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Preface

The aim of this new edition of Difference Gel Electrophoresis is to provide a comprehensive
update of this key method of gel-based proteomics. Two-dimensional gel electrophoresis is
one of the most frequently used protein separation techniques in modern biochemistry and
proteomics. Difference Gel Electrophoresis employs the direct labeling of proteomes with
fluorescent dyes prior to large-scale gel electrophoretic separation enabling high-
throughput comparative analyses. Labeling of two or more samples with different dyes
followed by separation on the same gel system eliminates gel-to-gel variations, making this
advanced technique a robust and highly suitable method for proteomic profiling surveys
with diverse biological applications. Difference Gel Electrophoresis presents an introduction
into the development of this method and outlines the principles of differential protein
labeling and two-dimensional gel electrophoresis. The bioanalytical integration of the
Difference Gel Electrophoresis technique into optimized proteomic workflows using
advanced mass spectrometry for protein identification is provided, as well as detailed step-
by-step protocols for the application of this method in basic biological research and applied
biomarker discovery. Essential bioinformatics tools used routinely in systems biology and
standard biochemical and cell biological approaches for the independent verification of
DIGE-based data sets are described. Detailed protocols of Difference Gel Electrophoresis
applications are provided for a wide range of systematic proteomic applications in basic
biology, pathobiology, and applied biochemistry.

Maynooth, Ireland Kay Ohlendieck
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Chapter 1

Two-Dimensional Gel Electrophoresis and 2D-DIGE

Paula Meleady

Abstract

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) continues to be one of the most versatile
and widely used techniques to study the proteome of a biological system. In particular, a modified version of
2D-PAGE, two-dimensional difference gel electrophoresis (2D-DIGE), which uses differential labeling of
protein samples with up to three fluorescent tags, offers greater sensitivity and reproducibility over
conventional 2D-PAGE gels for differential quantitative analysis of protein expression between experimen-
tal groups. Both these methods have distinct advantages in the separation and identification of thousands of
individual proteins species including protein isoforms and post-translational modifications. This review will
discuss the principles of 2D-PAGE and 2D-DIGE including limitations to the methods. 2D-PAGE and
2D-DIGE continue to be popular methods in bioprocessing-related research (particularly on recombinant
Chinese hamster ovary cells), which will also be discussed in the review chapter.

Key words Two-dimensional gel electrophoresis, Two-dimensional difference gel electrophoresis,
Protein expression profiling, Proteomics

1 General Introduction to Two-Dimensional Polyacrylamide Gel
Electrophoresis (2D-PAGE)

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
is one of the oldest and most highly useful methods for protein
separation of complex biological mixtures [1]. The technique is
based on the ability to separate proteins based on physiochemical
properties such as isoelectric point and molecular weight of pro-
teins. In the first dimension, proteins are separated according to
their isoelectric point (pI) along a pH gradient using immobilized
pH gradient (IPG) strips. In the second dimension, denatured
proteins are separated according to their molecular weights using
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The IPG
strips from the first-dimension IEF separation are aligned along
the top of a polyacrylamide gel and once charge is applied, proteins
migrate from the strip into the gel and are separated based on their
size using SDS-PAGE. The result of this process is a 2D gel which,
when stained, produces a series of spots, with each spot

Kay Ohlendieck (ed.), Difference Gel Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1664,
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corresponding to a protein. Commonly used protein stains include
Coomassie Brilliant Blue and silver nitrate, both of which are global
protein stains. This results in the simultaneous separation of
thousands of distinct protein species on the same gel where a
protein is resolved based on individual pI and molecular weight
properties. Comparison of gels allows relative protein quantitation
between different samples. This is one of the main reasons why 2D
gels are still in use despite the advances in LC-MS-based approaches
as 2D gels exhibit the highest resolution at the protein level (often
referred to as ‘top-down’ proteomics) [2]. The method is also
highly successful for the separation of protein isoforms and post-
translational modifications; these isoforms and modifications are
displayed through changes in spot position in the pI direction [2].

Advances made in LC-MS/MS instrumentation for protein
identification have resulted in a relatively limited technique becom-
ing hugely popular and successful for quantitative proteomic stud-
ies [3, 4]. The introduction of 2D difference gel electrophoresis
(2D-DIGE) was also a major advancement in the field of gel-based
proteomics which resulted in an increase in the reliability of quali-
tative and quantitative results from 2D gels [5]. 2D-DIGE involves
pre-labeling the protein samples with different spectrally resolvable
fluorescent dyes (e.g., Cy2, Cy3, and Cy5) so that they can be
mixed together, co-separated, and visualized on a single 2D-
PAGE gel in order to examine quantitative differential expression
of proteins between experimental conditions with statistical confi-
dence [6], while controlling for gel-to-gel variation and other
variations of non-biological origin [7]. 2D-DIGE will be discussed
in further detail in Subheading 2.

A form of two-dimensional electrophoresis which has gained in
popularity over the last few years in functional proteomics is the
analysis of membrane proteins and protein complexes using Blue
Native Electrophoresis [8] followed by SDS-PAGE [9, 10]. This
method involves the binding of the anionic dye Coomassie Brilliant
Blue G-250 to the hydrophobic areas of membrane proteins and
protein complexes solubilized with mild detergents such as dodecyl
maltoside and digitonin. Separation of the negatively charged
dye–protein complexes is carried out under native conditions at a
neutral pH and these can stay intact during electrophoresis in a
polyacrylamide gradient gel. After the run the separation lanes are
cut from the gels and applied to an SDS electrophoresis gel where
the individual subunits of the complexes migrate and separate
according to their size. After staining the gel, the composition of
the respective complexes is revealed from the two-dimensional
pattern [2]. The method has been used to analyze protein com-
plexes of mitochondria [9], chloroplast membrane protein com-
plexes [10], and integrin and histone complexes in placenta [11].

To date, 2D-PAGE and 2D-DIGE have been successfully
applied to the differential proteomic analysis of many types of
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biological samples including tissue [4, 12] and biofluids such as
serum from cancer patients [13] to better understand themolecular
basis of the pathogenesis of disease to identify new biomarkers or
new therapeutic targets of disease. The technique has also been
applied to try to improve our understanding of the biology of
recombinant Chinese hamster ovary cells used in the production
of biotherapeutics such as monoclonal antibodies [14]. In order to
enhance the production capabilities and efficiency of the recombi-
nant CHO cell line, an increased understanding of cellular physiol-
ogy of CHO cells using ‘omic approaches is of critical importance
[15]. Applications of 2D-PAGE and 2D-DIGE in bioprocessing
will be discussed in Subheading 3.

2 Two-Dimensional Differential Gel Electrophoresis (2D-DIGE)

2D-DIGE has greatly improved the quantitative analysis of protein
changes compared to traditional 2D gels due to increased through-
put, ease of use, reproducibility, and accurate quantitation of pro-
tein expression differences [5]. This system enables the separation
of two or three fluorescently labeled protein samples (Cy2, Cy3,
and Cy5) on the same gel, therefore minimizing gel-to-gel varia-
tion. The DIGE fluorescent dyes (Cy2, Cy3, and Cy5) are matched
for mass and charge but possess distinct excitation and emission
spectra [6].

Experimental samples are differentially labeled with up to three
of these spectrally resolvable fluorescent dyes and co-resolved on a
single 2D gel for direct quantitation. For example, the Cy3 dye can
be used to label one sample group and the Cy5 dye to label a second
sample. A pool of all samples can then be created and labeled with
Cy2 which acts as an internal standard and is used on all gels. All
gels can be normalized against the Cy2 standard which results in
accurate reproducibility and protein abundance comparisons
between gels [6].

2.1 Sample

Preparation

It is generally recommended that sample preparation methods
should be as simple as possible in order to reduce technical varia-
bility. A suitable sample preparation is critical for high-quality accu-
rate and reliable 2D-PAGE results. To reduce the possibility of
artificial spots and streaks appearing on the 2D gel, interfering
substances (e.g., salts, lipids, etc.) should be removed and protein
modifications during sample preparation should be avoided. How-
ever, there is no unique way to prepare samples; therefore, each
protocol differs depending on the type of sample used. Similarly,
sample selection and handling are of utmost importance and should
be standardized for each sample used; for example, rapid changes in
the phosphoproteome have been reported in tissue samples follow-
ing collection [16, 17]. The sample preparation method chosen

2D-PAGE and 2D-DIGE 5



should be effective in solubilization of all proteins, prevent protein
aggregation during focusing, prevent chemical modification of the
protein, remove contaminating nucleic acids and other interfering
molecules, and yield proteins of interest at detectable levels. The
method may also remove high abundant proteins that may mask
low abundant proteins which may be of more clinical interest, for
example, the removal of high abundant proteins such as serum
albumin and immunoglobulins from blood using immuno-deple-
tion techniques [13]. Protein solubilization is achieved by the use
of chaotropes, detergents, and reducing agents [18].

2.1.1 Common

Chemicals Required

for 2D-PAGE

For 2D-PAGE, proteins need to be denatured and solubilized.
Urea is a popular uncharged chaotrope used in 2D-PAGE, disrupt-
ing hydrogen bonding thereby leading to protein unfolding and
denaturation. It is typically used at high concentrations, typically in
the range 5–8 M. Thiourea (at 2 M concentrations), when used in
conjunction with high concentrations of urea, adds to the power of
the solubilization solution. Surfactants are also included in the
solubilization buffer as they act synergistically with chaotropes.
They prevent hydrophobic interactions, which might occur via
chaotrope-generated exposure of hydrophobic domains. These
hydrophobic stretches must be protected or protein loss can
occur through aggregation and adsorption. Non-ionic or zwitter-
ionic surfactants are commonly used in 2D-PAGE buffers. It has
been shown that zwitterionic surfactants such as CHAPS show
superior efficiency over non-ionic detergents such as NP-40 and
TritonX-100 [19]. Thiol-reducing agents that can break intra- and
inter-molecular disulfide bonds are critical for protein solubiliza-
tion. The most commonly used reducing agents are dithiothreitol
(DTT) and dithioerythritol (DTE). Iodoacetamide is subsequently
used to remove excess DTT, which is responsible for causing “point
streaking” in 2D gels [20]. Carrier ampholytes are also added to
help reduce the problem of protein–matrix interactions and in
maintaining the pH gradient during IEF. The various buffer com-
ponents that are recommended for 2D gel analysis are described in
detail by Gorg et al. [18].

2.1.2 Sample Disruption

and Enrichment of Protein

Classes

The sample disruption method used depends on the type of sample
being prepared. For example, homogenization techniques may be
required for optimal disruption of tissue samples which can be
achieved by sample grinding using a pestle and mortar, a dounce
homogenizer, or a blade homogenizer.

It may also be required to enrich for certain classes of proteins
such as nuclear, membrane, mitochondrial, or proteins with post-
translational modifications of interest such as phosphorylation,
glycosylation, etc. Subcellular fractionation can enrich cells for
analysis and reduce the complexity of the protein mixture
[21–23]. Subcellular fractionation often requires large quantities
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of biopsy material and therefore may not be applicable to some
types of tumors where material can be limiting.

Subcellular fractionation of proteins can be achieved in a num-
ber of ways including:

l Isolating the cell compartments and/or organelles (ribosomes,
mitochondria, or plasma membrane) by high-speed
ultracentrifugation.

l Sequential extraction procedures with increasingly stronger
solubilizing buffers (e.g., aqueous buffers, ethanol or chloro-
form/methanol, and detergent-based extraction solutions).

Human biofluids, including plasma or serum from blood, are
an excellent source of candidate biomarkers for various diseases;
however, the enormous dynamic range of protein concentrations
in biofluids represents a significant analytical challenge for detect-
ing low abundant proteins which may be of clinical benefit. This is
due to the high concentration of a number of proteins in serum
including albumin and immunoglobulins which contribute to
~90% of the protein concentration of serum. These high abundant
proteins therefore have the potential to mask lower abundant
proteins that may be of more clinical relevance [24]. Immunoaffi-
nity chromatography techniques have been developed to deple-
te/remove high abundant proteins when analyzing serum
proteomes [13, 25].

2.2 Sample Labeling 2D-DIGE sample labeling with fluorescent Cy dyes is carried out
using two principal methods: minimal and saturation labeling.

2.2.1 Minimal Labeling The ‘minimal’ labeling 2D-DIGE method is a highly sensitive 2D-
gel-based technique with a detection limit of less than 1 fmol per
spot and a linear dynamic range of over four orders of magnitude
[26, 27]. In comparison, the limit of detection with silver stain is in
the region of 1 ng of protein with a dynamic range of no more than
two orders of magnitude [28]. This allows for the quantification
and detection of minor changes in abundance of proteins between
samples [29]. The labeling reaction involves the nucleophilic sub-
stitution reaction of the dye-attached N-hydroxysuccinimidyl ester
with the epsilon amino group of lysine side chains [26]. The
optimal ratio of protein to dye is 50 μg protein:200 pmol dye and
should be carried out at pH 8.5 [26]. The labeling reaction is
optimized such that the stoichiometry of protein to Cy dye results
in only 2–5% of the total number of lysine residues being labeled.
The Cy dyes carry an intrinsic charge of þ1, such that the pI of the
protein is preserved upon labeling. The Cy dyes are also mass
matched with each labeling event adding approximately 500 Da
to the mass of the protein [26].

2D-PAGE and 2D-DIGE 7



2.2.2 Saturation Labeling Saturation labeling is optimally designed for use where sample
abundance is limited. In contrast to minimal labeling, saturation
labeling dyes react via maleimide with free SH (thiol) groups.
Saturation labeling is much more sensitive than minimal labeling
where an order of magnitude increase in sensitivity over the original
minimal dyes has been reported [30]. This allows for small sample
amounts to be used (~5 μg), which is especially useful for scarce
samples such as clinical material [30]. Whilst the added sensitivity
that these dyes provide is desirable, their use is technically more
challenging [31]. For example, the reaction conditions have to be
carefully optimized for each type of sample to ensure complete
reduction of cysteine residues and a protein:dye ratio sufficient for
stoichiometric labeling. Sub-stoichiometric labeling will lead to
multiple spots in the second dimension, whereas the use of too
much dye may lead to unwanted addition reactions with lysine
residues, resulting in the formation of charge trains in the first
dimension [31].

2.3 Experimental

Design

The most commonly used method for 2D-DIGE analysis involves
the use of minimal labeling as described in Subheading 2.2.1. In
these experiments, up to three Cy dyes are used: Cy2, Cy3, and
Cy5. The Cy3 dye is used to label one sample group and Cy5 to
label a second sample group. A pool of all samples can then be
created and labeled with Cy2 which acts as an internal standard and
is used on all gels. This is commonly referred to as the ‘three-dye’
approach [29]. All gels can be normalized against the Cy2 standard
which results in accurate reproducibility and protein abundance
comparisons between gels. As the dye:protein ratio is optimized
so that only 3–5% of the protein is labeled the method ensures that
proteins with a single dye molecule are visualized, resulting in co-
migration of proteins originating from separate samples. Conse-
quently, the same protein labeled with any of the dyes will migrate
to the same position on the 2D gel. By using different dyes to
separately label proteins isolated from normal or treated cells,
proteins can be co-separated and quantitated by scanning gels at
three different set of wavelengths, i.e., Cy2 at 488 nm, Cy3 at
532 nm, and Cy5 at 633. The inclusion of a pooled internal
standard (Cy2), containing every protein from all samples, is
often used to match protein patterns across all of the gels. This
feature reduces inter-gel variation, allows normalization of individ-
ual experiments and accurate quantification of differences between
samples with statistical significance [5, 6]. By including the internal
standard on each gel in the experiment with the individual
biological samples means that the abundance of each protein spot
on a gel can be measured relative to its corresponding spot from the
internal standard present on the same gel [32]. This increases the
confidence that differences found between samples are due to real
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changes, rather than inherent biological variation or experimental
variability [33].

It has been demonstrated that one of the drawbacks of the
‘three-dye’ approach as described above using the Cy2 internal
standard is a skewing of p-values toward 1, suggesting that stan-
dardized volumes are not truly independent [29, 34]. In this
‘two-dye’ approach, there is one sample labeled (usually with
Cy3) and a pooled internal standard co-resolved (usually labeled
with Cy5) [29].

2.4 Data Analysis Gels are scanned at the appropriate excitation and emission wave-
lengths using fluorescent scanners or imagers, and the acquired
images are imported into a relevant software package for the differ-
ential and statistical analysis of the resultant gels from the experi-
mental groups. 2D-DIGE is capable of reliably detecting as low as
0.5 fmol of protein, and protein differences down to �15%, over a
>10,000-fold protein concentration range [27]. Commercially
available software for analysis of 2D gels includes PDQuest
(BioRad), Decyder (GE Healthcare), Delta2D (Decodon), and
Progenesis Samespots (NonLinear Dynamics). These programs
accurately detect statistically significant protein abundance changes
between the gels and effectively minimize gel-to-gel variation.
Statistical evaluation of the data is possible within these software
packages, with ANOVA and Student’s t-test the most commonly
used approaches applied [29]. Differentially expressed proteins of
interest are then excised from the gel, subjected to ‘in-gel’ diges-
tion and identified using mass spectrometry.

2.5 Limitations of

2D-PAGE

The following are the most frequently encountered limitations
associated with 2D-GE methodology:

l Low abundant proteins can be very difficult to investigate using
2D-PAGE approaches due to the inherent lack of sensitivity of
the technique [35, 36]. It has been shown that only 40% of
differentially expressed proteins identified using 2D-DIGE of
mouse liver were abundant enough to be identified using mass
spectrometry [26]. Poor detection of low abundant proteins
can also be due to the presence of higher abundant soluble
proteins obscuring their detection. There are mechanisms to
try to enrich for low abundant proteins, by utilizing fraction-
ation methods to enrich for protein classes/organelles of inter-
est prior to running out on a 2D gel, e.g., immuno-depletion of
high abundant serum proteins [13, 24].

l Poor separation and resolution of hydrophobic proteins. The
under-representation of membrane proteins on a 2D gel is
caused by their poor solubility in the aqueous buffers used in
standard 2D-PAGE [37, 38]. This can prevent the membrane
proteins from entering the IEF gel or aggregating at their
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isoelectric points [39]. In certain cases, membrane proteins can
be identified by using mild detergents such as oligooxyethy-
lene, sulfobetaine, dodecyl maltoside, and decaethylene glycol
mono hexadecyl, as the use of strong detergents like SDS
interfere with the isoelectric focusing of proteins [40].

l There are difficulties associated with separating and detecting
larger proteins with molecular masses >150 kDa using 2D-
PAGE methods [35].

l Proteins with extremes of pH are difficult to separate using 2D-
PAGE, in particular, those with pI values <4 or >9 [35].

l Co-migration of proteins to the same spot is also a major issue
in 2D-PAGE, with proteins of similar isoelectric points and
denatured molecular weight becoming focused at the same
position of the gel. This makes it impossible to accurately
determine the relative abundance of an individual protein
within a mixed spot [35, 41].

l Automation and high-throughput analysis. Despite improve-
ments in the field of 2D-PAGE resulting in increased high-
throughput and reproducibility the method remains time-
consuming, labor-intensive, and a poorly automated technol-
ogy. For example, for an optimized 2D-DIGE workflow
applied to serum proteomics it still takes at least 1 week from
serum sample preparation to the software analysis of resultant
2D gel images, which is not compatible with acute diagnostics
in a clinical setting [13].

3 Application of 2D Gel Electrophoresis in Bioprocessing

Chinese hamster ovary (CHO) cells are the most commonly used
host cell line for the production of biopharmaceuticals because of
their ability to correctly fold and post-translationally modify recom-
binant proteins that are compatible with human use. In order to
enhance the production capabilities and efficiency of the host cell
line, an increased understanding of cellular physiology of CHO
cells is of critical importance. Our group and others have used
2D-PAGE and 2D-DIGE approaches to study recombinant Chi-
nese hamster ovary cells in order to gain a greater understanding of
the biology of these cells in bioprocess-relevant conditions relating
to growth and productivity [14, 42–49]. Such studies may give
insights for genetic intervention to possibly create better host cell
lines for more efficient protein production or even to provide clues
to more rational strategies for cell line and process development
[15]. Figure 1 shows a representative 2D-DIGE gel of a Cy3-
labeled CHO-K1 cell lysate.
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An interesting application of 2D-PAGE and 2D-DIGE in bio-
processing is in the analysis of host cell protein clearance during
downstream purification of recombinant biotherapeutics such as
monoclonal antibodies [50–54]. Recovery of recombinant protein
products that have been produced from cultured mammalian cell
systems such as Chinese hamster ovary cells starts with harvest of
the cell culture fluid followed by a series of downstream processing
steps to purify the recombinant product of interest but also to
remove process-related impurities such as host cell proteins
(HCPs), DNA, and lipids. These impurities have the potential to
be immunogenic in the patient [55, 56]. Enzyme-linked immuno-
sorbent assays (ELISA) are the most commonly used assays for
detecting HCPs during downstream processing and in the final
product; however, a key limitation of this technique is that non-
immunoreactive or weakly immunoreactive proteins will not be
detected using this method [57].

During downstream processing, 2D-PAGE has been used for
monitoring and identification of HCPs post-protein A chromatog-
raphy [54]. 2D-PAGE in conjunction with shotgun proteomics has
also been used to analyze specific difficult-to-remove HCPs from
non-affinity chromatographic resins which are commonly used in
the polishing steps of monoclonal antibody purification following
Protein A chromatography [58]. In this study, eight HCPs were
identified that interacted with twomonoclonal antibodies in hydro-
phobic interaction chromatography (HIC) conditions [58].

2D-PAGE and 2D-DIGE have also been used to investigate
changes to the HCP proteome during upstream cultivation of

Fig. 1 Representative 2D-DIGE gel from a CHO-KI cell lysate separated in the
first-dimension IEF using IPG 4–7 strips
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recombinant CHO cells. The impact of upstream process para-
meters such as cell culture media, bioreactor control strategy, feed-
ing strategy, and cell culture duration/cell viability on the HCP
profile was investigated and it was found that cell viability had the
biggest effect on HCP profile [59]. 2D-PAGE and LC-MS/MS
were also used to investigate HCP over culture duration and it was
shown that the majority of HCPs in the supernatant of the cell lines
was through lysis or breakage of cells, again associated with a loss in
cellular viability [60].

4 Conclusion

Despite a decrease in popularity over the past few years due to the
advances made in LC-MS-based quantitative proteomics,
2D-PAGE (particularly 2D-DIGE) continues to be a widely used
technique to study the proteome of many cellular systems [2, 39]
and should continue to be for future years to come.
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Chapter 2

Comparative DIGE Proteomics

Kay Ohlendieck

Abstract

Gel-based proteomics has been widely used for the systematic cataloging of the protein constituents of
defined biofluids, purified organelles, individual cell types, heterogeneous tissues and isolated organs, as
well as being applied to comparative biochemical and biomedical analyses of complex biological specimens.
Of the many electrophoretic techniques used in modern biochemical approaches, large-scale protein
separation by difference gel electrophoresis (DIGE) has established itself as the most powerful analytical
tool in comparative proteomics. Both 2-dye and 3-dye fluorescence systems with minimal or saturation
labeling are routinely used. This chapter briefly describes the technical advantages of the pre-electrophoretic
fluorescent labeling technique and discusses the bioanalytical usefulness of this highly successful electro-
phoretic method.

Key words CyDye, Difference gel electrophoresis, Difference in-gel electrophoresis, DIGE, Fluores-
cence labeling, Gel electrophoresis, Mass spectrometry, Proteomics, Two-dimensional gel
electrophoresis

1 Introduction

The successful isolation, identification, and detailed characteriza-
tion of individual protein species, complex protein assemblies,
organellar subproteomes, or entire proteomes by analytical bio-
chemistry rely heavily on the appropriate combination of a variety
of standardized techniques. The routine workflow in many protein
biochemical and proteomic studies includes: (1) the efficient
extraction of proteins with widely differing physicochemical prop-
erties from complex biological samples, (2) the careful protection
of sensitive proteins from degradation during lengthy isolation
procedures, (3) the basic separation of structurally or functionally
related protein populations by relatively crude subcellular fraction-
ation methods such as differential or density gradient centrifuga-
tion, (4) the refined separation of different protein classes by the
systematic application of large-scale methods such as gel
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electrophoresis, liquid chromatography, and/or affinity methods,
(5) the reliable identification of representative peptides, individual
protein fragments or intact proteins by mass spectrometry or anti-
body-based techniques, (6) the swift determination of protein
concentration and isoform expression patterns, and (7) the com-
prehensive determination of post-translational modifications [1–3].

Over the last few decades of bioresearch, gel electrophoresis
has played a central role in both preparative and analytical terms
[4] and has been widely employed for efficient peptide and protein
separation in the more recently established field of mass
spectrometry-based proteomics [5–7]. Although a variety of liq-
uid chromatographic methods are now frequently incorporated in
proteomic studies, gel electrophoretic techniques are at the core of
modern proteomics and routinely employed in the systems
biological analysis of proteome-wide changes and adaptations in
health and disease [8–10]. Many different electrophoretic
approaches are employed in analytical biochemistry, whereby dif-
ference gel electrophoresis (DIGE) presents one of the most
powerful comparative techniques in modern proteomics [11].
Using particular DIGE-based methods, the efficient gel electro-
phoretic separation of proteins is mostly based on natural or
modified differences in overall charge between individual polypep-
tide chains, as well as dissimilarities in molecular size under native
or denatured conditions. This chapter briefly outlines the devel-
opment, technical advances, and applications of DIGE in modern
proteomics.

2 Gel-Based Proteomics and DIGE Analysis

In general, gel electrophoretic techniques can be distinguished
based on the dimensionality of the gel system and the main labeling
procedure for the visualization of protein bands or spot patterns.
Routinely used one-dimensional gel electrophoretic methods for
the separation of proteins include isoelectric focusing and sodium
dodecyl sulfate polyacrylamide gel electrophoresis [4]. A combina-
tion of both techniques in two-dimensional gel electrophoresis is
significantly more efficient for large-scale protein separation
approaches due to its huge capacity and high resolution, making
it a frequently used method in high-throughput proteomic surveys
[8]. Depending on the particular gel electrophoretic technique and
the analyzed samples, several hundred to thousands of individual
protein spots can be visualized by standardized two-dimensional
gel electrophoresis [5]. Besides optimizing the electrophoretic
procedure, protein labeling is a crucial step in gel-based analytical
proteomics. Standard post-electrophoretic staining approaches
include Coomassie Brilliant Blue, silver, and a variety of fluorescent
dyes. For the efficient pre-electrophoretic comparative labeling of
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different protein samples, fluorescence DIGE analysis represents
one of the most powerful methods [12]. The DIGE method can
be carried out with 2-CyDye or 3-CyDye systems to differentially
label proteins belonging to dissimilar protein populations [13].

General advantages versus technical limitations of DIGE ana-
lyses are summarized in Fig. 1. The advantages of DIGE over other
protein separation methods are its robustness for the routine anal-
ysis of thousands of protein species, the cost-effective and highly
reproducible nature of fluorescence gel electrophoresis, the elimi-
nation of gel-to-gel variations and the direct visualization of a wide
dynamic range of proteins of differing abundance, as well as the
capability of being combined with other protein staining methods
and post-translational modification analysis. Potential limitations
are presented by the possible under-representation of certain pro-
tein species in DIGE gels, including highly hydrophobic proteins,
low-copy-number proteins, high-molecular-mass proteins and pro-
tein species with extremely low or high pI-values, the restricted
separation of complex protein mixtures, and the cross-
contamination of individual protein spots through highly abundant
polypeptides [14].

DIGE-based Proteomics
Unbiased large-scale and technology-driven comparative biochemical analysis

Comparative 2D-DIGE analysis of differentially labelled protein fractions

Crude
extracts

Subcellular
fractions

Protein
complexes

Protein
fractions

Advantages Limitations
- Robust protein separation system for the routine

analysis of thousands of protein species in large-
scale proteomic studies

- Rapid, cost-effective and highly reproducible
approach to study paired protein samples

- Elimination of gel-to-gel variations by the 
differential pre-electrophoretic labelling of proteins 
and the subsequent separation on the same 2D gel  

- Fluorescent labelling with highly sensitive dyes for 
the visualization of a wide dynamic range of 
proteins of differing abundance

- Bioanalytical platform that is suitable for being 
combined with other dyes and PTM analysis

- Direct visualization of proteins of interest as 
discrete 2D spots, enabling the exact evaluation of 
the characteristic combination of the pI-value and 
relative molecular mass of a particular protein

- Under-representation of certain 
protein species in 2D-DIGE gels:
- highly hydrophobic proteins
- low-copy-number proteins
- high-molecular-mass proteins
- proteins with extremely low or 

high pI-values
- Restricted separation of complex 

protein mixtures due to streaking 
within 2D gel system

- Cross-contamination of individual 
2D protein spots through highly 
abundant polypeptides

- Potential complications of MS-
based protein identification based 
on the heterogeneous composition 
of some 2D protein spots 

Fig. 1 Overview of the advantages versus technical limitations of DIGE analysis. Listed are advantages versus
technical limitations of the comparative difference gel electrophoresis (DIGE) analysis of pre-
electrophoretically labeled protein fractions
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3 Proteomic DIGE Workflow

A typical DIGE-based proteomic workflow for the comparative
analysis of differing proteomes involves several critical steps, includ-
ing (1) efficient protein extraction from samples derived from
defined biological specimens, such as biofluids, tissue extracts, or
subcellular fractions, (2) the pre-electrophoretic fluorescent label-
ing employing 2-dye or 3-dye fluorescence systems with minimal or
saturation labeling, (3) effective protein separation by two-dimen-
sional gel electrophoresis using optimized combinations of isoelec-
tric focusing gels and second-dimension slab gels, (4) densitometric
scanning of fluorescent images using computer-assisted analysis for
the generation of meaningful proteomic maps, (5) optimized pro-
tein digestion for the generation of representative peptide signa-
tures, such as the consecutive application of the enzymes Lys-C and
trypsin for the controlled and highly reproducible production of
peptide populations, and (6) the proteomic identification of indi-
vidual proteins of interest by sensitive mass spectrometric analysis
[15]. Figure 2 outlines the usage of 2-dye versus 3-dye systems in

3-Dye DIGE 2-Dye DIGE

Sample 
A

2D IEF/SDS-PAGE Separation

Image analysis of differential spot pattern

Sample 
B

Pooled
samples

Cy2
Dye

Cy5
Dye

Cy3
Dye

Co-migration of labelled proteins

Scanning of Cy3-Cy2-Cy5 Images

Identification of altered protein spots

Pre-electrophoretic protein labelling

Cy5
Dye

Cy3
Dye

Cy3
Dye

Pre-electrophoretic protein labelling

Sample 
A

Sample 
B

Pooled
samples

Identification of altered protein spots

2D IEF/SDS-PAGE Separation

Image analysis of differential spot pattern

Co-migration of labelled proteins

Scanning of
Cy3-Cy5 Images

Scanning of
Cy3-Cy5 Images

Fig. 2 Outline of 2-dye versus 3-dye DIGE analysis. Shown are flowcharts of routine comparative difference gel
electrophoresis (DIGE) analyses of pre-electrophoretically labeled protein fractions using fluorescent Cy2, Cy3,
and Cy5 dyes
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comparative DIGE studies. Often DIGE-generated data are
independently verified by routine biochemical, cell biological or
biophysical assays, including immunoblotting, enzyme-linked
immunosorbent assays, enzyme testing, binding assays, physiologi-
cal measurements, and/or immunofluorescence microscopy.

4 DIGE Labeling Approaches

The comparative DIGE method has been applied in a variety of
biological and biomedical research areas, including microbiology,
environmental sciences, plant science, animal science, biomedi-
cine, pharmaco-proteomics, and biomarker research, to improve
diagnostics, prognostics, therapy-monitoring, and the evaluation
of potentially harmful side effects [14]. Routine DIGE analyses
are usually carried out with two different approaches, i.e., minimal
or saturation protein labeling employing the pre-electrophoretic
labeling with fluorescent 2-dye or 3-dye systems [16–18]. The
method was originally developed by Unl€u et al. [19] and is now
one of the most frequently used gel-based techniques of
comparative proteomics. Sophisticated 2D-DIGE software
analysis tools are available to study paired protein samples [20]
and are extremely useful for the routine quantitative analysis of
multiple fluorescently labeled protein populations following
high-resolution and two-dimensional gel electrophoretic separa-
tion [21].

Comparative DIGE experiments are routinely carried out with
two different dye labeling approaches, i.e., minimal labeling versus
saturation labeling. Major differences in the two methods are
diagrammatically summarized in Fig. 3. Minimal labeling chemis-
try is based on N-hydroxy succinimidyl ester dye reagents that
form sub-stochiometric bonds with the ε-amine groups of assess-
able lysine side chains. In contrast to the minimal dye coupling
process that involves a nucleophilic substitution reaction, satura-
tion labeling is performed with maleimide dye reagents and the
complete labeling of all cysteine sulfhydryls [14]. A 3-sample com-
parison is shown in Fig. 4, summarizing the labeling approach with
the least number of gels to achieve the evaluation of reverse label-
ing, sample pairing, and biological repeats. If two sets of six
DIGE gels are run in parallel, this 12-gel DIGE system can be
electrophoresed in the same buffer tank and achieve optimum
results in relation to biological repeats (n ¼ 4), sample pairing
(n ¼ 2), technical repeats (n ¼ 2), and reverse fluorescent dye
labeling (n ¼ 2), as previously described for the comparison of
normal, diseased, and therapeutically treated diaphragm muscle
specimens [22].
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5 Conclusions

The many successful applications of the DIGE technique in combi-
nation with advanced mass spectrometry emphasize the analytical
power of this comparative proteomic approach. DIGE has been
employed in many areas of biological research, biotechnology,
biomedicine, and biomarker discovery. The bioanalytical robust-
ness of the DIGE technique makes this biochemical method an
ideal comparative tool for the comprehensive analysis of large and
complex proteomes. The elimination of gel-to-gel variations and
the capability of using DIGE in combination with the analysis of
post-translational modifications established this fluorescent gel-
based method as a key technique of comparative proteomics.
Future applications of comparative DIGE analyses in combination
with sensitive protein identification approaches promise to further
improve our biochemical understanding of complex proteomes in a
variety of biological systems.

Minimal labelling 2D-DIGE Saturation labelling 2D-DIGE

PROTEIN Lysine

DYE

pH 8.5
30 min on ice

Quenching of 
labeling reaction 

with excess lysine

PROTEIN DYE

Pre-electrophoretic
differential protein labelling

Cy2 Cy3 Cy5

Pre-electrophoretic
differential protein labelling

Cy3 Cy5

2D-GE    Separation

Differential 2D spot pattern

Proteomic analysis

Sub-stochiometrically labelled proteins
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DYE

pH 6.5
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labeling

Complete
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all cysteine residues

PROTEIN DYEDYE
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1-2% of lysine residues

50 µg protein /
400 pmol dye
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Fig. 3 Overview of minimal versus saturation DIGE labeling. Shown are flowcharts that compare the minimal
labeling difference gel electrophoresis (DIGE) approach with pre-electrophoretic differential protein labeling
using Cy2, Cy3, and Cy5 dyes, and the saturation labeling DIGE approach with pre-electrophoretic differential
protein labeling using Cy3 and Cy5 dyes
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Chapter 3

2D-DIGE and Fluorescence Image Analysis

Elisa Robotti and Emilio Marengo

Abstract

2D-DIGE is still a very widespread technique in proteomics for the identification of panels of biomarkers,
allowing to tackle with some important drawback of classical two-dimensional gel-electrophoresis. How-
ever, once 2D-gels are obtained, they must undergo a quite articulated multistep image analysis procedure
before the final differential analysis via statistical mono- and multivariate methods. Here, the main steps of
image analysis software are described and the most recent procedures reported in the literature are briefly
presented.

Key words DIGE, Image analysis, Warping, Image preprocessing, Spot detection and quantification,
Spot matching, Differential analysis

1 Introduction

Two-dimensional differential gel electrophoresis (2D-DIGE)
[1–4] represents an evolution of two-dimensional gel electropho-
resis (2DE), where complex protein mixtures are separated in single
proteins according to their isoelectric point (pI) and molecular
weight. In 2D-DIGE, different samples, labeled with different
fluorescent dyes, are run simultaneously on the same gel; the detec-
tion of the spots belonging to the different samples present on the
gel can be accomplished by scanning the final image at the different
wavelengths characteristic of the different dyes used for labeling.

2D-DIGE allows to address the main drawback of 2DE,
namely the large sample-to-sample variability due to the low repro-
ducibility of the complex overall experimental procedure. In 2D-
DIGE in fact gel-to-gel variations are minimized and the large
variability usually affecting 2D gel-electrophoresis is greatly
reduced [5, 6].

Notwithstanding the recent widespread use of liquid chroma-
tography (LC)-based proteomics [7, 8], 2D-DIGE is yet an impor-
tant tool in the clinical field due to its significant ability in
visualizing a great number of proteins: differential analysis
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accomplished with 2D-DIGE can identify changes of the pI and/or
the molecular weight of proteins that could be due to events such as
truncations, degradations, alternative splicing, post-translational
modifications (PTMs), or variations in the genetic code. Therefore,
the future is still bright for 2D-DIGE, as evidenced by the numer-
ous studies present in literature, above all in the field of biomarkers
identification [7–16].

All experimental setups are based on protein labeling by a
fluorescent dye before the gel-based separation. From an experi-
mental point of view, a great distinction can be done between
minimal and saturation labeling.

In minimal labeling [2, 17], proteins are labeled with N-
hydroxy succinimidyl ester derivatives (Cy2, Cy3, and Cy5), that
are covalently tagged to the ε-amino group of the lysine residues.
The labeling is minimal since only one lysine residue per protein is
labeled in order to prevent protein precipitation. Minimal labeling
is characterized by low detection limits (about 1 fmol per spot) and
four orders of magnitude of the linear dynamic range [2, 18, 19].
Labeling with a sub-stoichiometric dye:lysine ratio avoids artificial
mass changes and vertical artifacts on the final gel [18, 20]. Satura-
tion labeling [21] is instead based on the saturation of cysteine
residues by the dyes molecules. Certainly, saturation labeling pro-
vides a higher sensitivity (one order of magnitude higher than
minimal labeling) and the sample needed to quantify protein
changes is smaller [2, 21].

For what regards the experimental setup, two main procedures
are available (Fig. 1):

– Two-dye approach: one sample and a pooled internal standard
are labeled with two different dyes and run simultaneously on
the same gel.

– Three-dye approach: two samples and a pooled internal stan-
dard are labeled with three different dyes and run contempo-
rarily on the same gel.

In general, the two-dye approach should be preferred since the
three-dye approach suffers from a smaller signal-to-noise (S/N)
ratio and the standardized spot volumes have been proved not to
be independent [2, 22].

Once 2D-gels are obtained, they are scanned via a fluorescent
densitometer in order to acquire the image at each wavelength
specific for each of the two or three dyes used as labeling agents.
The final purpose of gel-based proteomics is to accomplish a differ-
ential analysis where classes of samples (e.g., control vs. diseased)
are compared to identify panels of biomarkers. Therefore, 2D-gels
images must undergo a quite articulated multistep procedure of
data analysis which involves [2, 23–25]:
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– Image preprocessing, involving background and noise subtrac-
tion [26].

– Spot detection and quantitation [27–35].

– Spot filtering, removing spots not satisfying specific criteria.

– Image warping and alignment [23, 24, 27, 36–48].

– Spot matching [28, 42, 43, 49–51].

– Differential analysis. In a more classical approach, this step is
carried out on spot volume datasets, where each sample is
described by the volumes of the spots detected on its surface
[52–59]. Another approach is based on the comparison of 2D-
gels directly at the pixel level [60–64]. Statistically significant
up- and down-regulations can be detected by classical statistics
(Student’s t-test, Mann-Whitney test, etc.) [65] or by multi-
variate methods (pattern recognition and classification tools
[66–68]).

Classical or last-generation commercially available software
packages differ essentially for the order in which the different
steps are accomplished, reflecting in advantages or drawbacks that
affect the final differential analysis. Three workflows are possible
(Fig. 2):

Fig. 1 Two- (a) and three- (b) dye approaches
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– Image preprocessing, followed by spot detection, spot match-
ing, and differential analysis (accomplished on protein spot
volumes);

– Image preprocessing, followed by image alignment, spot detec-
tion, and differential analysis (accomplished on protein spot
volumes);

– Image preprocessing, followed by image alignment and differ-
ential analysis (accomplished on pixel intensities).

In the first two approaches, the final differential analysis is
accomplished on spot volume data. In classical software packages
(first approach), spot detection is usually performed before gel
matching and differential analysis, while warping is carried out
before spot detection across all gels, in last-generation software
packages (second approach). The first approach can be applied
with or without image preprocessing and alignment [28, 29, 35]:
preprocessing can improve spot identification while alignment is
usually bypassed by spot matching. In the second approach, the
alignment is accomplished at the pixel level; spot detection is car-
ried out on a master or reference gel [39, 46, 69, 70]. Clark and
Gutstein [71] proved that the first approach suffers from a draw-
back, i.e., the proportion of accurately matched spots decreases
with larger sample sizes, while the second one avoids missing data
[72]. The third approach avoids spot detection and quantification
since it compares sets of images directly on pixel intensities
[73–76].

The most widespread commercially available software packages
for the analysis of 2-DE images are: DeCyder 2D Differential
Analysis and Image master 2-D, from GE Healthcare (Little
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Spot detection
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Fig. 2 2-DE image analysis strategies
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Chalfont, UK); Progenesis SameSpots and Phoretix 2-D Advanced,
from Nonlinear Dynamics (Newcastle Upon Tyne, UK); Delta2D,
from Decodon (Greifswald, Germany); Dymension, from Syngene
(Cambridge, UK); PDQuest and Proteomweaver, from Bio-Rad
Laboratories (Hercules, CA, USA); Melanie, from Geneva Bioin-
formatics (Geneva, Switzerland); Redfin Solo, from Ludesi (Mal-
moe, Sweden). The specialized literature offers also some less
widespread academic packages [77–79]. Kang et al. [80] compared
three commercial software packages for 2D-DIGE image analysis
and described their general advantages and disadvantages.

Here, we discuss the main steps of image analysis and the
advantages and disadvantages characteristic of each procedure.

2 Image Pre-Processing

Image preprocessing is a fundamental step in image analysis since it
allows to tackle with some important drawbacks of the use of gel-
based approaches, increasing variability: the presence of noise and
image artifacts (e.g., streaks and spurious spots) and the presence of
background effects. The purpose of preprocessing is the general
improvement of image quality and removal of artifacts, to provide
more reliable spot detections and quantifications and therefore a
more robust identification of panels of biomarkers during the final
differential analysis. McNamara et al. [81] proposed methods for
preventing and treating artifacts in 2D-DIGE. Notwithstanding
the basic concept that these steps should not alter the final differ-
ential analysis, it has been proved that both noise filtering and
background removal can affect spot quantification and analysis
variability [82, 83]. Noise can be present in 2-DE images in two
main forms [36, 84]:

– “Gaussian noise”, generally related to the acquisition step;

– “Spike noise”, mainly related to the experimental steps.

Noise is characterized by high-frequency features that should
be removed and separated from low-frequency features represent-
ing spots [36, 78, 85]. Commercial software packages usually
exploit spatial filtering [82, 84, 86] based on local nxn kernel/
window filters [36, 37, 87, 88]. These filters are based on the
calculation of a new value for the pixel at the center of the kernel
from the values of the pixels within the kernel; to this purpose, the
researcher can choose among different approaches: median filter,
adaptive filters, Gaussian filters, polynomial filters. These
approaches usually tend to erode the spot edges and to alter the
intensity values of the spot pixels [77, 84]. Other approaches for
the efficient removal of Gaussian noise are based on spatial-
frequency domain filters, as wavelet filters and contourlet denoising
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[84, 87]. Contour denoising was developed to address the main
drawback of wavelet denoising, i.e., its directionality, since this
approach captures noise along the horizontal, vertical, and diagonal
directions. The main disadvantage of these filters with respect to
spatial filtering is the quite complex setting of the filtering para-
meters hampering their use in the standard laboratory practice
when a great number of gels has to be processed simultaneously.
Cannistraci et al. [89] developed a nonlinear adaptive spatial filter,
named median modified Wiener filter (MMWF), for eliminating
different kinds of noise simultaneously (small-noise-features,
spikes, Gaussian noise).

Background subtraction is a mandatory step to eliminate from
the images contributions due to not homogeneous gel staining or
variability in image acquisition. Several methods are available for
calculating the background level but almost all the procedures
belong to one of the following categories:

– Methods based on an estimation of the background based on
the intensity of the pixels just outside the spot boundary. Two
methods belonging to this category are the most widespread
where background is estimated: (a) by the minimum value of
intensity detected on the boundary of the spot; (b) by the
average of the intensities detected on all the spot boundary.
These methods are suitable when the background is homoge-
neous on all the gel [90].

– Methods based on a mathematical model representing the
background on all the gel surface [90]. The pixels used for
modeling the background are those not contained in identified
spots, therefore these methods are usually applied after spot
detection. These methods are exploited in several commercial
software (PDQuest, Delta 2D, Progenesis PG240, SameSpot).

Silva et al. [91] stated that last-generation software packages
introduce a smaller variability, since identical spot boundaries are
drawn across all gels images.

In 2D-DIGE, a fundamental step of image preprocessing is
image normalization, since the intensities measured both at the
spot or pixel level suffer from important dye effects [92–94].
Normalization parameters can depend on pixel intensities and/or
on the spatial localization in the gel [36, 95]. In such cases, nor-
malization operators can be applied to sub-areas of the gels even if
the computational effort increases. Normalization operators have
to be chosen with extreme care since they affect the final identifica-
tion of biomarkers. In 2D-DIGE, the so-called M-A plots can be
employed to compare different normalization methods [95]. In
this approach, M values are calculated as log2(Cy5/Cy3) (when a
pool channel is not used) or log2 (Cy5/Cy2)/(Cy3/Cy2) (when a
pool channel is used). Then, m-values are calculated as: log2(Cy5/
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Cy2) or log2(Cy3/Cy2). The average log2 intensity (A) is given by:
(log2Cy5 þ log2Cy3)/2. Different methods can be compared by
means of box plots ofM andm-values or scatterplots ofM versusA-
values [95].

Other methods depend on specific software: for example,
DeCyder [96] provides two methods for data normalization:

– “DeCyder no pool” is used when the pool channel is not used.
The method performs channel-specific shifts of the log inten-
sities (log volumes), so that the distribution of the log inten-
sities is centered on zero for each dye channel.

– “DeCyder pool” is similar but shifts each of the two series of
log ratios: log Cy5/Cy2 and log Cy3/Cy2, for each gel.

Another approach is the Locally Weighted Regression (Loess or
Lowess) Normalization [97], and recently applied to DIGE [95,
98] but originally developed for microarrays [99–102]. In Loess
normalization, experimental data are fitted by a normalization
curve; the procedure combines multiple regression and a k-near-
est-neighbors approach. M-A plots of comparable spot intensities
are exploited as starting point for the fitting procedure. At each
point in the M–A plot, Loess fits a low-degree polynomial to a
subset of the data with values near the point whose response is
being estimated. The subsets of data used are selected by a nearest-
neighbors approach. Weighted least squares regression is used to
give more importance to points close to the point whose response is
being estimated. The weight is assigned to each sample iteratively,
in order to limit the influence of potential outliers: in this case, at
each new estimation of the Loess curve, the weight of the sample is
reduced based on its residual with respect to the previous estima-
tion. Once the estimation is completed, pixel intensities across all
gels are normalized by the Loess curve obtained. Notwithstanding
the fact that the method is quite computationally intensive, it has
the great advantage of a small user intervention: the user has just to
set the window and the degree of the local polynomial. Variants of
the Loess Normalization are also available [95, 96, 98, 99, 103].
Other methods exploited in 2D-DIGE are based on quantile nor-
malization [95–104].

3 Spot Detection and Quantitation

The step of spot detection allows the identification of the spots on
the gel image and provides a list of spots located on the gel that will
be further matched across all gels. Spot detection usually implies:
spot center detection; spots segmentation to identify gel areas each
containing a single spot; model each area by a function to extract
spots characteristics and identify co-migrations.
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Image segmentation algorithms can be based on edge detec-
tion (e.g., Laplacian filtering), even if this approach could produce
spurious spots if noise and artifacts are still present in the gel [74,
105]. Recent approaches make use of geometric algorithms [78],
parametric spot models [106], the pixel value collection method
[30, 74], and slice tree with confidence evaluation [29]. However,
the most widespread method is certainly the watershed transforma-
tion algorithm [28, 33, 91]. Watershed in geosciences is the
boundary of a catchment basin in a landscape where all waters
drain to. Using this parallel, a gel is considered as a topographic
relief and the spots are depressions. The algorithm therefore iden-
tifies the basins, while spots characteristics are determined by itera-
tive fitting methods [33, 107].

The algorithm for spots detection and quantitation can be
parametric or nonparametric [107]:

– Parametric algorithms are exploited in classical software and are
based on spot modeling: actual spots are transformed into ideal
elliptic spots by means of 2D Gaussian fitting.

– Nonparametric algorithms are exploited in last-generation soft-
ware and are not based on spots modeling so that each spot
maintains its shape.

Notwithstanding the fact that Gaussian modeling is effective
for small spots, it is not a good choice for larger ones, showing in
general more irregular shapes, nor for saturated spots, while it
shows better results with overlapping spots [82].

Classical software packages usually suffer from the necessity of a
larger user intervention to correct spot detections, e.g., remove
spurious spots, add faint spots or split overlapping ones. Last-
generation packages, instead, carry out alignment at the pixel
level, so that spots are detected simultaneously across all the gels,
superimposing on all gels one spot map: spot editing is therefore
less time-consuming since it is performed just once on the fusion
image and then propagated to all single images [39]. Even if last-
generation software avoids missing data, they tend to merge
together close spots, so that overlapping problems can increase
with respect to classical software [6, 71].

4 Gel Warping and Matching

Differentially expressed proteins can be effectively identified if the
images are properly registered. Gel matching performances are
deeply influenced by image warping. The aim of warping is to
adjust systematic geometric distortions. Matching and warping
algorithms allow to overcome the difficulties due to variations in
the migration positions of spots among gels; this is particularly true
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for 2-DE, while in 2D-DIGE intra-gel variations are minimized.
Registration of two images consists in deforming one image
(source) into another (template), so that similar structures in the
images match one to each other [108]. The available warping
procedures for 2-DE and 2D-DIGE can be divided into two cate-
gories [109], according to the information used to guide the
registration process:

– Methods based on the selection of landmarks [86, 110–112].
In these methods, after the image segmentation, to identify
the spots, image registration is carried out, consisting in align-
ing the landmarks and computing the image transformation
function.

– Methods based on intensities. These methods register the two
images optimizing an intensity similarity index calculated
between the raw images (e.g., the sum of squared intensity
differences or the cross-correlation).

Intensity-based methods [23, 44, 45, 113, 114] are nowadays
the most widespread since they do not need segmentation and
exploit image information to a larger extent. To overcome the
limitation of both procedures, the combination of intensity and
landmark information has now become more popular [108, 115]:
Kang et al. [80] reported that using five landmarks, Progenesis
SameSpots outperformed DeCyder and Dymension. In general,
last-generation software exploit warping procedures reducing anal-
ysis time and improving accuracy and subjectivity of the subsequent
matching.

In spot-based methods, the software input is a list of detected
spots (or landmarks) that are successively considered by the algo-
rithms as individual points [116]. Traditional methods exploit
polynomial functions to align the spots in different images [117].
Where low-order polynomials cannot correct the geometric distor-
tions, new methods have been developed: thin plate splines (TPS)
[117], which allow nonlinear bending of the gel coordinates, and
hierarchical grid transformation, both characterized by a superior
warping efficiency [41, 44, 118, 119]. Other tested methods make
use of the Iterative Closest Point procedure [109] and of deformed
graphs [50].

In pixel-based methods, warping is performed directly at the
pixel level [23]. The warping based on the pixel values exploits
numerous additional features like spot shape and intensity spread,
that otherwise are lost in the spot detection approach. The general
idea is the maximization of the correlation between two images.
Different procedures are available in literature [120]: the pixel-
based analysis of multiple images (PMC) [73] and fuzzy warping
[23–25, 38, 44, 47, 60, 61, 76, 85, 121, 122].
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Chapter 4

DIGE Analysis Software and Protein Identification
Approaches

Abduladim Hmmier and Paul Dowling

Abstract

DIGE is a high-resolution two-dimensional gel electrophoresis method, with excellent dynamic range
obtained by fluorescent tag labeling of protein samples. Scanned images of DIGE gels show thousands of
protein spots, each spot representing a single or a group of protein isoforms. By using commercially
available software, each protein spot is defined by an outline, which is digitized and correlated with the
quantity of proteins present in each spot. Software packages include DeCyder, SameSpots, and Dymension
3. In addition, proteins of interest can be excised from post-stained gels and identified with conventional
mass spectrometry techniques. High-throughput mass spectrometry is performed using sophisticated
instrumentation including matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF),
MALDI-TOF/TOF, and liquid chromatography tandem mass spectrometry (LC-MS/MS). Tandem MS
(MALDI-TOF/TOF or LC-MS/MS), analyzes fragmented peptides, resulting in amino acid sequence
information, especially useful when protein spots are low abundant or where a mixture of proteins is
present.

Key words DeCyder, SameSpots, Dymension 3, MALDI-TOF/TOF, LC-MS

1 Introduction

Two-dimensional difference gel electrophoresis (2D–DIGE) is a
powerful proteomics technology for the study of differential pro-
tein expression when comparing samples under different conditions
[1]. DIGE has a high sensitivity of 0.2 ng/spot allowing users to
run smaller amounts of protein on 2D DIGE gels, resulting in
significantly better spot resolution [2]. This high spot resolution
enables accurate software-aided spot quantitation and protein
expression comparison between samples under investigation [3].
Since the protein expression patterns from three different samples
are compared in the same gel (Cy2, Cy3, and Cy5), fewer gels are
required to examine all samples. Software aided in-gel analysis
enables researchers to generate results quickly post gel running
and scanning. The inclusion of an internal standard pooled from
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aliquots of all samples under investigation in the experiment, usu-
ally labeled with Cy2, improves the matching of intra- and inter-gel
images and allows normalization across all gels [4]. Scanned images
of DIGE gels display thousands of protein spots, each spot repre-
senting a single protein or a group of protein isoforms, having a
particular pI and molecular weight. The benefit of DIGE can only
be realized by analyzing gel images with software packages dedi-
cated to DIGE analysis. Three commercially available DIGE analy-
sis software tools that are widely used to analysis raw data include
DeCyder V7.2 (GE Healthcare), SameSpots (Totallab), and
Dymension 3 (Syngene) [3, 5, 6].

2 DIGE Analysis Software

2.1 DeCyder 2-D

Differential Analysis

Software

DeCyder 2-D Differential Analysis Software exploits the properties
of CyDye DIGE Fluor dyes. It is a fully automated analysis plat-
form, which uses the three gel images obtained from a single gel to
perform detection, quantitation, positional matching, and analysis
of the images to identify differentially expressed protein spots. The
DeCyder 2-D software comprises of four modules: Image loader,
Differential In-gel Analysis (DIA), Biological Variation Analysis
(BVA), and Extended Data Analysis (EDA).

The image loader takes the scanned images from the imager
(Typhoon) and imports them into the analysis software database
either as .tiff or customized .gel files. The image loader modules can
also be utilized to crop the gel images, removing unnecessary areas
to further streamline the analysis. The three images per gel gener-
ated because of the different CyDye labels are grouped together
with each image containing the respective dye chemistry tag when
the samples are named by the user [7].

Images must be processed in the DIA module before
subsequent analysis using BVA. This module uses a co-detection
algorithm generated by combining image derived from merging
individual images associated with each gel. This co-detection algo-
rithm facilitates the establishment of identical spot boundaries for
each gel image, which increase the accuracy for individual protein
detection across all gels in the project. Background subtraction, gel
artifact removal, in-gel normalization, and quantitation for the
amount of protein present in each spot are performed after spot
detection [8]. DIA expresses abundance values as a ratio, for exam-
ples between control (Cy3) and test (Cy5), using the in-gel internal
standard reference image (Cy2) for each protein spot. This process
is repeated across the gel for each protein spot, providing informa-
tion on protein abundances for potentially thousands of proteins in
the respective gels. This analysis is then saved within the DIA
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workspace and can be carried forward to the BVA module for
multi-gel analyses [9].

The BVA module uses information already processed in DIA to
perform gel to gel matching of all protein spots (within the cropped
areas) across all gels in the experiment. This matching across all gels
facilitates the quantitative comparison of protein expression asso-
ciated with the phenotypic comparison under investigation, control
versus test for example. A single master gel can be selected auto-
matically or as defined by the user, which can subsequently be used
to match all other gels and associated protein spots in the experi-
ment to [10]. A range of statistical tests can be performed in the
BVA module to identify significant proteins of interest between
comparisons [11].

The EDA module uses the data already processed and
contained within the BVA module. EDA can perform a number
of different analyses approaches, including Principal Component
Analysis (PCA), hierarchical clustering, K-means clustering, and
discriminant analysis [12]. PCA facilitates use in the identification
of variation within the experimental set-up, providing information
on how well the comparison groups will be separated (and conse-
quently cluster together) based on a series of statistically significant
proteins [13]. PCA is especially important in the identification of
outliers within the gels, possibly the result of poor matching to the
master gel or a contaminated sample. Two types of unsupervised
clustering approaches are also contained in EDA, Hierarchical clus-
tering and K-means clustering. Hierarchical clustering generates a
heat map with associated dendrograms, identifying if different
subsets exist within the data set [14]. K-means clustering is useful
for visualizing clusters of proteins with similar expression patterns.
Discriminant analysis identifies potential biomarkers and based on
their expression levels creates a classifier using a number of pre-
defined proteins of interest by the user (Fig. 1). This classifier can
then be used to assign unknown samples in respective groups, based
on the expression levels of this pre-defined panel of candidate
biomarkers. Many different classifiers can be developed, each with
its own group of specific proteins. Classifiers can then be compared
to each other, based on their ability to correctly assign unknown
samples into the correct groups. A potential biomarker panel can be
refined using this process, providing very valuable information and
the initial development of a diagnostic test [15].

The BVA module also contains the functionality to allow users
to perform spot picking from preparative gels by generating a pick
list(s). A number of individual preparative gels can be used to
perform spot picking, with many users preferring the ability to
run the same protein spot multiple times from different gels by
mass spectrometry, improving the chances of positively identifying
the protein of interest. When using the minimal dye labeling, a
Coomassie brilliant blue or fluorescently stained (LavaPurple or
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SYPRO Ruby) pick gel is required [16–18]. This is because the
unlabeled protein migrates slightly differently to the <5% labeled
protein, therefore making spot picking for protein identification
difficult as only small amounts of protein would be captured in the
gel plugs. The LavaPurple or SYPRO Ruby stained gel image is
matched to the analytical set using a series of landmark proteins,
which are normally very distinct across all gels and distributed
evenly across the gels in terms of their locations. Using reference
markers applied to the back of the preparative gels, every protein is
tagged with a unique x and y coordinate [19]. This x and y coordi-
nate, associated with the proteins of interest from the pick lists is
transferred via a .txt file to the automated Ettan Spot Picker or
Ettan Spot HandlingWorkstation for spot excision, washing, diges-
tion, and mass spectrometry analysis [20].

Spike Protein Normalization (SPN) is a feature added in the
DIA and the BVA modules. In conventional DIGE experiments,
normally only a small percentage of proteins change significantly in
expression levels between the samples groups under investigation.
Sample normalization is then based on the large percentage of
proteins that show little difference between groups. However, this
normalization protocol is not useful for samples that have few

Fig. 1 Principal component analysis (PCA) showing the position of control
(purple) compared to cancer (green) patient samples. This PCA is based on 10
serum proteins that were found to be significantly changed in abundance levels
between the two cohorts using DeCyder software
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protein spots per gel or samples comparisons when the majority of
proteins detected are changing significantly in expression levels
(non-normal distribution). In these situations, it is possible to
normalize the proteins in an experiment to user defined spiked-in
proteins. Spike proteins are included prior to the CyDye labeling
step and must reside in an area on the 2D gel that does not of
contain any interfering protein spots from the analytical samples.
These spiked-in proteins should also be of other origin/species
than the analytical samples to help confirm their identification by
mass spectrometry. The spiked-in proteins are located during image
processing in the DIA or BVAmodules and are used by the software
to normalize spot volumes for all other proteins in the analysis.

2.2 SameSpots and

Dymension 3 Software

Packages for DIGE

Analysis

Progenesis SameSpots software for 2D gel electrophoresis image
analysis, originally sold by Nonlinear Dynamics (now part of the
Waters Corporation) was transferred to a sister company, TotalLab
in 2013. Image import into SameSpots supports .tiff, .img, .gel and
.mel images, with the ability to add new images to existing experi-
ments at any stage [6]. Image quality control automatically high-
lights many common problems with image quality so the user can
decide to remove these gels from the analysis. Images can be
cropped, flipped, rotated, and inverted after importation. Align-
ment of images is performed at the pixel level before image analysis
[21]. This feature allows the software to generate a common spot
outline map across every image. Filtering and a review of normali-
zation allow the user to remove any artifacts and/or damaged areas
from the analytical gels prior to statistical analysis. The software
with correction of dye-related offsets in DIGE generates a common
spot outline map across every image. The next set is to set up the
experimental design, either “between-subject design” or “within-
subject design”. The “within-subject design” is especially useful for
samples from clinical trial as an example, where patient samples may
be investigated over a time course associated with treatment.

Differentially expressed protein spots are highlighted by signif-
icance based on ANOVA p-value [22]. By using specific tags,
protein spots with shared characteristics can be grouped together,
based on significant p-values or fold-change associated with protein
expression. The software also displays coefficient of variation (CV),
to check experimental variation is within the limits defined by the
user. Subsequently proteins of interest can be selected for further
statistical analysis, picking, and reporting [23].

Statistical packages available in SameSpots include false discov-
ery rate (q-values), PCA, correlation analysis, and power analysis
[24]. Using these additional measures of significance, the list of
protein of interest can be refined to establish a robust panel of
proteins that are significantly changed across experimental groups
[25]. Proteins of interest can be highlighted on the imported
preparative gels and high precision pick lists send forward to spot
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cutting robots including GelPix, ProPic™, and Ettan™ as well as
manual picking [26–29].

The Dymension 3 software package from Syngene automati-
cally detects and assigns statistical confidence to each detected
protein spot and identifies proteins of interest from Cy2, Cy3,
and Cy5 labeled gels [30]. Results of the analysis are displayed as
tables, with 3D spot profiles, bar charts together with correlation
and scatter plots [31]. The Dymension 3 software package also has
different background correction protocols, including a SYPRO
Ruby filter, which can detect and automatically remove spot arti-
facts, created by crystals sticking to the gel during the staining
procedure. The statistical analysis available in Dymension 3 allows
users to compare expression profiles simultaneously across multiple
samples sets and accurately pick proteins of interest for mass spec-
trometry analysis [3].

3 Protein Identification

3.1 Protein

Identification by

Peptide Mass

Fingerprinting

Identification of proteins is completed by in-gel digestion of pro-
tein spots followed by mass spectrometry analysis of the extracted
peptides from the gel plugs. Excised gel plugs are destained, washed
a number of times, dehydrated and enzymatically digested with
trypsin. Other enzymes are available such as Arg-C (clostripain),
Asp-N and Glu-C; however, trypsin is used in the majority of
experiments. Among the available mass spectrometric methods
for protein identification of proteins of interest analyzed by
DIGE, peptide mass fingerprinting (PMF) by matrix-assisted laser
desorption time-of-flight mass spectrometry (MALDI-TOF MS),
MALDI tandemMS using MALDI-TOF/TOF mass spectrometry
and liquid chromatography tandem mass spectrometry (LC-MS/
MS) using reversed-phase chromatography coupled online to the
mass spectrometer.

In MALD-TOF, samples are spotted, manually or robotically,
onto a metal target plate and mixed with a suitable aromatic organic
acid that forms the matrix (e.g., cyano-4-hydroxy cinnamic acid—
CHCA) to facilitate ionization of the peptide by donating protons
to the analyte. The sample plate is inserted into a vacuum lock and
transferred into a vacuum chamber in the mass spectrometer [32].
Some of the sample is used up initially by repeated blasts from a
nitrogen laser (337 nm) fired at the spot containing peptides and
matrix molecules. The samples is vaporized (desorption) into the
gas phase which move away from the target rapidly. The ions
produced ‘fly’ up a tube to the mass analyzer as charged matrix
molecules collide with analyte molecules. Light ions reach the
detector faster than heavier ions and their masses (mass-to-charge
ratio - m/z) are determined by their ‘time-of-flight’.
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Mass detection must be performed after calibration of the
spectrum with internal standards, by using auto-proteolytic peptide
masses of trypsin or spiked-in peptides. The list of peptide masses
can be transferred into the PMF search program, such as Mascot.
The experimentally determined peptide masses may be compared
against the NCBI database for a specific organism. Common
setting to include when comparing experimental masses to the
predetermined mass available in the databases are missed cleavages
(allow up to one missed cleavage is normally specified), carbami-
domethyl as a fixed modification if iodoacetamide was used to
modify cysteines and oxidation of methionines. The peptide toler-
ance on experimental peptide mass values is based on the type of
MS instrument used and the accuracy of the calibration. The results
of a peptide mass search are probability-based (MOlecular Weight
SEarch (MOWSE) algorithm) meaning the protein scores should
be as high as possible to provide the user with a high degree of
confidence in the positive protein identification as opposed to a
random hit [33].

3.2 Tandem Mass

Spectrometry Analysis

of Fragmented

Peptides

Time-of-flight/time-of-flight (TOF-TOF), or tandem TOF mass
spectrometry (MS), consists of two TOF accelerations on the most
abundant peptide ions (precursor ions) present in the sample. The
first TOF selects, isolates, and fragments a precursor ion of interest
using ion-gas collisions to induce fragmentation, a process known
as collision-induced decay (CID). The second TOF reaccelerates
the precursor ion and fragments, establishing precise masses for
sequence ions of the selected peptide, which will be used for data-
base searching [34]. Proteins are then identified by matching the
experimental fragmentation patterns of a select peptide with the in-
silico fragmentation patterns of all peptides in a specified database
that generates an identification score, providing the user with
information on the confidence that the particular identified protein
is a significant positive hit [35].

