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    Chapter 2   

 The Basics of 2D DIGE       

         Phil   Beckett         

  Abstract 

 The technique of two-dimensional (2D) gel electrophoresis is a powerful tool for separating complex 
mixtures of proteins, but since its inception in the mid 1970s, it acquired the stigma of being a very diffi -
cult application to master and was generally used to its best effect by experts. The introduction of com-
mercially available immobilized pH gradients in the early 1990s provided enhanced reproducibility and 
easier protocols, leading to a pronounced increase in popularity of the technique. However gel-to-gel 
variation was still diffi cult to control without the use of technical replicates. In the mid 1990s (at the same 
time as the birth of “proteomics”), the concept of multiplexing fl uorescently labeled proteins for 2D gel 
separation was realized by Jon Minden’s group and has led to the ability to design experiments to virtually 
eliminate gel-to-gel variation, resulting in biological replicates being used for statistical analysis with the 
ability to detect very small changes in relative protein abundance. This technology is referred to as 2D 
difference gel electrophoresis (2D DIGE).  
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 Two-dimensional (2D) gel electrophoresis allows for the simulta-
neous separation of thousands of proteins and was pioneered by 
O’Farrell  (  1  ) , utilizing a denaturing environment. The technique 
separates the proteins based on their charge in the fi rst dimension 
using isoelectric focusing (IEF), where the proteins will migrate to 
their isoelectric point (pI). In the second dimension, the proteins 
are separated based on molecular weight by the use of classical 
SDS-PAGE  (  2  ) . The traditional use of carrier ampholytes to estab-
lish the pH gradient in the fi rst dimension led to a number of 
issues, most notably the lack of reproducibility. This resulted in the 
development of immobilized pH gradients  (  3  ) , leading to com-
mercially available precast gels for the fi rst dimension that allowed 
for enhanced reproducibility (since they do not rely on carrier 

  1.  Introduction
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ampholytes to establish the pH gradient). Despite this increase in 
reproducibility, there were still problems with gel-to-gel reproduc-
ibility requiring the use of technical replicates to remove artifacts 
of experimental variation. This can result in a prohibitive number 
of gels, especially for complex experimental designs. 

 A breakthrough in 2D gel electrophoresis arrived with the 
introduction of the ability to multiplex fl uorescently labeled pro-
teins on the same gel  (  4  ) . This technique is referred to as 2D dif-
ference gel electrophoresis (2D DIGE) (see reviews  ( refs.  5–  7  ) ). 
The fl uorescent dyes used are specially modifi ed cyanine dyes 
(CyDye™ DIGE fl uors) which are matched for molecular weight 
and charge and provide a useable dynamic range of up to 4 orders 
of magnitude. There are two approaches to the labeling; the most 
common approach is termed minimal labeling, where the dye binds 
to a restricted number of lysine residues. For certain samples an 
alternative approach termed saturation labeling is used, where the 
dyes bind to all of the accessible cysteine residues. 

 The minimal dyes (Cy™2, Cy3, and Cy5) all have an approxi-
mate molecular weight of 450 Da and carry a +1 charge (this 
replaces the +1 charge of the lysine resulting in no overall change 
to the pI). The dye-to-protein ratio is controlled such that only a 
small percentage of the total available lysine population is labeled 
with the CyDye to avoid multiple labels per protein. By utilizing 
size- and charge-matched dyes, the labeled proteins will comigrate 
on the 2D gel and allow precise image overlay from each sample. 

 For the saturation dyes (Cy3 and Cy5) the opposite strategy is 
used for labeling. The dye and reductant concentrations are opti-
mized to ensure that all the reduced cysteine residues are labeled 
with the CyDye, resulting in an increase in signal. These dyes have 
a molecular weight of 680 Da and are neutrally charged. Samples 
labeled with saturation dyes will exhibit altered spot migrations 
due to the number of cysteines present and will thus display a dif-
ferent spot pattern compared to the minimal labeling approach. 
However, the samples within the same gel will comigrate such that 
differential analysis can still be performed. 

