apo-Tf and holo-Tf with 35 μg/mL CDs
in water. Most importantly, resolution of these sample components was not possible in the absence
of CDs. These results indicate that CDs are useful as CE buffer additives and can lead to improved
resolution for challenging samples such as metallated protein mixtures. The application of CDs to
other separation challenges in CE is a promising avenue for future studies.

Improvements to the method presented herein include efforts to resolve the two partially metallated
forms of Tf co-migrating as the middle peak in the separations of mixtures of apo- and holo-Tf with
CDs synthesized from citric acid, through modifications of the CDs, such as the addition of nitrogen
groups or passivation with polymer, further optimization of the CE separation of mixtures of apo-
and holo-Tf involving CDs from N-acetylneuraminic acid or glucose, optimization of the separation
voltage, and determining if the partially metallated form of Tf is eliminated or reduced by the addition
of 20% methanol to the separation buffer, which was found help reduce the loss of Fe3+ ions form holo
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Tf. Additionally, the benefits of CDs in a polymer enhanced capillary transient isotachophoresis (PectI)
method for mixtures of apo- and holo-Tf will be investigated.

Supplementary Materials: The following are available online, Table S-1: Final Buffer Concentrations for
Fluorimetry Samples; Table S-2: Resolution Values for Figure 4; Figure S-1: Fluorescence spectra of apo- and
holo-Tf without CDs and with Autoclave CDs; Figures S-2–S-9, representative electropherograms for method
development and optimization studies.
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Abstract: During the past two decades, recombinant human interleukin-12 (rhIL-12) has emerged as
one of the most potent cytokines in mediating antitumor activity in a variety of preclinical models
and clinical studies. Purity is a critical quality attribute (CQA) in the quality control system of
rhIL-12. In our study, rhIL-12 bulks from manufacturer B showed a different pattern in non-reduced
SDS-PAGE compared with size-exclusion chromatography (SEC)-HPLC. A small fragment was only
detected in non-reduced SDS-PAGE but not in SEC-HPLC. The results of UPLC/MS and N-terminal
sequencing confirmed that the small fragment was a 261–306 amino acid sequence of a p40 subunit
of IL-12. The cleavage occurs between Lys260 and Arg261, a basic rich region. With the presence
of 0.2% SDS, the small fragment appeared in both native PAGE and in SEC-HPLC, suggesting that
it is bound to the remaining part of the IL-12 non-covalently, and is dissociated in a denatured
environment. The results of a bioassay showed that the fractured rhIL-12 proteins had deficient
biological activity. These findings provide an important reference for the quality control of the
production process and the final products of rhIL-12.

Keywords: rhIL-12; purity; SDS-PAGE; SEC-HPLC; fragment; non-covalent binding

1. Introduction

Interleukin-12 (IL-12) is a key inflammatory cytokine that critically influences Th1/Tc1-T cell
responses at the time of an initial antigen encounter [1,2]. A growing number of studies have shed light
on its potential in cancer immunotherapy [3,4]. During the past two decades, IL-12 has emerged as
one of the most potent cytokines in mediating antitumor activity in a variety of preclinical models and
clinical studies [5–7]. IL-12 has multiple biological functions, though most importantly, it bridges early
nonspecific innate resistance and the subsequent antigen-specific adaptive immunity. A remarkable
function of IL-12 is its ability to induce interferon γ (IFNγ) release from natural killer (NK) cells as well
as CD4+ and CD8+ T cells [8,9]. Increasingly, pharmaceutical companies have invested in the research
and development of recombinant human IL-12 (rhIL-12) [5,10,11]. One such company in China has
obtained a national first class clinical approval for rhIL-12 injection. Aside from this, some IL-12 fusion
proteins were developed to minimize adverse effects, such as huBC1-IL-12, F8-IL-12 and IL-12-SS1
(Fv), as well as IL-12 gene therapy products [8,11–13].

Native IL-12 is a heterodimer formed by two subunits, p40 (306 amino acids) and p35 (197 amino
acids), that are bridged by an inter-subunit disulfide bond between Cys177 of p40 and Cys74 of p35,
with three potential N-glycosylation sites [14,15]. Genes of the subunits p40 and p35 were located in
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different chromosomes in the human genome. The common preparation strategy for rhIL-12 is that
p40 and p35 cDNA sequences were inserted into either two different vectors or one vector with two
different promoters, and then transfected into a mammalian expression system [5,10]. As a recombinant
protein drug, purity is a critical quality attribute (CQA) in the quality control system of rhIL-12.
A purity test is essential for lot release and stability testing. The conventional analytical methods
include chromatography and electrophoresis methods, such as size-exclusion chromatography (SEC),
ion-exchange chromatography (IEC), denaturing protein gel electrophoresis (SDS-PAGE), capillary
electrophoresis (CE)-SDS and capillary isoelectric focusing (cIEF) [16]. Aside from this, a liquid
chromatography-mass spectrometry (LC-MS)-based multi-attribute method (MAM) has recently
become a research hotspot [17,18]. As stated in the ICH Q6B, ‘the determination of absolute,
as well as relative purity, presents considerable analytical challenges, and the results are highly
method-development.’ Therefore, the purity must be assessed by a combination of analytical
procedures. For most recombinant protein drugs, a combination of SDS-PAGE and SEC-HPLC are
recommended. In our study, the purity of rhIL-12 bulks from manufacturer B was determined by
non-reduced SDS-PAGE and SEC-HPLC, but the results were inconsistent. A small fragment was
detected in non-reduced SDS-PAGE but not in SEC-HPLC. We used UPLC/MS and N-terminal
sequencing to identify the fragment and then attempted to find out the cause of the cleavage and its
effect on biological activity.

2. Results and Discussion

2.1. Purity Determination of rhIL-12 Samples by Non-Reduced SDS-PAGE and SEC-HPLC

Three batches of rhIL-12 bulks (S01, S02 and S03) from manufacturer B were tested by non-reduced
SDS-PAGE and SEC-HPLC. The electrophoretogram and chromatogram are shown in Figure 1A,B,
and the relative percentage contents are listed in Table 1. High molecular proteins, generally
known as protein multimers, were detected in both assays, but the relative percentage contents
in SEC-HPLC were significantly higher than those in SDS-PAGE, which may be caused by the different
running system—native for SEC-HPLC and denatured for SDS-PAGE. The denaturation led most
of the non-covalent multimers to be depolymerized, so the multimers in SDS-PAGE were generally
significantly lower than in SEC-HPLC. However, fragments were only detected in non-reduced
SDS-PAGE, and the relative percentage contents exceeded 7%. It was necessary to figure out the
component of the small fragment present in non-reduced SDS-PAGE but absent in SEC-HPLC, as well
as its origin and whether it was produced during the production process or during the testing process.
No obvious small fragment was found in non-reduced SDS-PAGE for an rhIL-12 in-house reference
(Figure 1A), suggesting that the fragment was not produced during SDS-PAGE. All test samples were
bulks without any ingredients (such as a stabilizer) and were stored at −70 ◦C since prepared, which
was conducted for over two years for the in-house reference and for a few months for the S01, S02 and
S03 batches. It is generally recognized that proteins should be stable at −70 ◦C for an extended period
of time (ultimately for a period of years). The in-house reference in this case had been stored for an
even longer period, suggesting that the small fragment was not produced during storage. Thus it could
be a product-related impurity or a process-related impurity originally existing in the rhIL-12 bulks.
As an unknown protein impurity, it may bring about safety risks (such as toxicity or immunogenicity).
We tried to identify the small fragment in SDS-PAGE in the following study.
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Figure 1. Purity and molecular weight determination of rhIL-12. (A,B) Purity determination of rhIL-12
bulks (S01, S02 and S03) by non-reduced SDS-PAGE and SEC-HPLC. (C,D) Molecular weight of p40
fragments by MS for rhIL-12 sample S01. (E) Molecular weight of p35 by MS for rhIL-12 sample S01.
(F) Molecular weight of intact p40 by MS for rhIL-12 in-house reference.

Table 1. Purity of recombinant human interleukin-12 (rhIL-12) bulks by SDS-PAGE and size-exclusion
chromatography (SEC)-HPLC.

Sample ID
Multimer (%) a Monomer (%) a Fragment (%) a

SDS-PAGE SEC-HPLC SDS-PAGE SEC-HPLC SDS-PAGE SEC-HPLC

S01 0.69 4.19 92.00 95.81 7.31 –b

S02 0.71 2.96 91.32 97.04 7.97 –b

S03 0.98 4.60 91.29 95.40 7.73 –b

a. The relative percentage contents were calculated by the area normalization method. b. Not detected.
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2.2. Identification of rhIL-12 Fragment by UPLC/MS and N-Terminal Sequencing

UPLC/MS was employed to detect if there was any cleavage in the rhIL-12 peptides. For most
glycoproteins, N-linked sugar chains are complex and heterogeneous, and are always removed for the
determination of molecular weight (MW) by MS. The rhIL-12 samples were denatured by dithiothreitol
(DTT) and deglycosylated by PNGase F before analysis. MW results are listed in Table 2. For subunit
p35, although O-glycosylation caused heterogeneity in its MW, the measured and theoretical MWs
were basically matched (Figure 1E). As for subunit p40, it is composed of 306 amino acids and its
theoretical MW is 34698.03 Da. The measured value of the rhIL-12 in-house reference was 34697.40 Da
(Figure 1F), which is highly consistent with the theoretical value. However, no intact p40 subunit was
found in the rhIL-12 sample from manufacturer B. Instead, two fragments of 5.3 kDa and 29.4 kDa were
detected (Figure 1C,D). The 29.4 kDa and 5.3 kDa fragments were consistent with the 1–260 amino
acid sequence and the 261–306 amino acid sequence of subunit p40, respectively, which suggests
that a cleavage did occur in subunit p40, and that the cleavage site was between Lys260 and Arg261,
a dibasic site, as listed in Table 2. Since the inter-subunit disulfide bond is between the Cys177 of
subunit p40 and the Cys74 of subunit p35 [14], the 29.4 kDa fragment should still be linked to subunit
p35 covalently.

Table 2. Molecular weight (MW) of rhIL-12 (S01) by MS.

Subunit
Amino Acid

Sequence
Theoretical
MW (Da)

Measured MW
(Da)

Error
(Da)

Relative Error
(ppm)

p40 1–260 29415.12 a 29414.00 1.12 38
261–306 5300.93 5300.60 0.33 62

p35 1–197
22544.21 b 22543.60 0.61 27
23200.80 c 23199.00 1.80 78
23492.06 d 23490.20 1.86 79

a. One N-glycosylation (Glu→Gln) caused an increase of 0.98 Da; b. Two N-glycosylations (Glu→Gln) caused
an increase of 1.96 Da; c. O-glycosylation (GlcNAc-Man-SA) caused an increase of 656.59 Da based on b;
d. O-glycosylation (GlcNAc-Man-2SA) caused an increase of 947.85 Da based on b.

To verify whether the small peptide in the non-reduced SDS-PAGE was the 5.3 kDa fragment
of subunit p40, we further identified it by N-terminal sequencing. The measured sequence of
16 N-terminal amino acids was REKKDRVFTDKTSATV, which was completely consistent with
the theoretical N-terminal sequence of the 5.3 kDa fragment, confirming that the small peptide in
non-reduced SDS-PAGE was the 5.3 kDa fragment of subunit p40. The Cycles 2 to 6 are shown in
Figure S1. The reason why it was only present in non-reduced SDS-PAGE but absent in SEC-HPLC may
be due to the different running systems of SEC-HPLC (native) compared with SDS-PAGE (denatured).
The fragment may bind to the remaining part of IL-12 non-covalently in a native environment
but dissociate in a denatured environment. To test this further, we next evaluated the effect of
the denaturant.

2.3. Effect of Denaturant on rhIL-12 Pattern in Native PAGE and SEC-HPLC

The rhIL-12 sample S01 was treated with 0%, 0.2% or 0.02% SDS for 10 min at room temperature
before being tested by native PAGE and SEC-HPLC. In non-denatured PAGE, no fragment was found
without the presence of SDS or with the presence of 0.02% SDS, but in the case where 0.2% SDS
was employed, the small fragment reappeared (Figure 2A). In SEC-HPLC, with the presence of SDS
(both 0.02% and 0.2%), the small fragment appeared (Figure 2B). SDS is amphipathic in nature, which
allows it to unfold both polar and nonpolar sections of a protein structure. In SDS concentrations
above 0.1 mM (0.003%), the unfolding of proteins begins, and above 1 mM (0.03%), most proteins
are denatured [19]. These results suggest that the 5.3 kDa fragment bound to the remaining part
of IL-12 non-covalently in a non-denatured environment, and dissociated with the presence of SDS.
This explains why the 5.3 kDa fragment was only visible in SDS-PAGE but not in SEC-HPLC.
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Figure 2. Effect of SDS on rhIL-12 pattern in native PAGE and SEC-HPLC. The rhIL-12 bulk S01 was
treated by 0%, 0.02% and 0.2% SDS before analysis. (A) Native PAGE. (B) SEC-HPLC.

As for the inconsistency between native PAGE and SEC-HPLC with the presence of 0.02% SDS,
this may be caused by a different reaction time. For PAGE, all samples were loaded onto the gel at the
same time, but for SEC-HPLC, samples were analyzed in sequence (0%, 0.02% and 0.2% SDS), meaning
that the reaction time of samples for SEC-HPLC were unequal and longer than for PAGE. The longer
reaction time of SDS always brings about greater efficiency in terms of denaturation.

2.4. Cleavage Site in 3D Structure of rhIL-12

The p40 subunit consists of three domains, FN3, rhIL-12p40_C and IGc2 [20]. As shown in
Figure 3, the cleavage occurs between Lys260 and Arg261, and a 5.3 kDa fragment is located in
the FN3 domain of subunit p40, which is tightly folded. The cleavage site is a basic rich sequence
(Lys-Ser-Lys-Arg-Glu-Lys-Lys) exposed on the surface of the molecule. Lys260-Arg261 is a dibasic site,
liable to be targeted by endogenous protease [21–23], and residual proteases used for the removal of
protein purification tag(s) (if any) may have a nonspecific effect on the site. Other than this, low pH
conditions could also induce the instability of basic amino acids. The cleavage may occur during the
production or the purification process. Intermediate products at different steps of the process should
be analyzed to figure out at which step the cleavage occurred and to develop an appropriate strategy
to avoid this occurrence.

In the spatial structure of IL-12, the 5.3 kDa sequence is located in the C-terminal of subunit p40,
and binds tightly with the rest of the FN3 domain, which should be the reason for its absence in native
PAGE and SEC-HPLC. However, in non-reduced SDS-PAGE, a denatured environment destroyed the
non-covalent bond and the fragment was disassociated and finally appeared in the electrophoretogram.
For proteins, non-reduced SDS-PAGE is usually the first choice as an assay of purity, not only because
of its reliability and ease, but also because of its ability to separate the fragments binding to the
principal component non-covalently.
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Figure 3. 3D structure of IL-12. The alpha chain (green) is subunit p35. Subunit p40 consists of three
domains: FN3 (brown), rhIL-12p40_C (blue) and IGc2 (pink). The yellow region is the 5.3 kDa fragment,
a part of the FN3 domain. This 3D structure was obtained from the Protein Data Bank (PDB) website
(ID: 1F45).

2.5. Influence of Cleavage on Bioactivity

Although cleavage occurred, if the spatial structure remained intact, proteins could still function
properly. Next, we confirmed whether this cleavage had any negative influence on its bioactivity
by comparing its specific activity with the rhIL-12 in-house reference (intact IL-12). The biological
activity of rhIL-12 was determined by NK92MI/interferon γ release assay, which served to test its
induction of interferon γ release in NK92MI cells. Figure 4 shows the dose-response curves of the
World Health Organization (WHO) biological standard for rhIL-12, the rhIL-12 in-house reference
and samples (S01–S03). The results of the protein content and biological activity are listed in Table 3.
Three batches of fractured rhIL-12 (S01, S02 and S03) showed half the specific activity of intact rhIL-12.

Figure 4. Dose-response curves of WHO biological standard for rhIL-12, the rhIL-12 in-house reference
and rhIL-12 samples (S01–S03). Each plot represents the mean of two replicates.

Table 3. The results of protein content, biological activity and specific activity.

Samples
Protein Content (mg/mL, Mean

of Three Replicates)
Biological Activity (units/mL,

Mean of Three Replicates)
Specific Activity

(units/mg)

In-house reference 1.78 1.57 × 107 8.81 × 106

S01 0.35 1.56 × 106 4.45 × 106

S02 0.34 1.46 × 106 4.31 × 106

S03 0.35 1.57 × 106 4.48 × 106
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Although no intact IL-12 molecule was found in the rhIL-12 bulks from manufacturer B by MS,
50% of the total activities were reserved. The reason for this may be that half of the 5.3 kDa fragments
were folded properly with the remaining part of the IL-12, forming an intact spatial structure, or that
the incomplete spatial structure still retained partial activity, which should be further studied by spatial
structure analysis. Nonetheless, the cleavage had a negative effect on the biological activity of rhIL-12.

3. Materials and Methods

3.1. Materials

The WHO biological standard for IL-12 was obtained from the National Institute for Biological
Standards and Control (NIBSC code: 95/544). The rhIL-12 in-house reference (bulk from manufacturer
A, Qingdao, China) and samples S01, S02 and S03 (different batches of bulks from manufacturer B,
Guangzhou, China) were archived samples that had been preserved at −70 ◦C in our laboratory.

3.2. Electrophoresis Analysis

Purity was evaluated by non-reduced SDS-PAGE performed on a 4–20% SDS-tris-glycine gel
(Thermo Fisher Scientific, Carlsbad, CA, USA). Samples were diluted in a non-reducing SDS sample
buffer and heated at 95 ± 5 ◦C for 5 min with 10 μg of each sample loaded onto the gel. The samples
were separated by electrophoresis and the gel was stained with 0.25% w/v Coomassie R-250 (Bio-Rad,
Hercules, CA, USA), destained for clarity, and scanned. The relative percentage contents were
calculated using the area normalization method. For native PAGE, SDS was excluded from the
electrophoresis system.

3.3. Size-Exclusion Chromatography Analysis

LC separation was performed on a Waters2695 system with a TSK-GEL G3000 SWXL column
(300 mm × 7.8 mm, Tosoh, Japan). The injection volume was 50 μL. The flow rate was 0.5 mL/min
using an elution buffer of 40 mM phosphate buffer containing 300 mM sodium sulfate (pH 7.2) and
the column temperature was maintained at 25 ◦C. The detection was performed on a Waters2489 UV
detector (Waters, Milford, MA, USA) at 280 nm. Data were acquired and processed using Waters
Empower (Waters Corporation, Milford, MA, USA). The relative percentage contents were calculated
by the area normalization method.

3.4. UPLC/MS

The rhIL-12 samples were denatured by 10mM DTT (Sigma, St. Louis, MO, USA) and
deglycosylated by PNGase F (New England Biolabs, Beijing, China), then analyzed by the Acquity
UPLC system connected online to a Xevo G2-S mass spectrometer (Waters Corporation, Milford, MA,
USA). The column was a Waters BEH300 C4 column (2.1 mm × 50 mm, 1.7 μm particle). The flow
rate was 0.2 mL/min using a gradient from 5% to 50% Solvent B (Solvent B being 0.1% formic acid in
acetonitrile, Solvent A being 0.1% formic acid in water) in 7 min at a column temperature of 35 ◦C.
The scan range of the mass spectrometric was m/z 500–3000. Data were acquired and processed using
UNIFI 1.6 (Waters Corporation, Milford, MA, USA).

3.5. N-Terminal Sequencing

The rhIL-12 sample (S01) was condensed to about 2 mg/mL by ultrafiltration using 3 kDa
centrifugal filters (Merck Millipore Ltd., Tullagreen, Ireland). Then, 32 μL of the sample (64 μg)
was mixed with 8 μL non-reducing SDS sample buffer (5×) and heated at 95 ± 5 ◦C for 5 min,
and subsequently loaded onto a 4–20% Tris-glycine gel and separated by SDS-PAGE. Proteins were
transferred electrophoretically onto a polyvinylidene fluoride (PVDF) membrane. The small fragment
was excised and subjected to 16 cycles of N-terminal sequence analysis using a PPSQ-53A protein
sequencer (Shimadzu, Kyoto, Japan).
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3.6. Measurement of rhIL-12 Concentration and Bioactivity

The protein contents of the rhIL-12 in-house reference and samples were determined by a
Pierce™ BCA protein assay kit (Thermo scientific, Rockford, IL, USA) according to the manufacturer’s
instructions. The bioactivity of rhIL-12 was determined by quantifying IFN-γ secretion by the
IL-12-responsive NK-92MI cell line (American Type Culture Collection, Manassas, VA, USA) cultured
in complete media consisting of Minimum Essential Medium α (MEMα) supplemented with 12%
fetal bovine serum (FBS), 12% horse serum, 1% penicillin/streptomycin, 0.2 mM inositol, 0.02 mM
folic acid and 0.1 mM 2-mercaptoethanol. In brief, cultured NK-92MI cells were seeded in a
96-well plate at 20,000 cells/well. The WHO biological standard for IL-12, the rhIL-12 in-house
reference and the samples were added to the cells at final concentrations of 10 ng/mL~0.0006 ng/mL.
IFN-γ concentrations in NK92-MI supernatants after 24 hours were quantified using an IFN-γ ELISA
kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions.