In some cases, when only a limited number of peptides are
observed for a protein or when there are interferences in the
MALDI-TOF spectra from other contaminating proteins, the
PMF analysis can fail to provide any positive identification or pro-
duce equivocal results resulting in low confidence. In this situation,
LC-MS/MS is a very valuable approach to increase confidence in
results when low protein scores are achieved. Nano LC-MS/MS is a
sensitive and reliable method for protein identification at low fmol
level. The peptide mixture from a proteolytic digestion is applied
directly into the instrument from an in-line high-performance
liquid chromatography (HPLC) system that separates peptides
using reversed phase chromatography columns [36]. As peptides
elute from the reverse-phase column, fragmentation by CID is
performed with a neutral gas and a MS/MS spectra is acquired
for each fragmented peptide. B-ions (charge is retained by the
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amino-terminal fragment) and y-ions (charge is retained by the
carboxy-terminal fragment) are formed through breakage of
the amide bond along the peptide backbone [37]. The MS/MS
spectra containing specific peptide sequence information is used to
search protein database for matched peptides. The b- and y- ion
series represent fragmentation at consecutive peptide bonds and are
the foundations to reconstruct the associated peptide sequence
(Fig. 2). Database searching algorithms are then used to compare
acquired experimental CID spectra to theoretical spectra generated
in-silico from a specified protein database, and identify any resulting
matches [38]. Electron transfer dissociation (ETD) fragmentation-
based analysis has been described as a preferred approach to identify
peptides carrying specific post-translational modifications (PTMs).
ETD produces c- and z-ions and leaves side-chains intact [39]. By
combining data from CID and ETD fragmentation, an array of
complementarity fragment ions can be produced, which in some
cases can lead to increased amino acid sequence coverage and the
identification of more proteins.
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Lönnstedt I (2006) Normalization and expres-
sion changes in predefined sets of proteins
using 2D gel electrophoresis: a proteomic
study of L-DOPA induced dyskinesia in an
animal model of Parkinson’s disease using
DIGE. BMC Bioinform 7:475. doi:10.1186/
1471-2105-7-475

30. Penque D (2009) Two-dimensional gel elec-
trophoresis and mass spectrometry for bio-
marker discovery. Proteomics Clin Appl 3
(2):155–172. doi:10.1002/prca.200800025

31. Dowsey AW,Morris JS, Gutstein HB, Yang GZ
(2010) Informatics and statistics for analyzing
2-d gel electrophoresis images. Methods Mol
Biol 604:239–255. doi:10.1007/978-1-
60761-444-9_16

32. Della Corte A, Maugeri N, Pampuch A, Cer-
letti C, de Gaetano G, Rotilio D (2008) Appli-
cation of 2-dimensional difference gel
electrophoresis (2D-DIGE) to the study of
thrombin-activated human platelet secretome.
Platelets 19(1):43–50. doi:10.1080/
09537100701609035

33. Chen J,WuW, Chen L, ZhouH, Yang R,Hu L,
Zhao Y (2013) Profiling the potential tumor
markers of pancreatic ductal adenocarcinoma
using 2D-DIGE and MALDI-TOF-MS: up-
regulation of complement C3 and alpha-2-HS-
glycoprotein. Pancreatology 13(3):290–297.
doi:10.1016/j.pan.2013.03.010

34. Sikulu MT, Monkman J, Dave KA, Hastie ML,
Dale PE, Kitching RL, Killeen GF, Kay BH,
Gorman JJ, Hugo LE (2015) Mass spectrome-
try identification of age-associated proteins
from the malaria mosquitoes Anopheles gam-
biae s.S. And Anopheles Stephensi. Data Brief
4:461–467. doi:10.1016/j.dib.2015.07.007

35. Lu J, Zhou Z, Zheng J, Zhang Z, Lu R, Liu H,
Shi H, Tu Z (2015) 2D-DIGE and MALDI
TOF/TOFMS analysis reveal that smallGTPase
signaling pathwaysmay play an important role in
cadmium-induced colon cell malignant transfor-
mation. Toxicol Appl Pharmacol 288
(1):106–113. doi:10.1016/j.taap.2015.07.020

36. Weeks ME (2010) Urinary proteome profiling
using 2D-DIGE and LC-MS/MS. Methods
Mol Biol 658:293–309. doi:10.1007/978-1-
60761-780-8_18

37. Sinclair J, Metodieva G, Dafou D, Gayther SA,
Timms JF (2011) Profiling signatures of ovar-
ian cancer tumour suppression using 2D-
DIGE and 2D-LC-MS/MS with tandem mass
tagging. J Proteome 74(4):451–465. doi:10.
1016/j.jprot.2010.12.009

38. Hammer E, Bien S, Salazar MG, Steil L, Scharf
C, Hildebrandt P, Schroeder HW, Kroemer
HK, Völker U, Ritter CA (2010) Proteomic
analysis of doxorubicin-induced changes in
the proteome of HepG2cells combining 2-D
DIGE and LC-MS/MS approaches. Proteo-
mics 10(1):99–114. doi:10.1002/pmic.
200800626

39. Burniston JG, Kenyani J, Gray D, Guadagnin
E, Jarman IH, Cobley JN, Cuthbertson DJ,
Chen YW, Wastling JM, Lisboa PJ, Koch LG,
Britton SL (2014) Conditional independence
mapping of DIGE data reveals PDIA3 protein
species as key nodes associated with muscle
aerobic capacity. J Proteome 106:230–245.
doi:10.1016/j.jprot.2014.04.015

50 Abduladim Hmmier and Paul Dowling

https://doi.org/10.3389/fpls.2016.01007
https://doi.org/10.3389/fpls.2016.01007
https://doi.org/10.2119/molmed.2008.00129
https://doi.org/10.2119/molmed.2008.00129
https://doi.org/10.1021/pr1008493
https://doi.org/10.1016/j.jprot.2011.07.029
https://doi.org/10.1016/j.jprot.2011.07.029
https://doi.org/10.1186/1471-2105-7-475
https://doi.org/10.1186/1471-2105-7-475
https://doi.org/10.1002/prca.200800025
https://doi.org/10.1007/978-1-60761-444-9_16
https://doi.org/10.1007/978-1-60761-444-9_16
https://doi.org/10.1080/09537100701609035
https://doi.org/10.1080/09537100701609035
https://doi.org/10.1016/j.pan.2013.03.010
https://doi.org/10.1016/j.dib.2015.07.007
https://doi.org/10.1016/j.taap.2015.07.020
https://doi.org/10.1007/978-1-60761-780-8_18
https://doi.org/10.1007/978-1-60761-780-8_18
https://doi.org/10.1016/j.jprot.2010.12.009
https://doi.org/10.1016/j.jprot.2010.12.009
https://doi.org/10.1002/pmic.200800626
https://doi.org/10.1002/pmic.200800626
https://doi.org/10.1016/j.jprot.2014.04.015


Part III

DIGE Applications



Chapter 5

Native DIGE: Efficient Tool to Elucidate Protein Interactomes

Diksha Dani and Norbert A. Dencher

Abstract

Protein–protein interactions and multi-protein assemblies are inherent features of proteomes, involving
soluble and membrane proteins. This imparts structural and functional heterogeneity to the proteome. One
needs to consider this aspect while studying changes in abundance or activities of proteins in response to any
physiological stimulus. Abundance changes in components of a given proteome can be best visualized and
quantified using electrophoresis-based approaches. Here, we describe the method of Blue Native Differ-
ence Gel Electrophoresis (BN DIGE) to quantify abundance changes in proteins in the context of
protein–protein interactions. This method confers an additional advantage to monitor quantitative changes
in membrane proteins, which otherwise is a difficult task.

Key words Polyacrylamide gel electrophoresis, Proteomics, Native PAGE, Protein–protein interac-
tions, DIGE

1 Introduction

Detection and quantification of abundance as well as activity
changes in proteins is imperative to understand the impact of a
physiological stimulus, disease-mediated changes, an altered meta-
bolic status or even for identification of biomarkers. Two-
dimensional (2D) gel-based techniques like isoelectric focusing
(IEF), Blue/Colorless Native (BN/CN) or benzyldimethyl-n-hex-
adecylammonium chloride (16-BAC)-PAGE [1] in association with
several pre-electrophoretic labeling (fluorescence, radio- or stable
isotope) [2], or post-electrophoretic staining methods (e.g., Sypro
family stains) offer an excellent platform for quantitative proteomic
studies. Among these, the recently developed methodology of
Difference Gel Electrophoresis (DIGE) is at the forefront, with
high sensitivity, accuracy and a wide linear dynamic range compara-
ble to stable isotope labeling [2–4]. DIGE has been essentially
evolved as a method in conjunction with 2D–IEF, though it can
be efficiently integrated with the alternate approach of Native
PAGE [5, 6]. The major reason behind this deviation is the inability
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of IEF to deal with proteins which are highly hydrophobic (in
particular the membrane proteins) as well as those having extreme
isoelectric points (highly acidic or basic proteins).

2D BN/SDS gel electrophoresis has been proved to be an
efficient system to resolve very basic or highly hydrophobic mem-
brane proteins [7–10], while CN/SDS PAGE is specifically effec-
tive for highly acidic proteins as well as hydrophobic membrane
proteins, like respiratory complexes in mitochondrial membranes
[11–15]. Not only this, the native gel-based techniques also take
care of delicate multi-protein/multimeric assemblies, giving a
unique insight for heterogeneity of proteomes caused by protein-
protein interactions. It is possible to run three-dimensional gels as
well. This involves first dimension native gel (BN/CN), subse-
quently followed by an orthogonal dimension of semi-native gel,
where assemblies of proteins are perturbed by using slightly harsher
detergents to determine the stoichiometry of protein complexes
forming supercomplexes. The third dimension is of denaturing
SDS PAGE to resolve and identify subunits of individual protein
complexes involved thereby [12, 16]. The native gels can be used to
measure in-gel activities of proteins or protein complexes resolved
[17]. The Coomassie dye can be removed from first dimension BN
gel, if necessary [18]. Even large multimeric/multi-protein assem-
blies, as huge as 3 � 106 Da can be successfully eluted from
preparative BN/CN gels to study structural and functional aspects
[19]. These features of native PAGEmake the analysis of proteomes
much more versatile and meaningful, though one has to compro-
mise with resolution efficiency to some extent. BN-DIGE inte-
grates advantages of DIGE fluorescence labeling with those of
BN PAGE to detect abundance changes in soluble as well as mem-
brane proteins, occurring simultaneously as individual species and/
or as components of multi-protein/multimeric assemblies that may
differ in function and stability [5, 20]. CN PAGE is not commonly
used in combination with DIGE, though the absence of Coomassie
dye in the first dimension may help sustain the higher labeling
efficiency by minimizing any possible interference by Coomassie
dye [11] as well as to preserve delicate protein–protein interactions
[8]. Thus one has the choice to select BN or CN PAGE to integrate
with DIGE methodology, depending on experimental system and
focus of investigation.

Given protocol describes the methodology of BN DIGE as an
efficient tool for interaction proteomics studies. Migration of pro-
teins and protein complexes in the first dimension BN gels is
according to their size (molecular mass). This is also partly influ-
enced by their native shape. While combining with DIGE, the
fluorescence labeling of solubilized samples is done just prior to
first dimension blue native gel electrophoresis. In the second
dimension (denaturing SDS gel), the labeled protein complexes
dissociate into constituent subunits that resolve vertically below
the position of native protein species in the first dimension (Fig. 1).
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2 Materials

Use Milli-Q grade, double distilled or equivalent pure, deionized
water for all reagents and protocol steps. Follow the specific tem-
peratures as mentioned, for working and storage conditions. Recal-
culate the volumes for gel mixtures, sample loading, etc., according
to the specificities of electrophoresis instrument used (see Note 1).

2.1 Sample

Solubilization and

Labeling

1. Sample solubilization buffer pH 7.4: Prepare the sample solu-
bilization buffer by dissolving 150 mM potassium acetate,
30 mM HEPES, 10% glycerol, protease inhibitor cocktail and
5% detergent digitonin (digitonin/protein ratio of 2–8 g/g) in
water (see Notes 2 and 3; refs. 15, 16). Adjust pH to 7.4 using
NaOH. Store this buffer frozen in suitable aliquots.

Fig. 1 BN/SDS PAGE of bovine heart mitochondria. The figure represents 2D gel images (differentially stained
and G-dye labeled) of bovine heart mitochondrial proteome, as resolved by BN/SDS PAGE. (a) Coomassie blue
stained; (b) G-dye labeled; (c) Silver stained; (d): SYPRO Ruby stained. Mitochondria were solubilized with the
mild detergent digitonin (3 g/g detergent/protein). Positions of some complexes and supercomplexes of
mitochondrial respiratory chain proteins are marked on the first-dimension BN gel strip, placed on top of each
second-dimension gel image resolving respective protein subunits. As reference, the approximate mass of
native OxPhos complexes (IV1: 200 kDa, V1: 750 kDa, V2: 1500 kDa, I1III2IV0–3: about 1600–2100 kDa) are
indicated. To the left of the separated OxPhos supercomplexes I1III2IV0–3, the trimer of the proton ATP-
synthase V3 (in (a) the tetramer V4 too) is resolved, characterized by the prominent alpha and beta subunits
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2. Solubilization buffer pH 9.0: Dissolve 150 mM potassium
acetate, 30 mM HEPES, 10% glycerol in water. Adjust pH to
9.0 using NaOH. Store this buffer frozen in suitable aliquots.

3. Fluorescent dyes: Use three different, spectrally resolvable fluo-
rescent dyes (CyDyes or G-Dyes). Prepare the stock solutions
as per instructions of manufacturer and the working solution of
desired concentration (200 or 400 pmoles/μL, see Note 4,
refs. 4, 18). Store the stock and working solutions frozen.

4. Quenching solution: Dissolve 10 mM lysine in water. This
solution can be stored frozen in small aliquotes (500 mL) for
about 2 months.

5. Sample loading buffer: Add 105 mg Bis-Tris (50 mM final),
656 mg 6-aminohexanoic acid (500 mM final), 500 mg Serva
Blue G Coomassie brilliant blue G250 (5% w/v final) to 9 mL
water. Adjust pH 7.0 with 1 N HCl. Bring total volume to
10 mL with water. Store the buffer up to 2 months at room
temperature.

2.2 First-Dimension

Blue Native Gel

1. Gel A: 30% (w/v) acrylamide solution. Store up to 2 months at
4 �C (see Note 5).

2. Gel A/B: 40% (w/v) acrylamide/N,N0-methylene bis-
acrylamide solution 29:1. Store up to 2 months at 4 �C.

3. Gel B: 2% (w/v) N,N0-methylene bis-acrylamide solution.
Store up to 2 months at 4 �C

4. TEMED: Use 99% pure N, N, N0, N0-tetramethylethylenedia-
mine (TEMED) solution, stored at 4 �C in small aliquots.

5. 10% (w/v) ammonium persulfate (APS): Prepare a 50mL stock
solution, dispense into 1 mL aliquots, and store up to 2months
at �20 �C. Always use freshly thawed solution.

6. Light BN gel buffer: 1.27 g imidazole (75 mM final), 49.19 g
6-aminohexanoic acid (1.5 M final). Dissolve in 180 mL water.
Adjust to pH 7.0 with 5–6 N HCl. Add water to 250 mL total
volume. Filter the solution through a 0.45-μm filter and store
up to 1 month at 4 �C (see Note 6).

7. Heavy BN gel buffer: 1.27 g imidazole (75 mM final), 49.19 g
6-aminohexanoic acid (1.5M final), 150 g glycerol (60% (w/v)
final). Dissolve in 50 mL water. Adjust to pH 7.0 with 5 to 6 N
HCl. Add water to 250 mL total volume. Filter the solution
through a 0.45-μm filter and store up to 1 month at 4 �C.

8. Anode buffer: Dissolve 3.404 g imidazole (25 mM final) in 1 L
water. Adjust to pH 7.0 with 5 to 6 N HCl. Add water to 2 L
and store up to 1 month at 4 �C.

9. Cathode buffer clear: Dissolve 1.02 g imidazole (7.5 mM final)
and 17.92 g tricine (50 mM final) in 1 L water. Do not adjust
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pH; it should be approximately 7. Add water to 2 L and store
up to 1 month at 4 �C.

10. Cathode buffer (dark blue): Dissolve 0.4 g Coomassie Blue G-
250 (0.02% w/v final) in 2 L of cathode buffer clear. Stir this
mixture overnight to ensure complete dissolution of Coomas-
sie and filter through analytical grade paper filter. Store up to
1 month at room temperature.

11. Cathode buffer (light blue): Dilute 1 vol cathode buffer dark
blue with 9 vol of cathode buffer clear. Store up to 1 month at
4 �C.

12. 3% gel mixture: Mix 1438 μL Gel A solution, 667 μL Gel B
solution, 4.94 mL light BN gel buffer 3� without glycerol,
7.7 mL water. Stir well and pour this mixture in respective
chamber of gradient maker. Start polymerization by adding
6.8 μL TEMED and 68 μL APS.

13. 13% gel mixture: Mix 6.23 mL Gel A solution, 2.89 mL Gel B
solution, 4.94 mL heavy BN gel buffer 3� with glycerol. Make
volume to 14.78 mL with water. Stir well and pour this mix-
ture in the respective chamber of gradient maker. Start poly-
merization by adding 4.1 μL TEMED and 41 μL APS.

14. In-gel denaturation solution: Dissolve 2% SDS (w/v), 2% beta-
mercaptoethanol (BME, v/v) and 66 mM NaHCO3 in 10 mL
water. Store the solution (up to 3 weeks) at 4 �C (see Note 7).

2.3 Second-

Dimension Tricine-

SDS Gel

1. Tricine-SDS buffer 3� (glycerol): Dissolve carefully 90.86 g
Tris (3.0 M final), 0.375 g SDS (0.15% final), 75 g glycerol
(30% final) in 210 mL water (final volume) and 5 mL of 30%
HCl. Adjust to pH 7.0 with 30% HCl. Add water to 250 mL
total volume. Filter the solution through a 0.45-μm filter and
store up to 1 month at room temperature.

2. Tricine-SDS buffer 3�: Dissolve 90.86 g Tris (3.0 M final),
0.375 g SDS (0.15% final) carefully in 210 mL water (final
volume) and 5 mL of 30% HCl. Adjust to pH 7.0 with 30%
HCl. Add water to 250 mL total volume. Filter the solution
through a 0.45-μm filter and store up to 1 month at room
temperature.

3. Anode buffer: Dissolve 12.11 g Tris (100 mM final) in 900 mL
water. Adjust to pH 8.9 with 5–6 NHCl. Make total volume to
1000 mL with water. Store up to 1 month at 4 �C.

4. Cathode buffer: Dissolve 12.11 g Tris (100 mM final), 17.96 g
tricine (100 mM final), 0.5 g SDS (0.05% final) in 900 mL
water. Make total volume to 1000 mL. Do not adjust the pH,
the final pH is approximately 8.25. Store the buffer up to
1 month at 4 �C.

5. 13% separating gel mixture (total volume 30 mL): Mix 1.3 mL
Gel A solution, 8.8 mL Gel A/B solution, 10 mL SDS gel
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buffer 3� (with glycerol). Make total volume to 29.8 mL with
water. Start polymerization by adding 15 μL TEMED and
150 μL APS.

6. 5% denaturing stacking gel mixture (total volume 10 mL): Mix
1.62 mL Gel A solution, 0.75 mL Gel B solution, 3.3 mL SDS
gel buffer 3� (without glycerol). Make volume to 9.95 mL
with water. Start polymerization by adding 5 μL TEMED and
50 μL APS.

7. 5% semi-native stacking gel mixture (total volume 10 mL): Mix
1.62 mL Gel A solution, 0.75 mL Gel B solution, 3.3 mL light
BN gel buffer 3� (without glycerol), 100 μL of 20% SDS
solution. Make volume to 9.9 mL by adding water. Start poly-
merization by adding 7 μL TEMED and 70 μL APS.

2.4 Gel

Documentation

System

Typhoon gel scanner is best recommended for DIGE; however, any
other digital gel documentation system with possibility to select
variable wavelengths for image acquisition (according to different
fluorescent dyes with varying absorption/excitation and emission
maxima) can also be employed.

2.5 Image Analysis

Software

Image analysis and statistical tests for fluorescence DIGE-labeled
samples can be performed using integrated packages like DeCyder
(GE Healthcare) and Delta2D (Decodon) or combination of indi-
vidual packages like Delta Vision (Applied Precision, WA), IPLab
(Scanalytics), and SExtractor (http://sourceforge. Net/projects/
sextractor).

2.6 Other

Accessories

1. Electrophoresis apparatus: Suitable slab-gel electrophoresis
apparatus with clamps, separate gel-casting unit and buffer
chambers (see Note 8).

2. 1.5-mm spacers.

3. Normal and low-fluorescence glass plates.

4. Peristaltic pump with 2.79-mm PVC tubing.

5. 19-G needle (1.00 mm � 200 mm).

6. Gradient maker with two chambers (250 mL volume).

7. Magnetic stirrer and magnetic bars.

8. Teflon combs (10-, 15-, or 20-tooth comb).

3 Methods

3.1 Sample

Solubilization

and Labeling

1. Solubilize the samples (equal protein basis before solubiliza-
tion; 100 μg protein for mitochondria as case example) sepa-
rately, by incubation with solubilization buffer pH 7.4
containing detergent and protease inhibitor cocktail (1:200
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dilution), on ice for 30 min. Centrifuge the samples for 10 min
at 4 �C (at least 20,500 � g) to remove any insoluble material.
Collect the supernatant solubilizate (see Note 9).

2. Prepare internal standard for DIGE by pooling all samples
under comparison and solubilizing the pooled sample as
described above. Store the internal standard aliquots
(corresponding to 50 μg protein after solubilization in given
case example of mitochondria) frozen and use these for all the
gels to facilitate the normalization and overcome the error by
gel to gel variation.

3. Adjust the pH of solubilizate (actual samples and internal
standard) to 8.5 by adding two volumes of same solubilization
buffer set to pH 9.0, without detergent and protease inhibitors
(see Note 9).

4. Add 1 μL of fluorescent dye working solution to the solubili-
zate (200–400 pmoles of dye/50 μg of protein after solubiliza-
tion) adjusted to pH 8.5 (see Note 10). Mix the contents by
brief vortexing, followed by a quick low-speed centrifugation
using a table-top centrifuge. Continue the labeling in dark on
ice for 30 min.

5. Perform dye swapping (seeNote 11) for the samples with a pair
of fluorescent dyes so that each sample gets labeled with each
dye. Keep the dye for internal standard separate (usually the
one with lowest absorption/excitation maxima) and do not
include it for dye swapping with rest of the samples.

6. Quench the labeling process by adding 10 μL of 10 mM lysine.
Vortex the contents briefly and keep the samples on ice, in dark
for 10 min.

7. Mix the samples (in suitable pairs and with internal standard on
equal protein basis) to be loaded in the same well for first-
dimension gel (see Note 12).

8. Add desired quantity (about 10–12 μL) of sample loading
buffer to achieve 4:1 detergent:dye ratio (see Note 13).

3.2 First-Dimension

Blue Native Gel

Assembly

The gradient gel for first dimension electrophoretic run is prepared
and kept ready prior to solubilization of samples.

1. Preparing the gel: For casting a single gel (3–13% gradient)
with 1.5-mm � 14-cm � 16-cm dimensions, prepare 15 mL
volume of each solution to give 30 mL of total volume for
gradient separating gel. Stacking gel solution (3%) is prepared
separately in 10 mL volume.

2. Assemble the gel-casting unit for one gel with 1.5-mm spacers,
using normal glass plates.

3. Set up the peristaltic pump by inserting tubing. Connect one
end of tubing to the 19-G needle. Using water, adjust the flow
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rate so that the whole volume of the gradient solution (30 mL)
is poured in approximately 10–15 min.

4. Place the gradient maker on a magnetic stirrer. Connect it to
peristaltic pump. Carry out the further procedures at 4 �C in
refrigerator or a cold room. Use pre-cooled gel solutions and
buffers.

5. Place magnetic bars in both chambers of the gradient maker
and close all valves. Place the gel-casting unit near to the
peristaltic pump at 4 �C and insert the needle between the
glass plates of the gel-casting unit, placing it vertically along
one of the spacers. The opening of the needle should just touch
the bottom of plates ensuring that 3% gel solution enters first.

6. Prepare the 3% and 13% mixtures for gradient separating gel as
described in Materials section and pour in respective chambers
of gradient mixer. 3% gel mixture should be the first to enter
gel-casting unit, hence placed in chamber adjacent to the outlet
tubing.

7. While stirring the solution thoroughly in the gradient maker,
switch on the peristaltic pump and simultaneously open the
interconnection between both the chambers of gradient maker.
Pump the gel mixture into the gel-casting unit, leaving behind
a small portion in tubing before stopping the pump, in order to
avoid air bubbles entering the gel.

8. Carefully remove the needle from the gel chamber while pre-
venting air bubbles. Move the gel casting unit out of the
refrigerator/cold room and let the gel polymerize at room
temperature.

9. Prepare the stacking gel solution by mixing 1455 μL of Gel A
solution, 675 μL of Gel B solution, 5 mL of BN gel buffer 3�
(without glycerol) and 7.65 mL water. Start polymerization by
adding 20 μL TEMED and 200 μL APS.

10. Decant the overlying water from separating gel, rinse briefly
the upper gel boundary by small volume of stacking gel solu-
tion and then pour the remaining stacking gel solution
between glass plates using a pipette. Insert carefully a suitable
comb in between the glass plates at an angle, in order to avoid
trapping of air bubbles. Allow the gel to polymerize at room
temperature.

11. For storage: remove the comb, dilute light gel buffer 3� with
water, resulting in a 1� buffer and use this buffer immediately
to rinse the sample wells. Fill the empty wells of stacking gel
with the same 1� buffer and cover the assembly with alumi-
num foil to prevent drying. Store the gel for a maximum of
3 days at 4 �C.
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3.3 BN Gel

Electrophoresis

1. Assemble the electrophoresis device and fill the wells of stack-
ing gel with the appropriate cathode buffer (for BN gel). Load
the samples into the wells of the gel (see Note 14) adjusting
equal loading volumes for all.

2. Load any unused (blank without sample) wells with a solution
(buffer, detergent, sample dye) closely resembling that of
neighboring wells (see Note 15).

3. Place appropriate cathode buffer in the upper chamber and
anode buffer in the lower chamber (see Note 16).

4. Connect the electrophoresis device to power supply. Set the
current to 15 mA and voltage to 100 V. Perform electrophore-
sis at 4 �C, in dark. Increase voltage to 500 V after the blue-
colored sample running front completely enters the separating
gel, taking care that the current does not exceed 15 mA.

5. Replace the dark blue cathode buffer with light blue cathode
buffer (see Note 16) as the samples cover about 20% distance
on separating gel. Resume electrophoresis at 500 V.

6. Stop the electrophoretic run as the blue running front starts
leaving the gel. If the focus of study is on high molecular
weight proteins, then the blue front should completely run
out.

7. Dismantle the assembly, remove spacers and lift away one of the
glass plates carefully so that the gel remains attached to other
plate. Take care that the gel does not dry by spraying a little
water on it. Cut the lanes of interest from BN gel for further
denaturation and second-dimension electrophoresis. Perform
all operations in dark/subdued light conditions.

3.4 In-Gel

Denaturation

1. Transfer the cut BN gel lanes carefully to a thick plastic sheet in
fume hood. Incubate the gel strips on plastic sheet with dena-
turation solution containing 2% SDS, 2% BME, and 66 mM
NaHCO3 at room temperature for 1 h. Overlay this solution
such that the gel strips are completely submerged in it but not
floating. Change the solution at interval of 20 min. Perform all
operations in dark/subdued light conditions.

2. Wash the gel strips repeatedly with water (3–4 brief washes) to
remove BME.

3.5 Second-

Dimension Tricine-

SDS Gel Assembly

1. After denaturation, place the gel strip from plastic sheet onto a
clean, low fluorescence glass plate. Position it at distance of
about 1.5 cm below the top, perpendicular to gel-running
direction so that the end with high polyacrylamide concentra-
tion touches close to one of the spacers.

2. Mount the spacers at each side of the glass plate. Then, carefully
place the second, clean, low fluorescent glass plate on top and
fix with clamps. Fix the assembly vertical in the gel-casting unit.
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3. Prepare the solutions for separating and sample gels as
described in the Materials section:

4. Pour the 13% separating gel mixture with a glass pipette
between the glass plates so that a gap of 2 cm between the
separating gel and the BN gel strip is left. Carefully overlay the
gel solution with water.

5. After the separating gel gets polymerized, decant the overlay
water, rinse briefly the upper gel boundary with 5% denaturing
(lower) stacking gel solution and then pour the 5% denaturing
stacking gel solution, leaving a gap of 1 cm below the BN gel
strip. Overly the denaturing stacking gel solution with water.

6. After polymerization of the denaturing stacking gel (lower),
decant the overlay water. Pour the semi-native stacking gel
(upper) solution until it touches the native gel strip (avoiding
trapping of air bubbles) and fills the gaps between the strip and
the spacers.

7. Add respective cathode and anode buffers for SDS Tricine gel
to the upper and lower chambers of the gel unit. Connect the
gel unit to power supply.

3.6 SDS-Tricine Gel

Electrophoresis in

Second Dimension

1. Perform the electrophoresis for second-dimension SDS-
Tricine gels in dark, at 17 �C. Keep initial voltage to 30 V and
current 60 mA.

2. As the proteins enter the separating gel, increase the voltage to
120–150 V taking care that the current does not exceed
30 mA. For overnight run, keep the voltage at 100 V and
current 25 mA. Continue electrophoresis till the blue running
front leaves the gel completely.

3. As the electrophoresis is completed, dismantle the assembly.
Let the gel remain within low fluorescent glass plates. Wrap the
glass plates containing gel with moist tissues and aluminum foil
until scanning.

3.7 Gel

Documentation

Scan the gel without removing from glass plates, using a variable
wavelength scanner like Typhoon (GE Healthcare). Clean the sur-
face of glass plates carefully with water and remove the spacers
before scanning (see Notes 17 and 18).

3.8 Image Analysis

and Data

Interpretation

Perform image analysis using a software that is compatible with the
gel documentation system used as well as suitable for differential
quantitation and multiplex, multivariate analysis of samples, as
anticipated by DIGE methodology (see Notes 19 and 20).

For interpretation of BN DIGE data in context to protein
interactomes, please refer to Notes 21 and 22 as important
guidelines.
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4 Notes

1. This protocol is designed for standard size gels (14 cm�16 cm).
The longer the migration distance is, the better the resolution
of proteins! The same type of slab-gel electrophoresis apparatus
can be used for first-dimension native and second-dimension
denaturing gels.

2. The sample solubilization buffer mentioned here suits mito-
chondria as case example. One needs to select proper solubili-
zation buffer as per the experimental system [16] and
standardize the optimum solubilization conditions regarding
duration, type of detergent and suitable detergent/protein
ratio, which is a very critical step [17]. There is no limit for
the nature of sample that can be checked with BN DIGE
method. From crude cell/tissue extracts to fractionated and
partially purified protein samples, anything can be tested [10].
However, for higher solubilization efficiency, more precision,
and better data quality, it is advisable to standardize carefully
the experimental set up and use fractionated samples when
possible. It is also necessary to check for any possible interfer-
ence of reagents used with fluorescence labeling. This informa-
tion is provided by the manufacturers of fluorescent dyes for
DIGE. The pH of solubilization buffer is often critical to
preserve delicate protein assemblies. Hence, it is advisable to
adjust the pH to 8.5 as required for DIGE, just prior to
labeling. For mitochondrial system in present experimental
set up, we confirmed that the supercomplexes of mitochondrial
membrane respiratory chain proteins remain stable even at
pH 8.5.

3. The most commonly employed detergents for BN/CN PAGE
are dodecylmaltoside (DDM), Triton X-100, and digitonin.
Among these, digitonin has been found to be mild enough to
preserve even delicate protein–protein interactions [16], such
as respiratory supercomplexes and not interfering with DIGE
labeling.

4. Though use of CyDyes is proposed in the original protocol by
Viswanathan et al. [4] and is successfully applied further in
combination with BN PAGE [5, 19, 21], it is possible to
substitute the CyDyes by other compatible, spectrally resolv-
able fluorescent dyes like G-dyes [19], depending on the avail-
ability and cost constraints. The strength of working solutions
of fluorescent dyes ranges between 200 and 400 pmoles/μL.
In given case example of mitochondrial proteins and in present
experimental set up, we found optimum labeling efficiency
with 400 pmoles/μL. It is not advisable to work with higher
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concentrations of fluorescent dyes but rather to have more
protein available for labeling.

5. It is recommended to use for safety reasons, the commercially
available, ready-to-use solutions rather than working with the
neurotoxic acrylamide powder. This also helps greatly to main-
tain high quality and reproducibility of the gels. Always wear
gloves while handling these solutions in an extractor fume
hood and use a pipetting aid.

6. For mitochondrial samples (mentioned here as case example),
the buffers containing imidazole are suitable for first-dimen-
sion BN gel. However, Bis-Tris containing buffers give better
results for chloroplast or cyanobacterial samples [9, 16, 21].

7. It is possible to reduce the strength of SDS and BME both, to
1% and accordingly adjust the incubation time of gel strips with
the denaturation solution. The conditions mentioned here for
the denaturation step were found optimum for given experi-
mental set up. BME is known to interfere with fluorescence
labeling, reducing the efficiency. Hence, one needs to standard-
ize the procedure to achieve the desired efficiency of labeling as
well as optimum denaturation of proteins for the following
second-dimension gel electrophoresis. Use of NaHCO3 is
optional [5, 21]. We found it not interfering but rather benefi-
cial, by conferring buffering capacity during the incubation
step at room temperature, in presence of BME.

8. The given protocol (for the mentioned volumes of reaction
mixtures, etc.) applies for standard size gels
(14 cm � 16 cm � 1.5 mm) with 30 mL total volume for a
separating gel and 10 mL total volume for a stacking gel.

9. The solubilization buffer as mentioned in material section
contains 5% w/v detergent digitonin (suitable for mitochon-
drial samples). The volume of solubilization buffer added
determines the desired detergent/protein ratio (8 g/g in this
case). The final detergent concentration in the sample for
loading is 1% (considering all dilutions). In given case example
of mitochondria, 16 μL of solubilization buffer containing 5%
digitonin was added to mitochondrial pellet for solubilization.
Later, 32 μL of solubilization buffer pH 9.0 (without deter-
gent) was added to adjust the pH of solubilizate to 8.5, as
required for labeling. Achieving mild but effective sample sol-
ubilization to preserve delicate protein associations, while
obtaining the desired protein concentration of even low abun-
dant proteins for labeling, is a crucial initial step in BN DIGE
experiment.

10. For the present experimental set up, we found optimum label-
ing with 400 pmoles of dye/50 μg of protein after
solubilization.
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11. Some proteins show preferential labeling with certain fluores-
cent dyes. To avoid any error as a consequence thereof, the dye
swapping is essential.

12. In the given example, we mixed 50 μg protein of each sample,
resulting in 150 μg of total protein load. One has to consider
the nature of sample, efficiency of labeling, gel size, maximum
sample volume, and protein amount as recommended for load-
ing on the gel.

13. Addition of sample dye is crucial for solubilized membranes
which contain interfering substances like lipids that cause
anomalies by forming detergent micelles. Purified membrane
proteins or water-soluble proteins can be loaded without add-
ing sample dye [16].

14. For a 10-tooth comb (8.5 � 1.5 mm sample well), the sample
volume should not exceed 220 μL.

15. This is crucial to avoid deformed electrophoretic patterns due
to differences in ionic strength between sample-loaded and
unused wells and to obtain uniformly straight runs of proteins
in the sample lanes.

16. While working with crude protein extracts (in particular, the
solubilizates from native membranes), contaminating species
such as detergent-lipid micelles interfere with electrophoretic
separation of proteins. Use of cathode buffer blue (dark) con-
taining 0.02% (w/v) Coomassie blue G250 at the start of
electrophoresis helps in pulling the lipid-detergent particles
to the running front, thereby improving the resolution of
proteins on gel. Purified protein assemblies, thus devoid of
surplus detergent-lipid micelles are more fragile and should
be separated in the presence of cathode buffer with decreased
dye content of only 0.002% (w/v) [8].Therefore, the dark blue
cathode buffer used at beginning of electrophoresis is replaced
by light blue cathode buffer as the samples traverse 20% of the
distance on separating gel [16].

17. Prescan the gels at lower resolution (500 μm pixel area) to
optimize the PMT (photomultiplier tube) value. Select the
maximum possible value for PMT, at which the highest abun-
dant protein does not show saturation. Perform final scan of
gels at higher resolution (100 μm) using the optimized PMT
value. Keep the resolution (pixel size) and PMT value constant
for all gels under comparison.

18. If the labeling efficiency is low, it is not advisable to increase the
sensitivity of detector (PMT value) as it will result in overall
increase in background. It is also not recommended to increase
the amount of fluorescent dye beyond a limit, hence the only
way to enhance labeling signal is to increase the initial amount
of protein for labeling.
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19. Comparatively higher technical noise (variance) is an impor-
tant factor that has to be considered while doing BN-DIGE. It
is necessary to estimate the net variance (technical vari-
ance þ biological variance) for a given system prior to experi-
mental design. When the net variance is higher, the accuracy of
differential quantification is less [6]. One can deal with this
problem by implementing the following measures:

(a) To include an appropriately large number of individual
biological replicates or to pool all replicate samples, while
introducing more experimental repetitions of the com-
mon pool.

(b) Application of false discovery rate (FDR) as multiple test-
ing correction method.

(c) Use of software that applies the algorithm based on vari-
ance stabilizing transformations like the logarithmic
function.

20. The resolution in first-dimension BN gel is relatively low
resulting in ill-defined spot boundaries on the second-dimen-
sion SDS gel, especially for the low molecular mass soluble
proteins (Fig. 1). The overall proteome resolved on a BN-
SDS-PAGE shows great variation in spot size and shape [6].
This can potentially hamper the quantification by inducing
errors in measurement of spot volumes. Hence, one has to be
very careful during image analysis for selection of proper spot
defining parameters. Visual inspection is always necessary to
confirm the accuracy of spot boundaries (spot volume) and
spot matching across the different gels (image warping).

21. In context to low resolution, when the detected spot on gel
showing significant difference in abundance contains more
than one protein species, as might frequently happen with
BN DIGE system, it is necessary to cross check and validate
the observation by implementing alternate approaches. The
best suitable way to cross-check BN DIGE observations in
controversial cases is to perform Western blotting with specific
antibodies after BN/SDS PAGE of suitable replicate sample
groups or Peptide Mass Fingerprinting (PMF) MALDI MS.

22. By employing BN DIGE methodology, one deals with quanti-
tative aspects of protein interactomes. Thus, it is commonly
observed that a given protein exists simultaneously in different
pools (various assemblies and as individual), showing differen-
tial pattern for abundance change. One has to carefully analyze
these data (change and no change in abundance) considering
various interlinked aspects, such as differences in stability and
activity, dynamic protein–protein interactions, structural and
functional heterogeneity in overall proteome as well as the total
pool of any given protein.
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Chapter 6

Comparative Two-Dimensional Fluorescence Gel
Electrophoresis

Doreen Ackermann and Simone König

Abstract

Two-dimensional comparative fluorescence gel electrophoresis (CoFGE) uses an internal standard to
increase the reproducibility of coordinate assignment for protein spots visualized on 2D polyacrylamide
gels. This is particularly important for samples, which need to be compared without the availability of
replicates and thus cannot be studied using differential gel electrophoresis (DIGE). CoFGE corrects for gel-
to-gel variability by co-running with the sample proteome a standardized marker grid of 80–100 nodes,
which is formed by a set of purified proteins. Differentiation of reference and analyte is possible by the use of
two fluorescent dyes. Variations in the y-dimension (molecular weight) are corrected by the marker grid.
For the optional control of the x-dimension (pI), azo dyes can be used. Experiments are possible in both
vertical and horizontal (h) electrophoresis devices, but hCoFGE is much easier to perform. For data
analysis, commercial software capable of warping can be adapted.

Key words Comparative fluorescence gel electrophoresis, hCoFGE, 2D-PAGE, Protein coordinates,
Protein grid

1 Introduction

Two-dimensional sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (2D-SDS-PAGE) is one of the most important techni-
ques in the biochemical laboratory. Due to its exceptional high
resolution, it can provide maps of entire proteomes visualizing
thousands of proteins as stained spots on a gel matrix. The separa-
tion technique is often used in preparation for protein identification.
Proteome images in conjunction with the ID of the proteins provide
an illustrative description of the analyte and thus call for archiving.
However, the main crux of gel electrophoresis, gel-to-gel variability
as a result of the limited control of acrylamide polymerization, is a
major drawback. This problemwas recognized for proteome expres-
sion studies, where changes of proteins after treatment are studied.
These experiments must include at least three replicates of each
sample type in order to guarantee statistical relevance of the data.

Kay Ohlendieck (ed.), Difference Gel Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1664,
DOI 10.1007/978-1-4939-7268-5_6, © Springer Science+Business Media LLC 2018
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For this situation, the DIGE technique was developed [1]. It is a
well-thought-through system solution involving mass- and charge-
matched fluorescent dyes to label control and treated samples,
respectively, as well as an internal standard formed by pooling all
samples in the experiment. Moreover, gel variation is minimized by
stringent protocols and special hardware (6- or 12-gel electropho-
resis chambers). DIGE has been commercialized as an analytical
pipeline including dedicated software so that the user is provided
with a list of regulated proteins at the end of the experiment.

However, often replicate samples are not available. In order to
still ensure reproducibility, the CoFGE technology (Comparative
Fluorescence Gel Electrophoresis; see original publications for fur-
ther details [2–5]) was developed which has been shown to improve
the error in the assignment of spot coordinates frommore than 10%
to below 1%. Thereby, an internal molecular weight (MW) standard
of about 8–10 commercially available purified proteins covering the
entire molecular weight (MW) range (typically 8–100 kDa) is co-
run with the analyte. This multiplexing is possible by the use of two
different fluorescent dyes (1—sample, 2—MW standard). In this
way, the standard proteins experience the same gel variation as the
analyte proteins. In order to have the standards available across the
whole separation range, a series of marker wells (10–14) is added to
the gel close to the trough for the pI strip (Fig. 1).

CoFGE can be performed in both vertical and horizontal elec-
trophoresis devices; in fact, it was originally developed for the former

Fig. 1 Schematic of a Mercator gel for hCoFGE. CoFGE is enabled by the
introduction of 14 round marker wells on the anodic gel side of the pI-strip (in
the commercially available gel format for technical reasons; home-made gels had
the wells on the cathodic side [4]). They hold 0.5 μL of protein solution (theoretical
volume 0.35 μL). Inset: Photograph of top part of commercial Mercator gel
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[2]. However, handling is considerably improved in the latter, and it
is currently commercialized for this approach by the leading manu-
facturer in this area, SERVA Electrophoresis (Heidelberg, Ger-
many). Thus, we focus on the protocol for hCoFGE below.
Nevertheless, the major difference between vCoFGE and hCoFGE
is the generation of the marker wells. While they are punched into
the gel in hCoFGE (Fig. 1), in vCoFGE, they are generated by a
pseudo 1D–PAGE set-up. To that end, a plastic combwith V-shaped
teeth (initially cut from ordinary 1D–PAGE combs) is used in a
stacking gel covering the pI-strip. For experimental details see origi-
nal publication and its application by another laboratory [2, 6]. The
control of the pI dimension is optional as commercial pI-strips are of
high quality, and the improvement in spot coordinates is marginal. It
is still requiredwhen strips from different suppliers are used. For that
purpose, azo dyes were introduced [5].

This protocol describes a complete hCoFGE experiment using
Escherichia coli lysate as test proteome. The result of this experi-
ment is shown in Fig. 2b. Subsequent data analysis is software-
dependent (Delta 2D 4.3, Decodon, Germany, in [2–5]). Any
software capable of warping can be used following the workflow.

Fig. 2 (a) Matching of the ideal grid to a sample image. Red triangles mark
additional reference points in case of optional pI control. (b) False-color image of
the hCoFGE experiment described here. E. coli (red), marker grid (green). Yellow
lines illustrate spot determination by triangulation (see Note 6).

CoFGE 71



2 Materials

Prepare all solutions using purified deionized water such as MilliQ
water (Millipore) and analytical grade reagents. Observe waste
disposal regulations.

2.1 Equipment This protocol is based on the HPE-FlatTop Tower (Fig. 3,
SERVA), but hPAGE devices from other vendors will work as
well. Parameters need to be adjusted accordingly. The same is
true for pI-strips (SERVA immobilized pH gradient (IPG) Blue
Strip 4–7, 24 cm). CoFGE-ready-made gels are available from
SERVA under the brand name Mercator (Fig. 1).

Further equipment:

1. Gel ScanFrame-Set, Paper Pools, IPG-Strip Equilibrator
(SERVA).

2. Power supply (BioRad).

3. DryStrip Reswelling Tray, Ettan IPGphor II and Cup Loading
Manifold, MultiTemp III, Typhoon 9400, ImageQuant soft-
ware (GE Healthcare).

4. Ultrospec 2000 (Pharmacia Biotech).

Fig. 3 HPE FlatTop Tower for four gels (SERVA, [7], reproduced with permission)
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2.2 Chemicals and

Solutions

2.2.1 Reference, Analyte,

and Dyes

1. Grid mix: The reference mixture is formulated from stock
solutions of commercial proteins (44.85 μL, 62.57 μg,
pH 8.4; Table 1). The concentration of the individual proteins
is a result of considerations, which might differ from lab to
lab. Table 1 provides good starting values.

2. Analyte: Escherichia coli lyophilized cells (Sigma).

3. Dyes: For fluorescent labeling several products are on the
market (e.g., CyDyes, GE [2]; G-Dyes, NH Diagnostics [2];
Sci-Dyes, SERVA). They all serve the purpose. Prepare as
recommended by the manufacturer.

l Sci 3 (1 μL, 400 pmol/μL).
l G-Dye300 (1 μL, 400 pmol/μL).

2.2.2 Buffers 1. Lysis buffer I: 30 mM Tris, 8 M urea, 4% CHAPS (3-[(3-cho-
lamidopropyl) dimethylammonio]-1-propanesulfonate; w/v).

2. Lysis buffer II: 7 M urea, 4% (w/v) CHAPS, 10 mM TCEP
(tris (2-carboxyethyl) phosphine)).

3. Urea buffer I: 100 mM TrisBase, 8 M urea, pH 7.56.

4. Urea buffer II: 7 M urea, 0.5% CHAPS.

Table 1
Grid mix consisting of pure proteins available from Sigma-Aldrich. MWs are those given by the
manufacturer, but attention needs to be paid to the form of the protein ultimately present on the gel.
For myoglobin, e.g., this is the heme-free form, apomyoglobin (16.9 kDa). Proteins were dissolved in
water and stored at �80 ˚C unless noted otherwise

Protein Source MW/kDa
cstock/
pmol/μL

Amount of
protein per
100 μL grid
mix/μg

Vstock/
100 μL
grid
mix/μL

Amount
of protein
per spot /
ng

Ubiquitin Bovine erythrocytes 8.56 100 10 11.7 24

α-Lactalbumin Bovine milk 14.2 70.4a 10 10.0 24

Myoglobin Horse heart 17.6 100 10 5.88 24

Trypsin inhibitor Glycine max ~20 100 25 12.4 60

Trypsinogen Bovine pancreas 23.98 100 15 6.26 36

GAPDHb Rabbit muscle ~36 50 6 3.33 14.5

Ovalbuminc Chicken egg 44.3 100 20 4.51 48

Albumin Bovine 66.5 100 15 2.26 36

Phosphorylase Bb Rabbit muscle 97.0 10.3d 22.5 22.5 54

a Solubility in water according to the manufacturer 1 mg/mL/70.4 pmol/μL
b Dissolved in lysis buffer I
c Dissolved in HEPES buffer
d Solubility according to the manufacturer 10.3 pmol/μL in phosphate buffer (see Note 1)
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5. SDS sample buffer: 7 M urea, 0.5% CHAPS, 4% (w/v) SDS.

6. Sample buffer: 8 M urea, 0.5% CHAPS.

7. IEF buffer: 8M urea, 0.5% CHAPS, 2% (v/v) SERVAlyte 4–7,
2% (v/v) DTT.

8. Rehydration buffer: 8 M urea, 0.5% CHAPS, 1% (v/v) SER-
VAlyte 4–7, 0.2% (v/v) DTT, 0.004% (w/v) bromophenol
blue.

9. Equilibration buffer I: 1.8 g urea, 50 mg DTT, 5 mL SERVA
stock solution.

10. Equilibration buffer II: 1.8 g urea, 125 mg iodoacetamide,
5 mL SERVA stock solution.

11. HEPES buffer: 20 mM HEPES, 150 mM NaCl.

2.2.3 Solutions 1. Lysine solution: 1 μL, 2.5 M lysine (see Note 2).

2. Cleaning solvent: 1% formic acid, 5% acetonitrile, water.

3. Dithiothreitol (DTT) solution: 50 mM DTT, in 50 mM
NH4HCO3, see Note 3.

4. Iodoacetamide solution: 50 mM in 50 mM NH4HCO3.

3 Methods

Work proceeds at room temperature unless otherwise noted.

3.1 Preparation

of Grid Mix

3.1.1 Labeling

1. Incubate grid mix with Sci 3 for 30 min on ice.

2. Stop labeling with lysine solution for 10 min on ice. Aliquots
can be temporarily stored at �80 �C until further use.

3.1.2 Reduction 1. Add 200 μL lysis buffer II to the labeled grid mix and place it
into an ultrasonic bath for 15 min.

2. Rinse Amicon 3K filter units (seeNote 4) by centrifuging with
cleaning solvent (500 μL, 15 min, 14,000 � g, 20 �C).

3. Transfer labeled grid mix to the filter unit and centrifuge
(75 min, 14,000 � g, 4 �C).

4. Rinse the filter unit with 100 μL urea buffer I by centrifuging
(30 min, 14,000 � g, 4 �C).

5. For reduction add 100 μL DTT solution and vortex (45 min,
1000 rpm).

6. Centrifuge (30min, 14,000� g, 18 �C) and rinse with 100 μL
urea buffer I (15 min, 14,000 � g, 18 �C).

3.1.3 Alkylation 1. Add 100 μL iodoacetamide solution to the filter unit and
vortex in a BlackBox (25 min).
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2. Stop the process by centrifuging (15 min, 14,000 � g, 4 �C)
and rinsing with DTT solution (100 μL; vortex for 30 min;
centrifuge for 90 min, 14,000 � g, 4 �C).

3.1.4 Purification 1. Wash the grid mix proteins on the filter with 100 μL urea
buffer II (15 min, 14,000 � g, 4 �C) and twice with SDS
sample buffer (100 μL; 30 min, 14,000 � g, 18 �C).

2. Re-dissolve the proteins in 90 μL SDS sample buffer and
transfer them to an Eppendorf tube.

3. Store them at �32 �C until further use.

4. Prepare grid mix for use by diluting 6 μL of labeled and
purified grid mix with 6 μL sample buffer.

3.2 Preparation of

Analyte

1. Lyse E. coli (25 mg) in 1 mL lysis buffer I containing 1/10
tablet EDTA-free protease inhibitor cocktail Complete mini.
Vortex (30 min) and centrifuge (12,000 � g, 4 �C).

2. Adjust the supernatant pH to 8.85.

3. Determine the protein concentration (10.9 mg/mL) at
590 nm using Bradford-based Cytoskeleton kit ADV01 or
suitable alternatives.

4. Label E. coli lysate (50 μg, 4.6 μL) with G-Dye300 (30 min on
ice).

5. Quench the reaction with lysine solution (10 min on ice).

6. For subsequent isoelectric focusing, add 6.6 μL IEF buffer.
Vortex and centrifuge (1 min each).

3.3 Isoelectric

Focusing

1. For passive rehydration of the IPG-strip without sample over-
night (14 h), prepare a trough of the rehydration tray with
450 μL rehydration buffer.

2. Place the IPG-strip into the trough with the gel side down and
overlay it with 3 mL mineral oil.

3. For cup-loading place the IPG strip gel side up into the
manifold and pipet the sample (13.2 μL, total protein amount
50 μg) followed by mineral oil (10 μL) into a cup on the
anodic side of the strip.

4. Perform focusing at 20 �C and 50 μA using the parameters
shown in Table 2.

3.4 Second-

Dimension Gel

Electrophoresis

1. Equilibrate the IPG-strip for 15 min each in equilibration
buffers I and II (6 mL each).

2. Place two electrode wicks separately into the wick tray and add
45 mL SERVA cathode and anode electrode buffer, respec-
tively. Allow 15 min for buffer uptake.
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3. Spread cooling fluid (3 mL) on the cooling plate of one
drawer of the FlatTop Tower (see Note 5).

4. Load MW marker PageRuler Plus (5 μL; Prestained Protein
Ladder, Thermo nb: 26,619 or suitable alternatives) into the
marker well.

5. Place the IPG strip into the designated trough face-down with
the anode (þ) side toward the marker well.

6. Apply 0.5 μL labeled grid mix to each reference well immedi-
ately before the start of the second electrophoresis dimension.

7. Perform the second-dimension gel electrophoresis as shown
in Table 3.

8. Remove the pI-strip after 75 min between steps 3 and 4.

9. Stop the run when the running front reaches the end of the
gel.

3.5 Scanning 1. Scan gels immediately using the green laser for Sci 3 (532 nm,
emission filter 580, band pass (BP) 30, photomultiplier tube

Table 2
Isoelectric focusing program

Step Voltage/V Time/h Slope

1 150 3 Step

2 300 3 Step

3 1000 6 Grad

4 8000 4 Grad

5 8000 3 Step

Total 19

Holding 300 1 Step

Table 3
Gel electrophoresis program for one gel

Step Voltage/V Current/mA Power/W Time/min

1 100 7 1 30

2 200 13 3 30

3 300 20 5 10

4 1500 40 30 230

5 1500 50 40 40
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(PMT) 525) and the red laser for G-Dye300 (633 nm, emis-
sion filter 670, BP 30, PMT 490).

2. Set the resolution for the main scans to 100 μm per pixel.

3. Adapt the PMT response in such a way that the gel image
shows the most intense protein spot slightly below saturation.

4. Visualize gel images using ImageQuant software.

3.6 Image Analysis This paragraph describes the general workflow of spot coordinate
correction by referencing to the marker grid. The individual steps
are software-dependent.

1. Generate a reference grid (Fig. 2a) by running at least three,
better more, gels of the same dimension under identical con-
ditions for the grid mix (gels can optionally contain analyte).
Use all grid images to detect the average location of the grid
nodes. The x-coordinates of the nodes are determined by the
well distances; the y-coordinates by the position of the marker
protein spots. With these data, construct an ideal grid with
drawing software (e.g., Powerpoint).

2. Match the individual marker grid for each gel to the ideal grid
by assigning every experimental grid spot to the
corresponding spot of the theoretical grid. This process deter-
mines the match vectors for the respective gel.

3. Apply the determined gel match vectors to the analyte prote-
ome on this gel. Control the mapping of the match vectors
manually.

4 Notes

1. The phosphate buffer recommended by the manufacturer may
not be compatible with fluorescence labeling. Use lysis buffer I.

2. Proper quenching of the labeling reaction needs to be con-
trolled. Use a higher concentration of lysine than recom-
mended by the manufacturer to avoid mislabeling due to
quenching failure [7].

3. Ammonium bicarbonate buffer is not stable. It will change its
pH during the course of a day and thus needs to be prepared
fresh each time [8].

4. Filter units contain polyethylene glycols (PEG) for preserva-
tion. They need to be carefully rinsed before use. Washing
with 5% acetonitrile containing 0.1% formic acid at least three
times is necessary to substantially reduce the PEG signal in
mass spectrometry.
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5. For the use of HPE FlatTopTower (Fig. 3), follow the
detailed instructions of the manufacturer available in the man-
ual [9].

6. Ubiquitin may form two spots when a DTT-containing buffer
is used. They were not observed in Laemmli buffer (62.5 mM
Tris, 50% glycerol, 2% (w/v) SDS, 0.01 (w/v) bromophenyl
blue, 5% (v/v) mercaptoethanol). The reason for this was not
determined as it did not have an effect on CoFGE experiments
as long as the protocols were consistent.
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Chapter 7

DIGE-Based Phosphoproteomic Analysis

Taras Stasyk and Lukas Alfons Huber

Abstract

Here, we describe the detailed step-by-step protocol for detection of phosphoproteins in two-dimensional
difference gel electrophoresis (DIGE) gels. A standard DIGE protocol is combined with subsequent post-
staining with phosphospecific fluorescent dye. The combination of these two methods complements
DIGE-based proteome profiling by fluorescence detection of phosphoproteins in the same gel providing
additional possibility for sensitive and accurate quantification of the differentially regulated phosphopro-
teins in biological samples.

Key words 2D-DIGE, Phosphoprotein, Phosphoproteomics

1 Introduction

Two approaches for detection of proteins employing fluorescent
dyes, i.e. DIGE and Multiplexed Proteomics, greatly enhanced the
utility of classical two-dimensional gel electrophoresis (2-DE) [1,
2]. For the DIGE method three protein samples are pre-stained by
covalent labeling with different cyanine-based CyDyes, which then
can be mixed and analyzed in a single gel [3]. The inclusion of a
standard sample, which is a pool of each of the samples being
compared, facilitates both spot matching and subsequent accurate
quantification. Alternatively, for fluorescence detection of proteins
separated with 2-DE, gels can be post-stained with fluorescent
dyes, such as Deep Purple [4], SYPRO Ruby [5], or similar
ruthenium-based dyes [6].

Protein phosphorylation among hundreds of post-translational
modifications is in special focus since many years. A well-established
post-staining method with fluorescent phosphosensor Pro-Q Dia-
mond (Molecular Probes) is suitable for the detection of phospho-
proteins directly in polyacrylamide gels and is also compatible with
a total protein staining procedure with SYPRO Ruby [7].

We have developed several years ago a complementary
approach to classical DIGE proteome profiling [8]. It combines
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the standard DIGE protocol with subsequent post-staining of gels
with Pro-Q Diamond phosphospecific stain. This was possible
because Pro-Q Diamond and Cy3 have very similar spectra of
fluorescence with excitation/emission maxima at 555/580 nm
and 553/569 nm, respectively (see Table 1). In brief, after a stan-
dard DIGE experiment followed by imaging, gels were fixed and
post-stained with Pro-Q Diamond. Proteins in gels, which were
specifically stained with a phosphospecific dye appear as spots with
increased Cy3-fluorescence, because of additive effect of original
Cy3 signal and added fluorescence of Pro-Q Diamond sensor
(Fig. 1). Such increased fluorescence can be normalized against

Table 1
CyDye DIGE Fluor minimal dyes and Pro-Q Diamond phosphoprotein gel stain characteristics and
scanning parameters, according to manufacturers

Fluor dye
Max.
absorption (nm)

Max.
fluorescence (nm)

Excitation/emission
filter (Typhoon)

Excitation/emission
filter (molecular
Imager)

Cy2 451 509 488/520BP40 488/530BP30

Cy3 553 569 532/580BP30 532/605DF50

Cy5 645 664 633/670BP30 665/695DF55

Pro-Q Diamond 555 580 532/580BP30 532/605DF50

Fig. 1 DIGE of early endosomes purified from murine EpH4 cells in combination with Pro-Q Diamond
phosphospecific fluorescent dye, merged images and 3D views of detailed sections of the gel. Early
endosomes were purified by sucrose gradient centrifugation [14], 20 mg of protein was labeled with CyDye
Fluorophores, mixed and separated by 2-DE [8]. Gel was scanned with a Typhoon 9410 scanner and visualized
using a Image Quant 5.2 software. (a) Control (Cy2, blue) and cells treated with EGF for 5 min (Cy3, green) and
for 40 min (Cy5, red). (b) The same gel post-stained with Pro-Q Diamont fluorescent dye and scanned as for
the CyDyes. Phosphoproteins are visible as spots with increased green fluorescence
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Cy2 (standard) and quantified as ratios (Cy3 + Q)/Cy2 to
Cy3/Cy2 before and after post-staining for phosphoproteins. In
general, spots with increased ratio (higher than 1) are detected as
phosphorylated ones. Importantly, quantitative comparison
between different samples comes from the DIGE application,
whereas Pro-Q Diamond post-staining provides additional infor-
mation on the phosphorylation state of differentially regulated
protein spots. Of note, it was shown that fluorescence signal inten-
sity of Pro-Q Diamond correlates well with the number of phos-
phorylated residues on a protein [7]. The here introduced protocol
was applied previously by others and us for functional proteomics
experiments [8–11].

2 Materials

2.1 Reagents CyDye DIGE Fluor minimal dyes (Cy2, Cy3, Cy5) (GE
Healthcare).

Pro-Q Diamond phosphoprotein gel stain (Molecular Probes).

RuBP (Ruthenium II tris (bathophenantroline disulfonate)) fluo-
rescent protein staining solution.

2.2 Solutions 1. 2-DE Sample buffer: 7 M urea, 2 M thiourea, 4% CHAPS,
30 mM Tris, buffered to pH 8.5 with HCl. Aliquots can be
stored at �20 �C.

2. Equilibration buffer: 50 mMTris–HCl, pH 8.8, 6 M urea, 30%
glycerol, 2% SDS, a trace of bromophenol blue.

3. Fix solution: 50% methanol and 10% acetic acid. Prepare
500 mL fix solution per gel.

4. Destain solution: 20% acetonitrile, 50 mM sodium acetate,
pH 4.0. To prepare 1 L of destain solution, combine and mix
thoroughly: 50 mL of 1 M sodium acetate, pH 4.0, 750 mL of
water, 200 mL of acetonitrile.

5. RuBP fluorescent protein staining solution: 20 mM RuBP
stock, home-made according to [6].

2.3 Equipment DeCyder Difference In-gel Analysis (DIA) software (GE
Healthcare).

DeCyder Biological Variation Analysis (BVA) software (GE
Healthcare).

Ettan Spot Picker (GE Healthcare).

ImageQuant (GE Healthcare).

IPGphor™ IEF System (GE Healthcare).

IPG strips (18 cm, pH 3-11, GE Healthcare).
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PROTEAN electrophoretic system (Bio-Rad Laboratories).

Typhoon™ 9410 Imager (GE Healthcare).

3 Methods

3.1 Sample

Preparation

(TIMING 1 h)

1. Precipitate protein by chloroform-methanol (Wessel-Fl€ugge
method) [12], (see Note 1). Add 4 volumes of methanol fol-
lowed by 1 volume of chloroform to protein sample to be
analyzed by 2-D gel electrophoresis. Vortex and assure that
there is only one phase.

2. Add 3 volumes of distilled water and vortex thoroughly.

3. Centrifuge 1 min at 16,000 � g, room temperature. Remove
upper organic phase with drawn out Pasteur pipette without
disturbing the interphase.

4. Add at least 3 volumes of methanol, vortex thoroughly and
centrifuge at 16,000 � g for 2 min.

5. Carefully remove supernatant with drawn out Pasteur pipette
without disturbing the pellet.

6. Air dry the pellet with care (overdrying makes the pellet very
difficult to solubilize).

7. Solubilize protein samples in 2-D DIGE sample buffer. Deter-
mine protein concentration using Coomassie Plus Protein
Assay.

3.2 Two-

Dimensional

Difference Gel

Electrophoresis

(TIMING 2 Days)

1. Label 40 μg of protein in 20 μL of sample buffer with 160 pmol
of CyDye DIGE Fluor minimal dyes according to the
manufacturer’s instruction (Cy3, Cy5 for samples and Cy2
for internal control consisting of equal parts of all samples)
(see Notes 2 and 3).

2. For isoelectric focusing (IEF) apply the samples by rehydration
to IPG strips (18 cm, pH 3-11) overlaid with 1 mL liquid
paraffin. The protocol for IEF, performed with a IPGphorTM
Isoelectric focusing system, consisted of the following steps
and parameters:

(a) Active Rehydration with 50 μA/strip at 20 �C.

(b) Step 1 Step and hold: 30 V for 12 h.

(c) Step 2 Step and hold: 200 V for 1 h.

(d) Step 3 Gradient from 100 V to 500 V for 1 h.

(e) Step 4 Gradient from 500 V to 1000 V for 1 h.

(f) Step 5 Gradient from 1000 V to 8000 V for 2 h.

(g) Step 6 Step and hold 8000 V until total 42,000 Vh.
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3. Upon completion of the first dimension, incubate strips in an
Equilibration buffer, containing 1% DTT for 15 min and there-
after in the same buffer containing 2.5% iodoacetamide for
15 min. PAUSING POINT: the strips can be stored at�20 �C.

4. For the second dimension, transfer strips to the tops of 12.5%
polyacrylamide gels and separate for the second dimension
with the PROTEAN System for 12–14 h. Apply 7 mA per
each gel, the voltage rose from app. 35 V up to 120 V during
electrophoresis, which takes about 16 h.

5. After electrophoresis scan the gels using a TyphoonTM 9410
Imager at 100 dpi resolution or any other suitable and similar
device. Optimize scan settings for a maximum signal of approx-
imately 85,000 counts. Directly after scanning fix gels and store
at 4 �C.

6. Image preparation and analysis. Crop images using Image-
Quant 6.2 and perform image analysis using DeCyder 6.5
DIA software (Difference In-gel Analysis). Analyze at least
four independent biological samples for each experimental
setup and statistically analyze using DeCyder Biological Varia-
tion Analysis (BVA) software.

PAUSING POINT: the gels can be stored for long time in cold
room for subsequent phosphoprotein or total protein staining
and spot picking for protein identification.

3.3 Detection of

Phosphoproteins

in DIGE-Gels

3.3.1 Staining Gels

with Pro-Q Diamond

Phosphoprotein Gel

Stain (TIMING 1 Day)

1. Fix the gel. Immerse the gel in ~500 mL of fix solution and
incubate at room temperature with gentle agitation for 60 min.
Repeat the fixation overnight to ensure that all of the SDS is
washed out of the gel.

2. Wash the gel. Incubate the gel in ~500 mL of water with gentle
agitation for 20min. Repeat this step for a total of three washes.

3. Scan the gel again for Cy2 (Standard) and Cy3 after washing in
water, just prior gel staining with Pro-Q Diamond. Proceed
with standard Pro-Q staining (see Note 4).

4. Stain the gel. Incubate the gel in the dark in 300 mL of Pro-Q
Diamond phosphoprotein gel stain with gentle agitation for
90 min.

5. Destain the gel. Incubate the gel in 500 mL of destain solution
with gentle agitation for 30 min at room temperature, pro-
tected from light. Repeat this procedure two more times (see
Note 5).

6. Wash the gel. Wash twice with water at room temperature for
15 min per wash.

PAUSING POINT: the gels can be stored for long time in cold
room for subsequent total protein staining and spot picking for
protein identification. Store gels in water in the presence of
0.02% NaN3 in cold room sealed in plastic bags.
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3.3.2 Imaging and

Analysis (TIMING 4–8 h)

1. Scan gel again for Cy2 (Standard) and Cy3. Crop images using
ImageQuant 6.2.

2. Detect spots using DIA program. Perform spot detection using
DeCyder 6.5 DIA software.

3. BVA analysis. Download this file along with DIA file with
detected spots in scanned 2D maps just before Pro-Q-Dia-
mond staining (Subheading 3.3.1.3) to BVA and perform
spot matching. Compare ratios of Cy3 before and after Pro-Q
post-staining (normalized to Cy2 as a standard). Spots with
increased ratio (higher than 1) are phosphorylated proteins.
Consider 3–4 independent biological samples per group for
statistical analysis (see Note 6).

3.3.3 Staining the Gel

for Total Protein (Optional).

Spot Picking for Protein

Identification (TIMING

1 Day)

For spot picking post-stain DIGE-gel with Ruthenium-based fluo-
rescent protein dye according to an improved staining protocol
[13]. Commercial SYPRO Ruby protein gel stain can also be used.

1. Rinse the gel in water for 15 min.

2. Incubate the gel in 500 nM RuBP solution for 6 h.

3. Equilibrate the gel in water for 10 min and repeat once.

4. Destain the gel with 40% EtOH/10% acetic acid for 15 h.

5. Equilibrate the gel in water for 15 min and repeat once.

6. Scan at 457 nm excitation and 670 nm filter.

Excise protein spots from gels with Ettan Spot Picker and in-gel
digest with trypsin for subsequent protein identification using mass
spectrometry.

4 Notes

1. Always precipitate protein sample by the Wessel-Fluegge
method [12]. Protein precipitation before two-dimensional
gel electrophoresis is of particular importance when the gel is
to be analyzed for phosphoprotein content. Lipid depletion
minimizes background staining due to phospholipids and
other cell constituents.

2. Reconstitute the dry CyDyes in anhydrous Dimethylforma-
mide (DMF) (� 0.005% H2O, �99.8% pure, open for less
than 3 months).

3. Label protein with CyDyes of double less than “standard”
concentration (4 pmol per mg of protein). More intense signal
from DIGE will make ratio (Cy3 + Q)/Cy2 to Cy3/Cy2 less
prominent in phosphoprotein detection.