 Running differently labeled samples in a single gel and analyz-
ing the resulting images can provide possible proteins of interest. 
However, to allow for biological variation the use of biological 
replicates for statistical confi dence is necessary, so multiple gels still 
need to be run. To overcome the problems of gel-to-gel variation, 
one of the dyes is used to label a pooled internal standard (some-
times referred to as a pooled internal reference) (see Fig.  1 ). The 
pooled internal standard is comprised of all the potential detect-
able proteins in the experiment such that it is a combination of 
equal aliquots of each of the samples to be analyzed (see Table  1 ). 
The virtual elimination of gel-to-gel variation (coupled with 
multiplexing) now allows for the running of biological replicates 
such that the number of gels to be run is dramatically reduced 
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compared to classical detection techniques  (  9  )  (see Fig.  2 ). The 
2D DIGE system benefi ts from the pooled internal standard in 
several ways; it is used to help normalize the signal between and 
within each gel by comparing the ratio of each labeled protein spot 
to the internal standard and then to the same protein spot in the 
other gels. In addition, the pooled internal standard is used as a 
standard map to match protein spots across multiple gels since all 
of the spots in the internal standard should be present across all of 
the gels.    

  Fig. 1.    Workfl ow for a minimal CyDye labeling experiment. After CyDye labeling, the three samples are separated on the 
same 2D gel and then imaged for the resulting fl uorescence associated with each CyDye. Permission to reproduce from 
Westermeier and Scheibe  (  8  ) .       

   Table 1 
  Experimental design for a minimal labeling experiment, 
incorporating a dye swap and including a pooled internal 
standard (standard). This scenario allows for looking at two 
different conditions: 1 and 2   

 Cy2  Cy3  Cy5 

 Gel 1 
 Gel 2 
 Gel 3 
 Gel 4 

 Standard 
 Standard 
 Standard 
 Standard 

 Sample 1a 
 Sample 2c 
 Sample 1c 
 Sample 2a 

 Sample 2d 
 Sample 1b 
 Sample 2b 
 Sample 1d 

 Standard = s1a + s1b + s1c + s1d + s2a + s2b + s2c + s2d 

  The letters  a ,  b ,  c,  and  d  denote biological replicates  
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 It is important with this technique that the three fl uorescent 
dyes (Cy2, Cy3, and Cy5) are imaged with an appropriate device 
that can not only independently excite these fl uors but is also able 
to distinguish between the three resulting spectra and avoid any 
cross talk issues, which would interfere with quantifi cation. A laser 
scanner capable of blue, green, and red excitation and equipped 
with the appropriate band pass fi lters for the corresponding emis-
sion is highly recommended. Also, a suitably designed image analy-
sis software package should be used to perform the required 
calculations  (  7  ) . In particular, the software’s ability to properly 
handle the codetection of the images within each gel, and the nor-
malization against the internal standard, will infl uence the accuracy 
and reliability of the quantifi cation. 

 Since the inception of 2D DIGE in 1997, there are now over 
2,500 papers (as of May 2011, Ishida Y, GE Healthcare, personal 
communication). Many types of samples have been investigated 
using this technique, including a wide range of plant and animal 
species  (  7  ) . Recently, advances have been made in furthering the 
utility of the technique by exploring niche applications. Such 
examples include cell surface labeling  (  10–  12  ) , reduced vs. nonre-
duced states  (  13  ) , host cell protein monitoring  (  14  ) , and samples 
from laser microdissection  (  15  ) , to name but a few.  

Traditional 2D gel electrophores is (Silver, Coomassie, SYPRO Ruby,
Deep Purple)

Need gel replicates and biological replicates.
Minimum needed for statistics is 3 of each.
No. of gels (N) = no. of samples (y) x 3 (biological reps.) x 3 (gel reps.)
N = y x 3 x 3
Example 1: control versus treated (y = 2);
N =2 x 3 x 3 = 18 gels.
Example 2: control versus treated versus treated+drug (y=3);
N =3 x 3 x 3 = 27 gels.

2D DIGE (Minimal Labeling)

Only need biological replicates (since gel-to-gel variation is virtually
eliminated with this technique).
Minimum needed for statistics is 3 - but to properly enable reverse labeling 4
is recommended. The multiplexing capability allows three samples per gel
(one of these is the internal standard so two real samples are run per gel).
No. of gels (N) = no. of samples (y) x 4 (biological reps.) N = y x 4

2 (since two samples on each gel)      2
Example 1: control versus treated (y = 2);
N=2 x 4= 4 gels.

