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 Preface: Evolutionary Nature 
of the Proteomic Revolution 
 Gary B. Smejkal and Alexander V. Lazarev 

 For the past decade we have witnessed success and broad adoption of proteomic 
techniques, fueled by rapid innovations in mass spectrometry and bioinformatics. 
Proteomics is currently applied to the discovery of new protein biomarkers of dis-
ease, 1,2  toxicity, 3  and drug effi cacy. 4  Recently, numerous attempts were undertaken 
to use proteomic analysis workfl ow in early diagnostics. 5  Proteomics, in conjunction 
with gene expression and metabolic profi ling, forms the foundation of a systems 
biology approach to understanding and modeling fundamental mechanisms of life, 
essentially driving biology closer to the realm of exact sciences. 6  

 Regardless of its wide adoption, proteomics is a constantly evolving fi eld. It is 
interesting to note, that while instrument development has received enormous atten-
tion in recent years, the separation techniques used for analysis of proteins have 
remained fairly conservative. However, the debates on which separation technique is 
best suitable for proteomic analysis continue to stir the scientifi c community. 

 There are generally three distinct directions in proteomics. The fi rst approach, 
the historical two-dimensional gel electrophoresis (2DE) approach, well regarded 
for its resolving power, massively parallel separation, quantitative nature, and instant 
visualization of thousands of protein species, including distinct posttranslationally 
modifi ed protein isoforms, has been criticized for the labor-intensive process and the 
lack of reproducibility. 

 The second approach, based on variations of multidimensional chromatography, 
apparently is easier to automate, although analysis typically takes longer due to the 
serial nature of the separation process. 

 The third emerging approach calls for using various microarray technologies 
for protein profi ling, primarily driven by the diagnostic factions of proteomics. 5,7,8  
Because this approach does not typically utilize any separation techniques at the time 
of analysis, it will not be covered in this book. 

 There are several permutations of the fi rst and second approach being reported 
from time to time. These methods generally combine the chromatography and elec-
trophoresis steps, either an ion-exchange chromatography fractionation followed by 
a one-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) or isoelectric focusing followed by a reverse phase chromatography. 9–12  

 Separation steps are typically coupled with either rapid matrix-assisted laser-
desorbtion ionization-time of fl ight (MALDI-TOF) peptide mass fi ngerprinting 
(PMF) or more versatile electrospray ionization-tandem mass spectrometry (ESI-
MS/MS) protein identifi cation. 8  
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 It is now becoming apparent that all of the approaches described above are 
optimized for particular applications or user preferences and should be considered 
complimentary to each other. As high-end tandem instruments capable of accurate 
mass determination and data-dependent analysis of posttranslational modifi cations 
become affordable, diversity of liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) techniques allow automated data acquisition and confi dent protein 
identifi cation from complex samples. On the other hand, considering the wide 
adoption of proteomic techniques by biochemists, electrophoresis is still arguably 
the most frequently used method of protein separation to date. 

 “2D OR NOT 2D?” 

 That was the question posed in Shakespearian satire by Fey and Larsen in a  Current 
Opinions in Chemical Biology  review article published in 2001. 13  This marked a 
period that seemingly began a movement away from 2DE, or at least an attempt by 
some researchers to avoid using it. 

 However, as one of the major contributors to the fi eld of protein separation, Pier 
Giorgio Righetti, has recently illustrated in his review of the history of electropho-
resis, 14  this technology is a prolifi c area of research and remains an integral part of 
proteomic analyses today and most likely for some time to come. 

 In the past, the technique was viewed as procedurally complex, highly irre-
producible, and incapable of eliciting all of the protein constituents of a proteome, 
particularly low abundance and membrane proteins. For years, there were concerns 
expressed by many groups that subpopulations of proteins, such as hydrophobic 
membrane proteins, possibly clinically signifi cant biomarkers, or targets of thera-
peutic treatment, might not be accurately represented in the two-dimensional (2D) 
array. This criticism has been largely dismissed by recent critical advances in 2DE, 
a technique 30 years old, but still in its formative years. For example, the implemen-
tation of neutral pH buffer systems has made possible the commercial mass produc-
tion of stable polyacrylamide gels making the second dimension of electrophoresis 
both reproducible and procedurally benign. Likewise, the refi nement of immobilized 
pH gradients has eliminated the problems inherent to carrier ampholyte-driven iso-
electric focusing (IEF) and because the pH gradient is insusceptible to drift, proteins 
are resolved reproducibly along the x-axes of the 2D array. 

 Some efforts have been made to increase the capacity of 2DE for resolving the 
entire protein content of cells. The synthesis of linear sulfobetaine surfactants has facil-
itated the isolation of even the most recalcitrant membranes proteins, and it is this seg-
ment of the cellular proteome that is often thought to represent the majority of potential 
drug targets. Zwitterionic detergents have replaced the nonionic ones used earlier for 
protein solubilization. It is the increased stringency of these new surface reactive agents 
that not only enables the isolation of membrane associated proteins, but ensures their 
solubility is maintained during the fi rst dimension of electrophoresis. 