4. After washing in water, just prior gel staining with Pro-Q
Diamond, scan gel again as for DIGE (for Cy2 and Cy3).
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This DIA file (but not the original one!) will be used for
comparison with the same scan after Pro-Q post-staining.
The reason for this is that after fixation fluorescence of CyDyes
can be a bit different; another advantage is that gel is scanned
after washing with water (before and after Pro-Q Diamond)
and is of the same size.

5. Extensive destaining can cause loss of signal. Do not re-use
Pro-Q Diamond stain or dilute it, it might significantly com-
promise fluorescence intensity and linearity.

6. Because of normalization method in DIA spots, which are not
stained/phosphorylated have decreased intensities,
phosphoproteins appear as more intense spots. This threshold
is sample-, staining- and labeling-dependent. Therefore, the
here-described protocol has to be optimized for each protein
sample.
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Chapter 8

DIGE Saturation Labeling for Scarce Amounts of Protein
from Formalin-Fixed Paraffin-Embedded (FFPE) Tissue

Paul Dowling

Abstract

In this chapter, we describe the utility of difference gel electrophoresis (DIGE) as a proteomics platform for
the global detection of expressed proteins in formalin-fixed paraffin-embedded (FFPE) tissues and its use
for biomarker discovery/identification of proteins that may contribute to cancer development and pro-
gression. Formalin fixation and paraffin embedding of tissue is the standard processing methodology
practiced in pathology laboratories worldwide, resulting in a highly stable form of tissue that is easily stored
due to its inherent stability at room temperature. Consequently, FFPE tissues represent an attractive
reservoir of clinical material for conducting retrospective protein biomarker analysis. A limitation for
proteomics research in this type of clinical sample is the amount of viable protein that can be obtained
from fixed tissues. Tissue biopsies are precious samples that can generally be acquired in very small amounts
due to the invasive nature of the sample collection, mainly during surgery or biopsy. Subsequently, the
amount of extracted protein can be, in many cases, very limited. The saturation DIGE technology has
emerged as a useful method for protein analysis where only scarce amounts of protein are available. This
approach can be adapted successfully to label low-level protein isolated from FFPE tissue.

Key words Formalin-fixed paraffin-embedded tissues, Saturation labeling

1 Introduction

The 2D difference gel electrophoresis (DIGE) technique, estab-
lished on fluorophores covalently linked to amino acid side chain
residues, has many advantages over traditional 2D gel non-labeling
methods including high sensitivity, the linearity of the dyes utilized,
and the standardization of inter-gel variability. Using an internal
standard of pooled samples, which are run simultaneously with the
analytical samples, provides an extra layer of quantification accuracy
and statistical confidence.

In contrast to the minimal 2D DIGE technology where a
significant amount of protein starting material is required (in
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most examples 50 μg is used), very small amounts of proteins are
amenable to labeling using the saturation DIGE technology intro-
duced by Kondo and co-workers [1]. Protein labeling in saturation
DIGE is based on dyes coupled to a maleimide group that form a
covalent bond with the thiol group of cysteine residues via a
thioether linkage on all cysteine residues of a protein. This leads
to an enhanced sensitivity as compared to the minimal DIGE
strategy, when investigating samples in situations where protein
amount is at a minimum. This strategy of labeling scarce protein
amounts has been successfully employed by some research groups
focusing on laser microdissected tissues [2–4].

Minimal labeling is associated with a predefined ratio of protein
to CyDye DIGE Fluor resulting in only 2–5% of the total number
of lysine residues being labeled [5]. However, saturation labeling
involves adding CyDye DIGE Fluor in a controlled protein to dye
ratio, facilitating conditions that allow for all available cysteine
residues of a protein to be labeled [6, 7].

As with the minimal labeling approach, an internal standard
should be incorporated within each gel as part of the DIGE proto-
col. In the case of saturation labeling, because a 2 dye system is
used, the internal standard is labeled with one of the available
CyDye DIGE Fluor saturation dye (for example, Cy3) and is run
on every gel together with experimental samples labeled with the
other CyDye DIGE Fluor saturation dye (for example, Cy5). The
internal standard, labeled with one CyDye DIGE Fluor saturation
dye, should comprise an aliquot from each biological sample within
the experiment, ensuring that every spot on every gel is represented
within the common internal standard [8].

Tissue-based proteomic studies are inherently attractive for
relating protein biomarkers directly to disease and potentially iden-
tify new therapeutic targets. Whereas fresh and/or frozen tissue
may represent attractive samples from which proteomic biomarker
investigations may be conducted, they are often difficult to obtain
in large numbers and/or amounts, with the extraction of sufficient
amounts of protein challenging when the starting material is at a
minimal level. Formalin-fixed and paraffin-embedded (FFPE) tis-
sue collections, with attached clinical and outcome information, are
invaluable resources for conducting retrospective protein bio-
marker investigations and performing translational studies of can-
cer and other diseases [9, 10]. FFPE material is a very precious
resource and typical amount that are to be available for laboratory
omics-based analysis tend to be small. Therefore, a strategy that
allows labeling of scarce amounts of protein, such as the saturation
difference in gel electrophoresis technology, is a very attractive
approach prior to 2D gel-based analysis [11].
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2 Materials

2.1 Equipment 1. Eppendorf Model 5417R centrifuge.

2. LP Vortex Mixer (ThermoFisher Scientific).

3. Digital Dry Baths/Block Heaters (ThermoFisher Scientific).

2.2 Reagents 1. CyDye DIGE Fluor Labeling Kit for Scarce Samples plus Pre-
parative Gel Labeling containing: 100 nmol CyDye DIGE
Fluor Cy3 saturation dye for analytical labeling; 100 nmol
CyDye DIGE Fluor Cy5 saturation dye for analytical labeling;
400 nmol CyDye DIGE Fluor Cy3 saturation dye for prepara-
tive labeling (see Note 1).

2. 99.8% anhydrous dimethylformamide (DMF).

3. Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP).

2.3 Solutions All solutions should be prepared with analytical grade chemicals
and ultrapure water.

1. 1� sample buffer-7 MUrea, 2 M Thiourea, 4% (w/v) CHAPS.

2. 2� sample buffer-7 M urea, 2 M thiourea, 4% (w/v) CHAPS,
2% (v/v) Pharmalyte™, 130 mM DTT (see Note 2).

3. DIGE Lysis buffer-30 mM Tris, 7 M urea, 2 M thiourea, 4%
(w/v) CHAPS. Adjust to pH 8.0 with 1.0 MHCl. Aliquot and
store at �15 �C to �30 �C. Stable for 3 months.

4. 2 mM TCEP solution-2.8 mg TCEP in 5 mL of HPLC-grade
water (see Note 3).

5. Extraction buffer: 20 mM Tris-HCl buffer pH 9, containing
2% SDS.

6. 100% Ethanol.

7. 85% Ethanol.

8. 70% Ethanol.

9. 100% Xylene.

3 Methods

3.1 Deparaffinization

of FFPE Slides

1. Up to two sections, each with a thickness of about 10 μm and
area of up to about 100 mm2, are combined in one preparation
(see Note 4).

2. Immerse the slides in xylene for 10 min. Repeat this step once
in fresh xylene solution for 10 min.

3. Immerse the slides in 100% ethanol for 5 min, followed by
another immersion in 85% ethanol for 1 min, followed by
another immersion in 70% ethanol for 1 min.
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4. Immerse the slides in HPLC-grade water for 1 min. Remove
excess water from the slide, taking care not to allow the sections
to dry out.

5. Transfer the sections to a microcentrifuge tube using a clean
sterile razor blade.

3.2 Protein

Extraction

1. Add 50 μL of extraction buffer to the dewaxed FFPE tissues
sections, with vortexing and vigorous pipetting for 30 s (see
Note 5).

2. Incubate the dewaxed FFPE tissues sections with extraction
buffer on a heating block at 100 �C for 20 min.

3. Centrifuge the sample for 60 s at 1000 � g, with vortexing for
5 s and incubate at 60 �C for 2 h.

4. Following this incubation, centrifuge the sample at 4 �C for
10 min at 16,000 � g. Transfer the supernatant (soluble frac-
tion) to a new microcentrifuge tube.

5. Precipitate extracted proteins using the 2D clean-up kit, resus-
pend protein pellet in DIGE lysis buffer and quantify the
protein yield using Bradford Reagent. Using this protocol,
the expected protein yield is about 10–30 μg of protein.

3.3 Labeling

Samples for Analytical

Gels

1. Add a volume of protein lysate equivalent to 5 μg protein to a
sterile microfuge tube. Make up the volume to 9 μL with cell
lysis buffer.

2. Add 1 μL TCEP (2 nmol) to the protein lysate. Typically, 5 μg
of protein lysate requires 2 nmol TCEP and 4 nmol dye for the
labeling reaction (assuming an average cysteine content of 2%).

3. Mix vigorously by pipetting.

4. Spin down the sample in a microcentrifuge at 1000� g for 30 s
and incubate at 37 �C for 1 h, in the dark.

5. Add 2 μL dye (4 nmol) to the mixture (protein lysate plus
TCEP).

6. Label a pooled protein extract with CyDye DIGE Fluor Cy3
saturation dye and label experimental protein extracts (e.g.,
control, test) with CyDye DIGE Fluor Cy5 saturation dye.

7. Mix vigorously by pipetting.

8. Spin down the sample in a microcentrifuge at 1000� g for 30 s
and incubate at 37 �C for 30 min, in the dark.

9. Prepare the 2� sample buffer by adding Pharmalytes (2% final)
and DTT (130 mM final) to 1� sample buffer (7 M Urea, 2 M
Thiourea, 4% CHAPS).

10. To stop the reaction, calculate the total volume of the labeling
reaction and add an equal volume of 2� sample buffer (i.e., add
12 μL 2� sample buffer to 12 μL labeling reaction mixture).
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11. Mix vigorously by pipetting.

12. Spin down the sample in a microcentrifuge.

13. Samples are ready for immediate use (see Note 6).

4 Notes

1. Product number: 25-8009-84.

2. Prepare fresh by adding DTT and Pharmalytes to 2� sample
buffer and use immediately.

3. TCEP solution is unstable and should be used immediately.

4. Before deparaffinization, keep slides at room temperature for
1 h.

5. Use tubes that have a tight fitting cap and wrap the caps with
parafilm.

6. Can be stored frozen for up to 1 month, at�70 �C, in the dark.
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Chapter 9

Comparative 3-Sample DIGE Analysis of Skeletal Muscles

Kay Ohlendieck

Abstract

The skeletal muscle proteome consists of a large number of diverse protein species with a broad and
dynamic concentration range. Since mature skeletal muscles are characterized by a specific combination
of contractile cells with differing physiological and biochemical properties, it is essential to determine
specific differences in the protein composition of fast, slow, and hybrid fibers. Fluorescence two-
dimensional gel electrophoresis (DIGE) is a powerful comparative tool to analyze fiber type-specific
differences between fast and slow muscles. In this chapter, the application of the DIGE method for the
comparative analysis of different subtypes of skeletal muscles is outlined in detail. A standardized proteomic
workflow is described, involving sample preparation, protein extraction, differential fluorescence labeling
using a 3-dye system, first-dimension isoelectric focusing, second-dimension slab gel electrophoresis, DIGE
image analysis, protein digestion, and mass spectrometry.

Key words Difference gel electrophoresis, Mass spectrometry, Muscle types, Proteomics, Two-
dimensional gel electrophoresis

1 Introduction

Two-dimensional gel electrophoresis has been extensively used for
large-scale protein separation prior to mass spectrometric analysis
[1], including the biochemical and proteomic characterization of
skeletal muscle tissues [2]. In comparative proteomics, two-
dimensional fluorescence difference gel electrophoresis (DIGE)
[3] is a frequently employed protein separation method [4]. The
technique was originally developed by Unl€u et al. [5] and is an
extremely robust and highly reproducible gel-based method of
analytical protein biochemistry [6]. DIGE can be employed as a
comparative approach with minimal or saturation protein labeling
using pre-electrophoretic labeling with fluorescent 2-dye or 3-dye
systems [7–9]. The availability of sophisticated 2D–DIGE software
analysis tools is a great advantage for the routine quantitative
analysis of multiple fluorescently labeled protein samples that have
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been separated on the same two-dimensional slab gel [10, 11]. The
application of the DIGE technique greatly reduces analytical com-
plications due to gel-to-gel variations [12], which has also been
exploited in the field of skeletal muscle proteomics [13].

DIGE-based analyzes of skeletal muscle preparations with Cy2,
Cy3, or Cy5 dyes are usually carried out with 50 μg protein aliquots
per sample, and routinely detect a highly representative proportion
of the muscle tissue proteome. This includes major protein species
involved in the sarcomeric excitation–contraction–relaxation cycle,
the glycolytic pathway, mitochondrial metabolism, the ion-
handling apparatus, the cytoskeleton, the basal lamina, cellular
signaling, and the stress response [14]. The extensive usage of the
DIGEmethod in the field of skeletal muscle proteomics was instru-
mental for the differential analysis of muscle specification [15],
muscle transformation [16], disuse-related muscular atrophy
[17], hypoxia-associated changes in muscles [18], the effects of
physical exercise [19, 20], and natural skeletal muscle aging
[21–23], as well as the pathobiochemical evaluation of muscle
diseases such as muscular dystrophy [24], myasthenia gravis [25],
and collagen myopathy [26]. Changes in fiber type composition
have been shown to occur in both physiologically challenged and
pathologically insulted skeletal muscles [27]. Individual skeletal
muscles are usually characterized by diverse fiber populations that
consist of fast-glycolytic, slow-oxidative, intermediate fast-glyco-
lytic/oxidative and mixed hybrid fibers [28]. Predominantly fast-
versus slow-twitching muscles contain differing numbers of type I,
I/IIa, IIa, IIa/IIx, IIx, IIx/IIb, and IIb fibers, which correlates
relatively well with the histochemical distribution of slow versus fast
isoforms of myosin heavy chains [29].

However, for the detailed evaluation of the molecular and
cellular heterogeneity of subtypes of skeletal muscles and their
physiological plasticity, more sophisticated biochemical approaches
have to be utilized [30]. Here, we describe the application of the
DIGE technique for the comparative analysis of different skeletal
muscles. An optimized proteomic workflow, as shown in Fig. 1, is
specifically outlined for the characterization of fast versus slow
versus mixed skeletal muscles using a 3-dye DIGE approach.
Importantly, this differential labeling method can be generally
applied for the parallel analysis of 3 separate tissue specimens,
such as normal, diseased, and therapeutically treated skeletal mus-
cles [31]. The described 3-sample comparison is an optimized and
standardized method that uses a 12-gel DIGE system with a mini-
mum number of gels to achieve optimum results in relation to
biological repeats, sample pairing, technical repeats, and reverse
fluorescent dye labeling.
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2 Materials

2.1 Equipment Unless otherwise stated, all equipment is from Amersham/GE
Healthcare.

1. IPGphor IEF unit.

2. IPG DryStrip reswelling tray.

Slow
muscle 

2D IEF/SDS-PAGE Separation

Image analysis of differential spot pattern

Fast
muscle

Mixed
muscle

Crude
extract

Sample A

Co-migration of labeled proteins

Scanning of Cy3-Cy2-Cy5 Images

Identification of altered 2D protein spots
Slow vs mixed vs fast muscles

Differential pre-electrophoretic protein labeling
Cy3-Cy2-Cy5

Crude
extract

Sample B

Crude
extract

Sample C

Fig. 1 Overview of the proteomic workflow for the profiling of different subtypes of skeletal muscles using
fluorescence difference gel electrophoresis. Protein fractions are extracted from slow, fast, and mixed
muscles and differentially labeled with Cy2, Cy3, and Cy5 dyes. Following separation by first-dimension
isoelectric focusing (IEF) and second-dimension sodium dodecyl sulfate (SDS) polyacrylamide gel electropho-
resis (PAGE), gel images are scanned and protein spot patterns compared between differentially labeled
protein fractions and pooled standards
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3. Manifold.

4. Sample loading cups.

5. Gel casting box.

6. Cassette racks.

7. Ettan DALTtwelve multiple vertical slab gel unit.

8. Electrophoresis power supplies.

9. Glass plates suitable for fluorescence analysis.

10. Typhoon Trio variable mode imager.

11. ImageScanner UMax.

12. Vortex Genie-2 (Scientific Industries).

13. Stuart SSL4 shaker (Lennox Laboratory Supplies Ltd.).

14. Heto speedvac concentrator.

15. Eppendorf Model 5417R centrifuge.

16. Agilent Technologies 6340 Ion Trap LC mass spectrometer.

17. Agilent Technologies Nanoflow 1200 series system for peptide
separation.

2.2 Reagents All chemicals used should be of analytical grade. CyDye DIGE fluor
minimal dyes should be stored at �20 �C in the dark.

1. CyDye DIGE fluor minimal dye Cy2 (for pooled standards).

2. CyDye DIGE fluor minimal dye Cy3 (for differential labeling).

3. CyDye DIGE fluor minimal dye Cy5 (for differential labeling).

4. Laemmli-type slab gel electrophoresis buffer system.

5. Immobilized linear pH gradient (IPG) strips.

6. pH 3–10 ampholytes.

7. IPG buffer.

8. Destreak agent.

2.3 Solutions All solutions should be prepared with analytical grade chemicals
and ultrapure water.

2.3.1 Preparation of

Extracts from Different

Subtypes of Skeletal

Muscle

1. Lysis buffer: 1% pH 3–10 Ampholytes, 4% CHAPS, 9.5 M
urea, 100 mM dithiothreitol. Ideally, the lysis buffer for the
initial preparation of muscle tissue extracts should be supple-
mented with a commercially available protease inhibitor cock-
tail to avoid the degradation of sensitive skeletal muscle
proteins (see Note 1). This solution can be dispensed into
1 mL Aliquots and stored at �20 �C.

2. DIGE lysis buffer: 9.5 M urea, 4% CHAPS, 30 mM Tris–HCl,
pH 8.5 (see Note 2). This solution used during DIGE labeling
can be dispensed into 1 mL aliquots and stored at�20 �C. This
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solution should not be supplemented with reducing agents or
protease inhibitors (see Note 3).

3. Reducing lysis buffer: 4% CHAPS, 9.5 M urea, 2% IPG buffer
pH 3–10, 130 mM dithiothreitol. This reducing lysis buffer is
for addition to samples after the dye labeling reaction and
should ideally be supplemented with a commercially available
protease inhibitor cocktail. This solution can be dispensed into
1 mL aliquot and stored at �20 �C.

2.3.2 Gel Electrophoresis 1. IPG rehydration buffer: Add 12 μL of Destreak and 0.002%
Bromophenol Blue dye (see Note 4) to 1 mL lysis buffer.

2. SDS equilibrium buffer: 2% sodium dodecyl sulfate, 8 M urea,
30% glycerol, 50 mM Tris–HCl pH 8.8, and 0.002% Bromo-
phenol Blue dye. Solution can be aliquoted and stored at
�20 �C (see Note 5).

3. DTTequilibrium buffer: Add 100 mg dithiothreitol per 10 mL
of SDS equilibrium buffer. Make this solution freshly prior to
use in gel electrophoresis.

4. IA equilibrium buffer: Add 125 mg iodoacetamide per 10 mL
of SDS equilibrium buffer. Make this solution freshly prior to
use in gel electrophoresis.

5. 10� SDS buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS.
Store this solution at room temperature.

6. Sealing solution: 1% agarose in 1� SDS buffer, and Bromo-
phenol Blue dye. Heat solution until agarose has properly
dissolved. Store the solution at room temperature (seeNote 6).

2.3.3 Protein

Visualization Using

Coomassie Brilliant Blue

1. CBB Buffer A: 10% (w/v) ammonium sulfate, 2% (v/v) phos-
phoric acid.

2. CBB Buffer B: 5% (w/v) Commassie Brilliant Blue G-250 in
water.

3. CBB staining solution: 2 mL Buffer B plus 80 mL Buffer A and
20 mL methanol.

4. Neutralization buffer: 0.1 M Tris at pH 6.5.

5. Wash solution: 25% (v/v) methanol.

6. Fixation solution: 20% (w/v) ammonium sulfate.

2.3.4 Reduction,

Alkylation, and In-Gel

Digestion

1. DTT solution: 10 mMDTT in 100 mM ammonium bicarbon-
ate. Make this solution freshly prior to usage.

2. IA solution: 55 mM iodoacetamide in 100 mM ammonium
bicarbonate. Make this solution freshly prior to usage.

3. Trypsin reconstitution solution: 50 mM acetic acid.

4. Trypsination buffer: 20 μg trypsin resuspended in 100 μL of
reconstitution solution. Add 10 μL of this to 500 μL of 50 mM
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ammonium bicarbonate. Make this solution freshly and use it
immediately for trypsination of protein extracts.

5. Extraction solution: 1:2 (v/v) formic acid/acetonitrile. Make
this solution freshly and use it immediately for peptide
extraction.

3 Methods

3.1 Preparation of

Tissue Extracts from

Different Subtypes of

Skeletal Muscle

1. Weigh four individual tissue samples from different subtypes of
muscles that represent slow, fast, and mixed skeletal muscles
(seeNote 7). In the case of rodent muscle specimens, this could
include the predominantly slow-twitching soleus muscle (sam-
ples A1–A4), the mixed gastrocnemiusmuscle (samples B1–B4)
and the predominantly fast-twitching tibialis anterior muscle
(samples C1–C4). This arrangement of samples A1–A4,
B1–B4, and C1–C4 represents four biological repeats for each
subtype of skeletal muscle under investigation. For technical
repeats, each sample should be measured twice as outlined in
the diagram of Fig. 2.

2. Place individual skeletal muscle tissue samples in liquid nitro-
gen and carefully grind them to a powder with mortar and
pestle.

3. Add muscle powder to the appropriate buffer at a ratio of 1:10
(w/v). For DIGE analysis, transfer samples into DIGE lysis
buffer (which contains no reducing agents and no protease
inhibitors) and add equal volumes of 2� lysis buffer to protein
extracts before placing them onto IEF strips. For the prepara-
tion of pick gels to be stained with Coomassie Brilliant Blue,
add muscle powder to lysis buffer.

4. Solutions representing different subtypes of skeletal muscles
should be well labeled and kept separate.

5. Briefly, vortex the solutions prepared for both DIGE analysis
and pick gel preparation.

6. Incubate the suspensions on a rocker for 1 h at room tempera-
ture, with gentle vortexing every 10 min for 30 s.

7. Centrifuge at 20,000 � g for 20 min at 4 �C. Discard the pellet
and uppermost fatty layer and save the protein-containing
middle layer for subsequent analysis.

8. The protein concentration in muscle extracts should be deter-
mined by a reliable protein quantification method (seeNote 8).

9. Dispense protein extracts into aliquots of 50 μL and store at
�80 �C.
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3.2 Differential

3-Sample Labeling of

Muscle Proteins with

Fluorescent CyDyes

1. Resuspend commercially available CyDye stock solutions in
anhydrous dimethylformamide to give a final concentration of
1 mM dye. It is recommended that a fresh batch of dimethyl-
formamide is used for the generation of a new stock solution of
fluorescent dyes (see Note 9).

2. Briefly, vortex the vials containing individual CyDyes and cen-
trifuge them at 12,000 � g for 10 s prior to the labeling
reaction.

3. Dilute dyes 1:4 (v/v) with dimethylformamide to make a
working solution of 200 pmol/μL. Working solutions can be
stored in the dark at �20 �C.

4. Check whether the sample pH-value is at pH 8.5 prior to the
labeling reaction.

5. As a general guide, add 1 μL of dye per 25 μg of skeletal muscle
protein. For technical repeats, label twice 50 μg of each muscle
extract sample with dye (see Note 10).

Standard  Cy2Gel 1
Gel 2

Sample A1  Cy3 Sample B1  Cy5

3-Sample Comparison using a 12-gel DIGE System
[Samples A1-A4] vs [Samples B1-B4] vs [Samples C1-C4] vs [Standard]

Standard  Cy2Sample A1  Cy3 Sample B1  Cy5

Standard  Cy2Gel 3
Gel 4 

Sample C1  Cy3 Sample A2  Cy5

Standard  Cy2Sample C1  Cy3 Sample A2  Cy5

Standard  Cy2Gel 5
Gel 6

Sample B2  Cy3 Sample C2  Cy5

Standard  Cy2Sample B2  Cy3 Sample C2  Cy5

Standard  Cy2Gel 7
Gel 8 

Sample A3  Cy3 Sample B3  Cy5

Standard  Cy2Sample A3  Cy3 Sample B3  Cy5

Standard  Cy2Gel   9
Gel 10 

Sample C3  Cy3 Sample A4  Cy5

Standard  Cy2Sample C3  Cy3 Sample A4  Cy5

Standard  Cy2Gel 11
Gel 12

Sample B4  Cy3 Sample C4  Cy5

Standard  Cy2Sample B4  Cy3 Sample C4  Cy5

Technical
Repeats

(n=2)

Biological
Repeats

(n=4)

Reverse
labeling

(n=2)

Sample
pairing
(n=2)

Fig. 2 Summarizing scheme of a 3-sample comparison using a 12-gel fluorescence difference gel electro-
phoresis (DIGE) 3-dye system. The outlined comparison is an optimized method that utilizes a minimum
number of gels to achieve optimum results in relation to biological repeats, sample pairing, technical repeats
and reverse fluorescent dye labeling
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6. For the differential analysis of the predominantly slow-
twitching soleus muscle, label 50 μg each of samples A1 and
A3 using Cy3 dye, and 50 μg each of samples A2 and A4 using
Cy5 dye.

7. For the differential analysis of the mixed gastrocnemiusmuscle,
label 50 μg each of samples B2 and B4 using Cy3 dye, and
50 μg each of samples B1 and B3 using Cy5 dye.

8. For the differential analysis of the predominantly fast-twitching
tibialis anterior muscle proteome, label 50 μg each of samples
C1 and C3 using Cy3 dye, and 50 μg each of samples C2 and
C4 using Cy5 dye.

9. For the internal standards, label 50 μg of pooled samples using
the Cy2 dye. Overall 12 preparations of pooled standards are
required for a 12-gel DIGE experiment with a 3-dye system.

10. See Fig. 2 for an overview of the differential dye labeling
approach. The 3-sample comparison method described here
is an optimized method that uses a 12-gel DIGE system with a
minimum number of gels to achieve optimum results in rela-
tion to biological repeats (n ¼ 4), sample pairing (n ¼ 2),
technical repeats (n ¼ 2), and reverse fluorescent dye labeling.

11. Briefly, vortex the samples, centrifuge them at 12,000 � g for
10 s and then incubate the suspension on ice in the dark for
30 min.

12. Stop the labeling reaction by addition of 1 μL of 10 mM lysine
per 25 μg of protein. Briefly, vortex the samples, centrifuge
them at 12,000 � g for 10 s and then incubate them on ice in
the dark for 10 min (see Note 11).

3.3 Rehydration of

First-Dimension Gel

Strips

1. Carefully fill the reservoir slots of the Ettan IPGphor DryStrip
reswelling tray with 450 μL of rehydration buffer.

2. Remove plastic backing from 24 cm-long IPG strips of
pH 3–10 by peeling from the (�) end and push the (+) end
toward the top of strip holder.

3. Transfer first-dimension strips gel side down into rehydration
buffer, ensuring that no bubbles remain trapped under the IPG
strip.

4. Rehydration should be carried out for at least 12 h.

3.4 First-Dimension

Isoelectric Focusing

1. Transfer first-dimension strips to the manifold gel side up on
the Ettan Multiphor II system. Lift strips slowly by the (�) end
and place the (+) end toward the (+) end marked on the
IPGphor apparatus.

2. Cover first-dimension strips with cover fluid by the addition of
108 mL of drystrip cover fluid over the entire manifold.

3. Place wicks, wet with deionized water, onto ends of strips.
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4. Place sample loading cups onto strips.

5. For analytical DIGE gels: Following differential DIGE label-
ing, add an equal volume of reducing lysis buffer. Pool the
samples together to give 150 μg of total combined labeled
extract per strip (50 μg Cy2-labeled protein fraction +50 μg
Cy3-labeled protein fraction +50 μg Cy5-labeled protein frac-
tion) as per experimental design (Fig. 2).

6. Position the electrodes in the correct orientation.

7. Carry out isoelectric focusing at 20 �C as follows: 4 h step at
80 V, 2 h step at 100 V, 1.5 h step at 500 V, 1.5 h step at
1000 V, 1 h step at 2000 V, 1 h step at 4000 V, 2 h step at
6000 V and a 2.5 h step at 8000 V.

8. After completion of the first-dimensional gel separation, IEF
strips can be stored at �80 �C.

9. For preparative pick gels to be stained with Coomassie Brilliant
Blue: Pipette 500 μg of the protein extract into cups. Subse-
quently, pipette protein into sample loading cups and carry out
the same isoelectric focusing procedure as described above for
DIGE gels.

3.5 Second-

Dimensional Slab Gel

Electrophoresis

1. Incubate first dimension strips in 10 mL DTT equilibrium
buffer while rocking for 15 min.

2. Pour off solution and incubate while rocking in 10 mL IA
equilibrium buffer for 15 min.

3. Pour off solution and wash strips briefly in 1� SDS running
buffer.

4. With the help of SDS running buffer slide the first-dimension
strips smoothly onto the second-dimension slab gels in order
to reduce air bubbles forming between strip and slab gel.

5. Place strips with the (+) end to left, gel side facing out, onto a
12.5% resolving slab gel.

6. Press strips against the slab gel and then add warmed overlay
sealing solution. This should eliminate air bubbles.

7. Place 12 separate gel sandwiches representing the differential
DIGE-labeled preparations, as outlined in Fig. 2, in the Ettan
DALTtwelve tank.

8. Carry out the second-dimension gel electrophoresis step at
0.2 W/gel for 1 h, followed by 0.4 W/gel for 1 h and then
1.5 W/gel overnight until dye front runs off.

9. Following electrophoresis, carefully remove gels from plates
and mark one corner of gel to track its orientation. Strips
should remain with gels as each contains a unique number to
allow tracking of samples. DIGE gels should be stored in
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darkness to protect the fluorescence signal of individually
labeled skeletal muscle proteins.

10. Preparative pick gels should ideally be run at the same time as
analytical DIGE gels as to eliminate any potential technical
discrepancies arising from the second-dimension separation
step.

3.6 Coomassie

Brilliant Blue Staining

of Pick Gels

1. For the picking of protein spots of interest, a suitable slab gel
has to be stained to visualize individually separated proteins.
For the proper visualization of protein spots, a total protein
amount of 500 μg should be loaded per pick gel (seeNote 12).

2. Following gel electrophoretic separation, the slab gel that
represents the pick gel is washed in distilled water.

3. Transfer the slab gels carefully to a clean dish containing Coo-
massie Brilliant Blue staining solution and incubated for 6 h or
overnight with gentle agitation.

4. Following staining, transfer pick gels to neutralization buffer
for 3 min.

5. Incubate the gels in wash solution for 1 min.

6. Following washing, slab gels are transferred to the fixation
solution (see Note 13).

7. Scan Commassie Brilliant Blue-stained preparative slab gels
using a suitable instrument, such as the ImageScanner UMax.

8. Add the information from the gel images to the Progenesis
software program to serve as a pick gel and align them with the
DIGE-labeled gel images.

3.7 Image Analysis

of Protein Spot

Patterns

1. Scan CyDye-labeled gels using a suitable variable mode imager,
such as the Amersham Biosciences/GE Healthcare Typhoon
Trio apparatus.

2. For image acquisition, scan Cy2, Cy3, and Cy5-labeled muscle
proteins at wavelengths of 488 nm, 532 nm, and 633 nm,
respectively. Photomultiplier tube PMT values should be opti-
mized so that the volume of the most abundant protein spot is
between 80,000 and 99,000 when scanned at a resolution of
100 μm (see Note 14).

3. Evaluate the images representing samples from fast, slow, and
mixed skeletal muscles using 2D gel analysis software, such as
Progenesis SameSpots analysis software (NonLinear Dynamics,
Newcastle upon Tyne, UK).

4. Normalize the differential gel images against their
corresponding pooled image. All two-dimensional gels are
aligned to the reference image.
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5. Following detection and establishments of individual spot pat-
terns, gels are placed into 3 main groups (fast muscle versus
slow muscle versus mixed muscle) and are then analyzed to
determine significant changes in the abundance of distinct 2D
protein spots.

6. Calculate paired Student’s t-test values for each protein spot
across all slab gels. An ANOVA score of 0.5 is required for spots
to be included in the subsequent detailed evaluation of changes
in muscle protein expression patterns.

7. Then principal component analysis (PCA) should be verified.
Changes displaying power of<0.8 should be removed from the
analysis.

8. All remaining changed protein spots that exhibit a fold-change
of 1.5 or greater and meet the significance criteria should be
visually checked on the aligned gels to ensure feasibility.

9. Scan Coomassie-stained preparative gels using a suitable instru-
ment, such as the ImageScanner UMax from Amersham Bios-
ciences/GE Healthcare. Images are added to the Progenesis
software program as a pick gel and aligned to analytical DIGE-
based gels.

3.8 Excision of

Protein Spots from

Two-Dimensional Gels

Protein spots of interest can be removed and transferred manually
from two-dimensional gels or alternatively can be extracted by an
automated spot-picking workstation (see Note 15). For manual
spot picking, follow the below steps:

1. Cut off the ends of sterile pipette tips.

2. Place the tip of a sterile pipette over the individual protein spot.

3. Press firmly down through the gel matrix.

4. Carefully take up the plug into the pipette tip.

5. For transfer, the plug should be aspirated into a fresh plastic
tube.

3.9 Reduction and

Alkylation of

Preparative Protein

Spots

1. After the addition of 500 μL of neat acetonitrile, incubate gel
plugs for 10 min while shaking. Briefly, spin down the suspen-
sion and remove liquid.

2. Add 30 μL of DTT solution and incubate gel plugs for 30 min
at 56 �C while shaking.

3. Chill tubes to room temperature and add 500 μL of acetonitrile
and incubate gel plugs for 10 min at room temperature.
Remove all liquid.

4. Add 30 μL of IA solution and incubate gel plugs for 20 min at
room temperature.

5. Shrink gel plugs with acetonitrile and remove all liquid (see
Note 16).
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3.10 Enzymatic

Digestion of Muscle

Proteins for Mass

Spectrometric

Analysis

1. In-gel digestion is initiated by the addition of 50 μL of trypsin
buffer.

2. Incubate gel plugs with trypsin for 30 min at 4 �C (see Note
17).

3. Add more trypsin buffer to fully cover gel plugs and incubate
muscle proteins for a further 90 min at 4 �C (see Note 18).

4. Incubate the suspension overnight at 37 �C (see Note 19).

5. Add 100 μL of extraction buffer and incubate proteins for
15 min at 37 �C with shaking.

6. Using sterile gel-loading tips, transfer all supernatant fractions
into individual 0.2 mL plastic tubes.

7. Dry down peptides in a standard speedvac concentrator (see
Note 20).

3.11 Mass

Spectrometric

Identification of

Individual Protein

Species

Depending on the type of mass spectrometer available, procedures
may vary, such as apparatuses using linear ion traps, quadrupole,
orbitrap, Fourier transform ion cyclotron resonance, or time-of-
flight methodology [32–37]. Individual classes of mass spectro-
meters differ considerably in their performance in relation to mass
accuracy, resolving power, sensitivity and dynamic range, as well as
throughput capacity and available fragmentation modes [36].
Below steps describe the routine usage of an Agilent Technologies
6340 Ion Trap LC mass spectrometer:

1. For the identification of a protein spot of interest, reconstitute
the generated peptides in 12 μL of 0.1% formic acid.

2. Vortex samples briefly.

3. Sonicate samples for 5 min.

4. To remove any gel particles, centrifuge samples for 20 min in
cellulose spin filter tubes at 14,000 � g.

5. Using fresh tips for each sample, pipette samples to individually
labeled LC-MS vials.

6. To identify muscle-associated proteins of interest, analyze pep-
tide mixtures on an ion trap LC mass spectrometer by injecting
5 μL of sample.

7. Although conditions have to be usually optimized with specific
mass spectrometers, using a 10 min gradient of 5–100% aceto-
nitrile/0.1% formic acid and a post run of 1 min through a
Zorbax 300SB C18 μm column gives reliable results with
skeletal muscle proteins.

8. Separate peptides with a nanoflow Agilent 1200 series system,
equipped with a Zorbax 300SB C18 5 μm, 4 mm 40 nl pre-
column and a Zorbax 300SB C18 5 μm, 43 mm � 75 μm
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analytical reversed phase column using HPLC-Chip
technology.

9. Mobile phases should be (A): 0.1% formic acid, and (B): 90%
acetonitrile and 0.1% formic acid.

10. Load samples into the enrichment at a capillary flow rate set to
4 μL/min with a mix of A and B at a ratio 19:1.

11. Elute tryptic peptides with a linear gradient of 5–70% solvent B
over 6 min, 70–100% for 1 min and 100% for 1 min with a
constant nano pump flow of 0.60 mL/min.

12. A 1 min post-time of Solvent A should be used to remove
sample carryover.

13. Set the capillary voltage to 2000 V.

14. The flow rate and the temperature of the drying gas should be
4 L/min and 300 �C, respectively.

15. In order to identify distinct protein species, utilize Internet-
based database search engines, such as Mascot MS/MS Ion
search from Matrix Science (London, UK; NCBI database).

4 Notes

1. Suitable combinations of protease inhibitors for specific appli-
cations are usually determined by trial and error experiments.
For the biochemical and proteomic analysis of mammalian
skeletal muscle samples, a suitable protease inhibitor cocktail
for the preparation of crude skeletal muscle extracts is repre-
sented by the addition of 1 tablet of “Complete Mini” (Roche
Diagnostics, Mannheim, Germany) per 10 mL of lysis buffer.

2. It is critical that the pH value of the DIGE lysis buffer is verified
as being pH 8.5 and adjusted, if necessary, using 30 mM
Tris–HCl.

3. The DIGE lysis buffer should not contain any chemicals that
may interfere with the CyDye labeling reaction.

4. Besides using low-fluorescence glass plates during the DIGE
analysis, it is also recommended to completely run off the
Bromophenol Blue dye front in DIGE gel systems or omit
this dye in order to prevent the potential interference with
fluorescent signals.

5. The SDS equilibrium buffer is a stock solution. Dithiothreitol
or iodoacetamide must be added prior to use.

6. Agarose sealing solution should be melted prior to use.

7. For studies with mouse skeletal muscles, approximately 50 mg
wet weight of each individual subtype of tissue should be
obtained from adult animals for comparative DIGE-based
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studies. In the case of very small muscles, tissue specimens from
several animals have to be pooled for the initial preparative
steps.

8. The accurate determination of the protein concentration in
samples is crucial prior to the comparative DIGE analysis
using high-resolution two-dimensional gel electrophoresis.
Suitable protein quantification assays are commercially avail-
able, such as the 2-D Quant Kit from Amersham Biosciences/
GE Healthcare (Little Chalfont, Bucks., UK).

9. Dye stock solutions can be stored in the dark at �20 �C.

10. For the comparative analysis of three different biological sam-
ples using a 12-gel DIGE experiment with a 3-dye system,
overall 36 fluorescently labeled preparations are required.
This includes 12 internal standards consisting of 50 μg of
pooled samples labeled with Cy2 dye, as well as 24 samples
that represent 8 repeats of 50 μg each of 3 different specimens
with a differential label using Cy3 and Cy5 dyes.

11. CyDye-labeled samples can be used immediately for electro-
phoretic separation or stored in the dark at �80 �C.

12. The loading of a total amount of 150 μg protein per DIGE gel
is suitable for the differential analysis of fluorescently labeled
proteins (50 μg Cy2-labeled protein +50 μg Cy3-labeled pro-
tein +50 μg Cy5-labeled protein), but this amount of protein is
usually not sufficient for the routine analysis of a typical Coo-
massie-stained pick gels. In our experience, 500 μg of total
muscle protein gives satisfactory results for the positioning
and manual extraction of protein spots following staining
with Coomassie Brilliant Blue.

13. Washing slab gels with distilled water removes acetic acid and
this greatly reduces the formation of ripples at the edge of slab
gels and also eliminates air bubbles between the gel and flatbed
scanner.

14. The optimization of PMT values guarantees that no individual
protein spot will be saturated on the slab gel, therefore allow-
ing accurate and quantifiable analysis.

15. As an alternative to the manual removal and transfer of gel
plugs containing protein spots of interest, an automated spot-
picking workstation (such as the highly reliable Ettan spot
picker from Amersham Biosciences/GE Healthcare) can be
employed. The spot-picking map of excised protein spots can
be exported from the Progenesis software program to the
automated device. Proteins can be conveniently excised into
96-well plastic plates for subsequent analysis.

16. Gel plug samples are now ready for in-gel digestion to generate
distinct peptide populations. Alternatively, gel plugs can be
stored at �20 �C.
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17. Alternatively, proteolytic digestion can be achieved by using a
combination of two proteolytic enzymes, Lys-C and trypsin.
Lys-C/trypsin-mixtures are commercially available from sev-
eral sources, such as Promega. The initial digestion should be
carried out with sequencing-grade Lys-C at a ratio of 1:100
(protease:protein) for 4 h at 37 �C, followed by dilution with
four times the initial sample volume in 50 mM ammonium
bicarbonate. Samples should subsequently be digested with
sequencing-grade trypsin at a ratio of 1:25 (protease:protein)
overnight at 37 �C. Halt the digestion process by acidification
with 2% trifluoroacetic acid in 20% acetonitrile.

18. Incubating with trypsin buffer at 4 �C allows the slow and
efficient diffusion of the protease into gel plugs.

19. Following trypsination, peptide mixtures can be stored at
�20 �C.

20. Dried-down peptide extracts can be stored at �20 �C for
future analysis.
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Chapter 10

DIGE Analysis of ProteoMinerTM Fractionated
Serum/Plasma Samples

Sandra Murphy and Paul Dowling

Abstract

The discovery of clinically relevant biomarkers using gel-based proteomics has proven extremely challeng-
ing, principally because of the large dynamic range of protein abundances in biofluids such as blood and the
fact that only a small number of proteins constitute the vast majority of total blood protein mass. Various
separation, depletion, enrichment, and quantitative developments coupled with improvements in gel-based
protein quantification technologies, specifically difference gel electrophoresis (DIGE), have contributed to
significant improvements in the detection and identification of lower abundance proteins. One of these
enrichment technologies, Proteominer, will be the focus of this chapter. The Proteominer technology a
utilizes hexapeptide bead library with huge diversity to bind and enrich low-abundance proteins but at the
same time suppressing the concentration of high-abundance proteins in subsequent analysis.

Key words Hexapeptide, Plasma, ProteoMiner™, Serum

1 Introduction

An approach for the detection of low abundant proteins has been
developed that utilizes combinatorial peptide ligand libraries
(CPLL) to capture and analyze this “low-abundance proteome”
in association with gel-based quantification methods. The idea of
libraries containing millions of peptides, produced on the basis of a
“one-bead, one-peptide” approach, was discussed in a seminal
paper by Lam and co-workers [1]. This technology is presently
commercially available under the trade name of Proteominer™
(Bio-Rad Laboratories, Hercules, CA, USA) and has been widely
used for analysis of complex biological samples such as serum or
plasma [2–4].

Proteominer technology has its foundations on the interaction
of complex protein samples with a large, highly diverse library of
hexapeptides bound to chromatic support beads [5, 6]. Each bead
carries a large number (billions) of copies of the same peptide bait,
therefore the beads are thus different from each other, with all
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possible combinations of hexapeptides present. In theory, each
unique hexapeptide binds to a unique protein sequence. When a
complex biological sample, serum, or plasma, for example, is
applied to the beads, high-abundance proteins like albumin satu-
rate their high-affinity ligands quickly, and excess unbound protein
is removed during the washing steps [7, 8]. In contrast, low-
abundance proteins are concentrated on their specific affinity
ligands, as they never saturate their unique binding sites. In addi-
tion, the sequential elution kit employs multiple elution reagents to
sequentially elute proteins based on their different properties and
separate biological samples into four distinct fractions [9]. This
further allows researchers to both compress the dynamic range of
proteins and also extend protein detection and quantification by
analyzing each of the four fraction separately. When analyzed in
downstream applications, the number of proteins detected is dra-
matically increased. Proteominer technology can also be employed
to reduce the dynamic range of other biofluids, including cerebro-
spinal fluid [10], together with the more traditional samples such as
serum/plasma. Proteominer can be used for differential expression
analysis and is compatible with current downstream protein analysis
techniques. Proteominer technology enriches and concentrates
low-abundance proteins that cannot be detected through tradi-
tional gel-based methods when an investigation of raw unfractio-
nated biofluids is used. Thus, it can significantly increase the
sensitivity of DIGE-based proteomics analyses and provides a tool
for digging deeper into the proteome [11, 12].

2 Materials

2.1 Equipment 1. Eppendorf Model 5417R centrifuge.

2. LP Vortex Mixer (ThermoFisher Scientific).

3. Rotating Mixer (BenchMark).

2.2 Reagents 1. Proteominer Sequential Elution Large-Capacity Kit (Catalog
#163-3011).

2. 2D clean-up kit (GE Healthcare).

3. Bradford assay (Bio-Rad, 500-0205).

4. Bovine serum albumin (BSA) solution (Sigma, A9543).

2.3 Solutions 1. Elution Reagent 1. 5 mL 1 M sodium chloride, 20 mM
HEPES, pH 7.4.

2. Elution Reagent 2. 5 mL 200 mM glycine, pH 2.4.

3. Elution Reagent 3. 5 mL 60% ethylene glycol in water.
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4. Elution Reagent 4. 5 mL 33.3% 2-propanol, 16.7% acetoni-
trile, 0.1% trifluoroacetic acid.

5. Plasma Preparation Buffer. 1.5 mL 1M sodium citrate, 20 mM
HEPES, pH 7.4.

6. Wash Buffer. 50 mL PBS buffer (150 mM NaCl, 10 mM
NaH2PO4, pH 7.4).

3 Methods

3.1 Column

Preparation—

Proteominer Large-

Capacity

1. This protocol has been optimized for plasma and serum sam-
ples with protein concentrations of>50mg/mL (requires total
protein load >50 mg).

2. Remove the top cap of the spin column and snap off the
bottom cap prior to use. The bottom cap will be used as a
plug for the remainder of the protocol (see Note 1).

3. Place the spin column in a collection tube and centrifuge at
1000 � g for 60 s to remove the storage solution. Discard the
storage solution.

4. Replace the bottom cap (from step 1) and add 600 μL of wash
buffer to the beads. Rotate column end-over-end for 5 min (see
Note 2).

5. Remove the top cap and then the bottom cap of the spin
column. Place the spin column in the collection tube and
replace the top cap. Centrifuge at 1000 � g for 60 s. Discard
the solution.

6. Wash the beads a second time by repeating steps 4 and 5.

7. Replace the bottom cap on a spin column. The column now
contains washed and prepared beads (100 μL) ready for sample
binding.

3.2 Sample Binding

(Serum/Plasma)

1. Centrifuge the serum/plasma sample at 16,000� g for 10 min
at 4 �C to remove any debris from the sample that might
compromise the binding of proteins to the beads.

2. Add 1mL of serum/plasma to the column. Replace the top cap
and tap the column to mix. Rotate column on a platform or
rotational shaker for 2 h at room temperature (see Note 3).

3.3 Sample Wash 1. Remove bottom cap, place the column in a collection tube and
centrifuge at 1000 � g for 60 s. Discard collected material.

2. Replace the bottom cap and add 600 μL of wash buffer to the
column. Replace top cap and rotate from end-over-end for
5 min.

3. Remove bottom cap, place the column in a collection tube and
centrifuge at 1000 � g for 60 s. Discard collected material.

4. Repeat steps 2 and 3 two more times.
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3.4 Elution 1. Carefully add 200 μL wash buffer on all sides of the column to
ensure none of the beads are stuck to the sides of the column.

2. Centrifuge at 1000 � g for 60 s. Discard collected material.

3. Attach bottom cap to the column. Add 100 μL of elution
reagent 1 to the spin column. Incubate at room temperature
for 10 min with periodic vortexing during this period.

4. Remove bottom cap and place column in a collection tube
(marked “elution 1 proteins”) and centrifuge at 1000 � g for
60 s to collect the elution (see Note 4).

5. Repeat steps 3 and 4 two more times and collect both elutions
in the collection tube (elution 1 proteins).

6. Attach bottom cap to the column and add 100 μL of elution
reagent 2 to the spin column. Incubate at room temperature
for 10 min with periodic vortexing during this period.

7. Remove bottom cap and place column in a collection tube
(marked “elution 2 proteins”) and centrifuge at 1000 � g for
60 s to collect the elution (see Note 4).

8. Repeat steps 6 and 7 two more times and collect both elutions
in the collection tube (elution 2 proteins) (see Note 5).

9. Attach bottom cap to the column. Add 100 μL of elution
reagent 3 to the spin column. Incubate at room temperature
for 10 min with periodic vortexing during this period.

10. Remove bottom cap and place column in a collection tube
(marked “elution 3 proteins”) and centrifuge at 1000 � g for
60 s to collect the elution (see Note 4).

11. Repeat steps 9 and 10 two more times and collect both elu-
tions in the collection tube (elution 3 proteins).

12. Attach bottom cap to the column. Add 100 μL of elution
reagent 4 to the spin column. Incubate at room temperature
for 5 min with periodic vortexing during this period.

13. Remove bottom cap and place column in a collection tube
(marked “elution 4 proteins”) and centrifuge at 1000 � g for
60 s to collect the elution (see Note 4).

14. Repeat steps 12 and 13 two more times and collect both
elutions in the collection tube (elution 4 proteins).

15. Store elutions at �20 �C or proceed with downstream analysis.

3.5 Sample

Precipitation Using 2D

Clean-Up Kit

1. All steps should be performed on ice (4 �C) at all times unless
otherwise stated according to the manufacturer’s manual.

2. Pre-chill the wash buffer prior to use for at least 1 h at �20 �C.

3. Transfer 100 μL from each of the Proteominer sequentially
fractionated samples into microcentrifuge tubes.

4. For each sample, add 3 volumes of precipitant to 1 volume of
sample. Vortex and incubate on ice for 15 min.
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5. Add 3 volumes of co-precipitant to the mixture and vortex
briefly to mix.

6. Centrifuge at 20,000 � g for 5 min with the hinge side of the
microcentrifuge tubes to the outside.

7. Remove the tube immediately and discard the supernatant
using a pipette. Avoid disturbing the pellet.

8. Reposition the microcentrifuge tubes as before in the centri-
fuge as before and centrifuge at 20,000 � g for 60 s to bring
down the remaining liquid to the bottom of the tube. Remove
all the liquid from the tube.

9. Without disturbing the pellet, add co-precipitant onto the
pellet. The volume of co-precipitant used is 3–4 times the
volume of the pellet. Leave the tube on ice for 5 min.

10. Reposition the microcentrifuge tubes as before in the centri-
fuge and centrifuge at 20,000 � g for 5 min.

11. Using a pipette, remove and discard the wash solution without
disturbing the pellet.

12. Add a sufficient volume of deionized water to cover the pellet.
Vortex to mix and ensure the pellet dislodges from the side of
the microcentrifuge tube.

13. Add 1 mL of the pre-chilled wash buffer and 5 μL of the wash
additive. Vortex vigorously for 10 s.

14. Incubate the tubes at �20 �C for 2 h. Vortex for 30 s once
every 15 min during this 2 h period.

15. Reposition the microcentrifuge tubes as before in the centri-
fuge and centrifuge at 20,000 � g for 5 min.

16. Remove and discard the supernatant. A white pellet should
now be visible. Allow the pellet to air-dry briefly for 2–3 min
(see Note 6).

17. Solubilize protein pellet in DIGE lysis buffer with sonication.

18. Protein concentrations can be determined using the Bradford
protein assay kit (Bio-Rad, 500-0205) based on the manufac-
turer’s instructions. Perform the assay in triplicate measure the
absorbance at 595 nm and determine the protein concentra-
tion from a standard curve.

19. Proceed to DIGE labeling.

4 Notes

1. Take caution to ensure the bottom cap is tightly attached.

2. Replace the top cap and tap the spin column gently on a bench
to mix the beads with the wash buffer.
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3. Add 900 μL plasma (non-heparinized) and 100 μL plasma
preparation buffer to spin column.

4. This elution contains your eluted proteins. Do not discard.

5. If using plasma samples, a white precipitate will form when
adding elution reagent 2. Before using eluent in downstream
applications, spin and use supernatant

6. Over-drying the pellet can result in difficulty in resuspension of
the pellet.
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Chapter 11

DIGE Analysis of Human Tissues

Cecilia Gelfi and Daniele Capitanio

Abstract

Two-dimensional difference gel electrophoresis (2-D DIGE) is an advanced and elegant gel electrophoretic
analytical tool for comparative protein assessment. It is based on two-dimensional gel electrophoresis
(2-DE) separation of fluorescently labeled protein extracts. The tagging procedures are designed to not
interfere with the chemical properties of proteins with respect to their pI and electrophoretic mobility, once
a proper labeling protocol is followed. The two-dye or three-dye systems can be adopted and their choice
depends on specific applications. Furthermore, the use of an internal pooled standard makes 2-D DIGE a
highly accurate quantitative method enabling multiple protein samples to be separated on the same two-
dimensional gel. The image matching and cross-gel statistical analysis generates robust quantitative results
making data validation by independent technologies successful.

Key words Two-dimensional electrophoresis, 2-D DIGE, CyDye DIGE fluors, Differential analysis

1 Introduction

An essential need in biomedical research is the understanding of the
molecular, cellular and environmental events that drive cellular
behavior in diseases leading to the identification of therapeutic
interventions. At variance from the genome that remains nearly
constant over time, the proteome changes dynamically according
to cell type and in response to various stimuli. Furthermore, the
number of different proteins grows dramatically if one considers
alternative splicing and post-translational modifications (PTMs).
For this reason, proteomic exploration, by allowing the large-scale
characterization of proteins in a cell, tissue or organism, gave us
insights into the perturbations of signaling networks that mediate
cellular activity and facilitated the characterization of putative mar-
kers for disease onset and progression, and discovery of new drug
targets [1, 2]. Furthermore, continuous technological and meth-
odological developments have extended the application of proteo-
mic studies to clinical samples, which are often limited in sample
amount. Thus, quantitative proteomics has now a great potential to
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discover, validate, and accurately quantify biomarkers in body fluids
[3] and tissues [4], taking into consideration also protein PTMs
[5].

The 2-D DIGE method was first described in 1997 [6] as a
modification of 2-DE [7–9]. It has been developed with the aim to
overcome the lower gel reproducibility and to increase the sensitiv-
ity of 2-DE methodology by labeling samples with fluorescent dyes
allowing the separation of multiple samples in the same gel. Fur-
thermore, after gel excision of spots of interest, it permits their
identification by mass spectrometry (MS), including specific pro-
teoforms and unknown post-translational modifications (PTMs)
[10–13]. Protein samples are labeled with up to three spectrally
distinct, charge- and mass-matched fluorescent dyes (CyDye DIGE
fluors) [6, 14, 15], i.e., Cy2, Cy3, and Cy5. CyDyes DIGE fluors
have an N-hydroxysuccinimide ester reactive group and are
designed to covalently bind the epsilon amino group of lysine via
an amide bond (Fig. 1).

Furthermore, the amount of dye added to samples limits the
reaction, hence this method is referred to as “minimal labeling.”
This procedure ensures that only 1% to 2% of the total number of
lysine residues are fluorescently labeled. The minimal labeling pro-
cedure is based on the fact that the same protein, labeled with any of
the CyDye DIGE fluors, migrates to the same position on a 2-D gel
[16] eliminating the intra-gel variation. After labeling, protein
extracts from different samples are mixed and separated on the
same 2-D gel. Samples are then visualized using an imager
equipped with appropriate laser wavelengths for detecting CyDyes
and digital images from each sample are analyzed by a dedicated
software. The greatest advance introduced by 2-D DIGE for semi-
quantitative studies is the use of a labeled internal standard made by
coupling all samples involved in the study tagged with one of the
CyDye DIGE fluors (usually Cy2 in a three-dye experiment or Cy3
in a two-dye experiment) (Fig. 2) [17, 18].

Fig. 1 N-hydroxysuccinimide (NHS) ester labeling of proteins
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The use of internal standard ensures that every protein from all
samples is present in it, thus linking each sample in a gel to a
common internal standard. In addition, by reducing the experi-
mental variation it allows an accurate quantification of the
biological variation obtained from the statistical analysis of spot
abundance between gels [19]. Furthermore, fluors are character-
ized by a quite good sensitivity with a detection capability of 125 pg
of a single protein and a linearity of dye intensity over five orders of
magnitude. In this chapter, the practical procedures to perform a
standardized and reproducible 2-D DIGE experiment starting
from tissue protein extracts are described step by step and trouble-
shooting and solutions are provided.

It is well known that this technology has various technical
limitations, particularly when applied to crude extracts: it under-
rates low abundant elements, integral membrane proteins and pro-
teins with high molecular mass [20]. In addition, proteins
characterized by extreme pIs require the use of multiple narrow-
range pI gels in the first dimension [21] which cannot be routinely

Fig. 2 Scheme of a DIGE labeling protocol, using three or two fluors
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adopted in differential studies since it can be sample and time-
consuming. However, there are also many advantages in using 2-
D DIGE for the study of tissues; this technology has the highest
separation power for the most part of intact proteins and it allow
proteoforms and unknown PTMs identification and quantification.
Actually, separation is based on two unique characteristics of an
intact protein: the pI, which depends on protein sequence, and the
apparent molecular mass (Fig. 3). The combination of isoelectric
focusing (IEF) on immobilized pH gradient (IPG), a technology
characterized by an unraveling resolving power, since it allows the
separation of proteins with difference of one thousandth unit of pI

Fig. 3 2-D electrophoresis workflow
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[22] in the first dimension, and SDS gel-based separation in the
second, decreases the protein dynamic range and increases protein
detectability.

However, the latter is hampered by gel extraction which lowers
the sensitivity of this methodology due to MS background noise
caused by not completely polymerized acrylamide derivatives [23]
extracted with peptides during the proteolytic spots digestion step
for MS identification. However, for specific purposes, 2-D DIGE is
a technique that enables one to directly compare a set of two
protein complements and provides robust quantitative results
(Fig. 4).

On the other hand it should also be considered that this
approach, despite its good performances, is quite expensive, time-
consuming and requires specific skills and dedicated instrumenta-
tion which are not always present in proteomic laboratories.

2 Materials and Instruments

All solutions utilize ultrapure water (18 MΩcm at 20 �C) and
analytical grade reagents. Solutions are filtered prior to use.

2.1 Sample

Preparation and

Quantitation

1. Tissue homogenization for sample disruption (see Note 1).

2. Lysis Buffer: 30 mM Tris, 7 M urea, 2 M thiourea, 4% (w/v)
3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfo-
nate (CHAPS), pH 8.5. For a final volume of 100 mL dissolve
364 mg of Tris, 42 g of urea, 15.2 g of thiourea and 4 g of
CHAPS in about 50 mL of water. Adjust the pH with dilute
HCl and make up to 100 mL with water. Prepare aliquots of
1 mL and store at �20 �C. Prior to use add 1 μL of 10 mM
phenylmethylsulfonyl fluoride (PMSF) (see Note 2).

3. Sonicator (see Note 3).

4. Precipitation method to purify protein sample to remove non-
protein impurities (see Note 4).

5. pH indicator strips (pH 4.5–10.0) to check the pH of the
protein extract and 50mM sodium hydroxide to adjust the pH.

6. Quantitation method to determine sample concentration (see
Note 5).

2.2 Protein Labeling 1. CyDye™ DIGE fluor Cy2, Cy3, and Cy5 minimal dye (GE
Healthcare) (see Note 6).

2. 99.8% DMF (anhydrous dimethylformamide) for CyDye solu-
bilization. Solubilized dyes must be used within 3 months of
opening (see Note 7).

3. 10 mM lysine solution. The solution can be stored at 4 �C for
several months.
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Fig. 4 Image acquisition and data processing scheme
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2.3 Gel

Electrophoresis

2.3.1 Isoelectric

Focusing (IEF)

1. 2� sample buffer: 8 M urea, 130 mMDTT, 4% (w/v) CHAPS,
2% (v/v) carrier ampholytes (IPG buffer) pH 3–10 for IEF. For
a final volume of 100 mL dissolve 48.05 g of urea, 2 g of DTT,
4 g of CHAPS in 50 mL of water, add 1 mL of IPG buffer
pH 3–10. Add water to a volume of 100 mL. Aliquots can be
stored at �20 �C.

2. Immobiline™ DryStrip IPG gel strips (GE Healthcare). Pre-
cast Immobiline DryStrip are available with different lengths
(7, 11, 13, 18, and 24 cm) and different pH gradients
(3.5–4.5, 4.5–5.5, 4–7 linear, 6–11 linear, 3–10 non linear
and linear, 3–11 NL and L, etc.).

3. Rehydration stock solution: 7 M urea, 2 M thiourea, 2% (w/v)
CHAPS. For a final volume of 100 mL, weigh out 42.04 g of
urea, 15.22 g of thiourea and 2 g of CHAPS and prepare a
solution as in previous steps. Store at �20 �C. Prior to use add
65 mM DTT and 0.5% (v/v) IPG buffer with a pH range
corresponding to IPG strip pH gradient.

4. Bromophenol blue as tracking dye.

5. IPG cover fluid (GE Healthcare).

6. IPGphor isoelectric focusing units (GE Healthcare) or similar
for first-dimension isoelectric focusing of proteins.

7. IPGphor strip holder (GE Healthcare) having the same length
of the IPG strips or, alternatively, the IPGphor Manifold (GE
Healthcare) that allows protein separation on 7–24 cm long
Immobiline DryStrips.

2.3.2 IPG Strip

Equilibration

1. Equilibration buffer: 6 M urea, 2% (w/v) SDS, 20% (v/v)
glycerol, 375 mM Tris–HCl pH 8.8. For a final volume of
100 mL dissolve 36.036 g of urea, 2 g of SDS, add 20 mL of
glycerol and 20 mL of Tris–HCl pH 8.8 and prepare a solution
as in previous steps. Store at �20 �C. Prior to use, separate the
equilibration buffer into 2 aliquots and add 65 mM DTT
(100 mg per 10 mL equilibration buffer) and 135 mM iodoa-
cetamide (250 mg per 10 mL equilibration buffer),
respectively.

2.3.3 SDS-PAGE 1. Resolving gel buffer 5�: 1.875 M Tris–HCl, pH 8.8. Add
about 200 mL of water to a graduated 1-L cylinder or a glass
beaker. Weigh out 227.1 g of Tris and add water to a volume of
900 mL. Mix and adjust the pH with concentrated HCl. Make
up to 1 L with water and store at 4 �C in a glass bottle.

2. 40% acrylamide/Bis solution (39:1 acrylamide/Bis): To pre-
pare 1 L of stock solution weigh out 390 g of acrylamide
monomer and 10 g of Bis (cross-linker) and dissolve in a
graduated cylinder with about 400 mL of water. Mix and
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make up to 1 L with water. Store at 4 �C in a glass bottle (see
Note 8).

3. 10% ammonium persulfate (APS): Prepare aliquots of 1 mL
and store at �20 �C.

4. N,N,N,N0-tetramethyl-ethylenediamine (TEMED). Store at
4 �C.

5. SDS-PAGE running buffer (10�): 250 mM Tris, 1.92 M gly-
cine and 1% SDS. For a final volume of 1 L, weigh out 30.2 g of
Tris and 144.2 g of glycine and dissolve in about 600 mL of
water. Mix, filter the solution, add 10 g of SDS and make up to
1 L with water. Store at 4 �C in a glass bottle.

6. 30% (v/v) isopropanol. Store at room temperature in a dark
glass bottle.

7. 0.5% agarose sealing solution: For a final volume of 100 mL,
weigh out 0.5 g of agarose, add 100 mL of 1� SDS-PAGE
running buffer and melt in a heating block or boiling water (see
Note 9).

8. Low-fluorescence glass plates (GE Healthcare).

9. Gel casting cassettes.

10. Electrophoretic unit.

2.4 Image

Acquisition and

Analysis

1. Typhoon variable mode imager (GE Healthcare) or similar.

2. Any one of the commercially available DIGE image analysis
software packages (e.g., DeCyder from GE Healthcare, Pro-
genesis samespots from Nonlinear Dynamics, Melanie from
Bio-Rad) developed for spot detection, matching and differen-
tial protein expression analysis.

The most important steps involved in image analysis are:

l Spot detection.

l Background subtraction.

l In-gel normalization.

l Artifacts removal.

l Gel matching.

l Statistical analysis.

3 Methods

3.1 Protein

Extraction

1. To perform a 2-D DIGE experiment involving multiple sam-
ples, we suggest to determine the protein extraction yield prior
to defining the experimental plan. In our experience, in the case
of muscle and heart tissues, at least 10–15 mg are required
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since the protein yield is around 1 mg/10mg, but other tissues
(e.g., aorta or tendon) provide lower protein amount.

2. Grind the frozen tissue in a dry ice cooled mortar, then apply
the sample homogenization method of choice (see Note 1).

3. After sample disruption, add lysis buffer and sonicate the sam-
ple on ice (20s–bursts, with 60s–rest between bursts) until the
particulate is completely dissolved, or until a plateau of partic-
ulate solubilization is reached.

4. Centrifuge the sample at 12,000 � g for 5 min at 4 �C to
remove any insoluble material.

5. Precipitate proteins in order to separate them from non-
protein impurities (salts, nucleic acids, lipids, etc.).

6. Resuspend pellets with lysis buffer for DIGE.

7. Check the pH of the sample on ice. The sample pH must be
pH 8.0–9.0. Adjust the pH using dilute NaOH, if required.

8. Accurately quantify protein samples.

3.2 Protein Labeling 1. Leave CyDye to warm for 5 min at room temperature before
use.

2. After 5 min, add the specified volume of DMF to each vial of
CyDye to prepare a CyDye stock solution (i.e., 5 μL of DMF
for the 5 nmol pack size). The stock solution is stable for
3 months at �20 �C.

3. Vortex vigorously for 30 s.

4. Centrifuge the vial for 30 s at 12,000 � g in a microcentrifuge.

5. Prepare the CyDye working solution adding 1 volume of
CyDye stock solution to 1.5 volumes of high-grade DMF to
make 400 μM CyDye solution. For example, take 2 μL CyDye
stock solution and add 3 μL DMF to give 400 pmol of CyDye
in 1 μL. The CyDye fluor working solution is stable for 1 week
at �20 �C.

6. Label 50 μg of each sample with 400 pmol of dye by adding
1 μL working solution.

7. Carry out the labeling reaction by incubating the sample on ice
for 30 min in the dark.

8. Add 1 μL (for 50 μg of sample labeled) of 10 mM lysine
solution to stop the reaction. Mix by pipetting and spin briefly
in a microcentrifuge.

9. Leave for 10 min on ice in the dark.

10. After labeling, samples can be stored at �70 �C for at least 3
months.
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3.3 Loading Samples

onto IPG Strips

1. Add to the CyDye-labeled samples an equal volume of 2� sam-
ple buffer and leave on ice for 10 min.

2. Combine the differentially labeled samples (two or three, see
Fig. 2) into a microfuge tube and mix. One of these samples
should be the internal standard (see Note 10).

3. Add to the samples the appropriate volume of rehydration
solution (see Note 11).

4. Pipette the appropriate volume of rehydration solution into
each holder removing any larger bubbles (see Note 12).

5. Remove the protective cover from the IPG strip and position
the strip with the gel upside down. Be careful not to trap
bubbles under the IPG strip.

6. Apply the appropriate volume of IPG cover fluid on the strip
(seeNote 13) to minimize evaporation and urea crystallization.

7. Allow the IPG strip to rehydrate for a minimum of 10 h (see
Note 14).

3.4 First Dimension

(IEF)

1. Run the appropriate IEF protocol (see Note 15).

2. If the IPG strips are not run immediately on the second dimen-
sion, they can be stored at�80 �C in a sealed container. Do not
equilibrate strips prior to storage.