2
Example 2: control versus treated versus treated+drug (y=3);
N=3 x 4= 6 gels.

2

  Fig. 2.    Calculation for the minimum number of gels to be run for a traditional 2D experi-
ment compared to a 2D DIGE experiment.       
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 The use of high-quality electrophoresis/proteomic-grade chemicals 
is paramount to achieving successful experiments with resulting 
identifi cations—this is especially true of the quality of the water 
used in all buffers and solutions and should be of 18 M Ω  or less. 

      1.    Rehydration buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 
40 mM dithiothreitol (DTT), 0.5% (v/v) carrier ampholyte.  

    2.    Immobilized pH gradient (IPG) strips (see  Note 1 ).      

      1.    SDS equilibration buffer: 6 M urea, 30% glycerol, 2% sodium 
dodecyl sulfate (SDS), 0.002% bromophenol blue, 75 mM Tris–
HCl, pH 8.8 (step 1: DTT followed by step 2: iodoacetamide).  

    2.    SDS gel: acrylamide (10%), bisacrylamide (3%), SDS (0.1%), 
ammonium persulfate, TEMED, 0.37 M Tris–HCl, pH 8.8 
(see  Note 1 ).  

    3.    SDS running buffer: 25 mM Tris-base, 192 mM glycine, 0.2% 
SDS.  

    4.    Bind-Silane (see  Note 2 ).      

      1.    CyDye DIGE fl uors (Cy2, Cy3, and Cy5).  
    2.    Dimethyl formamide (DMF) (see  Note 3 ).  
    3.    Labeling buffer: 7 M urea, 2 M thiourea, 4% CHAPS, 30 mM 

Tris–HCl, pH 8.5.  
    4.    10 mM lysine.  
    5.    pH test paper 7.5–9.5 (see  Note 4 ).  
    6.    50 mM NaOH.      

      1.    Ethanol.  
    2.    Glacial acetic acid.  
    3.    Deionized water.  
    4.    Fluorescent stain (e.g., Deep Purple™, SYPRO ®  Ruby).      

      1.    First dimension electrophoresis unit.  
    2.    Second dimension electrophoresis unit.  
    3.    Power supply.  
    4.    Temperature controlled recirculating water bath.  
    5.    Ice bucket/ice.  
    6.    Imaging device (laser scanner).  
    7.    Analysis software.       

  2.  Materials

  2.1.  First Dimension 
of 2D Electrophoresis

  2.2.  Second Dimension 
of 2D Electrophoresis

  2.3.  Labeling (Minimal 
Dye Approach)

  2.4.  General Reagents

  2.5.  General Apparatus
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 This protocol describes minimal labeling. Full details for perform-
ing a saturation labeling experiment can be found in the associated 
product booklet  (  16  ) . 

  The sample is prepared as for classical 2D gel electrophoresis  (  17  ) , 
except that primary amines, carrier ampholytes, and thiols are 
omitted from the buffers. It is then usual to concentrate the result-
ing sample (e.g., by precipitation) and resuspend it in labeling 
buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 30 mM Tris–
HCl, pH 8.5) to a concentration of between 5 mg/mL and 10 mg/
mL (though 1 mg/mL to 20 mg/mL have been successfully used) 
(see  Note 5 ). The pH of this resulting sample is then checked with 
pH test paper such that the pH is between 8 and 9 (and adjusted 
with 50 mM NaOH if necessary). If the pH is below 8.0, then the 
dye will not bind, and if the pH is over 9.0, then multiple dyes can 
bind to the protein or to different amino acids. 

 The internal standard is prepared by pooling together equal 
aliquots of all the biological replicates in the experiment (see 
Table  1 ).  

  The labeling protocol  (  18  )  involves the resuspension of each lyo-
philized CyDye in DMF to create a stock solution of 1 mM. To 
limit any effects of photobleaching on the fl uors, all subsequent 
steps are performed in the dark. 

 The dye-to-protein ratio is controlled at 400 pmol of dye to 
50  μ g of protein (though 100–1,000 pmol have been successfully 
used)—bulk labeling can also be performed by keeping this ratio 
constant. It is recommended to label the pooled internal standard 
with the Cy2 dye and then to perform a dye swap with each of the 
sample types in the experiment such that an equal number are 
labeled with Cy3 as with Cy5 (see Table  1 ; Notes 6 and  7 ). The 
labeling reaction is performed on ice for 30 min, and then, the 
labeling reaction is terminated by the addition of lysine to quench 
any unreacted dye (for 10 min on ice).  