 It is the purpose of this volume, nearly two years in the making, to provide a 
comprehensive overview of the separation methods currently employed in proteomic 
analyses. 
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 Regardless of the chosen analytical approach, a common concern of missing the 
low abundance components of the proteome still remains prevalent in proteomics. 
Hence, the need for complexity reduction prior to proteomic analysis remains the 
most popular paradigm at the moment. 

 The fi rst section of this book deals with sample preparation. It includes several 
descriptions of immunological depletion of high-abundance proteins, specifi cally 
from plasma and sera, but applicable to any species for which there are available 
antibodies. As communicated in subsequent chapters, the complexity of proteomes 
can be diminished by fractionation into smaller, less complicated “subproteomes” 
that can be analyzed individually. Ion-exchange chromatography, free fl ow electro-
phoresis (FFE), and solution-phase IEF are all such “divide and conquer” strategies 
for the isolation of disparate fractions of defi ned isoelectric point (pl) intervals from 
complex samples. 

 Several applications to specifi c areas of research are described in the following 
chapters. These chapters provide valuable insights, often derived empirically, for sev-
eral representative samples. For example, the extraction of proteins from myelinated 
tissues such as the optic nerve as described by Bhattacharya et al.   (Chapter 9), indeed 
a challenge in terms of sample preparation, will prove invaluable to the researcher 
trying to elucidate proteins from recalcitrant samples that are resistant to usual solu-
bilization schema. 

 Reduction and alkylation of protein disulfi des is reviewed in Chapter 12 by 
Bai et al. who prescribe new reagents that alkylates nearly 100% of the cysteines. 
Further, this chapter explains the rationale of reduction and alkylation before IEF, 
further improving the reproducibility of 2DE separation. 

 In recent years, rapid development of novel, more affordable mass spectrometry 
instrumentation capable of producing data of high-mass accuracy at great resolution, 
has strengthened the idea to alleviate the need for high-quality separations prior to 
analysis, shifting the burden of separation onto a mass spectrometer. 

 Several comprehensive reviews have been written recently on using automated 
liquid-phase separation methods. 15–21  We allocate three chapters of this book to cover 
some of the new trends in chromatographic separations coupled with mass spec-
trometry, such as a utility of accurate mass determination to enable identifi cation of 
proteins in complex mixtures, creative methods combining classical top-down and 
bottom-up approaches to assure reliable automated protein identifi cation, and the 
novel, promising area of high-resolution monolithic capillary columns. 

 Many approaches have been developed to challenge the most famous claim 
of 2D gels, an ability to quantitatively assess protein expression, by development 
of mass spectrometric methods for relative 22–24  or absolute 25  quantifi cation of dif-
ferentially expressed proteins. However, most successful efforts on automated 
LC-MS/MS methods are still being pursued by a fairly small community of tech-
nology champions and frequently are applicable to the samples of relatively low 
complexity. It is also important to note that one of the biggest adoption barriers 
for quantitative LC-MS/MS and multiple permutations of classical Multidimen-
sional Protein Identifi cation Technology (MudPIT) techniques has been related 
to the bottlenecks in data analyses such as limitations of commercially available 
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software tools to handle reliable automated data-dependent data acquisition, pro-
tein identifi cation, and validation of the results thus obtained applicable for the 
analysis of complex biological samples. 26  

 Recent advancements in functional proteomics call for shifting the experi-
mental efforts to the detection of protein interactions. Conventional approaches to 
protein isolation and analysis portrays proteins in their “naked,” unnatural form 
and completely ignores protein-DNA, protein-lipid, and protein-carbohydrate 
interactions of biological relevance. It is this growing interest in protein interac-
tions that will be the impetus for the development of new technologies capable 
of analyzing proteins in their native state. Accordingly, two chapters in this book 
discuss the application of nuclear magnetic resonance (NMR) for the analysis of 
such interactions. 

 We truly believe that proteomics is yet to bring its best results. The “Proteomic 
Revolution” all of us have been waiting for is fi nally over. Proteomics is now widely 
accepted as one of the essential techniques for biomarker discovery. Now it is the 
time for the evolutionary process: selection of the best, most successful technologies 
that can deliver high-quality knowledge in our quest for understanding life. 
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 1.1 INTRODUCTION 