4. Conclusions

Collectively, all our results proved that the small fragment in non-reduced SDS-PAGE was a
261–306 amino acid sequence of subunit p40, located in the FN3 domain, a tightly folded domain in
the IL-12 spatial structure. The fragment could bind to the remaining part of IL-12 non-covalently and
dissociate in a denatured environment. The cleavage site was found to be a basic rich sequence exposed
on the surface of the molecule. The cleavage may occur during the production or the purification
processes. Fractured rhIL-12 proteins had deficient biological activity. Additionally, the cleavage
was not unique, found not only in samples from manufacturer B but also in samples from another
manufacturer, manufacturer C (data not shown). Thus, it is necessary to find the cause of the cleavage
and develop an appropriate strategy to avoid its occurrence. Our work provides an important
reference for the quality control of the production process and final products of rhIL-12, as well as an
improvement in the production technology. This study reveals the importance of purity determination
through a combination of analytical procedures with different principles.

Supplementary Materials: The following are available online, Figure S1: Determination of N-terminal amino
acid sequence by Edman degradation.
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Abstract: Myrosinase is an enzyme present in many functional foods and spices, particularly in
Cruciferous vegetables. It hydrolyses glucosinolates which thereafter rearrange into bioactive volatile
constituents (isothiocyanates, nitriles). We aimed to develop a simple reversible method for on-gel
detection of myrosinase. Reagent composition and application parameters for native PAGE and
SDS-PAGE gels were optimized. The proposed method was successfully applied to detect myrosinase
(or sulfatase) on-gel: the detection solution contains methyl red which gives intensive red bands
where the HSO4

− is enzymatically released from the glucosinolates. Subsequently, myrosinase was
successfully distinguished from sulfatase by incubating gel bands in a derivatization solution and
examination by LC-ESI-MS: myrosinase produced allyl isothiocyanate (detected in conjugate form)
while desulfo-sinigrin was released by sulfatase, as expected. After separation of 80 μg protein of
crude extracts of Cruciferous vegetables, intensive color develops within 10 min. On-gel detection was
found to be linear between 0.031–0.25 U (pure Sinapis alba myrosinase, R2 = 0.997). The method was
successfully applied to detection of myrosinase isoenzymes from horseradish, Cruciferous vegetables
and endophytic fungi of horseradish as well. The method was shown to be very simple, rapid and
efficient. It enables detection and partial characterization of glucosinolate decomposing enzymes
without protein purification.

Keywords: myrosinase; thioglucosidase; sulfatase; on-gel detection; desulfo-sinigrin; LC-ESI-MS

1. Introduction

The glucosinolate-myrosinase-isothiocyanate system is a widely distributed chemical defense
system of the Brassicales [1]. As the volatile isothiocyanates are highly bioactive molecules that are at
the same time beneficial to human consumers, the system is of high scientific and industrial interest [2].

The plants biosynthesize the glucosinolate precursors, which come in contact with their activation
enzyme myrosinase under some circumstances, usually when tissue damage occurs [1]. The reaction
catalyzed by myrosinase (EC 3.2.1.147) is a thioglucoside hydrolysis which results in an unstable
thiohydroximate that subsequently undergoes spontaneous rearrangement (Figure 1). The default
products are isothiocyanates, or, in vivo in the presence of so called specifier proteins, other less toxic
volatiles can be formed. The activity itself is shown to be present in various Brassicaceae plants [3,4],
microorganisms [5–7], and organisms associated with such plants, like endophytes from horseradish
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roots [8] or some insects feeding on host plants with such metabolites [9–11]. A simple plant can
contain various myrosinase isoenzymes, as shown in Arabidopsis thaliana [12] and other Brassicaceae
plants [13–16].

Full characterization of enzymes requires purification during which activity is usually monitored
by a routine, specific assay. Purification of enzymes with this activity was successful from several
sources, including various Brassicaceae plants [4,13,17,18], microorganisms [6,7] or insects [11,19].
Myrosinase assays usually detect either the decomposition of the substrate (glucosinolates), or release
of one of the product compounds. The possibilities include direct detection of volatile products by
GC-MS [20,21], measurement of the released acid (pH stat assay) [22], a decrease of concentration of the
glucosinolate substrate via spectrophotometry or chromatographic techniques [23,24], or derivatization
of the released glucose (Figure 1) via coupled enzyme reactions [25]. The detection of the enzyme by
immunological methods [26–28] is also a viable option.

 

Figure 1. The main breakdown scheme of glucosinolates with possible detection methods of the
products. Enzymatic reactions are shown with bold arrows, enzymes have italic font. The reactions that
occur in vivo, are shown in black. Detection methods are either blue (those which require an operating
myrosinase) or green (methods reliant only on similarity of sequences). The default rearrangement
products of the thiohydroximates are isothiocyanates, alternative reaction products (from top to bottom)
are nitriles, thiocyanates and epithionitriles. In our model, R1 = allyl- (sinigrin is converted to allyl
isothiocyanate), R2 = 2-aminoethyl- (cysteamine).

Detection by immunological methods are very specific, and monoclonal anti-myrosinase
antibodies, such as 3D7 are available for research [13,27,28]. However, while they can also detect
myrosinases in inactive (denaturated) form, they are unable to detect proteins that have myrosinase
activity, but are structurally unrelated to that used for antibody production. As they have evolved
independently, myrosinases from different sources can vary considerably, which is perhaps highlighted
by the fact that ascorbic acid inhibits the myrosinases of a cabbage aphid [11], marginally activates the
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myrosinase of Citrobacter [6], and activates plant myrosinases to a high extent [13]. If a myrosinase is
to be detected that has unrelated peptide sequence to that of the known ones, insufficient binding of
the primary antibody is likely.

Unfortunately, the above activity-based methods interfere with later protein purification steps,
or suffer from other limitations. On-gel detection methods of myrosinases (thioglucosidases) include
that of [29–31] who used Ba2+ to form a whitish precipitate from the released SO4

2−. This approach also
worked when screening fungal isolates for such an activity [32]. However, there are also limitations.
Ba2+ forms white precipitates with a variety of anions (phosphate, carbonate, citrate), detection and
documentation of the pale white color in the transparent gels can be a challenge, especially when low
amounts of myrosinase is present. Perhaps therefore, there are no exact sensitivity data presented for
on-gel usage in the literature. Ba2+ can also strongly bind to some proteins (see e.g., [33]). Though no
data is available on this phenomenon with special respect to myrosinases, it might interfere with
subsequent purification and characterization. Another disadvantage is that Ba2+ is highly toxic and
requires special disposal. Another approach to detect myrosinase activity was the method of [34] who
used starch gels, and used the glucose-oxidase-peroxidase-o-toluidine mixture, which results in blue
colors if free glucose is present. This method has the advantage that it is more specific for myrosinase
(sulfatase does not liberate any glucose, Figure 1), but the obtained gel sample is not suitable for later
purification or characterization because of the added enzymes.

Seeing the limitations of the above, we aimed to develop a sensitive, straightforward on-gel assay
for myrosinase that can also be used to detect bands on native PAGE gels or SDS-PAGE gels, after a
simple washout protocol. Also, the development of an LC-ESI-MS method capable of distinguishing
myrosinase from sulfatase was aimed.

2. Results and Discussion

2.1. On-Gel Detection of Glucosinolate Decomposition

Our approach was to detect the release of H+, a side product of the myrosinase catalyzed
glucosinolate hydrolysis (Figure 1). The detection was planned to be accomplished using a pH
indicator in a weakly buffered reaction mixture. As myrosinase operates over a wide pH range [13],
the produced acidification, detected by the pH indicator, does not inactivate the enzyme.

Preliminary tests to choose the proper pH indicator were done in test tubes, using crude extracts
of horseradish roots containing high amounts of myrosinase. Congo red, bromocresol green and
methyl red were selected for the test, as they show color transition within the range pH 4–6. Methyl red
was chosen for further work as it provided the most spectacular color change during the in-vial
assay, its color transition from yellow to red can be observed in the pH range 6–4.4. After addition
of 10 μL myrosinase containing horseradish crude extract (typical protein content 45 μg) to 90 μL
of the unbuffered detection reagent, the mixture developed intensive reddish color usually within a
few minutes.

The least buffering capacity that still resulted in a stable solution (i.e., no spontaneous acidification
and color change within 24 h) was found to be 1 mM phosphate, pH 7.5, methyl red concentration was
100 μg mL−1. This was supplemented with the amount of sinigrin (6 mM) and ascorbic acid (1 mM)
usually used in on-gel detection assays [31]. Hence, the final composition of the detection reagent was
6 mM sinigrin, 1 mM ascorbate, 1 mM Na2HPO4, pH 7.5, 100 μg mL−1 methyl red.

The detection reagent was successfully used “as is” for on-gel detection. After washing of native
gels containing separated proteins of horseradish crude extracts, the myrosinase containing bands
were successfully detected using the proposed detection reagent. Many enzymes can release acid,
but the reaction conditions made the assay specific to glucosinolate decomposition: the proposed
detection reagent does not produce color change in the absence of sinigrin as shown in a PAGE of
horseradish crude extracts (Figure S1).
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The reaction was also positive with purified myrosinase. The bands from purified myrosinase from
Sinapis alba seeds (Sigma Aldrich, St. Louis, MO, USA) at 0.031–0.25 U, developed colors within 8 min
(Figure 2, Figures S2c and S3). The gel in Figure 2 was photographed at 4, 6 and 8 min and evaluated by
CP Atlas 2.0 gel image processing software (green channel). At 0.125 and 0.25 U, linear relationship was
found between the signal and the incubation time (R2 ≥ 0.996). At 4 min, R2 = 0.997 signal—activity
linearity was obtained in the range 0.031–0.25 U (also see Table S1). This means that besides qualitative
detection, approximate activity data can be obtained using the proposed method, within the given
activity range. It is worth to note, that in case of extremely low activities, it was possible to left
the gel covered for hours to detect minute amounts of myrosinase: no spontaneous acidification
(red background increase) was observed in such gels, supporting the stability of the mixture in the
absence of enzymes. The same amount of myrosinase did not result any white bands of BaSO4

precipitation after the attempt to detect with the detection reagent of [31].

(a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

Figure 2. Short-term time course of the detectable on-gel signal—a serial dilution of myrosinase
standard was detected with the proposed detection reagent containing sinigrin, 6 mM; ascorbic acid,
1 mM; Na2HPO4, 1 mM; pH 7.5; methyl red, 100 μg mL−1. 0.031–0.25 enzyme units (U) of Sinapis
alba thioglucosidase (myrosinase) standard) was separated on 7.5% native PAGE. Subplots: (a) 4 min,
(b) 6 min, (c) 8 min.
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The S. alba thioglucosidase as well as other plant myrosinase enzymes retained their activity after
separation on SDS-PAGE gels and washout of SDS (Figure 3b, Figures S2b,c and S3, Table S2). At 4 min,
R2 = 0.9899 signal—activity was also observed (Table S2). The proposed washout procedure ensures
elimination of the high amount of buffer and SDS that is typical during gel electrophoresis.

If desired, a higher sensitivity can be reached (at the cost of lower stability) by using a detection
reagent with a slightly lower pH, this results in earlier color development (Figure S4).

  

(a) (b) 
Figure 3. On-gel detection reaction of myrosinases from crude extracts of different species of
Brassicaceae. Subplots: (a) Crude extracts with 80 μg protein content were loaded on 7.5% native
PAGE. Samples: 1: Brassica oleracea var. gemmifera buds; 2: Brassica oleracea var. italica flowering
heads, 3: rocket salad (Eruca sativa) whole seedlings, 4: Brassica oleracea var. botrytis flowering heads,
5: Sinapis alba whole seedlings, 6–7: Armoracia rusticana roots from two different sources, StM: Sinapis
alba myrosinase standard. (b) 10% SDS-PAGE of horseradish root (Armoracia rusticana, 80 μg total
protein) crude extracts. Myrosinase activity was detected by the proposed detection reagent after
wash-out of SDS (left). The protein pattern of the horseradish root crude extract (center), and the
molecular weight marker (Page RulerTM Unstained Protein Ladder, Thermo Scientific, right) were
stained with Coomassie-Brillant Blue.

2.2. LC-ESI-MS of Products of Separated Sulfatase and Myrosinase Enzymes

As sulfatase also releases H+ and SO4
2− from sinigrin (Figure 1), a distinction has to be made

whenever there is a possibility that sulfatase is present instead of myrosinase. This was carried out
by LC-ESI-MS. We expected that incubation of sinigrin with myrosinase results in the release of allyl
isothiocyanate (AITC) while sulfatase produces desulfosinigrin (Figure 1). LC-ESI-MS has the ability to
detect desulfosinigrin with high sensitivity and specificity, while ITCs are usually detected by GC-MS,
however, we wanted a single distinguishing measurement. Therefore, given our experience with ITC
derivatization with thiols [24], we tested several thiols for ITC derivatization and LC-MS detection.
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Several thiols with various side-chains that can be expected to ionize well under ESI-MS conditions
were purchased and tested to react with 1 μg mL−1 allyl isothiocyanate in 50 mM NH4OAc buffer
(pH 9.0). The amount of ITC-thiol adduct (dithiocarbamate) produced is a function of pH [24], which is
controlled by addition of the buffering agent at 40-fold excess compared to the reagent.

After testing several derivatization reagents, cysteamine was found to form the most sensitively
detectable ITC derivates (Figure 1). The calibration curve in LC-ESI-MS was linear in the ranges
100–105 ng mL−1 for the cysteamine derivate (AITC equivalent, injecting 1 μL of derivatized sample).
The LOD for cysteamine–AITC adduct was as low as 1 ng mL−1. As compared to other LC-ESI-MS
methods, this LOD is in the range of the most sensitive ITC determination methods [35,36]. MS/MS
characterization of the cysteamine adduct (m/z 177.051) showed a major characteristic fragment
160.0248 ([M − NH3 + H]+, calcd. 160.0249, difference 0.6 ppm) as well as less intensive fragments
m/z 101.0423 and 73.0112.

After optimization of the derivatization method and the LC-ESI-MS parameters, sulfatase standard
(Helix pomatia), myrosinase standard (Sinapis alba) and horseradish crude extract were separated on slab
gels and detected using the proposed detection reagent. The Sinapis alba myrosinase and horseradish
crude extract yielded two and three bands, respectively, while sulfatase standard contained only
one. Thereafter, the active bands were cut out and incubated in a derivatization solution containing
0.24 mM sinigrin, 100 mM NaH2PO4 buffer (final pH 7.5), 1 mM ascorbic acid and 46.1 mM cysteamine.
Our previous study has shown that small aliphatic thiols are compatible with the myrosinase reaction,
no enzyme inhibition was observed with mercaptoacetic acid in the reaction medium [24].

As expected, reaction with the band containing sulfatase resulted in production of desulfo-sinigrin,
while reaction with all of the myrosinase bands (three from horseradish or two from Sinapis alba)
resulted in allyl isothiocyanate which subsequently spontaneously conjugated with cysteamine
(Figure 1 and Figure S5). Desulfosinigrin was identified using literature data [37]. The monoisotopic
exact mass of the [M + H]+ obtained was 280.0846 which matched the calculated value of 280.0849
(difference: −1.1 ppm). In MS/MS, the thioglycoside loses the glucose moiety, leading to a
characteristic fragment C4H8NOS at m/z 118.0323 (calculated 118.0321, difference: −1.7 ppm). In case
of the allyl-isothiocyanate adduct, the previously detected dithiocarbamate product was formed
and detected by LC-ESI-MS at m/z 177.051. Hence, sulfatase and myrosinase were successfully
distinguished using LC-ESI-MS without addition of any substance or enzyme that might hinder
possible later protein purification or characterization steps.

2.3. On-Gel Detection after Separation of Crude Extracts

The main applications of the given detection method is to aid myrosinase purifications, and
to study glucosinolate decomposing enzyme pattern of different organisms, which was achieved
successfully using the proposed procedure: a series of crude extracts from different Brassicaceae plants
were separated and their glucosinolate decomposing enzymes detected (Figure 3a). It is apparent, that
most vegetables contain different complexes or isoenzymes that show the activity of interest. In case
of the three isoenzymes from horseradish root crude extract, all three isoenzymes were proven to
be myrosinases by detecting their reaction product allyl-isothiocyanate by LC-ESI-MS. As sulfatase
activity is not described from Brassicaceae plants so far, the active bands of other vegetables most likely
myrosinase isoenzymes or different complexes thereof. Perhaps because of the heavy glycosylation
of these enzymes, separation efficacy in native PAGE and SDS-PAGE were similar (Figure S3a,b).
In horseradish samples separated on SDS-PAGE, the MW of the myrosinase band approximately
matches that published by [13] (Figure 3b).

Successful detection of glucosinolate-decomposing enzymes was also achieved from two of
the endophytic fungi of horseradish, Fusarium oxysporum and Macrophomina phaseolina, which were
recently shown to possess decomposing activity towards plant glucosinolates [8] (Figure S6).
As allyl-isothiocyanate-GSH conjugate was detected from the spent medium, but desulfoglucosinolates
were not [8], these organisms also likely possess myrosinase activity. The crude extract of the fungi
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(prepared with the same methodology as the crude plant extract) were shown to be orders of magnitude
less active than that of the vegetables.

3. Materials and Methods

3.1. Chemicals

All reagents were of analytical purity. Allyl isothiocyanate and cysteamine were from Sigma-Aldrich
(St. Louis, MO, USA). Congo red, bromocresol green and methyl red were from Reanal (Budapest,
Hungary). Sinigrin was from Phytoplan (Heidelberg, Germany). Buffer components (disodium phosphate,
ammonia, acetic acid, ammonium acetate) and ascorbic acid were from VWR (Debrecen, Hungary).
As water, type I water (18.2 MΩ cm−1) was used, which was produced by a Human Zeneer Power I water
purification system (Human corporation, Seoul, Republic of Korea).

3.2. Pure Enzymes

Myrosinase (thioglucosidase) standard from Sinapis alba was from Sigma Aldrich, 1 U is equivalent
to 1.0 μmole glucose min−1 from sinigrin at pH 6.0 at 25 ◦C. The used lot showed 260 U g−1 activity.
Sulfatase standard from Helix pomatia was from Sigma Aldrich, 1 U was equivalent to hydrolysis of
1.0 μmole p-nitrocatechol sulfate h−1 at pH 5.0 at 37 ◦C (30 min assay). The enzyme used showed
30,320 U g−1 activity.

3.3. Organisms

Wild or commercial samples of the following plants were used: horseradish (Armoracia rusticana)
root; Armoracia macrocarpa leaf; white mustard (Sinapis alba) seeds and whole seedlings; black mustard
(Sinapis nigrum) seeds, black radish (Raphanus sativus var. sativus) root, rocket salad (Eruca sativa) leaf
and seedlings, Brussels sprouts (Brassica oleracea var. gemmifera) buds, broccoli (Brassica oleracea var.
italica) flowering heads and cauliflower (Brassica oleracea var. botrytis) flowering heads.

Selected horseradish endophytes from our previous study [8] (Fusarium oxysporum, Macrophomina
phaseolina) were grown in inactivated horseradish extract until reaching stationary phase of growth
in which decomposition of sinigrin usually initiates (5 and 7 days, respectively). The inactivated
horseradish extract was prepared using boiling methanol, therefore it does not contain any active
enzymes. It was standardized to contain 12 mM (5 mg mL−1) sinigrin. The preparation of the
inactivated horseradish extract and the inoculation parameters were the same as in our recent work [8].

3.4. Sample Preparation

The enzyme containing crude extracts were prepared as in our recent study [24]. Briefly, the raw
plant material was mixed in a blender with cold 25 mM phosphate buffer (pH 6.5), centrifuged
(13,000 rpm, 5 min), filtered on PES 0.22 μm membrane if necessary, and used directly for gel
electrophoresis after protein content determination by a Bradford assay [38] as described earlier.

3.5. Testing of Detection Reagents

Congo red, bromocresol green or methyl red was dissolved in MeOH (1 mg mL−1), and added to a
mixture containing 6 mM sinigrin, 1 mM ascorbic acid, pH 8.0. To a 90 μL aliquot of the above mixture,
10 μL of horseradish crude extract (equivalent to about 45 μg protein) was added. The reaction mixture
was subsequently incubated for about 15–30 min. As a positive control, 10 μL 0.1 M HCl was added to
the mixture. To negative controls, 10 μL distilled water was added.