  The labeled samples are mixed appropriately for loading onto the 
fi rst dimension IPG strips, either by in-gel rehydration, cup load-
ing, or paper-bridge loading  (  17  ) . The samples are made up to the 
correct volume for sample loading ensuring that the fi nal buffer 
concentrations are 7 M urea, 2 M thiourea, 4% CHAPS, 0.5% car-
rier ampholyte, and 40 mM DTT. 

 Standard IEF separation protocols are subsequently followed 
 (  17  ) . After the fi rst dimension a two-step equilibration procedure 
is performed. This procedure saturates the IPG strip with the 
SDS buffer system required for the second dimension separation. 

  3.  Methods

  3.1.  Sample 
Preparation

  3.2.  Sample Labeling

  3.3.  2D Gel 
Electrophoresis
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The equilibration solution contains urea, glycerol, reductant, SDS, 
and tracking dye. The second equilibration step replaces the reduc-
tant with iodoacetamide to alkylate the reduced cysteine residues. 
The strips are then sealed with agarose on to the top of the second 
dimension gel and then separated for molecular weight by classical 
SDS-PAGE.  

  If the gel is to be imaged while still between the glass plates or 
attached to a plastic backing, then the glass or plastic must have 
low fl uorescent properties to minimize any background issues 
(autofl uorescence) that could compromise quantifi cation. 

 The gels are imaged with a suitable fl uorescent imager that is 
capable of exciting the three dyes independently and has the neces-
sary band pass fi lters to avoid cross talk (see  Note 8 ). 

 The image capture is then performed as described in the instru-
ment manual, with the following guidelines:

   (a)    The fi nal image is scanned at 100- μ m resolution.  
   (b)    The fi le format should be a 16 bit .tif (or similar).  
   (c)    Steps should be taken to avoid introducing any fl uorescent 

particles (dust, lint, etc.).  
   (d)    The gel images should fi rst be prescanned using a short-

exposure or low-resolution setting so that the fi nal image 
capture settings can be optimized to avoid saturation while 
taking advantage of the full dynamic range.      

  Each gel set (three images) should be cropped to remove any areas 
that are redundant from the analysis (such as the dye front and IPG 
strip) that may interfere with spot detection and normalization. 
The cropping should be performed to keep similar spot patterns 
the same rather than using similar sized crop areas. The analysis 
software should allow for the use of the pooled internal standard to 
facilitate the normalization and spot matching procedures. It is 
usual for the software to incorporate some statistical tools to allow 
for the assignment of spots of interest that can then be exported as 
a pick list. These protein spots can then be excised for further anal-
ysis, such as by mass spectrometry to identify the protein.  

  For spot picking, it is necessary to poststain a designated gel with 
a total protein detection system (e.g., silver, Coomassie ® , or ide-
ally a fl uorescent stain such as Deep Purple or SYPRO Ruby) (see 
 Note 9 ). 

 The reason for this procedure is that if the original CyDye spot 
coordinates were used, then there is the possibility that only the 
protein with the dye attached will be picked (a small percentage of 
the total protein) as this has an approximate 450-Da molecular 
weight shift to a higher position in the gel (this is the same for all 
three dyes). The bulk of the protein lies at a slightly lower molecular 

  3.4.  Gel Imaging

  3.5.  Image Analysis

  3.6.  Gel Processing 
for Spot Picking
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weight and will be more of an issue for the lower molecular weight 
proteins, but this procedure should be performed as standard prac-
tice. Spots of interest can now be matched to the pick gel image by 
using the analysis software. The pick gel can be run as a separate 
preparative gel on its own, or extra unlabeled protein (made up as 
for the internal standard) can be added equally to all of the analyti-
cal gels such that each gel is then a potential pick gel.  