 It was announced in 2001 that the human genome had been sequenced, thus heralding 
a new era for biological research.1,2 However, the sequenced genome didn’t provide 
information about protein species in cells and tissues. Consequently, focus then 
shifted to the intricate interactions and roles of proteins in cells—that is, to a new 
fi eld called proteomics.  Proteomics  by defi nition is the systematic determination 
of protein sequence, quantitation, modifi cation state, interaction partners, activity, 
subcellular localization, and structure in a given cell type at a particular time.3 
There are an estimated 30,000 to 40,000 human genes. However, the old canonical 
defi nition of “one gene, one protein” is no longer valid. One gene does not neces-
sarily produce one protein. Many genes are made up of a series of substructures, 
or exons, that can be combined in different ways to give rise to a diverse series of 
similar proteins that have distinctly different functions. Once proteins are made, 
many of them can be modifi ed by phosphate, carbohydrates, or lipids with differ-
ent structural confi gurations, thus adding to the complexity to understanding the 

 1 
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action and relationship of proteins. A comparable study of the protein version of 
the genome, the proteome, must deal with approximately 30,000 genes that can be 
rearranged to yield the more than 800,000 proteins, which can then be modifi ed 
with over 300 different submolecular entities. 

 Proteomics must defi ne which proteins are produced in a certain type of cell at 
a specifi c time, how they are modifi ed, where they reside, in what form they associ-
ate  in vivo,  and most importantly, how the protein or protein complexes function. 
A key to the success of proteomic analysis is to instantaneously release all the pro-
teins from cells or tissues while retaining their native confi gurations and biological 
activities. 

 The fi eld of systems biology, which includes proteomics, is now rapidly advanc-
ing through basic biological research, pharmaceutical development, and clinical 
diagnostics—all helped by progress in genome sequencing and bioinformatics. To 
this end, improved instrumentation is needed to facilitate rapid data generation in 
proteomics studies. Many texts about proteomics often give a cursory overview of 
the preparatory steps in analyses, although the effi cient release of proteins from cells 
and tissues is a critically important fi rst step in most analytical processes (regardless 
of whether studies involve human or animal physiology, medicine, agriculture, or the 
environment) because the quantity and quality of extracted material can profoundly 
affect the success of the downstream applications. Many publications devoted to pro-
teomics focus on the advancement of analytical tools, such as two-dimensional (2D) 
gel analysis, mass spectrophotometry, and data mining, and on the need for contin-
ued improvement and development in these key areas. Rarely is there discussion of 
the need for improvements in methods of releasing proteins from cells and tissues. 
An important, underemphasized area that needs improvement is sample preparation, 
the fi rst step toward analysis, which is often the bottleneck that limits rapid discov-
ery in proteomic research. Many laboratories still rely on manual methods to release 
proteins, such as mortar and pestle grinding, or on semiautomated methods, such as 
bead beating, rotor-stator homogenization (PolytronTM), and sonication. The limita-
tions of these and other current techniques, as well as their inherent problems, are 
discussed later in this chapter. The major requirements for new instruments used 
for sample preparation include ( a ) solubilizing all cellular proteins, naturally occur-
ring protein complexes, or both; ( b ) preventing formation of improper aggregates; 
( c ) removing contaminants; ( d  ) quenching proteolytic enzymatic activities; and ( e ) 
achieving reproducibility. 

 This chapter focuses on a new sample preparation system developed by Pressure 
BioSciences Inc. (PBI), the Pressure Cycling Technology Sample Preparation 
System (PCT SPS). This system releases proteins from cells and tissues based on 
PBI’s proprietary Pressure Cycling Technology (PCT).4 The PCT SPS cycles pres-
sure between ambient and 35 kpsi (235 MPa) to control biomolecular interactions 
while releasing proteins from cells and tissues. This chapter describes the PCT SPS, 
the potential mechanisms of action of PCT, and the effects of pressure on proteins, 
presents data derived from the PCT SPS, and compares these data to data derived 
from other protein-release methods. Additional requirements may be the selective 
extraction of subset proteins, such as abundant protein-depleted samples. 
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 1.2 SAMPLE PREPARATION BY THE PCT SPS 
COMPARED TO TRADITIONAL METHODS 

 Currently many laboratories use manual grinding with a mortar and pestle, sometimes at 
liquid nitrogen temperature, to release cellular components.5 Other current mechanical 
or chemical methods include sonication, bead beating, French press processing, freezer 
milling, rotor-stator homogenization, enzymatic digestion, and chemical dissolution—
all of which have inherent limitations. These limitations include safety issues, potential 
for contamination, extended process time, lack of automation, and poor reproducibility 
or applicability to only a narrow range of tissue types.6 Sample preparation methods also 
carry the risk, to varying degrees, that they will perturb important naturally occurring 
complexes or relationships among the constituent molecules, making interpretation of 
data more diffi cult. 