3.5 IPG Strip

Equilibration

1. Separate the equilibration buffer into two aliquots and add
65 mM DTT (100 mg per 10 mL equilibration buffer) and
135 mM iodoacetamide (250 mg per 10 mL equilibration
buffer) just prior to use.

2. Equilibrate strips for 15 min in the first solution (DTT) fol-
lowed by equilibration in the second solution (iodoacetamide)
for 8 min.

3. After equilibration, place the strips on filter paper moistened
with deionized water.

3.6 Second

Dimension (SDS-PAGE)

1. Assemble the gel cassette.

2. Prepare a sufficient volume of gel solution without adding 10%
(w/v) APS and TEMED. A commonly used second dimension
gel for 2-DE is a homogeneous gel containing 12% total acryl-
amide (see Note 16).

3. Degas the gel solution for 10–15 min.

4. Add 10% APS solution and TEMED to the gel solution in
order to make a 0.5% (v/v) APS/0.03% TEMED gel solution.

5. Pour the gel solution into the gel cassette and pipette 1–1.5 mL
of 30% (v/v) isopropanol solution on top.

6. Allow gels to polymerize for at least 1–2 h.

126 Cecilia Gelfi and Daniele Capitanio



7. Disassemble the gel cassette.

8. Prepare the appropriate volume of the 1� running buffer by
diluting the 10X SDS-PAGE running buffer.

9. Melt the agarose sealing solution and, for each Immobiline
DryStrip, slowly pipette the solution up to the top of the
glass plate (see Note 17).

10. Carefully place the Immobiline DryStrip between the two
glass plates holding one end of the strip with forceps. Using a
thin plastic spacer, push the strip until it comes in contact with
the surface of the gel avoiding the trapping of air bubbles (see
Note 18).

11. Insert the glass plates into the electrophoresis apparatus and
start the run (see Note 19).

12. At the end of the run the gels are ready to be scanned.

3.7 Image

Acquisition

1. After electrophoresis, take the images of the gel at the appro-
priate wavelength using a laser-based imager such as a Typhoon
variable mode scanner (GE Healthcare) [24] (see Note 20) or
alternatively images can be taken using a scanning CCD camera
[25–27].

2. Rinse the gel sandwich with distilled water and wipe it dry with
lint-free towels.

3. Place the gel sandwich on the scanner platen and take the
images according to the manufacturer’s instructions.

3.8 Image Analysis Here, we describe the principal steps of image analysis performed
using the DeCyder software [14, 17, 24, 28, 29].

1. Upload gel images into the DeCyder database using the Image
Loader module. Within this module it is possible to create a
project file and to edit (e.g., cropping, printing, flipping, and
rotating) gel images.

2. For each gel, create a workspace in the DIA (Differential In-gel
Analysis) module.

3. Perform protein spot detection and quantification on images
derived from the same gel by selecting the Process Gels function.
A set of images is merged together thereby incorporating all
spot features in a single image (see Note 21).

4. Use the Exclude Filter function in order to eliminate non-
proteinaceous spots (based on their physical characteristics).
Numerical data for individual spots are calculated (volume,
area, peak height, and slope). The filter excludes spots on the
basis of these values.
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5. Background subtraction is performed automatically. Spot
volumes are always expressed with the background subtracted
(see Note 22).

6. Save DIA workspaces. These files contain all the data associated
with the loaded spot maps.

7. Open the BVA (Biological Variation Analysis) module and
create a BVA workspace. BVA matches multiple images from
different gels to provide statistical data on differential protein
expression levels between multiple groups.

8. Import all the DIA workspaces composing your project.

9. Select a Master Gel among the uploaded images. All gel
images will be matched to the Master Gel before data analysis
(see Note 23).

10. Perform gel matching by selecting the Process: Match function
and then checking the Match All box (see Note 24).

11. Assign the experimental group to gel images (e.g., control and
treated groups, different time points, conditions, etc.) in the
Experimental Design View of the SpotMapMode, this facilitate
the inter-group statistical analyses. To add a group, click on the
Add button, choose a name and a description, select a color
and confirm the choice. Drag and drop gel images to the
appropriate group folder.

12. Save the BVA workspace and open the EDA (Extended Data
Analysis) module.

13. Import the BVA workspace in EDA to perform both univariate
and multivariate statistical analyses of protein expression.

14. Create a Base Set in the Setup page by removing unassigned gel
images and spots with too many missing values, as they can
affect the results.

15. Perform Differential Expression Analysis by accessing the Cal-
culation page. This function permits to investigate differential
expression between two or more experimental groups. There
are different sub-analyses related to the experimental setup.
Student’s t-test is used to evaluate the hypothesis of a differ-
ence between two groups. If more than two groups are
included into the experimental design ANOVA must be used
(see Note 25). Visualize results in the Results page.

16. From the Calculation page, select Principal Component Anal-
ysis (PCA). This analysis is essentially a method for reducing
the dimension of the variables in a multidimensional space
getting a simpler view of the proteins and the spot maps in
the data set. It is thus possible to detect outliers in the data set
and to identify spot maps that have similar expression profiles.

17. Select Pattern Analysis. This process consists of algorithms that
can help to find the subsets of the data that show similar
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expression patterns. There are different types of pattern algo-
rithms, one of the most important isHierarchical Clustering, a
method that combines or splits data pairwise and generates a
tree-like structure called dendrogram. Protein and spot maps
with similar expression profiles are grouped together.

18. Save EDA workspace to complete the analysis.

3.9 Troubleshooting

Guide

In Table 1, the main troubles that can occur when running a 2-D
DIGE experiment and how they can be bypassed are described.

Table 1
Troubleshooting table

Problem Possible reason Solution

No spots or
reduced spot
number

Sample load is insufficient Re-check sample concentration.
The sample does not migrate

completely into the IPG
strip

Adjust the amounts of detergent, reducing agent,
and ampholytes in the rehydration buffer to favor
sample solubilization. Check that the IPG strip is
correctly placed on the isoelectric focusing unit.

Low pH prior to labeling Check pH, it should be 8.5 immediately prior to
labeling. If necessary, increase pH using higher
pH lysis buffer containing 30 mM Tris
(pH 9.0–10.0) or use 50 mM NaOH.

Presence of molecules that
compete for dye

Thiol agents (e.g., DTT) and primary amines (e.g.,
ampholytes) present in sample during labeling
compete for CyDye DIGE fluor minimal dye.
Dilute protein lysate with thiol-/amine-free lysis
buffer. Clean sample by precipitation, or increase
the amount of dye in the labeling reaction.

Horizontal
streaking on
gels

Proteins remain at the origin
of the 1st dimension

Modify sample preparation protocols. Adjust
concentrations of urea, detergents, ampholytes,
and reducing agent.

Protein overload Decrease the sample amount. Extend focusing time
by prolonging initial low-voltage steps.

Nucleic acids are bound to
proteins

Treat samples with an endonuclease to reduce
viscosity and increase protein uptake into the IPG
strip.

Over or Under-focusing Reduce or prolong focusing time.
Ionic impurities in the sample Desalt/dilute the sample so that salts are less than

10mM. Protein precipitation may be useful. If the
sample cannot be modified, reduce the effect of
ionic impurities by limiting the IEF voltage to
100–150 V for 2 h. This allows ions to move to
the ends of the IPG strip. Then resume a normal
voltage step program.

Ionic detergent in the sample. If SDS is used in sample preparation, its
concentration into the reydration solution must
not exceed 0.25%. Ensure that the nonionic
detergent present must be at least eight times
higher than the concentration of any ionic
detergent to remove SDS from proteins.

(continued)
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4 Notes

1. The tissue should be disrupted and kept at low temperature to
minimize heat generation and proteolysis. There are different
disruption methods, both mechanical and chemical [30, 31].
Gentle lysis methods (osmotic lysis [32], freeze–thaw lysis [30,
33, 34], enzymatic lysis [35, 36]) are generally adopted when
the sample of interest is easily soluble. Vigorous lysis methods,
like sonication [37, 38], grinding [39–41], mechanical
homogenization [33, 42], glass bead homogenization [43],
are adopted to break solid tissue or cells with tough cell walls.

2. Appropriate sample preparation is a key element for 2D-DIGE
results. The optimal procedure for each sample type is usually
empirically established. Ideally, the process results in a

Table 1
(continued)

Problem Possible reason Solution

Vertical streaking
on gel

Pinpoint streaks Presence of particulate material in gel. Use purified
water for all buffers. Wash glass plates.

Excessive DTT. Reduce concentration of DTT to
50 mM or less.

Broad streaks connected to
spots

Possible protein aggregation due to incomplete
reduction/alkylation. Use more reducing agent in
buffer. More SDS for equilibration (0.1% w/v) or
increasing equilibration time may also help.

Vertical gaps in gel Air bubbles Ensure there are no air bubbles between the agarose
and polyacrylamide gel when applying the IPG
strip to the gel.

High salt concentration Desalt/dilute the samples before sample preparation
for 2-DE. Protein precipitation may be useful.

IPG strip not fully rehydrated Ensure that the IPG strips are rehydrated with
sufficient volume of rehydration solution. Check
that the rehydration solution is evenly spread
along the entire length of the IPG strip.

Individual spots
seen as multiple
spots

Protein carbamylation Do not heat the sample once dissolved in
rehydration sample buffer. Urea containing
solutions should not be heated above 37 �C.

Spots vertically twinned Incorrect IPG strip placement on the 2nd dimension
gel. IPG strips need to be placed with their plastic
backing against the glass plate.

Distortion of
spots

Top surface of second
dimension is not flat

Immediately overlay gel with water-saturated
isopropanol after casting.

Incomplete/too rapid
polymerization

Degas solutions before casting. Increase or decrease
the concentration of TEMED/APS to accelerate
or slow down polymerization.
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complete solubilization, disaggregation, denaturation, and
reduction of proteins. Since CyDye DIGE fluors minimal
dyes label primary amines, it should be reminded that DTT
and ampholytes, being exogenous sources of amines, must be
avoided prior labeling.

3. Sonicate samples in short bursts to counteract heating. Cool on
ice between bursts.

Sonication is complete when the solution appears significantly
less cloudy than the starting solution.

4. Protein precipitation is utilized to selectively separate proteins
of interest from contaminating substances. Current methods
include TCA precipitation, acetone precipitation, TCA com-
bined with acetone precipitation, etc., and have several disad-
vantages like incomplete precipitation, difficult protein
resuspension, introduction of ions that can interfere with IEF.
Kits specifically designed for protein precipitation for 2-DE are
commercially available (e.g., 2-D Clean-Up kit from GE
Healthcare).

5. Electrophoretic analysis of protein samples requires accurate
quantification of the sample to be analyzed. Use a standard
protein quantitation method or, alternatively, use a kit
designed specifically for the accurate determination of protein
concentration in samples to be analyzed by 2-DE (e.g., Plu-
sOne™ 2-D Quant kit from GE Healthcare). The recom-
mended concentration of the protein lysate required for
minimal labeling is between 5 and 10 mg/mL.

6. Store CyDyes in the dark at �20 �C.

7. The quality of the DMF is critical to ensure a successful protein
labeling. Anhydrous DMF must be used to overcome water
contamination thus new, never opened, bottles are suggested
since amines, produced by old DMF, react with the CyDyes
reducing the concentration of fluors available for protein
labeling.

8. Acrylamide is a neurotoxin; it is important to wear gloves and
use appropriate handling precautions.

9. Prepare the agarose sealing solution during equilibration.

10. Two kinds of experimental design can be performed: the two-
or three-color experiment. In the two-color experiment, sam-
ples are labeled with the same fluor (usually Cy5) and the
internal standard with Cy3 (the internal standard is created
by pooling an aliquot of all samples and it is labeled with one
of the CyDye fluors). In the second case, all samples are labeled
with two fluors (Cy3 and Cy5), enabling dye swapping to
control any dye-specific effects that might result from prefer-
ential labeling or different fluorescence characteristics of the
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gel at the different excitation wavelengths. Here the internal
standard is labeled with Cy2. The major difference between the
two experimental designs is represented by the number of gels
which is higher in a two-color experiment.

11. Just prior to use add to the rehydration stock solution the
appropriate amount of IPG Buffer (0.5% v/v), 65 mM DTT,
a trace of Bromophenol blue and the samples. The volume of
the rehydration solution depends on the IPG strips’ length
(i.e., for 24-cm IPG strips the rehydration solution volume
required per strip is 450 μL). Make sure the IPG buffer
matches the pH gradient of the strip used for IEF.

12. Select the strip holders corresponding to the IPG strip length.
Wash each holder with detergent to remove residual protein
and rinse with distilled water. Before use the holders must be
carefully dried.

13. The IPG cover fluid volume, to be applied on the strip,
depends on the length of the holder used. Add the oil until
the entire IPG strip is covered.

14. It is possible to rehydrate strips in absence of protein samples.
In this case protein samples will be loaded after rehydration,
using a cup loading technique.

15. A typical IEF protocol generally proceeds through a series of
voltage steps that begins at a relatively low value. Voltage is
gradually increased to the final desired focusing voltage, which
is held for up to several hours. A low initial voltage minimizes
sample aggregation. It is important to remember that focusing
parameters for different pH gradients and different protein
loading need to be optimized. A typical protocol for a 24 cm,
pH 3–10 IPG strip consist in 12 h rehydration followed by a
200 V step for 2 h, 500 V for 2 h, 1000 V for 2 h, 2000 V for
1½ h, 3000 V for 1½ h, a gradient 3000–8000 V for 5 h and
then maintaining 8000 V for 2 h.

16. Single percentage gels offer better resolution for a particular
MW window. When a gradient gel is used the separation inter-
val is wider and spots are sharper because the decreasing pore
size functions to minimize diffusion. Remember that stacking
gels are not necessary for 2D gels.

17. Take care not to introduce bubbles and do not allow the
agarose to cool or solidify before placing the strip.

18. By convention, the acidic end of the strip is placed on the left.

19. Recommended running condition:

l 16 h overnight run, 15 �C (2 W per gel).

l 8 h duration, 15 �C (4 W per gel).

l 4 h duration, 15 �C (8 W per gel).
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The run is finished when the bromophenol blue dye front
reaches the bottom of the gel.

20. The excitation and emission wavelength used for all three
CyDyes are listed in Table 2.

21. An estimation of the number of spots present on the images
must be entered—it is recommended that this value is over-
estimated to compensate for the detection of non-
proteinaceous spots on the image.

22. Background is subtracted by excluding the lowest 10th percen-
tile pixel value on the spot boundary from all other pixel values
within the spot boundary. The spot volume is the summation
of these corrected values.

23. When creating a BVA workspace, the image containing the
largest number of spots will be automatically set as the Master
Gel. The Master Gel function can be assigned to a different
image by selecting the new image and by checking the Master
(M) box in the Spot Map Functions area.

24. To optimize gel matching, landmarks can be set in gel regions
where matching has been unsuccessful by selecting a clearly
defined spot in all the internal standard images and by clicking
the Add Match (when all selected spots are unmatched) or the
Break + Add (when some spots are wrongly matched) buttons.
When landmarking is complete, rematch the gels.

25. The simplest form of ANOVA is known as one-way ANOVA
and it is used to test for differences in standardized abundance
among experimental groups, the test is accompanied by Tukey’s
test (post hoc test) to get an indication of which group is
different. The two-way ANOVA is used to analyze two condi-
tions in an experimental design in which two independent
factors are taken into consideration. It calculates the signifi-
cance of the difference between groups with the same condi-
tion 2 and different condition 1 (indicated as two-way ANOVA
Condition 1) and the other way around (two-way ANOVA
Condition 2). The two-way ANOVA analysis also calculates a
significance value of the mutual effect of the two factors (two-
way ANOVA interaction). Significantly changed proteins hav-
ing a p-value <0.01 are typically considered.

Table 2
Excitation and emission characteristics for the three common DIGE fluors

Fluorescent dye Laser excitation source (nm) Emission filter (nm)

DIGE fluor Cy3 minimal dye Green (532) 580 BP 30

DIGE fluor Cy5 minimal dye Red (633) 670 BP 30

DIGE fluor Cy2 minimal dye Blue2 (488) 520 BP 40

Human Tissue DIGE 133



Acknowledgements

This work was supported by the Telethon foundation (grant N.
GGP08107D to C.G.), EU community (grant BIO-NMD N.
241665 to C.G.) and Italian Ministry of University and Scientific
Research (grant FIRB RBRN07BMCT to C.G. and PRIN
2015FBNB5Y).

References

1. Lee JM, Kohn EC (2010) Proteomics as a
guiding tool for more effective personalized
therapy. Ann Oncol 21(Suppl 7):vii205–-
vii210. doi:10.1093/annonc/mdq375

2. Pal R, Alves G, Larsen JP, Moller SG (2014)
New insight into neurodegeneration: the role
of proteomics. Mol Neurobiol 49
(3):1181–1199. doi:10.1007/s12035-013-
8590-8

3. Huang Z, Ma L, Huang C, Li Q, Nice EC
(2016) Proteomic profiling of human plasma
for cancer biomarker discovery. Proteomics 17
(6). doi:10.1002/pmic.201600240

4. Kim EY, Kim WK, Oh KJ, Han BS, Lee SC,
Bae KH (2015) Recent advances in proteomic
studies of adipose tissues and adipocytes. Int J
Mol Sci 16(3):4581–4599. doi:10.3390/
ijms16034581

5. Pagel O, Loroch S, Sickmann A, Zahedi RP
(2015) Current strategies and findings in clini-
cally relevant post-translational modification-
specific proteomics. Expert Rev Proteomics
12(3):235–253. doi:10.1586/14789450.
2015.1042867

6. Unlu M, Morgan ME, Minden JS (1997) Dif-
ference gel electrophoresis: a single gel method
for detecting changes in protein extracts. Elec-
trophoresis 18(11):2071–2077. doi:10.1002/
elps.1150181133

7. Garrels JI (1979) Two dimensional gel electro-
phoresis and computer analysis of proteins
synthesized by clonal cell lines. J Biol Chem
254(16):7961–7977

8. Klose J (1975) Protein mapping by combined
isoelectric focusing and electrophoresis of
mouse tissues. A novel approach to testing for
induced point mutations in mammals. Human-
genetik 26(3):231–243

9. O’Farrell PH (1975) High resolution two-
dimensional electrophoresis of proteins. J Biol
Chem 250(10):4007–4021

10. Blundon MA, Schlesinger DR, Parthasarathy
A, Smith SL, Kolev HM, Vinson DA,
Kunttas-Tatli E, McCartney BM, Minden JS
(2016) Proteomic analysis reveals APC-

dependent post-translational modifications
and identifies a novel regulator of beta-catenin.
Development 143(14):2629–2640. doi:10.
1242/dev.130567

11. Burnham-Marusich AR, Plechaty AM, Bernin-
sone PM (2014) Size-matched alkyne-
conjugated cyanine fluorophores to identify
differences in protein glycosylation. Electro-
phoresis 35(18):2621–2625. doi:10.1002/
elps.201400241

12. Qu Z, Meng F, Zhou H, Li J, Wang Q, Wei F,
Cheng J, Greenlief CM, Lubahn DB, Sun GY,
Liu S, Gu Z (2014) NitroDIGE analysis reveals
inhibition of protein S-nitrosylation by epigal-
locatechin gallates in lipopolysaccharide-
stimulated microglial cells. J Neuroinflamma-
tion 11:17. doi:10.1186/1742-2094-11-17

13. Albrethsen J, Miller LM, Novikoff PM, Ange-
letti RH (2011) Gel-based proteomics of liver
cancer progression in rat. Biochim Biophys
Acta 1814(10):1367–1376. doi:10.1016/j.
bbapap.2011.05.018

14. Gharbi S, Gaffney P, Yang A, Zvelebil MJ,
Cramer R, Waterfield MD, Timms JF (2002)
Evaluation of two-dimensional differential gel
electrophoresis for proteomic expression analy-
sis of a model breast cancer cell system. Mol
Cell Proteomics 1(2):91–98

15. Zhou G, Li H, DeCamp D, Chen S, Shu H,
Gong Y, Flaig M, Gillespie JW, Hu N, Taylor
PR, Emmert-Buck MR, Liotta LA, Petricoin
EF 3rd, Zhao Y (2002) 2D differential in-gel
electrophoresis for the identification of esoph-
ageal scans cell cancer-specific protein markers.
Mol Cell Proteomics 1(2):117–124

16. Swatton JE, Prabakaran S, Karp NA, Lilley KS,
Bahn S (2004) Protein profiling of human
postmortem brain using 2-dimensional fluo-
rescence difference gel electrophoresis (2-D
DIGE). Mol Psychiatry 9(2):128–143.
doi:10.1038/sj.mp.4001475. 4001475 [pii]

17. Alban A, David SO, Bjorkesten L, Andersson
C, Sloge E, Lewis S, Currie I (2003) A novel
experimental design for comparative two-
dimensional gel analysis: two-dimensional

134 Cecilia Gelfi and Daniele Capitanio

https://doi.org/10.1093/annonc/mdq375
https://doi.org/10.1007/s12035-013-8590-8
https://doi.org/10.1007/s12035-013-8590-8
https://doi.org/10.1002/pmic.201600240
https://doi.org/10.3390/ijms16034581
https://doi.org/10.3390/ijms16034581
https://doi.org/10.1586/14789450.2015.1042867
https://doi.org/10.1586/14789450.2015.1042867
https://doi.org/10.1002/elps.1150181133
https://doi.org/10.1002/elps.1150181133
https://doi.org/10.1242/dev.130567
https://doi.org/10.1242/dev.130567
https://doi.org/10.1002/elps.201400241
https://doi.org/10.1002/elps.201400241
https://doi.org/10.1186/1742-2094-11-17
https://doi.org/10.1016/j.bbapap.2011.05.018
https://doi.org/10.1016/j.bbapap.2011.05.018
https://doi.org/10.1038/sj.mp.4001475


difference gel electrophoresis incorporating a
pooled internal standard. Proteomics 3
(1):36–44. doi:10.1002/pmic.200390006

18. Knowles MR, Cervino S, Skynner HA, Hunt
SP, de Felipe C, Salim K, Meneses-Lorente G,
McAllister G, Guest PC (2003) Multiplex pro-
teomic analysis by two-dimensional differential
in-gel electrophoresis. Proteomics 3
(7):1162–1171. doi:10.1002/pmic.
200300437

19. Marouga R, David S, Hawkins E (2005) The
development of the DIGE system: 2D fluores-
cence difference gel analysis technology. Anal
Bioanal Chem 382(3):669–678. doi:10.1007/
s00216-005-3126-3

20. Rabilloud T, Chevallet M, Luche S, Lelong C
(2010) Two-dimensional gel electrophoresis in
proteomics: past, present and future. J Proteo-
mics 73(11):2064–2077. doi:10.1016/j.jprot.
2010.05.016

21. Gorg A, Weiss W, Dunn MJ (2004) Current
two-dimensional electrophoresis technology
for proteomics. Proteomics 4
(12):3665–3685. doi:10.1002/pmic.
200401031

22. Righetti PG, Gelfi C, Chiari M (1996) Isoelec-
tric focusing in immobilized pH gradients.
Methods Enzymol 270:235–255

23. Righetti PG, Gelfi C (1997) Electrophoresis
gel media: the state of the art. J Chromatogr
B Biomed Sci Appl 699(1–2):63–75

24. Yan JX, Devenish AT,Wait R, Stone T, Lewis S,
Fowler S (2002) Fluorescence two-
dimensional difference gel electrophoresis and
mass spectrometry based proteomic analysis of
Escherichia coli. Proteomics 2(12):1682–1698.
doi:10.1002/1615-9861(200212)
2:12<1682::AID-PROT1682>3.0.CO;2-Y

25. Dominguez-Santos R, Kosalkova K, Garcia-
Estrada C, Barreiro C, Ibanez A, Morales A,
Martin JF (2017) Casein phosphopeptides and
CaCl2 increase penicillin production and cause
an increment in microbody/peroxisome pro-
teins in Penicillium chrysogenum. J Proteomics
156:52–62. doi:10.1016/j.jprot.2016.12.021

26. Dautel F, Kalkhof S, Trump S, Michaelson J,
Beyer A, Lehmann I, von Bergen M (2011)
DIGE-based protein expression analysis of B
[a]P-exposed hepatoma cells reveals a complex
stress response including alterations in oxida-
tive stress, cell cycle control, and cytoskeleton
motility at toxic and subacute concentrations. J
Proteome Res 10(2):379–393. doi:10.1021/
pr100723d

27. Lim LC, Looi ML, Zakaria SZ, Sagap I, Rose
IM, Chin SF, Jamal R (2016) Identification of
differentially expressed proteins in the serum of

colorectal cancer patients using 2D-DIGE pro-
teomics analysis. Pathol Oncol Res 22
(1):169–177. doi:10.1007/s12253-015-
9991-y

28. Friedman DB, Hill S, Keller JW, Merchant NB,
Levy SE, Coffey RJ, Caprioli RM (2004) Pro-
teome analysis of human colon cancer by two-
dimensional difference gel electrophoresis and
mass spectrometry. Proteomics 4(3):793–811.
doi:10.1002/pmic.200300635

29. Gade D, Thiermann J, Markowsky D, Rabus R
(2003) Evaluation of two-dimensional differ-
ence gel electrophoresis for protein profiling.
Soluble proteins of the marine bacterium Pir-
ellula sp. strain 1. J Mol Microbiol Biotechnol
5(4):240–251. doi:10.1159/000071076.
MMB2003005004240 [pii]

30. Bollag D, Edelstein SJ (1991) Protein extrac-
tion. In: Protein methods. Wiley-Liss, New
York

31. Scopes R (1987)Making an extract. In: Protein
purification: principles and practice, 2nd edn.
Springer Verlag, New York

32. Pennington SR, Wilkins MR, Hochstrasser DF,
Dunn MJ (1997) Proteome analysis: from pro-
tein characterization to biological function.
Trends Cell Biol 7(4):168–173. doi:10.1016/
S0962-8924(97)01033-7. S0962-8924(97)
01033-7 [pii]

33. Lenstra JA, Bloemendal H (1983) Topography
of the total protein population from cultured
cells upon fractionation by chemical extrac-
tions. Eur J Biochem 135(3):413–423

34. Toda T, Ishijima Y, Matsushita H, Yoshida M,
Kimura N (1994) Detection of thymopoietin-
responsive proteins in nude mouse spleen cells
by two-dimensional polyacrylamide gel elec-
trophoresis and image processing. Electropho-
resis 15(7):984–987

35. Cull M, McHenry CS (1990) Preparation of
extracts from prokaryotes. Methods Enzymol
182:147–153

36. Jazwinski SM (1990) Preparation of extracts
from yeast. Methods Enzymol 182:154–174

37. Kawaguchi S, Kuramitsu S (1995) Separation
of heat-stable proteins from Thermus thermo-
philus HB8 by two-dimensional electrophore-
sis. Electrophoresis 16(6):1060–1066

38. Teixeira-Gomes AP, Cloeckaert A, Bezard G,
Dubray G, Zygmunt MS (1997) Mapping and
identification of Brucella melitensis proteins by
two-dimensional electrophoresis and microse-
quencing. Electrophoresis 18(1):156–162.
doi:10.1002/elps.1150180128

39. Gorg A, Boguth G, Obermaier C, Posch A,
Weiss W (1995) Two-dimensional polyacryl-
amide gel electrophoresis with immobilized

Human Tissue DIGE 135

https://doi.org/10.1002/pmic.200390006
https://doi.org/10.1002/pmic.200300437
https://doi.org/10.1002/pmic.200300437
https://doi.org/10.1007/s00216-005-3126-3
https://doi.org/10.1007/s00216-005-3126-3
https://doi.org/10.1016/j.jprot.2010.05.016
https://doi.org/10.1016/j.jprot.2010.05.016
https://doi.org/10.1002/pmic.200401031
https://doi.org/10.1002/pmic.200401031
https://doi.org/10.1002/1615-9861(200212)2:123.0.CO;2-Y
https://doi.org/10.1002/1615-9861(200212)2:123.0.CO;2-Y
https://doi.org/10.1002/1615-9861(200212)2:123.0.CO;2-Y
https://doi.org/10.1002/1615-9861(200212)2:123.0.CO;2-Y
https://doi.org/10.1016/j.jprot.2016.12.021
https://doi.org/10.1021/pr100723d
https://doi.org/10.1021/pr100723d
https://doi.org/10.1007/s12253-015-9991-y
https://doi.org/10.1007/s12253-015-9991-y
https://doi.org/10.1002/pmic.200300635
https://doi.org/10.1159/000071076
https://doi.org/10.1016/S0962-8924(97)01033-7
https://doi.org/10.1016/S0962-8924(97)01033-7
https://doi.org/10.1002/elps.1150180128


pH gradients in the first dimension (IPG-Dalt):
the state of the art and the controversy of verti-
cal versus horizontal systems. Electrophoresis
16(7):1079–1086

40. Gorg A, Postel W, Domscheit A, Gunther S
(1988) Two-dimensional electrophoresis with
immobilized pH gradients of leaf proteins from
barley (Hordeum vulgare): method, reproduc-
ibility and genetic aspects. Electrophoresis 9
(11):681–692. doi:10.1002/elps.
1150091103

41. Gorg A, Postel W, Gunther S (1988) The cur-
rent state of two-dimensional electrophoresis

with immobilized pH gradients. Electrophore-
sis 9(9):531–546. doi:10.1002/elps.
1150090913

42. Dignam JD (1990) Preparation of extracts
from higher eukaryotes. Methods Enzymol
182:194–203

43. Blomberg A, Blomberg L, Norbeck J, Fey SJ,
Larsen PM, Larsen M, Roepstorff P, Degand
H, BoutryM, Posch A et al (1995) Interlabora-
tory reproducibility of yeast protein patterns
analyzed by immobilized pH gradient two-
dimensional gel electrophoresis. Electrophore-
sis 16(10):1935–1945

136 Cecilia Gelfi and Daniele Capitanio

https://doi.org/10.1002/elps.1150091103
https://doi.org/10.1002/elps.1150091103
https://doi.org/10.1002/elps.1150090913
https://doi.org/10.1002/elps.1150090913


Chapter 12

DIGE Analysis of Animal Tissues

Alessio Di Luca, Ruth Hamill, Anne Maria Mullen, and Giuliano Elia

Abstract

Two-dimensional difference gel electrophoresis (2D-DIGE) is an acrylamide gel electrophoresis-based
technique for protein separation and quantification in complex mixtures. The technique addresses some
of the drawbacks of conventional 2D polyacrylamide gel electrophoresis (2D-PAGE), offering improved
sensitivity, more limited experimental variation and accurate within-gel matching. DIGE is based on direct
labeling of proteins with isobaric fluorescent dyes (known as CyDyes: Cy2, Cy3, and Cy5) prior to
isoelectric focusing (IEF). Here, up to two samples and a reference pool (internal standard) can be mixed
and loaded onto IEF for first dimension prior to SDS-PAGE separation in the second dimension. After the
electrophoretic run, the gel is imaged at the specific excitation wavelength for each dye, in sequence, and gel
scans are recorded separately. For each individual protein spot, intensities recorded at the different
wavelengths are integrated and the ratio between volumes normalized to that of the internal standard.
This provides an immediate appreciation of protein amount variations under the different conditions tested.
In addition, proteins of interest can still be excised and identified with conventional mass spectrometry
techniques and further analyzed by other biochemical methods. In this chapter, we describe the application
of this methodology to separation and quantitation of proteins mixtures from porcine muscle exudate,
collected following centrifugation of muscle specimens (centrifugal drip) for the characterization of quality
parameters of importance in the meat industry.

Key words 2D-DIGE, CyDye DIGE fluor, Internal standard, Isoelectric focusing, SDS-PAGE,
Image analysis, Machine learning algorithm, Mass spectrometry, Porcine muscle exudate, Centrifugal
drip

1 Introduction

In 1975, O’Farrell [1] developed a technique for the separation of
complex protein mixtures by high-resolution two-dimensional
electrophoresis (2D-PAGE). In this technique, proteins are first
separated according to their isoelectric point in an isoelectric
focusing (IEF) experiment in presence of urea, detergents, and
1,4-dithiothreitol (DTT). Then, proteins are further separated
according to their molecular mass in a second dimension by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and can be quantified by staining with either silver or Coomassie
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Brilliant Blue [1]. Depending on the pH gradient and dimension of
the gels used, 2D-PAGE can resolve more than 5000 proteins
simultaneously. Furthermore, this technique provides information
about the isoform composition of intact proteins, which reflects
changes in post-translational modifications (such as phosphoryla-
tion, glycosylation, or limited proteolysis). Moreover, 2D-PAGE
also permits the isolation of proteins for further structural analyses
by mass spectrometric techniques (e.g., MALDI-TOF MS, ion
trapping instruments). Despite these benefits, a major problem of
2D-PAGE has been the limited spatial reproducibility between 2D
gels, due to lack of homogeneity in thermal and electric fields,
limited dynamic range and gel to gel variability [1, 2]. 2D-
difference gel electrophoresis (2D-DIGE) technology circumvents
many of these issues [3–5]. Here, one or two samples and a refer-
ence pool (internal standard) are labeled using three different iso-
baric, fluorescent cyanine dyes (CyDyes) before IEF and separation
on a single 2D gel. These CyDyes have similar chemical and elec-
trophoretic properties but differ in spectral properties. After excita-
tion and imaging at both wavelengths, the images are overlaid and
“subtracted” (normalized), whereby only differences between the
samples are visualized. Due to the simultaneous migration of both
samples on the same gel, experimental variations in spot positions
and protein abundance are eliminated, thus facilitating image anal-
ysis. One of these three cyanine dyes is used to label an internal
standard, which is run together with all samples on all gels belong-
ing to the same series of experiments. This internal standard is
normally obtained by pooling an equimolar amount of proteins
extracted from all the samples in the experiment, which are labeled
with one of the dyes [2, 3]. To complete the identification of the
proteins differentially expressed between the various samples, gel
images are captured in a digital format. Many procedures and
different instrumentation are available for the acquisition of 2D
gel images, including modified scanners, laser densitometers,
charge-coupled device (CCD) cameras, and fluorescent and phos-
phor imagers. The saved images are then subjected to computer-
assisted image analysis to reduce the background, match the spots
identified between the different samples, and to identify any
changes between conditions of interest [2]. Moreover, another
advantage of 2D-DIGE technology compared to 2D-PAGE is
that it can generate sufficient data to apply discriminatory methods
such as machine learning algorithm [6].

Here, we show that using 2D-DIGE it is possible to separate
proteins mixtures from porcine muscle exudate, collected following
centrifugation (centrifugal drip) [7–9]. A typical example of a 2D-
DIGE gel of this type of samples is shown in Fig. 1. Two fluor-
ophores were used, Cy3 dye fluor to label the internal standard and
Cy5 dye fluor to label the samples using the ‘minimal labeling’
technique, in which only a small percentage of the lysine residues
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present in the proteins are labeled [10]. 2D-DIGE revealed a total
of 376 distinct protein spots in the porcine exudate proteome.
Analysis of protein concentration changes in animals of divergent
phenotype led to identification of putative markers of meat quality
(a hierarchical clustering analysis of these results is shown, as an
example, in Fig. 2), important for pork meat industry [6–9].

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water, to attain a sensitivity of 18.2 MΩ at 25 �C) and
analytical grade reagents. Prepare and store all reagents at room
temperature (unless otherwise indicated). Diligently follow all
waste disposal regulations when disposing waste materials. More-
over, all equipment and materials that come into contact with gel
samples must be clean and free of keratin contamination. Minimize
handling and manipulations of samples.

Fig. 1 A typical example of a 2D-DIGE gel of a porcine muscle exudate (centrifugal drip) sample. The image
shown was obtained scanning the gel at 100 μm resolution in a Typhoon scanner 9200 (see Subheading 3) at
the wavelength of 633 nm (red laser), specific for the CyDye5. The gradient of pI tested is shown above the gel
image and the MW marker positions are indicated on the right-hand side
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2.1 Buffer Recipes

for First Dimension

Isoelectric Focusing

(IEF)

1. DIGE lysis buffer: 9.5 MUrea, 2% CHAPS, pH 8.5 at 4 �C (see
Note 1). Dissolve 28.53 g Urea in approximately 28 ml of
water (see Note 2). Make up to 48 ml with water. Add 0.5 g
Amberlite, stir for 10 min and filter under vacuum with What-
man filtration apparatus using 0.25 μm filters. Add 1 g CHAPS
and 1 ml 1 M Tris, pH 8.0 to 48 ml of this solution. Mix and
adjust pH to 8.5 at 4 �C with HCl if required (see Note 3).
Dispense into microfuge tubes in 1 ml aliquots, label clearly
and store in freezer at �20 �C (see Note 4).

Fig. 2 Clustergram of 53 protein biomarkers identified by 2D-DIGE, showing different abundance pattern of
proteins in porcine muscle exudate across days post mortem. HDrip, IP and LDrip indicate animal phenotypes
divergent for water holding capacity, a quality parameter important for pork meat industry. A subset of these
53 biomarkers has been shown to discriminate between high- and low-drip samples with high accuracy [6]
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2. 2� samples buffer: 9.5 M Urea, 2% CHAPS, 2% DTT, 1.6%
Pharmalyte (see Note 1). Dissolve 28.53 g Urea in approxi-
mately 28 ml of water (see Note 2). Make up to 48 ml with
water. Add 0.5 g Amberlite, stir for 10 min and filter under
vacuum with Whatman filtration apparatus using 0.25 μm fil-
ters. Add 1 g CHAPS, 1 g DTT, 0.8 ml Pharmalyte pH 3–10
(see Note 5) to 48 ml of this solution. Make up to 50 ml if
necessary and mix. Dispense into microfuge tubes in 1 ml
aliquots, label clearly and store in freezer at �20 �C (see
Note 4).

3. Rehydration buffer: 8 M Urea, 0.5% CHAPS, 0.2% DTT, 0.2%
Pharmalyte. Dissolve 19.3 g Urea in 25.6 ml of water. Add
0.5 g Amberlite, stir for 10 min and filter under vacuum with
Whatman filtration apparatus using 0.25 μm filters. Weigh and
add 0.06 g DTT and 0.15 g CHAPS. Add 150 μl Pharmalyte,
pH 3–10 and few grains of Bromophenol Blue (see Note 5).
Make up to 40 ml with water, mix and dispense into microfuge
tubes in 1 ml aliquots, label and store in freezer at �20 �C (see
Note 4).

4. 1.5 M Tris–HCl solution, pH 8.8. Dissolve 18.171 g Tris in
30 ml of water. Adjust the pH to 8.8 (at 20 �C) with HCl (see
Note 6). Make up to a final volume to 100 ml with water.

5. Equilibration buffer: 6 M Urea, 50 mM TrisCl pH 8.8, 30%
(v/v) Glycerol, 2% (w/v) SDS. Weigh 180 gUrea and combine
with 17 ml 1.5 M Tris–HCl solution (pH 8.8) and 176 ml of
85% Glycerol. Make up to 500 ml with water and dissolve
completely. Finally, add 10 g SDS and dissolve (see Note 7).
Dispense into Universal Containers in 10 ml and/or 20 ml
aliquots and store at �20 �C (see Note 4).

6. Reducing equilibration buffer: 6 M Urea, 50 mM TrisCl
pH 8.8, 30% (v/v) Glycerol, 2% (w/v) SDS, 1% (w/v) DDT.
Gently defrost 20 ml aliquot of equilibration buffer and add
0.2 g DDT (see Note 8). Mix well (see Note 4).

7. Alkylation equilibration buffer: 6 M Urea, 50 mM TrisCl
pH 8.8, 30% (v/v) Glycerol, 2% (w/v) SDS, 2.5% (w/v)
iodoacetamide (IAA). Gently defrost 20 ml aliquot of equili-
bration buffer and add 0.5 g IAA (see Note 8). Mix well (see
Note 4).

2.2 Buffer Recipes

for Second Dimension

SDS-PAGE

1. Tris-Glycine running buffer (seeNotes 9 and 10): 25 mM Tris,
192 mMGlycine, 0.1% (w/v) SDS. 1�, Weigh 6.06 g Tris Base
and 28.82 g Glycine and transfer to a beaker. Add in the beaker
1.5 l of water and mix well. Add 2.0 g SDS as last and dissolve
(see Note 7). Transfer to graduated cylinder and bring final
volume up to 2 liters, dissolve completely and store in a Duran
bottle. 10�, Weigh 60.57 g Tris Base and 288.82 g Glycine

Animal Tissue DIGE 141



and transfer to a beaker. Add in the beaker 1.5 l of water and
mix well. Add 20.0 g SDS as last and dissolve (see Note 7).
Transfer to graduated cylinder and bring final volume up to 2 l,
dissolve completely and store in a Duran bottle.

2. Agarose sealing solution: Weigh 1.0 g of Agarose and dissolve
in 100 ml of 1� Tris-Glycine running buffer by heating gently
in a microwave. Add a few grains of Bromophenol Blue to
color. Store in Duran bottle and microwave when required
(see Note 11).

3. Water saturated butanol: Mix 100 ml Butanol and 100 ml of
water. Shake and wait until the Butanol and water are separated
and then use the top layer.

2.3 Specialist

Materials and

Equipment for the First

and Second Dimension

1. Amersham CyDye DIGE Fluors minimal dyes (Cy3 and Cy5
dye fluors) (e.g., Ettan DIGE, GE Healthcare, UK; other
suppliers are available).

2. 99.8% anhydrous dimethylformamide (DFM) (see Note 12).

3. 10 mM Lysine (to stop the reaction).

4. Immobiline DryStrip gels (IPG strips), pH 4–7 24 cm (see
Note 13).

5. Rehydration tray.

6. Immobiline DryStrip Cover Fluid.

7. Ettan IPG Phor3 Isoelectric Focusing System (e.g., GE
Healthcare, UK; other suppliers are available).

8. Protogel (e.g., National Diagnostics, USA; other suppliers are
available).

9. Protogel buffer (e.g., National Diagnostics, USA; other sup-
pliers are available).

10. Ammonium persulfate.

11. N,N,N0,N0-Tetramethylethylenediamine (TEMED).

12. DALT six gels caster (e.g., GE Healthcare, UK; other suppliers
are available).

13. GealSeal.

14. PROTEAN Plus Dodeca Cell (e.g., Bio-Rad Hercules, CA,
USA; other suppliers are available) and MultiTemp cooling
unit (e.g., Amersham Biosciences, Uppsala, Sweden; other
suppliers are available).

15. Low-fluorescence glass plate, 3 mm thick.

16. Electrophoresis Power Supplies.

17. Typhoon scanner 9200 (e.g., GE Healthcare, UK; other sup-
pliers are available).

18. Progenesis SameSpots (e.g., Nonlinear Dynamics, Waters, UK;
other suppliers are available).
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3 Methods

Carry out all procedures at room temperature unless otherwise
specified. Please read protocols carefully in advance and make sure
all materials and equipment are available before starting the experi-
ment. Moreover, all equipment and materials that come into con-
tact with gel samples must be clean and free of keratin
contamination. Minimize handling and manipulations of samples.

3.1 CyDye

Reconstitution and

Protein Sample

Labeling

1. Normalize the samples to a protein concentration of 10 mg/ml
with DIGE lysis Buffer (see Notes 14 and 15).

2. Reconstitute each CyDye (Cy3 and Cy5 dye fluors; on recon-
stitution in DMF the CyDye will give a deep color; Cy2-yellow,
Cy3-red, Cy5-blue) in 99.8% anhydrous DMF to a stock solu-
tion of 1 mM according to Amersham instruction. Firstly, take
a small volume of DMF from its original container and dispense
into a fresh microfuge tube (see Note 12). Remove the CyDye
from the �15 �C to �30 �C freezer and leave to warm for
5 min at room temperature. After 5 min add the specified
volume of DMF to each new vial of CyDye to reach a CyDye
stock solution of 1 mM (see Note 16). Replace the cap on the
dye microfuge tube and vortex vigorously for 30 s, then centri-
fuge the microfuge tube for 30 s at 12,000 � g in a microcen-
trifuge prior to use (see Note 17).

3. From the CyDye stock solution, prepare the CyDye working
solution (400 pmol/μl) by dilution with DMF (Amersham
instruction). Briefly spin down CyDye stock solution prepared
in step 2, in a microcentrifuge. Add one volume of CyDye
stock solution to 1.5 volumes of high-grade DMF, to make
400 μM CyDye solution. For example, mix 2 μl CyDye stock
solution with 3 μl DMF to give 400 pmol CyDye in 1 μl (see
Note 18).

4. Before starting the minimal labeling of protein samples [10],
randomize and gently (on ice) defrost both, samples and pool
sample. Add 1 μl of diluted CyDye to the microfuge tube con-
taining the protein sample (i.e., 50 μg of protein is labeled with
400 pmol of dye for the labeling reaction). Bulk labeling reac-
tions for the pool sample can also be done using more protein
and dye. In our study [8], Cy5 was used for the preparation of
the CyDye working solution for the individual samples, whereas
Cy3 was used for preparation of the CyDye working solution for
the pooled sample (internal standard).Mix and centrifuge briefly
in a microcentrifuge. Leave on ice for 30 min in the dark and
then add 1 μl of 10 mM lysine to stop the reaction. Mix by
pipetting and spin briefly in a microcentrifuge. Leave for 10 min
on ice in the dark. Samples can now be used or stored for up to 3
months at �70 �C in the dark.
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3.2 IPG Strip In-Gel

Rehydration

1. Before processing the samples that have been CyDye labeled in
the first dimension, add an equal volume of 2� sample buffer
(e.g., one protein sample labeled with one CyDye is 20 μl, add
an equal volume of 2� sample buffer, 20 μl þ 20 μl ¼ 40 μl)
and then leave on ice for 10 min in the dark. A similar proce-
dure should be used for the pooled sample, and then leave on
ice for 10 min in the dark. Add the sample and the pool sample
together (40 μl � 2 ¼ 80 μl).

2. Thaw the required volume of rehydration buffer. The total
volume required for a 24 cm strip is 450 μl
(450 μl�80 μl ¼ 370 μl of rehydration buffer) (see Note 19).
Ensure that the rehydration tray is clean and dry and is level
before starting the passive in-gel rehydration.

3. Carefully pipette each sample (prepared above), along the
length of an individual groove in the tray (see Note 20).

4. Remove the protective cover from the IPG strip, this exposes
the gel (which is sticky). Carefully place the strip with the gel
side facing down onto the sample/rehydration solution (see
Note 21).

5. Overlay each strip with approximately 2.0 ml IPG Cover Fluid
to prevent evaporation and urea crystallization.

6. Slide the lid onto the rehydration tray and allow strips to
rehydrate for a minimum of 10 h to overnight.

3.3 First Dimension

Isoelectric Focusing

(IEF) Using IPGphor III

with Ceramic Manifold

1. Ensure that IPGphor bed is clean and dry before placing the
ceramic manifold onto the unit. Check that the ceramic mani-
fold is level by placing the small circular spirit level on the
center of the manifold tray (see Note 22).

2. Pour Immobiline DryStrip Cover fluid into all channels where
the strips are to be run. Additionally, pour cover fluid into the
adjacent unused channel at each side of the strips.

3. Place the strips under the cover fluid face up in the tray, with
the anodic (þ, pointed) end of the IPG strip resting on the dot
etched into the bottom of the channel (see Note 23). Centre
the strip in the manifold channel.

4. Separate the appropriate number of paper electrode wicks (two
per IPG strip). Wet each wick thoroughly with water and allow
excess to drain off. Place one wick at each end of the strip in
such a way that the wick overlaps the end of the gel on the strip.

5. Place the electrode assembly on top of all wicks, then swivel the
cams into the closed position taking care not to move the
electrode.

6. Check that all strips are covered in cover fluid to prevent
evaporation and urea crystallization.
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7. Close the IPGphor lid. Switch the IPGphor on (the switch is at
the back of the unit). Program the IPGphor either from the
front of the unit or from the computer.

8. The focusing program used in our study was performed using
Ettan IPG Phor3 under the following conditions: S1. 3500 V
at 75,000 V h; S2. gradient 8000 V for 10 min; S3. 8000 V for
1 h, S4. holding step at 100 V (see Note 24). Begin IEF.

9. As isoelectric focusing proceeds, the dye migrates toward the
anode (see Note 25). At the end of the focusing program
switch the IPGphor off.

10. When the run is complete if the second dimension cannot be
performed directly after IEF, the IPG strips should be imme-
diately stored in gel bags and in a metal cassette, at �80 �C
until required.

11. After each use the ceramic manifold must be carefully cleaned
with strip cleaning fluid. Rinse thoroughly with distilled water
and then deionized water, allow to air dry (see Note 26).

3.4 Casting

Homogenous Gels

in DALT Six Gel

1. Before preparing the glass cassettes make sure that all are clean
and dry. Prepare the low-fluorescence glass plate and tape along
the sides (see Note 27).

2. Set up the DALT six gel caster in a tray and remove the
faceplate.

3. Fill the caster by first placing a separator sheet against the back
wall and then alternating gel cassettes with separator sheets.
The short plate should be closest to the pouring channel.
Finish with a separator sheet and fill any remaining space with
blank cassette and thicker spacer sheets.

4. Smear a light coating of GelSeal evenly onto the gasket in the
faceplate.

5. Slide the faceplate onto the caster with the bottom (v-shaped)
slots resting on their respective screws. Screw these and the
remaining two screws into holes at the bottom of the faceplate
and tighten all screws evenly.

6. Clamp the faceplate with the six clamps provided.

7. Prepare the monomer solution (in our study 12% SDS-PAGE
gel) in a beaker, adding for a solution of about 600 ml, 240 ml
of protogel, 156 ml of protogel buffer, 201 ml of water, adding
lastly 2.4 ml 10% APS and 240 μl TEMED. Once these have
been added polymerization will begin (see Note 27).

8. Pour the acrylamide solution evenly into the channel at the
back of the caster until the level of solution is about 0.5 cm
below the level of the shorter glass plate.
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9. Layer approximately 1.5 ml of water saturated butanol onto the
top of each gel. This can be washed off with water after 1 h.

10. Gels are left to polymerize overnight.

11. On the morning when the gels are to be run dismantle the
DALT six gel caster and examine the gels. The gels should be
clear with no distortions swirls or air bubbles.

3.5 Equilibration of

IPG Gel Strips and

Second Dimension

SDS-PAGE Gel Loading

1. Prepare the reducing equilibration buffer (see Notes 28 and
29) by adding DTT to stock equilibration buffer for a final
concentration of 1% (w/v) DTT (see Note 8).

2. Carefully place IPG strips into equilibration tubes with reduc-
ing equilibration buffer, one strip per tube (if used). Leave for
15 min minimum, on rocking platform to equilibrate.

3. Prepare the alkylation equilibration buffer by adding IAA to
the stock equilibration buffer to a final concentration of 2.5%
(w/v) IAA (see Note 8).

4. Pour off the first equilibration buffer from each tube and
replace with alkylation equilibration buffer. Leave strips to
equilibrate for 15 min on rocking platform.

5. In the meantime, prepare the agarose sealing solution by melt-
ing using a medium setting in the microwave (see Note 11).
Each 1.5 mm gel will require approximately 2 ml of Agarose.

6. Before applying IPG strips to SDS gels, rinse the IPG strip
with 1� Tris-Glycine running buffer, and place across the top
of the SDS gel between the glass plates with the plastic side of
the strip facing the back. The positive end of the strip (þ)
should be positioned to the left or hinged side of the gel plate
(see Note 30).

7. Pipette the molten (cooled) agarose on top of the IPG strip,
making sure that no air bubbles are trapped between the strip
and gel. Once the Agarose has set, the plate is ready to run in a
separation unit (see Note 31).

3.6 Running Gels in

BioRad Separation Unit

1. Prepare sufficient 1� Tris-Glycine running buffer for the sec-
ond dimension using PROTEAN Plus Dodeca Cell. This tank
can require up to 23 l depending on the number of gels run (see
Note 10).

2. Switch the MultiTemp cooling unit on and set to 15 �C (see
Note 32).

3. Make sure that the Separation Unit (the tank) is level before
filling with buffer. Also check that the outlet/waste tap at the
rear of the unit is closed.

4. Only half fill the tank with buffer (the rest can be added when
all plates and blanks are in place, otherwise you may end up
overfilling the tank) and allow the 1� Tris-Glycine running
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buffer to equilibrate in the tank for a least 1 h before loading
gels.

5. Lubricate all gels and blank cassettes with 1� Tris-Glycine
running buffer before inserting into gaskets.

6. Check that gels are in the correct orientation. The hinge side
should be at the bottom and the IPG strip to the right side of
tank.

7. Make sure that the IPG strips are to the right side of the gaskets
(rubber slots into which the glass cassette is placed).

8. Once the gels are stacked, overlay them with 1� Tris-Glycine
running buffer which should come up just to the start of the
glass spacer (see Note 33).

9. Place the lid firmly onto the unit and switch the pump on at the
top setting (seeNote 34). Cover the tank with a dark blanket to
keep gels in the dark.

10. Insert the leads from the lid of the separation tank into the
electrophoresis power supply and set the run conditions of the
gels as follows: S1. 0.2 W per gel for 1 h; S2. 1 W per gel
overnight (see Note 35); S3. if necessary, the power can be
increased the following morning up to 5–7 W per gel. The run
is completed when the dye front (which moves in a vertical line
from right to left) reaches the end of the gel (see Note 36).

3.7 Image Analysis 1. Scan directly the gels in the low-fluorescence glass plates after
the second dimension to ensure that all gels have the same
dimensions, this will simplify spot matching of different gels.
The exterior surface of the glass plates must be carefully cleaned
with water and dried with a lint-free laboratory wipe before the
gel cassette is positioned on the scanner.

2. Each fluorescent dye should be consecutively excited to avoid
fluorescence crosstalk and scanned at a final resolution of 100
pixels with a proper filter (see Note 37).

3. After the scan, the software provides an initial image overlay of
the scanned gel, thus giving a quick overview of differences
between the labeled extracts. At least three gels of three indi-
vidual protein extracts per experimental condition should be
run, normalized and compared before qualitative and quanti-
tative changes can be considered significant.

4 Notes

1. The standard DIGE lysis buffer must not contain any compo-
nents, which will compete with the protein for the CyDyes
during sample labeling (DTT, protease inhibitors or
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ampholytes). The DTT and ampholytes are introduced after
the labeling by the addition of the “2� samples buffer” to the
labeled sample.

2. This reaction is endothermic and the urea will only dissolve
when the solution has reached room temperature as it is close
to its maximum solubility (108 g in 100 ml water at 20 �C).

3. The pH of the labeling reaction is also crucial and so the DIGE
lysis buffer is adjusted to pH 8.5 at 4 �C (the temperature at
which the labeling reaction takes place).

4. Never heat urea solution above 37 �C to avoid protein carba-
mylation. Do not freeze any thawed buffers containing urea.
Make up aliquots, freeze and thaw aliquots as required (discard
any remaining thawed material).

5. A broad pH range of Pharmalyte can be used for both the 3–10
range and 4–7 immobilized pH gradient (IPG) strips. How-
ever, if a short pH range strips (e.g., 3.5–4.5 or 5–6) are used,
the pH range of Pharmalyte should match that of IPG strips.

6. The addition of HCl to the Tris solution will cause a rise in
temperature and as dpH/dt for Tris is�0.028 unit x deg-1 any
temperature difference must be taken into account.

7. Always weigh and then add SDS in the solution in the fume
hood wearing a mask, it may be necessary to turn off the fume
hood while weighing the SDS however as soon as SDS is in
solution the fume hood should be switched on to remove the
SDS.

8. 10 ml of equilibration buffers (reducing or alkylation) is
required for each sample/equilibration if tube/IGP strips are
used. It is also possible to use 10 ml disposable pipettes for
equilibration by snapping off the top and using parafilm to seal
both ends (5 ml of the buffer is required) or a rehydration tray
(3 ml of the buffer is required) can be used. Prepare these two
solutions (adding DDT or IAA to the defrost equilibration
buffers) just in advance of use.

9. It is important not to adjust the pH of the Tris-Glycine running
buffer. The presence of chloride ions in the running buffer
from HCl (as a result of adjusting the solution’s pH) will
slow down the migration of sample proteins. Proteins are
coated in SDS which imparts a negative charge and thus they
migrate toward the bottom of the gel. The presence of a
negative ion which is smaller and much more efficient at migra-
tion than the larger proteins will therefore impede the progress
of proteins through the gel matrix.

10. 1� is the dilution of Tris-Glycine running buffer used for
running the gels, however as a large volume (up to 23 l
depending on number of gels) is required for running the
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gels, a less diluted solution (10�) can be prepared which will be
diluted with water in the tank (e.g., PROTEAN Plus Dodeca
Cell; Bio-Rad Hercules, CA, USA; other suppliers are
available).

11. It is important to keep the lid loose and to gently boil only:
caution hot material!

12. The DMF should be fresh (less than 3 months old after first
opening), because it degrades to amine compounds, which
interfere with the labeling reaction.

13. Different pH ranges (e.g., 3–10, 4–5) and strip lengths (e.g., 7,
18 cm) can be used according to the complexity of the speci-
mens and the strategies used for the analysis. A good first-
dimension separation ensures that spots in the second dimen-
sion are well separated, even with high protein loads.

14. A simple sample preparation is pivotal in 2D-PAGE protocols
to ensure a greater reproducibility. The fundamental steps in
sample preparation are (1) cell disruption, (2) inactivation or
removal of interfering substances, and (3) subsequent solubili-
zation of the proteins [2]. The specimen used in our studies is
an exudate collected post mortem frommuscle tissue following
centrifugation (centrifugal drip [9]). The concentration of the
centrifugal drip samples was determined in triplicate according
to a modified Bradford assay protocol using a bovine serum
albumin (BSA) standard [11].

The protein concentration should be normalized with
DIGE lysis Buffer to a protein concentration between
�1 mg/ml and �20 mg/ml. Best results are obtained with
final protein concentrations between 5 and 10 mg/ml accord-
ing to Amersham instruction. Check randomly the pH (with
litmus paper) of some samples. Indeed, it is essential that the
pH of the protein solution used with a CyDye DIGE Fluor is
between pH 8.0 and 9.0. A protein pH solution below 8.0
result in little or no protein labeling. Moreover, the protein
solution should not contain any added primary amine com-
pounds before labeling. Indeed, primary amines, such as
ampholytes, will compete with the proteins for CyDye, result-
ing in fewer CyDye-labeled proteins, which might affect the
data after scanning and spot detection.

15. After all samples have been normalized to a concentration of
10 mg/ml with Standard DIGE Lysis Buffer, it is recom-
mended to prepare aliquots of 50 μg of proteins, which is the
amount of proteins that will be labeled with CyDye (a duplicate
of each sample can be prepared in the eventuality of any pro-
blems). It is recommended to randomize the samples prepara-
tion to reduce batch effect. It is also suggested to prepare a
pool generated from equal amounts of all the samples that have
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been normalized at the concentration of 10 mg/ml with Stan-
dard DIGE Lysis Buffer in one Eppendorf that will be used as
internal standard with a bulk labeling reaction. It is important
to prepare an amount of pool sample that should be more than
enough to load in each gel within an experiment. A duplicate of
the pool samples can be prepared in the eventuality of any
problems. Aliquots and pool samples should be stored in the
freezer at �80 �C.

16. Displacement of CyDye during manufacture or shipment of
the fluors can be recovered to the bottom of the tube by
pipetting the DMF down the side of the tube, vortexing vigor-
ously, and centrifuging.

17. Unused CyDye stock solution should be returned to the
freezer (�15 �C to �30 �C) as soon as possible and stored in
the dark. The reconstituted CyDye stock solution dyes are
stable and usable until the expiry date detailed on the tube or
for 2 months, whichever is sooner.

18. Add the DMF first to the microfuge tube, followed by CyDye.
1 μl of the diluted dye now contains 400 pmol, whereas in each
tube of CyDye there will be a 1 mM CyDye stock solution.

Amersham instruction recommended that 50 μg of protein
is labeled with 400 pmol of CyDye, however, between
100 pmol and 1000 pmol per 50 μg of protein can be used.
If labeling more than 50 μg of protein, then the same fluor to
protein ratio must be used for all samples on the same gel.

The CyDye working solution is only stable for 1 week at
�15 �C to �30 �C.

19. The total volume of rehydration buffer used varies with the
length of IPG strip, for example 340 μl is loaded onto an 18 cm
strip. For other volumes check the booklet which accompanies
each pack of strips to see what the correct loading volume
should be.

20. Try to avoid air bubbles, however if they occur use a needle to
burst them before applying the IPG strip.

21. Dry IPG strip is easily moistened. Take dry IPG strip from
freezer just prior use. Do not allow IPG strip set at room
temperature more than 10 min. Moreover, try to avoid
trapping air bubbles under the strip as this will result in uneven
rehydration.

22. The Ettan IPGphor is capable of producing thousands of volts.
Before operating familiarize yourself with the operating
instructions and warnings of this unit (cf. “Ettan IPGphor
Cup Loading Manifold,” Amersham Biosciences user manual).

23. The end of the gel and not the end of the plastic should be
aligned to this mark.
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24. This method of focusing is conducted at high voltages and low
currents due to low ionic strength within the strips. During
IEF, the current decreases while the voltage increases. A low
initial voltage minimizes sample aggregation and allows the
parallel separation of samples with differing salt concentrations.
The program used is dependent on the size of strip being
focused and the quantity of protein on the strip. If the program
does not produce optimal focusing for a specific sample, it may
need to be adjusted [2].

25. The dye front leaves the IPG strip well before focusing is
complete, so clearing of the dye is no indication that the sample
is focused.

26. Do not use abrasive cleaning agents or pads. Moreover, the
electrode assemblies should be wiped clean with paper.

27. Warning! Acrylamide is a neurotoxin, always wear protective
gloves when handling. It is also possible to use a precasted
polyacrylamide DIGE gels in a low fluorescent glass cassette
rather than prepare home-casted polyacrylamide gels to
increase the quality, reproducibility, and safety.

28. Before the second-dimension separation, it is essential that the
IPG strips are equilibrated to allow the separated proteins to
fully interact with SDS [2].

29. Before equilibrating IPG strips check that your gels are of
usable quality.

30. If the glass plates are slightly wet with 1� Tris-Glycine running
buffer, the IPG strip will slide into place more easily. However,
it is important to drain off surplus buffer before sealing with
agarose otherwise the agarose will not set properly.

31. Embedding in agarose is not absolutely necessary, but it
ensures much better contact between the IPG gel strip and
the top of the SDS gel.

32. Check that there is sufficient water in this unit.

33. This ensures that all of the gel is under buffer, but be careful to
not overfill the tank.

34. The power switch for the pump is at the back, once it is
switched on it should be possible to see buffer mixing in the
separation tank.

35. This can be programmed into an electrophoresis power
supplies.

36. The gels so obtained should be scanned and analyzed as soon as
possible. Indeed, it is possible to store the gels at dark and 4 �C
for 1 week (sealing the gels with films to avoid dehydration),
but it is recommended to scan and analyze the gels within 1
day, trying to use the same parameters between gels. To do so,
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it is also important to not run too many gels in the same day, six
gels is the optimal number.

37. In our study the DIGE gels were scanned at 100 μm resolution
using a Typhoon scanner 9200 (GEHealthcare) at two differ-
ent wavelengths (CyDye3, green laser 532 nm and CyDye5,
red laser 633 nm) [8].
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Chapter 13

Rapid 2D DIGE Proteomic Analysis of Mouse Liver

Shotaro Kamata and Isao Ishii

Abstract

Several years have passed since LC-MS(/MS) became the mainstream for proteomic analysis; however,
conventional 2D DIGE (two-dimensional difference gel electrophoresis) continues to be an important
technology that enables rapid and direct visualization of hundreds to thousands of proteins and their
quantitative analyses. We can get global proteomic views using 2D DIGE within 3 days, and then identify
proteins with differential expression levels using MALDI-TOF/MS and MASCOT search engine within a
week. Here, we describe our routine 2D DIGE proteomic analysis of the liver isolated from mice in
pathological conditions.

Key words 2D DIGE, Isoelectric focusing, Proteomics, MALDI-TOF/MS

1 Introduction

Proteomic analysis that examines large numbers of proteins for
their associations with physiological and pathological conditions
may contribute to the understanding of molecular mechanisms
underlying them. Among several proteomic technologies so far
developed, 2D DIGE (two-dimensional difference gel electropho-
resis) provides rapid global views of protein expression and impor-
tant information about changes in pIs (isoelectric points) and
molecular weights caused by molecular events including posttrans-
lational modification (e.g., phosphorylation), alternative splicing,
and degradation. Although conventional 2D DIGE had encoun-
tered technical difficulties in consistent fluorescent labeling of pro-
teins and 2D electrophoresis, and thus high levels of gel-to-gel
variations and low reproducibility, the introduction of cyanine-
based fluorescent labeling, a variety of premade dried strips for
isoelectric focusing (IEF), and a pooled internal standard to enable
spot matching between the gels using PC software has overcame
these limitations [1].

GEHealthcare has been the major supplier of 2DDIGE system
reagents and we routinely use their CyDye DIGE Fluor (Cy2, Cy3,
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or Cy5; Table 1) minimal dyes and Immobiline DryStrips. CyDye
DIGE Fluors have an NHS ester reactive group that covalently
attaches to the lysine ε-amino residue of proteins via an amide
linkage. The quantity of dye added to the sample is limiting in the
labeling reaction (200 pmol per 25 μg protein), which ensures that
the dyes label ~1–2% of the lysine residues and then only a single
lysine per protein (irrespective of its molecular size). The three dyes
have matched sizes (MW 434–466) and charges (þ1) such that the
same protein labeled with each CyDye will overlay in 2D electro-
phoresis gels. Moreover, the lysine carries a þ1 charge around
neutral/acidic pH and CyDye also carry an intrinsic þ1 charge.
Therefore, the pIs of proteins do not significantly alter by CyDye
labeling. GE Healthcare also provides various types of Immobiline
DryStrips (various lengths and pH ranges), which enables easy and
reproducible separations of targeted proteins by IEF. Here, we
present our routine 2D DIGE proteomic approaches to investigate
mouse (hepatic) proteins [2, 3] that may be involved in fatty
liver formation caused by a methionine/choline-deficient (MCD)
diet [4].

2 Materials

Prepare all solutions using ultrapure water and reagents of analytical
or molecular biology grade.

2.1 Equipment 1. Micro Smasher MS-100R homogenizing system (TOMY,
Tokyo, Japan).

2. Zirconia beads (5-mm diameter, TOMY).

3. 2-mL tube specific for bead homogenization (TOMY).

4. Immobiline DryStrips (pH 3–10 NL, 18 cm, GE Healthcare).

5. CoolPhoreStar IPG-IEF Type-PX system (Anatech, Tokyo,
Japan).

6. Low-melting-point agarose (Agarose, low gelling temperature,
Sigma-Aldrich).

Table 1
Characteristics of CyDye Fluors

Fluor
Fluorescence
color

Max. absorption
wavelength (nm)

Max. fluorescence
wavelength (nm)

Molar extinction
co-efficient

MW added to
protein (Da)

Cy2 Green 491 509 135,000 434

Cy3 Orange 553 569 133,000 466

Cy5 Red 645 664 217,000 464
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7. 12.5% SDS-PAGE gel precasted with low-fluorescent glass
plates (14 cm � 14 cm, DRC, Tokyo, Japan).

8. ERICA-S high-speed electrophoresis system (DRC).

9. Typhoon Trio image scanner (GE Healthcare).

10. DeCyder 2D (Ver. 6.5) Differential Analysis software (GE
Healthcare).

11. Silver Stain MS kit (Wako, Tokyo, Japan).

12. μFocus MALDI plate (900 μm, 384 circles, Hudson Surface
Technology [Old Tappan, NJ, USA]).