The final solution consisted of 1 mM Na2HPO4, 1mM ascorbic acid, 100 μg mL−1 methyl red
(from a 1 mg mL−1 solution of methyl red in MeOH), 6 mM (2.5 mg mL−1) sinigrin. The pH of
the solution was adjusted to 8.0 with 0.1 M NaOH solution before adding methyl red and sinigrin.
Addition of the residual components decreased the pH to a final value of 7.5.
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3.6. Gel-Electrophoresis

Polyacrylamide slab gels (5.7% top/stacking and 10 or 7.5% bottom/resolving gels) with
discontinuous buffer system were prepared according to [31,39] and used for on-gel detection of
myrosinase. The optimal protein content of samples loaded onto gels were 20–200 μg depending on
plant samples. After electrophoresis at 4 ◦C in dark, 20–22 mA/gel, gels were washed several times in
purified/distilled water at room temperature to wash out the buffering electrolytes. For the successful
reaction, the measured pH of the spent washing water was comparable to that of the washing distilled
water (6.85–7.4). In our setup, samples were allowed to overrun for 35 min which made the separation
of the more slowly migrating proteins better.

10 and 7.5% SDS-PAGE were used to investigate the ability of myrosinases for renaturation.
Plant crude extracts were loaded together with molecular weight marker (PageRuler Unstained Protein
Ladder 200–10 kDa, BLUeye prestained Protein Ladder 245–11 kDa, Sigma-Aldrich) to estimate
molecular weight. After electrophoresis, renaturation of proteins was performed by washing out SDS
in 20% (v/v) 2-propanol in water (2 × 15 min.). These steps were followed by washing with sterilized
distilled water to obtain the optimal pH.

3.7. On-Gel Detection

For the reaction, 4 mL detection reagent was uniformly distributed on the surface of 90 × 120 mm
gel on a glass or plastic foil. When samples with very different myrosinase activities are investigated,
using of striped slab gels is recommended to avoid the cross-contamination between lanes. The typical
reaction time of our plant samples was 10 min.

3.8. LC-ESI-MS

The UHPLC system (Ultimate 3000RS, Dionex, Sunnyvale, CA, USA) was coupled to a Thermo Q
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped
with an electrospray ionization source (ESI). The column was a Phenomenex Kinetex XB-C18 column
(100 mm × 2.1 mm × 2.6 μm), oven temperature was maintained at 30 ◦C, flow rate was 250 μL min−1.
Eluent A was 100% water and eluent B was 100% acetonitrile. Both contained 0.1% formic acid as
modifier. The following gradient elution program was used: 0 min, 95% A, 0–2 min, 95% A; 2–5 min,
75% A; 5–6 min, 40% A; 6–7 min, 0% A; 7–9 min, 0% A; 9–10 min, 95% A, 10–18 min, 95% A. 1 μL of
the samples were injected in every run. The Q Exactive hybrid quadrupole-orbitrap mass spectrometer
was operated in positive ion mode with the following parameters: capillary temperature 320 ◦C,
spray voltage 4.0 kV, the resolution was set to 70,000. The mass range scanned was 150–1000 m/z.
The maximum injection time was 100 ms. The resolution was set to 17,500 in the cases of MS2 scans.
The collision energy was 30 NCE. Sheath gas and aux gas flow rates were 32 and 7 arb, respectively.

3.9. Enzyme Reaction for Distinguishment of Myrosinase and Sulfatase

2.5 U of sulfatase and myrosinase standard as well as horseradish 80 μg protein was separated on
a native gel. The gel pieces showing activity with the proposed reagent were washed with water and
subsequently immersed in the derivatization solution, and incubated overnight at room temperature.
The derivatization solution consisted of 3.56 mg mL−1 (46.1 mM) cysteamine, 100 mM NaH2PO4,
1 mM ascorbic acid and 240 mM (100 μg mL−1) sinigrin. The pH of the solution was adjusted to 7.7
with 10M NaOH solution. The solution was diluted 25-fold with MeOH, centrifuged and 1 μL was
injected to LC-ESI-MS as described above.

4. Conclusions

An inexpensive and simple method has been developed for on-gel detection of
glucosinolate-decomposing enzymes, which is based on release of the HSO4

−, i.e., the acidification of
the reaction medium which is detected by methyl red pH indicator. When sufficient enzyme is present
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(which is the case when loading 80 μg protein for most tested Brassicaceae vegetables) the reaction
is rapid (color develops within 10 min). Subsequent analysis by LC-MS allows one to distinguish
myrosinase from sulfatase activity when necessary. The proposed detection method enables rapid
detection of myrosinases and sulfatases from different sources after on-gel separation. We think the
method can be of use for food chemistry research, functional characterization of the plant microbiome,
chemical ecologists, and plant physiology studies as well.
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24. Gonda, S.; Kiss-Szikszai, A.; Szűcs, Z.; Nguyen, N.M.; Vasas, G. Myrosinase Compatible Simultaneous
Determination of Glucosinolates and Allyl Isothiocyanate by Capillary Electrophoresis Micellar Electrokinetic
Chromatography (CE-MEKC). Phytochem. Anal. 2016, 27, 191–198. [CrossRef] [PubMed]

25. Wilkinson, A.; Rhodes, M.; Fenwick, G. Determination of Myrosinase (thioglucoside Glucohydrolase)
Activity by a Spectrophotometric Coupled Enzyme Assay. Anal. Biochem. 1984, 139, 284–291. [CrossRef]

26. Bones, A.M.; Thangstad, O.P.; Haugen, O.A.; Espevik, T. Fate of Myrosin Cells: Characterization of
Monoclonal Antibodies Against Myrosinase. J. Exp. Bot. 1991, 42, 1541–1550. [CrossRef]

27. Andréasson, E.; Jørgensen, L.B.; Höglund, A.-S.; Rask, L.; Meijer, J. Different Myrosinase and Idioblast
Distribution in Arabidopsis and Brassica napus. Plant Physiol. 2001, 127, 1750–1763. [CrossRef] [PubMed]

28. Lenman, M.; Rödin, J.; Josefsson, L.-G.; Rask, L. Immunological characterization of rapeseed myrosinase.
Eur. J. Biochem. 1990, 194, 747–753. [CrossRef] [PubMed]

29. MacGibbon, D.B.; Allison, R.M. A method for the separation and detection of plant glucosinolases
(myrosinases). Phytochemistry 1970, 9, 541–544. [CrossRef]

30. Bones, A.; Slupphaug, G. Purification, Characterization and Partial Amino Acid Sequencing of
β-thioglucosidase from Brassica napus L. J. Plant Physiol. 1989, 134, 722–729. [CrossRef]

31. Shikita, M.; Fahey, J.W.; Golden, T.R.; Holtzclaw, W.D.; Talalay, P. An unusual case of “uncompetitive
activation” by ascorbic acid: Purification and kinetic properties of a myrosinase from Raphanus sativus
seedlings. Biochem. J. 1999, 341, 725–732. [CrossRef] [PubMed]

32. Rakariyatham, N.; Butrindr, B.; Niamsup, H.; Shank, L. Screening of filamentous fungi for production of
myrosinase. Braz. J. Microbiol. 2005, 36, 242–245. [CrossRef]

33. Sharma, A.; Yogavel, M.; Sharma, A. Utility of anion and cation combinations for phasing of protein
structures. J. Struct. Funct. Gen. 2012, 13, 135–143. [CrossRef] [PubMed]

34. Vaughan, J.G.; Gordon, E.; Robinson, D. The identification of myrosinase after the electrophoresis of Brassica
and Sinapis seed proteins. Phytochemistry 1968, 7, 1345–1348. [CrossRef]

35. Wang, H.; Lin, W.; Shen, G.; Khor, T.-O.; Nomeir, A.A.; Kong, A.-N. Development and Validation of an
LC-MS-MS Method for the Simultaneous Determination of Sulforaphane and its Metabolites in Rat Plasma
and its Application in Pharmacokinetic Studies. J. Chromatogr. Sci. 2011, 49, 801–806. [CrossRef] [PubMed]

34



Molecules 2018, 23, 2204

36. Platz, S.; Kuehn, C.; Schiess, S.; Schreiner, M.; Mewis, I.; Kemper, M.; Pfeiffer, A.; Rohn, S. Determination
of benzyl isothiocyanate metabolites in human plasma and urine by LC-ESI-MS/MS after ingestion of
nasturtium (Tropaeolum majus L.). Anal. Bioanal. Chem. 2013, 405, 7427–7436. [CrossRef] [PubMed]

37. Kusznierewicz, B.; Iori, R.; Piekarska, A.; Namieśnik, J.; Bartoszek, A. Convenient identification of
desulfoglucosinolates on the basis of mass spectra obtained during liquid chromatography–diode
array–electrospray ionisation mass spectrometry analysis: Method verification for sprouts of different
Brassicaceae species extracts. J. Chromatogr. A 2013, 1278, 108–115. [CrossRef] [PubMed]

38. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

39. Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]

Sample Availability: Not available. Sampling of wild plants complied with local legislation and guidelines.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

35



molecules

Communication

First Look at the Venom of Naja ashei

Konrad Kamil Hus 1, Justyna Buczkowicz 1, Vladimír Petrilla 2,3, Monika Petrillová 4,

Andrzej Łyskowski 1, Jaroslav Legáth 1,5 and Aleksandra Bocian 1,*

1 Department of Biotechnology and Bioinformatics, Faculty of Chemistry, Rzeszow University of Technology,
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Abstract: Naja ashei is an African spitting cobra species closely related to N. mossambica and
N. nigricollis. It is known that the venom of N. ashei, like that of other African spitting cobras,
mainly has cytotoxic effects, however data about its specific protein composition are not yet available.
Thus, an attempt was made to determine the venom proteome of N. ashei with the use of 2-D
electrophoresis and MALDI ToF/ToF (Matrix-Assisted Laser Desorption/Ionization Time of Flight)
mass spectrometry techniques. Our investigation revealed that the main components of analysed
venom are 3FTxs (Three-Finger Toxins) and PLA2s (Phospholipases A2). Additionally the presence
of cysteine-rich venom proteins, 5′-nucleotidase and metalloproteinases has also been confirmed.
The most interesting fact derived from this study is that the venom of N. ashei includes proteins not
described previously in other African spitting cobras—cobra venom factor and venom nerve growth
factor. To our knowledge, there are currently no other reports concerning this venom composition
and we believe that our results will significantly increase interest in research of this species.

Keywords: Naja ashei; venom composition; 2-D electrophoresis; proteomics

1. Introduction

Electrophoretic techniques have been extensively used during past years to analyze complex
mixtures of peptides and proteins like snake venoms. Rapid development of chromatographic
techniques coupled with mass spectrometry is considered as standard in modern proteomics, however
two-dimensional electrophoresis still remains an important method in analysis of venom variation,
post-translational modifications or whole proteome mapping.

The African spitting cobras are widely distributed throughout the dry, open areas of sub-Saharan
region. They are present from Senegal in the west to Somalia in the east, and from southern Egypt
in the north to South Africa. This group comprises several snake species, including Naja nigricollis,
N. katiensis and N. pallida. In 2007, N. ashei became another representative of African spitting cobras as
Wüster and Broadley have classified it as a separate species [1]. In general, N. ashei venom has similar
properties to the venoms of other African spitting cobras. It can cause local tissue damage, i.e., oedema,
blistering and necrosis of the skin and subcutaneous connective tissue [2–5]. In addition, the venom
is often spat into the eyes causing ophthalmic lesions [6]. After snake attack, a rapid development
of tissue necrosis is observed, and in cases when antivenom treatment is administered too late, local
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lesions often lead to chronic ulceration, osteomyelitis, arthrodesis, hypertrophic scars, keloid formation
and, in some chronic cases, malignant transformation [5].

Proteomic analysis of the spitting cobra venom composition revealed that in majority it consists
of three-finger toxin (3FTx) and cytotoxic phospholipase A2 (PLA2) molecules accounting, respectively,
for 67–73% and 22–30% of the total venom proteins. The third largest group of proteins are the snake
venom metalloproteinases (SVMPs) from PIII subfamily. There are also some other proteins that are less
universal for all African spitting cobras, for instance: nucleotidases, cysteine-rich secretory proteins
(CRISPs) or nawaprin [7].

So far, to our knowledge, no one has undertaken an analysis of the protein or peptide composition
of Naja ashei venom. Therefore, in our study we present for the first time our initial venom
composition results determined with the use of 2-D electrophoresis coupled with MALDI ToF/ToF
mass spectrometry analysis.

2. Results

Distribution of spots on the obtained gels clearly indicated that the vast majority of proteins in
the Naja ashei venom have a low molecular weight and clearly basic character (Figure 1). On the gel
there were about 80 spots in the pH range of 3–10. The exact number was impossible to determine
because of the smears, spot trains and inaccurate separation of the most abundant spots.

 

Figure 1. Representative 2-D protein map obtained from Naja ashei venom. 5′N—Snake venom
5′-nucleotidase; SVMPs—Snake venom metalloproteinases; CRISPs—Cysteine-rich venom proteins;
CVF—Cobra venom factor; VNGF—Venom nerve growth factor, PLA2s—Phospholipases A2;
3FTx—Snake three-finger toxin family.

The results for protein identification using MALDI ToF/ToF mass spectrometry are summarized
in Table 1. Identified proteins were grouped into seven major groups (Figure 2).
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Figure 2. The percentage distribution of different protein groups in Naja ashei proteome calculated on
the basis of %Vol of particular spots on gels. Abbreviations are the same as in Figure 1.

Using the %Vol of each spot on the gel, relative amounts of individual protein fractions in the
venom of N. ashei were determined. Percentage distribution of protein groups is presented in Figure 2.
According to this analysis, the most abundant proteins are cytotoxins belonging to snake three-finger
toxins (almost 70%). The second highly abundant group are phospholipases A2 (27%). The share
of other groups of proteins: metalloproteinases, venom nerve growth factor, cysteine-rich venom
proteins, cobra venom factor, snake venom 5′-nucleotidase does not exceed 5% of the total protein
content (Figure 2).

3. Discussion

Proteomic analysis of the venoms of African species of spitting cobras has revealed similar
properties and protein profiles [7]. We discovered seven groups of proteins, among which 3FTxs and
phospholipases A2 were the most abundant. The remaining five groups of proteins (SVMPs, CRISPs,
venom nerve growth factor, cobra venom factor and 5′-nucleotidases) together constitute less than
5% of the total proteins of Naja ashei venom. For this group of Elapidae the predominant share of
cytotoxic 3FTx and PLA2 molecules is distinctive. However, the minor contribution of SVMPs, CRISPs,
and endonucleases was also described [7]. On the basis of this composition, it is likely that the major
cytotoxins and PLA2s are responsible for the predominant myo- and cytotoxic effects induced by these
venoms (i.e., dermonecrosis) [8].

A large number of three-finger toxins interfere with cholinergic transmission in the peripheral and
central nervous system, thus, they are classified to the neurotoxin group [9]. However, a large number of
the 3FTxs also exhibit general cytolytic properties (i.e., disruption of the membrane bilayer by forming
pores in the cellular surface or penetrating into the biological membranes and triggering different
biological phenomena and, therefore, they are also referred to as cytolysins or cytotoxins) [10–13].
The most interesting from a pharmacological point of view is the fact that cytotoxins possess significant
and selective anticancer activity by inducing apoptosis or necrosis of tumor cells [14–20]. It makes this
group a very interesting object of investigation, especially since the intact proteins from Naja ashei have
never been examined.

The second most abundant protein group in N. ashei venom are phospholipases A2 (Figure 2).
In general, PLA2s exhibit a wide variety of physiological and pathological effects. They undeniably
play a role in the digestion of prey, but also exhibit a wide spectrum of pharmacological effects, such
as neurotoxicity, cardiotoxicity, myotoxicity, and anticoagulant effect [21–27]. Interestingly, this group
of proteins has also anticancer [28–32] and antimicrobial properties [33–36]. In N. ashei venom PLA2s
constitute 27% of all identified proteins, and this value is typical for all African spitting cobras [7].

The third group of proteins, distinctive for all African spitting cobras, are metalloproteinases.
Their quantity in this group of snake venom ranges from 1.6 to 3.3% [7], and in N. ashei metalloproteinases
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share 2.1% of total venom proteins. All identified metalloproteinases belong to PIII family, and are
zinc-dependent enzymes degrading plasma proteins and the extracellular matrix surrounding blood
vessels, leading to local and systemic haemorrhage and coagulopathy [37–39]. PIII-SVMPs are present
in venoms of all venomous snakes; however, their proportion in Elapid venom is much lower than
in Viperid [40,41]. This fact determined that elapid SVMPs are much less understood, although it is
believed that local tissue damage, haemorrhage, and complement depletion, reported after N. nigricollis
bites, are caused by SVMP activity [2,4]. Low content of metalloproteinases in venom could indicate
their minor role in the pathophysiology of envenoming. However, some studies reported that their
high enzymatic activity can vastly contribute to the detrimental effects of venom [38,39,42].

CRISPs were also detected in N. ashei venom (Figure 1), however their content is definitely small
(Figure 2). They are widely distributed among different snake venoms, and in our earlier studies,
we have detected them in Viperidae venoms [41,43]. Intriguingly, this group of non-enzymatic proteins
is not typical for all African spitting cobra species. Earlier works indicated their presence only in
N. nigricollis and N. katiensis venoms [7]. 5′-Nucleotidase seems to be more universal for this group
of snakes, because it was detected in all species except N. nubiae [7]. Enzymes from this group were
detected in venoms of several species, always in small quantities [41,44,45].

It is very interesting that we were able to identify two proteins not detected before in African
spitting cobras venom. They are: cobra venom factor, with 0.12% share, and venom nerve growth
factor, with 1% share of total venom proteins. A negligible amount of these proteins in the venom
indicates that their impact on the pathology of envenoming is low, but these proteins are extremely
interesting from a pharmacological point of view. Cobra venom factor depletes complement C3
protein, and thus inhibits inflammatory and immune responses. This protein could be potentially
used in several human diseases treatment, for instance: myocardial ischemia reperfusion injury,
age-related macular degeneration, arthritis, paroxysmal nocturnal haemoglobinuria or lymphoma [46],
and carcinoma [47]. In turn, VNGF is important for the growth, development, differentiation, and
survival of neurons both in the peripheral and the central nervous systems [48], and additionally it
inhibits metalloproteinase-disintegrin proteins [49]. It is known that nerve growth factors interact
with some cancer cells [50,51], however the greatest hopes for their use lay in the treatment of
neurodegenerative diseases [52–55].

This study shows that two-dimensional electrophoresis still can be used as an effective method for
protein separation in analysis of snake venom proteome. Moreover, presented results clearly indicate
that venom of Naja ashei is very similar to the closely related African spitting cobras. Nevertheless,
the most interesting fact derived from this study is that the venom of N. ashei includes proteins
not described so far in African spitting cobras. There are no other reports concerning this venom
composition and we believe that our results will significantly increase interest in research of this species.

4. Materials and Methods

Pooled Naja ashei venom sample was obtained from two adult snakes (male and female),
which were captured and officially imported from Kenya. Venom was extracted in the Pata breeding
garden near Hlohovec (Slovakia), which had been designed for conservation of the reptiles’ gene pool
under the veterinary certificate No. CHEZ-TT-01. The breeding garden also serves as a quarantine
station for imported animals and is an official importer of exotic animals from around the world,
having the permission of the State Nature Protection of the Slovak Republic under the No. 03418/06,
the trade with endangered species of wild fauna and flora and on amendments to certain laws under
Law no. 237/2002 Z.z. After extraction, the venom was stored at −20 ◦C (transport temperature) and
then moved to −80 ◦C for deep freezing.

The detailed procedure for proteomic analysis was described in our previous papers [41,43].
Protein concentration in crude venom was measured with 2-D Quant Kit (GE Healthcare,
Little Chalfont, UK), using bovine serum albumin as a standard. The samples for isoelectrofocusing
(IEF) were prepared by mixing 405 μg of proteins with standard thiourea rehydration solutions
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containing IPG buffers 3–10 pH range (GE Healthcare). Separation was conducted on 17 cm ReadyStrip
IPG Strips with 3–10 pH gradient (Bio-Rad, Hercules, CA, USA). After IEF, the strips were incubated
in equilibration buffers; one containing 1% DTT (for reduction); second containing 2.5% IAA
(for alkylation). Prior to SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis),
gel strips were placed onto the top of 13% polyacrylamide gels (1.5 × 255 × 196 mm). Roti®-Mark
PRESTAINED molecular weight marker (Roth, Karlsruhe, Germany) was used as a mass reference.
After electrophoresis, the gels were incubated overnight in staining solution with colloidal Coomassie
Brilliant Blue G-250. Quantitative analysis of individual groups of proteins was carried out in Image
Master 2D Platinum software (GE Healthcare) using %Vol parameter (a ratio of the volume of
a particular spot to the total volume of all spots present in the gel). The final result is an average of the
spots %Vol obtained from three independent gels (technical repeats). In overall, about 200 samples
were collected from 80 visible spots. Small spots were excised once, and thus each one contained
a single sample. In turn, larger spots constituted for several samples due to multiple excision in
different regions of the spot.