 The PCT SPS comprises a pressure-generating instrument (Barocycler TM  NEP2017 
or NEP3229) and single-use, fully enclosed sample processing tubes (PULSE TM  
Tubes).7 Both Barocycler instruments (Figure 1.1) are capable of rapidly cycling 
hydrostatic pressure between ambient and up to 35,000 psi (235 MPa). Samples to be 
processed are placed inside the PULSE Tubes, the PULSE Tubes are placed inside the 
pressure chamber of the Barocycler instrument, and cycles of pressure are applied. Up 
to six PULSE Tubes can be processed simultaneously in the two reaction chambers of 
the Barocycler NEP2017; up to three PULSE Tubes can be processed in the one reac-
tion chamber of the Barocycler NEP3229. The ability to run multiple PULSE Tubes 
simultaneously allows the user to run assay controls with every sample preparation. 
The processing temperature can be controlled using an external circulating water bath, 
allowing for sample processing between 4 and 37°C.   

 The PULSE Tube, (Figure 1.2), is a single-use device designed for containing 
and processing the sample, and its unique design also allows for the transmission of 
pressure to the sample from the Barocycler instrument. It consists of a cylindrical 
body open at both ends, and in the middle of the Tube is a perforated lysis disk. The 
lysis disk is an intergral of the Tube body formed during the molding process. It sepa-
rates the PULSE Tube into two compartments, each with a specifi c function. Raw 
tissue samples are loaded into the sample chamber or ram end of the Tube. The ram, 
a polypropylene disk fi tted with two O-rings, is inserted after the sample is loaded to 
seal the sample chamber. Even with liquid samples, such as cell suspensions, the ram 
completely seals material in the Tube. The opposite end comprises the fl uid reten-
tion chamber into which processing buffers are typically introduced and from which 
extracted material is withdrawn. This end of the Tube is sealed with a threaded cap 
that also is fi tted with two O-rings. 

 Figure 1.3A shows the workfl ow of PCT SPS. The design of the PULSE Tube 
permits both collection and storage before proceeding to sample processing. 
Samples may be processed at the convenience of the researcher. After processing, 
the researcher may store the sample in the PULSE Tube for later analysis or con-
tinue with downstream applications. To initiate sample preparation, the researcher 
loads the assembled PULSE Tubes containing samples into the tube holder. When 
the sample, ram, lysis buffer, and cap are in place, the assembled PULSE Tubes are 
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FIGURE 1.1 (A) Barocycler NEP2017; (B) Barocycler NEP3229.
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FIGURE 1.2 An illustration of a 
PULSE Tube.

loaded into a tube holder. The holder is then placed into the pressure chamber, which 
contains sample chamber fl uid and has been equilibrated to a desired temperature. In 
operation (Figure 1.3B), pressure is applied in the chamber, and as the process moves 
toward equilibrium, the pressure difference between the fl uid in the pressure chamber 
and the interior of the Tube forces the ram to move toward the lysis disk, ultimately 
compressing the sample against the disk, which in turn forces the material through the 
lysis disk holes and into the fl uid retention chamber. During this process, the material 
is broken apart and mixes with the buffers that were placed in the PULSE Tube. When 
pressure is released, the ram rapidly retracts to near its starting point until pressure is 
again added. This action is repeated with additional pressure cycles. Cycle numbers 
and times may vary with the material being processed, but fi ve 1-minute cycles at high 
pressure with 15-second ambient intervals are usually suffi cient to release proteins 
from many cell suspensions and solid tissues. Chaotropic agents, buffers, or other 
chemicals such as detergents can be added to the sample processing chamber and used 
as lysis solutions in the PCT SPS. 
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 1.3 POTENTIAL MECHANISMS OF ACTION OF PCT 

 The PCT SPS has proven to be effective in the release of biomolecules from a wide 
variety of samples (Table 1.1). To this end, the mechanisms of action of PCT are 
being extensively studied. One must consider that PCT extraction is a multifactorial 
process with multiple variables that may signifi cantly contribute to the outcome of the 
process. Variables include pressure, temperature, buffers used, sample type, targeted 
complexes, and the design of the processing device. Five hypothetical mechanisms 

FIGURE 1.3 (A) The PCT SPS process; (B) one cycle of sample processing in a PULSE 
Tube.

DK3068_C001_r04.indd   8DK3068_C001_r04.indd   8 10/23/2005   7:59:16 PM10/23/2005   7:59:16 PM



Applications of Pressure Cycling Technology (PCT) in Proteomics 9

have been proposed for PCT extraction in PULSE Tubes: ( a ) rapid pressure changes 
that cause damage in cells and tissues in part by pressure shock waves or bubble col-
lapse; ( b ) pressure-mediated segmentation of tissue from larger into smaller pieces 
with the lysis disk and ram movement playing important roles; ( c ) solvation changes 
that in turn cause the dissociation of macromolecular complexes and the diffusion of 
molecules in a high-pressure environment during pressure cycles; ( d  ) possible phase 
changes during pressure changes (similar to a freeze-thaw process under atmospheric 
conditions), which result in protein release; and ( e ) solvent exchange across the cell 
membrane during pressure changes or solvent penetration into cellular compartments 
upon pressurization, which in turn induces sample extraction. We propose that the 
most important mechanism of action relates to the bubble collapse hypothesis, which 
is currently being investigated at PBI in collaboration with gas and fl uid physicists. 
However, it is possible, and even likely, that two or more of these mechanism are 
working in concert. 