  The excised protein spot can be enzymatically digested (usually 
with trypsin), and the resulting peptides can be analyzed with a 
mass spectrometer. The most commonly used techniques include 
matrix-assisted laser desorption/ionization (MALDI) or electro-
spray ionization (ESI) mass spectrometry (MS). Once a protein 
has been identifi ed by MS, it can be very useful to verify its identity. 
This can be achieved by Western blotting if an antibody is available 
against the target of interest. Western blotting combined with a 
2D gel can be a very powerful approach since an SDS-PAGE gel 
alone will not detect the posttranslational modifi cations that result 
in different charge forms of the same protein being present. If 
blotting an actual 2D DIGE gel from an experiment, it is impor-
tant that the reporter molecule should not interfere with the signal 
from the CyDyes such that the antibody can be linked to an enzyme 
(such as horse radish peroxidase, HRP) for chemiluminescent 
detection or the antibody can be linked to an infrared reporter 
molecule. It must be remembered that the total protein from con-
trol, treated, and internal standard will now be detected, so this 
approach is more useful for confi rmation of location and identifi ca-
tion. However, if using a two-dye system (see  Note 6 ) for the 
DIGE experiment (e.g., Cy 3 and Cy5), then the third dye (Cy2) 
could be used as a reporter molecule on the primary or secondary 
antibody.   

 

     1.    Reproducibility of spot patterns can be facilitated by the use of 
precast gels for both the fi rst and second dimension.  

    2.    To facilitate accurate spot picking, it is strongly recommended 
to immobilize the gel to prevent swelling or shrinking during 
the staining procedure. This can be achieved by treating one of 
the two low fl uorescent glass plates (one pair of plates is used 
per gel) with Bind-Silane. Another approach is to use a low 
fl uorescent plastic-backed gel. 

 Reference markers can be attached to the support surface 
prior to gel casting or imaging to enable more accurate spot 
picking with robotic instrumentation—these markers will serve 

  3.7.  Spot Processing 
and Identifi cation

  4.  Notes
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as “anchor points” such that the pixel coordinates from the 
software can be accurately converted to picking coordinates.  

    3.    DMF is used to reconstitute the CyDye and should be anhy-
drous. Poor-quality DMF will result in reduced labeling effi -
ciency and reduced shelf life for the dyes. Water accumulation 
and amine-containing byproducts can be avoided by the addi-
tion of a 4 Å molecular sieve (cat. no. M2635, Sigma-Aldrich ® ) 
to absorb these impurities and the water.  

    4.    Wider pH range test papers are not accurate enough.  
    5.    The initial determination of protein concentration should be 

verifi ed using an assay that is compatible with the reagents that 
are used in classical 2D gel electrophoresis. Chemicals such as 
urea and DTT can interfere with standard protein assays. 
Labeling should be performed at the same protein concentra-
tion across all the samples in the experiment.  

    6.    The incorporation of a dye swap in a 3-dye approach negates 
any chance for dye bias. Utilizing a 2-dye approach will also 
negate this dye bias  (  19  ) .  

    7.    Please see the paper by Karp et al.  (  19  )  for a discussion on how 
many replicates should be run in an experiment. Another paper 
by Karp et al. discusses when pooling or subpooling of samples 
can be employed  (  20  ) .  

    8.    For the minimal labeling CyDyes, see also Table  2 .  
 Cy2 has an excitation maximum at 491 nm and emission max-

imum at 509 nm. 
 Cy3 has an excitation maximum at 553 nm and emission max-

imum at 569 nm. 
 Cy5 has an excitation maximum at 645 nm and emission max-

imum at 664 nm.  
    9.    The gel should only be fi xed (usually in a combination of acid 

and alcohol) after the gel has been imaged since the use of 
ethanol can interfere with the fl uorescent properties of the 
CyDyes. The gel should not be fi xed if Western blotting will be 

   Table 2 
  The colors related to the different CyDyes used in a minimal 
labeling experiment   

 CyDye  Reagent color  Laser excitation  Emission fl uorescence 

 Cy2  Yellow  Blue  Green 

 Cy3  Red  Green  Orange 

 Cy5  Blue  Red  Red 
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performed. If the gels need to be stored prior to scanning, 
then they can be kept under SDS running buffer in a light-
tight container at 4°C. It is recommended to allow the gels to 
warm up to room temperature before imaging, as fl uorescent 
intensity is temperature dependent. The ethanol used should 
be free of hexanes or other nonalcohol organic solvent impuri-
ties that can contribute to background fl uorescence.          
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