All samples were digested using Sequencing Grade Modified Trypsin (Promega, Madison,
WI, USA). After digestion stage every sample was mixed in 1:1 ratio with the matrix. The matrix
consisted of α-cyano-4-hydroxycinnamic acid diluted in 50% acetonitrile with 0.1% trifluoroacetic
acid. The obtained peptide mixtures were analyzed on MALDI-ToF/ToF MS (Autoflex Speed, Bruker
Daltonics, Billerica, MA, USA). The spectrometer was working in positive ions mode with the reflectron.
The analysed ion masses ranged between 700 and 3500 Da. Calibration of the spectrometer was carried
out every four samples, using standards in the range of analyzed peptides (Peptide Calibration
Standards II, Bruker Daltonics). The obtained mass spectra were compared to those present in
SwissProt database (The UniProt Consortium, www.uniprot.org) with the use of Mascot software.
The search parameters included: mass tolerance: 0.25 Da, one incomplete cleavage allowed, alkylation
of cysteine by carbamidomethylation (fixed modification), and oxidation of methionine (variable
modification). Moreover, some peptides were selected for analysis in MS/MS mode. The peptides
were sequenced by laser-induced dissociation (LID) using LIFT ion source. The search parameters for
MS/MS data included: mass tolerance for MS mode: 0.25 Da, mass tolerance for MS/MS mode: 0.5 Da,
one incomplete cleavage allowed, alkylation of cysteine by carbamidomethylation (fixed modification),
and oxidation of methionine (variable modification).

Supplementary Materials: The following are available online, Annotated MS/MS spectra of the identified proteins.
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Abstract: Capillary electrophoresis using laser-induced fluorescence detection (CE-LIF) is one of
the most sensitive separation tools among electrical separation methods. The use of CE-LIF in
immunoassays and enzyme assays has gained a reputation in recent years for its high detection
sensitivity, short analysis time, and accurate quantification. Immunoassays are bioassay platforms
that rely on binding reactions between an antigen (analyte) and a specific antibody. Enzyme assays
measure enzymatic activity through quantitative analysis of substrates and products by the reaction
of enzymes in purified enzyme or cell systems. These two category analyses play an important
role in the context of biopharmaceutical analysis, clinical therapy, drug discovery, and diagnosis
analysis. This review discusses the expanding portfolio of immune and enzyme assays using CE-LIF
and focuses on the advantages and disadvantages of these methods over the ten years of existing
technology since 2008.

Keywords: CE-LIF; immunoassay; enzyme assay; chip-based CE-LIF assay

1. Introduction

Capillary electrophoresis (CE) has become an important tool in the era of separation since its first
introduction by Jorgenson and Lukacs in 1981 [1]. The traditional technique, slab gel electrophoresis,
initially demonstrated the application of electrophoresis, where charged molecules are separated under
an applied electric field over the slab. Despite being straightforward and commonly used in numerous
biological laboratories, slab gel electrophoresis is generally time-consuming, and has low efficiency
and poor automation. Therefore, electrophoresis carried out in an open tubular glass capillary with an
internal diameter of 75 μM was a momentous innovation concerning electrophoretic separation and
the development of equipment and instrumentation later on [1,2].

Separation by CE can be conducted by several detectors. Presently, a vast number of detectors fall
into one of two categories: bulk property or solute property detectors, where absorption detectors
are specific to the latter and attribute to major commercial systems. Using UV or UV-VIS absorbance,
the CE analysis deals with a universal range of bioanalytes, since most proteins and macromolecules,
such as DNA or RNA, can absorb strongly at radiation in the UV or UV-VIS range [3–6]. Furthermore,
the interface of CE to mass spectrometers or surface enhanced Raman spectroscopy (SERS) is rapidly
being promoted to be an online tool to identify sample components [7–11].

Among the detection modes, laser-induced fluorescence (LIF) is one of the most sensitive
techniques in terms of the determination and detection of a variety of biomolecules. In recent years,
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CE has been established as an alternative method of conventional gel electrophoresis or in conjunction
with high-performance liquid chromatography.

Bioanalysis based on immunoassays and enzymatic assays has gained a reputation in the field
of biological studies and applications in pharmaceutical science, biomarker discovery, and clinical
therapeutic and diagnostic targets [12–17]. A large number of studies have reported the practice of CE
in the research of affinity binding between antibodies and antigens, or kinetic activities of different
enzymes to further the understanding of many biological events and developing drug targets in the
pharmaceutical industry [18–20]. A sophisticated analytical instrument for quantitative purposes
such as CE-LIF has become emergent in the moving separation field of biomolecules [21–26]. Because
CE-LIF performances are generally fast, automated, require a small number of samples, and are highly
sensitive, they enable the simultaneous separation of various compounds at different sizes under
minute records. Especially, CE-LIF can be merged into miniaturized systems that empowers it to be a
high throughput, high-speed tool in the analysis of proteins and peptides [27]. Consequently, the use
of CE-LIF in bioanalytical assays has drawn significant attention with the publication of numerous
papers dealing with the analysis of biomolecules based on the two significant bio-reaction classes:
(1) immune reaction and (2) enzyme reaction. The application of CE based on these two reactions has
been extensively reviewed, summarized in [28–36].

In this article, we discuss the application of CE-LIF technique in the analysis of proteins and
peptides, with an emphasis on immunoassays and enzyme assays in the last decade, from 2008 to
early 2019. The details of the instrument conditions, method developments, and advances in the
CE-LIF-based assay platforms in the biological studies are also reviewed.

2. CE-LIF Instrumentation Labeling Strategies for Peptides and Proteins Analysis

2.1. Instrumentation and Laser Sources

As suggested by its name, CE-LIF commonly uses lasers as its excitation source. To accomplish
low limit of detection (LODs), it is crucial to maximize the signal and minimize stray light from
the optical components and Raman scattering from the solvents. Instrumental LIF designs, such as
orthogonal, epi-illumination, or sheath-flow cuvette, have been continually developed in line with CE
systems to achieve high sensitivity.

LIF sources for peptide and protein analysis strongly link to the use of fluorescent dyes. These
fluorophores absorb light energy in the range of 350–650 nm wavelength. In this range, gas lasers are
the most common sources: He–Ne laser (543.5, 593.9, 632.8 nm), Ar laser (454.6, 488, 514.4 nm), Kr laser
(416, 530.9, 568.2, 647.1 nm) [37]. Diode lasers provide a stable, thermoelectrically cooled, efficient
performance and offer a higher frequency [38,39]. While gas lasers require a kilo-volts power, diode
lasers typically run on small voltage supplies. Semiconductor diode lasers emit in the near-infrared
(NIR) range, which is an attractive setting which offers a lifetime of over 10,000 h and a volatile range
of wavelength [40–42]. Another emerging source is light emitting diodes (LEDs), which generate
monochromatic light and are a source of great potential for fluoresce measurements in the miniaturized
system, and have been used successfully for the detection of various biomolecules [43–47]. LED
stands for light emitting diode, and they are a semiconductor device that emit visible light under the
application of an electric current. The output from an LED can range from red (~700 nm wavelength)
to blue-violet (~400 nm wavelength), or even the infrared (IR) region (~830 nm or longer). Covering
a broad spectrum of emitting light, LEDs have become a reliable replacement for LIF, resulting in
the formation of LEDIF detection (Light Emitting Diode Induced Fluorescence). CE-LEDIF has been
used for the separation of various peptides and proteins [48–50]. LEDs are promising as they are less
expensive, have lower energy consumption, are more stable, and have a longer lifetime compared
to lasers.

LIF detectors can be integrated into an existing commercial CE system, or are available as a
standalone, which can be fused with a range of commercial CE or HPLC. The principle of an integrated

47



Molecules 2019, 24, 1977

detector system is using a ball lens to level the laser beam onto the capillary window and an ellipsoid
mirror glued on the capillary to collect the emitted fluorescence. The system is secured inside a CE
cartridge. A standalone LIF detector typically consists of a laser module, a photomultiplier tube, and
the optics with filters, and a dichroic mirror used to reflect the laser beam [51,52]. The flexibility of LIF
detection settings allows a dynamic change during operations. For example, Dada et al. reported that
LIF detectors, in conjunction with two fiber optic beam splitters and two avalanche photodiodes, gave
satisfactory results in the determination of biological analytes in a wide dynamic range [53].

2.2. Labeling

CE analysis of proteins and peptides typically utilizes the absorbance detection, which takes
advantage of the absorbance of peptide bonds in the ultraviolet (UV) region. For example,
spectrophotometry of peptide bonds primarily responds at 200 nm wavelength, and amino acids
with aromatic rings are responsible for the absorbance peak at 280 nm wavelength. LIF detection
has advanced to be one of the most sensitive CE methods, as it is reported to detect the samples
at attomole or zeptomole levels. The first and foremost prerequisite for an analyte to be detected
by LIF is the need to be natively fluorescent or chemically derivatized with a designed fluorophore,
which is excited at an appropriate wavelength responding to a laser source. Because many peptides
and proteins do not exhibit sufficient native fluorescence, due to the dearth of intrinsic fluorescent
amino acids, such as tyrosine, tryptophan, and/or phenylalanine, the use of derivatized peptides and
proteins has become a common practice of LIF. However, the derivatization procedure contains some
drawbacks. For example, at low concentrations of analytes, the reaction yield is low, resulting in poorly
labeled analytes and high concentrations of fluorescent backgrounds. In addition, it is challenging to
achieve accuracy and reproducibility for the labeling method, thus making the derivatization procedure
undesirable for certain types of the analyte. Furthermore, another bottleneck with derivatization of
complex analytes is the formation of products attached with multiple fluorophores, which produces a
multi-peak chromatography, leading to a perplexing quantification. To circumvent these difficulties,
the development of derivatization protocols or studies of new fluorescence dyes has been continuously
ongoing. Derivatization of peptides and proteins can be performed pre-, on-, or post-column. Each of
these methods has advantages and disadvantages depending on the nature of the fluorophore.

Among covalently and fluorescently labeled proteins and peptides, in most case, the dyes
can react with primary and secondary amines of amino acids or with thiol groups of cysteine
residues. A fluorogenic dye is understood as a precursor of a labeled protein or peptide of
interest, but is poorly fluorescent in native form. However, it becomes strongly fluorescent in
tagged proteins or peptides after undergoing a chemical or enzymatic reaction. Typical fluorogenic
dyes, such as naphthalene-2,3-dicarboxylaldehyde (NDA), 5-furoylquinoline-3-carboxyaldehyde (FQ),
and (4-carboxylbenzoyl) quinoline-2-carboxaldehyde (CBQCA), are widely used in LIF detection of
the visible region (280–400 nm). LODs obtained are in the range μM–pM [54–58]. The chemical
structures and labeling reactions of these dyes are shown in Figure 1. Other covalent labels include
4-Chloro-7-nitro-2,1,3-benzoxadiazole (NBD-Cl), 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC), or near-infrared (NIR) dyes, for example NN382 (LICOR, Inc.).

Besides the utility of fluorogenic dyes, many studies describe fluorescent dyes, such as FITC and
rhodamine-based dyes, for LIF detection of longer wavelengths (400–600 nm). Labeling with FITC has
become attractive, since it is highly fluorescent [59,60]. However, it is less reactive and efficient at low
concentrations of amines with LOD obtained in the range of μM. Nevertheless, rhodamine-based dyes
are more reactive compared to FITC, especially if they are activated by the succimidyl ester group,
resulting in an efficient reaction with unprotonated amines to form a stable amide bond, thus enabling
the LODs in the pM range [61]. For instance, Korchane et al. presented a pre-capillary derivatization
strategy of two synthetic transthyretin peptides for the pathology diagnosis, using two fluorogenic dyes
(NDA and FQ) and one rhodamine-based tag 5-Carboxytetramethylrhodamine, Succinimidyl Ester
(TAMRA-SE). They successfully separated the wild type and mutated type under optimal conditions,
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with TAMRA-SE labeled derivatives giving the highest resolution, whereas NDA displayed the best
detection sensitivity (LOD of 2.5 μM) [62].

Figure 1. Chemical structures and labeling reactions of naphthalene-2,3-dicarboxylaldehyde (NDA),
5-furoylquinoline-3-carboxyaldehyde (FQ), and (4-carboxylbenzoyl) quinoline-2-carboxaldehyde (CBQA).

Parallel to the use of covalent dyes, noncovalent labels are presented as viable alternatives to
reduce the sample handing steps. For instance, idocyanine green greatly fluoresences once it is
noncovalently bound to protein, thus allowing the CE-LIF detection at 780 nm [63]. Indigocarmine
blue is similar to idocyanine green—it absorbs and emits at 436 nm and 528 nm, respectively. Other
noncovalent dyes include Nano Orange, Sypro red, Sypro orange, and Sypro tangerine, which could
be detected efficiently under a 488 nm laser. CE-LIF analysis of biopolymers has benefited from using
these noncovalent labels, regardless of the slow kinetics of the reactions. While these noncovalent
dyes seem to be an interesting approach, the outputs are not conclusive for a broad range of proteins
and peptides.

When selecting fluorescent reagents in CE-LIF practice, one needs to consider the following:
high quantum yields with low quenching, rapid reaction rates, protein conjugate photostability, and
derivatization homogeneity. For example, FQ reacts with ε-amines of lysine to form a stable fluorescent
indole derivative, thus generating FQ–protein ligands with high quantum fluorescence efficiencies.
Derivatization is accelerated at high temperatures and a moderate pH, and the reaction is simply
quenched by dilution with SDS.

Bioassays using native fluorescent proteins and peptides will be excluded from this review, as we
focus on the discussion of immunoassays and enzyme assays, as they both rely on the use of fluorescent
antigens or antibodies and substrates.

3. CE-LIF-Based Immunoassays

Immunoassays using CE techniques—called capillary electrophoretic immunoassays (CEIA) or
immunocapillary electrophoresis (ICE)—incorporate an immunological reaction in CE. Unlike other
immunoassay methods, CEIA allows the direct visualization of the immunocomplex product formed
between an antigen and an appropriate antibody, hence simplifying the interpretation of the results.
Compared to traditional methods, such as ELISA, CEIAs are appealing to the study of bioanalytes
due to their ease of automation and feasibility of trace amount detection of samples. The concept of
performing an immunoreaction on a capillary was first introduced by Nielsen in 1991. Two years
later, Schultz and Kennedy demonstrated CE-immunoassays on both competitive and noncompetitive
formats to measure insulin using FITC labeled reagents. The combination of the specific immune
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reactivity with high separation efficiency of CE has rendered the use of this technique to numerous
bioanalytes of interest.

Practically, CE immunoassays can be adapted to both homogenous and heterogenous systems.
In homogenous assays, analyte, antibodies, and other reacting species are all present in the liquid phase.
Two formats that are considered for the combination of CE with immunoreactions in the homogenous
system are non-competitive binding and competitive binding, which will be discussed in detail below.

CEIA can be performed on various detection modes, from UV, LIF, and mass spectrometry.
CEIA-LIF has become a preferred tool for the analysis of many research groups, due to the high
sensitivity and selectivity of the method. The following sections describe the two formats used
in CEIA-LIF.

3.1. Non-Competitive Binding Format Assay

3.1.1. Principle

Non-competitive CEIA or affinity probe capillary electrophoresis (APCE) involves the
quantification of the immunocomplex, which is directly proportional to the number of labeled
analytes. Either Ag or Ab needs to be fluorescently labeled. There are two different options for tagged
reactants, where Ag* and Ab* indicate labeled reagents:

Ab + Ag* (excess)↔ Ab-Ag* + Ag* (excess),

Ab* (excess) + Ag↔ Ab-Ag* + Ab* (excess).

Note that an excess amount of the labeled reagent is added to ensure the complete binding of
the analyte present in the reaction mixture. The LIF detector reveals the peak profiles of both the
immunocomplex product and excessive labeled Ag or Ab based on their relative differences in size
and charges. It is possible to quantify the amount of Ab or Ag in the mixture according to the amount
of immunocomplex formed or/and the decreased amount of free labeled agents. Nevertheless, this
direct format is limited in use because the binding between small molecules, as with an antigen,
and large molecules, as with an antibody, do not significantly vary the electrophoretic mobility of
the labeled molecular recognition elements, hence impeding the separation of labeled reagents from
the immunocomplex.

3.1.2. Application

The non-competitive CEIA format coupled with LIF detection has been widely used as a part
of APCE techniques in the separation of a large variety of biomolecules. The major advantage of
non-competitive assays is the commercial availability of labeled antibodies. Liu et al. developed
a non-competitive CEIA-LIF to detect alpha-fetoprotein (AFP) in the early diagnosis of primary
hepatoma [64], using poly (guanidinium ionic liquid) monolithic material. In this assay, AFP was
incubated with an excess amount of fluorescently labeled antibody to form an immunocomplex,
and thereafter separated accordingly. Under optimized conditions, their assay performed an LOD
of 0.05 μg/L AFP. Compared to other immunoassays to detect AFP, their method exhibited higher
sensitivity and larger linear dynamic range, specifically, no purification process, thus shortening
the analysis time. By combining a CE-LIF immunoassay with fluorescence polarization, Wang et al.
described a method for rapid and sensitive detection of genomic DNA methylation without tedious
processes such as the bisulfate conversion, enzyme digestion, or PCR amplification. In this assay, the
immunocomplex of methylated DNA was recognized by the fluorescently labeled secondary antibody
and separated from unbound antibody by CE-LIF. The analytical performance accomplished an LOD
of DNA methylation at 0.3 nM, proving the CE feasibility in the separation of a great diversity of
compounds [65]. Besides this, it demonstrated the flexibility of labeling reagents, not only limited to
primary antibodies but also applicable to secondary antibodies.
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As mentioned previously, the direct format is challenging to achieve because of unrecognized
electrophoretic mobility change and difficulty in homogenous labeling. As a result, the use of
labeled antibodies as detected traces has been restricted. Instead, several research groups are paying
attention to the application of aptamers for use as a binding ligand in APCE separation. Aptamers are
single-stranded nucleic acids with advantageous features over antibodies, such as high stability, ease
of synthesis, and high binding capacity. In CE-LIF, the aptamer is usually labeled with a fluorescent
dye. Owing to their smaller molecular weight than proteins (5–15 kDa), the binding of aptamers
on larger size proteins can significantly change the ratio of charge to mass of the labeled aptamer.
Consequently, the electrophoretic mobility change is significantly improved, enabling the CE separation
of immunocomplex and free aptamers much more easily. Hao et al. described a non-competitive
CE-LIF-based method to study human thrombin, an essential protein related to the blood coagulation
pathway, and successfully detected thrombin in human serum at 0.2 nM using dye-labeled nuclease
resistance aptamer Toggle-25 (Figure 2) [66]. Prior to their work, Song et al., reported an affinity
probe capillary electrophoresis/laser-induced fluorescence polarization (APCE/LIFP) and achieved the
detection of thrombin at low LOD at sub nanomoles/liter [67]. Yi et al. demonstrated a non-competitive
CE-LIF assay to detect picomolar concentrations of glucagon and amyline, using labeled mirror-image
aptamers called Spiegelmers [68]. The LOD obtained for glucagon was 6 pM and for amylin was
40 pM. These LOD values were lower compared to those obtained from the competitive immunoassay
format using rival Ab as affinity ligands in their previous works. The reproducibility of the detection
methods for glucagon and amylin (Relative Standard Deviation for peak height, RSD) were <5.8% and
<5.3%, respectively.

Figure 2. Capillary electrophoresis using laser-induced fluorescence detection (CE-LIF) detection
of thrombin using tetramethylrhodamine TMR labeled Toggle-25. (A) Electropherograms of
Toggle-25-TMR in the presence of varying concentrations of thrombin. (B) The relationship between
the peak area of complex and the concentrations of thrombin. Reproduced under permission of [66].
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By using aptamer CE-LIF application, other non-competitive assays have successfully detected
several proteins and peptides, including platelet-derived growth factor (PDGF) [69], human
immunodeficiency virus reverse transcriptase [69], human immunoglobulin E [69], and recombinant
human erythropoietin-α [70]. CE-LIF aptamer separation also enables the simultaneous analysis
of multiple proteins in a single run, ranging from various proteins [69] to small analytes [71]. In
most aptamer-based affinity CE-LIF assays, DNA aptamers are usually favored, whereas the use of
RNA aptamer is still modest. This is due to the poor stability of RNA aptamers compared to DNA
aptamers. Especially in the biological matrix, RNA aptamers tend to be quickly degraded. When
selecting a non-competitive format immunoassay, one needs to consider several factors to maximize
the performance. For instance, only tagged species can produce fluorescence, and these signals should
not be interfered with by analytes or sample matrix. The sample matrix or background electrolyte
effect should be studied carefully, because they can enhance or reduce the signals which confound the
legitimacy of the method. The compilation of the non-competitive format assay is presented in Table 1.