 1.4 PCT AND PROTEIN STABILITY 

 The behavior of biosystems under high hydrostatic pressure is governed by Le 
Chatelier’s principle, which predicts that pressure favors processes accompanied 
by negative volume changes and that, conversely, pressure inhibits processes accom-
panied by positive volume changes. As with general chemical reactions, a pressure-
mediated reaction is governed by the Gibbs free energy change (� G ), which is a 
function of pressure and temperature, for example, d(� G ) � (� V )d p  � (� S )d T.  
When temperature is constant, volume changes determine the signs of free energy 
change or equilibrium of reactions under pressure. In cases of proteins and other 
biopolymers, because the packing of the atoms is not always perfect, Kauzmann 
proposed that the partial molar volume ( V

 i 
 ) of a protein in solution is composed 

of three components: atoms, cavities, and hydration (Equation 1.1).8 Pressure 
and temperature give rise to changes in cavities and hydration, but not to volume 

  TABLE 1.1 Samples Extracted for Total Protein by the PCT SPS 

Sample Group Examples Applications
Animal tissues Soft: rat liver, brain, kidney, lung ELISA, SDS-PAGE, Western blot, 

2D gel

Hard: rat and chicken skeletal muscle Western blot, SDS-PAGE

Plant tissues Soft: corn sprout SDS-PAGE, 2D gel

Hard: apple seed SDS-PAGE, 2D gel

Insects, small organisms Mosquito SDS-PAGE

Blood Blood, blood spot SDS-PAGE

Microbes Yeast, C. elegans SDS-PAGE, 2D gel

Mycobacteria sp., bacteria/spores SDS-PAGE, 2D gel
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change of atoms. Thus, at constant temperature, the derivative of the free energy 
change with respect to pressure in either protein folding or macromolecule ligand 
binding is the volume change of the reaction (Equation 1.2). Or, if pressure is 
applied to a system in equilibrium, the system will shift toward the side that occu-
pies the smallest volume. 

  
V V V Vi � � �atoms cavities hydration   (1.1) 

 

  
d G dp V

T T
� � �/( ) ( )  

 (  1.2)
  

 Volume change (compressibility) studies on proteins show the hydration prop-
erties of these biopolymers.9 It is diffi cult to predict the sign of � V  with respect 
to a specifi c protein or protein complex under pressure. As with heating, a protein 
pressure-temperature phase diagram (typically ellipse shaped) predicts that protein 
denaturation occurs at elevated pressure. Unlike thermodenaturation, the kinetics 
of pressure denaturation is dependent on pressure range, rate of compression and 
decompression, and the time period of exposure. 

 For many applications in proteomics, native protein structures and their enzy-
matic activities must be preserved for analyses. In theory, the native and biologically 
active conformation of a protein may be preserved only when the sign of volume 
changes  ( � V

 i 
 ) of molecules between low and high pressures is negative. Since 

pressure changes in the PCT SPS can be more rapid and uniform than temperature 
changes in similar reactions, it may be possible that proteins retain native conforma-
tion and activity. Under typical PCT SPS conditions, when the pressure is at 35 kpsi 
(235 MPa) or less, no damage or breakage of covalent bonds is expected. To obtain 
native or reversibly folded proteins, or to preserve large macromolecular complexes 
under PCT conditions, determining the effects of different solvents, pressure, and 
temperature is required to yield a negative sign for � V.  For example, proteins are 
generally intact or thermally stable at temperatures near 20 to 25°C. However, under 
pressure, such a generally favorable temperature may be shifted to a different range. 
Some compounds, such as naturally occurring osmolytes, are known to destabilize 
denatured forms of proteins and to protect proteins from denaturation. These agents 
may be incorporated in the PCT extraction process.10 Also, fi nding the balanced 
value of pressure and cycling conditions, which not only preserves protein structure 
and activity, but also favors extraction, is desirable. 

 1.5 PCT AND THE ROLE OF EXTRACTION BUFFERS 

 Chemical composition of the extraction solution used in the PCT SPS can be cru-
cial in achieving suffi cient extraction and preservation of protein conformation 
and activity. For example, in the extraction and purifi cation of proteins carrying a 
charge, the ionic strength of the solutions plays an important role in the disruption 
of the sample and solubility of protein molecules. Studies in the ionization of vari-
ous compounds indicate that pressure effects of buffers are related to the volume of 
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the ionized compound, which is defi ned as the difference in partial molar volumes of 
the products and reactants of the buffer’s ionization reaction.11 For example, carbox-
ylic acids have negative ionization volumes, whereas bases, such as amines, generally 
have positive ionization volumes. The volume change comes primarily from solvent 
electrostriction, that is, the tendency of a polar solvent to adopt a higher density con-
fi guration around an ion.12 Elevating the hydrostatic pressure lowers the free energy 
of ion solubilization and perturbs the equilibrium toward the ionized form. Buffers 
with high charge density have larger absolute ionization volumes.13 The presence of 
internal hydrogen bonding is also associated with large absolute ionization volumes. 
Based on these and other studies, compounds that pose large ionization volumes and 
low barrier hydrogen bonds may be evaluated for extraction. Exploiting the inter-
play between pressure and hydrophobicity may lead to additional signifi cant protein 
extraction methods. 