13. AXIMA-CFR plus MALDI-TOF/MS (Shimadzu, Kyoto,
Japan).

14. Peptide calibration standards (~1000–3200 Da, Bruker
Daltonics).

15. MASCOT Search engine (Matrix Science; http://www.
matrixscience.com).

2.2 Buffers and

Solutions

2.2.1 Liver Homogenate

Preparation and CyDye

Labeling

1. Urea buffer: 7 M urea, 2 M thiourea, 4% (w/v) 3-[(3-chola-
midopropyl)dimethylammonio] propanesulfonate (CHAPS).
Weigh 8.40 g urea, 3.04 g thiourea, and 800 mg CHAPS,
and transfer to the 50-mL plastic tube. Add water to a volume
of 20 mL (see Note 1).

2. Lysis buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium ortho-
vanadate (Na3VO4). Mix 10 mL of Urea buffer, 50 μL of
200 mM PMSF (in methanol), and 10 μL of 1 M Na3VO4.

3. Tris-lysis buffer, pH 8.5: 7 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 40 mM Tris–HCl, 1 mM PMSF, 1 mMNa3VO4. Mix
2 mL of Urea buffer, 80 μL of 1 M Tris–HCl, pH 8.8, 10 μL of
200 mM PMSF, and 2.0 μL of 1 M Na3VO4 and adjust pH to
8.5 with concentrated HCl.

4. DTT-lysis buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS,
130 mM dithiothreitol (DTT), 1 mM PMSF, 1 mM Na3VO4,
2% IPG buffer (pH 3–10 NL [non-liner], GE Healthcare).
Weigh 20 mg DTT and transfer to the 1.5 mL plastic tube.
Add 1 mL of Urea buffer, 5 μL of 200 mM PMSF, 1.0 μL of
1 M Na3VO4, and 20 μL of IPG buffer.

5. Bio-Rad Protein Assay (Bradford dye-binding method, see
Note 2).

6. CyDye reagents (500 μM): Dissolve 5 nmol of CyDye DIGE
Fluor Cy2, Cy3, or Cy5 minimal dyes (GE Healthcare) in
10 μL of N, N-dimethylformamide (superdehydrated, Wako).

7. Stop solution: 10 mM L-Lysine

Rapid 2D DIGE Analysis 155

http://www.matrixscience.com
http://www.matrixscience.com


2.2.2 Two-Dimensional

Electrophoresis

1. Swelling reagent: 7 M urea, 2 M thiourea, 2% [v/v] Triton X-
100, 13 mM DTT, 2.5 mM acetic acid, 1% IPG buffer,
0.0005% bromophenol blue (BPB). Weigh 8.40 g urea,
3.04 g thiourea, and 40.0 mg DTT, and transfer to the 50-
mL plastic tube. Add 2 mL of 20% (v/v) Triton X-100, 500 μL
of 100 mM acetic acid, 200 μL of IPG buffer, 100 μL of 0.1%
BPB, and water to a volume of 20 mL.

2. Equilibration buffer: 50 mM Tris–HCl, pH 6.8, 6 M urea, 2%
sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, 0.0005%
BPB. Weigh 7.26 g urea and transfer to the 50-mL plastic tube.
Add 4 mL of 10% SDS, 1 mL of 1MTris–HCl, pH 6.8, 6 mL of
glycerol, 100 μL of 0.1% BPB, and water to a volume of 20 mL.

3. Reducing buffer: 50mMTris–HCl, pH 6.8, 6M urea, 2% SDS,
30% [v/v] glycerol, 65 mM DTT, 0.0005% BPB. Dissolve
100 mg of DTT in 10 mL of Equilibration buffer.

4. Alkylating buffer: 50 mM Tris–HCl, pH 6.8, 6 M urea, 2%
SDS, 30% [v/v] glycerol, 4.5% iodoacetamide, 0.0005% BPB.
Dissolve 450 mg of iodoacetamide in 10 mL of Equilibration
buffer.

5. Tris/glycine/SDS electrophoresis buffer: 25 mM Tris,
192 mM glycine, 0.1% SDS. Mix 30.3 g of Tris, 144 g of
glycine, 10 g of SDS, and water to a volume of 1 L to make
10� stock solution. Dilute the stock solution 10 times with
water before use.

2.2.3 MALDI-TOF/MS

Analysis

1. Ammonium bicarbonate solution: 100 mM ammonium bicar-
bonate (NH4HCO3).

2. Acetonitrile: LC-MS grade acetonitrile.

3. Matrix solution: 10 mM α-cyano-4-hydroxycinnamic acid (α-
CHCA) in 1% trifluoroacetic acid (TFA)/50% acetonitrile.

4. Trypsin solution: 10 ng/μL of Trypsin Gold, Mass Spectrome-
try Grade (Promega) and 0.01% ProteaseMAX Surfactant,
Trypsin Enhancer (Promega) in 25 mM NH4HCO3.

3 Methods

Carry out all procedures at room temperature unless otherwise
noted.

3.1 Specimen

Preparation

1. For mouse liver sampling, anesthetize mice with isoflurane
inhalation.

2. Make incisions in their abdomens to expose the liver.

3. Isolate liver aliquots (~150 mg).

4. Snap freeze tissue specimens with liquid nitrogen and store at
–80 �C until use.
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3.2 DryStrip Swelling

(Day 1)

1. Make Swelling reagent (5 mL per strip).

2. Immerse an Immobiline DryStrip (pH 3–10 NL, 18 cm) in
5 mL of Swelling reagent using a sealed 1 cm dia. � 20 cm
cylinder-type plastic tube. Make sure that the gel side (not the
retainer side) is up and no air bubbles on it.

3. Incubate at 20 �C for 8–24 hours for gel swelling using Cool-
PhoreStar IPG-IEF Type-PX system (Anatech) or any cool
incubators.

3.3 Sample (Liver

Homogenate)

Preparation and CyDye

Labeling (Day 2)

1. Prepare Urea buffer and then Lysis buffer.

2. Weigh frozen liver aliquots, transfer 50–120 mg to 2-mL tubes
(specific for bead homogenization), and then, add single Zir-
conia bead and ice-cold Lysis buffer (1 mL per 100 mg liver).
Keep on ice during these procedures.

3. Homogenize using Micro Smasher MS-100R homogenizing
system (4100 rpm, 30 s � 3 times [30 s intervals], 4 �C).

4. Centrifuge (16,000 � g, 5 min, 4 �C) and transfer the super-
natant (by removing the pellet and floating oil) to new 1.5-mL
plastic tube.

5. Centrifuge (20,000 � g, 25 min, 4 �C) and transfer the super-
natant to new 1.5-mL plastic tube. During this centrifugation,
prepare Tris-lysis buffer.

6. Measure protein concentrations using Bio-Rad Protein Assay
and bovine serum albumin (BSA) for protein standard (see
Note 2).

7. Dilute the supernatant to 10 mg/mL and add 1/3 volume of
Tris-lysis buffer, pH 8.5.

8. Add 200 pmol (0.4 μL) of CyDye DIGE Fluor Cy2, Cy3 or
Cy5 to 3.33 μL (25 μg) of diluted samples (seeNote 3) (Fig. 1).

9. Mix well, spin down, and stand on ice for 30 min in the dark.

10. Add 0.5 μL of 10 mM L-Lysine as Stop solution, mix well, spin
down, and stand on ice for 10 min in the dark. During the
incubation, prepare DTT-lysis buffer.

11. Mix all three samples (Cy2, Cy3, and Cy5-labeled) and add an
equal volume (12.69 μL) of DTT-lysis buffer. Mix well, spin
down, and stand on ice for 10 min in the dark.

3.4 Isoelectric

Focusing (IEF) (Day 2)

1. Set the swelled DryStrip on CoolPhoreStar IPG-IEF Type-PX
system.

2. Apply the mixed CyDye-labeled sample on the anode end of
the DryStrip.

3. Apply 200 mL of silicon oil to protect the strip from drying (see
Note 4).

Rapid 2D DIGE Analysis 157



4. Start IEF in the following condition: 500 constant volts for 2 h,
linear gradient from 500 to 3500 V for 6 h, and finally 3500
constant volts for 10 h at 20 �C.

3.5 SDS-PAGE and

Fluorescence

Detection (Day 3)

1. At ~1 h prior to the end of IEF, start the preparations of
Equilibration buffer, Reducing buffer, and Alkylation buffer.

2. Stop IEF and remove even a trace amount of silicon oil from
the strip.

3. Rinse the strip with water, and incubate in Reducing buffer
(2.5 mL per strip) with shaking using a packing plastic tray of
the Immobiline DryStrip (to save buffer volumes) for 30 min.

4. Incubate in Alkylation buffer (2.5 mL per strip) with shaking
using the packing plastic tray for 15 min. During this incuba-
tion, prepare 0.5% low-melting-point agarose in Tris/Glycine/
SDS electrophoresis buffer (~500 μL per sample) with heat
(microwave) and SDS-PAGE system.

5. Place the strip (after the IEF; both strip ends can be cut off if no
proteins of interest are in it) on the top of 12.5% SDS-PAGE
gel precasted with low-fluorescent glass plates (14 cm� 14 cm)
and seal with 450 μL of heated (dissolved) 0.5% agarose. Take
care not to make any bubbles.

6. Electrophoresis (200 constant volts, 4 h with ERICA-S high-
speed electrophoresis system).

Fig. 1 Typical procedures for 2D DIGE analysis. Three samples (control, þstimuli, and all-(sample) mix in
this case) are labeled with CyDye 2, 3, or 5, subjected to isoelectric focusing and then SDS-PAGE. The gels
are scanned for each fluorescence through low-fluorescence glass plates using a fluorescence imager. All-
mix samples are used for calibration of each spot using the DeCyder software (see Note 3). Using this
procedure, we can quantify fluorescence (a reflection of protein amounts) for all major protein spots across
the 2D gels
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7. Scan fluorescence of the gel (in the glass plates) with Typhoon
Trio image scanner. The use of low-fluorescent glass plates
enables fluorescence detection without detachment of the gel
from the plates.

8. Analyze the scan data with DeCyder 2D (Ver. 6.5) software.

9. If needed, start swelling of another DryStrip.

3.6 Sample

Preparation and

Additional 2DE for

Silver Staining (Day

4–5)

1. Mix 100–200 μg of liver homogenate (from Subheading 3.3,
step 6) and an equal volume of DTT-lysis buffer.

2. Run 2DE with the same procedures.

3. After electrophoresis, stain the gel with Silver Stain MS kit
(silver staining)

4. Store the gel at 4 �C until gel excision.

3.7 MALDI-TOF/MS

Analysis (Day 6)

1. Excise single targeted brown/black-stained spot from the gel
using a micro-spatula and transfer to a 1.5-mL plastic tube.

2. Add 100 μL of a yellowish mixture of De-staining solutions A
and B (in the Silver Stain MS kit) and shake using a test tube
shaker for 15 min.

3. Spin down briefly using a desktop mini-centrifuge (2000 � g),
aspirate the buffer, and repeat such wash with another 100 μL
mixture of De-staining solutions A and B. During this proce-
dure, the color of the gel piece changes from brown to yellow
(see Note 5).

4. Add 200 μL of 50 mM ammonium bicarbonate (NH4HCO3):
acetonitrile (1:1) to the gel, shake for 5 min using a tube
shaker, spin down, and aspirate the buffer.

5. Repeat such NH4HCO3/acetonitrile wash additional three
times (5 min � 3). During these procedures, the color of the
gel piece changes from yellow to colorless.

6. Add 200 μL of acetonitrile to the gel piece and incubate for
5 min. During the incubation, the color of gel piece changes
from colorless to white [Dehydration step].

7. Spin down and rinse the gel piece with 200 μL of 100 mM
NH4HCO3 (5 min incubation; the color changes from white
to colorless).

8. Spin down and rinse the gel piece with 200 μL of acetonitrile
(5 min incubation; the color changes from colorless to white).

9. Spin down and rinse the gel piece with 200 μL of 100 mM
NH4HCO3 (10 min incubation; the color changes from white
to colorless).

10. Spin down and rinse the gel piece with 200 μL of 50 mM
NH4HCO3:50% acetonitrile (1:1) (10 min incubation).
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11. Spin down and rinse the gel piece with 200 μL of acetonitrile
(10min incubation; the color changes from colorless to white).

12. Dry the pellet using a rotary vacuum concentrator for 10 min.

13. Add 10 μL of trypsin solution (Promega) and incubate at 50 �C
for 1 h.

14. Add 3 μL of 2% TFA.

15. Place 0.5 μL of Matrix solution, 1.0 μL of the trypsin digest,
and then another 0.5 μL of Matrix solution on a μFocus
MALDI plate (air dry).

16. Obtain positive ion mass spectrum (700–4000 m/z range)
using MALDI-TOF/MS and peptide calibration standards
with a reflectron mode.

3.8 Protein Database

Search (Day 7)

Proteins can be identified by matching the peptide mass finger
prints with the Swiss-Prot protein database using the MASCOT
Search engine (Matrix Science, http://www.matrixscience.com).
We routinely use the following parameters: taxonomy, Mus muscu-
lus; enzyme, trypsin; and allowing 1 missed cleavage. We select
carbamidomethylation as a fixed modification and allow the oxida-
tion of methionine as a variable. The peptide mass tolerance is set at
0.5 Da and the significance threshold is set at p<0.05 probability
based values on Mowse Scores (�55). An exemplary one-week
schedule for 2D DIGE proteomic analysis is given in Table 2.

Table 2
Exemplary one-week schedule for 2D DIGE proteomic analysis

2D DIGE Protein identification

Day 1 DryStrip swelling start 8~24 h

Day 2 Sample preparation
CyDye labeling
DryStrip swelling end

2 h
1 h

Isoelectric focusing start 18 h

Day 3 Isoelectric focusing end
SDS-PAGE (14 cm � 14 cm)
Fluorescence detection

4 h
1 h DryStrip swelling start 8~24 h

Day 4 DeCyder analysis 1 gel/h Sample preparation
DryStrip swelling end
Isoelectric focusing start

1 h

18 h

Day 5 Isoelectric focusing end
SDS-PAGE (14 cm � 14 cm) 4 h

Day 6 Silver stain
Trypsin digestion

1 h
4 h

MALDI-TOF/MS analysis 10 spots/h

Day 7 Protein database search 50 data/h
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4 Example Analysis

Fatty liver (hepatic steatosis) is a reversible condition wherein large
vacuoles of triacylglycerol accumulate in hepatic cells. Non-
alcoholic fatty liver disease (NAFLD) has been rapidly increasing
in parallel to the increased prevalence of obesity and type II diabe-
tes, which could progress to more severe clinical conditions such as
non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular
carcinoma [5]. However, initial molecular events underlying the
onset of hepatic steatosis and critical factors that affect the progres-
sion (to NASH) are still uncertain. Several groups pursue this by
proteomic approaches.

In our study, C57BL/6J mice (8-week-old males, Japan SLC,
Shizuoka, Japan) were fed ad libitum with a MCD diet (MCDD,
Oriental Yeast, Tokyo, Japan) or its control diet (MCD diet sup-
plemented with 0.51% methionine and 20 ppm choline bitartrate)
for 5 weeks. Methionine and choline are important precursors of
phosphatidylcholine that comprises the outer coat of very low-
density lipoprotein (VLDL); therefore, their deficiency could
cause defective hepatic VLDL secretion and thus hepatic triacylgly-
cerol accumulation [6]. Five-week-feeding withMCD diet caused a
progressive weight loss (Fig. 2a) and fatty liver formation (Fig. 2b)
as previously reported [6]. For total 8 samples, we used four SDS-
PAGE gels; each gel contained (1) MCD diet sample, (2) control
sample, and then (3) eight sample mix (for calibration), which were
labeled with Cy2, Cy3, or Cy5 (see Note 3).

Our 2D DIGE and its qualitative analysis using the DeCyder
software identified that several hepatic proteins were up- or down-
regulated in fatty liver of MCD diet-fed mice (Fig. 2c, d). These
include sulfotransferase 1 family member D1 (Sult1d1; spot 1),
serotransferrin (Trf, spot 2), and serum albumin (Alb, spot 3) as
up-regulated proteins, and major urinary protein 2 (Mup2, spot 9),
carboxylesterase 3B (Ces3b; spot 10), and ATP-citrate synthase
(Acly; spot 11) as down-regulated proteins (Table 3). Expression
of aldehyde dehydrogenase X, mitochondrial (Aldh1b1) was up-
regulated and those of selenium-binding protein 2 (Selenbp2),
glutathione S-transferase P 1 (Gstp1), formimidoyltransferase-
cyclodeaminase (Ftcd), and 3-hydroxyanthranilate 3,4-dioxygenase
(Haao) were down-regulated, which were generally consistent with
previous results by Lee et al. [7]. The other proteomic changes are
novel observations. All these experimental results were obtained
within 1 week.
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Fig. 2 2D DIGE proteomic analysis of fatty liver. Mice were fed MCD diet to induce fatty liver formation in mice.
(a) Body weight changes after feeding with the MCD diet and its control diet. Data are mean � SD (n ¼ 4
each). (b) Oil red O-stained hepatic sections from mice fed MCD diet and its control diet for 5 weeks. (c) The
representative florescent image in which up-regulated proteins are labeled in red and down-regulated proteins
are in green. Approximate pI values and molecular weights (MW; kDa) are indicated. (d) Quantitative profiling
of the above image by the DeCyder software. The x-axis represents log[(MCD/Control) fold induction] and y-
axis represents spot signal intensity. The red line represents spot number distribution and blue line its
Gaussian approximation. The two black straight lines represent 1.5 and –1.5 fold-change
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5 Notes

1. It will take some time to dissolve urea and thiourea (endother-
mic reactions); however, do not heat to avoid their degrada-
tion. Urea buffer can be stored at –80 �C.

2. For measurements of protein contents, use the Bradford dye-
binding method (e.g., Bio-Rad Protein Assay) but not the
bicinchoninic acid (BCA) method (e.g., Pierce BCA Protein
Assay Kit). Even with the Bradford dye-binding method, pro-
tein standard samples should be measured in the presence of
same volume of Lysis buffer, which may influence the
calibration.

3. There are very subtle differences between CyDye DIGE Fluors
(Cy2, Cy3, and Cy5) for their preferences to label specific
tissue proteins. For this reason, we usually try to use different
CyDye Fluors for labeling each sample pool. For example, we
use Cy2 for control sample No.1, Cy3 for stimulated sample
No.1, and Cy5 for all-mix sample in Gel 1 while Cy3 for
control sample No.2, Cy5 for stimulated sample No.2, and
Cy2 for all-mix sample in Gel 2, and Cy5 for control sample
No.3, Cy2 for stimulated sample No.3, and Cy3 for all-mix
sample in Gel 3. Such efforts may contribute to distinguish
protein expressional changes from differential labeling by dif-
ferent CyDyes.

4. Silicon oil is reusable. After every use, silicon oil should be
stored with beads-type silica gel and filtrated through a paper
filter just before reuse.

5. Make sure not to lose small gel pieces during the following
wash and drying processes.
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Chapter 14

Proteomic Analysis of Lung Tissue by DIGE

Jarlath E. Nally and Simone Schuller

Abstract

Lungs perform an essential physiological function, mediated by a complex series of events that involve the
coordination of multiple cell types to support not only gaseous exchange, but homeostasis and protection
from infection. Guinea pigs are an important animal disease model for a number of infectious and
noninfectious pulmonary conditions and the availability of a complete genome facilitates comprehensive
analysis of tissues using the tools of proteomics. Here, we describe the application of 2-D Difference Gel
Electrophoresis (DIGE) to compare, quantify, and identify differential protein expression of proteins in
lung tissue from guinea pigs with leptospiral pulmonary hemorrhage syndrome (LPHS) compared to
noninfected controls. 2-D DIGE is a powerful technique that provides novel insights into the dynamics
of the complex lung proteome during health and disease.

Key words DIGE, SDS-PAGE, Proteomics, Lung, Pulmonary, CyDye, Guinea pigs

1 Introduction

The lungs, one of the largest organs of the human body, facilitate
respiration. This physiological function is regulated by a complex
series of events that involve the coordination of multiple cell types,
including pneumocytes, bronchial epithelium, alveolar macro-
phages, endothelial cells, and interstitial cells, that not only sup-
ports gaseous exchange, but homeostasis and protection from
infection. Transcriptomic analysis of lung tissue indicates that 73%
of all human genes are expressed in the lung, of which 183 are
expressed at elevated levels compared to other tissue types [1–3].
A comprehensive analysis of the complete proteome of the
human lung is being performed (http://www.proteinatlas.org/
humanproteome/lung) [4]. Proteomic analysis of lung tissue is
being used to provide novel insights into the mechanisms of many
disease processes including infectious [5, 6] and noninfectious
conditions [7–11].

Guinea pigs represent an important disease model for a number
of infectious and noninfectious pulmonary conditions such as

Kay Ohlendieck (ed.), Difference Gel Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1664,
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LPHS [12], tuberculosis [13], Legionnaires disease [14], allergic
asthma [15], chronic bronchitis [16], and preterm respiratory dis-
tress syndrome [17]. Guinea pigs share a number of similarities
with humans with regard to hormonal and immunologic responses
[18], pulmonary physiology [19], and the corticosteroid response
[20]. The immunological genes of guinea pigs are more similar to
humans than that of the mouse [21]. This species therefore repre-
sents a particularly important model for the human immune sys-
tem. While the Broad Institute originally sequenced the guinea pig
genome to 2� coverage as part of the Mammalian Genome Project
to annotate the human genome, the guinea pig genome has now
been published to full (7�) coverage (https://www.broadinstitute.
org/guinea-pig/guinea-pig-genome-project). In addition, low
sequence coverage from two outbred guinea pig strains, one addi-
tional inbred strain, and a Peruvian guinea pig as part of a SNP
discovery project are currently being added. These findings are
freely accessible to researchers and have opened up important new
avenues of research investigations using genomic, transcriptomic,
and proteomic techniques in this species.

Both gel-free and gel-based proteomics techniques have been
successfully applied to examine the dynamics of the proteome of
lung tissue and have demonstrated the power of both the
approaches. Gel free “shot gun” techniques are considered fast
and reliable, but gel-based techniques, and in particular 2-D differ-
ential gel electrophoresis (DIGE), while being more labor inten-
sive, provides a visual control and analysis of the sample, allowing
for the targeted identification of protein spots of interest and the
differentiation of selected protein isoforms and their respective
posttranslation modifications [22].

Gel-based proteomics relies principally on sodium dodecyl sul-
fate polyacrylamide-gel electrophoresis (GE) to separate complex
protein samples using both one-dimensional (1D) and two-
dimensional (2D) separation techniques. 1D GE allows for the
separation of proteins according to molecular mass. In contrast,
2D GE is based on the separation of proteins according to both
isoelectric point (Isoelectric focusing) and molecular mass (GE)
which results in highly resolved protein spots.

While 2D GE provides a good overview of the molecular mass
and isoelectric point of the majority of proteins in a complex
sample, gel-to-gel variability can limit the ability to directly com-
pare protein abundance between samples. This limitation has been
overcome with the development of 2DDIGE, a technique that uses
fluorescent labeling of protein samples prior to protein separation
in the same gel [5, 23]. While different dye sets are commercially
available, this article will focus on the use of the cyanine-based dyes
(CyDyes): Cy2, Cy3, and Cy5. Protocols have been developed such
that a restricted number (~5%) of lysine residues on each protein are
labeled with CyDyes [24, 25]. This fluorescent minimal labeling
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approach [26] allows for the separation of proteins from two
different samples, labeled with two different CyDyes, to be sepa-
rated on the same gel, and thus minimizes gel-to-gel variability. It
also allows for the inclusion of an internal standard to normalize
spot intensities across multiple gels. Further, fluorescent dyes
increase the sensitivity of GE, allowing for the detection of up to
0.2 fmol of protein over a broad linear range (ca 20,000-fold
concentration range) for quantitation, permitting the precise mea-
surement of a wide range of protein spot intensities [22].

The principle of 2D DIGE is simple: two protein samples,
labeled with different fluorescent CyDyes, typically Cy3 and Cy5,
are separated on a single gel which also contains an internal stan-
dard. The internal standard comprises an equal amount of proteins
from all samples included in the study labeled with a third CyDye,
typically Cy2 [27]. Proteins with similar characteristics labeled with
different fluorescent dyes co-migrate to the same position on the
gel. Protein spots can then be imaged using a fluorescence scanner,
equipped with filters to pick up the frequencies of the individual
fluorescent dyes, thus generating three images representative of
samples labeled with Cy3 and Cy 5, as well as the internal standard
labeled with Cy2. The same internal standard can be used to
normalize the relative spot intensities of protein spots across multi-
ple gels and thus compare the relative abundance of specific pro-
teins in each sample of interest [28]. Differentially expressed
protein spots can then be identified and quantified by software
analysis, and selected for further analysis, e.g., identification by
mass spectrometry.

Here, we describe the application of 2D DIGE as used to
compare the proteome of lung tissue from guinea pigs with lepto-
spiral pulmonary hemorrhage syndrome (LPHS) to that of nonin-
fected controls [5, 29]. All proteins identified in this experiment
were used to generate a 2-D guinea pig lung proteome map
(http://proteomics-portal.ucd.ie/). This provides a reference gel
map, facilitating future gel-based proteomic studies on the lungs of
guinea pigs.

2 Materials

2.1 Reagents and

Consumables

Use analytical grade reagents whenever possible.

1. Amidosulfobetaine-14 (ASB-14).

2. Acrylamide stock, available from various commercial sources
(see Note 1).

3. Bind-silane (GE Healthcare).

4. CyDyes (Cy2, Cy3, Cy5); available from various commercial
sources.
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5. Dimethylformamide (DMF, anhydrous).

6. Electrode pads (precut).

7. Fluorescent stain (SyproRuby®; Deep Purple™).

8. Immobilised pH gradient (IPG) strips (pH 3–10 NL, pH 4–7;
7 cm and 24 cm Immobiline DryStrips).

9. IPG strip cover fluid (GE Healthcare).

10. IPG buffer corresponding to the pH range of the IEF strips.

11. Lint free tissue wipes.

12. Low protein retention tubes.

13. pH indicator paper with a narrow pH range (e.g., 7.5–9.5).

2.2 Equipment 1. Sonicator.

2. DryStrip rehydration tray (GE Healthcare).

3. IPGphor IEF apparatus (GE Healthcare).

4. Low fluorescent glass plates 24 cm (GE Healthcare).

5. Stand for casting large gels including blank cassettes and sepa-
rator sheets (GE Healthcare).

6. DaltSix electrophoresis and cooling unit (GE Healthcare).

7. Fluorescent gel imager (e.g., Typhoon 9400 Variable Mode
Imager).

8. Image analysis software (Progenesis® same spots, DCyder,
ImageQuant by GE Healthcare, ImageJ).

2.3 Preparation of

Reagents

All the solutions are prepared with ultrapure/double-distilled water
unless otherwise stated.

1. 1% Bromophenol blue stock solution: Mix 100 mg Bromophenol
Blue and 60 mg Tris base. Bring up to 10 ml final volume.

2. Solubilization Buffer: 7 M Urea, 2 M Thiourea, and 1% ASB-
14; Mix 42.042 g of Urea, 15.22 g of Thiourea, and 1 g of
ASB-14. Bring up to 100 ml with double distilled water. Make
1 ml aliquots and freeze at �20 �C.

3. Dye solutions: Cy2, Cy3, and Cy5 dyes are commercially
sourced and should be stored at �20 �C until use. After centri-
fugation to ensure reagents are at the bottom of the tubes, dyes
are reconstituted by adding fresh dimethylformamide (DFM)
to obtain 1 mm stock solutions. The stock solutions are then
further diluted with DFM to 400 pmol/μl working solutions.

4. Quenching solution: Prepare 1 μl of 10 mM lysine per μl of
CyDye added.

5. Rehydration buffer: Solubilization buffer containing 30 mM
DTT, 0.5% IPG buffer (0.5%), and 1 μl of Bromophenol blue
stock solution. Use IPG buffer corresponding to the pH range
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of the IPG strip. Final volumes are dependent on strip length
(125 μl for 7 cm and 450 μl for 24 cm strips).

6. 12% Polyacrylamide gels (makes six 24 cm gels): Mix 253 ml of
double distilled water, 187.5 ml of 40% Acrylamide, 6 ml of
10% SDS, and 150 ml of Tris Buffer pH 8.8. Degas for 2 h
using a vacuum pump, while mixing with a stir bar, then add
166 μl TEMED and 3.3 ml of 10% APS just before pouring the
gel. Stock solutions of 10% APS can be prepared ahead of time
and stored in aliquots at �20 �C.

7. Equilibration buffer: 6 M urea, 75 mm Tris–HCl pH 8.8,
29.3% glycerol, 2% SDS, and 0.002% bromophenol blue. For
200 ml buffer, mix 72.1 g Urea, 6.7 ml of Tris–HCl ph 8.8,
69 ml of Glycerol, 4 g SDS, 400 μl Bromophenol blue stock
solution and add double distilled water to 200 ml. Freeze
20 ml aliquots at -20 �C. Add DTT or Iodoacetamide, to a
final concentration of 1% or 2.5% respectively, just before use.
Calculate 20 ml of Equilibration buffer and 0.2 g of DTT or
0.5 g of Iodoacetamide per strip.

8. 10� SDS Electrophoresis Buffer: Mix 60.5 g Tris base, 288.2 g
Glycine, and 20 g SDS. Bring up to 2 l with double distilled
water. To obtain 1� SDS running buffer dilute 1:9 with double
distilled water. To obtain 2� SDS running buffer dilute 1:5
with double distilled water. You need about 4 l of 1� SDS
running buffer and 1 l of 2� SDS running buffer to complete
this experiment.

9. Agarose Sealing solution: Mix 0.5 g Agarose, 200 μl of 1%
Bromophenol stock solution. Bring up to 100 ml with 1�
Electrophoresis buffer.

10. Sypro Fixation buffer: Mix 500 ml methanol and 70 ml acetic
acid. Bring up to 1 l with double distilled water.

11. Sypro Wash buffer: Mix 100 ml methanol and 70 ml acetic acid.
Bring up to 1 l with double distilled water.

3 Methods

3.1 Experimental

Design

When planning a 2D DIGE experiment, several factors including
the number of biological replicates, sample randomization, and
general time management should be considered [28].

1. Number of biological replicates: The number of samples to be
included in the experiment should be decided based on the
expected biological variation across samples (e.g., lung tissues
from a standardized laboratory animal model versus patient
materials). The heterogeneity of samples can be estimated by
performing preparatory 1D and/or 2D GE and comparing
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protein band/spot patterns. A minimum of three samples per
group should be included in an experiment to allow for a
meaningful statistical analysis. To limit run-to-run variability,
all gels to be included in the analysis should be run in parallel
either in one or more 6 or 12 gel appliances.

2. Sample randomization. In order to limit sample labeling bias,
samples should be randomized so that equal numbers of both
groups are labeled with Cy3 and Cy5 (dye swap). Cy2 is used to
label the internal standard. Tonge et al. (2001) compared the
variability of different CyDye combinations and found that a
comparison of Cy3 and Cy5 labeled samples was less variable
than other dye combinations, likely due to the fact that Cy2 is a
slightly weaker fluorescent agent and therefore associated with
a less favorable signal-to-noise ratio [25]. Karp and Lilley
(2005) confirmed this observation. Labeled samples are then
randomized to the gels in order to remove bias due to system-
atic errors caused by experimental artifact. An example for
sample randomization on 6 gels is shown in Table 1.

3. Time management. The full experiment will take 3 days to
complete. The workflow can be interrupted at various stages
as indicated; however, careful planning is necessary to ensure
vital equipment and facilities are available when they are
needed.

3.2 Sample

Preparation

1. Choice of sample. Careful consideration should be given to the
choice of sample. Lung tissue is complex, containing a multi-
tude of different structures and cell types, as well as blood and
potentially oedema fluid. Because of the high sensitivity of
DIGE to detect differences in protein abundance, structures

Table 1
Experimental design. Comparison of protein abundance between six biological replicates of disease
(A1–A6) and control groups (B1–B6). Samples are labeled with either Cy3 or Cy5 using a “dye swap.”
The pooled internal standard is labeled with Cy2. Samples are randomized to one of six gels

Gel
Cy2
Pooled internal standard

Cy3
50 μg in
400 pmol of Cy3

Cy5
50 μg in
400 pmol of Cy5

1 50 μg (4.17 μg each of samples A1–6 and B1–6) B2 A5

2 50 μg (4.17 μg each of samples A1–6 and B1–6) A1 B3

3 50 μg (4.17 μg each of samples A1–6 and B1–6) A6 B1

4 50 μg (4.17 μg each of samples A1–6 and B1–6) A3 B5

5 50 μg (4.17 μg each of samples A1–6 and B1–6) B4 A2

6 50 μg (4.17 μg each of samples A1–6 and B1–6) B6 A4
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of interest should be chosen carefully (e.g., non-hemorrhagic,
non-oedematous areas; bronchi vs parenchyma) to avoid intro-
duction of artifactual differences in protein abundance. Laser
microdissection is a useful technique to capture specific areas of
interest [30].

2. Protein solubilization. Several methods can be used for sample
preparation including grinding of frozen tissue, glass bead
solubilization, and sonication. When using sonication, a good
approach is to place 0.2 g of flash frozen lung tissues (flash
frozen at the time of collection) in a 1.5 ml low protein reten-
tion Eppendorf tube containing 1 ml of solubilization buffer.
The sample is sonicated in short bursts at maximum capacity,
while being kept on ice to avoid overheating. The samples are
then incubated overnight at room temperature. Samples are
then centrifuged at 12,000 � g for 5 min and the supernatant
and pellet were separated, aliquoted, and frozen until further
analysis. Whichever method is used, efficient solubilization of
the majority of proteins should be examined by comparing
protein band patterns of supernatant and pellet on a one
dimensional gel (Fig. 1).

3. Protein quantification. To ensure correct labeling and equal
loading, protein concentrations of the samples are quantified
using an assay compatible with reducing and/or detergent
agents, e.g., RC/DC protein assay kit; Bio-Rad.

4. Determination of spot resolution. As part of the preparatory
work, the degree of protein spot resolution and spread over
pH ranges for your samples should be determined via 2-D gel
electrophoresis (Fig. 2). For this purpose, 25 μg of proteins can
be loaded onto 7 cm IPG strips starting with a pH range of
3–10. After second dimension separation, the gels are
inspected for spots at the extremes of this range and for over-
lapping of spots. The ideal pH range for your sample is the one
that includes the majority of spots while providing enough
resolution to minimize overlapping of individual protein spots
(Fig. 2). Often a pH range of 4–7 adequately fulfils these
requirements. Alternatively, 2D DIGE analysis can be per-
formed on several pH ranges or the use of IPG strips with a
nonlinear gradient, which provide higher resolution in the
middle of the gel and lower resolution at the higher and
lower end of the pH spectrum of the strip. When comparing
lung tissue from guinea pigs with LPHS compared to nonin-
fected controls by DIGE, over 1500 protein spots were aligned
across all biological replicates; only 5 proteins spots were
detectable as differentially expressed over a pH range of 3–10
compared to 130 proteins spots that were characterized as
differentially expressed over a pH range of 4–7 due to
improved protein resolution (data not shown) [5].
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5. Check sample quality. Running of preparatory gels also provides
the opportunity to screen for obvious differences in spot pat-
terns between groups or technical problems with the sample,
including streaking or lack of high molecular weight proteins
indicative of protein sample degradation.

Fig. 1 Optimization of sample preparation. Comparison of protein fractions from
lung tissue of noninfected (a) and infected (b) guinea pigs after one or two
sonication steps in solubilization buffer. Comparison of protein profiles between
pellets and supernatants by 1D–SDS PAGE suggests that the majority of proteins
are solubilized in supernatant 1. There were no significant differences in protein
band patterns between solubilized proteins present in the supernatant after one
(supernatant 1) or two (supernatant 2) sonication steps. Based on these results
one sonication step was judged sufficient for solubilization of the majority of
proteins from lung tissue for 2-D DIGE. Gels were stained with SyproRuby stain.
Molecular mass markers are indicated
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3.3 Labeling

Procedure

Powder-free gloves should be worn for all the procedures to avoid
keratin contamination, which will interfere with mass spectrometry.

1. Samples are defrosted.

2. To optimize fluorescent labeling, each sample pH is adjusted to
pH 8.5 with 50 mM NaOH (optimal labeling is between
pH 8.0 and 9.0) (see Note 2).

3. The optimal protein concentration for labeling is 0.5–10 μg/μ
l. To avoid pipetting errors, it is helpful to adjust all samples to
the same protein concentration before going into the experi-
ment. This considerably simplifies the task of combining sam-
ples for the internal standard and final sample mixes.

4. The internal standard is prepared by pooling equal amounts
of sample from all samples included in the experiment (see
Note 3).

Fig. 2 Determination of protein spot resolution and pH range of proteins from lung tissue of infected and
noninfected guinea pigs via 2-D gel electrophoresis. Lung tissue from noninfected (a, c) and infected guinea
pigs (b, d) were separated over pH 3–10 (a, b) or pH 4–7 (c, d). Images show good protein spot resolution. A
number of protein spots were present outside the pH 4–7 range. Limited differences in protein spot patterns
between infected and noninfected lung tissues are detected. Twenty-five μg of protein were loaded onto each
gel. Gels were stained with SyproRuby stain. Molecular mass markers are indicated
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5. For each gel, 50 μg of protein from samples are labeled with
400 pmol of Cy3 or Cy5 (see Note 4). For each gel, 50 μg of
protein of pooled internal standard is labeled with Cy2. The
samples are left to incubate on ice for 30 min (seeNote 5). The
labeling is then quenched by the addition of 1 μl of 10 mM
lysine per μl of CyDye added and samples are incubated for
10 min at room temperature. During the entire experiment,
labeled samples are protected from light in order to limit
degradation of the CyDye labels. After labeling the samples
are combined as per experimental design.

3.4 Gel Preparation As much of the quality of the final images relies on the quality of the
gels, specific care should be given to producing high quality gels for
DIGE. To ensure all the gels in the experiment have the same
chemical and physical properties, a multi-gel caster allowing for
the simultaneous pouring of all gels is necessary.

1. Low fluorescent plates are carefully cleaned (see Note 6) and
front and back plates assembled.

2. The caster is prepared and filled, starting with a separator sheet
and then by alternating plates and separator sheets until full.

3. Finish with a separator sheet (see Note 7).

4. The caster is then positioned upright on an absolutely level
surface to ensure horizontal gel surfaces.

5. The gel matrix is then poured into the caster via a funnel
avoiding the introduction of air bubbles (see Note 8).

6. The surface of the gels is then generously sprayed with 0.1%
SDS solution. The gels should be given several hours for poly-
merization. They can be stored at 4 �C in 2D running buffer
for up to 4 days.

3.5 Rehydration of

IPG Strips

1. Prepare rehydration solution. Pipette the required amount per
strip in separate labeled tubes. Then add required amount of
sample and solubilization buffer to add up to the desired
volume (see Note 9). Again, this is simplified if all samples
have been standardized to the same protein content. Carefully
mix by pipetting up and down. Briefly spin down samples to
remove all bubbles.

2. Remove IPG Strips from freezer.

3. Prepare rehydration tray. Make sure it stands level.

4. Carefully pipette final rehydration solution into wells. There
should be no bubbles. Burst bubbles with a needle before
placing the IPG strip with the gel side facing down onto the
rehydration solution. Be careful to record strip numbers asso-
ciated with each sample. Carefully cover strips with cover fluid
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to avoid desiccation. Cover the tray with lid, then put light
excluding cover over the tray. Allow IPG strips to rehydrate for
10–20 h at room temperature.

3.6 2D SDS-PAGE 1. Isoelectric focusing. Isoelectric focusing can be performed using
an Ettan IPGphor IEF System (GE Healthcare). The strip
holder is positioned in the machine and all channels evenly
covered with 108 ml of Immobiline DryStrip cover fluid. IPG
Strips are placed, face up in the tray with the anodic (þ) end of
the strip resting on the appropriate mark on the tray. Precut
electrode pads are wet with 150 μl of deionized water and
blotted until they are almost dry. The pads are placed on the
ends of the IPG strips. The electrode assembly is placed over
the top of all pads and locked (seeNote 10) and the cover of the
Ettan IPGphor is closed. Ensure that samples are run in the
dark. Perform Isoelectric focusing according to the length and
pH range of selected IPG strips. For 24 cm pH 4–7 strips,
3500 V for 75,000 VH (step 1), a gradient to 8000 V for
10 min (step 2), followed by 8000 V for 1 h (step 3), and
100 V for 5 h (holding step) work well. After isoelectric focus-
ing strips can be frozen at �80 �C for 2–4 days.

2. Strip equilibration. Strips are transferred into equilibration
buffer with added 1% DTT and incubated on a shaker for
10 min. After a brief rinse with water, the strips are transferred
into the second equilibration buffer containing 2.5% iodoace-
tamide for 10 min. Placing the IPG strip, with the gel side
facing inward, in a Petri dish works well for this procedure.

3. SDS-PAGE. The strips are rinsed with electrophoresis running
buffer and overlaid on 12% acrylamide gels, which are prepared
upright in a stand (see Note 11). Agarose gel with bromophe-
nol blue (tracking dye) is used to seal the strips (see Note 12).
The gels are run using a DaltSix electrophoresis unit (GE
Healthcare). Prepare the tank by inserting the anode assembly
unit. Fill the unit with 1� SDS Electrophoresis buffer and turn
the pump on. Turn on the cooler system (15 �C). Insert the
prepared gels into the unit. Fill the unused spaces with blank
cassettes. Add more 1� SDS Electrophoresis buffer until the
buffer is at or just below the “LBC (lower buffer chamber) start
fill" line. Slide on the UBC (upper buffer chamber). Fill the
upper chamber with 2� SDS Electrophoresis buffer to
between the fill lines (approximately 0.8 l). Fill the LBC with
1� SDS Electrophoresis buffer to the same level as the upper
chamber (approximately 4 l in total). Put the lid on the unit.
Start the run (seeNote 13). At the end of the run, when the dye
front has just migrated off the end of the gel, switch off the
power pack, disconnect and remove gels.
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3.7 Image

Acquisition and

Analysis

1. Scanning. Gels can be scanned inside the glass plates. Plates
should be thoroughly cleaned before scanning because high
fluorescent specs might artificially increase the upper end of the
dynamic range thus preventing the detection of low intensity
spots. A Typhoon™ variable mode imager (GE Healthcare) is
commonly used for gel scanning. This scanner has band pass
filters to image each of the three CyDyes (520 nm for Cy2,
580 nm for Cy3, and 670 nm for Cy5). The gels are prescanned
at a pixel size of 500 μm and the photomultiplier tube (PMT)
voltage adjusted in order to ensure that the most intense spot
on the gel is at the upper end of the dynamic range, thus
ensuring that the full dynamic range of the detector is used.
For the final scans, gels are scanned at a pixel size of 100 μm.

2. Principle component analysis (PCA) is a multivariate statistical
analysis technique, which allows for easy detection of outlying
gels and visualization of clustering of results of the biological
replicates according to their group. PCA is performed by com-
paring spot with significant differences in normalized spot
volumes between the groups present on all gels. It provides a
global perspective over the experimental variation, thus giving
an idea whether the variation seen is due to biologic variation
according to the grouping, or technical/random biological
noise in the system. An example for good clustering of
biological replicates into groups is shown in Fig. 3.

3. Spot analysis.Differences in spot volumes can be analyzed using
dedicated software packages such as SameSpots (TotalLab) or
DeCyder (GE Healthcare), PDQuest (Bio-Rad), Delta2D
(Decodon). Freeware programmes such as ImageJ or Quick-
Time can also be used for image visualization and annotation.
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Fig. 3 Principle component analysis biplot of 2-D DIGE pH 4–7. Principle component analysis (PCA) allows for
easy detection of outlying results and visualization of clustering of results of the six biological replicates
according to their group [5]. The biplot shows excellent clustering of expression levels of significantly
differently expressed spots on the six gels according to the relevant group (LPHS pink; control blue)
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Gel images are inspected and imported into the selected
programme. Prior to analysis, images are first cropped (making
sure high signal areas at the borders of the gels and spot picking
reference tags are removed), then the samples on each gel
assigned to the respective experimental groups (see Note 14).
Spots are then aligned by the programme and the spot volumes
of the individual samples normalized against the internal stan-
dard. Spot volumes of protein spots aligned across all gels are
then compared between groups. Statistical criteria for signifi-
cant differences in spot volumes typically are set at p < 0.05,
power > 0.8, and q < 0.01 (false discovery rate). While the
software will do most of this work automatically, visual inspec-
tion of single protein spots of interest is advised before assem-
bling the final list of protein spots for picking. Figure 4
illustrates the analysis of a protein spot with significant

Fig. 4 Three different ways to illustrate differences in spot volumes using spot 695 from the pH 4–7
experiment [5]. (A) 2-D image of protein spot 695 from 12 biological replicates. (B) 3-D image of mean
spot volumes of spot 695 in LPHS and control samples; (C) Graphic illustration of spot volumes for spot 695 in
LPHS and control groups. The spot intensities (A) and volumes (B, C) of protein spot 695 are significantly
higher in LPHS lung tissue compared to controls. This protein was identified by mass spectrometry as alpha-1-
antiproteinase S precursor, an acute phase protein [5]
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differences in abundance in lung tissue from experimentally
infected guinea pigs (LPHS) compared to the noninfected
control group [5].

3.8 Generation of a

Master Gel and Spot

Picking

For protein identification, protein spots can be picked from the gels
included in the 2D DIGE analysis, or alternatively from separately
run master gels. The advantage of using master gels is that greater
amounts of protein can be loaded. Typically, 500–1000 μg of
protein are loaded per master gel.

1. Preparation of master gels for spot picking. Before pouring the
gel for second dimension separation, the front glass plate
should be treated with a solution containing 80% ethanol, 2%
acetic acid, and 0.1% Bind-silane (GE Healthcare) in order to
immobilize the gel on the front plate during staining and spot
picking. Once dry, a reference marker is attached on the mid-
point of the left and right side margins. These markers served as
coordinates and reference points when using an automated
spot picker.

2. Protein separation. Proteins are separated using the same pro-
tocol as described for DIGE.

3. Fixation and staining. After second dimension protein separa-
tion, the two glass plates are opened and the gel that is immo-
bilized to the front plate, is first placed in fixation solution (50%
methanol and 7% acetic acid) for 1 h and then stained with
SyproRuby stain (Invitrogen) overnight. After staining, the gel
is destained using 10% methanol and 7% acetic acid for 1 h to
reduce background. If the gel is to be scanned again using the
Typhoon™ variable mode imager, the glass plates are reas-
sembled, and scanned with the front plate facing up, as previ-
ously described. A spot picking list with the coordinates of all
selected spots can be produced using SameSpots (TotalLab).
Because gels are scanned with the front plate on the top of the
gel, and automated spot pickers typically work with the front
plate under the gel, the X coordinate has to be corrected to
account for the inversed image using the formula Xcor-
rected ¼ Xmax-x (X being the corrected coordinate, Xmax
being the width of the image in pixels, and x being the previous
coordinate). This step is obviously not necessary if a combined
scanner-spot picker robot is used.

4 Notes

1. Acrylamide is a neurotoxin. It is important to wear appropriate
personal protective equipment and use appropriate handling
precautions.
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2. To test sample pH, pipette one droplet of sample and standard
on pH indicator paper. If the pH is below 8 the CyDye will not
bind, and if it is above 9, multiple dye molecules can bind to the
protein, or to different amino acids, which will be negatively
charged at high pH.

3. Make sure you have enough standard for all gels included in the
experiment, plus extra for potential repeats and pipetting
losses.

4. The protein to dye ratio recommended by the manufacturer is
400 pmol dye for 50 μg protein. It is possible to work with
25 μg protein and 200 pmol/dye without loss of sensitivity in
case of very small samples or to reduce costs for the CyDye.

5. To synchronize the labeling time, the dye can be applied to the
inner wall of the sample tube. The tubes are then all spun
together, vortexed and spun again in a microcentrifuge to
mix the dye well with the sample.

6. As gels are scanned between the glass plates, these have to be
absolutely free of stain or dust. First wash the plates with water,
and use ethanol and lint-free tissue to carefully clean the plates
before casting the gels.

7. To avoid leakage, remove the gray foam seal from the groove in
the faceplate of the caster and lubricate with Vaseline to help
ensure a liquid tight seal and then put back in place. Be careful
to also obtain a good seal between the bottom of the plates and
the casting stand to avoid leakage of the gel matrix.

8. Gentle tapping of the caster stand from both sides with styro-
foam blocks allows for trapped air to be released to the surface
after pouring.

9. Some authors advise to not include the protein samples in the
rehydration solution. Cup loading is used instead.

10. When using 24 cm strips, the top and bottom electrode units
have to be placed with the electrodes facing away from each
other in order to accommodate the length of the strips.

11. By convention the strips are placed with the acidic end to the
left of the gel. Position the strips with the plastic backing
against the inside of the back plate. The gel surface of the
strip should not be touching the front plate. Then gently
push the strip down until the entire lower edge of the strip is
in contact with the top surface of the gel.

12. Allow for enough time for the agarose gel to cool down and
solidify before moving the gels.

13. You can set up the power pack to 4 W/ gel for 1 h followed by
17 W/ gel until the bromophenol blue gets out of the gels
(approx. 4:30 min). However, it works well to run the gels at
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0.5W/gel for 1 h and then at 2W/gel overnight. The power is
increased the following morning to 17 W/gel until the track-
ing dye reaches the bottom edge of the gel. This allows for
enough time to perform the scanning of the gels in one go on
day 3 of the experiment.

14. After scanning of the gels, crop areas with spacers, IPG strips,
and other areas, which might show autofluorescence and there-
fore interfere with the analysis.
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Kampf C, Sjöstedt E, Asplund A (2015)
Tissue-based map of the human proteome. Sci-
ence 347(6220):1260419

5. Schuller S, Sergeant K, Renaut J, Callanan JJ,
Scaife C, Nally JE (2015) Comparative proteo-
mic analysis of lung tissue from guinea pigs
with leptospiral pulmonary haemorrhage syn-
drome (LPHS) reveals a decrease in abundance
of host proteins involved in cytoskeletal and
cellular organization. J Proteome 122:55–72.
doi:10.1016/j.jprot.2015.03.021

6. Zhao D, Liang L, Li Y, Liu L, Guan Y, Jiang
Y, Chen H (2012) Proteomic analysis of the
lungs of mice infected with different patho-
types of H5N1 avian influenza viruses. Prote-
omics 12(12):1970–1982. doi:10.1002/
pmic.201100619

7. Chang DW, Hayashi S, Gharib SA, Vaisar T,
King ST, Tsuchiya M, Ruzinski JT, Park DR,
Matute-Bello G, Wurfel MM, Bumgarner R,
Heinecke JW, Martin TR (2008) Proteomic
and computational analysis of bronchoalveolar
proteins during the course of the acute respira-
tory distress syndrome. Am J Respir Crit Care
Med 178(7):701–709. doi:10.1164/rccm.
200712-1895OC

8. Konsavage WM, Umstead TM, Wu Y, Phelps
DS, Shenberger JS (2013) Hyperoxia-induced
alterations in the pulmonary proteome of juve-
nile rats. Exp Lung Res 39(2):107–117.
doi:10.3109/01902148.2013.763871

9. Korfei M, von der Beck D, Henneke I, Markart
P, Ruppert C, Mahavadi P, Ghanim B, Kle-
petko W, Fink L, Meiners S, Kramer OH, See-
ger W, Vancheri C, Guenther A (2013)
Comparative proteome analysis of lung tissue
from patients with idiopathic pulmonary fibro-
sis (IPF), non-specific interstitial pneumonia
(NSIP) and organ donors. J Proteome
85:109–128. doi:10.1016/j.jprot.2013.04.
033

10. Liu YF, Chen YH, Li MY, Zhang PF, Peng F,
Li GQ, Xiao ZQ, Chen ZC (2012) Quantita-
tive proteomic analysis identifying three

182 Jarlath E. Nally and Simone Schuller

https://doi.org/10.1016/j.jprot.2015.03.021
https://doi.org/10.1002/pmic.201100619
https://doi.org/10.1002/pmic.201100619
https://doi.org/10.1164/rccm.200712-1895OC
https://doi.org/10.1164/rccm.200712-1895OC
https://doi.org/10.3109/01902148.2013.763871
https://doi.org/10.1016/j.jprot.2013.04.033
https://doi.org/10.1016/j.jprot.2013.04.033


annexins as lymph node metastasis-related pro-
teins in lung adenocarcinoma. Med Oncol 29
(1):174–184. doi:10.1007/s12032-010-
9761-3

11. Hu J, Gao Z, Wang X, Gu M, Liang Y, Liu X,
Hu S, Liu H, Liu W, Chen S, Peng D, Liu X
(2016) iTRAQ-based quantitative proteomics
reveals important host factors involved in the
high pathogenicity of the H5N1 avian influ-
enza virus in mice. Med Microbiol Immunol.
doi:10.1007/s00430-016-0489-3

12. Nally JE, Chantranuwat C, Wu X-Y, Fishbein
MC, Pereira MM, da Silva JJP, Blanco DR,
Lovett MA (2004) Alveolar septal deposition
of immunoglobulin and complement parallels
pulmonary hemorrhage in a guinea pig model
of severe pulmonary leptospirosis. Am J Pathol
164(3):1115–1127

13. McMurray D, Collins F, Dannenberg A Jr,
Smith D (1996) Pathogenesis of experimental
tuberculosis in animal models, Tuberculosis.
Springer, New York, pp 157–179

14. Breiman RF, Horwitz MA (1987) Guinea pigs
sublethally infected with aerosolized Legionella
pneumophila develop humoral and cell-
mediated immune responses and are protected
against lethal aerosol challenge: a model for
studying host defense against lung infections
caused by intracellular pathogens. J Exp Med
165(3):799–811

15. Ricciardolo FL, Nijkamp F, Rose VD, Folkerts
G (2008) The guinea pig as an animal model
for asthma. Curr Drug Targets 9(6):452–465

16. Luo Y-L, Zhang C-C, Li P-B, Nie Y-C, Wu H,
Shen J-G, Su W-W (2012) Naringin attenuates
enhanced cough, airway hyperresponsiveness
and airway inflammation in a guinea pig
model of chronic bronchitis induced by ciga-
rette smoke. Int Immunopharmacol 13
(3):301–307

17. Koshy S, Beard LL, Kuzenko SR, Li T, Folk-
esson HG (2011) Lung fluid absorption is
induced in preterm guinea pigs ventilated
with low tidal volumes. Exp Lung Res 37
(1):44–56

18. Dascher CC, Hiromatsu K, Naylor JW, Brauer
PP, Brown KA, Storey JR, Behar SM, Kawasaki
ES, Porcelli SA, Brenner MB (1999) Conser-
vation of a CD1 multigene family in the guinea
pig. J Immunol 163(10):5478–5488

19. Meurs H, Santing RE, Remie R, Van Der Mark
TW, Westerhof FJ, Zuidhof AB, Bos IST,
Zaagsma J (2006) A guinea pig model of
acute and chronic asthma using permanently
instrumented and unrestrained animals. Nat
Protoc 1(2):840–847

20. Gaumer H, Salvaggio J, Weston W, Claman H
(1974) Cortisol inhibition of immunologic
activity in guinea pig alveolar cells. Int Arch
Allergy Immunol 47(6):797–809

21. Padilla-Carlin DJ, McMurray DN, Hickey AJ
(2008) The guinea pig as a model of infectious
diseases. Comp Med 58(4):324–340

22. Friedman DB, Lilley KS (2008) Optimizing
the difference gel electrophoresis (DIGE) tech-
nology. Methods Mol Biol 428:93–124

23. Unlu M, Morgan ME, Minden JS (1997) Dif-
ference gel electrophoresis: a single gel method
for detecting changes in protein extracts. Elec-
trophoresis 18(11):2071–2077. doi:10.1002/
elps.1150181133

24. Shaw J, Rowlinson R, Nickson J, Stone T,
Sweet A, Williams K, Tonge R (2003) Evalua-
tion of saturation labelling two-dimensional
difference gel electrophoresis fluorescent dyes.
Proteomics 3(7):1181–1195. doi:10.1002/
pmic.200300439

25. Tonge R, Shaw J, Middleton B, Rowlinson R,
Rayner S, Young J, Pognan F, Hawkins E,
Currie I, Davison M (2001) Validation and
development of fluorescence two-dimensional
differential gel electrophoresis proteomics
technology. Proteomics 1(3):377–396.
doi:10.1002/1615-9861(200103)1:3<377::
aid-prot377>3.0.co;2-6

26. Minden JS (2012) Two-dimensional difference
gel electrophoresis. Methods Mol Biol
869:287–304. doi:10.1007/978-1-61779-
821-4_24

27. Alban A, David SO, Bjorkesten L, Andersson
C, Sloge E, Lewis S, Currie I (2003) A novel
experimental design for comparative two-
dimensional gel analysis: two-dimensional dif-
ference gel electrophoresis incorporating a
pooled internal standard. Proteomics 3
(1):36–44. doi:10.1002/pmic.200390006

28. Dautel F, Kalkhof S, Trump S, Lehmann I,
Beyer A, von Bergen M (2011) Large-scale 2-
D DIGE studies-guidelines to overcome pit-
falls and challenges along the experimental pro-
cedure. J Integr OMICS 1(9)

29. Schuller S, Sergeant K, Renaut J, Callanan JJ,
Scaife C, Nally JE (2015) A 2-D guinea pig
lung proteome map. Data Brief 4:140–145

30. Kondo T, Seike M, Mori Y, Fujii K, Yamada T,
Hirohashi S (2003) Application of sensitive
fluorescent dyes in linkage of laser microdissec-
tion and two-dimensional gel electrophoresis
as a cancer proteomic study tool. Proteomics
3(9):1758–1766. doi:10.1002/pmic.
200300531

2D DIGE of Lung 183

https://doi.org/10.1007/s12032-010-9761-3
https://doi.org/10.1007/s12032-010-9761-3
https://doi.org/10.1007/s00430-016-0489-3
https://doi.org/10.1002/elps.1150181133
https://doi.org/10.1002/elps.1150181133
https://doi.org/10.1002/pmic.200300439
https://doi.org/10.1002/pmic.200300439
https://doi.org/10.1002/1615-9861(200103)1:33.0.co;2-6
https://doi.org/10.1002/1615-9861(200103)1:33.0.co;2-6
https://doi.org/10.1002/1615-9861(200103)1:33.0.co;2-6
https://doi.org/10.1002/1615-9861(200103)1:33.0.co;2-6
https://doi.org/10.1007/978-1-61779-821-4_24
https://doi.org/10.1007/978-1-61779-821-4_24
https://doi.org/10.1002/pmic.200390006
https://doi.org/10.1002/pmic.200300531
https://doi.org/10.1002/pmic.200300531


Chapter 15

Comparative Testis Tissue Proteomics Using 2-Dye Versus
3-Dye DIGE Analysis

Ashling Holland

Abstract

Comparative tissue proteomics aims to analyze alterations of the proteome in response to a stimulus. Two-
dimensional difference gel electrophoresis (2D-DIGE) is a modified and advanced form of 2D gel electro-
phoresis. DIGE is a powerful biochemical method that compares two or three protein samples on the same
analytical gel, and can be used to establish differentially expressed protein levels between healthy normal
and diseased pathological tissue sample groups. Minimal DIGE labeling can be used via a 2-dye system with
Cy3 and Cy5 or a 3-dye system with Cy2, Cy3, and Cy5 to fluorescently label samples with CyDye flours
pre-electrophoresis. DIGE circumvents gel-to-gel variability by multiplexing samples to a single gel and
through the use of a pooled internal standard for normalization. This form of quantitative high-resolution
proteomics facilitates the comparative analysis and evaluation of tissue protein compositions. Comparing
tissue groups under different conditions is crucially important for advancing the biomedical field by
characterization of cellular processes, understanding pathophysiological development and tissue biomarker
discovery. This chapter discusses 2D-DIGE as a comparative tissue proteomic technique and describes in
detail the experimental steps required for comparative proteomic analysis employing both options of 2-dye
and 3-dye DIGE minimal labeling.

Key words 2-Dye labeling, 3-Dye labeling, CyDyes, Difference gel electrophoresis, Isoelectric focus-
ing, Mass spectrometry, Protein digestion, Protein identification, Protein separation, Tissue proteo-
mics, Two-dimensional gel electrophoresis

1 Introduction

Proteins are biomolecules that facilitate all cellular processes and are
extremely functionally diverse [1]. Proteomes contain vast amounts
of biological information, which is not accessible by genomics or
transcriptomics, and can be characterized by altered protein abun-
dances, cell and time-dependent expression profile patterns, and
posttranslational modifications [2]. Interrogation of biological sys-
tems, including tissue analysis, is most relevant at the protein level.
Tissue proteomics is an ever-growing field as tissue pathogenesis is
complex due to the many pathological factors that can affect and
influence it, such as genetic abnormalities, acquired autoimmune
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defects, or traumatic injury [3, 4]. Tissue proteomics is a powerful
analytical tool that can analyze global protein populations from
both healthy and pathological tissue samples [5, 6]. Biochemical
insights from proteomic methodologies are of considerable interest
in the field of testis and spermatozoa biology and are imperative for
enhancing the discovery of testis specific protein biomarkers. Tissue
biopsies can be complex in composition, as seen in testis research,
and may comprise of proteins from the epididymis, vascular tissue,
connective tissue, or adipose tissue [5, 7].

Proteomic analysis of tissue samples can be carried out for
qualitative purposes to identify proteins in a sample or for quanti-
tative analysis to compare the relative abundances of samples to
investigate altered protein expression profiles [8]. Two-
dimensional gel electrophoresis (2D-GE) coupled with liquid chro-
matography mass spectrometry (LC-MS) is a routinely used and
highly reproducible bioanalytical method that can quantify and
subsequently identify hundreds to thousands of proteins for the
systematic assessment of crude tissues, subcellular tissue fractions,
or isolated protein complexes [9, 10]. In 1975, O’Farrell revolu-
tionized modern biochemistry by introducing a new protein sepa-
ration technique called two-dimensional gel electrophoresis (2D-
GE). 2D-GE is a principal method of high-resolution protein
separation, separating proteins in the first dimension by isoelectric
point (pI) and molecular mass in the second dimension [11].
Proteins are separated in the first dimension with isoelectric focus-
ing (IEF), where proteins are separated along a pH gradient based
on their pI until the overall net charge is equal to zero [12].
Proteins are subsequently separated in the second dimension,
based on their molecular mass, in an acrylamide gel matrix by
sodium dodecyl sulfate polyacrylamide slab gel electrophoresis
(SDS-PAGE). Proteins have unique electrophoretic mobility pat-
terns, with smaller proteins migrating through the gel faster than
the larger proteins. Coupling these two independent biochemical
protein separation techniques allows for a higher resolution of
protein separation than with other techniques [11].

In 1997, Minden and colleagues [13] modified 2D–GE so that
only a single gel was required to reproducibly detect altered abun-
dances between two protein samples, by fluorescently tagging sam-
ples with different cyanine dyes, CyDyes. This advanced technique
was coined as DIGE, difference gel electrophoresis. Fluorescence
DIGE is the most sensitive and reproducible form of 2D-GE as it
allows multiple samples to be quantified in a single gel, thus elim-
inating gel-to-gel variability [14]. DIGE enables the direct com-
parison of two different protein populations on the same high-
resolution 2D gel system and thus can provide a plethora of infor-
mation about the proteome under investigation [15]. DIGE allows
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tissue sample proteomes to be pre-electrophoretically labeled with
sensitive fluorescent CyDyes in a 2-dye or a 3-dye system [13].
Using 2D-DIGE for quantitative proteomic investigations is a
superior form of 2D-GE as it has the capability of identifying a
range of protein species from structural proteins associated with the
cytoskeleton, as well as metabolic proteins and enzymes, extracellu-
lar matrix proteins, cytokines, transporters, signaling proteins, ion-
handling proteins, and molecular chaperones [8]. DIGE coupled
with LC-MS/MS is a highly sensitive, robust, and powerful
method for modern comparative tissue proteomics.

DIGE can be applied in two forms, with minimal or saturation
labeling. Saturation labeling involves the complete labeling of pro-
tein thiol groups with CyDyes, which react via maleimide with free
SH groups [16]. For the purpose of this chapter, I will be focusing
solely on minimal labeling. DIGE minimal labeling is a highly
sensitive method that is capable of detecting and quantifying
small changes in protein abundance as it has a detection limit as
low as 0.5 fmol protein and a detection range of more than 10,000-
fold concentration range [13, 17]. Minimal CyDye labelling is a
nucleophilic substitution reaction of the CyDye covalently attached
N-hyroxysuccinimidyl (NHS) ester with amine groups of lysine
amino acids [16]. The three CyDyes are size and charge matched
allowing fluorescently labeled proteins to be multiplexed and run
on the same analytical gel [13]. CyDyes label a “minimal” propor-
tion, approximately 2–3%, of lysine resides of proteins in the sample
and therefore do not impinge on the downstream LC-MS identifi-
cation of proteins [18, 19].

DIGE minimal labeling can be applied as a two-dye multiplex
(one sample and a pooled internal standard) or as a three-dye
multiplex approach (two samples and a pooled internal standard)
as illustrated in Fig. 1. Figure 2 outlines the application of a 2-dye
and 3-dye DIGE approach for studying total protein extracts from
normal versus affected testis tissue using a similar style as seen in
recent work by Jockusch et al. [5] andHolland andOhlendieck [4].
Both minimal labeling options have their benefits and drawbacks,
and are user and experimental specific. The 3-dye approach with
Cy2, Cy3, and Cy5 provides less gel-to-gel variability and thereby
increases sample reproducibility, as two samples can be coresolved
on the same gel with an internal standard. The 3-dye method is
usually preferred when samples being compared potentially have
significant genetic variation, for example in humans and in some
animal species [17]. For this method Cy2 is used to label the
pooled internal sample for normalization, Cy3 and Cy5 are used
for sample labeling [20]. However, labeling with 3-dyes can
result in a lower signal-to-noise ratio [20]. Karp et al. [21] sug-
gested that when employing the 3-dye method there is a potential
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that the p-values skew toward 1 potentially suggesting that stan-
dardized volumes are not truly independent. This can have down-
stream processing drawbacks at the quantification stages, where the
q-value can no longer be used to control the false-discovery rate.
The 2-dye labeling approach employing Cy3 and Cy5 can and is
routinely employed as an alternative technique. The 2-dye method
is more reproducible than the 3-dye approach. This method uses
Cy3 and Cy5 to label the pooled internal standard and the sample,
respectively [20]. Reciprocal labeling, where the order of sample
labeling is reversed, can be carried out to distinguish any potential
sample-dependent differences and, the less common, dye-
dependent differences [18]. While this approach is more costly,
the quantitative data should be stronger [14].