Table 1. Recent CE-LIF immunoassays.

Analyte Format Labeled LOD Ref.

CCP peptides Competitive FITC 4 ng/mL [60]
Alpha-fetoprotein Non-competitive FITC 0.05 μg/mL [64]
DNA fragments Non-competitive Alexa Fluor 546 0.3 nM [66]
Thrombin Non-competitive TMT aptamer 0.2 nM [66]
Thrombin Non-competitive TMT aptamer 0.2 nM [67]
Glucagon Non-competitive 6-FAM aptamer 6. 0 pM [68]
amyline Non-competitive 6-FAM aptamer 40 pM [68]
IgE Non-competitive 5-FAM 250 pM [69]
human immunodeficiency virus reverse transcriptase Non-competitive 5-FAM 100 pM [69]
PDGF-BB Non-competitive 5-FAM 50 pM [69]
Recombinant human erythropoietin-α Non-competitive FITC 0.2 nM [70]
human serum albumin Competitive FITC 1.34 × 10−7 M−1 [72]
norfloxacine Competitive FITC 0.005 μg/L [73]
carbaryl Competitive FITC 0.05 ng/mL [74]
chloramphenicol Competitive FITC 0.0016 μg/L [75]
receptor beta- pdgf Competitive 6′-FAM 3 nM [76]
receptor alpha- pdgf Competitive 6′-FAM 0.5 nM [76]
testosterone Competitive FITC 1.1 ng/mL [77]
chloramphenicol Competitive FITC 7.6 × 10−9 g mL−1 [78]
glucagon Competitive FITC 5 mM [79]

3.2. Competitive Binding Format Assay

3.2.1. Principle

In a traditional competitive immunoassay, the amount of one reactant is limited. Similarly, in a
CEIA-LIF-based assay, the fluorescent reagent (Ag* or Ab*) competes with non-fluorescent analog (Ag
or Ab) to bind with a limited amount of corresponding immunological reactants. The reactions can be
formulated as follows:

Ag + Ag* + Ab (limited)↔ Ab-Ag + Ab-Ag* + Ag + Ag*,

Ab + Ab* + Ag (limited)↔ Ab-Ag + Ab*-Ag+ Ab* + Ab.

The fluorescently labeled reactant competes with free isotypes in the mixture to form a fluorescent
immunocomplex. CE-LIF profiles display two distinct peaks, corresponding to the free labeled reactant
and the immunocomplex. The concentration of the antigen (or antibody) is directly proportional to
that of the labeled antigen (or antibody), but inversely proportional to that of the immunocomplex.

3.2.2. Application

Since being developed, the competitive binding assay has gained a growing reputation and
become the most popular format for CE-LIF-based immunoassays. Giovannoli et al. assessed the
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variables affecting the performances of a competitive CE-LIF assay for the detection of human serum
albumin. They showed that the development of the CEIA-based assay was similar to that applied
in conventional microplate immunoassays, regarding the interface of peculiarities [72]. The same
group also reported another CE-LIF competitive immunoassay to investigate Cry1bAb endotoxin from
Bacillus thuringensis with an LOD of 0.5 nM, and allowed the satisfactory recovery (62–98%) of the
protein in real samples [80]. In 2018, we successfully developed a quantitative CE-LIF-based assay
to detect the antibodies against cyclic citrullinated peptides (CCP) for the diagnosis of rheumatoid
arthritis. Our method enabled the quantification of the concentration of anti-CCP antibodies in patient
sera, ranging from 0.1–0.4 μg/mL (Figure 3). For the detection of anti-CCP antibodies, our assay
achieved a reproducibility within 5% and accuracy ranging between 89% and 103%. Compared to a
semi-quantification method, such as ELISA, our CE-LIF-based method outperformed ELISA in terms
of specificity and sensitivity [60]. In addition, the analysis was fast, reproducible, and no clean up
step was required for intricate sample matrices, making it highly adaptable to other disease diagnoses
using biological fluids. In 2015, Liu et al. discussed a simple competitive CE-LIF assay to determine
the concentration of norfloxacin in food samples. Norfloxacin is a compound that is widely used in
the treatment of gonococcal urethritis, respiratory and skin infections, but is consequently retained in
animal-derived foods and leads to public health threats. Compared to the traditional methods such
as ELISA and HPLC-MS/MS, their CEIA-LIF displayed high sensitivity, reduced laborious washing
steps, and established an efficient quantitative tool for the selective determination of chemical residues
in biological matrices. The proposed method obtained an LOD of 0.005 μg/L of norfloxacin, and the
RSDs for migration time and peak area of the immunocomplex were 0.17% (intraday) and 3.46%
(interday), respectively [73]. Zhang et al. performed a CE-LIF competitive format to effectively detected
carbaryl in rice samples, with 14 times greater sensitivity than that of ELISA, which used the same
immune-reagents [74]. Several groups also reported the application of CEIA-LIF in the detection of
alpha-fetoprotein (AFP) and thyroxine (T4) in human sera, and chloramphenicol in animal-derived
foods [75].

Figure 3. Electropherograms of immunocomplexes of fluorescent cyclic citrullinated peptides (F-CCP)
with (a) anti-cyclic citrullinated peptides (CCP) antibodies in PBS, (b) anti-CCP antibodies in Fetal
Bovine Serum, and (c) human IgG. (d) Electropherogram of patient samples without F-CCP treatment.
Arrows indicate the peak from the immunocomplex of F-CCP and anti-CCP antibodies. Reproduced
with the permission of [60].

Like the non-competitive format, CEIA-LIF competitive assays benefit enormously from the
development in the application of various bioanalyses. Zhang et al. introduced a method to determine
receptors of PDGF, where the receptor β competed with a fluorescent aptamer in binding to PDGF-BB.
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The aptamer bound strongly with the β receptor but not the α receptor of PDGF, resulting in a difference
in the electrophoretic mobility of PDGF isomers, which allowed the separation of PDGF’s isomers in a
single analysis. This is also a significant advantage of CE over MS which cannot distinguish compounds
with the same molecular weight. Zhang’s work successfully demonstrated the simultaneous detection
of PDGF isomers and their receptors in a single run [76]. Aptamers binding to analytes often leads to
signal changes, a mechanism called structure switching. Using this concept, Zhu et al. described a
novel APCE strategy dedicated to small molecule detection. They established a pure, high throughput
and versatile APCE-LIF in terms of adaptability, generalizability, and capability for multiple detections
of small size analytes in a single capillary [81]. Other applications of competitive binding CE-LIF
aptamer-based immunoassays can be found in Table 1.

Competitive binding assays have become the most critical platform in CE-LIF-based immunoassays,
due to the easier separation of the bound and non-bound labeled reagents. Furthermore, only an
analog of the analytes needs to be labeled, which prevents the production of multiple homogeneous
preparations of labeled antibodies that are often encountered in the non-competitive format. However,
competitive assays tend to have a higher limit of detection and a smaller dynamic range compared to
that of non-competitive assays, and more difficulty in distinguishing cross reactivity between species
than when a non-competitive format is employed.

3.3. Microchip-Based CEIA-LIF

Electrophoresis performed in microchips was first introduced by Manz and Harrison in 1992 [82].
Compared to traditional CE, the integration of microfluidics into the system to manipulate, automate,
and analyze the minimum volume of analytes has opened up a new era for high-throughput analysis,
a key to industrialized drug discovery. Today, many pharmaceutical companies are screening up to
300,000 or more compounds per screen to produce 100–300 hits. The concept of immobilizing immuno
reagents for measuring the bioactivities of drugs adds a dimension to the existing drug discovery
paradigm. Numerous reviews have discussed the application of microfluidic devices in the CE system
with regards to the time period [83–87]. The previous sections discuss a general homogenous format,
where antibodies and antigens are present in the solution phase. The chip-based method represents
a heterogeneous format in which either the analyte, antibody, or analog of the binding agents are
immobilized onto a solid support [88]. Similar to the homogenous system, immunoassays carried
out by CE use both noncompetitive and competitive formats [89,90]. The combination with LIF high
selectivity and sensitivity features has drawn attention to microchip-based CE-LIF for use in biological
and clinical studies. Phillips and Wellner introduced an immunoaffinity chip-based CE-LIF method
to measure the concentration of a brain-derived neurotrophic factor in human skin biopsies [91].
The antibodies were chemically immobilized on a replaceable immunoaffinity disk. Homogenates
obtained from micro-dissected human skin samples were subject to the immunoaffinity inserts, in
which the analyte of interest was captured, followed by fluorescent labeling with a red-emitting
laser dye, before being detected by LIF. Compared to conventional immunoassays, this chip-based
CEIA-LIF demonstrated a good correlation. In addition, this system has the potential to be modified
into a portable unit for clinical or biomedical screening. The same group later designed another
microchip-based CE-LIF device to study chemokines in samples of neuro inflammatory premature
infants. Using similar strategies as in the previously described method, the system took only two
minutes to successfully isolate six analytes in a single run. The method compared well to a commercial
ELISA. In addition, the CE chip was more reliable, and required significantly fewer samples, a crucial
criterion when studying newborns [92]. Very recently, this group published a chip-based CE-LIF
immunoassay to study inflammatory mediators in newborn dried blood spot samples [93].

The application of chip-based CE immunoassays to multi-analysis was demonstrated by the Shi
et al. study on multiple tumor markers [94]. The detection of carcinoma antigen 125 (CA125) and
carbohydrate antigen 15-3 (CA15-3) was based on an offline noncompetitive immunoreaction of CA125
and CA15-3 with FITC-labeled monoclonal antibodies. Subsequently, the microfluidic multiplexed
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channel coupled with the LIF detector allowed the separation of CA125 and CA15-3 contents in the
sera of cancer patients, as well as healthy cohorts. In contrast to various traditional immunoassays
determining CA125 and CA15-3, such as immunoradiometric assays or immunofluorometric assays,
the chip device enabled a rapid, small reagent consumption, and simple operation performance.

Chip-based CEIA-LIF relies on the sources in which the reagents are immobilized. For the methods
based on immobilized antibodies, the conditions should be considered cautiously in order to release the
captured analytes, which sometimes remain challenging because some antibodies with strong affinity
binding are utilized for such work. However, because of its strong binding capacity, this approach
is useful to isolate and concentrate trace substances before analysis by CE. It is necessary to ensure
there is no irreversible damage to the immobilized antibodies on the chip. For the methods based on
immobilized analogs of the analyte, to create the immobilized support, the analyte may need to be
derivatized with appropriate functional groups, which help the immobilization within the CE wall.
Moreover, this procedure should not interfere with the interaction between antibodies and antigens.
For a small-size immobilized tracer, a spacer arm must be included to link the analog and the device,
to enable accessibility to antibodies for binding.

4. CE-LIF-Based Enzymatic Assays

Since first being introduced by Banke et al. [95] to detect the enzyme activity of alkaline protease, CE
coupled with enzymatic reaction has been widely applied to study and characterize enzyme-catalyzed
analysis. Enzymes regulate nearly all physiological chemical reactions in living organisms and catalyze
all aspects of cell metabolism. The extensive studies of enzymes as current drug targets have encouraged
researchers to seek effective methods to characterize enzyme activities and understand their roles in
human diseases. Such activities include enzyme kinetics, enzyme substrate identification, enzyme
inhibitor screening, and enzyme-mediated metabolic pathways, and these aspects of enzyme-related
analysis have been largely studied by CE methods, for example, those summarized in [96–99]. A
typical CE-based enzyme assay starts with small amounts of the substrate, enzyme, and/or inhibitors.
When the enzymatic reaction is completed, the CE can directly detect and separate the components
of interest without the requirement of additional coupling factors, such as co-enzyme, which reduce
the sample complexity and the likelihood of fall positives, especially when it comes to the studies of
enzyme inhibition. In general, CE-based enzyme assays can be grouped into two main categories:
(1) pre-capillary (offline) assays, in which the reaction is performed outside the capillary before being
injected into the system, and (2) in-capillary (online) assays, in which the enzymatic reaction takes
place inside the capillary, where injection, mixing, reaction, separation, and detection are integrated
into a single column. Details of these two categories are discussed in this section.

4.1. Off-Column (Pre-Column) Enzymatic Assays

In off-column assays, or so-called pre-column enzymatic assays, the reaction is carried out in a
separate system. Enzymes, substrates, and/or inhibitors are mixed and incubated, and the sample is
subjected to CE analysis, where the substrates’ and/or inhibitors’ activities are determined. The capillary
only functions as a separating channel. Because this format is easy to monitor—due to the ability of
enzymes to catalyze under straightforward conditions—offline methods have been applied to enzyme
inhibitor screening and drug metabolism studies for years. However, there are some drawbacks to the
offline mode. Firstly, CE consumes only small volumes of the sample. However, since it is performed
in a vial, the reaction requires much larger volumes of both enzymes and substrates to undergo the
reaction and multiple steps may be needed to operate, such as adding the quenching reagents to
terminate the enzymatic reaction, or changing the reaction conditions before the analysis by the CE
system. This leads to the waste of reagents, especially for expensive enzymes, and the addition of strong
acids during the quenching step may contribute to the peak distortion later. Moreover, interference
between the incubation buffer and separation background electrolyte may result in EOF variability,
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peak broadening, and eventually low sensitivity and reproducibility of the method. Therefore, the LIF
mode has offered to enhance the sensitivity for the detection based on pre-capillary methods.

4.2. Application

In 2016, we published a pre-capillary CE-LIF assay for the inhibitor screening of protein kinase
C [59]. Our method used FITC labeled ERK peptides F-ERK and P-F-ERK (Extracellular signal
Regulated Kinases) to act as Protein Kinase C δ substrates and the enzymatic reaction was conducted
in a cellular system (Figure 4). Prior to the enzyme assay, our method accomplished LODs of 4 and
12 ng/mL for F-ERK and P-F-ERK, respectively. The reproducibility for the two peptides was within
5% and accuracy ranged between 86% and 109%. We then successfully calculated the IC50 values
of four inhibitors of PKCδ, including staurosporin, bisindolylmaleimide II, gö6983, and rottlerin.
Compared to a commercial PKC ELISA kit, our assay provided the exact quantification and was
more adaptable to differing enzyme isoforms. Lee et al. described a pre-capillary CE-LIF method
to determine the kinase activity of sphingosine for application in preclinical and clinical trials [100].
Their assay allowed the determination of the in vitro activity of both kinase and phosphates, using
purified enzymes. While the traditional platforms to study sphingosine activity, like radiometric assays,
contained many drawbacks, such as limited sensitivity, semi-quantitative results, poor resolution,
and being time-consuming, the CE-LIF-based assay offered a quantitative tool, high sensitivity, and a
robust and straightforward method, which was amenable for the study of enzymes of interest in both
cell biology and clinical medicine.

Figure 4. Time course study of enzymatic reaction. Extracted media from gastric cancer MKN-1 cells
treated with 2 μg/mL F-ERK, 0.01 μg/mL PKCδ, 50 mM Adenosine triphosphate ATP, and incubated at
different time intervals. (a) 3 h incubation; (b) 6 h incubation; (c) 12 h incubation; (d) 24 h incubation.
Reproduced with the permission of [59].

DNA demethylation is essential for organism survival and the enzymes that catalyze the reaction
have been studied in several bodies of research. However, most approaches investigated in vitro only
indirectly via the detection of coproducts. Karkhanina et al. described a method to directly measure
the formation of the demethylated DNA product, using a 15 nt long one-base methylated substrate,
with the separation only taking 10 min [101]. While separating DNA typically uses the gold standard
technique slab gel electrophoresis, using such traditional methods failed to perform, due to the lack of
difference in the lengths and conformation of the product and substrate. However, CE successfully
achieved well-resolved peaks of both the product and the substrates.

Histone deacetylation plays a vital role in gene expression, and aberrant transcription due to
mutated genes that encode histone deacetylaes (HDAC) is a hallmark in the onset progression of
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cancer [102,103]. Hence, inhibitors of HDACs have emerged as a new class of drugs for the treatment of
cancers, because of their effects on tumor suppression, cell growth, and cell survival. Recently, Zhang
et al. established a rapid and cost-effective CE-LIF based method, employing a 5-carboxyflyrescein
labeled peptide with an acetylated lysine residue as the substrate of HDAC1 to screen the HDAC
inhibitors from 38 purified natural products [104]. Their calculated IC50 value for a well-known HDAC
inhibitor—suberoylanilide hydroxamic acid SAHA—was consistent with that of the literature. From
the screened products, luteolin was identified as an HDAC inhibitor. The method provided herein
strengthened the ability of CE-LIF as a universal approach for the screening of many other kinds of
enzyme inhibitors.

Picard et al. introduced a platform for the profiling of multiple proteolytic activities, using
a fluorescent-labeled substrate assaying in the absence and presence of protease inhibitors [105]
(Figure 5). Using a commercially available 96-channel capillary DNA sequence, coupled with CE-LIF,
they successfully demonstrated the monitoring, classification, and inhibition of multiple proteolytic
activities acting on the model peptide—an amino acid sequence of mouse granulocyte chemotactic
protein-2. Numerous biological protease mixtures, including proteases from tumor cells, neutrophil
granulocytes, and plasma, were studied. Although their method could be a high throughput starting
point to investigate relevant proteases in cells and in vivo, a critical drawback is that the peptide model
studied may not reflect the exact conformation within the context of the protein, therefore implying a
substantial impact of the capability of proteases to cleave peptide compared to protein-based substrates.

Figure 5. Microfluidic devices used for parallel electrophoretic enzyme assays. (a) Design of microfluidic
network containing 16 parallel separation channels, (b) design of a 36-channel network, (c) photograph
of a finished 36-channel chip, (d) bright-field image of the detection area on the 36-channel chip,
(e) repetitive units of the microfluidic network. The Electrokinetic injection procedure is described in
experimental section. Reproduced with the permission of [105].

In 2018, Fayad et al. successfully demonstrated a pre-column CE-LIF assay to study the bioactivity
of multiple enzymes, including hyaluronidase, elactase, and collagenase, in search of active cosmetic
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ingredients. By using a double detection besides LIF, another detection system, termed high-resolution
mass spectrometry (HRMS), was connected in series to ensure the simultaneous analysis of three
enzymatic reactions. All substrates and products were well defined in the less than 10 min run, with
excellent limit of quantification LOQ (<5 nM) and good peak symmetry and efficiency, sufficient
repeatability for intra-day and inter-day analysis (RSD < 4.5%) [106]. Prior to this work, the same
group introduced a simple electroporation technique to destroy microalgae membranes to extract
several amino acids in Dunaliella salina green algae, which were later analyzed by CE-LIF [107].

The compilation of using pre-capillary CE-LIF based in enzyme’s kinetics, drug metabolism, or
drug screening is listed in Table 2.

Table 2. Recent CE-LIF enzyme assays.