 Hydrophobic interactions are usually assumed to be a force responsible for the 
low solubility of nonpolar substances in water. These interactions are the primary 
driving force of protein folding and the dominant physical and chemical contribu-
tor of membrane proteins anchored in lipid bilayers. Pressure has also been used to 
effectively disaggregate and refold proteins from aggregates and inclusion bodies, 
resulting in high yields of native protein.14 

 It is hypothesized that PCT may affect protein extraction in the following 
ways: ( a ) any transition that results in deprotonation to form charged residues is 
favored at high pressures; in other words, dissociation of chemical species into 
their respective ions contributes to an overall reduction in system volume due to 
electrostrictions; ( b ) the exposure of hydrophobic groups to water is also highly 
favored under pressure; and ( c ) pressure-induced weakening of the hydrophobic 
effect, or hydration of buried hydrophobic residues, substantially contributes to 
dissolution of protein hydrophobic core or aggregates at high pressures. Based 
on these rationales, extraction by pressure is perhaps superior to thermally based 
extraction processes, since highly hydrophobic proteins, for example, membrane 
proteins, can be more soluble rather than sticky under pressure conditions. In simi-
lar situations, salt bridges or ionic interactions, found in native proteins (although 
rare), can be exposed by high pressure to the solvent and the state of electrostric-
tion altered in favor of denaturation. 

 1.6 EXAMPLES OF PROTEIN EXTRACTION USING 
THE PCT SPS 

 Proteins have been extracted from a variety of animals, plants, and microbes using 
the PCT SPS (See Table 1.1). The pressure cycling conditions were typically 
fi ve 1-minute cycles at 35 kpsi (235 MPa) at 4�C or 20�C using the Barocycler 
NEP2017. Samples were extracted in PULSE Tubes containing a variety of lysis 
buffers. Positive controls using either mortar and pestle grinding or sonication were 
prepared in parallel with the PCT-treated samples. Negative controls were obtained 
by incubating samples in identical buffers to the pressure-treated samples, but without 
pressure treatment. 
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 Data shown in this section illustrate some of the more signifi cant research fi nd-
ings using the PCT SPS. Specifi cally, examples are shown that demonstrate that PCT 
SPS treatment can maintain protein antigenicity, protein structure, and protein activ-
ity using the analytical tests described. Data are also shown that demonstrate that 
the PCT SPS can effi ciently release proteins from a wide range of samples and that 
the released proteins are suitable for 2D gel electrophoresis analysis. Also discussed 
are the intrinsic advantages of the PCT SPS that make this method superior to other 
extraction methods currently available. 

 The SDS-PAGE and Western blot data (Figure 1.4) show that although the sample 
was subjected to 35 kpsi (235 MPa) the specifi c protein nitric oxide synthase retained 
its immunoreactivity. 

 Several published examples show proteins that retain their bioactivity under 
high-pressure conditions.15–18 For example, HIV reverse transcriptase activities are 
retained even after 30 cycles of pressure treatment (Figure 1.5). These data, in asso-
ciation with the published examples, indicate that proteins may maintain both struc-
ture and function following PCT, even at ultra-high-pressure levels. 

 In other experiments, the PCT SPS was proven to effi ciently release proteins 
from a wide variety of samples. Figure 1.6 shows proteins released from chicken 

FIGURE 1.4 (A) Western blot of rat brain protein 
extracted by PCT, fi ve cycles, 1 min/cycle, −25�C in 
phosphate-buffered saline (PBS) (lane 2) and by mortar 
and pestle grinding in liquid nitrogen followed by Omni 
homogenization (lane 3). A negative control sample 
(shown in Lane 1) was obtained under similar conditions 
(applying no cycles of pressure). Crude lysate sodium 
dodecyl  sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) is shown; (B) Western blot of protein extracts 
shown in part A. Primary antibody: universal monoclonal 
anti-nitric oxide synthase (mouse); secondary antibody: 
anti-Mouse IgM (µ-Chain specifi c) alkaline phosphatase 
conjugate.
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muscle. Similar yields of proteins were obtained using both the PCT SPS and mortar 
and pestle grinding methods. Although the majority of the protein species in PCT 
extracts are similar to those obtained by the positive control methods, there are some 
distinguishable differences in the proteins with both high and low molecular weights. 
The signifi cance and potential implications of these fi ndings are discussed at the end 
of this chapter. 