While many researchers are moving toward label-free mass
spectrometry for proteome wide quantification, DIGE remains a
competitive, important, and relevant method in the field of prote-
omics [6, 10, 22]. Depending on sample complexity, DIGE permits
the direct visualization of hundreds to thousands of protein species

Multiplexing fluorescently labeled proteins for 2D-DIGE analysis
Total protein extracts from normal versus pathological testis tissue extracts

2-CyDye DIGE System 3-CyDye DIGE System

2D SDS-PAGE

Fluorescence Image acquisition

Quantitative image analysis of differentially expressed fluorescently labeled tissue proteins

Mass spectrometric identification of altered proteins

Cy2 Cy3 Cy5 Cy3 Cy5 

Mix all labeled samples Mix all labeled samples

Pooled testis tissue
internal standard

Cy5 labeled  

Control or test
testis tissue

Cy3 labeled 

Test testis tissue

Cy5 labeled 

Control testis tissue

Cy3 labeled

Pooled testis tissue
internal standard 

Cy2 labeled 

Fig. 1 2D–DIGE workflow for a 2-dye and 3-dye multiplex system. Shown is an overview of the principal
approach used in both a 2-dye and 3-dye DIGE experiment for studying the global protein alterations from
complex testis tissue proteomes. Protein is extracted from normal and pathogenic testis tissue samples,
fluorescently labeled with CyDyes for a 2-dye or 3-dye multiplex approach, proteins are separated via 2D-GE
based on their isoelectric point and molecular mass, 2D-DIGE images are acquired and quantitatively
compared, and proteins with altered expression profiles are extracted and identified by mass spectrometry.
Abbreviations used: 2D-GE two-dimensional gel electrophoresis, DIGE difference gel electrophoresis, SDS-
PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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separated by pI and molecular mass and the relative quantification
of protein abundance [23]. Proteins that are differentially expressed
can be excised from the gel slab, processed and subsequently iden-
tified by mass spectrometry. This comparative technique has the
capabilities of identifying altered protein abundances and relaying
crucial insight on individual proteins and their potential biological
role [5, 18, 19]. While the field of proteomics is constantly evolving
due to continuous advancements in mass spectrometry, allowing
the identification and quantification of proteins and looking at
protein-associated modifications, protein-protein interactions and
localization, gel electrophoresis and more specifically 2D-DIGE is
still relevant [6]. DIGE represents a key tool for tissue protein
biomedical research and extensive use of this method can be instru-
mental in establishing the dynamic tissue proteome signature in
pathological conditions and provide crucial insight for biomarker
discovery and understanding the underlying pathophysiological
mechanisms [7, 8].

This chapter introduces 2D-DIGE as a comparative tissue pro-
teomic electrophoretic technique, compares 2-dye and 3-dye mini-
mal DIGE labeling, delivers a complete experimental protocol with
technical assistance, and provides crucial technical notes and trou-
bleshooting insights that should be considered when carrying out
2D-DIGE minimal labeling experiments.

Fig. 2 2D-DIGE quantitative analysis of testis tissue proteins. Gel overlays of (a) a 2-dye DIGE system, and (b) a
3-dye DIGE system can be normalized to the internal pooled standard and subsequently quantitatively
compared and analyzed to identify proteins with different abundance levels. (c) Shown are two statistically
significant (p� 0.05) protein spots with major differences in abundances in the control testis tissue compared
to the pathological testis tissue, as analyzed using Progenesis SameSpots (NonLinear Dynamics) software.
The top image shows the difference in protein abundances at the gel level and the bottom image is a 3D visual
representation of the difference in volume ratios in the control versus diseased testis tissue
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2 Materials

2.1 Equipment Equipment for protein extraction from tissue samples, protein
labelling, gel electrophoresis, gel imaging, quantitative gel analysis,
and mass spectrometry was from the following suppliers:

1. pH test paper 7.5-9.5 (GE Healthcare) (see Note 1).

2. Hand-held IKA T10 Basic Homogeniser (IKA Labortechnik).

3. Immobilized pH gradient (IPG) strips-Immobiline DryStrips
(240 � 3 � 0.5 mm, linear 4-7/6-9/3-10 pH; GE Health-
care); alternative sources are Bio-Rad, Sigma-Aldrich, and Iso-
gen Lifesciences (see Note 2).

4. IPG DryStrip reswelling tray (GE Healthcare).

5. First dimensional electrophoresis unit-Ettan™ IPGphor™
apparatus (GE HealthCare); alternative equipment is PRO-
TEAN IEF System (Bio-Rad), Multiphor II Horizontal Elec-
trophoresis Unit (PerkinElmer) or UniPhor Horizontal
Electrophoresis Unit (Sigma-Aldrich).

6. Manifold (GE Healthcare).

7. 2D-gel casting unit (GE Healthcare).

8. Low fluorescent 2D glass plates (GE Healthcare).

9. Cassette racks (GE Healthcare).

10. Second-dimensional electrophoresis unit-Ettan DALTtwelve
multiple vertical slab gel electrophoretic system (GE Health-
care); alternative equipment is PROTEAN Plus Dodeca™ Cell
(Bio-Rad).

11. Laser scanning imaging device-Typhoon 9400™ Trio variable
mode image scanner (GEHealthcare); alternative equipment is
FLA 5100 Imaging System (FUJIFILM) or Ettan DIGE
imager (GE HealthCare).

12. Analysis software-Progenesis SameSpots (Nonlinear
Dynamics)-the most automated of the softwares available for
DIGE analysis-alternative software is DeCyder™ (GE Health-
Care); or Delta2D (DECODON).

13. Thermomixer (Eppendorf).

14. Model 5417R Centrifuge (Eppendorf).

15. Heto speedvac concentrator (GE Healthcare).

16. LC-MS/MS system for protein identification-nanoflow agilent
1200 series system, equipped with a Zorbax 300SB C18μm,
4mm40 nL pre-column for the separation of peptides (Agilent
Technologies) coupled to an Agilent 6340 Ion Trap LC mass
spectrometer. Other mass spectrometers are also capable of
analysis.
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2.2 General Reagent

Solutions

To achieve successful experiments use high-quality electrophore-
sis/proteomic grade chemicals. All buffers and solutions should be
made up in high quality water (mass spectrometry grade or of
18 MΩ or less) in order to keep contamination of protein samples
to a minimum. Specific reagent solutions for protein extraction
from tissue samples, gel electrophoresis, protein labeling, gel imag-
ing, and mass spectrometry were from the following suppliers:

1. CyDye DIGE flours for minimal labeling (Cy2, Cy3 and Cy5)
(Sigma).

2. Destreak agent (GE Healthcare).

3. DryStrip cover fluid (GE Healthcare).

4. IPG buffer (GE Healthcare).

5. IPG strips (GE Healthcare).

6. LC-MS Chromasolv water (Fluka).

7. Protease inhibitors (Roche).

8. Quick Start™ Bradford Protein Assay Kit (Bio-Rad).

9. ReadyPrep 2-D Cleanup Kit (Bio-Rad).

10. Sequence grade modified trypsin-lyophilized (Promega).

2.2.1 Preparation of

Crude Tissue Sample

Extracts

1. Tissue lysis buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS,
10 mM Dithiothreitol (DTT), 2% (w/v) IPG ampholytes
pH 3–10, 10 mM Na-HEPES (pH 8.0), DNase, protease and
phosphatase inhibitors (see Note 3).

2. ReadyPrep 2-D Cleanup Kit (Bio-Rad); alternative sources are
2D clean-up kit (GE HealthCare) and 2-D Sample Prep Kits
(Pierce Biotechnology).

3. Quick Start™ Bradford Protein Assay Kit (Bio-Rad) or 2D-
Quant kit (GE HealthCare).

2.2.2 CyDye Labeling

(Minimal Dye Approach)

1. DIGE compatible lysis buffer: 9.5 M urea, 2 M thiourea, 4%
CHAPS, 2% (w/v) IPG ampholytes pH 3-10, 10 mM DTT,
30 mM Tris-HCl, pH 8.5 (see Note 4).

2. Quenching solution: 10 mM lysine.

3. 2� sample buffer: 8 M urea, 130 mMDTT, 4% (w/v) CHAPS,
2% (v/v) ampholytes pH 3-10.

4. 50 mM NaOH.

2.2.3 2D SDS-PAGE 1. 12.5% acrylamide gel: acrylamide (10%), SDS (0.1%),
ammonium persulfate, TEMED, 0.37 M Tris–HCl, pH 8.8
(see Note 5).

2. IPG-strip rehydration buffer: 12 μL Destreak reagent and
0.002% (w/v) bromophenol blue per 1 mL of DIGE compati-
ble lysis buffer (see Note 6).
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3. Equilibration buffer stock: 6 M urea, 30% (v/v) glycerol, 2%
(w/v) SDS, 0.002% (w/v) bromophenol blue, 50 mM
Tris–HCl, pH 8.8 (see Note 6).

4. Equilibration buffer I (reduction buffer): 1% (w/v) DTT in
equilibration stock (see Note 7).

5. Equilibration buffer II (alkylation buffer): 2.5% (w/v) Iodoa-
cetamide (IAA) in equilibration stock (see Note 7).

6. Bind-silane: add 4 mL bind-silane to acetic acid and dH2O
mixture (220 μL acetic acid, 1 L dH2O) (see Note 8).

7. 10� SDS running buffer: 25 mM Tris–base, 190 mM glycine,
1% (w/v) SDS. Dilute to a 1� solution before use.

8. Agarose sealing solution: 1% (w/v) agarose, 0.1% (w/v) SDS,
0.002% (w/v) bromophenol blue and 125 mM Tris (pH 6.8).
Heat solution in microwave until agarose has fully dissolved (see
Note 9).

2.2.4 Protein

Visualization Using

Coomassie Brilliant Blue

1. Buffer A: 10% (w/v) ammonium sulfate, 2% (v/v) phosphoric
acid.

2. Buffer B: 5% (w/v) Coomassie Brilliant Blue G-250 in H2O.

3. Coomassie staining solution: add 2 mL Buffer B to 80 mL
Buffer A and bring to a final volume of 100 mL with methanol.

4. Neutralization buffer: 0.1 M Tris, pH 6.5.

5. Wash buffer: 25% (v/v) methanol.

6. Fixation buffer: 20% (w/v) ammonium sulfate.

2.2.5 In-Gel Digestion of

Protein for Mass

Spectrometric

Identification

1. DTT solution: 10 mM DTT in 100 mM ammonium
bicarbonate.

2. IAA solution: 55 mM iodoacetamide in 100 mM ammonium
bicarbonate.

3. Trypsination buffer: 20 μg sequencing grade-modified trypsin
in 100 μL resuspension buffer (see Note 10). For in-gel diges-
tion, dissolve 10 μL aliquots into 500 μL 50 mM ammonium
bicarbonate.

4. Extraction buffer: 1:2 (v/v) formic acid: acetonitrile.

5. Formic acid/acetonitrile (1:2 (v/v)).

3 Methods

3.1 Preparation of

Crude Tissue Protein

Extracts (See Note 11)

1. Weigh testis tissue samples from both control and test patho-
logical groups and place ~100 mg tissue sample in an appropri-
ate size tube for homogenization and add 1 mL lysis buffer to
give a tissue to lysis buffer ratio of 1:10 (see Note 12).
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2. Lyse tissue samples by (a) using a hand held homogenizer, (b) a
sonication probe, or (c) manual grinding in the presence of
liquid nitrogen with a pestle and mortar.

3. Incubate the tissue lysates at 4�C with agitation for 2 h.

4. Centrifuge lysates at top speed in a 1.5 mL microcentrifuge for
20 min at 4�C. Retain the protein containing middle layer for
proteomic evaluation and leave behind the top lipid layer and
the pelleted debris at the bottom.

5. Precipitate protein from tissue lysate using acetone or a 2D
cleanup kit according to the manufacturer’s recommendations
overnight at –20�C. The following day, pellet the sample by
centrifugation at top speed for 5 min at 4�C. Air-dry the
protein pellet for 2 min and resuspend pellet in an appropriate
DIGE compatible lysis buffer (see Note 13).

6. Determine the protein concentration using a Bradford assay or
2D quant kit. Standards and samples should be made up in lysis
buffer as urea, CHAPS and DTT affect the Bradford assay.
Using a 96-well plate add 5 μL sample/standard to 250 μL
Bradford reagent, mix and measure the OD at 595 nm. The
blank should be made up with lysis buffer (see Note 14).

3.2 Protein Labeling

with Fluorescent

CyDyes

1. Allow CyDye stock solutions to equilibrate to room tempera-
ture for 15 min before beginning.

2. Resuspend CyDyes in anhydrous Dimethyl formamide (DMF)
to give a stock CyDye concentration of 1 mM (see Note 15).
Briefly vortex and centrifuge CyDyes at 12000 � g for 30 s.
Stock solutions can be used immediately or stored in the dark at
�80�C for up to 2 months.

3. Dilute stock CyDyes 1:5 (v/v) with DMF to make a working
solution of 200 ρmol. CyDye working solutions are only stable
for 1 week at �20�C.

4. Prior to protein labeling it is essential to check the pH of the
sample and ensure it is at pH 8.5 for accurate labeling.

5. Add 1 μL CyDye (at 200 ρmol) per 25 μg tissue protein. If you
are using a 2-dye system label 50 μg per sample with 2 μL Cy3
and label 50 μg pooled internal standard with 2 μL Cy5. If you
are using a 3-dye system label 50 μg per control sample with
2 μL Cy3, label 50 μg per test sample with 2 μL Cy5, and label
50 μg pooled internal standard with 2 μL Cy2.

6. Briefly vortex and centrifuge samples and incubate protein/
CyDye mixtures on ice for 30 min in the dark.

7. Quench the labeling reaction with the addition of 1 μL 10 mM
lysine per 25 μg protein. Briefly vortex and centrifuge samples
and incubate protein/CyDye/lysine mixtures on ice for 10min
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in the dark. Samples are now CyDye labeled and can be imme-
diately used for 2D-electrophoretic separation or stored at -
80�C for 3 months in the dark.

3.3 First Dimension

Protein Separation-

Iso-Electric Focusing

(IEF)

1. Following CyDye labeling of tissue proteins add an equal vol-
ume of 2� sample buffer to labeled samples and leave on ice for
10 min.

2. Pool protein samples that will be separated on the same first
and second dimensional gel. For a 2-dye multiplex add 25 μg
Cy3 labeled sample plus 25 μg Cy5 labeled pooled internal
standard (i.e., 50 μg protein per IPG strip). For a 3-dye multi-
plex add 25 μg Cy3 labeled control sample, 25 μg Cy5 labeled
test sample plus 25 μg Cy2 labeled pooled internal standard
(i.e. 75 μg protein per IPG strip).

3. IEF strip rehydration. For the separation of tissue protein
lysates in the first dimension using 24 cm pH 3-10 NL IPG
Immobiline DryStrips will give superior separation and resolu-
tion of proteins. Add CyDye labeled proteins with appropriate
volume of DIGE compatible rehydration buffer for strip length
(see Table 1).

4. Rehydrate IPG strips in a DryStrip rehydration tray with sam-
ple at room temperature overnight to allow passive diffusion of
proteins into the gel strip. Add ~1 mL PlusOne Drystrip Cover
fluid to each well to prevent strips from drying out.

5. Isoelectric focusing (IEF)-separation of proteins in the first
dimension. Load rehydrated strips onto the manifold in IPG-
phor gel side up.

6. Put paper wicks at each end of the strips and wet wicks with
150 μL 100 mM DTT.

7. Apply voltage clamps onto either end of the strip.

8. Cover manifold with 108 mL PlusOne Drystrip Cover Fluid.

Table 1
Volume of rehydration buffer required based on strip length for isoelectric
focusing

Strip length (cm) Total volume (μL)

7 125

11 200

13 250

18 350

24 450
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9. Set IPGphor to focus strips as outlined in Table 2.

10. Equilibration of IEF strip. After IEF protein separation in the
first dimension strips need to be equilibrated prior to SDS-
PAGE protein separation in the second dimension. Reduce
focused strips by incubating strips in equilibration buffer A
for 10 min with gentle agitation.

11. Alkylate strips by incubating strips in equilibration buffer B for
10 min with gentle agitation in the dark.

3.4 Second

Dimension Protein

Separation-SDS-PAGE

1. Clean low fluorescent glass plates with 70% EtOH and lint-free
tissue.

2. Assemble the gel cassette (24 � 18 cm) with 1.5 mm thick
spacers.

3. Pour gels (10–1.5% polyacrylamide) and avoid air-bubbles.

4. Overlay the top of the gels with 750 μL isopropanol to get an
even gel surface. Allow gels to polymerize for � 8 h (see Note
16). Once polymerized drain off the isopropanol and rinse well
with water to remove.

5. If gels are polymerizing overnight layer tops of gels with 0.2%
SDS and cover to prevent gels from drying out.

6. Briefly wash equilibrated strips in 1� SDS running buffer.

7. Load equilibrated strips onto polyacrylamide gel for protein
separation in the second dimension.

Table 2
IEF running protocols

Method Volts Duration (min)

Step-and-hold 100 120

Step-and-hold 500 90

Step-and-hold 1000 60

Step-and-hold 2000 60

Step-and-hold 4000 60

Step-and-hold 6000 120

Step-and-hold 8000 240

Step-and-hold 500 180

Step-and-hold 8000 240

The IEF running conditions outlined in Table 2 can be used for 18 and 24 cm strips and

are appropriate for protein separation based on pI for all pH ranges. The proteins will be

separated for a total of 70,000 Vh
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8. Seal IPG strip in place using a 1% agarose sealing solution.

9. Run 2D-DIGE gels in an ETTAN-DALT, at 0.5 W/gel for the
first 60 min and then increase power to 15 W/gel until the
solvent reaches the bottom of the gel but before it runs off.

3.5 DIGE Gel Image

Acquisition and

Quantitative Analysis

1. Visualize CyDye labeled proteins using a Typhoon Trio 9400
variable mode image scanner (GE Healthcare). Image acquisi-
tion for DIGE gels requires setting the correct laser for excita-
tion and emission filter wavelength to each CyDye as outlined
in Table 3.

2. Perform all prescans at 500 μm low resolution to optimize the
photomultiplier tube (PMT) value for each laser and then
perform optimized scans for final image acquisition at
100 μm high resolution and save raw files in 16-bit .tif format.
The PMT value for each gel is variable and should be adjusted
for each image (400–700 V) to give a maximum pixel volume
between 85,000 and 95,000 (see Note 17).

3. Analyze the DIGE images using Progenesis SameSpots (Non-
Linear Dynamics) software, or appropriate alternative software,
to detect apparent differences in protein abundances between
groups.

4. Align gels to adjust for any gel-to-gel variation and if needed
crop sections of the gels that are redundant areas for analysis
(IPG strip and the solvent front).

5. Select the appropriate gel for the pooled internal standard to
facilitate spot matching and protein normalization and set up
experimental design.

6. Carry out statistical analysis to generate a list of significant
protein spots. Tag significant proteins (p � 0.05) with a fold
change of � 1.5 and a power score � 0.8 and export spot list.

7. Use this list of statistically significant differentially expressed
protein spots for further analysis, such as identifying proteins
by mass spectrometry.

Table 3
DIGE image acquisition mode settings

CyDye Excitation filter (nm) Emission filter (nm)

Cy2 488 (blue) 520 BP

Cy3 532 (green) 580 BP

Cy5 633 (red) 670 BP
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3.6 Spot Picking

and Gel Destaining

1. Spot picking can be done manually or alternatively with an
automated robotic spot picker. In both cases use Coomassie
stained spot picking gel that was run in parallel with the DIGE
experimental gels or use experimental DIGE gels that were
subsequently Coomassie stained (see Note 18).

2. For manual excision use a sterile pipette tip with the end
removed to excise spot and put gel plug in a labeled 1.5 mL
tube or 96-well plate (seeNotes 19 and 20). If you are trying to
identify low-abundance proteins, it is good practice to enrich
for the proteins of interest or pool protein frommultiple DIGE
gels (see Note 21).

3. Destain Coomassie stained gel plugs with 100 μL 100 mM
ammonium bicarbonate/acetonitrile solution (1:1) to each gel
plug, and incubate for 30 min at room temperature with occa-
sional vortexing.

4. Add 500 μL neat acetonitrile and incubate for 10 min at room
temperature to dehydrate and shrink gel plug.

5. Remove solution, leaving behind the gel plug (see Note 21).

3.7 In-Gel Protein

Digestion and Peptide

Extraction

1. Resuspend 20 μg trypsin in 100 μL reconstitution buffer (see
Note 22). For a working trypsin concentration add 10 μL
reconstituted trypsin to 500 μL 50 mM ammonium
bicarbonate.

2. Add 50 μL trypsin to gel plugs and incubate for 30 min at 4�C
to allow for slow trypsin absorption into gel matrix.

3. If required add more trypsin/buffer to ensure gel plug is
submerged in the solution and incubate for another 90 min
at 4�C.

4. Add 20 μL 50 mM ammonium bicarbonate to cover gel plug
and incubate at 37�C overnight in a thermomixer at 250 rpm.

5. Add 100 μL extraction buffer to each sample and incubate for
15 min at 37�C in thermomixer as before.

6. Remove the peptide containing supernatant and transfer to a
new sterile microcentrifuge tube.

7. Dry down peptides in a vacuum centrifuge (see Note 21).

3.8 Liquid

Chromatography–

Mass Spectrometry

1. Resuspend dried peptides in 15 μL 0.1% formic acid.

2. To ensure complete resuspension of peptides vortex and soni-
cate samples for 10 min (see Note 23).

3. Centrifuge samples at 14000� g for 20 min at 4�C and transfer
top 12 μL to a LC-MS vial (see Note 24).

4. Separating peptides on a nanoflow Agilent 1200 series system
coupled with a Model 6340 Ion Trap LC-MS apparatus
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(Agilent Technologies) can allow analysis of peptide mixtures
and identify tissue-associated protein digests (see Note 25).

5. Inject 5 μL peptide mixture into the nanoflow LC system and
load analytical samples into the enrichment capillary at a flow
rate set to 2 μL/min. The mobile phase of solvent A: 0.1%
formic acid and solvent B: 90% acetonitrile/0.1% formic
acid were set at a ratio of 19:1 for solvent A to solvent B (see
Note 25).

6. Separate peptide samples over a 10 min gradient of 5–100%
acetonitrile/0.1% formic acid and an equilibrating post run of
5 min through a Zorbax 300SB C18 5 μm column,
43 mm � 75 μm analytical reverse phase column employing
HPLC-Chip technology.

7. Elute tryptic peptides with a continuous linear gradient of
5–70% solvent B for 6 min, 70–100% solvent B for 1 min and
100% solvent B for 1 min, with a constant nano-pump flow rate
of 0.6 mL/min. Run a 2 min post-time of solvent A to mini-
mize sample carryover.

8. Capillary voltage should be set at 1700–2000 V, flow rate at
4 μL/min, and drying gas temperature at 300�C.

9. Database searches can be conducted with MASCOT MS/MS
Ion Search (Matrix Science, London, UK) for protein identifi-
cation. For confident protein identifications search parameters
for filtering data withMASCOT should be set to (a) twomissed
cleavages by trypsin, (b) carboxymethylation of cysteines as a
fixed modification, (c) oxidation of methionine as a variable
modification, (d) minimum of two unique peptides, and (e) a
MASCOT score � 49. It is crucial to cross reference the pI
values and molecular masses of the identified proteins to their
corresponding position on the DIGE gel.

4 Notes

1. Narrow pH range test papers are more accurate than broad
range test papers.

2. IEF strips are available in different pH ranges and sizes;
pH 3–10 NL strips are a good starting point for whole-cell
tissue extracts. Nonlinear (NL) indicates that the strip has a pH
gradient, with increased resolution between pH 5 and 7. In
practice, using 24 cm pH 3–10 NL strips improves the resolu-
tion of proteins in the region where most proteins lie. Alterna-
tively, narrower pH range strips (1 pH unit or pH 4–7) are
available for closer study of proteins within a region of interest.

3. As soon as lysis occurs, proteolysis, de-phosphorylation, and
denaturation begin. It is important to prepare samples on ice
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(4 �C) to reduce this and to supplement all samples with
appropriate inhibitors (e.g., PMSF, Na3VO4, or a protease
inhibitor cocktail).

4. Use the appropriate IPG buffer that corresponds to the pH
range of the IEF strips being used in the experiment. The pH of
the lysis buffer is critical for the CyDye labeling reaction. Store
lysis buffer in 1 mL aliquots at �80 �C.

5. Alternatively, this step can be bypassed by purchasing premade
2D gels that do not contain any fluorescent contaminants. Spot
resolution and pattern reproducibility can be by the use of
precast IPG strips and precast gels for first and second dimen-
sion protein separation, respectively.

6. When carrying out DIGE, the bromophenol blue tracking dye
may interfere with fluorescent signals and should be omitted
but can be used for Coomassie staining.

7. Use equilibration buffer stock to prepare equilibration buffers I
and II as needed using 10 mL per IEF strip. Stocks can be
stored at �20�C for 3–4 months. Equilibration buffer I and II
should be made up fresh on the day of use.

8. To assist accurate spot picking, gels can be immobilized to
prevent swelling or shrinking during the staining process.
Treat one of the low fluorescent glass plates (one pair of plates
used per gel) with bind-silane to achieve this. Alternatively, low
fluorescent plastic-backed plates can be used.

9. Agarose sealing solution must be melted before use. Allow
solution to cool to � 60 �C before use.

10. Make 10 μL aliquots of trypsinization buffer and store at
�20 �C for up to 2 weeks.

11. Wear gloves at all times to avoid keratin contamination, which
is a key obstacle in further analysis by MS.

12. During sample preparation it is crucial to keep all samples on
ice to prevent samples overheating and causing protein modifi-
cation and protein loss.

13. Ensure that all the solutions containing urea are prepared
freshly. To prevent the formation of cyanate which causes
protein carbamylation and subsequent formation of charge
trains on the 2D gel, do not heat urea containing solutions
above room temperature (18–21 �C).

14. Samples being assayed by the Bradford method should be read
within 1 h of adding Bradford reagent and where possible kept
covered to keep light out.

15. Reconstitute CyDye in quality-grade (> 99.5% pure) anhy-
drous DMF. Low-quality DMF can result in poor labeling
efficiency and shortened shelf life for CyDyes. Store CyDye
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solutions at �80 �C and allow them to equilibrate to ice tem-
perature before opening the tube.

16. If gels are to be used for spot picking for MS identification gels
should be allowed to polymerize for � 8 h. Unpolymerized
acrylamide can induce side-chain and amino terminal protein
modifications that can lead to downstream MS identification
problems.

17. The maximum pixel intensities of all three CyDye images need
to be similar. If the most intense protein spot is saturated
(� 100,000), the gels need to be rescanned using a lower
PMT to ensure all the protein spots fall within the linear
dynamic range. It is imperative that the pixel volume is in the
correct range (85,000–95,000) to obtain meaningful quanti-
tative comparison between the gel images.

18. Alternative gel staining such as silver staining can be employed.
Silver staining is highly sensitive with a protein detection limit
of less than 1 ng, however the protocol requires modifications
for mass spectrometry compatibility. As a consequence, protein
digestion and peptide extraction may be compromised and
could potentially lead to poor mass spectrometric protein
identification.

19. While manually excising protein spots for identification carry
out all steps under sterile conditions in a laminar flow hood to
minimize contamination.

20. Print out master gel image from quantitative analysis and use as
a visual tool to ensure you are picking the protein spots of
interest. It is a good idea to use reference spots to confirm
you are picking the correct spot of interest.

21. Potential pause point-samples can be stored at �80 �C for
several weeks.

22. Make up trypsin shortly before use. Sequencing grade-
modified trypsin reduces auto-digestion, which may otherwise
result in additional peptide fragments in a sample, which could
interfere with downstream database searching of fragmented
peptide masses.

23. Use a sonication bath to ensure protein is fully resuspended. If
the pellet is over-dried it will not dissolve in sample buffer.

24. If needed samples can be centrifuged in cellulose spin filter
tubes to remove any remaining gel particles.

25. Tissue peptide samples can be analyzed on different mass spec-
trometers and methods should be tailored for specific
equipment.
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5 Troubleshooting

l It can be beneficial to run a trial test gel prior to running a full
DIGE experiment to make sure your experiment is a success.

l A common reason for poor 2D-DIGE results is in sample prep-
aration- protein concentration and protein labeling. The pres-
ence of Tris (> 50 mM) or due to the pH of the protein lysate
(< pH 8.0) can result in incomplete labeling and causing a weak
fluorescent signal.

l Poor separation of proteins in the first dimension could be due
to the presence of interfering contaminants (e.g. nucleic acids
and salts), this can be overcome by the use of 2D clean-up kits.

l Poor separation of proteins in the second dimension could be
due to carbamylation of proteins, if urea is present in the sample
to not heat above 30 �C. If there is vertical streaking on the gel it
is generally an indication that an inappropriate concentration of
SDS was used.

l If protein identification problems are mainly due to low starting
material or due to the parameters selected for the database
search (try setting less stringent conditions for database search-
ing: allow for 1–2 missed trypsin cleavages, reduce the mass
error for MS to 100–200 ppm and MS/MS to 0.5 Da).

Acknowledgments

Research in the author’s laboratory has been supported by project
grants from the Irish Higher Education Authority (BioAT) and
Muscular Dystrophy Ireland.

References

1. Meissner F, Mann M (2014) Quantitative
shotgun proteomics: considerations for a
high-quality workflow in immunology. Nat
Immunol 15(2):112–117. doi:10.1038/ni.
2781

2. Wilhelm M, Schlegl J, Hahne H et al (2014)
Mass-spectrometry-based draft of the human
proteome. Nature 509(7502):582–587.
doi:10.1038/nature13319

3. Dubowitz V, Sewry CA, Oldfors A (2013)
Muscle biopsy: a practical approach, 4th edn.
Saunders Elsevier, Philadelphia

4. Holland A, Ohlendieck K (2015) Comparative
profiling of sperm proteome. Proteomics 15
(4):632–648. doi:10.1002/pmic.201400032

5. Jockusch H, Holland A, Staunton L, Schmitt-
John T, Heimann P, Dowling P, Ohlendieck K
(2014) Pathoproteomics of testicular tissue
deficient in the GARP component VPS54: the
wobbler mouse model of globozoospermia.
Proteomics 14(7–8):839–852. doi:10.1002/
pmic.201300189

6. Holland A, Ohlendieck K (2014) Proteomic
identification of muscle-associated biomarkers
of amyotrophic lateral sclerosis using the wob-
bler mouse model of primary motor neuropa-
thy. J Integr OMICS 4(2):57–68. doi:10.
5584/jiomics.v4i2.171

7. Holland A, Ohlendieck K (2014) Comparative
proteomics for studying muscular dystrophy:

2D-DIGE Proteomics 201

https://doi.org/10.1038/ni.2781
https://doi.org/10.1038/ni.2781
https://doi.org/10.1038/nature13319
https://doi.org/10.1002/pmic.201400032
https://doi.org/10.1002/pmic.201300189
https://doi.org/10.1002/pmic.201300189
https://doi.org/10.5584/jiomics.v4i2.171
https://doi.org/10.5584/jiomics.v4i2.171


intrinsic biological and analytical issues asso-
ciated with the systemic utilization of tissue
specimens. J Proteomics Bioinform S10:002.
doi:10.4172/jbs.S10-002

8. Dowling P, Holland A, Ohlendieck K (2014)
Mass spectrometry-based identification of
muscle-associated and muscle derived proteo-
mic biomarkers of dystrophinopathies. J Neu-
romuscul Dis 1(1):15–40. doi:10.3233/JND-
140011

9. Rabilloud T, Lelong C (2011) Two-
dimensional gel electrophoresis in proteomics:
a tutorial. J Proteome 74(10):1829–18241.
doi:10.1016/j.jprot.2011.05.040

10. Murphy S, Dowling P, Ohlendieck K (2016)
Comparative skeletal muscle proteomics using
two-dimensional gel electrophoresis. Proteomes
4(3):27. doi:10.3390/proteomes4030027

11. O’Farrell PH (1975) High resolution two-
dimensional electrophoresis of proteins. J Biol
Chem 250(10):4007–4021

12. Rible H (1973) Historical and theoretical
aspects of isoelectric focusing. Ann N Y Acad
Sci 209:11–22

13. Unlu M, Morgan ME, Minden JS (1997) Dif-
ference gel electrophoresis: a single gel method
for detecting changes in protein extracts. Elec-
trophoresis 18(11):2071–2077. doi:10.1002/
elps.1150181133

14. Arentz G, Weiland F, Oehler MK, Hoffmann P
(2015) State of the art of 2D DIGE. Proteo-
mics Clin Appl 9(3–4):277–288. doi:10.
1002/prca.201400119

15. Minden JS (2012) DIGE: past and future.
Methods Mol Biol 854:3–8. doi:10.1007/
978-1-61779-573-2_1

16. Shaw J, Rowlinson R, Nickson J, Stone T,
Sweet A, Williams K, Tongue R (2003) Evalu-
ation of saturation labelling two-dimensional
difference gel electrophoresis fluorescent dyes.

Proteomics 3(7):1181–1195. doi:10.1002/
pmic.200300439

17. Tonge R, Shaw J, Middleton B, Rowlingson R,
Rayner S, Young J, Pognan F, Hawkins E,
Currie I, Davison M (2001) Validation and
development of fluorescence two-dimensional
differential gel electrophoresis proteomics
technology. Proteomics 1((3)):377–396. doi:
10.1002/1615–9861(200103)1:3,377::AID-
PROT377>3.0.CO;2–6

18. Viswanathan S, Unlu M, Minden JS (2006)
Two-dimensional difference gel electrophore-
sis. Nat Protoc 1(3):1351–1358. doi:10.
1038/nprot.2006.234

19. Minden J (2007) Comparative proteomics and
difference gel electrophoresis. BioTechniques
43(6):739–745

20. Karp NA, Lilley KS (2005) Maximising sensi-
tivity for detecting changes in protein expres-
sion: experimental design using minimal
CyDyes. Proteomics 5(12):3105–3115.
doi:10.1002/pmic.200500083

21. Karp NA, McCormick PS, Russell MR, Lilley
KS (2007) Experimental and statistical consid-
eration to avoid false conclusions in proteomics
studies using differential in-gel electrophoresis.
Mol Cell Proteomics 6(8):1354–1364. doi:10.
1074/mcp.M600274-MCP200

22. Holland A, Schmitt-John T, Dowling P,
Meleady P, Henry M, Clynes M, Ohlendieck
K (2014) Intricate effects of primary motor
neuropathy on contractile proteins and meta-
bolic muscle enzymes as revealed by label-free
mass spectrometry. Biosci Rep 34(4):331–343.
doi:10.1042/BSR20140029

23. Beckett P (2012) The basics of 2D DIGE.
Difference gel electrophoresis (DIGE): meth-
ods and protocols. Methods Mol Biol
854:9–18. doi:10.1007/978-1-61779-573-
2_2

202 Ashling Holland

https://doi.org/10.4172/jbs.S10-002
https://doi.org/10.3233/JND-140011
https://doi.org/10.3233/JND-140011
https://doi.org/10.1016/j.jprot.2011.05.040
https://doi.org/10.3390/proteomes4030027
https://doi.org/10.1002/elps.1150181133
https://doi.org/10.1002/elps.1150181133
https://doi.org/10.1002/prca.201400119
https://doi.org/10.1002/prca.201400119
https://doi.org/10.1007/978-1-61779-573-2_1
https://doi.org/10.1007/978-1-61779-573-2_1
https://doi.org/10.1002/pmic.200300439
https://doi.org/10.1002/pmic.200300439
https://doi.org/10.1038/nprot.2006.234
https://doi.org/10.1038/nprot.2006.234
https://doi.org/10.1002/pmic.200500083
https://doi.org/10.1074/mcp.M600274-MCP200
https://doi.org/10.1074/mcp.M600274-MCP200
https://doi.org/10.1042/BSR20140029
https://doi.org/10.1007/978-1-61779-573-2_2
https://doi.org/10.1007/978-1-61779-573-2_2


Chapter 16

DIGE Analysis of Fish Tissues

Joanna Nynca, Mariola A. Dietrich, and Andrzej Ciereszko

Abstract

Two-dimensional difference gel electrophoresis (2D-DIGE) appears to be especially useful in quantitative
approaches, allowing the co-separation of proteins of control samples from proteins of treatment/disease
samples on the same gel, eliminating gel-to-gel variability. The principle of 2D-DIGE is to label proteins
prior to isoelectric focusing and use three spectrally resolvable fluorescent dyes, allowing the independent
labeling of control and experimental samples. This procedure makes it possible to reduce the number of gels
in an experiment, allowing the accurate and reproducible quantification of multiple samples. 2D-DIGE has
been found to be an excellent methodical tool in several areas of fish research, including environmental
pollution and toxicology, the mechanisms of development and disorders, reproduction, nutrition, evolu-
tion, and ecology.

Key words 2D-DIGE, Minimal labeling, CyDye, Fish, Tissue

1 Introduction

In comparative proteomic studies, it is critical to identify and
quantify proteins and their proteoforms. This objective is especially
challenging in gel-based methods due to a need to perform several
replicate runs to counteract high variability in running gels. Two-
dimensional difference gel electrophoresis (2D-DIGE) appears
to be especially useful in quantitative approaches, allowing the
co-separation of proteins of control samples from proteins of
treatment/disease samples on the same gel, eliminating gel-to-gel
variability [1]. Contrary to conventional 2-DE, the principle of
2D-DIGE is to label proteins prior to isoelectric focusing. Three
spectrally resolvable fluorescent dyes (CyDyes™; Cy5, Cy3, and
Cy2) are currently used in most studies, allowing the independent
labeling of control and experimental samples. The third dye Cy2 is
used to label an internal standard (pool created from amixture of all
samples in the experiment), allowing for precise quantitative analy-
sis [2, 3]. After electrophoresis, each fluorescence signal is scanned
independently and, after overlaying changes in protein expression,
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DOI 10.1007/978-1-4939-7268-5_16, © Springer Science+Business Media LLC 2018

203



both down-regulated and up-regulated proteins can be visualized
(Fig. 1). The use of software tools specifically designed for the
evaluation of CyDye™ stained gels enables spot detection, in-gel
normalization, and the calculation of protein spot ratios for quan-
tification. The introduction of 2D-DIGE had a profound impact on
proteomic research; it minimizes the number of gels in an experi-
ment, allowing the accurate and reproducible quantification of
multiple samples.

There are several areas of fish research where 2D-DIGE have
been found to be an excellent methodical tool. 2D-DIGE has been
indicated as a biomarker discovery tool in aquatic toxicology [1].
Indeed, the most prolific research so far was performed in the
studies of environmental pollution and toxicology (Table 1).
These studies significantly contributed to ecotoxicology and help
obtain advanced mechanistic understanding of the impact of
aquatic pollutants in organisms. These pollutants include metals
(mercury, cadmium, copper), perfluorochemicals, brominated
flame retardant congeners, hormonal substances, pharmaceuticals,
and disinfectants. Another important area of research is related to
the use of fish as vertebrate models for studying the mechanisms of
development and disorders. For toxicological and model studies,
research is mainly performed with the use of model species, such as

2D gel co-separa�on
IEF/SDS-PAGE 

Combine labelled samples

Cy2/Cy5 and Cy2/Cy3
co-detection and normalization 

Image acquisi�on (Typhoon scanner) 
Differen�al In-gel Analysis

(DeCyder software)

Fig. 1 Workflow for a minimal CyDye labeling experiment
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zebrafish and medaka. Studies related to fish reproduction and
nutrition are performed with the use of important aquaculture
species, such as freshwater carp, rainbow trout, pikeperch and
Eurasian perch, and saltwater species such as Senegalese sole, flat-
fish, and sea bass. Results of reproductive studies significantly con-
tributed to the better understanding of the function of the fish male
reproductive system, the development of oocytes, and embryo
development [50]. Proteomic research on fish nutrition furthered
advances in diet formulation and food technology. The acquired
knowledge is a prerequisite for better control of fish reproduction,
the improvement of hatchery procedures, and consequently raising
of fish production in captivity. Proteomic studies with the use of
2D-DIGE have also been found to be a promising emerging tool in
population genetics, allowing better understanding of the mechan-
isms important for evolution and ecology.

Here we described the methodology of DIGE applied in fish
research, focusing specifically on sample preparation and sample
labeling using minimal labeling strategy.

2 Materials

2.1 Technical

Equipment

(See Note 1)

1. Pippetes.

2. Homogenizer.

3. Sonicator.

4. Refrigerated centrifuge.

5. Spectrophotometer or a microtiter-plate reader set up to
595 nm.

6. Microplates or cuvettes.

7. Reswelling tray (GE Healthcare).

8. IPG box (GE Healthcare).

9. Isoelectric focusing system (IPGphore IEF system; GEHealth-
care) (see Note 1).

10. Ceramic IPGphore manifold with electrodes.

11. Immobiline DryStrips (see Note 2).

12. Paper electrode wicks.

13. Electrophoresis unit (Ettan DALT six apparatus).

14. Power supply.

15. Fluorescent scanner equipped with appropriate excitation
wavelength (488, 532, 633 nm) and emission filters (Typhoon
9400 scanner, GE Healthcare).

16. DeCyder 2D Differential analysis Software (GE Healthcare) or
similar software.
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2.2 Buffers and

Solutions

2.2.1 Sample

Preparation (See Note 3)

1. DIGE lysis buffer: 30 mM (w/v) Tris, 7 M (w/v) urea, 2 M
(w/v) thiourea, 4% (w/v) CHAPS, pH 8.5 (see Note 4).

2. Protease inhibitors: 200 mM stock solution of phenylmetha-
nesulfonyl fluoride (PMFS) in isopropanol (store at room tem-
perature); 1 mg/mL leupeptin in water (store frozen in
aliquots), 1 mg/mL aprotinin in water (store frozen in ali-
quots), 1 mg/mL pepstatin in methanol (store frozen in ali-
quots). Commercially available protease inhibitor cocktails can
be used instead.

3. Precipitation solutions: 2D Clean-up-kit (GE Healthcare);
Acetone stored at �20 �C, trichloroacetic acid (TCA).

4. IPG buffer (see Note 5).

2.2.2 Protein

Quantitation

1. Coomassie (Bradford) Protein Assay Kit (ThermoScientific).

2. Bovine serum albumin (BSA) standard at a concentration of
2 mg/mL.

2.2.3 CyDye™ Minimal

Labeling

1. CyDye™ minimal dyes (Cy ™2, Cy ™3, Cy ™5).

2. DIGE lysis buffer: 30 mM (w/v) Tris, 7 M (w/v) urea, 2 M
(w/v) thiourea, 4% (w/v) CHAPS, pH 8.0 (see Note 6).

3. 99.8%, anhydrous dimethylformamide (DMF) (see Note 7).

4. DIGE “stop” solution: 10 mM L-lysine.

2.2.4 IEF 1. 2�DIGE lysis buffer: 7 M (w/v) urea, 2 M (w/v) thiourea, 4%
(w/v) CHAPS, 2% DTT, 2% IPG buffer (see Note 5).

2. Mineral oil protects IPG strips from drying during IEF (Cover
fluid; GE Healthcare).

3. Equilibration buffer: 6M (w/v) urea, 2% (w/v) SDS, 30% (w/v)
glycerol, 50 mMTris–HCl, pH 8.8. This buffer is either supple-
mented with 50 mM DTT or 100 mM iodoacetamide (IAA).

2.2.5 SDS-PAGE 1. Ready-to-use precast 12.5% polyacrylamide gels in low fluores-
cent glass cassette (see Note 8).

2. DIGE Buffer Kit containing Cathode and Anode buffers. Pre-
pare buffers according to the manufacturer’s protocol.

3. Agarose solution (0.4% (w/v) agarose in cathode buffer
(125 mM Tris (pH 6.8), 0.1% (w/v) SDS, 0.01% (w/v) bro-
mophenol blue).

3 Methods

Sample preparation represents the first step in the experiment and
therefore is a very crucial step for successful 2D DIGE
electrophoresis-based proteomic analysis (see Note 9). Although a
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universal procedure for sample preparation is highly desirable, there
is no single method that can be applied to all types of fish tissues. A
general protocol described below for the preparation of fish sample
includes fundamental steps such as (1) cell disruption (homogeni-
zation with lysis buffer), (2) removing of interfering components
(sample clean-up), and (3) protein solubilization. Different prepa-
ration methods of various fish tissues are summarized in details in
Table 2. This protocol describes minimal labeling.

3.1 Sample

Preparation

The sample is prepared as for classical 2D gel electrophoresis,
except that primary amines, carrier ampholytes, and thiols are
omitted from the buffers.

1. Freeze fish tissue in liquid nitrogen and store at �80 �C.

2. For homogenization use 100 mg of the tissue.

3. Place the cells or tissue sample in a 1.5-mL centrifuge tube.

4. Homogenize the tissue a few passes or turns of the pestle on
liquid nitrogen.

5. Sonicate in lysis buffer (with proteinase inhibitor cocktail)
three times � 10 s pulses on ice (depending on sample size).

6. To remove unbroken cells and insoluble debris centrifuge
(12,000 � g for 5–15 min, 4 �C) the lysate.

7. Collect the supernatant to 1.5 mL eppendorf tubes.

8. Precipitate the protein using acetone. To collected supernatant
(equivalent to 50 μg of total protein) add four volumes of ice-
cold acetone and incubate at �20 �C for 120 min. Pellet the
proteins from this 80% acetone precipitation step by centrifu-
gation for 10 min in a microfuge at maximum speed.

9. Allow the pellet to air dry but do not over-dry.

10. Add lysis buffer to the pellet and gently disperse it using a pipet
fitted with a pipet tip. Sonicate the sample for 10 min in a
sonicating water bath and incubate on a vortex shaker at 20 �C
for 60 min.

11. Alternatively, precipitate the protein using Clean-up Kit
according to the manufacturer’s instructions (GE Healthcare).

3.2 Protein

Quantitation

1. Assess the protein concentration according to the Thermo-
Scientifc user guide.

2. A standard curve should be made with BSA dissolved in lysis
buffer at a concentration range of 0.5–2.5 mg/mL. The blank,
the standards, and samples should be made with lysis buffer (see
Note 10).

3. Place standard human albumin or real samples in triplicate in
polystyrene microtiter plates, and add assay reagents.
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4. Measure the optical densities (595 nm) with a microtiter-plate
reader.

5. Interpolate the protein concentrations in the samples from the
regression analysis of the standard curve.

The recommended protein concentration is between 5 and
10 mg/mL (see Note 11).

3.3 CyDye™
Minimal Labeling

Prior to labeling, solubilize sample in DIGE lysis buffer. The opti-
mal pH range for minimal labeling is between pH 8.0 and 9.0 (see
Note 12).

3.3.1 Preparation of

CyDye DIGE Fluor Minimal

Dyes

1. Reconstitute CyDye in anhydrous DMF to a concentration of
1 nmol/μL (stock solution) by adding 5 μL to each vial of
CyDye according to the manufacturer’s protocol.

2. Vortex and spin down the dye stock solution in a microfuge.

3. To create 400 pmol/μL of working dye solution dilute 1 volume
of the stock CyDye in 1.5 volume of DMF (see Note 13).

The amount of CyDye used in the labeling reaction will have to
be determined individually for the experiment.

3.3.2 Protein Labeling

with the CyDye DIGE Fluor

Minimal Dyes

Prepare an experimental design whereby the biological replicates
within an experiment group are labeled equally with either Cy3 and
Cy5 (i.e., for an experiment with six biological replicates per group,
three should be labeled with Cy3 and three with Cy5) (seeNote 14,
Table 3).

1. For sample labeling, add 1 μL (400 pmol) Cy3 or Cy5 dyes to
50 μg of each sample within an experimental group (control,
treated) and mix by vortexing (see Table 3).

Table 3
Experimental set up for CyDye™ labeling of six control samples and six treated samples with the
incorporation of a pooled internal standard

Cy2 Cy3 Cy5

Gel 1 50 μg Pooled Std. 50 μg Control 1 50 μg Treated 3

Gel 2 50 μg Pooled Std. 50 μg Treated 1 50 μg Control 4

Gel 3 50 μg Pooled Std. 50 μg Control 2 50 μg Treated 4

Gel 4 50 μg Pooled Std. 50 μg Treated 2 50 μg Control 5

Gel 5 50 μg Pooled Std. 50 μg Control 3 50 μg Treated 6

Gel 6 50 μg Pooled Std. 50 μg Treated 5 50 μg Control 6

Total Internal standard 300 μg (from a pool of 12 � 25 μg, each from control sample 1–6 and treated sample 1–6)
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2. Centrifuge briefly in a microcentrifuge to collect the solution at
the bottom of the tube. Leave the tube on ice and in the dark
for 30 min.

3. Add 1 μL of 10 mM L-lysine to stop the reaction. Mix and spin
the tube briefly in a microcentrifuge. Leave the tube on ice and
in the dark for 10 min.

4. To create internal standard take an aliquot of 25 μg from each
sample and mix them together in one vial (see Note 15).

5. Add a volume of pooled internal standard equivalent to
n � 50 μg protein to a microcentrifuge tube (n is the number
of gels in the experiment).

6. Add n μL of diluted Cy2 to the microcentrifuge tube contain-
ing the pooled standard.

7. Mix and centrifuge briefly. Leave on ice for 30 min in the dark.

8. Add n μL of 10 mM L-lysine to stop the reaction. Mix and spin
briefly in a centrifuge. Leave for 10 min in the dark.

Labeling is now finished. The labeled samples can be processed
immediately or stored for up to 3 months at �80 �C in the dark.

3.4 Preparation for

Loading the Samples

onto IPG Strips

1. Mix appropriate 50 μg of Cy3-labeled sample and 50 μg of
Cy5-labeled sample with Cy2-labeled pooled internal standards
to give a total of 150 μg protein load/gel according to the
experimental design (see Table 3).

2. Add an equal volume of 2 � lysis buffer to each pooled sample
and leave on ice for 10 min.

3. Adjust the volume of the sample with a 1:1 mix of DIGE “lysis”
buffer and 2 � lysis buffer, with a trace amount of bromophe-
nol blue, to a total of 450 μL.

This protocol use 24 cm strip and rehydration sample loading
for example.

3.5 IEF 1. Distribute the sample solution mixture evenly in the reswelling
tray.

2. Remove protective foil from the IPG gel strips and rehydrate
the IPG strips (remember gel-side down) for at least 8 h at RT
in the dark.

3. Place the rehydrated IPG gel strips gel-side up with the basic
end toward cathode in the manifold on the IPGphor unit.

4. Apply electrode paper wicks, soaked with water to each end of
the strip.

5. Position the electrodes.

6. Cover the entire surface of the gels with Cover Fluid.
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7. Perform IEF according to the manufacturer’s instructions. The
optimal gradient depends on the sample and length and pH
range of IPG strip.

8. After the IEF run, the strips can be used for the second dimen-
sion immediately or can be stored at �80 �C.

3.6 SDS-PAGE 1. Equilibrate the strips in room temperature in equilibration
buffer firstly supplemented with 50 mM DTT (15 min), sec-
ondly with 100 mM IAA (15 min).

2. Rinse the strips in running buffer (cathodic).

3. Place IPG strip on top of the second-dimension gel with the
plastic touching the back glass and the acidic end of the strip
toward the left. Gently push the IPG strip down until it con-
tacts the stacking gel.

4. Cover the IPG strip with melted agarose until it just covers the
IPG strip. Make sure there are no bubbles.

5. Place the gel in the electrophoresis unit, and fill the upper and
lower chambers with tank buffer.

6. Electrophorese at a constant current with a maximum voltage
set at 500. The current at 10–25 mA per gel is set (e.g., 25 mA
per gel requires ~10 h to complete and 15 mA per gel takes
~16 h).

3.7 Scanning the

Gels

1. After electrophoresis, leave the gels between the glass plates
and acquire the images using the Typhoon 9400 scanner (see
Note 3). Therefore, choose excitation wavelengths and emis-
sion filters specific for each of the CyDyes according to the
Typhoon user guide.

2. Before scanning clean the glass plates thoroughly to avoid
introducing any fluorescent particles (dust, lint, etc.).

3. Prescan the gel images using low-resolution setting (200 μm)
so that the final image capture setting can be optimized to
avoid saturation.

4. The final image is scanned at 100 μm resolution.

An example gel is presented in Fig. 2.

3.8 Image Analysis 1. Perform image analysis using appropriate software (DeCyder
GE Healthcare). The outcome of image analysis is a list of
difference-protein spots that indicate significant differences
between the two groups (control and treated) being compared.

These protein spots can then be excised for further analysis,
such as by mass spectrometry to identify the protein.

214 Joanna Nynca et al.



4 Notes

1. The experiment is performed using equipment from GE
Healthcare (Sweden), however suitable equipment is also avail-
able from BioRad.

2. The optimal pH range and length of the IPG strips for IEF
depends on the sample and should be analyzed to optimize the
resolution. Choose shorter strips for fast screening or when the
most abundant proteins are of interest. Use longer strips for
maximal resolution and loading capacity. Use a pH interval of
3–10 for an overview of total protein distribution. For
increased resolution between pH 5 and 7, use 3–10 NL (Non
Linear) to distribute the proteins more evenly over the gel.

3. Use high-purity water and chemicals for all buffers. Do not
change chemicals during an experiment to avoid variability of
the results. Several reagents used for the sample preparation are
toxic. For safety reasons use protective gloves and glasses. Wear
gloves at all times to avoid keratin contamination, which is a key
obstacle to further analysis by mass spectrometry.

Fig. 2 An overlay fluorescence image of rainbow trout seminal and blood plasma
labeled with three different dyes (internal standard with Cy2, blood plasma with
Cy3, seminal plasma with Cy5). Internal standard and sample of seminal and
blood plasma were co-separated, 50 μg protein of each sample and in total of
150 μg on 18 cm IPG dry strip pH 4–7 during IEF followed by the separation by
SDS-PAGE
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4. Never heat urea solutions above room temperature (30 �C) as
this will cause the formation of cyanate, which carbamylates
protein and produces charge trains in 2D gels.

5. Use the appropriate IPG buffer that corresponds to the pH
range of the IEF strips in the experiment. IPG buffers are
ampholyte-containing buffer concentrates, each IPG buffer
type produces more uniform conductivity along the Immobi-
line DryStrip during focusing, resulting in wider latitude in run
times. IPG buffers also eliminate high background staining.

6. For efficient labeling the protein samples should have optimally
pH 8.5; it must be above pH 8.0. Proteins have some inherent
buffering capacity and may have decreased the pH value of the
sample solution below pH 8. Samples which have been cleaned
up with TCA acetone or the Ettan™ 2-D clean up kit can be
acidic. Beware: Sometimes, when samples have been trans-
ported in dry ice and the tubes have not been sealed well
enough, CO2 has diffused into the samples and caused a strong
drop of the pH value. In this case, it might be necessary to
adjust the pH value with 250 mM NaOH.

7. DMF should be less than 3 months old from the day of open-
ing. The quality of the DMF is critical to ensure that the
protein labeling is successful. The DMF must be anhydrous
and every effort should be used to ensure it is not contaminated
with water. DMF after opening, over a period of time, will
degrade with amine compounds being produced. Amines will
react with the NHS ester CyDye reducing the concentration of
dye available for protein labeling.

8. Reproducibility of spot patterns can be facilitated by the use of
precast gels for the second dimension.

9. The sample preparation protocol should be kept as simple as
possible to avoid protein loss and to ensure reproducibility of
the results. Handling of sample should be carried out on ice to
minimize proteolytic degradation. The addition of protease
inhibitors is also recommended.

10. As several constituents of the lysis buffer (urea, CHAPS, and
DTT) may affect protein concentration measurements, the
standards and samples should all be made up in lysis buffer. If
the sample is too concentrated, dilute with lysis buffer.

11. Independently from the experiment size, at least 75 μg of each
sample is required: 50 μg for sample labeling, 25 μg for the
creation of internal standard.

12. Test sample pH by spotting 0.1–0.5 μL of the sample on a
standard pH indicator strip.

13. It is recommended to use 400 pmol of dye for labeling 50 μg of
protein.
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14. To avoid a bias in the results due to specific fluorescent proper-
ties of the dyes, swap the dyes in such a way that for each
condition replicates exist that are labeled with either Cy3 or
Cy5 (Table 3).

15. Label slightly more protein for the Cy2 internal standard than
according to the independent number of gels (e.g., 10% more)
to allow for variation in pipetting. This is to ensure that there is
sufficient Cy2-labeled protein for all the gels.
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Chapter 17

Protein Digestion for DIGE Analysis

Sandra Murphy and Kay Ohlendieck

Abstract

In-gel digestion of protein spots derived from two-dimensional gels and their subsequent identification by
mass spectrometry is involved in a multitude of mass spectrometry-driven proteomic experiments, includ-
ing fluorescence difference gel electrophoresis (DIGE). This type of proteomic methodology has been
involved in the establishment of comparative proteome maps and in the identification of differentially
expressed proteins and protein isoforms in health and disease. Most in-gel digestion protocols follow a
number of common steps including excision of the protein spots of interest, de-staining, reduction and
alkylation (for silver-stained gels), dehydration and overnight digestion with the proteolytic enzyme of
choice. While trypsin has been a mainstay of peptide digestion for many years, it does have its shortcomings,
particularly related to incomplete peptide digestion, and this has led to a rise in popularity for other
proteolytic enzymes either used alone or in combination. This chapter discusses the alternative enzymes
available and describes the process of in-gel digestion using the enzyme trypsin.

Key words Trypsin, Alternative proteolytic enzymes, Protein digestion, Two-dimensional gel
electrophoresis, Mass spectrometry

1 Introduction

First described in 1975 [1, 2], two-dimensional gel electrophoresis
(2D-GE) has become a core technology in the field of proteomics.
The advent of 2D difference gel electrophoresis (2D-DIGE) [3]
further improved the field, enabling higher sensitivity and repro-
ducibility to be achieved [4]. While a plethora of protocols are
available and optimization is required for individual experiments,
the following steps are generally common to all methodologies. In
2D-DIGE, proteins are labeled with one of three mass and charge-
matched fluorescent dyes known as CyDyes (Cy2, Cy3, and Cy5)
[5], enabling samples to be pooled together and run on the same
gel reducing issues of gel-to-gel variation [6]. Proteins are sepa-
rated first by their isoelectric point in isoelectric focusing and
subsequently by their molecular weight in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) [7]. The resulting
2D gels are scanned and image analysis, involving spot detection
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and spot matching, is performed [8]. Protein spots of interest are
isolated from a preparative 2D gel, either manually or using a
robotic spot picker and the subsequent gel pieces are de-stained,
dehydrated with acetonitrile and then rehydrated in a protease
enzyme solution [9]. Digestion is usually conducted overnight
and the resulting peptides are extracted and analyzed by mass
spectrometry [10].

Protein digestion represents one of the critical steps in a pro-
teomic workflow in both gel-based (“in-gel” protein digestion) and
gel-free methodologies (“in-solution” protein digestion) [11]. The
extracted peptides are analyzed by mass spectrometry and in order
to identify the proteins the experimentally obtained peptide masses
are compared to theoretical peptide masses of proteins in a database
[12]. Peptide mass fingerprinting works particularly well with pro-
teins obtained from high-resolution 2D gel electrophoresis [13].
Thus in this type of bottom-up or shotgun proteomics approach, in
which peptides are used to identify their corresponding proteins,
the choice of an optimal proteolytic enzyme is paramount.

Trypsin is the most frequently used conventional enzyme for
protein digestion given its high specificity and ability to produce
peptide fragments within the preferred mass range for fragmenta-
tion by tandem mass spectrometry [14]. Despite its popularity
trypsin does have some shortcomings, particularly related to
incomplete digestion. Some of these mis-cleavages are due to the
inability of trypsin to cleave C-terminal to arginine or lysine in
situations where they are directly followed by proline [15]. Trypsin
is also less effective for the digestion of tightly folded proteins and
membrane proteins, which can show resistance to trypsin and few
available trypsin cleavage sites respectively [16]. For this reason,
alternative proteases to improve qualitative proteome coverage
have been proposed [17, 18]. LysC is one of the more frequently
used enzymes of these alternative proteases, and is often used in
conjunction with trypsin to reduce the number of mis-cleaved
peptides and to improve digestion of tightly folded proteins [19].
A double digestion with LysC and trypsin can be achieved sequen-
tially with samples digested first by LysC and then by trypsin
overnight [20, 21]. Alternatively, LysC/trypsin mixes are available
from a number of vendors.

AspN can also be used in conjunction with other proteases to
improve proteome coverage [22]. Choudhary and colleagues [23]
have shown that sequence coverage of the recombinant protein
tissue plasminogen activator increased from 65% when digested
with trypsin alone to 93.9% when digested with a combination of
trypsin, LysC, and AspN. While chymotrypsin and trypsin tend to
produce similar numbers and lengths of peptides [24], chymotryp-
sin helps in the identification of hydrophobic proteins mainly due
to its ability to cleave peptides at the carboxyl side of hydrophobic
amino acids [25, 26]. The serine protease GluC may also improve
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proteome coverage and enable the study of post-translational mod-
ifications, particularly when used in conjunction with other
enzymes. Biringer et al. [24] demonstrated that combining trypsin
and GluC-derived peptides resulted in improved coverage of post-
translational modification sites such as phosphorylation sites. GluC,
AspN, and chymotrypsin are useful for identifying post-
translational modifications on histone proteins as they generate
peptides which are long enough to enable the identification of
PTMs occurring on individual histones [27]. Such in-depth analysis
is not possible with trypsin given the shorter length of trypsin-
derived peptides.

Although not widely used in the field of proteomics, LysN used
in combination with trypsin has been shown to increase protein
coverage (although only a modest increase in the number of pro-
teins identified was reported, primarily due to a high degree of
overlap between the two enzymes) [28]. LysN-generated peptides
are particularly amenable to electron transfer dissociation (ETD),
producing peptide fragments dominated by c-ions. This generates
simple sequence ladders of peptides which facilitates de novo
sequencing and the analysis of post-translational modifications
[29]. ArgC digestion alone is inferior to that of trypsin in terms
of the number of peptides and proteins identified. However, when
combined with trypsin it improves the average sequence coverage
per protein and thus represents an attractive option for augmenting
proteome coverage [30].

Some of the key characteristic of these alternative enzymes,
including their specificity, suggested dilutions and applications are
summarized in Table 1. Thus while advances in the sensitivity and
speed of mass spectrometers is suspected to pave the way for
increased coverage of the proteome, the use of alternative proteases
and combinations of multiple proteases may also aid in this
endeavor. In this chapter, we describe a protein digestion protocol
for in-gel digestion using trypsin as the protease. This method may
be modified to incorporate other enzymes as determined by the
final user.

2 Materials

2.1 Equipment Equipment for the in-gel digestion of protein spots of interest (as
identified from DIGE analysis):

1. Thermomixer comfort (Eppendorf).

2. Model 5417R centrifuge (Eppendorf).

3. Heto speedvac concentrator (Medical Supply Company).

4. Agilent 6340 Ion Trap LC mass spectrometer using electro-
spray ionization (Agilent Technologies).
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5. Nanoflow Agilent 1200 series system, equipped with a Zorbax
300SB C18 μm, 4 mm 40 nl pre-column (Agilent
Technologies).

2.2 Reagent

Solutions

All reagents should be prepared with ultrapure water to limit con-
tamination of samples. The following reagents are required:

2.2.1 Destaining of

Preparative Slab Gels

1. Destain for Coomassie gels: 1:1 (v/v) 100 mM ammonium
bicarbonate/acetonitrile.

2. Destain for silver-stained gels: 1:1 (v/v) 30 mM potassium
ferrricyanide/100 mM sodium thiosulfate.

2.2.2 Reduction and

Alkylation of Silver-Stained

Gel Plugs

1. Reducing buffer: 10 mM DTT (dithiothreitol) in 100 mM
ammonium bicarbonate.

2. Alkylating buffer: 55 mM IAA (iodoacetamide) in 100 mM
ammonium bicarbonate.

Table 1
Proteolytic enzymes for protein digestion in a proteomics workflow

Enzyme

Recommended
ratio enzyme/
protein Specificity Applications

Trypsin 1:25 R. K Trypsin is the most commonly used proteolytic
enzyme. It is efficient, specific, and produces
peptides amenable to CID fragmentation.

LysC 1:100 K Typically used in conjunction with trypsin as it can
cleave lysines which are followed by proline
residues. Therefore, it compensates for trypsin
mis-cleavages

Also used in phospho-peptide enrichment protocols

Chymotrypsin 1:60 Y, W, F Useful for digestion of peptides arising from
hydrophobic proteins. This protease is
particularly useful for studying the
transmembrane regions of membrane proteins

GluC 1:20–1:200 D, Z Useful for the study of PTMs. Can be combined
with other proteases to increase proteome
coverage

ArgC 1:20–1:200 R, K Useful for the study of PTMs, especially histone
PTMs. Can be combined with other proteases to
increase proteome coverage

AspN 1:20–1:200 D, C Useful for the study of PTMs

LysN 1:20–1:200 K Useful for epigenetic studies since it is capable of
cleaving methylated lysines

The table shows the recommended ratio and specificity of seven commercially available proteases and gives notes on their

potential applications
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2.2.3 Trypsin Digestion

and Peptide Extraction

1. Trypsin reconstitution buffer: 50 mM acetic acid.

2. Trypsination buffer: 20 μg sequencing-grade trypsin resus-
pended in 100 μl of reconstitution buffer. Add 10 μl of this
to 500 μl of 50 mM ammonium bicarbonate.

3. Extraction buffer: 1:2 (v/v) 5% formic acid/acetonitrile. Make
this solution just before use.

3 Methods

3.1 Destaining for

Coomassie and Silver-

Stained Gels

1. Preparative slab gels for spot picking can be stained with either
Coomassie or silver stain. The destaining protocol will vary
depending on the type of staining used (see Note 1).

2. Rinse preparative slab gel in ultrapure water for 2–3 h in a
laminar flow hood (see Note 2).

3. Excise protein spots of interest manually using a sterile pipette
tip with the end cut off. Place the tip (cut side down) firmly on
top of the protein spot of interest and take up the gel piece (see
Note 3). Transfer to a 1.5 ml microcentrifuge tube. Label each
tube with its corresponding spot number.

4. For Coomassie stained gels, add 100 μl of 100 mM ammonium
bicarbonate/acetonitrile solution (1:1) to each gel piece. Incu-
bate for 30 min (ensure gel plugs are completely destained) at
room temperature with occasional vortexing. Add 500 μl of
neat acetonitrile and incubate for 10 min at room temperature
with shaking (see Note 4).

5. Remove solution. Gel plugs are ready for in-gel digestion.
Alternatively, they may be stored at �20 �C for a couple of
weeks.

6. For silver-stained gels, add 100 μl of a 30 mM potassium
ferricyanide/100 mM sodium thiosulfate (1:1) solution to
each gel plug. Once the brown color disappears, wash the
plugs with ultrapure water 3–4 times (or until the plugs are
completely clear) (see Note 5).

3.2 Reduction and

Alkylation

1. This is required for silver-stained gels only. Add 500 μl of neat
acetonitrile and incubate for 10 min. Centrifuge briefly and
remove all liquid.

2. Add 50 μl of 10 mMDTT in 100 mM ammonium bicarbonate
and incubate for 30 min at 56 �C.

3. Cool tubes to room temperature (22 �C) and add 500 μl of
neat acetonitrile and incubate for 10 min at room temperature.
Aspirate the liquid.
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4. Add 50 μl of 55 mM iodoacetamide in 100 mM ammonium
bicarbonate and incubate for 20 min at room temperature in
the dark.

5. Add 500 μl of neat acetonitrile and incubate for 1 0 min at
room temperature with shaking.

6. Aspirate all the liquid.

7. Gel plugs are now ready for in-gel digestion (see Note 6).

3.3 In-Gel Digestion 1. Resuspend 20 μg trypsin in 100 μl of reconstitution buffer (see
Note 7). Add 10 μl aliquots to 500 μl 50 mM ammonium
bicarbonate and add 50 μl of this mixture to gel plugs. Incubate
for 30 min at 4 �C.

2. Add more buffer to fully cover gel plugs and incubate for a
further 90 min at 4 �C (see Note 8).

3. Add 10–20 μl 100 mM ammonium bicarbonate (seeNote 9) to
fully cover gel plugs (see Note 10) and incubate overnight at
37 �C.

3.4 Peptide

Extraction

1. Add 100 μl extraction buffer (seeNote 11) to each gel plug and
incubate for 15 min at 37 �C with shaking (see Note 12).

2. Remove the peptides-containing supernatant and transfer to a
fresh microcentrifuge tube.

3. Dry down in a vacuum centrifuge.

4. Can proceed to LC-MS or can store dried peptides at �20 �C
for a few months prior to usage.

3.5 LC-MS Analysis 1. Resuspend dried peptides in 15 μl 0.1% formic acid.

2. Vortex well and sonicate for 5 min to ensure full resuspension
of peptides.

3. Centrifuge at 14,000 � g for 20 min and transfer supernatant
to labeled LC-MS vials.

4. Analyze peptide mixtures on an ion-trap LC mass
spectrometer.

5. Specific conditions will need to be optimized for individual
mass spectrometers. However, using a 15 min gradient of
10–90% solvent B (50% acetonitrile and 0.1% formic acid)
and a 1–5 min post run time of solvent A (0.1% formic acid)
through a Zorbax 300SB C18μm column works well for most
proteins.