Enzyme Substrate Mode Note Ref.

neutrophil elastase 5-FAM-labeled peptides on column enzyme activity and
inhibitor screening [27]

protein kinase C fluorescent-labeled peptide off column inhibitor screening [59]

Sphingosine kinase Fluorescein-labeled sphingosine off column kinase and phosphatase
activity [100]

AlkB
fluorescently labeled
15-nucleotide-long single-base
methylated DNA substrate

off column demethylation of DNA [101]

histone deacetylase 1 5-carboxyfluorescein-labelled peptide off column inhibitor screening [104]
Proteases Fluorescence-labeled peptide off column proteolytic processing [105]
Hyaluronidase, elastase
and collagenase FAM-peptides off column enzyme kinetics and

plant substrate [106]

Human neutrophil elastase 5-carboxyfluorescein (5-FAM) peptide on column enzyme kinetics,
substrate study [108]

alkaline phosphatase MFP cyclohexylammonium on column enzyme kinetics and
activity [109]

glucose oxidase
2-[6-(4′-amino)
phenoxy-3H-xanthen-3-on-9-yl]
benzoic acid (APF)

on column glucose determination,
inhibitor screening [110]

cholesterol oxidase
2-[6-(4′-amino)
phenoxy-3H-xanthen-3-on-9-yl]
benzoic acid (APF)

on column cholesterol measurement [111]

Lactate dehydrogenase lactate on column enzymatic cycling
reaction [112]

recombinant human
arylsulfatase glycosaminoglycan off column enzyme kinetic, natural

substrate [113]

beta-glucosidase Fluorescein
mono-beta-D-glucopyranoside off column enzymatic activity [114]

Calcineurin Fluorescence-labeled 19-amino acid off column kinase activity [115]
ATP BODIPY FL EDA off column enzyme activity [116]
Lysine decarboxylase Lysine off column enzyme activity [117]
oxygenases AlkB off column inhibitor study [118]
l-Asnase FITC amino acids off column FITC amino acids [118]
d-amino acid oxidase d-amino acids off column enzyme activity [118]

Signal peptidases proprietary fluorescent-labeled
substrate off column inhibitor screening [119]

tyrosine kinase fluorescence-labeled polypeptide
substrate off column kinase activity, inhibitor

screening [120]

horseradish peroxidase thyroxine, triiodothyronine,
thyroid-stimulating hormone on column hormone study [121]

recombinant GFP thrombin on column enzyme activity [122]

beta-galactosidase resorufin-β-D-galactopyranoside on column Single molecule
enzymology [123]

protein farnesyltransferase fluorescently labeled pentapeptide,
farnesyl pyrophosphate on column inhibitor screening [124]

alkaline phosphatase AttoPhos on column enzyme inhibitor study [125]
alkaline phosphatase disodium phenyl phosphate on column enzyme catalysis [126]

4.3. On-Column (In-Capillary) Enzymatic Assays

Bao and Regnier first pioneered the use of a capillary as a micro-reacting system for enzyme
reactions [127]. This method was later termed electrophoretically mediated microanalysis (EMMA), or
an on-column enzymatic assay. As suggested by the name, this technique integrates all reactions and
separating steps into a single column, leading to further automation and extremely small consumption
of enzymes, substrates, and cofactors. This approach is especially attractive where no sample workup is
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necessary and a high degree of miniaturization is achievable. In general, in-capillary assays encompass
two modes to load enzyme and substrates, the continuous mode (long contact mode) and the plug–plug
EMMA (short contact mode) [128]. In the continuous mode, the entire capillary is filled with either
enzyme or substrate. Consequently, the second reactant is flushed through the channel as a plug.
In the classical plug–plug EMMA, the enzyme and substrate are introduced as consecutive plugs, and
the enzyme reaction takes place upon the application of an electric field. One drawback of EMMA is
the incompatibility between the background electrolyte required for the separation and the enzyme
reaction buffer. This shortcoming is not usually a big challenge, since in many cases background
electrolytes consume similar buffers, which are used for sample preparation. However, to address
this incompatibility, an additional plug of incubation buffer is injected into the system. This mode is
named “partial filling mode” [129].

4.4. Application

The use of the EMMA approach has expanded in recent years for studies on enzyme activity
and kinetics, inhibitor screening, substrate determination, and drug metabolism. In particular, the
application of LIF detection has increased, especially in clinical or analogously oriented studies.

Fayad et al. reported an online EMMA-CE-LIF assay to evaluate the kinetic constant of a
novel substrate of human neutrophil elastase (HNE), an enzyme responsible for skin aging and
involved in the development of chronic obstructive pulmonary disease in non-small cell lung cancer
progression [130,131]. Based on short-end injection, using transverse diffusion of laminar flow profiles
(TDLFP) to mix the reactants, the analysis time was shortened to only 7 min [108]. The TDLFP
mixing technique has also been used to study many enzyme activities [132–134]. HNE activity was
assessed using both UV and LIF detection modes (Figure 6). The higher sensitivity obtained from LIF
(almost three-fold in magnitude at a few nM LOD) is proof of the concept that LIF coupled with CE
is economical and highly selective. The same group later developed another EMMA-CE-LIF-based
method to study the inhibition of HNE [27]. For this, they utilized a complimentary technique termed
microscale thermophoresis (MST), coupled with CE-LIF, to efficiently monitor the enzyme-inhibitor
affinity. Benefiting from the previously published work, this assay to screen HNE inhibitors reached a
high level of LOQ (~3 nM) with no pre-concentration steps required.

Figure 6. Electropherograms obtained by CE-LIF analysis for (A) S3 or 5-FAM-Ala-Ala-Ala-Phe-
Tyr-Asp-OH and (B) S4 or 5-FAM-Arg-Glu-Ala-Val-Val-Tyr-OH hydrolysis by HNE. Reproduced with
the permission of [108].

Coyle’s group developed a method to study phosphatases from marine bacteria whose enzymatic
functions are of importance to the mobilization, transformation, and turnover of compounds in aquatic
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environments [109]. Based on the precedence of previous work [135], they determined the alkaline
phosphatase’s kinetics in four marine proteobacteria isolates, using a fluorescently labeled substrate
3-o-methylfluorescein phosphate cyclohexylammonium salt MFP. Without significant modifications,
the CE-LIF online approach provided more information about enzyme diversity and could be applied
to study the phosphatases in various organisms. However, challenges remain for the method, including
the identification and characterization of enzymes which have the same electrophoretic mobility.

Diabetes is one of the most common metabolic disorders worldwide, characterized by high
blood sugar levels in patient serum [136,137]. Due to its lethal complications, many research groups
have been extensively seeking to develop fast, accurate, and reliable methods to read and/or monitor
glucose. Recently, Guan et al. introduced an ultrasensitive analysis of glucose in serum, using a CE-LIF
on-column enzymatic assay [110]. The reaction between glucose oxidase (GOx) and horseradish
peroxidase (HRP) released hydrogen peroxide (H2O2), leading to the activation of a fluorogenic reagent
named 2-[6-(4’-amino) phenoxy-3H-xanthen-3-on-9-yl] benzoic acid APF to form a highly fluorescent
product, which was later electrophoretically separated from unreacted APF by the LIF detection. Their
proposed method allowed the detection of glucose in real samples down to 10 nM, and RSD values
lower than 3.5%.

In addition, other components of biological fluids could be targets using the EMMA-CE-LIF
platform. The same group reported this method in the use of determining total cholesterol in human
plasma [111].

Nicotinamide adenine dinucleotide (NAD+) and its reduced form NADH act as two coenzymes
that are involved in cellular energy metabolism, including glycolysis and oxidative phosphorylation.
The conversion of the two enzymes, or the NADH/NAD+, ratio reflects the cellular metabolic status,
thus responding to environmental stimuli. Xie and colleagues developed an in-capillary assay to
detect NAD+ and NADH contents of a single cell, by coupling an enzymatic cycling reaction with
CE-LIF [112]. NAD+ is reduced to NADH in one enzymatic reaction, and in return NADH is oxidized
to NAD+ with the production of a fluorescent product [138,139]. As the cycle goes on, with the
formation of a fluorescent product, resorufin, the accumulation rate is therefore correlated to the
NAD+/NADH ratio in the system. Xie reported the LOD for NAD+ using on-line capillary assays
being as low as 0.2 nM, with the reproducibility (RSD) of 5%, which is much more sensitive than that
of concurrent methods available for the determination of NAD+ and NADH in cells and tissues, such
as fluorescence imaging, enzymatic assay, or HPLC.

The recent EMMA-CE-LIF methods are listed in Table 2.

4.5. Chip-Based Enzyme Assays and Application in CE-LIF Systems

In general, the application of microchip devices in capillary electrophoresis has been targeted
to acquire the miniaturization and portability features. To join in LIF mode, a significant reduction
in the size of the auxiliary apparatus is necessary to achieve such a sophisticated system. Initially,
since the laser module is bulk equipment, microchips have acted as a sample preparation tool in
need of pre-concentration or purification. However, several research groups have been seeking
methods to integrate the whole fluorescence detector inside the microchips, a new concept known as
“lab-on-a-chip”. The most common strategy is to embed optical fibers inside the micro devices to bring
the light in and out of the detection unit. Various designs have been introduced with the optical fiber
inserted onto the microchip. Among them, optical micro lenses have become a trend, using different
materials and techniques. For examples, polymer micro lenses have been utilized to focus light inside
the microfluidic channel and increase the excitation of the fluorescent tags. To apply this strategy and
aim for high-throughput in design, Guestchow’s group fabricated polydimethylsiloxane (PDMS) on a
chip device [140]. By taking advantage of the intrinsic properties of glass (hydrophilic) and PDMS
(hydrophobic), the extraction of droplets from the segmented flow was simplified. The segmented
flow sample streams were coupled with hybrid PDMS-chip glass and rapidly analyzed by microchip
electrophoresis with a dual beam laser-induced system. A total of 160 test compounds as potential
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inhibitors of protein kinase A were subsequently screened and each sample generated two droplets,
thus allowing approximately six injections per sample. Including controls (negative and positive), a
total of 168 samples were analyzed in approximately 12 min. Of the screened compounds, 25 potential
enzyme inhibitors were identified, with the IC50 of two inhibitors calculated.

Microchips in CE usually use a very short separation distance. Therefore, it is crucial to effectively
deliver narrow and reproducible sample plugs into the separation channels. Optically gated sample
introduction is an alternative injection method from the commonly used T-type injection. In this
injection mode, fluorescently labeled analyte is electrophoresed through the separation section. A laser
is split into two beams and focused on the two points of the separation section. One beam (the
probe beam) has less laser power and is utilized for LIF detection. The other beam (the gating
beam) has higher laser power and is used to perform the sample introduction by time-discriminated
photobleaching of the sample. For instance, Gong et al. introduced a microfluidic device-based enzyme
assay using beta-glucuronidase as the enzyme and a fluorescein di-(beta-D-glucuronidase) as the
substrate model [141]. Their device was coupled with a dual-beam LIF detection, where the fluorescent
signals were recorded with two independent LIF channels capable of being aligned to various positions
on the device. Consequently, the enzymatic product concentrations in the manner of time incubation
were measured, the Michalis constant was determined, and inhibition assays were carried using a
competitive inhibitor to calculate the IC50 values of promising inhibitors.

In the study of Belder’s group, they demonstrated a rapid CE-chip-based assay to investigate
the deacetylation of acetyl-lysine residues by sirtuins (SIRTs) enzymes [142]. Their microchip
design consisted of a microfluidic separation structure integrated with a serpentine micromixer.
9-fluorenylmethoxycarbonyl (Fmoc)-labeled tetrapeptide derived from p53 was used as the SIRT
substrate. The substrate and enzyme were mixed in the reaction channel and subsequently transferred
to the separation channel by an electrophoretic pinched injection. The SIRT inhibitors were screened,
with the results in alignment with the literature. The total time, including incubation, chemical reaction,
and analysis, was about 30 min, which was shorter than the previously published techniques [143].

Besides reaction in solution, enzymes can also be immobilized to solid supports, known as
immobilized enzyme reactors (IMERs), which are incorporated into CE-chips to further utilize the
EMMA technique in a miniaturized system. Reviews were published using IMERs in proteomics [144]
or microfluidic process reactors [145] and field-analysis [84]. Microchip CE has employed IMERs in its
offline approach, in combination with the LIF detection mode. For example, Qiao published a series
of microchip CE-LIF assays to study the enzyme activities of L-asparaginase [146,147]. Their results
demonstrated a promising therapeutic protocol for acute lymphoblastic leukemia.

5. Conclusions and Perspective Outlook

This review discussed the application of CE-LIF as a tool to develop immunoassays and enzyme
assays and its application in the last decade. Due to the increasing demand in biological, clinical, and
pharmaceutical research, the use of CE-LIF has been expanding rapidly, because of its ultra-sensitivity
and selectivity. The instruments and method are continually changing to improve the efficiency of
the analysis, as well as bridging the application of CE to broader spectrums of analysis. Scientists
are extensively seeking to modify the system by introducing new materials for capillary column
modification, or analyte derivatization to maximally enhance the analytical performance. Emerging as
a new trend, nanoparticles (NPs) with a size of less than 100 nm have attracted much attention for
a widespread range of applications, due to their unique physicochemical characteristics and facile
surface modification. Among various NPs, employment of magnetic beads as solid support for
immunoextraction has been seen in many reports [148–152]. The number of studies and applications
of NPs as independent surrogates or in coupling with the microfluidic process in immunoaffinity
and the enzymatic assays is continuously increasing, with numerous papers dealing with NPs in the
CE system.
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To improve the performance of complex biological and biomedical samples, multidimensional
separation has become a tendency, where two or more orthogonal displacement mechanisms are
combined in CE systems. Especially with regards to fluorescence detection, multiple dimensions
have helped overcome the matrix interferences, thus significantly improving the sensitivity. Together
with the combination of microfluidic devices, CE-LIF has enhanced efficiency, as well as allowing
the multiplexed separation of analytes. An integrated 2D, 3D, or more dimensional system in the
future will make CE separation a portable and universal tool of practice in medicine, pharmaceuticals,
environmental science, and food science.

LIF detection has been well established for decades in the capillary electrophoresis field. However,
in an attempt to reduce the cost of expensive laser modules and avoid stability issues in the baseline
(especially in the UV range), researchers have been looking for alternative light sources for LIF.
CE-LEDIF has been a replacement candidate, which was discussed briefly earlier due to the various
emission wavelengths that LED sources can offer. In terms of detection limit, it is still controversial
compared to LIF, however, in the near future, LEDIF can possibly replace LIF detection.

We discussed herein the CE-LIF immunoassays and pointed out the advantages, disadvantages,
and points to consider of each format. For immunoassays, competitive homogenous binding assays are
still the most popular of the CE-LIF based immunoassay methods. We also included a discussion of the
enzymatic reaction. Both kinds of reaction have been applied successfully to capillary electrophoresis.
Of enzyme assays, offline methods are easy to perform and manage. With a combination of EMMA,
IMERs, and multidimensional channels, we attempted to bring to light the immunoassay and enzyme
assay point of view to the analytical scientists, and highlight the opportunity to harness this powerful
technique within analytical chemistry. Table 3 lists the common advantages and disadvantages offered
by CE-LIF for these bioassays.

Intriguingly, chip devices have inevitably proved their capacity to incorporate with CE to become
a fast, high throughput, and automated miniaturization system. We covered the application of
microfluidic devices in both categories to showcase the volatility and ease of use upon the demanding
and challenging requirements of industrial purposes. At its core, CE-LIF can become a prognostic or
diagnostic tool in multiple clinical fields.

Table 3. CE-LIF based assay advantages and disadvantages.

Advantages Disadvantages

-High sensitivity, high speed
-High reproducibility

-Small number of samples required
-Minimal preparation time

-Easy automation, high throughput for profiling of complex biological samples
-Possible on-column concentration

-Highly efficient multidimensional separation

-Derivatization required
-Instability of the laser power

-Excitation range is limited
-No standardized method
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85. Kašička, V. Recent developments in capillary and microchip electroseparations of peptides (2013–middle
2015). Electrophoresis 2016, 37, 162–188. [CrossRef]

66



Molecules 2019, 24, 1977

86. Sonker, M.; Sahore, V.; Woolley, A.T. Recent advances in microfluidic sample preparation and separation
techniques for molecular biomarker analysis: A critical review. Anal. Chim. Acta 2017, 986, 1–11. [CrossRef]

87. Zare, R.N.; Kim, S. Microfluidic Platforms for Single-Cell Analysis. Annu. Rev. Biomed. Eng. 2010, 12,
187–201. [CrossRef] [PubMed]

88. Hage, D.S. Immunoassays. Anal. Chem. 1999, 71, 294r–304r. [CrossRef]
89. Giovannoli, C.; Anfossi, L.; Baggiani, C.; Giraudi, G. novel approach for a non competitive capillary

electrophoresis immunoassay with laser-induced fluorescence detection for the determination of human
serum albumin. J. Chromatogr. A 2007, 6, 187–192. [CrossRef] [PubMed]

90. Roper, M.G.; Shackman, J.G.; Dahlgren, G.M.; Kennedy, R.T. Microfluidic chip for continuous monitoring
of hormone secretion from live cells using an electrophoresis-based immunoassay. Anal. Chem. 2003, 75,
4711–4717. [CrossRef]

91. Phillips, T.M.; Wellner, E.F. Chip-based immunoaffinity CE: Application to the measurement of brain-derived
neurotrophic factor in skin biopsies. Electrophoresis 2009, 30, 2307–2312. [CrossRef]

92. Phillips, T.M.; Wellner, E. Detection of cerebral spinal fluid-associated chemokines in birth traumatized
premature babies by chip-based immunoaffinity CE. Electrophoresis 2013, 34, 1530–1538. [CrossRef] [PubMed]

93. Phillips, T.M.; Wellner, E.F. Analysis of Inflammatory Mediators in Newborn Dried Blood Spot Samples by
Chip-Based Immunoaffinity Capillary Electrophoresis. In Clinical Applications of Capillary Electrophoresis:
Methods and Protocols; Phillips, T.M., Ed.; Springer: New York, NY, USA, 2019; pp. 185–198.

94. Shi, M.; Zhao, S.; Huang, Y.; Liu, Y.-M.; Ye, F. Microchip fluorescence-enhanced immunoaasay for simultaneous
quantification of multiple tumor markers. J. Chromatogr. B 2011, 879, 2840–2844. [CrossRef] [PubMed]

95. Banke, N.; Hansen, K.; Diers, I. Detection of enzyme activity in fractions collected from free solution capillary
electrophoresis of complex samples. J. Chromatogr. A 1991, 559, 325–335. [CrossRef]

96. Nguyen, H.T.; Waldrop, G.L.; Gilman, D.L. Capillary electrophoretic assay of human acetyl-coenzyme A
carboxylase 2. Electrophoresis 2019, 0, 1–7. [CrossRef]

97. Bryatt, S.K.; Waldrop, G.L.; Gilman, D.L. A Capillary Electrophoretic Assay for Acetyl CoA Carboxylase.
Anal. Biochem. 2013, 437, 32–38.

98. Chen, C.; Bonisch, D.; Penzis, R.; Winckler, T.; Scriba, G.K.E. Capillary Electrophoresis-Based Enzyme Assay
for Nicotinamide N-Methyltransferase. Chromatographia 2018, 81, 1439–1444. [CrossRef]

99. Zhang, N.; Tian, M.; Liu, X.; Yang, L. Enzyme assay for d-amino acid oxidase using optically gated capillary
electrophoresis-laser induced fluorescence detection. J. Chromatogr. A 2018, 1548, 83–91. [CrossRef]

100. Lee, K.J.; Mwongela, S.M.; Kottegoda, S.; Borland, L.; Nelson, A.R.; Sims, C.E.; Allbritton, N.L. Determination
of Sphingosine Kinase Activity for Cellular Signaling Studies. Anal. Chem. 2008, 80, 1620–1627. [CrossRef]
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Abstract: Seed storage proteins play a fundamental role in plant reproduction and human nutrition.
They accumulate during seed development as reserve material for germination and seedling growth
and are a major source of dietary protein for human consumption. Storage proteins encompass
multiple isoforms encoded by multi-gene families that undergo abundant glycosylations and
phosphorylations. Two-dimensional electrophoresis (2-DE) is a proteomic tool especially suitable
for the characterization of storage proteins because of their peculiar characteristics. In particular,
storage proteins are soluble multimeric proteins highly represented in the seed proteome that contain
polypeptides of molecular mass between 10 and 130 kDa. In addition, high-resolution profiles can
be achieved by applying targeted 2-DE protocols. 2-DE coupled with mass spectrometry (MS) has
traditionally been the methodology of choice in numerous studies on the biology of storage proteins
in a wide diversity of plants. 2-DE-based reference maps have decisively contributed to the current
state of our knowledge about storage proteins in multiple key aspects, including identification of
isoforms and quantification of their relative abundance, identification of phosphorylated isoforms
and assessment of their phosphorylation status, and dynamic changes of isoforms during seed
development and germination both qualitatively and quantitatively. These advances have translated
into relevant information about meaningful traits in seed breeding such as protein quality, longevity,
gluten and allergen content, stress response and antifungal, antibacterial, and insect susceptibility.
This review addresses progress on the biology of storage proteins and application areas in seed
breeding using 2-DE-based maps.

Keywords: seed proteomics; seed phosphoproteomics; seed glycoproteomics; seed quality traits;
seed molecular breeding

1. Introduction

Storage proteins accumulate during seed development within membrane-bound organelles called
protein bodies and serve as a reservoir of amino acids, reduced nitrogen, carbon, and sulfur required
for germinating seedlings [1–5]. Storage proteins also play a crucial role in human nutrition and
livestock feed. Plants provide most (ca. 58%) of the dietary protein consumed worldwide compared
to animal-based protein sources, although with marked variations depending on the region and
economic status [6–9]. In particular, seeds are a major source of the dietary protein content that varies
approximately from 10% (dry weight) in cereals to 40% in some legumes and oilseeds [1]. Storage
proteins determine to a great extent the seed nutritional quality because they account for a major part of
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the total protein content. By way of illustration, approximately 70–80% of the total amount of reduced
nitrogen in cereals and legume grains can be attributed to seed storage proteins (SSPs) [10]. In addition,
some SSPs and vegetative storage proteins (VSPs) can exhibit additional enzymatic activities such
as lipid acyl hydrolase, acyltranferase, esterase and acid phosphatase activities capable of assuming
useful supplementary biological functions, including defense and antioxidant functions [11–14].