 In several cases, proteins released by the PCT SPS were further evaluated by 
one-dimensional (1D) and 2D gel electrophoretic analyses. A comparison of pro-
teins released from the nematode  Caenorhabditis elegans  by the PCT SPS versus 
sonication indicated that the PCT SPS yielded 37% more protein. 2D electro-
phoresis gels showed that more high molecular weight proteins (possibly due to 
decreased proteolysis), as well as more high pH proteins, were released by PCT 
than by sonication. Further, analysis of gel spots from the PCT-treated nematodes 
showed membrane proteins including ATP synthase subunits and channel proteins. 
Proteins released from  C. elegans  by PCT were analyzed by a hybrid ion trap/TOF 
MS instrument (MALDI-QIT-TOF). This method successfully discerned structural 
and glycol-linkage motifs.19 

 In independent studies by outside laboratories of Proteome Systems (Woburn, 
Mass.) using PBI’s PCT SPS, the effi ciency of the system to extract proteins from 

FIGURE 1.5 Reverse transcriptase (RT) activity from HIV-1 infected H9 cells. 
Cells were treated by PCT or dounced at 4°C or −25°C. HIV-1 reverse transcriptase 
activity was measured by a standard RT assay.
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a variety of cell and tissue types was compared to conventional methods such 
as mortar and pestle grinding, sonication, and bead mill extraction. The organ-
isms processed and evaluated included  Escherichia coli,  rat liver and brain,  C. 
elegans,  apple seeds, corn sprouts, whole shrimp, and whole zebrafi sh. Samples 
were processed by Proteome Systems Inc. using the standard PCT conditions of 
fi ve 1-minute cycles at 35 kpsi (235 MPa). Gel electrophoretic analysis was per-
formed according to the manufacturer’s recommendations for the type of organ-
ism analyzed (Proteome Systems). Representative 2D gels are shown for proteins 
released by PCT and by currently used methods. Figure 1.7 shows a comparison 
of  E. coli  protein extracted by bead mill (BioSpect Products, Bartlesville, Okla.) 
and by PCT. 

 Figure 1.8 shows a comparison of rat liver   protein extracted by mortar and 
pestle grinding and by the PCT SPS, followed by analysis on a 2D gel. Scientists at 
Proteome Systems reported that, in all cases, the PCT SPS was at least equivalent to 
the comparison methods in terms of yield and quality. In some cases, such as with 
 E. coli,  PCT may have yielded more proteins than the bead mill or sonication meth-
ods. However, for some researchers, the features of the PCT SPS, particularly its 

FIGURE 1.6 Proteins released from chicken muscle by PCT SPS (PCT) 
compared to mortar and pestle grinding (MP) using various buffers (B1–B3) 
shown in a 12% Tris-glycine reducing SDS-PAGE.

DK3068_C001_r04.indd   14DK3068_C001_r04.indd   14 10/23/2005   7:59:17 PM10/23/2005   7:59:17 PM



Applications of Pressure Cycling Technology (PCT) in Proteomics 15

ease-of-use and the safety factor of full containment in the PULSE Tube (particularly 
for bacteria), make the PCT SPS a more desirable method for the extraction of pro-
teins for 2D electrophoresis gel analysis. The features of the PCT SPS are discussed 
further in the following section. 

 1.7 CONCLUSION 

 Physical and chemical properties of proteins are determined by their primary 
sequences, secondary and tertiary structures, posttranslational modifi cations, and 
bound ligands. Differences among proteins may be subtle in their sequence or struc-
ture, but their physical and chemical properties, as well as their function, can be sig-
nifi cantly different due to variations in their posttranslational modifi cations. Protein 
extraction and purifi cation that best retains protein functionality and structure  in vivo 
 can be highly challenging, especially when a large protein population is assessed. 

 In an era of high-volume, high-throughput biochemistry and biology, sample prepa-
ration remains problematic, especially for hard-to-lyse materials. The shortcomings of 
traditional methods are well known; for example, many such methods have not been 

FIGURE 1.7 2D gel analysis comparing bead-mill (1800 oscillations/min, three 1-minute 
cycles) (left) and the PCT SPS (ten 20-second cycles) (right) for the extraction of proteins from 
reconstituted lyophilized E. coli cells. IPGs were pH 3–10 (Courtesy of Proteome Systems).

FIGURE 1.8 2D gel analysis comparing mortar and pestle grinding (left) and the PCT SPS 
(right) for the extraction of proteins from rat liver (Courtesy of Proteome Systems).
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entirely amenable to automation, with its concomitant improvements in control, doc-
umentation, and reproducibility. A new approach to the disruption of tissues and to 
the extraction of nucleic acids and proteins is the application of rapidly cycled, high 
and ambient hydrostatic pressure using the PCT SPS. Using the PCT SPS, protein 
extraction applications, including a wide variety of liquids, suspensions, and solids, 
have given results that are comparable to or better than traditional methods. Safety, 
effi ciency, ease-of-use, reproducibility, and control of conditions are improved with 
the PCT SPS. 