6. For example, separate peptides with a nanoflow Agilent 1200
series system, equipped with a Zorbax 300SB C18 5 μm, 4 mm
40 nl pre-column and a Zorbax 300SB C18 5 μm,
43 mm � 75 mm analytical reversed phase column using
HPLC-Chip technology.
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7. Load 5 μl of sample into the enrichment at a capillary flow rate
set to 2 μl/min with a mix of solvents A and B at a ratio of 19:1.

8. Set the capillary voltage to 1700 V, the flow rate to 4 μl/min
and the drying gas temperature to 300 �C.

9. For protein identification, database searches may be conducted
with MASCOT MS/MS Ion search (Matrix Science, London,
UK) (see Note 13).

4 Notes

1. Coomassie stains are easily removed from gel plugs prior to in-
gel digestion, but are less sensitive than other stains with a
detection limit of 100 ng. Silver staining is highly sensitive,
with a detection limit of less than 1 ng. However, silver staining
is not compatible with mass spectrometry and therefore
requires a more advanced destaining protocol. This may hinder
protein digestion and peptide extraction and thus lead to poor
mass spectrometric identification.

2. At all stages it is vital to limit, as much as possible, keratin
contamination. Due to their proteinaceous nature, keratin con-
taminants will undergo enzymatic digestion and thus will be
present in the final peptide mixture. This is a problem particu-
larly for the detection of low abundance peptides by mass
spectrometry as such peptides can be masked by keratin (if
keratin is present at higher levels than the proteins of interest).
This is especially true for mass spectrometers run in data-
dependent mode. In order to limit keratin contamination,
wear a lab coat and gloves, work in a laminar flow hood as
much as possible, keep all pipette tip boxes, reagent bottles,
and sample vials closed/covered when not in use and employ
only HPLC grade reagents.

3. For manual spot picking print off an image of the 2D gel (2D-
DIGE gel image), ensuring that the image fills an A4 page so
that it will be the same size as a 2D gel. Circle the protein spots
of interest on the paper and number them. Label microcentri-
fuge tubes with the spot numbers. Place the gel on a thick
plastic bag, leave one side sealed and three sides open for ease
of access. Place the image of the gel underneath the actual gel
and align so that the circled protein spots on the paper align to
the spots on the gel. Cut out spots of interest and place in its
corresponding numbered tube.

4. Acetonitrile dehydrates and shrinks the gel plugs.

5. Can wash gel plugs with 100 μl of 200 mM ammonium bicar-
bonate for 20 min at room temperature with shaking if gel
plugs are not destaining with water.
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6. Gel plugs can be processed immediately or stored at�20 �C for
a few weeks.

7. Make shortly before use. Ensure to use sequencing-grade tryp-
sin, which has been modified to reduce autolysis which may
otherwise result in additional peptide fragments in a sample
which could interfere with database searching of fragment
masses.

8. Incubating at 4 �C enables the slow and efficient diffusion of
trypsin into gel plugs.

9. While our lab uses a 100 mM ammonium bicarbonate buffer,
other groups use 25 mM ammonium bicarbonate to reduce
any possible salt interference with ionization in mass spectrom-
etry [31].

10. It is important to keep gel plugs immersed throughout the
digestion procedure.

11. Volumes may be adjusted depending on the volume of the gel
matrix. There should be an approximate ratio of 1:2 between
the volume of the digest and that of the extraction buffer.

12. Other extraction protocols are available. These include extrac-
tion with 5% TFA/50% acetonitrile with vortexing and sonica-
tion [32], 66% acetonitrile/0.1% TFA with sonication [31] and
100% acetonitrile for 10 min at 25 �C (repeated three times).

13. Recommended parameters for filtering data obtained from
searches with MASCOT include (a) a maximum of two missed
cleavages by trypsin, (b) carboxymethylated cysteines as a fixed
modification, (c) methionine oxidation as a variable modifica-
tion, (d) a minimum of two unique peptides, and (e) a MAS-
COT score greater than 49. All of the pI values and molecular
masses of the identified proteins should be compared to their
corresponding position on two-dimensional preparative slab
gels.
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Chapter 18

Subcellular Fractionation for DIGE-Based Proteomics

Sandra Murphy

Abstract

Mass spectrometry-based protein methodologies have revolutionized the field of analytical biochemistry
and enable the identification of hundreds to thousands of proteins in biological fluids, cell lines, and tissue.
This methodology requires the initial separation of a protein constellation and this has been successfully
achieved using gel-based techniques, particularly that of two-dimensional difference gel electrophoresis
(2D-DIGE). However, given the complexity of the proteome, fractionation techniques may be required to
optimize the detection of low-abundance proteins, which are often under-represented, but which may
represent important players in health and disease. Such subcellular fractionation protocols typically utilize
density-gradient centrifugation and have enabled the enrichment of crude microsomes, the cytosol, the
plasmalemma, the nuclei, and the mitochondria. In this chapter, we describe the experimental steps
involved in the enrichment of crude microsomes from skeletal muscle using differential centrifugation
and subsequent verification of enrichment by gel electrophoresis and immunoblotting, prior to compara-
tive DIGE analysis.

Key words Muscle proteomics, Ultracentrifugation, Subcellular fractionation, Two-dimensional gel
electrophoresis, Microsomal enrichment strategy

1 Introduction

Since the elucidation of the human genome in 2001 [1], scientific
research has entered the “post-genomic era” in which proteomics
has come to the fore. Despite only containing approximately twice
the number of genes found in a simple roundworm [2] or a fruit fly
[3], the human species is virtually unrivaled in its complexity,
suggesting that proteins and not genes are responsible for the
intricacy of an organism. This has thus led to the emergence of
proteomics as a core technology for the enhanced understanding of
an organism.

Mass spectrometry-based proteomics has developed as the
methodology of choice for the large-scale profiling of proteins in
health and disease [4–6]. The high resolution and reproducibility of
modern mass spectrometers enables the routine identification and
quantitation of hundreds and even thousands of proteins [7],
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rendering such technology the “gold standard” for the large-scale
analysis of a proteome. Two-dimensional gel electrophoresis was
first described in 1975 as a means of separating proteins from
complex biological materials using orthogonal methods. First pro-
teins are separated by their isoelectric point in isoelectric focusing
and second by their molecular mass by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) [8, 9]. However
as issues pertaining to gel-to-gel variation limited the reproducibil-
ity of such studies, two-dimensional difference gel electrophoresis
(2D-DIGE) became the method of choice. 2D-DIGE involves the
fluorescence labeling of paired samples with two or three different
dyes enabling them to be run on the same gel, thus circumventing
the need to run multiple 2D gels [10, 11]. Software, such as
Progenesis SameSpots and DeCyder 2D, facilitates the detection
of differential protein expression and such proteins can then be
excised from the gel and identified by mass spectrometry [10].
Comparative proteomic studies utilizing 2D-DIGE have enabled
the identification of proteins involved in gestational diabetes [12],
sarcopenia of old age [13], cancer [14, 15], and neuromuscular
disease [16] along with a plethora of other conditions.

One of the major difficulties with comparative proteomics is the
high dynamic range and complexity of the proteome. This is par-
ticularly evident in bodily fluids such as human plasma where
excesses of 10 orders of magnitude exist between the concentra-
tions of the most highly abundant proteins such as albumin and the
proteins of lowest abundance such as enzymes and interleukins
[17–20]. This concentration range far exceeds the dynamic range
of proteomic analytical tools, thus rendering the detection of such
low-copy number proteins technically challenging. Similar analyti-
cal difficulties also exist with the mass spectrometric analysis of
tissue in general and muscle in particular. Individual skeletal mus-
cles represent a heterogeneous assembly of fast-glycolytic, fast-
oxidative-glycolytic, slow-oxidative and hybrid fiber types, each
with considerably different protein constellations [21]. Complexity
also exists on the molecular level with skeletal muscle expressing a
particularly large number of different protein isoforms [22]. While
this huge variety of proteoforms is essential for muscle plasticity, it
represents an issue for both the gel electrophoresis and mass spec-
trometry aspects of a proteomic workflow. Low abundance proteins
are typically underrepresented on 2D gels due to masking effects
from other higher abundance proteins with similar pI and molecu-
lar mass values [23], while on the level of mass spectrometry highly
abundant peptides lead to ion suppression of low abundance pep-
tides limiting their isolation, fragmentation, and detection [6, 24].

These difficulties have forced researchers to use a combination
of proteomic methodologies, encompassing whole tissue proteo-
mics and organelle proteomics, to give optimal coverage of the
proteome [25]. Similar to immunodepletion for serum samples
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[26], subcellular fractionation for tissue offers a means of reducing
sample complexity thus enabling the mass spectrometric detection
of low abundance proteins. These types of sub-proteomic studies
have largely concentrated on mitochondria given their important
roles in health and disease. Mitochondrial dysfunction and oxida-
tive stress are associated with numerous disorders; in particular
cardiac abnormalities, skeletal muscle disorders, and age-related
neurodegenerative conditions [27–29]. However, a variety of
other cellular fractions can also be enriched by using subcellular
fractionation, typically microsomes, sarcolemma, cytosol, and the
contractile apparatus [16, 30, 31]. Here, we describe in detail the
subcellular fractionation of skeletal muscle to give crude micro-
somes which can be subsequently analyzed by 2D-DIGE, as illu-
strated in Fig. 1.

2 Materials

2.1 Equipment Equipment for the preparation of crude skeletal muscle homoge-
nates and crude microsomes, as well as gel electrophoresis and
immunoblotting:

Tissue Homogenisation
& Protein Extraction

Crude Muscle Homogenate 
15’ 14,000 x g 

WT Muscle Dystrophic Muscle

Cellular debris
Nuclei

Contractile Apparatus
Supernatant

60’ 100,000 x g 

Cytosol

Microsomal Fraction

Verification of enrichment by gel
electrophoresis and immunoblot analysis  

Myosin Light
Chain 2 SERCA1

2D-DIGE of subcellular fraction

Identification of protein spots with
differential expression 

In-gel digestion and mass
spectrometric analysis  

Myosin Actin

Tropomyosin
Troponin

222 3 4 111

Fig. 1 Overview of the subcellular fractionation protocol. Illustrated on the left is a flowchart showing the
subcellular fractionation protocol for the enrichment of crude microsomes from wild-type (WT) versus
dystrophic skeletal muscle homogenates. Shown on the right is the verification analysis using gel electropho-
resis and immunoblotting, where lanes 1–4 refer to WT total extracts, WT crude microsomes, dystrophic mdx-
4cv total extracts and dystrophic mdx-4cv crude microsomes, respectively. Comparative 2D-DIGE and mass
spectrometric analysis are used to enable the identification of differentially expressed low abundance proteins
in subcellular fractions
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1. Hand-held IKA T10 Basic Homogeniser (IKA Labortechnik).

2. Thermomixer comfort (Eppendorf).

3. Model 5417R centrifuge (Eppendorf).

4. Optiseal 4.9 ml polyallomer centrifuge tubes (Beckman
Coulter).

5. Optima L-100 XP ultracentrifuge (Beckman Coulter).

6. NVT 90 rotor (Beckman Coulter).

7. Aluminum spacer part number 362198 (Beckman Coulter).

8. Mini-gel PROTEAN Tetra Cell system (Bio-Rad).

9. Transblot Cell for electrophoretic transfer of proteins to
Immobilon NC-pure nitrocellulose membranes (Bio-Rad).

10. Exposure cassettes (Kodak).

2.2 Reagent

Solutions

All reagents were prepared with ultrapure water to limit contami-
nation of samples. Commercially available reagents, materials and
solutions for sample preparation, gel electrophoresis and immuno-
blotting include:

1. Ultrapure Protogel acrylamide stock solution.

2. Protogel resolving buffer 4�.

3. Laemmli-type reducing buffer.

4. Protein molecular mass standard.

5. Whatman nitrocellulose transfer membrane.

6. BM Chemiluminescence western blotting kit.

7. X-ray film.

8. Protease inhibitor cocktail.

9. Phosphate-buffered saline tablets.

10. Primary antibodies; ab2818 to SERCA1 and ab92721 to
MLC2 (Abcam).

11. Secondary peroxidase-conjugated antibody.

2.2.1 Preparation

of Crude Homogenates

and Resuspension

of Microsomal Pellets

1. Homogenization buffer: 20 mM sodium pyrophosphate,
20 mM sodium phosphate, 1 mM MgCl2, 0.303 M sucrose,
0.5 mM EDTA, pH 7.0. This buffer should be supplemented
with protease inhibitors, such as one tablet of a commercially
available protease inhibitor cocktail per 10 ml buffer. Dispense
into 1 ml aliquots and store at �20 �C.

2. DIGE buffer: 9.5 M urea, 2 M thiourea, 65 mM CHAPS,
100 mM DTT, supplemented with a protease inhibitor cock-
tail. Microsomal pellets can be resuspended in DIGE lysis
buffer for subsequent DIGE analysis or homogenization buffer
for immunoblot analysis.
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2.2.2 Electrophoretic

Transfer and

Immunoblotting

1. 10� SDS running buffer: 25 mMTris, 1.92 M glycine, 1% (w/
v) SDS. Dilute to 1� before use and use as gel electrophoresis
buffer if using hand-cast gels.

2. Transfer buffer: 25 mM Tris, 192 mM glycine, 20% (v/v)
methanol.

3. Ponceau staining solution: 0.1% (w/v) Ponceau S dye in 5% (v/
v) acetic acid.

4. Phosphate-buffered saline solution: 1 PBS tablet per 100 ml
water (0.01 M phosphate buffer, 0.0027 M potassium chlo-
ride, 0.137 M sodium chloride, pH 7.4).

5. Blocking buffer:5% (w/v) fat-free milk solution in PBS.

6. Primary antibody: Appropriately diluted primary antibody in
blocking buffer.

7. Secondary antibody: Appropriately diluted secondary antibody
in blocking buffer.

3 Methods

3.1 Preparation of

Crude Skeletal Muscle

Homogenates

All the steps should be carried out at 4 �C to minimize degradation
of skeletal muscle proteins.

1. Thaw frozen skeletal muscle on ice. Rinse muscle in PBS to
remove blood/hair and trim away any fat (see Note 1). For
comparative biomedical studies of a neuromuscular disorder,
weigh the muscle and use an equal amount for control and
diseased samples. A relatively large amount of tissue is necessary
for subcellular fractionation procedures. While the amount
required will have to be optimized by the user, between 0.75
and 1 g is sufficient for subsequent DIGE analysis and verifica-
tion by immunoblot analysis (see Note 2).

2. Using a sharp razor blade, finely chop the tissue into small
pieces.

3. Transfer diced tissue to a round-bottomed 15 ml falcon tube
(seeNote 3) and add 10 volumes of homogenization buffer (see
Note 4).

4. Using a hand-held homogenizer, blend the tissue at 30 s inter-
vals until the mixture is homogenous. Avoid over-heating of
the homogenizer and sample. Allow the liquid to settle to the
bottom of the tube and then transfer to a 1.5 ml microcentri-
fuge tube (see Note 5).

5. Extract proteins by incubating samples at 8 �C at 300 rpm for
2 h on a Thermomixer.

6. Centrifuge the solution at 14,000 � g for 20 min at 4 �C.
Retain the protein-containing supernatant and transfer to a
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fresh microcentrifuge tube. Discard the pellet and the upper-
most fatty layer.

7. If samples are not to be used immediately, dispense into 50 μl
aliquots and store at �20 �C for short-term or �80 �C for
long-term storage.

3.2 Preparation of

the Crude Microsomal

Fraction

1. Precool the rotor in a 4 �C room at least 1 h before
ultracentrifugation.

2. Fill OptiSeal 4.9 ml tubes to the bottom of the stem (these
tubes must be completely filled for ultracentrifugation) with
the crude skeletal muscle homogenate. Retain a portion of the
crude homogenate for later analysis. Close tube with a tube
plug.

3. Weigh each tube with its spacer and adaptor. Ensure that tubes
that will be opposite each other during ultracentrifugation are
exactly the same weight to three decimal places. Adjust volumes
of liquid accordingly to ensure that the tubes are balanced.

4. Dry tubes with tissue paper and then load into the precooled
rotor. Place the appropriate spacer on the top of the tube,
followed by the rotor plug (gasket side down). Screw the
plugs into place and leaving the screw in place tighten with a
wrench to 120 ounces. Remove screw and ensure all tubes are
flush with the top of the rotor.

5. Rub some vacuum grease along the edges of the rotor. Place
the rotor into the ultracentrifuge and close the door.

6. Centrifuge samples at 100,000 � g at 4
�
C for 1 h.

7. Loosen the rotor plugs with a wrench and then a screw, remove
the tubes from the rotor. Aspirate the supernatant (this repre-
sents the cytosol). Resuspend the pellet in an appropriate
buffer, for example DIGE lysis buffer for subsequent 2D-
DIGE analysis (see Note 6).

8. Quantify the protein concentration of the original crude skele-
tal muscle homogenates and the crude microsomal fraction
using a reliable assay (see Note 7).

3.3 Verification

of Enrichment

of Membrane Protein

Fraction

Immunoblot analysis can be used to verify the large-scale removal
of the acto-myosin apparatus and the concomitant enrichment of
membrane and membrane-associated proteins in the crude micro-
somal fraction.

1. Run one-dimensional gels using either precast or hand-made
polyacrylamide gels (see Note 8). For precast gels refer to
manufacturer’s instructions as to the setup of the gel apparatus.
For most routine immunoblotting experiments 10–20 μg pro-
tein per lane is sufficient. Reduce samples by adding a reducing
buffer, such as Laemmli-type buffer, and heat at 97 �C for
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7 min. Allow the samples to cool and then load onto the gel.
Electrophorese samples at 60 V until they pass through the
stacking gel and then increase the voltage to 120 V and run
until the Bromophenol Blue dye front just runs off the end of
the gel.

2. Remove the gel from between the glass plates and incubate in
transfer buffer for 20 min.

3. Prepare for membrane transfer by cutting filter paper and
nitrocellulose membranes to the size of the gel to be
transferred.

4. Soak a sponge in the transfer buffer, squeeze to remove excess
liquid and place on the anode side of the transblot holder. Place
two pieces of presoaked filter paper on the top of this, followed
by the nitrocellulose membrane that should also be rinsed in
transfer buffer so that it is evenly wet. Carefully place the gel on
the top of the membrane, place two more pieces of filter paper
on the top, followed by a sponge. Using a 15 ml falcon tube or
a roller, gently roll the assembled gel sandwich to remove any
air bubbles which would otherwise affect the transfer of pro-
teins to the membrane.

5. Place the cathode side of the transblot holder on the gel
sandwich and transfer to the electrophoretic transfer unit. Fill
the unit with transfer buffer and put an ice-pack into the unit
also (see Note 9). Place the entire unit in a container of ice or
run electrophoresis in a 4 �C room. Carry out electrophoretic
transfer at 100 V for 70 min.

6. Verify the efficacy of the transfer using Ponceau staining solu-
tion. Rinse in Ponceau until protein bands can be visualized,
typically 1 min. Rinse in distilled water to remove excess pink
dye. Label the nitrocellulose membrane with a black marker
while protein lanes are still visible.

7. Remove Ponceau stain by rinsing nitrocellulose membranes in
PBS for 10 min. Repeat three times.

8. Block nitrocellulose membranes with a milk protein solution
for 1 h at room temperature (see Note 10). Briefly rinse with
PBS before incubating with appropriately diluted primary anti-
bodies overnight at 4 �C with gentle agitation (see Note 11).

9. Wash nitrocellulose membranes twice with the blocking buffer
for 10 min each time.

10. Incubate nitrocellulose membranes with appropriately diluted
peroxidase-conjugated secondary antibodies for 90 min at
room temperature with gentle shaking (see Note 11).

11. Block nitrocellulose membranes twice with the blocking buffer
for 10 min each time.
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12. Wash nitrocellulose membranes twice with PBS for 10 min
each time.

13. Visualize immuno-decorated protein bands by the enhanced
chemiluminescence method (ECL) in a dark room.

14. Wash nitrocellulose membranes with 5 ml of ECL solution,
containing 50 μl ECL starting solution and 5 ml of lumines-
cence substrate. If the signal is intense bands may be seen
“glowing.” If not then incubate nitrocellulose membranes in
the ECL solution for between 1 and 5 min.

15. Place the nitrocellulose membrane in between two acetate
sheets in an exposure cassette.

16. Place a piece of X-ray film on the top and incubate for as long as
required. This will need to be optimized by the user as strong
signals require much less time than very weak signals which
could take hours (see Note 12).

17. Place X-ray film into a container of commercially available
developer until clear bands can be seen.

18. Transfer X-ray film to a container of commercially available
fixer and rinse briefly (see Note 13).

19. Allow X-ray film to dry. They can then be used for densitomet-
ric analysis (see Note 14). For verifying the removal of the
actomyosin apparatus from the microsomal fraction, protein
markers such as myosin light chain isoforms and tropomyosin
can be used. To verify the enrichment of membrane proteins,
antibodies against membrane-associated proteins, such as the
SERCA isoforms of the Calcium-ATPase from the sarcoplas-
mic reticulum or beta-dystroglycan from the sarcolemma, may
be employed.

3.4 Comparative

DIGE Analysis

Once immunoblotting analysis has been used to verify the success
of the subcellular fractionation, proceed to comparative DIGE
analysis [11]. Briefly, proteins arising from the control sample are
labeled with one of the CyDyes and proteins arising from the test
sample are labeled with the other CyDye [10]. A pooled internal
standard is labeled with Cy2 [32]. CyDye labeled proteins (control,
test, and standard) can be pooled together and the protein constel-
lation is first separated by isoelectric focusing and subsequently by
two dimensional sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis [33]. 2D gels are then scanned with fluorescence scan-
ning, where each of the samples can be visualized independently by
choosing the unique excitation and emission wavelengths for each
CyDye [34]. A preparative gel must also be run, such gels are
stained, for example with silver stain, Coomassie stain or deep
purple total protein stain, and protein spots of interest are excised
from these gels, digested and analyzed by mass spectrometry.
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4 Notes

1. Areas of fatty and connective tissue in skeletal muscle can be
difficult to homogenize and so excess fat should be trimmed
off.

2. The exact amount of tissue to be used should be optimized by
the end user. It will largely depend on the downstream analyses
required by the user. For example, larger amounts of tissue will
be required for gel-based mass spectrometric proteomic work
as opposed to label-free liquid chromatography mass spectrom-
etry methodologies.

3. Use round-bottomed tubes instead of traditional 15 ml falcon
tubes as the tissue tends to sink to the bottom of the tube and it
is easier to homogenize at the bottom of a round-bottomed
tube rather than a pointed end.

4. To limit the degradation of muscle-associated proteins during
sample homogenization the homogenization buffer was sup-
plemented with a protease inhibitor cocktail, using one tablet
of Roche’s “Complete Mini” for every 10 ml of buffer.

5. Samples tend to foam up a little during homogenization so
allow the liquid to settle to the bottom of the tube before
transferring it to a 1.5 ml microcentrifuge tube. Keep the
original 15 ml tube and continue to transfer the remaining
liquid as it settles.

6. After aspirating the supernatant, use a scissors to cut off the top
of the OptiSeal tube in order to be able to resuspend the pellet.
Resuspend by gently pipetting up and down. Transfer the
crude microsomal fraction to a fresh microcentrifuge and vor-
tex to resuspend fully.

7. A number of commercially available protein quantification
assay kits may be used for this purpose. In our lab we use the
Bradford method to quantify protein concentrations. However
in situations where detergents such as Triton X-100 have been
included in the buffers an alternative assay that is compatible
with detergents must be used, for example the BCA protein
assay.

8. Depending on the proteins of interest, different acrylamide
percentages can be used. For large proteins a low acrylamide
percentage of 3–4% is recommended, while smaller proteins
require a higher acrylamide percentage. Gradient gels, for
example 4–12% gels, may also be used to optimize the separa-
tion of a large number of proteins of different sizes. Gradient
gels are commercially available and can also be poured with the
aid of a gradient maker.
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9. Transfer buffer should be stored at 4 �C.

10. Since milk contains phospho-proteins a milk-based blocking
buffer is not recommended for the detection of phospho-
proteins. In this case alternative blocking buffers such as
those containing serum or BSA may be used.

11. Appropriate dilutions for primary and secondary antibodies
will have to be determined by trial and error. This will depend
on the amount of antigen present and the specificity of the
antibodies. Refer to the suppliers’ recommendations for start-
ing dilutions.

12. Leave the first piece of X-ray film down for a relatively short
period of time; 30 s to 1 min and use this immunoblot to judge
whether you need to increase exposure time (if signal is weak or
absent) or reduce (if signal is very strong or if there is high
background appearing).

13. Ensure X-ray is not exposed to light until after it has been fixed.

14. Routine densitometric analyses of developed X-ray films can be
performed with a suitable scanner and Imagequant analysis
software. Statistical analyses can then be performed using
Prism analysis software.
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Chapter 19

DIGE Analysis of Immunodepleted Plasma

Paul Dowling and Kay Ohlendieck

Abstract

This chapter will focus on upstream immunodepletion of high abundant proteins from plasma samples and
subsequent analysis by difference gel electrophoresis (DIGE). The abundances of proteins in biofluid
proteomes, such as serum, plasma, saliva, and bronchoalveolar lavage fluid (BALF), can exceed 10 orders
of magnitude. This substantial dynamic range is problematic for the detection of medium and low
abundance proteins by DIGE analysis. To increase the detection, quantification, and identification of
medium-low abundant proteins, the targeted depletion of known abundant proteins with antibody col-
umns has been successfully employed. From the literature, it is clear that the performance of abundant
protein depletion with immunodepletion columns has been successful in broadening the coverage of the
biofluid proteome and facilitating the identification of disease-specific biomarkers. The task for a successful
biomarker strategy involves the combination of a reproducible and robust fractionation method, coupled
with a highly accurate quantitative method, a task that is exemplified by combining both immunodepletion
and DIGE together to discover significant proteins associated with the disease phenotype.

Key words Antibodies, Immunodepletion, Low abundant, Plasma, Serum

1 Introduction

In recent years, the discovery of disease biomarkers has become a
major focus of cancer research [1]. When searching for novel
biomarkers, biofluids such as serum and plasma are potentially the
most valuable biological samples, because they contain many
thousands of different protein species [2]. These are also the most
easily accessible, minimally invasive, and widely collected samples.
Unfortunately, using serum or plasma (and other types of biofluids
such as saliva or urine) for biomarker discovery studies is challeng-
ing due to the broad dynamic range of protein abundances (over 10
orders of magnitude) and the fact that 22 proteins make up around
99% of the total protein mass [3, 4]. This large dynamic range
greatly exceeds the analytical capabilities of traditional proteomic
methods, making the detection of lower abundance proteins, resid-
ing in the ng/ml and below, extremely challenging. It is very likely
that most potential biomarkers are among those low-abundance
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proteins, secreted or shed into the bloodstream by tissues or cells
because of the disease area [5, 6]. To detect such low-abundance
proteins using currently available technologies, it is logical to
remove the most abundant proteins first [7]. A wide range of
fractionation methods are now available for the removal of albumin
and other high-abundance proteins [8, 9].

Protein depletion is becoming a standard practice as the routine
sample preparation strategy in proteomics used prior to protein
identification and quantitation [10–12]. Depletion of plasma/
serum proteins can be performed using different approaches, with
the ultimate end-point of separating the high abundance proteins
from their low abundance counterparts. Many systems have been
developed to deplete albumin, immunoglobulins, and other high-
abundance proteins from human plasma/serum samples [13].
Most of the commercially available immunodepletion kits are com-
prised of an immunoaffinity column packed with affinity-purified
antibodies that have been developed with highly purified antigens
to target high-abundance proteins. In addition, a set of comple-
mentary proprietary buffers are used to minimize protein-protein
interactions so that nonspecific binding is minimized prior to load-
ing samples onto the column. This allows low-abundance proteins
to be enriched in the flow-through fractions obtained from the
system with minimal contamination from the high-abundant frac-
tion [14], as diagrammatically outlined in Fig. 1.

There are currently several methods for depleting these higher
abundance proteins from plasma/serum. IgG-based systems
remove human serum albumin (HSA), immunoglobulin G (IgG),
immunoglobulin A (IgA), haptoglobin, transferrin, and alpha-1-
antitrypsin from human serum samples [15, 16]. An IgY-antibody-
based technology has also been developed and successfully used by
many research groups [17]. This approach is based on chicken IgY
antibodies, covalently cross-linked to beads so that it can be used
with either LC systems or spin column devices. The system can
deplete human albumin, IgG, IgA, IgM, fibrinogen, and transfer-
rin, and appears to have a less species specificity for reactivity of
immunoglobins than is obtained using affinity-purified rabbit poly-
clonal IgGs.

A range of commercially produced LC columns/cartridges are
now available for immunodepletion of various biofluids. These
include the Multiple Affinity Removal System (MARS) columns,
removing 6, 7, or 14 abundant proteins depending on the column/
cartridge employed (Agilent), the ProteoPrep20 that removes 20
proteins (Sigma) and the Proteome Purify™ Immunodepletion
Kits, 2 Serum Protein Immunodepletion Resins/10 Serum Protein
Immunodepletion Resins (R&D Systems) removing 2 and 12
abundant proteins respectively.
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Systematic Profiling of Biofluid Proteomes

Crude
biofluid

Sample A

Proteomic signature of biofluid
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Fig. 1 Overview of immunodepletion method to enrich medium-to-low abundant proteins in biofluids prior to
difference gel electrophoretic analysis. The targeted depletion of known abundant proteins with antibody
columns drastically increases the detection, quantification, and identification of low abundant proteins
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For the purposes of this chapter, we will be discussing the
MARS system for the removal of high abundant proteins from
plasma samples.

2 Materials

2.1 Equipment 1. IPGphor IEF unit (GE Healthcare).

2. IPG DryStrip reswelling tray (GE Healthcare).

3. Manifold (GE Healthcare).

4. Sample loading cups (GE Healthcare).

5. Gel casting box (GE Healthcare).

6. Cassette racks (GE Healthcare).

7. Ettan DALTsix multiple vertical slab gel unit (GE Healthcare).

8. Electrophoresis power supplies (GE Healthcare).

9. Glass plates suitable for fluorescence analysis.

10. Typhoon Trio variable mode imager (GE Healthcare).

11. Vortex Genie-2 (Scientific Industries).

12. Stuart SSL4 shaker (Lennox Laboratory Supplies Ltd.).

13. Heto speedvac concentrator.

14. Eppendorf Model 5417R centrifuge.

15. Sonicating water bath.

2.2 Reagents 1. Multiple Affinity Removal Spin Cartridge, Hu-14 0.45 ml pack
(product number: 5188-6560)-contains Spin Cartridge, 1
each, Luer-Lok Adapters, 1 pack (2/pack), Cap & Plug, 1
each (Agilent) or alternative spin cartridges (see Note 1).

2. Multiple Affinity Removal Spin Cartridge, Starter Kit (product
number: 5188-5254)-contains Buffer A, 1 bottle (1 L), Buffer
B, 1 bottle (1 L), Spin filters, 2 packs (25/pack), Spin concen-
trators, 5 kDa MWCO 4 ml, 1 pack (25/pack), Luer-Lok
adapters, 1 pack (2/pack), Luer-Lok syringes, 5 ml, 1 pack
(2/pack), Microtubes, 6 packs (100/pack), Caps and plugs, 1
pack (6/pack), PTFE Luer-Lok needles, 1 pack (10/pack).
(Agilent) or alternative spin cartridges (see Note 2).

3. LavaPurple Protein Kit (Fluorotechnics Pty Ltd).

4. CyDye DIGE fluor minimal dye Cy2 (GE Healthcare).

5. CyDye DIGE fluor minimal dye Cy3 (GE Healthcare).

6. CyDye DIGE fluor minimal dye Cy5 (GE Healthcare).

7. Laemmli-type slab gel electrophoresis buffer system (GE
Healthcare).

8. Immobilized linear pH gradient (IPG) strips (GE Healthcare).
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9. pH 3–11 ampholytes (GE Healthcare).

10. IPG buffer (GE Healthcare).

11. Precast 12.5% polyacrylamide DIGE gel (GE Healthcare).

12. Bradford assay (Bio-Rad, 500-0205).

13. Bovine serum albumin (BSA) solution (Sigma, A9543).

14. PepMix4 (LaserBio Labs).

2.3 Solutions All solutions should be prepared with analytical grade chemicals
and ultrapure water.

2.3.1 Sample

Preparation and DIGE

Labeling

1. DIGE lysis buffer: 30 mM Tris, 7 M Urea, 2 M Thiourea, 4%
(w/v) CHAPS, pH 8.5.

2. Sample reducing buffer: 4% CHAPS, 9.5 M urea, 2% IPG
buffer pH 3–11, 130 mM dithiothreitol.

3. Stock solution: Dissolve dyes in 5 μl of fresh Dimethyl Form-
amide (DMF). Concentration is now 1 nmol/μl. Store at
�20 �C for 3 months.

4. Working solution: Dilute 1 μl of dye with 4 μl of DMF (5 μl
total—concentration is now 200 pmol/μl). Keep on ice during
use.

2.3.2 Gel Electrophoresis 1. Rehydration Buffer: 8MUrea, 2% CHAPS, 20mMDTT, 0.5%
IPG Buffer, trace amount of bromophenol blue (see Note 3).

2. Equilibration Buffer 1: 6MUrea 30% Glycerol 2% SDS 50mM
Tris–HCl pH 8.8-add 1% DTT.

3. Equilibration Buffer 2: 6MUrea 30% Glycerol 2% SDS 50mM
Tris–HCl pH 8.8-add 2.5% Iodoacetamide.

4. 10� SDS buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS (see
Note 4).

5. Sealing solution: 1% agarose in 1� SDS buffer, and Bromo-
phenol Blue dye. Heat solution until agarose has properly
dissolved.

2.3.3 Protein

Visualization Using Lava

Purple

1. Gel-fixing Solution: mix 850 ml HPLC-grade water, 150 ml
Ethanol, and 10 g Citric Acid powder.

2. Staining Solution: mix 1 L HPLC-grade water 6.2 g Boric Acid
powder 3.85 g NaOH and 5 ml purple stain concentrate.

3. Washing Solution: mix 850 ml HPLC-grade water and 150 ml
Ethanol.

2.3.4 Reduction,

Alkylation, and In-Gel

Digestion

1. 50 mM Ammonium bicarbonate: 0.0396 g in 10 ml of HPLC-
grade water.

2. Trypsin solution: 20 μg of trypsin in 200 μl of 50 mM ammo-
nium bicarbonate buffer.
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3. Digestion buffer: 2.5 ml 100% acetonitrile, 45.5 ml HPLC-
grade water, 2 ml 1 M ammonium bicarbonate.

4. Reducing solution: 10 mM stock solution of DTT (dithiothrei-
tol) in 50 mM ammonium bicarbonate.

5. Alkylation solution: 55 mM iodoacetamide in 50 mM ammo-
nium bicarbonate.

6. Peptide extraction solution A: 5% formic acid in HPLC-grade
water.

7. Peptide extraction solution B: 5% formic acid in 50:50 HPLC-
grade water: acetonitrile.

3 Methods

3.1 Preparation and

Enrichment of Low

Abundant Plasma

Proteins

1. Dilute 6–8 μl human plasma sample to 200 μl with Buffer A
and filter through 0.22 μm spin filter.

2. Remove cartridge cap and plug and remove buffer from top of
resin bed with transfer pipette (see Note 5).

3. Add 200 μl diluted plasma sample. Cap cartridge loosely or
leave open. Place in 1.5 ml collection tube labeled F1 (Flow-
through fraction 1). Centrifuge for 30 s at 200 � g.

4. Add 400 μl Buffer A. Centrifuge for 1 min at 200 � g. Collect
in F1 tube.

5. Place spin cartridge in new collection tube labeled F2 (Flow-
through fraction 2). Add 400 μl Buffer A. Centrifuge for
1 minute at 200 � g. Collect in F2 tube.

6. Remove spin cartridge from F2 tube and attach the luer-lock
adapter securely to top of cartridge.

7. Fill the 5 ml Luer-Lok™ plastic syringe with 2 ml of Buffer B
and attach to the Luer-Lok adapter. Very slowly push Buffer B
through cartridge to elute bound proteins into a new collection
tube. Discard eluate.

8. Fill a new 5 ml plastic syringe with 4 ml of Buffer A and attach
to the Luer-Lok adapter. Very slowly push Buffer A through
the cartridge to re-equilibrate for the next sample or store
wetted with Buffer A (at 4 �C). Re-cap both the ends for
storage.

9. Combine fractions F1 and F2 together.

3.2 Precipitation of

Low Abundant

Proteins and Protein

Quantification

1. Prior to analysis by proteomic methods such as 2D-DIGE,
precipitate low abundant proteins using TCA precipitation.

2. For TCA/acetone precipitation of the proteins add a sufficient
volume of 100% TCA to the “low-abundant fraction” to reach
a final TCA concentration of 10%. The sample should turn
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milky white if proteins are present. Vortex and incubate on ice
for 30 min (see Note 6).

3. Centrifuge the sample at 4 �C for 30 min at 16,000 � g until
the supernatant is clear and there is a white pellet of protein at
the bottom of the tube. Discard the supernatant.

4. To the pellet add 1 ml of �20 �C acetone. Vortex the sample
and incubate overnight �20 �C. Centrifuge at 4 �C for 10 min
at 16,000 � g. Discard the supernatant (see Note 7).

5. To the pellet, add a fresh aliquot of�20 �C acetone, vortex and
incubate at�20 �C for 30 min and centrifuge as above. Discard
the supernatant and repeat. After the final centrifugation, dis-
card the acetone and dry the pellet completely.

6. Solubilize protein pellet in DIGE lysis buffer with sonication.

3.3 Protein

Quantification

1. Check the pH of the sample by spotting 3 μl onto a pH
indicator strip to ensure that it lies between pH 8.0–9.0.

2. Use a small aliquot of sample for protein estimation. Divide the
sample into smaller aliquots to reduce freeze-thaw steps and
store at �80 �C until use.

3. Prepare dilutions of BSA stock for 0.125, 0.25, 0.5, and
1.0 mg/ml to generate a protein standard curve.

4. Add 240 μl/well of Bradford protein assay reagent to the wells
of a 96-well plate.

5. Add 10 μl of protein standard dilution or sample (diluted 1:10)
to the relevant wells of the 96-well plate.

6. Run all samples in triplicate. Incubate the samples for 5 min
with gentle shaking on a rocking platform to ensure even
mixing of sample with protein assay reagent.

7. Read the absorbance of each standard and sample at 595 nm
using a plate reader.

8. The concentration of the protein samples is determined from
the plot of the absorbance at 595 nm versus the concentration
of the protein standard.

3.4 DIGE Labeling 1. Add a volume of protein sample equivalent to 50 μg to a
microfuge tube. For control v test of immunodepleted
serum/plasma samples, label 50 μg of each control sample
using Cy3 dye, and 50 μg of each test sample using Cy5 dye.
Reverse labeling should also be included where—label 50 μg
each control sample using Cy5 dye, and 50 μg of each test
sample using Cy3 dye.

2. For the internal standard, label 50 μg of pooled samples using
the Cy2 dye for each sample included in the DIGE experiment.
For example, if ten control and ten test samples are examined,
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including reverse labeling, then 20� 50 μg Cy2 labeled pooled
samples will need to be prepared (50 μg � 10 control and
50 μg � 10 test—all combined and labeled with Cy2).

3. Add 1 μl of diluted CyDye to the microfuge tube containing
the protein sample (i.e., 50 μg of protein is labeled with
400 pmol of dye for the labeling reaction).

4. Mix and centrifuge briefly in a microcentrifuge. Leave on ice
for 30 min in the dark.

5. Add 1 μl of 10 mM lysine to stop the reaction. Mix by pipetting
and spin briefly in a microcentrifuge.

6. Leave for 10 min on ice in the dark.

7. Pool the samples together to give 150 μg of total (50 μg Cy2-
labeled internal pool + 50 μg Cy3-labeled control/test + 50 μg
Cy5-labeled control/test).

8. Add an equal volume of sample reducing buffer and leave on ice
for 10 min. Samples are now ready to be separated by first and
second dimension electrophoresis.

9. For pick gels, run 1 mg of unlabeled protein by pooling sam-
ples from control and test.

3.5 Rehydration of

First-Dimension Gel

Strips

1. Place 450 μl of rehydration buffer into the individual slots on
the Ettan IPGphor DryStrip reswelling tray (depending on
how many samples are to be run).

2. Remove protective cover fromDryStrip (24 cm long IPG strips
of pH 3–11 NL) before placing gel side down into strip holder
starting at the anode (pointed end) and laying strip down to the
cathode (blunt end).

3. Move strip back and forth in order to spread out rehydration
buffer along the length of the strip.

4. Remove all air bubbles from underneath the DryStrip before
adding DryStrip Mineral Oil Cover Fluid.

5. Add cover fluid from both ends so that the fluid meets in the
middle.

6. Rehydrate strips overnight.

3.6 First Dimension

Isoelectric Focusing

1. Place wicks, wet with deionized water, onto ends of strips.

2. Place sample-loading cups onto strips and load sample. Run-
ning conditions for 24 cm strips: 6 h step at 100 V, 2 h gradient
step to 1000 V, 4 h gradient step to 8000 V and a 3 h step at
8000 V (all steps at 20 �C).

3. Move onto equilibration step.
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3.7 Equilibration of

IEF Strips

1. Prepare 10 ml of fresh equilibration buffers 1 and 2 for each
strip.

2. Wash strips with HPLC-grade water before placing into equili-
bration buffer 1.

3. Incubate each strip in 5 ml of equilibration buffer 1 for 15 min.

4. Remove strip and rinse with HPLC-grade water before placing
into equilibration buffer 2.

5. Incubate each strip in 5 ml of equilibration buffer 2 for 15 min.

6. Remove strip and rinse with HPLC-grade water, allow excess
water to drain from strip.

3.8 Second

Dimensional Slab Gel

Electrophoresis

1. Lay strip across the top of the precast 12.5% polyacrylamide
DIGE gel, remove any bubbles between the strip and the top of
the gel.

2. Add warm sealing solution, allow the agarose to cool and
solidify and move to the electrophoresis apparatus.

3. Add 1� running buffer to the upper and lower buffer cham-
bers and place gel inside apparatus.

4. Run gels using the EttanDalt 6 apparatus (GE Healthcare) at
2.5 W/gel for 30 min and then 100 W total at 10 �C until the
dye front had run off the bottom of the gels.

5. Scan gels or remove gel from plates to stain.

3.9 Lava Purple

Staining of Pick Gels

1. 1 mg of low/medium abundant proteins (immunodepleted
fraction) should be run on the prep gel. Following gel electro-
phoretic separation, gel is washed in distilled water.

2. Fix gels in fix/acidification solution for 2 h.

3. Prepare staining solution with thawed stain concentrate and
stain for 2 h.

4. Wash with washing solution for 1 h.

5. Acidify gels in fix/acidification solution for 1 h.

6. Image gels on Typhoon with 610BP30 emission filter and
532 nm laser (see Note 8).

7. Store gels in acidification solution in the dark.

3.10 Image Analysis

of Protein Spot

Patterns

1. DIGE analysis: Obtain gel images for the analysis using a
Typhoon 9400 Variable Mode Imager using the following
settings: Cy2 (488 nm excitation laser and 520BP40 emission
filter); Cy3 (532 nm excitation laser and 580BP30 emission
filter); and Cy5 (633 nm excitation laser and 670BP30 emis-
sion filter). Perform statistics and quantitation of protein
expression in DeCyder software (GE Healthcare).
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2. Process the resulting images using DeCyder Differential Anal-
ysis Software v 5.0.

3. Perform matching between gels and calculate Student’s t-test
for every matched spot set (comparing the average and stan-
dard deviation of protein abundance for a given spot between
the normal and test groups).

4. Generate a list of proteins of interest and match to the prep gel
using landmark proteins. Every protein of interest now has a
unique x and y coordinates. Lava purple stained gel: Import the
subsequent gel image into the BVA module of DeCyder soft-
ware and match to images generated from DIGE analysis.

5. Send x and y coordinate data to the Ettan spot picker to capture
gel plugs containing the proteins of interest.

3.11 Excision of

Protein Spots from

Two-Dimensional Gels

and Destaining

1. Use the robotic Ettan spot picker to capture protein spots from
the 2D prep gels and transfer the picked proteins into 96-well
microplates.

2. Add enough water to cover gel pieces for 15 min, then remove
water.

3. Destain three times by adding 200 μl of 50 mM ammonium
bicarbonate in 50% acetonitrile, incubate for 30 min, and dis-
card the liquid with each wash.

4. Remove destaining solution.

5. Add enough 100% acetonitrile to fully cover gel piece, incubate
for 5 min, and discard acetonitrile.

6. Dry gel pieces using Speed Vac for 5 min.

3.12 Reduction

and Alkylation

of Preparative

Protein Spots

1. Add 100 μl of 10 mM dithiothreitol (DTT) in 50 mM ammo-
nium bicarbonate to the dried gel piece and incubate for
30 min at 37 �C, make sure all the gel pieces are covered.

2. Let the gel spots cool to room temperature and discard the
DTT solution.

3. Add 100 μl of 55 mM iodoacetamide in 50 mM ammonium
bicarbonate until gel pieces are covered.

4. Incubate for 30 min in the dark at room temperature.

5. Remove iodoacetamide/ammonium bicarbonate solution and
discard to waste.

6. Dehydrate with 100 μl of 100% acetonitrile. Remove and dis-
card solution when gel pieces are white/opaque (repeat this
step to ensure gel pieces fully dehydrated).

7. Re-swell in 100 μl of 50 mM ammonium bicarbonate for
5 min. Remove and discard solution.
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8. Dehydrate with 100 μl of 100% acetonitrile. Remove and dis-
card solution when gel pieces are white/opaque (repeat this
step to ensure gel pieces fully dehydrated).

9. Use the Speed Vac to evaporate remaining solvents for 5 min.

3.13 Digestion

of Low Abundant

Proteins for Mass

Spectrometric

Analysis

1. Add enough Trypsin solution (trypsin: protein ratio of 1:20,
w/w) to re-swell gel pieces completely at 4 �C for 15 min.

2. If after 15 min at 4 �C, gel pieces are uncovered, add more
buffer to cover gel pieces.

3. Digest overnight at 37 �C (16–18 h).

4. Add 50 μl of peptide extraction solution A to the gel spots and
incubate at RT for 5 min. Transfer the solution to a new labeled
vial.

5. Add peptide extraction solution B to the gel spots (enough to
cover gel pieces) and incubate for 30 min at RT. Transfer the
solution to the new labeled vial and combine with solution A
(step 4).

6. Add enough acetonitrile to cover gel pieces and dehydrate,
transfer the solution to the labeled vial, and combine with
solutions A and B (steps 4 and 5).

7. Dry the solution using Speed Vac and store at �80 �C.

3.14 C18 Zip Tipping 1. Condition each ZipTip with 15 μl of 90% acetonitrile with 0.1%
TFA, aspirate and dispense, repeat two more times.

2. Equilibrate with 15 μl of 2% acetonitrile, 0.1% TFA, aspirate
and dispense, repeat four more times.

3. Load sample to tip, slowly aspirating and dispensing ten times
(do not pass air through sorbent bed).

4. Wash tip with 20 μl of 2% acetonitrile, 0.1% TFA, aspirate and
dispense, repeat four more times.

5. Elute peptides with 2 μl of 90% acetonitrile, 0.1% TFA
(analyte).

3.15 Mass

Spectrometric

Identification of

Individual Protein

Species

1. Make a saturated solution of 10 mg α-cyano-4-hydroxy-cin-
namic acid in 1 ml 60% acetonitrile/0.1%TFA. Vortex and
centrifuge.

2. Mix the analyte (1 μl) and the matrix (3 μl) in the ratio of 3:1
(v:v). Vortex.

3. Use 1 μl of this to spot on the target plate.

4. Record mass spectra using the MALDI TOF instrument
operating in the positive reflector mode using the following
parameters: accelerating voltage 20 kV; and pulsed extraction:
on (focus mass 2500).
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5. Perform internal and external calibration using trypsin autoly-
sis peaks at m/z 842.50, m/z 2211.104 and Pep4 mix,
respectively.

6. Analyze mass spectra using MALDI evaluation software (GE
Healthcare), and protein identification using the PMF Pro-
Found search engine.

4 Notes

1. Other company provides immunodepletion kits, such as R&D
Systems or Sigma-Aldrich.

2. Other company provides immunodepletion kit reagents, such
as R&D Systems, Sigma-Aldrich.

3. DTT, IPG Buffer and bromophenol blue to be added just
before use.

4. Store this solution at room temperature.

5. Never let frits or resin bed run dry.

6. Use fresh TCA. TCA degrades with time to chloroform which
will result in incomplete precipitation.

7. The acetone used must be HPLC grade. Poor quality acetone
will result in poor recovery of proteins.

8. For DIGE applications, the violet excitation filter (390/
20 nm) with the orange emission filter (595/25 nm) avoids
cross talk (e.g., with the Cy2 and Cy3 signal).
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Chapter 20

Elucidating Cellular Metabolism and Protein Difference Data
from DIGE Proteomics Experiments Using Enzyme Assays

Andrew Dowd

Abstract

Assays for measuring enzyme activity can be useful tools for proteomics applications. Enzyme testing can be
performed to validate an experimental system prior to a Difference Gel Electrophoresis (DIGE) proteomic
experiment and can also be utilized as an integral part of multifaceted experiment in conjunction with
DIGE. Data from enzyme tests can be used to corroborate results of DIGE proteomic experiments where
an enzyme or enzymes are demonstrated by DIGE to be differentially expressed. Enzyme testing can also be
utilized to support data fromDIGE experiments that demonstrate metabolic changes in a biological system.
The different types of enzyme assays that can be performed in conjunction with DIGE experiments are
reviewed alongside a discussion of experimental approaches for designing enzyme assays.

Key words Difference gel electrophoresis, DIGE, Enzymology, Enzyme, Enzyme assay

1 Introduction

Two-dimensional gel electrophoresis (2-DE) remains the principal
method for separation of undigested (intact) proteins and is a
fundamental technique in the field of quantitative intact proteomics
(QIP) [1]. Difference Gel Electrophoresis (DIGE) technology that
features mass- and charge-matched cyanine dyes (Cy™2, Cy™3,
and Cy™5) enables multiplexing of gel images with a maintained
super-imposable protein separation pattern. This matching there-
fore allows the correction of experimental variation by means of a
pooled internal standard and is a key step in improving the
quantitative aspects and overall statistical power of the 2-DE tech-
nique [1].

DIGE technology can also be adapted to measure protein
modifications in order to quantify changes in cellular metabolism.
Hurd et al. [2] developed a customized DIGE method to identify
thiol proteins that are modified by low levels of endogenous
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reactive oxygen species, which may occur due to upregulation of
metabolic enzymes due to cellular stress. This method, termed
redox DIGE, was used to identify the redox state of mitochondrial
proteins involved in fatty acid and carbohydrate metabolism. The
effect of reactive oxygen species (ROS) on proteins was assessed
using enzyme activity assays, namely on propionyl-CoA carboxylase
and pyruvate dehydrogenase kinases, to support their redox DIGE
results [2].

DIGE can also be modified to facilitate measurement of
enzyme activities in situ. Morek et al. [3] developed a novel method
called differential activity-based gel electrophoresis (DABGE) for
comparative analysis of lipolytic and esterolytic activities in mouse
adipose and liver tissues. The authors developed a set of three
fluorescent suicide inhibitors and these probes had the same sub-
strate analogous structures but possessed different cyanine dyes
(Cy3 maleimide, and Cy5 maleimide) as reporter fluorophores.
Analysis of the fluorescence intensities from the DABGE gel
showed that the enzyme ratios that were found very closely
reflected the relative amounts of the labeled enzymes that were
used for spiking [3].

Notwithstanding the examples outlined above that use varia-
tions of DIGE technology to either measure the potential effects of
protein-modification on enzyme levels or to measure enzyme activ-
ities in a more direct fashion, most DIGE experiments use the
commercially available Cy2, Cy3, and Cy5 dyes [1]. When the
individual spots of interest are identified from the DIGE gel, exci-
sion of these spots and Mass Spectrometry are subsequently per-
formed in order to identify these proteins.

Experiments such as RT-PCR, Western blotting, or enzyme
assay are either desirable or necessary as a follow-up to a DIGE
experiment, and this depends on the nature of the investigation
being carried out. Where the results of a DIGE experiment show
differences in levels of enzymes these results can be validated using
enzyme assays as described by O’Connell and Ohlendieck [4],
Bentaib et al. [5], and Faure et al. [6], for example. When a spot
of interest exhibits low identity to known proteins the use of
additional method(s) is a necessary post-DIGE step, however [7].
Follow-up enzyme assays are also used to determine the function in
a case of a protein that is considered hypothetical and may poten-
tially exhibit enzyme activity and the mass spectrometry identifica-
tion of this enzyme is ambiguous [8].

The literature shows many examples of enzyme assays used to
validate DIGE results as depicted in Table 1, and in this chapter I
will attempt to review the various ways that enzyme assays are used
to achieve this.
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1.1 Enzyme Assays

as Support for DIGE

Experiments

1.1.1 Experimental

Approaches

There are two main ways that enzyme testing can be used in the
context of a DIGE experiment. One experimental approach is to
perform the assays prior to a DIGE experiment to validate the
experimental system that is being tested [16, 17, 19, 20, 22, 24,
26, 27, 29, 31–35] (Table 1). The second approach is to use
enzyme testing to validate differential expression of an enzyme
following an initial DIGE experiment in a similar manner to West-
ern blotting, for example (Table 1). This approach will be outlined
in Subheading 1.2.

1.1.2 Pre-DIGE Enzyme

Assays to Validate an

Experimental System

The more usual approach for enzyme testing prior to a DIGE
experiment is to use targeted enzyme assays to validate the experi-
mental system prior to committing to a DIGE experiment. For
example, He et al. [16] performed superoxide dismutase (SOD)
and glutathione reductase assays on sea buckthorn leaf homoge-
nates to measure physiological and biochemical characteristics dur-
ing drought stress prior to DIGE analysis. Another example of this
approach is by Schröeder et al. [17] who performed an initial time-
course experiment to measure the conversion of daidzein and
genistein by a cell extract of Slakia isoflavoniconvertens prior to
DIGE. He et al. [20], in a separate paper, measured the activities
of twomajor antioxidant enzymes, SOD and glutathione reductase,
to measure drought-stress responses ofHippophae rhamnoides prior
to performing DIGE. In an interesting example, Gutiérrez-Sán-
chez et al. [26] utilized a caffeine-demethylase assay to determine if
the induction phase in a two-step fermentation process of Aspergil-
lus tamarii to produce caffeine degrading enzymes was successful
prior to DIGE analysis of induced and noninduced mycelium
extracts. Garcı́a-Lorenzo et al. [24] utilized alkaline phosphatase
and maltase assays to assess enterocytic differentiation of an adeno-
carcinoma cell line prior to setting up the DIGE analysis.

1.1.3 Pre-DIGE Enzyme

Assays in Clinical Studies

Where the experiment involves patient samples some investigators
perform enzyme assays prior to DIGE. In a study of the global
proteome of red cells of patients with hereditary anemia, von
Löhneysen et al. [31] measured kinase, glucose-6-phosphate dehy-
drogenase, hexokinase, glucose phosphate isomerise, triose phos-
phate isomerise, glutathione peroxidise and reduced glutathione to
evaluate the blood samples of patients with hereditary non-
spherocytic hemolytic anemias prior to DIGE analysis. Ray et al.
[27] used 2D-DIGE of serum from Plasmodium vivax malaria
patients to reveal oxidative stress and cytoskeletal proteins as possi-
ble markers for severe Vivax malaria. They assessed aspartate trans-
aminase, alanine aminotransferase, and alkaline phosphatise levels
in patients prior to the DIGE experiments [27].
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1.1.4 DIGE and Enzyme

Assays in Multifaceted

Experiments

Enzyme activity assays can be part of a large experimental system
which includes enzyme activity assays and DIGE among other
methods. In a complex set of experiments by Pieper et al. [22],
the impact of high dietary zinc on various enzyme activities (α-
amylase, lipase, trypsin, chymotrypsin, and elastase) and also zinc
accumulation and proteomic profiles as measured by DIGE experi-
ments was assessed. Lennicke et al. [19] measured glutathione
peroxidise and thioredoxin reductase activities to determine hepatic
Se status following long-term supplementation with selenite, sele-
nate, or selenomethionine for 20 weeks. They also performed
several activity assays to determine whether or not the redox-
sensitive transcription factor Nrf2 was increased in the selenium-
deficient group. Furthermore, they performed DIGE analysis to
show Se compound-specific differentially expressed proteins. Some
agreement of glutathione s-transferase (GST) assay results with
experimental findings was found [19]. Capitano et al. [33] utilized
proteomics, biochemical and enzymatic assays, and bioinformatics
to characterize protein alterations in hind limb (gastrocnemius) and
fore limb (triceps) muscles in an amyotrophic lateral sclerosis (ALS)
(SOD1G93A) mouse model. Nicotinamide adenine dinucleotide
(NADH) dehydrogenase, succinate dehydrogenase, and citrate
synthase assays were performed. The authors used enzyme assays
(plus Western blotting and biochemical assays) to augment their
proteomics data, and found some differences between the results of
the different methods used [33]. Dr€uppel et al. [29] used a combi-
nation of “omics” and enzymatic approaches to elucidate the cata-
bolic routes of nine selected amino acids (tryptophan,
phenylalanine, methionine, leucine, isoleucine, valine, histidine,
lysine, and threonine) in substrate-adapted cells of Phaeobacter
inhibens DSM 17395. The study by DePalma et al. [32] identified
metabolic and protein phenotypic alterations in gastrocnemius,
tibialis anterior and diaphragm muscles of Col6a12/2 mice, a
model of human collagen VI myopathies. Citrate synthase and
NADH dehydrogenase (complex I) and succinate dehydrogenase
(complex II) activities supported the proteomics data and further
suggested that gastrocnemius and tibialis anterior of Col6a12/
2 mice were attempting to maintain the energetic homeostasis by
increasing complexes I and II activities [32].

According to Dorts et al. [34] increased water temperature
consistent with climate change predictions may modulate the
response of ectotherms to chemical insults. They used DIGE and
enzyme assay (citrate synthase—the first enzyme in the Krebs cycle
and Lactate dehydrogenase (LDH) the terminal enzyme of anaero-
bic glycolysis) to determine these effects. Their data highlighted
complex interaction patterns of elevated temperature and Cad-
mium exposure on the LDH activity and protein expression profiles
in gill tissue of an ecologically relevant species with few genomic
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sequences available in databases. No change in citrate synthase
activity was found [34].

Kube et al. [35] reported on the genome sequence analysis of
the marine, oil degrading bacterium Oleispira antarctica RB-8-
having a leading role in cold and deep marine environments.
Genome analysis and genome-based functional studies were carried
out including DIGE and enzyme assays (pyrophosphatase, glycer-
ophosphodiesterase, anion-activated carboxyl esterase, unspecified
esterase, and dihydroorotate oxidase) which revealed insights into
its ability to degrade alkanes, to produce siderophores, to scavange
for micronutrients and to cope with various habitat-specific stress
factors [35].

1.2 Post-DIGE

Validation Using

Enzyme Assays

1.2.1 Experimental

Approaches to Post-DIGE

Validation Using Enzyme

Assays

There are numerous examples of follow-up enzyme activity assays
that were carried out to support the results of 2D-DIGE experi-
ments in the literature [4–6, 9–15, 18, 21, 23, 25, 28, 30]
(Table 1). Researchers have adopted a variety of experimental
approaches for these follow-up assays. The simplest method is by
validating differentially regulated proteins demonstrated by DIGE
experiment using enzyme assays on the material that was subjected
to DIGE analysis (Fig. 1). The second approach is to use follow-up
enzyme assays to validate a hypothesis demonstrated by the DIGE
data, for example performing assays post-DIGE on oxidative stress
enzymes where the proteomics data demonstrated changes of pro-
teins that regulate oxidative stress response in a cell. This is a more
complex undertaking, however, and it involves using several
enzyme assays to demonstrate a change in a metabolic process.

Apart from these differences in approach there are also some
instances where a demonstration of changes in protein expression in
a DIGE experiment does not necessarily result in a change in
enzyme activity. The potential reasons why this might occur depend
on the metabolic system being studied and supporting enzyme
assays need to be backed up by a thorough understanding of the
pathways that are involved in the system that is being studied.

1.2.2 Enzyme Assays to

Validate DIGE Differential

Enzyme Expression

The paper by Mandili et al. [10] illustrated a functional enzyme
assay approach to validation of their DIGE experiments and a total
of nine enzyme assays were used to validate the DIGE experiments
[10]. O’Connell and Ohlendieck measured changed biochemical
activity of DIGE-identified mitochondrial proteins with a differen-
tial expression pattern in senescent muscle fibers. They also used
immunoblotting and confocal microscopy to validate the DIGE
data [4]. The secretome of human bronchial cells infected by the
fungal pathogenAspergillus fumigatuswas studied and it was found
that infected cells secreted N-Acetyl-β-D-Glucosaminidase
(NAGase) which was subsequently demonstrated by enzyme assay
[11]. Overgaard et al. investigated the rapid cold hardening (RCH)
response of Drosophilia melanogaster. DIGE analysis of RCH-
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treated insect extracts identified changes in the levels of glycogen
phosphorylase isoforms [12]. They performed enzyme assays on
these extracts but did not see activity changes and discussed these
findings in detail [12]. The authors stressed the necessity of com-
bining “omics” experiments with subsequent targeted validations
across numerous levels of the biological organization [12].

Li et al. [23] performed comparative proteomic analyses
between malts produced by malting processes I and II of the
Dan’er barley cultivar. The activities of several key enzymes (α-
amylase, β-amylase, and limit dextrinase) were compared between
the two malts. No differentially regulated spots were identified for
limit dextrinase but enzyme activity assays did show differences in
limit dextrinase activities. Both α-amylase I and β-amylase exhibited
more abundance in malt II than in malt I. However, enzyme assay
results indicated that the malt II extract exhibited higher total
amylase and β-amylase activity but lower α-amylase activity. The
authors concluded that the lower diastatic power (DP) of malt I
(i.e., the ability of malt to reduce starch to sugar) was the result of

Fig. 1 Flowchart demonstrating the process of performing a parallel enzyme assay on a biological sample
which has been processed for DIGE analysis
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lower β-amylase despite the higher activity of limit dextrinase and α-
amylase [23]. This paper again demonstrates that some contradic-
tions between proteomic and enzyme activity data can occur, but
proteomics data showing differential expression of enzymes ulti-
mately need to be validated by enzyme activity measurements and
where there may be contradiction, the authors usually rely on
enzyme activity data to support their experimental findings.

1.2.3 Enzyme Assays to

Validate Metabolic

Changes Found by DIGE

Analyses

Boone et al. [9] investigated lidocaine-induced protein and path-
way alterations in Saccharomyces cerevisiae. They performed DIGE
using amine reactive dyes and carbonyl reactive dyes to measure
protein abundance and protein oxidation, respectively [9]. Follow-
up aconitase and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) assays were performed in order to determine the effect
of carbonylation on proteins. These results suggested that oxidative
damage of aconitase directly affected its activity [9].

Winkler et al. [13] assessed the effects of phosphorothioate
antisense oligonucleotides on 607B melanoma cells using DIGE
and tested for caspase activity to determine unspecific toxicity and
apoptosis induction in human melanoma cells [13].

Bentaib et al. used DIGE to allow a global approach to investi-
gate metabolic reprogramming in transformed mouse astrocyte
cells [5]. DIGE analysis of normal and transformed astrocytes
allowed the investigators to identify and measure relative abun-
dance of reprogrammed enzymes in carbohydrate and glutamate
metabolism [5]. Using follow-up enzyme assays and zymography,
they documented and confirmed numerous alterations in abun-
dance and activity of various isoenzymes that are expected to be
involved in metabolic programming [5]. Fanjul-Fernández et al.
[14] used DIGE to reveal decreased levels of chitinase-3-like 3
(CHI3L3) and accumulation of the receptor for advanced glycation
end-products and its ligand S100A8 in lung samples from Mmp1
(Matrix metalloproteinase-1) deficient mice compared with those
from wild-type [14]. In vitro-cleavage protease assays demon-
strated that MMP-1 can cleave the large form of S100A8, similar
to that produced by Matrix metalloproteinase-2 (MMP-2), used as
a control. By contrast, S100A9 and CHI3L3 were not cleaved by
this collagenolytic enzyme [14].

Faure et al. [6] investigated Citrulline (Cit) actions on muscle
metabolism on Tibialis muscles from male Sprague-Dawley rats
using a proteomic approach. They followed up their DIGE analysis
with enzyme assays on key enzymes of mitochondrial metabolism
(β-Hydroxyacyl-CoA dehydrogenase, citrate synthase, cytochrome
c oxidase and NADH dehydrogenase Complex I) and these
enzymes were not significantly affected, except for Complex I
which was significantly increased in the Cit-refed rats, whereas the
protein content of some NADH Complex 1 subunits was
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significantly decreased [6]. The authors’ personal data showed that
NADH complex 1 activity is increased when cellular redox status is
improved due to decreased reactive oxygen species (ROS) produc-
tion and/or improved antioxidant protection, which was sup-
ported by data showing that Cit decreased the level of
carbonylated proteins [6].

Jindahl et al. [18] performed DIGE proteomic analyses of
Long QT syndrome (LQTS) transgenic rabbit LQT1 and LQT2
hearts. DIGE results showing upregulation of the expression of the
enzymes associated with ATP generation was validated by the
results of enzyme assays, which revealed increases in the activities
of glycogen phosphorylase, lactate dehydrogenase, pyruvate dehy-
drogenase, and succinate dehydrogenase in LQT1 and LQT2
hearts, compared to littermate controls [18].

Menazza et al. [21] characterized the metabolic changes in
mouse hearts lacking the mitochondrial chaperone Cyclophilin D,
which regulates the mitochondrial permeability transition pore
(MPTP) opening and is a major determinant of mitochondrial
dysfunction and cardiomyocyte death during ischemia/reperfusion
(I/R) injury [21]. DIGE analysis demonstrated decreased levels of
succinate dehydrogenase and electron transfer flavoprotein but
follow-up enzyme assays showed no alteration in activities, how-
ever. These data indicate the importance of follow-up assays as non-
corroboration of DIGE data by enzyme assays could indicate a
more complex process than first anticipated, which may prompt
further corroborating experiments to be performed [21].

Marı́n-Buera et al. analyzed the cellular pathways andmetabolic
adaptations that occur in primary skin fibroblasts from patients with
mutations in the BCS1L gene [25]. 2D-DIGE identified 36 pro-
teins with altered expression that included alterations in energy
metabolism, cell signaling and expression regulation, cytoskeleton
formation, and intracellular stress response. The authors used
GAPDH assays to validate the increased expression of GAPDH
and a pyruvate dehydrogenase (PDH) assay to validate the upregu-
lation of dihydrolipoyl dehydrogenase (DLD) which was found in
the proteomic data [25].

Daneshvar et al. [28] used 2D-DIGE to elucidate the molecu-
lar basis of their attenuated Leishmania infantum line. They found
18 proteins that had significant changes in expression, and these
proteins were components of the thiol-redox control system in this
parasite. Further investigation of the attenuated strain to oxidative
stress showed that the attenuated Leishmania parasite was signifi-
cantly more susceptible to hydrogen peroxide. Enzyme activity
assays for tryptathione-dependent peroxidase showed lower activity
in the attenuated line, and further, the parasite demonstrated lower
trypathione reductase in the attenuated line also [28].