The model species Arabidopsis thaliana L. has played a key role in identifying gene regulatory
networks that govern seed development and germination. A wide repertoire of genetic technologies
enabled the identification of essential regulatory genes during seed development and germination in
Arabidopsis as well as the identification of orthologous genes in other plant species [15–20]. These
technologies include forward genetic screens of lines obtained by T-DNA insertional mutagenesis for
tagged mutants that produce a knockout phenotype, microarray RNA transcriptional profiling, and
identification of seed-specific transcription factors (TFs). Genes involved in the regulatory networks
responsible for the synthesis, accumulation and mobilization of seed storage proteins have been
identified in Arabidopsis and other plants [20,21]. Dormancy induction and germination are greatly
regulated by the dynamic balance between the functional antagonist abscisic acid (ABA) and gibberelic
acid (GA) phytohormones [22]. Considerable progress has been achieved in unraveling the regulatory
mechanisms underlying ABA response [23–26]. In particular, a number of protein-coding genes and
TFs have been associated with the hormonal regulation involved in the synthesis and accumulation of
storage proteins [20].

Seed proteome comprises a heterogeneous collection of functionally differentiated proteins that
undergo highly dynamic qualitative and quantitative changes in order to meet seed requirements
during development and germination. Storage proteins are typically multimeric proteins encoded
by multi-gene families constituted by highly homologous genes clustered on one or various
chromosomes [14,20,27,28]. They often undergo abundant glycosylations and phosphorylations,
two types of co- and/or post-translational modifications (PTMs) that notably increase the diversity
of isoforms [29,30]. Proteomics encompasses a wide range of technologies with sufficient potential
for the detailed characterization of the broad set of storage protein isoforms. There have been a large
number of gel-based and gel-free MS-driven proteomic studies focused on seed proteome [31–37]. The
2-DE proteomic technology initially developed by O’Farrel [38] opened the way to numerous studies
addressing the characterization of storage proteins. Reference maps of many storage proteins have
been constructed based on the separation of total seed proteins by 2-DE and protein identification by
downstream MS analysis.

2-DE-based maps of storage proteins have been obtained using two different experimental
strategies with strengths and weaknesses. Hundreds of publications have used experimental protocols
for the study of global seed proteins with very different relative abundance [31–35,39–41]. This is
an optimal experimental approach to assess the interplay between storage proteins and other seed
proteins, but it entails the loss of definition of storage protein isoforms on 2-DE gels. Alternatively, a
minority of studies used 2-DE specific protocols aimed at obtaining high-resolution profiles of storage
proteins [29,30,42–44]. This approach is very useful to characterize storage protein isoforms and their
response to internal and external seed stimuli at higher level of resolution, although the information it
provides is decoupled from the rest of seed proteins. Overall, the application of these two strategies
has provided most of the advances in the biology of storage proteins. These advances cover facets
as diverse as the identification of isoforms and their relative abundance, the identification, mapping
and quantitation of phosphorylated and glycosylated isoforms and the assessment of qualitative and
quantitative changes of isoforms during seed development and germination. Seed breeding programs
have benefited from these advances for the improvement of many seed traits of interest such as protein
quality, longevity, gluten and allergen content, stress response and antifungal, antibacterial and insect
susceptibility [45–51].

This review focuses on the use and importance of 2-DE-based maps to obtain insights into the
biology of storage proteins and application areas in seed breeding.
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2. Terminology and Classification of Storage Proteins

SSPs are currently denominated according to profundly heterogeneous criteria:
extraction/solubility in distinct solvents (e.g., albumins), sedimentation coefficients (e.g., 7S),
generic names in Latin (e.g., hordeins from barley, Hordeum vulgare L.), trivial names (cactin from
Cereus jamacaru DC.) and specific terminology for polypeptide subunits encoded by multigene
families (e.g., phaseolin α-type polypeptide from common bean, Phaseolus vulgaris L.) [34]. However,
most storage proteins have traditionally been classified into four main groups on the basis of their
solubility in different solvents as proposed by Osborne [52]: water (albumins), dilute saline (globulins),
alcohol-water mixtures (prolamines) and dilute acid or alkali (glutelins). New bioinformatics
algorithms have recently been proposed for a higher classification accuracy using specific sequences
available in public databases [53,54].

VSPs are a differentiated set of plant storage proteins located in vegetative tissues (tubers, stems,
roots or leaves) of plants such as the sweet potato (sporamins), the potato (patatins) and Oxalis tuberosa
Mol. (ocatins) [2,13,55,56]. For example, the patatin multigene family can be divided into class-I and
class-II gene subfamilies with differential tissue expression patterns: class I transcripts are potato
(Solanum tuberosum L.) tuber specific while class II transcripts are expressed not only in tubers but also
in roots but much less abundant than class I transcripts [57,58]. VSPs are not grouped together with
SSPs because they belong to a family of unrelated proteins and exhibit certain different characteristics
such as a distinct form of mobilization [2,13,55,59].

A representative list of storage proteins (SSPs and VSPs) that includes important worldwide
agricultural crops is shown in Table 1.

Table 1. List of seed and vegetative storage proteins in different crop types.

Crop Storage Proteins
Percentage of
Total Protein

Molecular Weight
Subunits (kDa)

References

Maize (Zea
mays L.)

Globulins 12–16 [3,60–64]
globulin-1 63, 45, 26, 23
globulin-2

Prolamins 50–70
α-zeins 25–49 22, 19
β-zeins 1–4 14–16
γ-zeins 6–13 27, 16, 50
δ-zeins 1–4 10

Wheat
(Triticum

aestivum L.)

Prolamins 80 [65–73]
gliadins 30–50 30–80

α-gliadins 15–30
β-gliadins
γ-gliadins
ω-gliadins

glutenins

LMW-GS 12 42–51 (B), 30–40 (C),
58 (D)

HMW-GS 80–130 (A)
Globulins

11-12S triticins 5 58 (D), 22 (δ), 52 (A),
23 (α)

Rice (Oryza
sativa L.)

Glutelins 60–80 35–40, 20–22 [74–76]
Prolamins 20–30 10, 13, 16
Globulins

α-globulins 2–8 26
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Table 1. Cont.

Crop Storage Proteins
Percentage of
Total Protein

Molecular Weight
Subunits (kDa)

References

Potato
(Solanum

tuberosum L.)

Patatins 45 39–45 [30,77,78]
Kunitz protease inhibitors 20
Protease inhibitors 1 45
Protease inhibitors 2
Carboxypeptidase inhibitors 10
Lipoxygenases 97

Soybean
(Glycine max

L.)

Globulins [79–81]
α-conglycinins

7S vicilin/
β-conglycinins 40 76 (α), 72 (α’), 52 (β)

γ-conglycinins
11S legumin/

glycinins 25 56 (G1), 54 (G2), 54
(G3), 64 (G4), 58 (G5)

Barley
(Hordeum
vulgare L.)

Prolamins [68,82]
hordeins 35–55

B-hordeins 15–44 30–45
C-hordeins 4–11 45–75
D-hordeins 45
γ-hordeins

Sunflower
(Helianthus
annuus L.)

Globulins [83–85]

11S helianthinins 38 37–43 (α), 31–35 (α’),
21–30 (β)

Albumins
2S 62 12–20

Common
Bean

(Phaseolus
vulgaris L.)

Globulins [14,44,86,87]
7S phaseolins 40–50
11S legumins 3

Lectins
phytohemagglutinins 5–10
α-amylase inhibitors

Oat (Avena
sativa L.)

Globulins 10–55 [71,88,89]
3S 48–52
7S 50–70

11S 60
12S avenalins 32–43 (α), 19–25 (β)

Albumins 10–20
Prolamins 12–14
Glutelins 23–54

Pea (Pisum
sativum L.)

Globulins [90,91]
7S vicilins 47, 50, 34, 30

11S legumins 41 (α), 22 (β), 23 (β’)
convincilins 78, 72

Chickpea
(Cicer

arietinum L.)

Albumins [89,92]
2S 12

Globulins 50
7S vicilins

11S legumins 40–47 (α), 24–25 (β)
Glutelins 18.1
Prolamins 2.8

Pomegranate
(Punica

granatum L.)

Globulins 40.5 38–54, 13–18 [93]
Albumins 32.2 58–116, 33–46, 15–23
Glutelins 15.6 37, 21–23, 14
Prolamins 9.7 15, 20, 24
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Table 1. Cont.

Crop Storage Proteins
Percentage of
Total Protein

Molecular Weight
Subunits (kDa)

References

Lentils (Lens
culinaris
Medik.)

Globulins [94]
11S legumins 21 38–43

7S vicilin/ convicilins 72 15–59
Albumins

2S

Rapeseed
(Brassica
napus L)

Globulins [95]
12S cruciferins 20 29–33 (α), 21–23 (β)

Albumins
2S napins 60 4–9

Globulins predominate in dicotyledoneous seeds whereas prolamins are the major storage proteins
in most cereals. Globulins are located in the embryo and outer aleurone layer of the endosperm and
are commonly divided according to their different sedimentation coefficients (7S and 11S). They are
very similar to 7S vicilins in legumes and other dicotyledoneous plants [3]. In maize (Zea mays L.),
globulins are classified as globulin-1, the most abundant storage protein in embryos, and globulin-2.
In soybean (Glycine max L.), the seeds contain a considerable amount of globulins, namely β-conglycin
(7S globulin) and glycinin (11S globulin). β-conglycin has a trimeric structure composed of α, α′,
and β subunits with molecular weights ranging from 50 to 76 kDa. Glycinins consist of six subunits
linked by disulfide bonds, but the five major subunits are G1–G5 whose molecular weights range
from 54 to 64 kDa. Prolamins are the major proteins in endosperm and they are more variable than
globulins. In maize grain, zeins are the most abundant storage proteins and are mainly accumulated in
the endosperm between 12 and 40 days after pollination [96]. They are grouped into α (19 and 22 kDa),
β (16 kDa), γ (16, 27 and 50 kDa) and δ (10 kDa) zeins [63]. Wheat (Triticum aestivum L.) prolamins,
gliadins and glutenins form gluten and are located in grain endosperm. Gliadins are often subdivided
into various subtypes in accordance with their electrophoretic mobilities (i.e., α-, β-, γ- and ω-gliadins),
whereas glutenin subunits are subdivided according to their molecular weights (i.e., HMW-GS and
LMW-GS glutenins). In rice (Oryza sativa L.), glutelins are the major seed storage proteins that contain
hexamers of α-polypeptides (35 kDa) and β-polypeptides (22 kDa). Storage proteins are abundant
proteins but subtypes are differentially represented in seed/tuber proteomes with relative amounts
ranging from 1–4% (δ-zeins, Z. mays) to 72% (7S lentil vicilins, Lens culinaris Medik.), whereas Mr-values
range from 10 (δ-zeins, Z. mays) to 130 kDa (HMW-GS glutenins, T. aestivum) (Table 1).

3. Two-Dimensional-Based Reference Maps of Storage Proteins

2-DE can be routinely applied for the separation of highly complex mixtures of proteins from cell,
tissue, organ and organism protein extracts in accordance with their isoelectric point (pI) and molecular
mass (Mr) in two successive steps: isoelectric focusing (IEF) in the first dimension and sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) to resolve denatured proteins in
the second. The introduction of immobilized pH gradients (IPGs) using bifunctional immobiline
reagents enabled us to obtain highly stable pH gradients in the first dimension increasing resolution,
reproducibility, the detection of lower abundance proteins and the separation of highly acidic and
alkaline proteins [97,98]. Many other technical achievements contributed to the optimization of
2-DE, such as more efficient protein extraction methods, the running of multiple gels in parallel,
highly sensitive protein stain methods based on fluorescent dyes compatible with subsequent
protein identification by MS technologies, and advanced computer software for the analysis of gel
images [99–103]. Technical inter-gel variation of protein spots can be reduced using an internal pooled
standard in multiplexing methods. Difference gel electrophoresis (DIGE) enables the simultaneous
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running of up to three different samples in a single 2-DE gel using pre-electrophoretic labeling of
protein samples with distinct spectrally-resolvable fluorescent CyDyes [101].

Dedicated protein extraction protocols can alleviate in part some of the limitations of the standard
2-DE system, including the analysis of low-abundant proteins and membrane proteins [98,102,104,105].
It is noteworthy that plant tissues contain relatively lower amounts of proteins than other organisms
and a large number of biological compounds that interfere notably with the extraction, solubilization
and separation of proteins by 2-DE, such as cell walls, lipids, polysaccharides, polyphenols and large
quantities of proteases. Therefore, protein extraction is the initial and one of the most critical steps in
plant proteomic studies because it determines to a large extent the final quality of 2-DE [99,106–109].
Overall, 2-DE is a laborious and poorly automated technology that requires a great deal of expertise to
successfully exploit its potential.

High-resolution 2-DE can successfully separate, detect and quantify up to thousands of proteins
simultaneously [99]. It is routinely applied in current proteomics to effectively analyze abundant and
soluble proteins with an amount of 1–2 ng per spot expressed at greater than 103 copies/cell, a linear
dynamic range about three orders of magnitude, molecular mass ranging from 15 to 150 kDa and pH
intervals from 2.5 to 12 [99,104,110]. Accordingly, 2-DE has enough resolving power to separate most
of the isoforms of storage proteins. These proteins are soluble and highly abundant, exhibiting a range
of Mr and pI within 2-DE resolution limits. By way of illustration, values of Mr over phaseolin and
patatin isoforms have a range of variation between 40 and 50 kDa, whereas pI-values range from 4.5
to 5.8 [29,30,42,44]. Gel location of storage protein isoforms can be initially established in accordance
with their theoretical Mr and pI values and candidate protein spots eventually confirmed by MS for
polypeptide/protein identification. 2-DE has the important ability to detect degraded proteins by
comparing their Mr values observed on gels to those corresponding theoretical values [109,111].

High-resolution profiles for storage proteins can be achieved by conveniently adjusting the
amount of total protein loaded onto IPG strips [29,30,42–44]. Figure 1 shows standard and optimized
phaseolin and patatin profiles by loading low amounts of total protein extracts from common bean
seeds and potato tubers, respectively. It can be seen that dedicated 2-DE protocols produce good quality
gel images with well-focused and separate protein spots corresponding to different phaseolin and
patatin isoforms. 2-DE phaseolin and patatin profiles comprise a large number of spots organized in a
compact way on the same gel region. Protein storage profiles can also exhibit multiple constellations
of spots widely distributed on 2-DE gels (Figure 2). Dedicated 2-DE protocols have the additional
advantage that the statistical cost by probability adjustments for multiple hypothesis testing is lower
than in protocols addressed to the analysis of total seed proteomes, which leads to an increase in the
statistical power of significance tests.
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(a) (b)

Figure 1. Standard (a) and targeted (b) 2-DE gel images of phaseolin (above) and patatin (below)
isoforms from common bean (P. vulgaris) seeds and potato (S. tuberosum) tubers. Standard 2-DE gels
were obtained from 250 μg of total seed protein or total tuber protein extracts loaded into 24-cm-long
IPG strips of linear pH gradient 4–7 in the first dimension. The second dimension (SDS-PAGE) was run
on 12% (w/v) SDS-PAGE gels. Gels were subsequently stained with SYPRO Ruby fluorescent stain.
Targeted 2-DE gel images for high-resolution profiles were obtained under the same conditions but
using only 75 μg of total protein extracts.

Figure 2. Gel image of high-resolution profile of soybean (G. max) storage proteins (β-conglycinin and
glycinin subunits) obtained by the targeted 2-DE.
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2-DE is particularly useful for identification of PTMs that change the pI and/or Mr of proteins
such as phosphorylations and glycosylations [102,112]. 2-DE-based reference maps of storage proteins
can, therefore, be implemented with in-gel detection and mapping of phosphorylated and glycosylated
isoforms (Figure 3). The Pro-Q diamond phosphoprotein stain (Pro-Q DPS) is a simple, direct,
rapid and commonly used method for in-gel multiplex detection, mapping and quantitation of
phosphorylated proteins [113,114]. Recent studies indicate, however, that the phosphoprotein chemical
dephosphorylation of seed protein extracts with hydrogen fluoride-pyridine (HF-P) [115] prior to
2-DE is a highly valuable strategy for more accurate in-gel quantitation of phosphorylated storage
proteins [29,30]. Phosphorylation levels for 2-DE spots can be directly assessed from volume changes
between dephosphorylated and control sample profiles.

Figure 3. Gel images of differentially phosphorylated (P) and glycosylated (G) isoforms of phaseolin
(above) and patatin (below) obtained by targeted 2-DE.

The analysis of phosphorylated isoforms of storage proteins based on dedicated 2-DE maps has
several major advantages in comparison to MS-driven analyses. A standard “bottom up” quantitative
phosphoproteomics workflow involves the enzymatic or chemical digestion of a mixture of proteins
into peptides to produce MS/MS spectra [33]. The redundancy of peptides and phosphorylation
sites over high sequence identity protein isoforms hinders the assignation of specific peptides to a
single isoform [112]. It is noteworthy that storage protein isoforms are encoded by gene families that
exhibit high sequence identity mainly due to concerted evolution mechanisms of unequal crossing
over and gene conversion [116]. For instance, patatin isoforms are encoded by a multigene family
constituted by ~10–18 genes per haploid genome [28] and exhibit a sequence homology of at least
90% [58,117]. In addition, many other factors can lead to erroneous conclusions in MS-driven PTM
analysis such as the co-elution of peptides, the loss of phosphoryl group during ionization process and
phosphate transfer to acceptor residues, a lack of reproducibility and a low number of commonly used
biological replicates [96,112,118]. It is noteworthy that some of these methodological constraints apply
to powerful MS-based methods used for quantitative proteomics such as stable isotope labeling with
amino acids in cell culture (SILAC) and isobaric tags for relative and absolute quantitation (iTRAQ).
On the other hand, phosphopeptide enrichment strategies are usually accomplished prior to MS
analysis because of the fact that many phosphoproteins/phosphopeptides from biological samples
may be present in substoichiometric amounts [33,118]. In the case of storage proteins, the application
of enrichment methods is not required because they are abundantly phosphorylated proteins [29,30].
Phosphopeptide enrichment methods such as immobilized metal affinity chromatography (IMAC) and
titanium dioxide (TiO2) impair the evaluation of quantitative changes in the phosphorylation status
among storage protein isoforms, although they are very useful for phosphosite identification.
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Finally, the detection and quantitation of glycosylated isoforms of storage protein can be assessed
by different methods, including the enzymatic deglycosylation of total protein extracts [42], in-gel
glycoprotein-specific Pro-Q Emerald fluorescent stain [119] and glycopeptide enrichment using
a zwitterionic (ZIC) hydrophilic interaction liquid chromatography (HILIC) column or affinity
chromatography on a concanavalin-A-sepharose column [120,121]. Storage protein glycoforms
can be identified efficiently by their Mr shifts on gels using targeted 2-DE protocols [30,42].
Glycosylated peptides are often difficult to identify in MS analyses because glycosylations change the
hydrophobicity/hydrophilicity of the peptide [110].

4. Advances in the Biology of Storage Proteins

An exhaustive number of studies using 2-DE-based maps have contributed significantly to the
characterization of the wide diversity of types, subunits and isoforms of storage proteins, their relative
abundance in seeds and tubers, PTMs, targeted mutation effects and both qualitative and quantitative
variations within and between wild and cultivated accessions [29–35,39–44]. In addition, 2-DE-based
maps have provided valuable information on the complex dynamic changes of storage proteins during
seed development and germination.

4.1. Seed Development

The available evidence indicates that storage proteins accumulate following variable patterns
during embryo growth and seed filling, depending on the type of storage protein and cultivar. Thus,
Gallardo et al. [4] reported that the major storage proteins 11S legumins and 7S vicilins of the model
legume Medicago truncatula L. are synthesized in a specific temporal order and accumulated in different
relative amounts during seed development. Analysis of protein abundance changes during time
course were assessed by 2-DE and protein identification by MALDI-TOF and nano-LC-MS/MS
sequencing. Interestingly enough, they also found a parallel evolution in the expression of the pII
gene involved in the regulation of the synthesis of the amino acid arginine needed for storage protein
synthesis using a transcriptomics dataset. Guo et al. [67] reported that five types of wheat storage
proteins (i.e., γ-gliadins, globulins, avenin-like proteins, triticins and LMW-S glutenin subunits)
accumulated differentially during grain development using 2-DE and tandem MALDI-TOF/TOF
MS. This study also showed that LMW-S glutelin subunits and triticins exhibited differential
abundance in two Chinese bread wheat cultivars at late seed development stages. In contrast,
storage proteins of rapeseed (Brassica napus L.), i.e., napins, cruciferins and oleosins, were found to be
accumulated only during the early and middle stages of seed growth by applying histochemical and
inmunostaining techniques [20,122]. In addition, recent studies have revealed that different isoforms of
phaseolin/patatin are differentially accumulated during seed/tuber development within and among
cultivars from quantitative analysis of phaseolin/patatin isoforms using dedicated 2-DE protocols and
protein identification by MALDI-TOF/TOF MS [29,30,42–44]. Taken together, these observations raise
the question of the molecular and biochemical mechanisms responsible for differential accumulation
of storage protein isoforms during seed/tuber development, but they also suggest that the differential
accumulation of storage proteins and isoforms has a significant meaning for their mobilization in the
germination stage.