The proteomic and physiological responses of Brassicanapus
leaves under salt stress were investigated by Jia et al. [30].
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A comparative proteomic analysis of seedling leaves exposed to
200 mM NaCl for 24, 48, and 72 h was conducted. Forty four
protein spots were differentially accumulated upon NaCl treatment
and of these, 42 were identified, including several novel salt-
responsive proteins [30]. SOD and chitinase activities were
significantly increased at 72 and 48 h of salt stress treatment,
respectively, while the adenylpyrophosphatase (ATPase) activity
was significantly reduced at all three time points, thus supporting
the DIGE data [30].

Wendelboe-Nelson and Morris [15] utilized enzyme assays for
glutamine synthase, thioredoxin reductase, class III peroxidise,
catalase, ascorbate peroxidise, and lipoxygenase activities to sup-
port DIGE comparison studies of drought-resistant and susceptible
barley strains which were grown under normal and drought condi-
tions. The enzyme assay data showed similar patterns of activity or
abundance as that determined by the original DIGE analysis [15].

1.3 Experimental

Approaches for

Enzyme Testing

1.3.1 Sources of

Samples for DIGE

Proteomics and Enzyme

Testing

DIGE analysis and enzyme testing have been performed on a
variety of sources including animal tissue [4, 6, 14, 18, 22,
32–34], plant tissue [15, 16, 20, 23, 30], insect extracts [12], cell
culture samples [5, 13, 24, 25], fungi [9, 26], bacteria [17, 29, 35,
36], parasite [28], and patient samples [27, 31].

1.3.2 Sample

Preparation Methods

A variety of methods for extracting proteins for DIGE analysis have
been utilized and this is dependent on sample origin. For example,
the preparation of culture supernatants for subsequent DIGE anal-
ysis by Fekkar et al. [11] involved the progressive depletion of fetal
calf serum from culture of the bronchial cell line under study,
concentration of cell culture media through a 3-KDa membrane
filter, precipitation of the proteins using a clean-up kit, and
subsequent suspension in isoelectric focusing buffer. Cell culture
supernatants were used in the follow-up N-Acetyl-β-D-Glucosami-
nidase assays [11]. For more complex samples, such as animal tissue
sample preparation for DIGE analysis and follow-up enzyme assays
may involve numerous steps. For example, O’Connell and Ohlen-
dieck [4] measured potential changes in the enzyme activity of
select marker proteins from DIGE analysis of muscle mitochondria
on crude muscle extracts. For the DIGE experiments mitochon-
drial pellets were combined and resuspended in DIGE lysis buffer
and kept at pH 8.5 to ensure successful labeling by the Cyanine
dyes [4]. The preparation process for the muscle tissue extract for
enzyme assay involved grinding liquid-nitrogen frozen muscle tis-
sue into fine powder with sonication followed by a centrifugation
step [4].
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1.3.3 Experimental

Approaches for Enzyme

Testing in DIGE Proteomics

Although there are many experimental approaches linking DIGE
analysis and enzyme testing, it is possible to summarize a common
experimental approach which is depicted in a schematic diagram in
Fig. 1. In this scheme separate protein extractions steps are shown
for DIGE and for enzyme assay. This does not necessarily indicate
that the protein extraction step is performed on separate sample as
outlined in the experiments by O’Connell and Ohlendieck [4].
Alternatively, there may be a common protein extraction step,
which feeds into a separate labeling step for DIGE and separate
processing steps for the enzyme activity assays.

1.3.4 Considerations

when Preparing Samples

for Enzyme Testing

Experiments

Although extracts for enzyme assays and DIGE experiments need
to be as similar as possible in order to produce meaningful data,
consideration also needs to be made to maintaining optimal con-
ditions for the enzyme activity assays, such as pH, temperature,
ionic strength, cofactors, and coenzymes [37]. Maintaining
enzyme stability is also important and also protection from protease
activity may also be necessary, and this depends on the source of
material for the DIGE experiment.

Overgaard et al. [12] utilized phenylmethylsulfonyl fluoride
(PMSF) to prevent unwanted proteolysis from Drosophila fly mate-
rial for enzyme assay but did not require inhibitors for the DIGE
samples. When extracting muscle tissue for DIGE analysis, Capita-
nio et al. [33] added phenylmethane sulfonyl fluoride (PMSF) to
the DIGE buffer, and for enzyme assays extracted the proteins
using a Dounce homogenizer in a HEPES buffer containing phos-
phate, sucrose, and potassium chloride but not PMSF. The homog-
enate was immediately assayed [33]. Reducing agents, such as 2-
mercaptoethanol, are often included to maintain activity and stabil-
ity and to prevent the formation of aggregates [37, 38]. Low
molecular weight additives such as salts, polyols and sugars and
inert polymers such as polyethylene glycol may also be useful in
stabilizing enzymes for activity measurement [37, 39]. Occasion-
ally, proteins such as bovine serum albumin are added to the
reaction buffer to stabilize enzymes [37]. In addition individual
assay systems, such as for NADH Complex I of the respiratory
chain, require bovine serum albumin as a critical component [40].

1.3.5 Optimization of

Assay Conditions When

Enzyme Testing

Once the extraction and buffering conditions have been satisfied
the concentration of substrate in the assay also requires some
consideration. The concentration of all substrates and cofactors
directly involved in the enzyme reaction should be saturating in
order that none of the reactants can be rate limiting [37]. Regard-
ing substrate concentration it is recommended that this value
should be considerably above the Michaelis constant (KM) of the
target enzyme for the substrate so as to ensure that all of the
enzyme is saturated with substrate and the reaction proceeds at
the maximum rate [41]. Once this is achieved enzyme activity is
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linearly dependent on the amount of enzyme used [41]. This
situation is attempted to be reached in enzyme activity measure-
ments as far as practically possible, although this depends on sub-
strate solubility, background interference, and also the possibility of
a particular component acting on an enzyme in an unspecific man-
ner, including as a substrate inhibitor [37]. Thus, a saturating
concentration of 100KM substrate is used as far as possible but
generally a value of at least 10KM can be used [37].

Co-substrates with a central role in metabolism, such as acetyl-
CoA, ATP, or AMP, may also affect the rate of reaction by
allosteric regulation [41]. Allosterically regulated enzymes, such
as pyruvate dehydrogenase, have a quaternary structure and are
composed of two or more structurally similar or identical subunits
(protomers), each with a binding site for the substrate and another
for the co-substrate [41, 42]. Cooperation of substrate and effec-
tor regulates the overall catalytic activity of the enzyme, which is
dependent on metabolite concentration [41]. Allosteric enzymes
do not exhibit classical Michaelis-Menten kinetics and produce a
sigmoidal plot of initial rate vs. substrate concentration rather than
the hyperbolic plot produced by classical Michaelis-Menten kinet-
ics [41].

In addition, some of the assays are difficult to detect directly
and require to be coupled to a more easily observed reaction [37].
One example of a coupled reaction is the assay for SOD, which
relies on the ability of this enzyme to inhibit the reduction of nitro
blue tetrazolium which was used by Jia et al. [30] in their study of
the physiological responses to short-term salt stress in Brassica
napus leaves.

Once an assay method has been chosen the final considerations
are the amount of enzyme to add to the reaction mixture, incuba-
tion time and whether or not an activation step is required. As part
of the assay development process the preliminary assays should be
performed to determine the amount of enzyme sample added to
the reaction mixture to produce a linear response. These experi-
ments may show that the enzyme sample requires dilution prior to
the addition to the reaction mixture. Alternatively, the assay incu-
bation time may be reduced (Fig. 2a). Regarding incubation time,
most assays are incubated at a set temperature for a defined incuba-
tion time before stopping by the addition of acid, base, or inhibitor
and the amount of product formed or substrate converted is read
afterwards (Fig. 2b) [37]. Alternatively, for some assays a signal is
recorded over a set period of time usually in a spectrophotometer,
typically with a thermostated cuvette holder in order to ensure a
constant temperature during the assay (Fig. 2b). In addition, prior
to substrate addition some enzymes require an activation phase,
e.g., by interaction with a co-factor and this needs to be considered
during the design of an enzyme assay [37].
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1.3.6 Other Enzyme

Testing Methods

Most of the discussion so far has been focused on enzyme activity
assays that are performed in solution. However, it may be possible
in some instances to use zymography to measure enzyme activity
such as the LDH zymograms performed by Bentaib et al. [5] and
the novel use of DIGE by Morak et al. [3] to measure lipolytic and
esterolytic activities in situ in 2D gels. Some investigators have
developed methods to excise spots from a 2D gel which were
subsequently re-natured and tested for enzyme activity but this
method is beyond the scope of this chapter and is not discussed
here [8].
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Fig. 2 Effect of enzyme addition (a) and incubation time (b) on enzyme assay
data. (a) Enzyme activity is dependent on the amount of enzyme added to a
reaction. When too much enzyme is added, the reaction becomes nonlinear after
a short incubation time (1). When insufficient enzyme is added, the reaction is
linear but the signal is low, leading to measurement errors due to background
interference (2). When sufficient enzyme is added, the reaction is linear for a
significant amount of time and generates a measurable signal (3). (b) Assays can
either be continuous or stopped (depicted by blue arrows). For stopped assays
the measurement points need to be chosen carefully. At time T ¼ 0 (prior to
enzyme addition) a blank reading is obtained (1). Subsequent measurement
points need to be taken during the linear part of the enzyme reaction (2) and not
during the nonlinear part of the progress curve (3). *Absorbance at λmax
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1.4 Conclusions This review has covered the different ways that enzyme testing can
be used in DIGE proteomics. Enzyme assays are useful in the
validation of an experimental system prior to a DIGE experiment
and also as a vital part of multifaceted experiments that utilize
DIGE proteomics. Enzyme activity data can be utilized to corrob-
orate results of DIGE experiments where an enzyme has been
demonstrated to be differentially expressed and can also be
employed to support DIGE assay results demonstrating metabolic
changes in biological systems. Finally, there are several experimental
approaches for designing enzyme assays in a DIGE context, and
due consideration should be given to the enzyme behavior with
respect to its kinetic properties and stability in the test
environment.
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Chapter 21

Enzyme Assay Methods to Validate DIGE Proteomics Data

Andrew Dowd

Abstract

Enzyme activity assay methods can be used to corroborate the results generated by Difference Gel
Electrophoresis (DIGE) proteomic experiments. Two assay methods were chosen to demonstrate how
this can be achieved. Assays for determining the activity of superoxide dismutase and NADH dehydroge-
nase are outlined in detail in this paper. These methods were chosen as examples because they are frequently
used in conjunction with DIGE proteomics.

Key words Difference gel electrophoresis, DIGE, Enzymology, Enzyme, Enzyme assay, Superoxide
dismutase, NADH dehydrogenase, Fluorescence spectrophotometry, Spectrophotometry

1 Introduction

In the area of quantitative intact proteomics (QIP), two-
dimensional gel electrophoresis (2-DE) is the most important tech-
nique for the separation of intact proteins [1]. Difference Gel
Electrophoresis (DIGE) enables multiplexing of gel images with a
maintained super-imposable protein separation pattern. The DIGE
method achieves this through the application of mass- and charge-
matched cyanine dyes (Cy™2, Cy™3, and Cy™5) which allow the
correction of experimental variation through the use of a pooled
internal standard. The correction of experimental variation is a key
step in improving the quantitative aspects and overall statistical
power of the 2-DE technique [1].

There are many examples of enzyme assays used to directly
validate DIGE results, for example, DIGE experiments as described
by O’Connell and Ohlendieck [2], Mandili et al. [3], and Li et al.
[4]. Alternatively, enzyme assays can also be utilized to validate the
metabolic changes found by DIGE analyses as described by Bentaib
et al. [5], Faure et al. [6], and Jia et al. [7].

In this chapter, two relatively simple enzyme activity assay meth-
ods which can be carried out in parallel to a DIGE experiment are
described. The first assay is used to test for superoxide dismutase
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(SOD) activity (Fig. 1) and has been selected because increase in
SOD expression is linked to oxidative stress [7, 9] and is also an
example of a stopped colorimetric assay. The second assay selected is
for reduced nicotinamide adenine dinucleotide (NADH) dehydro-
genase (Fig. 2) which is a continuous assay and was used to directly
validate DIGE data by O’Connell and Ohlendieck [2]. The NADH
dehydrogenase assay in this example uses fluorescence detection as a
comparison to the technically simpler SOD activity assay [2].

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water, to attain a sensitivity of 18 MΩ cm at 25 �C) and
analytical grade reagents. Prepare and store all reagents at room
temperature (unless indicated otherwise). Diligently follow all
waste disposal regulations when disposing of waste materials.

2.1 Superoxide

Dismutase (SOD)

Assay

1. Potassium phosphate buffer pH 7.8: Prepare 1 L of 100 mM
monobasic anhydrous potassium phosphate by adding 13.6 g
of powder to a 1 L beaker and adding 900 mL of water. Mix till
dissolved and make up to the mark in a 1 L graduated cylinder.
Prepare 1 L of 100 mM dibasic potassium phosphate by adding
17.4 g of anhydrous powder to a 1 L beaker and adding
900 mL of water. Mix till dissolved and make up to the mark
in a 1 L graduated cylinder. Add 750 mL of the dibasic potas-
sium phosphate solution to a 1 L beaker and with a pipette add
sufficient volume of monobasic potassium phosphate solution
to achieve a pH of 7.8 as measured by a pH meter (e.g. Mettler
SevenGoTM portable pH meter) (see Note 1).

2. Riboflavin 100� stock (130 mM): Add 1.2 mg of Riboflavin in
25 mL of 100 mM potassium phosphate buffer.

2 O-
2+  2 H3O+ O2 +   H2O2 +  2H2O

SOD+

+superoxide dismutase

SOD catalyses the destruction of the superoxide free radical (1)
which consequently prevents the reduction of nitro-blue tetrazolium by superoxide (2)

(1)

(2)

Nitroblue
Tetrazolium

chloride
+ 2 H++4 O2 Formazan + O2

Fig. 1 Reaction scheme for SOD assay. SOD catalyzes the destruction of the Superoxide free radical (1) which
consequently prevents the reduction of nitro-blue tetrazolium by superoxide (2) (adapted from Naraginti et al. [8])
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3. Nitro Blue Tetrazolium (NBT) Stock solution: dissolve one
NBT tablet in 1 mL of ultrapure water (see Note 2).

4. SOD substrate: Prepare the SOD substrate by adding 49.4 mL
of 100 mM phosphate buffer, 0.5 mL of 100� riboflavin stock,
96.5 mg methionine and 106.4 μL of NBT stock solution to a
50 mL Falcon® tube (see Note 3).

5. Glass Test tubes (round bottomed 12 � 75 mm, Borosilicate)
plus suitable wire test tube rack to allow access to light.

6. Semi-Micro glass cuvette 1 cm light path, 1.4 mL volume (e.g.
Hellma® Analytics type 104-OS) (see Note 4).

7. Thermostated water bath set at 25 �C.

8. Fluorescent lamp mounted on a suitable retort stand.

9. Box lined with Aluminum foil to cover both lamp and water
bath assembly (see Note 5).

2.2 NADH

Dehydrogenase Assay

1. Homogenization Buffer (2�) (1.0 M HEPES sodium salt,
pH 7.4, 400 mM ethylene glycol-bis(β-aminoethyl ether)-N,
N,N0,N0-tetraacetic acid (EGTA), 20% w/v sucrose, 6 mM
magnesium chloride, 0.2% w/v sodium azide): Add 6.0 g
Hepes (see Note 6), 3.8 g EGTA, 5 g sucrose, 14.3 mg anhy-
drous magnesium chloride and 50 mg sodium azide to 20 mL
of water. Mix to dissolve and adjust to 25 mL in a volumetric
flask (see Note 7).

2. Buffer A (50 mM sodium phosphate pH 6.5). Prepare 1 L of
50 mM monobasic sodium phosphate by adding 6 g of anhy-
drous powder to a 1 L beaker and adding 900 mL of water. Mix
till dissolved and make up to the mark in a 1 L graduated

+
NADH

NAD+

Complex I

Emission peak
at 460 nm

+
Q1

Q1H2

H+

2H+

+
2e-

+ 
2H+

No
Fluorescence

Fig. 2 Reaction scheme for measurement of NADH dehydrogenase activity by
mitochondrial complex I. Under normal physiological conditions, mitochondrial
complex I catalyzes the two-electron oxidation of NADH (1) and reduction of
Coenzyme Q1 (Q1) (2) (adapted from Hirst [10])
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cylinder. Prepare 1 L of 50 mM dibasic sodium phosphate by
adding 7.1 g of powder to a 1 L beaker and adding 900 mL of
water. Mix till dissolved and make up to the mark in a 1 L
graduated cylinder. Add 600 mL of the dibasic potassium phos-
phate solution to a 1 L beaker and with a pipette add sufficient
volume of monobasic potassium phosphate solution to achieve a
pH of 6.5 as measured by a pH meter (e.g. Mettler SevenGoTM

portable pH meter) (see Note 1).

3. Incubation buffer (1 mM ethylenediaminetetraacetic acid
(EDTA), 100 μM Coenzyme Q1, 2 mM potassium cyanide
(KCN) and 0.2 mM NADH in 50 mM sodium phosphate
pH 6.5): Add 14.6 mg EDTA, 1.3 mg Coenzyme Q1,
6.5 mg KCN and 7.1 mg NADH (disodium salt) to 50 mL
Buffer A (see Note 8).

4. Pepstatin stock (100 μM): Add 3.4 mg pepstatin to 50 mL of
water.

5. Aprotinin stock (10 μM): Add 1.3 mg aprotinin to 20 mL of
water.

6. E-64 (trans-Epoxysuccinyl-L-leucylamido(4-guanidino)
butane) stock (60 μM): Add 1.1 mg E-64 to 50 mL of water.

7. Leupeptin stock (200 μM): Add 1 mg leupeptin to 10 mL of
water.

8. Soybean trypsin inhibitor (100 μM): Add 2 mg of soybean
trypsin inhibitor to 1 mL of water.

9. Protease cocktail (2�) (2mMEDTA, 0.4mM4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), 2.8 μM pep-
statin, 0.3 μM aprotinin, 0.6 μM E-64, 2 μM leupeptin and
1.0 μM soybean trypsin inhibitor): Add 7.4 mg Disodium
EDTA, 1 mg AEBSF, 280 μL pepstatin A stock solution,
30 μL aprotinin stock solution, 60 μL E-64 stock solution,
100 μL of leupeptin stock solution and 100 μL of soybean
trypsin inhibitor stock solution to 9.4 mL of water (seeNote 9).

10. Semi-micro quartz cuvette 1 cm path length suitable for fluo-
rescence measurements (see Note 10).

11. Ultrasonic homogenizer (e.g. Sonopuls® HD 2200 apparatus
from Bandelin, Berlin, Germany).

12. Fluorescence Spectrophotometer (e.g. Agilent® Cary Eclipse).

3 Methods

3.1 Superoxide

Dismutase (SOD)

Activity Measurement

1. Grind 0.5 g of leaf sample in an ice-chilled mortar with 5 mL
potassium phosphate buffer pH 7.8 (see Note 11).

2. Transfer to a 15 mL Falcon® tube and centrifuge the homoge-
nate at 12,000 � g for 20 min at 4 �C.

282 Andrew Dowd



3. Add 50 μl of the supernatant from step 2 to SOD substrate
(usually 1–2 mL) prepared as described in Subheading 2.1 to a
clean glass test tube (see Note 12).

4. Gently mix using a vortex mixer.

5. Immediately place the tube in a rack in the water bath.

6. Place the lamp so that the samples are fully exposed to light and
cover the assembly with the light-proof box (see Note 13).

7. Switch on the luminescent lamp and illuminate the mixture
for 15 min.

8. Switch off the lamp and remove the tubes from the waterbath.

9. Pipette 1 mL of sample into a cuvette.

10. Measure absorbance in a spectrophotometer set at 560 nm.

11. One unit of SOD was defined as the amount of enzyme that
induced 50% inhibition of the NBT reduction, and SOD
activity was expressed as unit g fresh weight�1 (see Note 14).

3.2 NADH

Dehydrogenase

Activity Measurement

3.2.1 Preparation

of Muscle Extracts

1. Grind frozen muscle specimens in the presence of liquid
nitrogen into a fine powder using a mortar and pestle (see
Note 15).

2. Place the resulting powder into 0.5 mL of 2� homogenization
buffer.

3. Add 0.5 mL of 2� protease cocktail to the mixture from step 2.

4. Add 0.2 μL of DNase I solution (see Note 16).

5. Homogenize for 10 s with an ultrasonic homogenizer.

6. Incubate the suspensions on ice, with gentle vortexing every
10 min for 10 s, for 4 h.

7. Centrifuge the suspensions for 20 min at 20,000 � g in a
refrigerated microcentrifuge.

8. Retain the supernatant fraction and determine the protein
concentration by the method of Bradford [11].

3.2.2 Measurement

of NADH Dehydrogenase

Activity

1. Pre-incubate an aliquot of 20 μL of supernatant fraction from
step 6 in 960 μL incubation buffer at room temperature in a
1.4 mL semi-micro cuvette (see Note 12).

2. Place the cuvette containing the buffer and sample into a
fluorescence spectrophotometer set at an excitation
wavelength of 340 nm and an emission wavelength and
460 nm (see Note 17).

3. After 3 min, add 20 μL of 10 mM NADH stock solution
prepared as described in Subheading 2.2, above and mix with
a pipette (see Note 8).

4. Record the fluorescence intensity for 10 min.
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5. The oxidation of NADH to NAD+ by NADH dehydrogenase
is monitored by reduction of the emission peak 460 nm (see
Note 18).

6. Activity units can be expressed as (μmol/min/mg at 25 �C).

4 Notes

1. Add water to a beaker with a stirring bar and add small
amounts of powder to avoid caking.

2. We use NBT tablets for the sake of convenience (Sigma Cata-
logue number N5514 which contain approximately 25 mg per
NBT per tablet). The tablets are stored between 2 and 8 �C.

3. Prepare fresh for each assay.

4. Using a glass cuvette provides more consistent readings.

5. Use a suitably sized box lined with aluminum foil and a fluo-
rescence lamp (e.g. Phillips MLL 500 W Hg) [9, 12].

6. This may require adjustment to pH 7.4 with concentrated HCl
(4 M) solution.

7. Sodium azide is known to be explosive when heated near its
decomposition temperature or when it comes in contact with
certain metals. It is safe to use when diluted so it is advisable to
make a stock solution to be stored in a toxic cabinet for
subsequent dilution into the homogenization buffer. It is
imperative to follow the directions in the safety data sheet for
this chemical.

8. Prepare fresh for each assay as NADH is unstable.

9. For convenience, a 2� protease inhibitor cocktail stock can be
made from commercially available tablets [13]. For example,
Sigma CompleteTMUltra Tablets can be used (Sigma catalogue
number 05892970001).

10. For example, a Hellma®, semi Micro Suprasil® quartz, limit
200–2500 nm spectral range, pathlength 10� 4 mm, chamber
volume 1400 μL fluorescence cuvette can be used.

11. For validation of DIGE experiments, it is important to match
samples as closely as possible. In this instance, leaf samples need
to be matched by weight prior to protein extraction.

12. It is crucial to ensure that sufficient sample is added to the assay
to achieve a linear reaction rate. The test sample may also be
diluted to ensure that excess enzyme has not been added to the
reaction. Dilution scouting experiments may be necessary to
optimize the reaction conditions. If possible a commercially
sourced enzyme should be used as a positive control for each
reaction to ensure reproducibility.
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13. Identical tubes which have not been exposed to the fluores-
cence light can be used as blanks [9].

14. To express activity as units per mg protein, the protein concen-
tration of the supernatant from step 2 can be estimated using
the Bradford method [11].

15. Equal quantities of 100 mg wet weight of young and aged
gastrocnemius muscle were used.

16. DNase I is available as a commercially available stock solution
or as a lyophilized powder. Two units of DNase I is added per
1 mL of homogenate. DNase I is added to reduce the interfer-
ence by excess DNA in the assay.

17. The use of fluorescence to determine NADH concentrations
allows an order of magnitude greater sensitivity than
absorbance.

18. To convert from fluorescence to NADH construct a standard
curve of fluorescence v NADH concentration in the 0–20 μM
range. The rate of conversation of NADH to NADþ by
NADH dehydrogenase can be calculated as a reduction in
NADH over the incubation period.
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(1996) Changes in malondialdehyde content
and in superoxide dismutase, catalase and glu-
tathione reductase activities in sunflower seeds
as related to deterioration during accelerated
aging. Physiol Plant 97(1):104–110. doi:10.
1111/j.1399-3054.1996.tb00485.x

10. Hirst J (2010) Towards the molecular mecha-
nism of respiratory complex I. Biochem J 425
(2):327–339. doi:10.1042/BJ20091382

Enzyme DIGE Verification 285

https://doi.org/10.1021/acs.analchem.5b03805
https://doi.org/10.1021/acs.analchem.5b03805
https://doi.org/10.1002/pmic.200900472
https://doi.org/10.1002/pmic.200900472
https://doi.org/10.1016/j.jhep.2014.10.007
https://doi.org/10.1016/j.jhep.2014.10.007
https://doi.org/10.1016/j.jprot.2014.09.019.
https://doi.org/10.1016/j.jprot.2014.09.019.
https://doi.org/10.1002/pmic.201200262
https://doi.org/10.1371/journal.pone.0144808
https://doi.org/10.1371/journal.pone.0144808
https://doi.org/10.1039/C6RA20702B
https://doi.org/10.1039/C6RA20702B
https://doi.org/10.1111/j.1399-3054.1996.tb00485.x
https://doi.org/10.1111/j.1399-3054.1996.tb00485.x
https://doi.org/10.1042/BJ20091382


11. Bradford M (1976) A rapid and sensitive
method for the quantitation of microgram
quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72
(1–2):248–254. doi:10.1016/0003-2697(76)
90527-3

12. Giannopolitis CN, Ries SK (1977) Superoxide
dismutases: I. Occurrence in higher plants.
Plant Physiol 59(2):309–314

13. Doran P, Dowling P, Lohan J et al (2004)
Subproteomics analysis of Ca2þ-binding pro-
teins demonstrates decreased calsequestrin
expression in dystrophic mouse skeletal muscle.
Eur J Biochem 271(19):3943–3952. doi:10.
1111/j.1432-1033.2004.04332.x

286 Andrew Dowd

https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1111/j.1432-1033.2004.04332.x
https://doi.org/10.1111/j.1432-1033.2004.04332.x


Chapter 22

Immunoblot Analysis of DIGE-Based Proteomics

Martin Landsberger and Heinrich Brinkmeier

Abstract

Proteins can be separated according to their size by gel electrophoresis and further analyzed by Western
blotting. The proteins can be transferred to a membrane made of nitrocellulose or polyvinylidene fluoride
(PVDF), which results in a replica of the proteins’ separation patterns. The proteins on the membrane can
be detected by specific antibodies followed by visualization either on the membrane itself, on film or by
CCD cameras. Western blotting is a sensitive technique to verify data obtained from difference gel
electrophoresis (DIGE)-based proteomics.

Key words Electrophoresis, Denatured proteins, Polyacrylamide gels, Molecular weight, Antibodies,
Immunoblotting, Enhanced chemiluminescence (ECL)

1 Introduction

Western blotting is the transfer of proteins to a membrane support
and the subsequent immunological detection [1]. There are several
arguments to use Western blotting in combination with difference
gel electrophoresis (DIGE)-based proteomics; two of them should
be mentioned. First, it is a generally good concept in science to
verify obtained data with an independent method. Second, modern
proteomic techniques are getting increasingly sensitive and allow
the detection of low abundance proteins. If such techniques are
applied to complex mammalian tissues, such as liver or skeletal
muscle, hits of low abundance could originate from blood, vessels,
or nerves instead from the intended target tissues. To avoid
misinterpretations of proteomic results, Western blotting and, in
continuation, immunofluorescence microscopy can be valuable
subsidiary methods. Western blotting is routinely used to verify
findings of DIGE-based proteomics [2]. Proteins, e.g., from cells,
subcellular fractions, column fractions, or immunoprecipitates, are
separated on polyacrylamide gels under denaturing conditions and
are then transferred to membranes, in most cases made of nitrocel-
lulose or polyvinylidene difluoride resulting in a replica of the
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original gel pattern [3]. Transfer can be performed by diffusion,
capillary action, or electrophoresis with the latter being the most
widely used technique due to simplicity, performance, duration of
the transfer, and cost-effectiveness [3]. Electrophoretic transfer of
proteins to nitrocellulose membranes was first described by Towbin
and coworkers [1] whereas Burnette continued “with due respect
to Southern [..], the established tradition of “geographic” naming
of transfer techniques (“Southern,” “Northern”)” and introduced
the term “Western” blotting [4].

Electrophoresis of proteins is usually performed in vertical
polyacrylamide gels under either native or denaturing conditions.
Though larger gels provide more separation area and thus better
resolution for complex samples, small format mini-gels are typically
used because they are easy to use and less material is needed for the
whole Western blotting experiment as compared to large gels.
Proteins that are separated by polyacrylamide gel electrophoresis
(PAGE) respond to an electrical field and migrate through pores in
the gel matrix. The higher the concentration of the monomeric
acrylamide, the smaller the pore size will be within the polyacryl-
amide gel. The migration rates of the proteins to be separated are
dependent on gel pore size and protein charge, size, and shape.

In the following, we describe how to perform one-dimensional
gel electrophoresis under denaturing conditions using 0.1% sodium
dodecyl sulfate (SDS)—first described by Laemmli [5]—how to
transfer the proteins to a membrane support and how to detect
proteins by specific antibodies. Typically, the polyacrylamide gel is
cast as a separating gel topped by a stacking gel and secured in an
electrophoresis apparatus. The separating gel is often called resolv-
ing or running gel. PAGE of proteins as described here works for a
wide molecular weight range from 10 to 200 kDa (Table 1).

2 Materials

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature unless
indicated otherwise. Follow safety recommendations and waste
disposal regulations when handling toxic and hazardous substances
and disposing waste.

2.1 Equipment 1. 25 ml Erlenmeyer side-arm flasks.

2. Vacuum pump with cold trap.

Table 1
Separation range of gels under denaturing conditions

Acrylamide concentration (%) 6 8 10 12 15

Separation range (kDa) 50–200 30–95 20–80 12–60 10–43
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3. Electrophoresis apparatus, e.g., PROTEAN II xi Cell (Bio-Rad
Laboratories), miniVE Vertical Electrophoresis System (GE
Healthcare) or equivalent, with pressure cams, glass plates,
casting stand, and buffer tank (see Note 1).

4. 0.75 or 1.00 mm spacers.

5. 0.45 μm filters (used in stock solution preparation).

6. 0.75 or 1.00 mm Teflon comb with 1, 3, 5, 10, 15, or 20 teeth.

7. Tray.

8. PVDF membrane (see Note 2).

9. Film, e.g.,HyperfilmECL (Amersham) or equivalent (seeNote3).

10. X-ray film cassette.

11. Film developing solution.

12. Film fixing solution.

13. Clamps, clothes-pegs, or equivalent.

14. Software for densitometry, e.g., ImageJ, Scion Image, or Image
Lab™ Software (Bio-Rad Laboratories) etc., and statistical
analysis, e.g., GraphPadPrism or SigmaStat.

2.2 Reagents All chemicals used should be of analytical grade.

1. Protein molecular weight standard.

2. Primary antibody (specific to the protein of interest).

3. Secondary antibody, species-specific anti-Ig conjugated to
horseradish peroxidase.

2.3 Solutions All solutions should be prepared with analytical grade chemicals
and ultrapure water.

2.3.1 Preparation of SDS

Polyacrylamide Gels

1. Acrylamide solution: 30% (29.2% acrylamide/0.8% bisacryla-
mide solution): Caution: Wear a safety mask and gloves while
handling the neurotoxic acrylamide. Weigh 29.2 g acrylamide
and 0.8 g N,N0-methylenebisacrylamide. Dissolve in H2O.
Adjust volume to 100 ml. Filter the solution through a 0.45
μm filter. Store in the dark at 4 �C (see Note 4).

2. 4� Tris–HCl/SDS, pH 8.8 (1.5 M Tris–HCl, 0.4% SDS):
Dissolve 182 g Tris base in 600 ml H2O. Adjust to pH 8.8
with 1 N HCl. Add H2O to 1000 ml total volume. Filter the
solution through a 0.45 μm filter. Add 4 g sodium dodecyl
sulfate (SDS) and swirl. Store up to 3 months at 4 �C.

3. 1� Tris–HCl/SDS, pH 8.8 (0.375 M Tris–HCl, 0.1% SDS):
Dilute 4� Tris–HCl/SDS, pH 8.8 with H2O.

4. 4� Tris–HCl/SDS, pH 6.8 (0.5 M Tris–HCl, 0.4% SDS):
Dissolve 6.05 g Tris base in 60 ml H2O. Adjust to pH 6.8
with 1 N HCl. Add H2O to 100 ml total volume. Filter the
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solution through a 0.45 μm filter. Add 0.4 g SDS and swirl.
Store up to 3 months at 4 �C.

5. 1� Tris–HCl/SDS, pH 6.8 (0.125 M Tris–HCl, 0.1% SDS):
Dilute 4� Tris-HCl/SDS, pH 6.8 with H2O.

6. Ammonium persulfate solution (10%): Dissolve 1 g ammo-
nium persulfate in 10 ml H2O. Store at 4 �C for several weeks.

7. Separation gel solution (10% acrylamide): Prepare immediately
before use. Use a 25 ml side-arm flask. Add 5 ml of 30%
acrylamide solution, 3.75 ml of 4� Tris-Cl/SDS, pH 8.8, and
6.25 ml of H2O. Swirl gently to mix. Degas under vacuum for
approximately 5 min (seeNote 5). Add 50 μl of 10% ammonium
persulfate and 10 μl of N,N,N,N-tetramethylethylenediamine
(TEMED). Swirl gently to mix. Use immediately for pouring
the separating gel. Required volumes for separating gels with
different acrylamide concentrations are shown in Table 2.

8. Stacking gel solution (3.9% acrylamide): Prepare immediately
before use. Use a 25 ml side-arm flask. Add 0.65 ml of 30%
acrylamide solution, 1.25 ml of 4� Tris–HCl/SDS, pH 6.8,
and 3.05 ml H2O. Degas under vacuum for approximately
5 min (see Note 6). Add 25 μl of 10% ammonium persulfate
and 5 μl TEMED. Swirl gently to mix. Use immediately for
pouring the stacking gel.

9. H2O-saturated isobutyl alcohol: Put 50 ml of isobutyl alcohol
and 50 ml of H2O in a glass separatory funnel. Shake, release
pressure, and wait until the suspension is clear. Repeat three to
five times. Discard lower phase and collect upper phase in a
glass bottle. Use the collected upper phase, i.e., H2O-saturated
isobutyl alcohol, for overlaying the polymerized separating gel.
Store indefinitely at room temperature.

10. Protein molecular weight standards (see Note 7): Dissolve
protein molecular weight standards in 1� SDS sample buffer

Table 2
Required volumes for separating gels with different acrylamide concentrations

Acrylamide concentration (%) 6 8 10 12 15

30% Acrylamide solution
(29.2% acrylamide/0.8% bisacrylamide)

2.0 2.7 3.3 4.0 5.0

4� Tris pH 8.8 2.5

H2O (sterile) 5.3 4.6 4.0 3.3 2.3

10% (w/v) SDS 100 μl

10% (w/v) Ammonium persulfate 100 μl

TEMED 10 μl

Unless otherwise stated, all volumes are given in ml and refer to a final volume of separating gel solution of 10 ml
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according to supplier’s instructions. Use these standards as a
control.

11. 6� SDS sample buffer: Mix 7 ml 4� Tris–HCl/SDS, pH 6.8
and 3 ml glycerol (30% final concentration). Add 1 g SDS (10%
final), 0.93 g DTT (0.6 M final), 1.2 mg Bromophenol Blue
(0.012% final) and mix. Adjust volume to 10 ml with H2O.
Prepare 0.5 ml aliquots and store at �70 �C.

12. 2� and 1� SDS sample buffer: Dilute 6� SDS sample buffer
with H2O.

13. 10� SDS electrophoresis buffer: Add 30.2 g Tris base
(0.125 M final), 144 g glycine (0.96 M final), and 10 g SDS
(0.5% final) to 800 ml H2O.Mix until the solution is clear. Add
H2O to 1000 ml (see Note 8).

14. 1� SDSelectrophoresis buffer (working solution for running the
gel): Dilute 10� SDS electrophoresis buffer to 1� with H2O.

15. Protein sample(s), on ice: Dilute a portion of the protein
sample to be analyzed 1:1 (v/v) with 2� SDS sample buffer
and heat at 100 �C for 3–5 min in a sealed screw-cap micro-
centrifuge tube. If the sample is a precipitated protein pellet,
dissolve the protein in 50–100 μl of 1� SDS sample buffer and
incubate at 100 �C for 3–5 min.

2.3.2 Transfer to

Membrane

1. 10� Transfer buffer: Dissolve 144.1 g glycine (1.92 M) and
30.3 g Tris (0.25 M) in H2O. Bring volume to 1000 ml with
H2O. The pH of the resulting solution will be ~8.3–8.4.

2. 1� transfer buffer: Dilute one volume of 1� transfer buffer
with 9 volumes of H2O. Do not adjust the pH.

3. 10� Tris-buffered saline (TBS): Dissolve 60.6 g Tris (0.5 M)
and 87.7 g NaCl (1.5M) in 900 ml H2O. Bring pH to 7.6 with
HCl. Add H2O to 1000 ml.

4. 10% (v/v) Tween 20: Mix 10 ml Tween 20 with 90 ml H2O.

5. 1� TBS/Tween 20 (TBST): Dilute 10ml 10� TBS with 89 ml
H2O and add 1 ml of 10% (v/v) Tween 20. Mix gently.

6. Blocking solution: Dissolve 5 g nonfat milk powder in 100 ml
1� TBST (see Note 9).

7. 1� TBS: Mix 10 ml 10� TBS with 90 ml H2O.

2.3.3 Immunoprobing

with Primary Antibody and

a Directly Conjugated

Secondary Antibody

1. Primary antibody against protein of interest: Dilute primary
antibody according to the manufacturer’s instructions or use a
starting dilution of 1:1000 in 1� TBS.

2. Secondary antibody, species-specific anti-Ig conjugated to
horseradish peroxidase: Dilute in 1� TBS according to the
manufacturer’s instructions. Prepare 25 μl aliquots and store
at �20 �C.
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2.3.4 Visualization by a

Luminescence Substrate,

Luminol

1. Luminescent substrate buffer: Dissolve 6.1 g Tris in 900 ml
H2O. Adjust pH to 7.5 with HCl. Bring volume to 1000 ml
with H2O.

2. 10� luminol stock solution: Dissolve 40 mg luminol in 10 ml
dimethyl sulfoxide.

3. 10� p-iodophenol stock solution: Dissolve 10 mg p-
iodophenol in 10 ml dimethyl sulfoxide.

4. Luminol working solution: Mix 0.5 ml 10� luminol stock,
2.5 ml 100 mM Tris-Cl, pH 7.5, 0.5 ml 10� p-iodophenol
stock and 25 μl 3% H2O2. Add H2O to 5 ml. Prepare just
before use in a dark bottle (see Notes 10 and 11).

3 Methods

3.1 Preparation

of SDS Polyacrylamide

Gels

1. Use gloves when handling the glassware and pouring the gel.
Wash the glass plates, spacers, and teflon combs with warm
water, rinse in deionized water, and let it air dry.

2. Lay the larger plate flat on the bench and arranges spacers on
both sides parallel to the two edges.

3. Put the smaller (front) plate on the spacers and align both
plates resulting in the gel cassette.

4. Put pressure cams over the glass plates. Make sure that glass
plates and spacers are aligned, and then lock the pressure cams.
Secure the gel cassette into the gel casting stand (seeNote 12).

5. Prepare the separating gel solution in a clean beaker with spout
and swirl carefully.

6. Pour separating gel solution slowly between the plates to avoid
formation of air bubbles.

7. Using a pipette carefully overlay the separating gel solution
with H2O-saturated isobutyl alcohol.

8. Allow the acrylamide to polymerize at room temperature for
30–60 min. Should a Schlieren pattern be visible just beneath
the layer of H2O-saturated isobutyl alcohol, polymerization
will be complete.

9. Pour off the H2O-saturated isobutyl alcohol and rinse the gel
with water.

10. Prepare the stacking gel solution in a clean beaker with spout
and swirl carefully.

11. Pour stacking gel solution slowly between the plates to avoid
formation of air bubbles. Immediately insert the comb with the
required number of teeth so that the tops of the teeth are
slightly higher than the top of the glass. Should air bubbles
have become trapped under the teeth, remove comb carefully
and remove air bubbles using a pipette. Insert comb again.
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12. Allow the stacking gel to polymerize at room temperature for
20–30 min. Should a Schlieren pattern and/or gel wells be
visible just beneath the teeth of the comb, polymerization will
be complete.

13. Remove glass plates, i.e., the gel cassette, from the casting
stand (see Note 13).

14. Assemble electrophoresis module according to the manufac-
turer of the electrophoresis apparatus you are using.

15. Pour 1� running buffer in the upper (inner) and lower (outer)
buffer reservoir. Do not overfill upper buffer reservoir.

16. Remove the comb without disturbing the separating gel
between the wells. Immediately rinse the wells with 1� run-
ning buffer to remove any amounts of acrylamide.

17. Prepare protein samples (see Note 14). Heat at 100 �C for
2 min and immediately place on ice.

18. Using a pipette with a long tip, put the appropriate volume of
each protein sample in a separate well. Use one or more wells
for running the molecular weight standard.

19. Place lid with cables on the gel cassette.

20. Connect the electrodes to a power pack. Run at a current of
15 mA until the samples have entered the gel, then increase
current to 25 mA. Continue electrophoresis until the Bromo-
phenol Blue has migrated to the bottom of the gel.

21. Turn the power supply off and disconnect the electrophoresis
chamber from the power supply.

22. Detach the gel cassette from the electrophoresis chamber and
discard the running buffer.

3.2 Assembly of the

Transfer Sandwich

1. Wear gloves when handling gels and membranes. Handle
PVDF membrane pieces with blunt forceps only. Wash gel
briefly in demineralized water. Discard water and incubate gel
in 1� transfer buffer for 30 min at room temperature under
constant gentle shaking.

2. Measure length and width of the gel with a ruler.

3. Cut a piece of PVDFmembrane from the role that has the exact
dimensions as the gel.

4. Cut four pieces of filter paper, e.g., Whatman 3MM, with
identical dimensions as the membrane.

5. Put PVDF membrane into methanol for 60 s, remove the
membrane, wash it in demineralized water, and put it into 1�
transfer buffer.

6. Soak a piece of flat sponge with 1� transfer buffer.

7. Fill an additional tray with 1� transfer buffer and put the open
transfer cassette into the tray.
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8. Put the soaked flat sponge on the upper side of the transfer
cassette (see Note 15).

9. Put two pieces of filter paper onto the sponge.

10. Place the gel gently onto the filter paper. Carefully remove any
air bubbles trapped under the gel.

11. Put the piece of PVDF membrane onto the gel so that PVDF
membrane and gel will be aligned (see Note 16).

12. Remove any trapped air bubbles by gently rolling a 10 ml pipet
across the membrane.

13. Put two pieces of pre-wetted filter papers onto the gel and place
a pre-wetted flat sponge onto the filter paper. Align all filter
papers and sponges with the gel (Fig. 1) (see Note 17).

14. Close the transfer cassette and put it into the transfer chamber
with the black side of the cassette facing the negative electrode.

Fig. 1 Schematic representation of the assembly of a sandwich for Western
blotting. The stacking gel has been removed prior to assembly of the sandwich
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15. Put a magnetic sizzle stick in the transfer chamber and place the
transfer chamber onto a magnetic stirrer.

16. Put the cooling units provided with the electrophoresis/trans-
fer chamber into the transfer chamber and carefully half-fill the
transfer chamber with 1� transfer buffer (see Note 18).

17. Turn magnetic stirrer on and set speed to slow.

18. Fill transfer chamber with 1� transfer buffer up to the mark.

19. Watch the correct orientation, place lid on the transfer cham-
ber, and connect cables to the power supply.

20. Turn power supply on and set current to 350mA (seeNote 19).
Start the protein transfer and let it continue for 1 h.

21. Turn the power supply off and disconnect the cables from the
power supply.

22. Remove lid from transfer chamber and take out transfer
cassette.

23. Open cassette and move PVDF membrane to a filter paper.

24. Mark the molecular weight standards with a pencil and cut off
the upper right corner.

3.3 Immunoprobing

with Antibodies

1. Place PVDF membrane into blocking solution and incubate
under constant shaking for 60 min. Discard the blocking
solution.

2. Dilute primary antibody in a total volume of 5 ml blocking
solution according to the manufacturers’ instructions, e.g., use
5 μl antibody solution for 5 ml blocking solution to obtain a
dilution of 1:1000.

3. Incubate the PVDFmembrane with the primary antibody under
gentle rocking at room temperature for 2 h (see Note 20).

4. Pour off primary antibody solution and store at �20 �C (see
Note 21).

5. Wash PVDF membrane with 100–150 ml 1� TBST under
heavy shaking for 10 min. Discard the washing solution.
Repeat washing step three times.

6. Dilute secondary antibody coupled to horse radish peroxidase
in blocking solution according to the manufacturers’ instruc-
tions, e.g., use 1 μl of antibody in 10 ml blocking solution to
obtain a 1:10,000 dilution of the secondary antibody.

7. Incubate PVDF membrane with the secondary antibody under
gentle rocking at room temperature for 60 min. Discard sec-
ondary antibody solution (see Note 22).

8. Wash PVDF-membrane with 100–150 ml 1� TBST under
heavy shaking for 10 min. Discard washing solution. Repeat
three times.
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3.4 Visualization by

the Luminescence

Substrate, Luminol

1. Wear gloves when performing ECL signal detection. Use blunt
forceps when handling the PVDF membrane. Equilibrate
PVDF membrane twice in 50 ml luminescent substrate buffer.
Discard luminescent substrate buffer.

2. Use 0.1 ml/cm2 of membrane area of luminol working
solution.

3. Pipet the luminol working solution onto the PVDF membrane
and incubate for 5 min at room temperature. Remove PVDF
membrane.

4. Wrap PVDF membrane in transparent film. Remove any excess
liquid with filter paper. Remove any air bubbles trapped
between PVDF membrane and transparent film.

5. Place the wrapped PVDF membrane into an X-ray film cassette
with protein-side up.

6. The following steps are performed in a dark room.

7. Switch off white light and switch on safe light (see Note 23).

8. Open box with the ECL films. Take out pouch containing the
films. Open the pouch, take out one film, close pouch, and put
it back into the box. Close box.

9. Cut ECL film to desired size or use whole film for large pieces
of PVDF membrane.

10. Open film cassette, put ECL film onto the PVDF membrane
and close the film cassette. Set timer to desired exposition time
(see Note 24).

11. After the exposition time has passed, open the film cassette and
remove the ECL film.

12. Put ECL film into developing solution for 5 min and then wash
the film with water.

13. Put ECL film into fixing solution until signals are clearly visible
and the film coating has become transparent.

14. Wash ECL filmwith a sufficient amount of tap water, then wash
film briefly with demineralized water and let it air-dry.

15. Switch off safe light, switch on white light.

16. Wet PVDF membrane with 1� TBS, wrap in transparent film
and store at 4 �C (see Note 25).

17. Digitalize signals on ECL film and perform densitometry on
the band of interest using appropriate software (see Note 26).

4 Notes

1. A list of commercial suppliers of Western Blotting Transfer
Systems can be found at, e.g., www.labtimes.org/labtimes/
product/j2016/lt_2016_04_prods.pdf.
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2. PVDF membranes are available with different membrane pore
sizes, e.g., 0.2 or 0.45 μm. Choice of membrane pore size is
dependent on the size of the protein of interest. For most
standard analyses, e.g., for proteins with a molecular weight
of 20 kDa or larger, a PVDF membrane with a pore size of
0.45 μm should perform well. For proteins smaller than
20 kDa, a PVDF membrane with a pore size of 0.2 μm is
recommended.

3. Alternatively, a CCD camera system can be used for visualiza-
tion of the enhanced chemiluminescence signals. Commercially
available systems include ChemiDoc™ XRSþ System (Bio-Rad
Laboratories) or Amersham Imager 600 (GE Healthcare), for
example. Then the steps describing exposition and develop-
ment of the film do not apply.

4. Monomeric acrylamide and N,N0-methylenebisacrylamide
2� crystallized grades are recommended. Discard after
30 days for acrylamide gradually hydrolyses to acrylic acid and
ammonia. To avoid handling acrylamide in powder or crystal-
line form, use ready-prepared 29.2% acrylamide and 0.8% bisa-
crylamide solutions.

5. This step is optional.

6. This step is optional.

7. Commercially available. Consist of various either unstained or
prestained proteins of different molecular weights.

8. Do not adjust the pH of the stock solution. The pH will be
pH 8.3 when diluted. Store up to 6 months at 4 �C.

9. Alternatively, 5% (weight per volume) bovine serum albumin
(BSA) or blocking agents on polymeric basis such as ROTI®-
Block (Carl Roth, Karlsruhe Germany) may be used. Blocking
the remaining surface of the membrane will reduce nonspecific
binding of the detection antibodies during subsequent steps.
Different proteins may require a blocking buffer other than
milk or BSA. For the detection of phosphorylated proteins milk
is not recommended as a blocking agent. Milk has a high
content of casein, an abundant phosphoprotein, which will
give high background signals because the phosphor-specific
antibody will (also) detect casein.

10. Recipe is from Schneppenheim et al. [6]. Premixed luminol
substrate mixes that are commercially available may also be
used.

11. Alternatively, put aluminum foil around a glass beaker and on
the top. Luminol working solution will be stable for approxi-
mately 8 h at room temperature.

12. Alternatively, you can seal the gel cassette with SDS-stable tape
by binding the entire length of the two sides and the bottom of
the plates with the tape. Put gel cassette in a tray.
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13. Should you have sealed the gel cassette with SDS-stable tape,
remove sealing tape from the bottom of the plates using a
scalpel or a razor blade.

14. For a 1.0 mm thick gel, 20–25 μg of a complex protein mix-
ture, e.g., a total protein extract from tissue or cell culture, in a
volume not exceeding 40 μl is recommended for loading per
slot.

15. I.e. the black side in case of Protean cells (BioRad
Laboratories).

16. Once the piece of PVDF membrane has been placed onto the
gel, do not remove the membrane from the gel.

17. It is best to work under 1� transfer buffer. This helps in
preventing the gel to rupture.

18. Should you have no suitable cooling units for your transfer
chamber, perform the transfer in a cool room at 4 �C.

19. A 1-hour transfer can be performed using a constant current of
700–1600 mA for large gels and 350 mA for small gels. In
general, the transfer time is inversely correlated to protein size.
For proteins larger in size than 150 kDa, the transfer time
should be increased to 2 h. For overnight transfer, the settings
are 100 mA for large gels and 90 mA for small gels.

20. Alternatively, the PDVF membrane may be incubated with the
primary antibody solution overnight at 4 �C.

21. Often, the primary antibody solution can be stored at �20 �C
and be reused. Follow manufacturer’s instructions for storage.

22. Secondary antibody solution can be stored at �20 �C and may
be reused once.

23. The following steps must be performed under safe light con-
ditions or in complete darkness.

24. Exposition times can vary between 15 s and 1 h or longer
depending on the abundance of the protein of interest.

25. The PVDF membrane may be stripped from bound antibodies
and can be reused for probing with a different antibody.

26. Densitometry can be performed using the public domain soft-
ware ImageJ (download available at imagej.nih.gov/ij/down
load.html) or commercially available software, e.g., BIORAD,
etc. Statistical analysis may be performed online using the free
site VassarStats: Website for Statistical Computation (http://
www.vassarstats.net/index.html) or commercially available
software such as SigmaPlot and SigmaStat (both from Systat
Software San Jose, USA), or GraphPad Prism (GraphPad Soft-
ware, La Jolla, USA), for example.
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Chapter 23

Immunofluorescence Microscopy for DIGE-Based
Proteomics

Rustam R. Mundegar, Margit Zweyer, and Dieter Swandulla

Abstract

Alterations in the proteome of a tissue in different settings, as assessed by difference gel electrophoresis, can
be verified for single proteins using immunohistochemistry. In fluorescence immunohistochemistry, an
antibody to a particular antigen is applied to tissue sections, and fluorophores conjugated to a secondary
antibody allow for the detection of target antigen with fluorescent microscopy. Visual comparison is
sufficient for the detection of significant alterations in the abundance of a certain protein in different
settings. Additionally, unlike large-scale proteome analyses and Western blot methods, expression of target
protein can be analyzed at the cellular level by immunohistochemistry. In this chapter, a protocol for the
application of fluorescence immunohistochemistry for the detection of dystrophin in skeletal muscle
sections is outlined, including sample preparation, tissue sectioning, and immunostaining.

Key words Immunohistochemistry, Dystrophin, Skeletal muscle, Antibodies, Fluorescence

1 Introduction

In comparative proteomics, alterations in the abundance of pro-
teins are often substantiated by Western blotting and immunohis-
tochemistry for a protein of interest. Immunohistochemistry is a
powerful corroborative method for identification of proteome
alterations at the cellular level. In immunohistochemistry an anti-
body (Ab) which specifically reacts with a target protein is applied
to tissue sections. Conjugation of the antibody with a fluorophore
allows for light microscopic detection of Ab binding through fluo-
rescence [1]. Drastic alterations in the abundance of a protein are
easily detected by visual inspection. In contrast to difference gel
electrophoresis (DIGE) analysis of the proteome or Western blot-
ting, fluorescent immunohistochemistry or immunofluorescence
(IF) microscopy additionally yields information on the pattern of
expression of a protein and its assignment to a particular cell type in
tissues, especially in diseased states, such as skeletal muscle dystro-
phies [2, 3].
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Duchenne muscular dystrophy (DMD) is a severe progressive
disease of childhood resulting in early loss of ambulation and with a
high mortality in the first three decades of life. Mutations in the
dystrophin gene result in an absence of the Dp427 isoform of
dystrophin in skeletal muscle. Dystrophin is localized at the cyto-
plasmic aspect of the sarcolemma and links the cytoskeleton with
the extracellular matrix by association with several glycoproteins
[4]. This dystrophin–glycoprotein complex is disrupted by the
absence of dystrophin resulting in a reduction of sarcolemmal
stability and contraction-induced damage to the sarcolemma result-
ing in increased myofiber leakiness. Dystrophin-deficient myofibers
have abnormal calcium handling [5] and elevated cytosolic Ca2+

levels [6] show increased rates of proteolysis [7] and are more
susceptible to osmotic shock [8]. Dystrophic muscles are character-
ized by skeletal muscle degeneration and myofiber necrosis, fat
replacement, increased connective tissue, and fibrosis. Regenerat-
ing myofibers and inflammatory cells contribute a further subset of
proteins to the already vast and complex muscle proteome reper-
toire. Disease progression results in increased fibrosis and severe
myofiber depletion. The proteome of the skeletal muscle of the
mdx mouse, the murine homolog of the human disease has been
extensively investigated [9, 10]. In the mdx mouse, muscular dys-
trophy is most pronounced in the diaphragm and milder dystrophic
alterations are present in the limbmuscles. The proteomic profile of
dystrophin-deficient skeletal muscles of mdx mice show increased
fibrosis markers and extracellular matrix proteins and a decrease in
contractile proteins [2, 11].

In this chapter, we describe the detection of dystrophin in
mouse skeletal muscle with IF microscopy (Fig. 1). Dystrophin is
expressed at low levels in skeletal muscle and the sarcolemmal
localization of dystrophin complicates identification if high extra-
cellular background is present. The method used [12] is a two-step
method whereby a primary unconjugated anti-dystrophin Ab is first
applied to skeletal muscle tissue and the bound primary Abs are
then detected with a secondary Ab, conjugated with fluorophore,
directed to the primary Ab. This two-step method is performed
without amplification (e.g., biotin-streptavidin) and should be
applicable for most validation studies where significant alterations
of the proteome are present. Although the method described below
is optimized for skeletal muscle, a general discussion of the various
steps is provided.

2 Materials

2.1 Equipment Fine Forceps, small scissors, micro-scissors.

Dewar (vacuum) flask.

Plastic beaker (100 ml).
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Cryovials.

Cryostat.

SuperFrostPlus microscopic slides.

Plastic slide storage box.

Glass beaker (300 ml).

Hot plate.

Staining jars (glass Coplin or Hellendahl jars).

Laboratory Shaker.

Bench top centrifuge.

Moist incubation chambers.

Epifluorescence microscope with digital camera for image
acquisition.

2.2 Sera and

Antibodies

Normal goat serum (NGS).

Novocastra™ lyophilized mouse monoclonal antibody to Dystro-
phin (C-terminus) (Leica Biosystems).

Fluorescein-conjugated goat anti-mouse Ab (Jackson ImmunoRe-
search Laboratories).

Reconstitute lyophilized antibodies according to the manufac-
turers’ instructions. For long-term storage, add an equal vol-
ume of glycerol and store 20 μl aliquots at �20 �C. Avoid
repetitive freeze–thawing of antibody solutions. Dilute anti-
body and serum in PBS. Antibody solutions should be centri-
fuged briefly (~12,000 � g) before use.

Fig. 1 Immunofluorescence microscopy of dystrophin labeling in mouse tibialis
anterior muscle. The sarcolemma of skeletal muscle fibers shows positive
dystrophin immunostaining
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2.3 Solutions All chemicals should be of analytical grade and ultrapure water
should be used.

1. Phosphate Buffered Saline (PBS): 10 mM Na2HPO4, 1.8 mM
KH2PO4, 137 mM NaCl, 2.7 mM KCl. Dissolve 1.44 g
Na2HPO4, 0.24 g KH2PO4, 8 g NaCl and 0.2 g KCl in
800 ml of H2O and adjust pH to 7.4 with HCl at room
temperature (RT). Add water to 1 L. Store at room tempera-
ture for 2 weeks.

2. Hoechst 33342 solution: For a 1 μg dye/ml solution, dissolve
10 mg of bisBenzimide H 33342 trihydrochloride in 10 ml of
PBS at RT. Dilute 1:000 (v/v) before usage. Store at �4 �C.

3. Sudan Black B solution: For a 0.3% (w/v) dye solution, add
150 mg Sudan Black B to 50 ml 70% ethanol in a beaker and
stir in the dark for 2 h at RT. Store in the dark at RT.

3 Methods

3.1 Preparation

of Muscle Tissue

Samples

1. In a fume hood add 2-methylbutane to a plastic beaker
(approximately 50 ml) and submerge in a dewar flask contain-
ing liquid nitrogen. The lower third of the beaker should be
covered by liquid nitrogen (see Note 1).

2. Label cryovials and cool on dry ice or in liquid nitrogen.

3. Euthanize a mouse (C57BL/6) according to institutional and
governmental regulations. Lay the mouse on the dissecting
board and secure the mouse by pinning the extremities
through the paws. Spray the hind limb with 70% ethanol.

4. Lift skin above the knee with forceps and make an incision from
the knee toward the digits. Retract the skin to expose the
tibialis anterior (TA) muscle.

5. Cut the distal tendon of the muscle; gently lift the muscle from
the leg toward the knee. The overlying fascia can be removed
with a pair of forceps or a scalpel. Cut the proximal tendon (see
Note 2).

6. Snap-freeze the skeletal muscle specimen by immersing the
muscle with forceps in 2-methylbutane (see Note 3).

7. Transfer the muscle to cooled cryovials and store at �80 �C or
in liquid nitrogen.

3.2 Transverse

Sectioning of Muscle

Specimen

1. Transfer cryovials with TA muscle into a cryostat pre-cooled to
�20 �C (see Note 4).

2. Add a drop of cryoprotective tissue embedding medium (Tis-
sueTek or OCT) to a specimen disc at RT and place in the
cryostat.
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3. When the immersion medium starts freezing, lower the TA
muscle specimen (perpendicular to the plane of the disc) with
forceps into the embedding medium with gentle pressure (see
Note 5).

4. Allow the embedding medium to freeze completely before
sectioning (see Note 6).

5. Transfer the specimen disc to the chuck and start sectioning at
6–8 μm thickness (see Note 7).

6. Press a glass slide gently on the section. Remove slide immedi-
ately from the cryostat (see Note 8).

7. Allow sections to dry for at least 30 min at RT (see Note 9).

3.3 Immuno-

fluorescence

Microscopy

of Dystrophin

1. Place a glass beaker (300 ml) filled with PBS on a hot plate.
Heat until the PBS starts to boil.

2. Submerge slides in the heated PBS such that the muscle section
faces the bottom of the beaker (seeNotes 10–12). A minimum
of two slides are required.

3. After boiling for 5 min remove slides from the beaker with
forceps and submerge slides in a staining jar with PBS at RT.

4. Drain off excess PBS and wipe around sections with tissue
paper.

5. Circle the tissue section with a hydrophobic (PAP) pen without
touching the section and dry briefly (see Note 13).

6. Apply NGS diluted 1:20 with a pipette to the sections. Sections
must be covered with NGS solution. Place slides in a moist
chamber at RT for 30 min. From this step forward until immu-
nofluorescence microscopy is completed, sections must not be
allowed to dry out. All incubations with sera or antibodies must
be carried out in moist chambers (see Note 14).

7. Drain off excess NGS from slides and cover tissue section on
one slide with monoclonal anti-dystrophin Ab diluted 1:40. To
the other slide add PBS only. This serves as a control for
unspecific binding of secondary antibodies (seeNote 15). Incu-
bate both slides at RT in a moist chamber for 60 min.

8. Remove the slide to which antibody solution was added from
the moist chamber. Pipette off excess antibody from the tissue
section and immerse the slide in a staining jar with PBS and
shake gently on a shaker for 5 min. Repeat twice.

9. Remove slide from the jar and control slide from the moist
chamber and drain off PBS. Cover sections with secondary
anti-mouse antibody diluted 1:200 and incubate in a moist
chamber for 45 min.

10. Wash all slides 3� in PBS for 15 min.
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11. Add Hoechst solution to sections for 5 min for nuclear
staining.

12. Wash slides in PBS briefly. Dry around sections and place a
drop of anti-fade reagent (Fluoromount or any other commer-
cially available anti-fade reagent) and place a coverslip on the
sections.

13. View sections under a fluorescence microscope equipped with
appropriate filters (see Note 16).

14. If sections show autofluorescence then repeat the procedure
and after step 12 add Sudan Black B solution to sections
for 5 min and wash extensively in PBS before microscopy (see
Note 17).

4 Notes

1. Wear safety glasses and protective gloves. 2-Methylbutane will
start to freeze at the bottom of the beaker. Do not allow all of
the liquid to freeze.

2. Avoid stretching the muscle. Muscle bundles can be dissected
from larger thigh muscles such as the vastus muscle.

3. Swirl the muscle in 2-methylbutane. Freezing is complete
within seconds and the muscle will turn pale.

4. TA muscle should be transferred in a dewar with liquid nitro-
gen. Place the cryovial in the cryostat before labeling sections
to allow for temperature equilibration of the muscle (5 min).
Sectioning will be difficult if the muscle sample is too cold. All
metal instruments used to handle muscle samples should also
be placed in the cryostat. Label slides before sectioning.

5. The embedding medium will start freezing from the periphery
and the bottom and the muscle sample should be placed in the
immersion medium at this stage. If the embedding medium is
not cold enough then this will result in thawing artifacts.

6. Embedding medium must freeze completely (2–3 min) or the
muscle sample will fall off the disc during sectioning. Enough
embedding medium should be used to secure the specimen.
However, excess embedding medium may result in poor qual-
ity sections.

7. The muscle sample may be trimmed with a blade till larger
sections are obtained.

8. Glass slides should be at RT. Suitable microscopy slides would
be SuperFrostPlus slides from Menzel-Gl€aser (Braunschweig,
Germany).

9. Sections can be stored at �20 �C for a fortnight or at �80 �C
for longer periods.
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10. The slides should be in an oblique position. If several slides are
to be processed then avoid crowding of slides and repeat boil-
ing with fewer slides. Frozen sections must be allowed to thaw
at RT for at least 5–10 min. This method of background
reduction should only be used if monoclonal mouse antibodies
are used on mouse sections. This background is caused by
reaction of secondary anti-mouse antibodies to endogenous
immunoglobulins and binding of the Fc-fragment of second-
ary antibodies by tissue components resulting in high intercel-
lular background. This background is abolished by boiling
sections. The primary antibodies used on boiled sections
must also bind to the denatured target protein.

11. Importantly, background staining differs between mouse
strains and between organs. Brain tissue has negligible anti-
body binding compared to skeletal muscle and it is best to test
for secondary antibody binding before boiling sections. Fur-
thermore, not all target proteins are detectable after boiling of
sections either because epitopes are irreversibly destroyed or
target proteins are leached out of tissue on boiling. Mouse on
mouse blocking kits are commercially available for such pro-
teins or, if available, polyclonal antibodies or rabbit monoclo-
nal antibodies should be used. Washing of sections in 1%
Triton-X-100 in PBS for 30 min with gentle shaking at RT
may restore immunoreactivity of some epitopes.

12. Boiling of sections is also a physical method for antigen fixation
and if this method is not used then sections must be fixed first.
There is no single optimal method for tissue fixation. Ice cold
methanol or acetone or acetone–methanol mixtures may be
used. Skeletal muscle may be fixed in 4% paraformaldehyde,
which also conveniently reduces background staining. How-
ever, not all antigens (such as dystrophin) are detected by
conventional staining methods, even after heat-induced epi-
tope retrieval.

13. Do not make the hydrophobic barrier too close to the section
or apply to slides before boiling.

14. Non-immune or “normal serum” from the animal species in
which the secondary antibody was raised should be used to
block sections. Albumin may also be used to block such unspe-
cific protein–protein interactions, may however increase
autofluorescence.

15. Controls for the specificity of staining with primary antibody
may be carried out by replacing primary antibody with normal
serum from the animal species in which the antibody was raised
or by using commercially available antibody isotype controls.

16. Images are captured by a digital camera and processed with
Adobe Photoshop (Adobe System). Only linear adjustments
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for contrast should be made. Ideally, a bright green staining of
the sarcolemma is present. Nuclei are stained blue. The control
section (secondary antibody control) should be negative. High
background is not encountered if this protocol is adhered to.
High background present when using other anti-dystrophin
antibodies or antibodies to a different target protein may be
reduced by:

– Optimizing dilution of primary and secondary antibodies
(reduction in the concentration of secondary antibodies
may even increase specific staining intensity).

– Increasing the number of washes with PBS.

– Decreasing incubation times.

– Incubation at 4 �C overnight with (optional) higher dilu-
tions of primary antibody.

– Using monoclonal antibodies instead of polyclonal
antibodies.

– Using cross-absorbed polyclonal antibodies.

– Using affinity purified monoclonal antibodies.

17. Autofluorescence is the natural fluorescence of tissues and
shows a broad emission spectrum. It may be difficult to distin-
guish between autofluorescence background and specific spec-
tra of fluorophores. Lipofuscins (especially in brain tissue),
flavins, elastins, and collagens may contribute to autofluores-
cence. Aldehyde fixation of tissues increases background auto-
fluorescence especially if glutaraldehyde is used. Boiling of
sections as described here tends to decrease autofluorescence.
Oxidative skeletal muscle fibers show a dull green autofluores-
cence and the bright fluorescence signal of green fluorophores
is normally easily distinguishable, thus obviating the need for
quenching with Sudan Black. Low background autofluores-
cence is almost always present and muscle fascicles, blood
vessels, and nerves can be easily identified and aid in
orientation.
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