Reversible phosphorylation is the most ubiquitous and well-studied type of PTM that regulates
a huge variety of key biological processes, including cell cycle, metabolism, subcellular locatization,
apoptosis, and signal transduction pathways [33,123,124]. The analysis of temporal phosphorylation
changes in storage proteins is of paramount importance to unraveling their functional role at different
stages of seed development. In recent decades the number of reports on the phosphorylation
of different SSPs during seed development, dormancy and germination has greatly increased:
globulins (7S- and 11S-globulins, 12S cruciferin, 12S triticin, cupin and globulin 3) in Arabidoposis,
common bean, rapeseed, rice, Scots pine (Pinus sylvestris L.), sunflower (Helianthus annuus L.) and
wheat [29,67,83,125–132]; prolamins in wheat [133,134]; albumins (2S napin) in Scots pine and
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Arabidopsis [126,127,130]; and glutelins in rice [135]. Bernal et al. [30] have recently reported the first
evidence for the phosphorylation of VSPs in patatin.

Identification and profiling studies of phosphorylated storage proteins based on 2-DE maps
combined with various other techniques are listed in Table 2. Phosphoproteomic studies show that
storage proteins are abundantly phosphorylated and may play a key role during seed development.
Meyer et al. [129] reported a large-scale MS-based study of enriched subproteome of phosphoproteins
by the IMAC method at five sequential stages (2–6 weeks after flowering) of seed development
in soybean, rapeseed and Arabidopsis. A total of 2001 phosphopeptides and 1026 unambiguous
phosphorylation sites were identified across 956 non-redundant proteins, including storage proteins.
Interestingly, a considerable fraction (25%) of phosphoproteins consisted of storage proteins that
contained the X-S-D-X phosphorylation motif. Targeted 2-DE-based maps coupled to the chemical
method of dephosphorylation with HF-P have shown high phosphorylation levels in storage protein
isoforms. Phosphorylation rates over phaseolin isoforms in dormant common bean seeds (two
cultivars) and patatin isoforms from mature potato tubers (one cultivar) measured by the PR coefficient
averaged 46–63% and 34%, respectively [29,30]. Furthermore, in silico phosphopeptide analysis also
revealed the occurrence of a putative phosphosite in phaseolin phosphopeptides encompassing
sequence X-S-D-X in the phaseolin. This peptide, therefore, appears to be a general target for
phosphorylation during seed development.

2-DE-based maps show that the accumulation of phosphorylated storage protein isoforms during
seed filling also follows variable patterns. Agrawal and Thelen [125] performed the first comprehensive
study aimed at detecting and quantifying phosphoproteins in development seeds. More specifically,
phosphoprotein profiling was performed in rapeseed through the same five sequential phases of seed
development as Meyer et al. [129] by means of 2-DE-based maps coupled to in-gel phosphoprotein
specific staining with Pro-Q DPS fluorescent dye and LC-MS/MS for protein and phosphorylation
site identification. The results of the study showed that 40% of phosphorylated cruciferin subunits
increased during seed filling process, whereas the remaining phosphorylated subunits generally
decreased with seed development. Meyer et al. [129] also reported that some phosphorylated cruciferin
subunits were over-represented in the late maturation stage of seed development. Dedicated 2-DE
protocols have disclosed that phosphorylation rates (PR) across different phaseolin/patatin isoforms
from dormant seed/tuber were in the range of 13–82% and 5–52%, respectively [29,30].

The complex regulatory mechanisms underlying dynamic changes in the phosphorylation
status of storage proteins in response to seed development and environmental factors are not
yet sufficiently known. However, it is assumed that the interplay of protein kinases, protein
phosphatases and phytohormones participates in the signaling and metabolic networks that control
the phosphorylation/dephosphorylation levels of storage proteins. The CK2 protein is a Ser/Thr
kinase presents in all eukaryotes and has pleiotropic effects; it is also involved in the regulation of
multiple plant growth and development processes and ABA signalling [136–138]. Irar et al. [126] used
2-DE-based maps for the phosphoproteome profiling of heat-stable proteins from Arabidopsis dry
seeds and phosphoaffinity chromatography for phosphoprotein enrichment. They reported several
probable hits of phosphorylation in storage and like-storage proteins, and an increased probability of
phosphorylation of serine over threonine residues by CK2, using in silico prediction of phosphorylation
sites from MALDI-TOF MS and LC MS/MS data. On the other hand, the ABA-insensitive 1 (ABI1)
protein phosphatase is a negative regulator of the ABA signal and interacts with proteins linked to the
ubiquitin-proteosome system (UPS) [139,140]. Wan et al. [127] showed that cruciferins of A. thaliana
may be an in vivo target for ABI1 during seed development and provided evidence that cruciferin
phosphorylation levels might be regulated by ABI1 using 2-DE maps coupled to immunological
detection against phosphorylated cruciferin. They also found that cruciferins had differential levels
of Tyr phosphorylation in mutant ABI1 and wild types, which suggests that Tyr phosphorylation is
involved in ABA signaling.
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4.2. Seed Germination

2-DE-based proteomic analyses revealed that the accumulation of storage proteins can still proceed
in late stages of seed development and the onset of germination. Chibani et al. [141] reported that
cruciferin precursors in Arabidopsis are accumulated by de novo synthesis during late stages of
seed development leading to dormancy breakage. The accumulation of cruciferin precursors was
documented by 2-DE following protein identification by MALDI-TOF MS. Proteomic research on
Arabidopsis seed dormancy by 2-DE coupled to MALDI-TOF MS from seeds of the GA-deficient ga1
mutant and wild-type seeds treated with a specific inhibitor of GA biosynthesis suggests that GA is
involved in the processing of precursor forms of storage proteins and accumulation of processed forms
in mature seeds [142]. The comparison of 2-DE patatin profiles in dormant tubers and the onset of
germination led to a better understanding of the metabolic status of storage proteins after the dormancy
break. Lehesranta et al. [143] reported temporal differences of patatin abundance throughout the
potato tuber lifecycle (cv. Desirée). More specifically, it was found that most patatin isoforms increase
during development, are present in high amounts at the onset of sprouting (i.e., sprouts ca. 1 cm long)
and remain approximately constant until tubers are fully sprouted (i.e., sprouts ca. 20 cm long) when
patatin abundance decreases. Accordingly, analyses on transcripts encoding patatin throughout the
potato tuber cycle based on cDNA-AFLP fingerprinting and expressed sequence tag (EST) libraries
have shown that patatin transcripts are still expressed at the onset of tuber sprouting [144,145]. Similar
results have been reported after chemically (bromoethane) induced cessation of dormancy using
microarrays constructed from potato EST libraries [146]. Overall, these studies suggest that the major
tuber storage protein encoded by the patatin multigene family is also synthesized after the dormancy
break to ensure growth of the developing sprout.

Changes in the abundance or phosphorylation status of storage proteins during seed germination
have been monitored using 2-DE-based reference maps [29,128,131,132]. Ghelis et al. [128] reported
that the status of Tyr phosphorylation for several cruciferin precursors and cruciferin subunits in
Arabidopsis seeds was modulated in response to ABA using 2-DE-based maps and the identification
of phosphorylated Tyr residues by means of anti-phosphotyrosine antibodies in western blots. It was
found that cruciferins treated with ABA exhibited higher phosphorylation levels than control seeds. In
rice, Han et al. [131] detected that the highest level of phosphorylation of cupins coincided with the late
stage of germination and protein degradation by means of 2-DE combined with Pro-Q DPS staining and
MALDI-TOF/TOF MS. Using DIGE-based maps, Dong et al. [132] detected an increased abundance of
phosphorylated wheat globulin 3 at 12 h after imbibition. In common beans, the analysis of targeted
2-DE-based phaseolin profiles coupled to protein dephosphorylation with HF-P revealed changes in the
phosphorylation status during dry-to-germinating seed transition [29]. Changes in the phosphorylation
status unexplained by parallel variations in the amount of protein are suggestive of their functional
role [96]. Importantly, highly phosphorylated phaseolin isoforms were preferentially degraded in
germinating seeds. These results support the conclusion that phosphorylation-dependent degradation
plays a significant role in the mobilization of phaseolin. It has been suggested that phosphorylation can
cause conformational changes in the protein and promote its mobilization during germination [127].
Overall, the molecular pathways, phosphorylation sites and specific kinases/phosphatases governing
variations in phosphorylation status are totally unknown.

Protein glycosylation is involved in the modulation of relevant biological processes such
as protein folding, protein stability, protein-protein interactions and interaction with membrane
components [147–149]. Asparagine (N)-linked glycosylation is the major co- and post-translational
modification of proteins in plants [150]. The application of a great diversity of molecular techniques
permitted the identification of glycosylated isoforms in many types of storage proteins and species:
globulins (7S- and 11S-globulins and convicilin) in adzuki bean (Vigna angularis L.), blue lupins (Lupinus
angustifolius L.), cocoa beans (Theobroma cacao L.), common beans, hazelnuts (Corylus avellane L.), lentils,
Lotus (Lotus japonicus L.), mung beans (Vigna radiata L.), peas (Pisum sativum L.), peanuts (Arachis
hipogea L.), soybeans and white lupin (Lupinus albus L.) [42,120,121,151–179]; prolamins (γ3-hordein)
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in barley [180]; albumins (3S albumins) in Inca peanuts (Plukenetia volubilis L.) [181]; glutelins in
rice [135,182]; VSPs (patatin) in potatoes [30,43,183–186]; and lectins (monocot mannose-binding lectin,
phytohemagglutinin) in air potatoes (Dioscorea bulbifera L.), common beans and lotus [121,187–193].

Identification and profiling studies of glycosylated storage proteins using 2-DE-based maps
together with various other techniques are listed in Table 3. Most of these studies are addressed to
the identification of glycosylated isoforms, the assessment of differential degrees of glycosylation and
effects in food allergy. The biological role of glycosylated forms remains largely unknown. Interestingly,
Santos et al. [177] reported that the glucoside hydrolase β-N-acetylhexosaminidase (β-NAHase) is
involved in α-conglutin mobilization in white lupin storage proteins.
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5. Application Areas in Seed Breeding

5.1. Seed Quality

Seed protein quality is an essential trait in seed breeding programs. The nutritional quality of
proteins is largely dependent on their essential amino acid (EAA) composition, total protein content
and digestibility. Seed proteins are often deficient in specific EAA such as lysine, tryptophan, threonine
and methionine. For example, high relative concentrations of lysine can be found in potato tuber
but it is a nutritionally limiting EAA in most cereals [194]; whereas soybeans and common beans are
deficient in methionine [194,195]. Storage proteins are abundant and determine to a great extent seed
protein quality. For example, the relative abundance of prolamins in cereals has a key influence for
protein quality because of their deficiences in EAA [73]. In particular, zein is a prolamin that accounts
for between 50 and 70% of the total seed protein of maize and is mainly deficient in the content of
lysine and tryptophan followed by methionine [61,196,197]. The particular mix of abundant storage
proteins can also determine the final quality of seed proteins. For example, glycinin (11S legumin type)
and conglycinin (7S vicilin type) are the two major soybean storage proteins, but glycinin harbors three
to four times more sulfur-containing amino acids than conglycinin [198].

2-DE-based maps are a very effective tool for screening and selecting varieties containing specific
protein storage isoforms linked to high protein quality in plant breeding. This proteomic approach
has been addressed in a variety of crops. For instance, wild rice species are a valuable source of
genetic resources for improving the nutritional quality of rice by increasing the glutelin content to
the detriment of prolamins [199,200]. The comparison of 2-DE-based maps between wild rice species
and rice cultivars revealed new subunits and precursors of glutelin in wild rice species [199]. 2-DE
gels also revealed that the content of glutelins in an ancient Chinese wild rice (Zizania latifolia (Griseb.)
Turcz.) was approximately twice as high as that of the Indica rice cultivar [200]. Zarkadas et al. [195]
also reported great variability among soybean cultivars for glycinin and β-conglycinin using 2-DE.
In common bean, López-Pedrouso et al. [44] reported that pairwise proteomic distances estimated
from wild and domesticated accessions of the major Mesoamerican and Andean gene pools assessed
by targeted 2-DE of the phaseolin provide valuable information for identifying outlier cultivars with
increased content in methionine.

A number of factors modeling the genetic structure of populations can generate and/or
maintain genome-wide non-random associations between alleles at different loci (linkage or gametic
disequilibrium) such as founder effects, bottlenecks, inbreeding and selection [201]. These factors
or combination of factors often operate in plant breeding. Accordingly, storage proteins encoded
by multigene families can be used to detect nonrandom associated quantitative trait loci (QTLs)
underlying quality traits. In this regard, the nutritional quality of protein and the starch content and
average weight of potato tubers were found to be correlated with patatin content [202,203].

Different types of transgenic-based strategies have been addressed at the improvement of seed
protein quality from storage proteins. Some strategies rely on the ectopic expression of transgenes
coding for high quality proteins that correct seed deficiencies in the amino acid composition of storage
proteins. Shekhar et al. [50] introduced the seed albumin gene AmA1 from Amaranthus hypochondriacus
into sweet potato (Ipomoea batatas L.) by Agrobacterium-mediated transformation to assess the behavior
of storage proteins in a non-native system. AmA1 is rich in all EAA whereas sweet potato proteins
are deficient in tryptophan and sulfur-containing amino acids. Comparative proteomics revealed
that 2-DE profiles of transgenic tubers exhibited a higher number of protein spots than wild-type
tubers. The results suggest that overexpression of AmA1 in sweet potato tubers seems to have a
marked effect on nutrient acquisition, which facilitates an increase in the overall protein and amino
acid content. Other alternative transgenics-based approaches are used to overproduce one particular
seed protein with higher nutritional quality than the remaining set of storage proteins. For example,
the overexpression of glycinin enables an increase in sulfur amino acids in soybean seeds, taking
into account that the content of glycinin correlates negatively to the content of β-conglycinin [204].
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El-Shemy et al. [198] transformed soybean embryos with a chimeric proglycining gene encoding a
methionine-rich glycinin. The comparison of transgenic and untransformed soybean lines by 2-DE
revealed an increased accumulation of glycinin in transgenic soybeans.

5.2. Gluten Disorders and Allergies

Gluten proteins and gluten-like proteins are the main factor triggering coeliac disease (CD),
non-coeliac gluten sensitivity and gluten allergies in genetically susceptible individuals [51,205,206].
CD is an autoimmune condition caused by human intolerance to wheat gluten and related proteins
from rye (secalins, Secale cereale L.), barley (hordeins) and oat (avenins, Avena sativa L.) that primarily
affect the small intestine [72,206]. Gluten is composed of a combination of two toxic prolamines
in CD, glutenins and gliadins, but gliadins contain most of the epitopes triggering CD [51,72]. A
gluten-free diet is often low in fiber and minerals, high in sucrose and saturated fatty acids, and more
expensive [207,208]. A wide-variety of strategies have been applied for the selection and breeding of
less toxic varieties. These include obtaining varieties with a lower dose or a different composition of
gluten proteins. García-Molina et al. [51] carried out a 2-DE-based proteomic study to evaluate the
effects of the strong down-regulation of gliadins on the expression of target and non-target proteins.
For this purpose, transgenic wheat lines with downregulation of gliadin expression were obtained
by RNA interference (RNAi) technology. As expected, transgenic lines showed a lower abundance
of gliadins with respect to control lines. However, the glutelin fraction and other allergen-related
wheat proteins increased in low-gliadin lines by a compensation effect. Kawaura et al. [209] obtained
aneuploid wheat lines to reduce CD immunotoxicity in breeding programs. An analysis of 2-DE
profiles disclosed that α-gliadins containing major CD epitopes were lost in tetrasomic lines. In barley,
Tanner et al. [206] obtained an ultra-low gluten variety (hordein content below 5 ppm) by combining
three recessive alleles with potential application in the preparation of foods and beverages for CD
patients and people who cannot tolerate gluten. Only reduced amounts of the γ-3-hordein protein
were observed in the ultra-low gluten variety by 2-DE, in accordance with other protein quantitative
determinations. 2-DE also contributed to demonstrating that wheat α-gliadins can be compensated
by the addition of avenins to the floor to improve dough quality, taking into account that a minority
of CD patients are sensitive to oat avenins [210]. Rizzello et al. [211] showed by in vitro analysis
that making bread from flour with an intermediate content of gluten improves its digestibility and
nutritional quality without the loss of the chemical, structural and sensory characteristics of traditional
breads. 2-DE revealed increased protein degradation in flour with an intermediate content of gluten
during fermentation. The authors suggested that this wheat product might be useful to prevent,
delay or treat susceptibility to gluten sensitivity, a gluten reaction that does not involve allergic or
autoimmune mechanisms.

5.3. Seed Longevity

Dry seed longevity is an essential complex trait for the biodiversity conservation of cultivated
plants. Seed longevity and the germination vigor rate slowly decrease during storage ageing,
influenced by abiotic and biotic variables, including storage conditions (e.g., temperature and
humidity) and genetic factors [212–214]. Compelling evidence indicates that antioxidant systems
(antioxidative enzymes and antioxidants) deteriorate during seed ageing leading to the accumulation of
reactive oxygen species (ROS) and oxidative damage [49,124,215]. SSPs undergo extensive oxidization
(often carbonylation) during long-term seed storage due to their abundance and high affinity to
oxidation [49,215–217]. Seed ageing profiling in rice assessed by 2-DE followed by western blotting
with antidinitrophenyl hydrazone antibodies revealed that carbonylated SSPs accumulate at the critical
node of seed ageing leading to a rapid decline in seed viability [124]. Nguyen et al. [49] proposed that
SSPs may be buffers for seed oxidative stress, able to protect relevant proteins for seed germination
and seedling development from proteomic profile analysis of Arabidopsis cruciferin mutants based on
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2-DE and LC-MS/MS. Dobiesz et al. [214] reported that β- and δ-conglutins may be a useful biomarker
of lupin (Lupinus luteus L.) seed viability during long-term storage using 2-DE and LC-MS/MS.

5.4. Other Applications

The analysis of storage proteins by 2-DE-based maps has also contributed to the development of
other application areas such as antifungal, antibacterial and insect susceptibility [45–47,218], the
identification of allergens [46], drought stress [48,219], wheat cultivar identification in blended
flour [220] and the large-scale production of therapeutic proteins [221].

6. General Conclusions and Perspectives

This review shows that the use of 2-DE combined with MS is of vital importance not only to
advancing the knowledge of the isoforms of storage proteins and their dynamic changes during
seed development and germination in a wide diversity of plants, but also in relevant fields closely
connected to seed breeding. Therefore, the employment of 2-DE is expected to follow over the next
years due to its high efficiency in the characterization of storage proteins across different biological
scenarios. Gel-based and shotgun proteomics are alternative strategies for proteome analysis that
have advantages and limitations but complement each other. The joint use of gel-based and gel-free
methodologies will probably continue to be necessary in follow-up studies to understand the complex
biology of storage proteins. Despite significant progress over the last decades, proteomics faces major
challenges in the coming years to unravel the complex molecular puzzle of regulatory networks
underlying the activities, functions, and interactions of storage proteins over the lifecycle of seeds. In
particular, further experiments are clearly needed to assess the exact role of phosphorylated isoforms
and specific phosphorylation sites during seed development and germination. This huge task will
probably require the integration of multi-omics data with the help of new bioinformatic tools.
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Abbreviations

1-DE One-dimensional electrophoresis
2-DE Two-dimensional electrophoresis
ABA Abscisic acid
CD Coeliac disease
DIGE Difference gel electrophoresis
EAA Essential amino acid
GA Gibberellic acid
HF-P Hydrogen fluoride-pyridine
IMAC Immobilized metal affinity chromatography
Mr Relative molecular mass
MS Mass spectrometry
pI Isoelectric point
PR Phosphorylation rate
Pro-Q DPS Pro-Q Diamond phosphoprotein stain
PTM Post-translational modification
SSP Seed storage protein
VSP Vegetative storage protein
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