 The PCT SPS exhibits unique properties compared to other high-pressure appli-
cations. First, and most signifi cantly, this system uses cyclic pressure instead of static 
pressure. Pressure increase from ambient and high levels, such as 35 kpsi (235 MPa), 
can be generated in seconds, and decompression occurs in a fraction of a second. 
Incubation periods, which can be as short as a few seconds, at each pressure level 
also may be varied. Manipulations of these parameters allow for much greater con-
trol of pressure impacts on a sample. Data show that PCT reduces the likelihood of 
irreversible damage to many labile molecules, including proteins and RNA.6 Second, 
samples are processed in a specially designed container (PULSE Tube) that offers 
additional, unique mechanisms to release cellular contents. Third, PCT employs not 
only mechanical forces, that is, pressure at a set temperature, but it also works in con-
cert with various solvents or buffers. A number of parameters can be varied, such as 
pressure levels, cycle profi les, temperature, buffers, and the sample container; these 
options are generally not available with other sample preparation methods. 

 Using PCT, several mechanisms of action may account for the release of bio-
molecules, including proteins and small molecules from cells and tissues. It is prob-
able that microbubble collapse has the most profound effect in the process. It is also 
likely that two or more mechanisms are acting in concert. Further studies are being 
conducted to increase our understanding of these mechanisms, which in turn should 
lead to a better understanding of the extraction process using PCT. Ultimately, this 
increased understanding of the mechanisms of action of PCT could lead to the 
release of better quality and quantity of biomolecules, and perhaps to the release of 
biomolecules that better refl ect the true nature of these biomolecules  in vivo.  

 The PCT SPS exhibits unique and advantageous features compared to other cur-
rently available methods. For example, PCT does not expose proteins to the physical 
shearing that is inherent in bead beating or by processing in a French press. In contrast, 
the PCT SPS applies cycles of pressure to open the cells in order release their con-
tents. As pressure is released, the proteins are more likely to resume their native con-
fi guration. Experiments by PBI scientists (data not shown) indicate that the repetitive 
application of very short pulses of high pressure is more effective in releasing cellular 
contents than one continuous application of pressure. For example, 1, 3, and 5 cycles 
of pressure resulted in 20, 40, and 75% expected yield of RNA extracted from rat 
liver (F. Tao unpublished results, 2005). More signifi cantly, the biological activity of 
enzymes and other proteins released by PCT retain greater functionality than proteins 
released by continuous pressure, other physical means, harsh chemicals, and other cur-
rently available sample preparation methods. One good example is the HIV-1 prote-
ase data shown in Figure 1.5. Data from experiments conducted by PBI scientists and 
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 independent laboratories show that the PCT SPS releases at least as many species of 
proteins as conventional extraction methods do. On the other hand, distinct protein spe-
cies were found in the PCT extracts, in particular, in the high molecular weight species. 
This phenomenon is potentially very important and exciting, since proteins and protein 
complexes released by PCT may not be released by other available methods, thus offer-
ing the potential for new discoveries that may not be possible without the PCT SPS. 
And because the PCT SPS is instrument based and employs unique mechanisms to 
release proteins, it has excellent potential for development as an extraction system that 
complements or replaces traditional extraction methods for proteomic studies. 
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2.1 INTRODUCTION 

 After completion of the human genome, proteomics has rapidly gained momentum 
as the next major undertaking in bioscience.1 The complexity of the proteome of an 
organism presents a signifi cant analytical challenge2 and has stimulated interest in 
approaches to reduce sample complexity prior to high-resolution analysis. The chal-
lenge in these complex samples is twofold: ( a ) depletion of high-abundance proteins, 

 2   
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such as albumin or immunoglobulin (IgG) in human plasma,3 and ( b ) increasing the 
concentration of low-abundance proteins above the threshold of sensitivity of the ana-
lytical method4 employed in the project. Current methods of analysis depend heavily on 
two-dimensional gel electrophoresis (2DE), and multidimensional high-performance 
liquid chromatography (HPLC) linked directly to mass spectrometry is also gaining 
some interest.5,6 Sample complexity reduction has been attempted with the following 
technologies: ( a ) biospecifi c affi nity ligands, such as mimetic blue dyes and immuno-
chemical reagents,3 ( b ) detergent extraction leading to fractionation based on solubil-
ity,7 ( c ) ion-exchange resolution under nondenaturing conditions,4 ( d ) size exclusion 
by ultrafi ltration8 or gel permeation chromatography, ( e ) preparative electrophoresis 
by SDS-PAGE or isoelectric focusing (IEF),9 and (  f  ) multidimensional IEX linked to 
reverse-phase chromatography.5,6 

 In this chapter, we emphasize the application of IEX chromatography in small volume 
(�1 ml) centrifugal format devices as a prefractionation step prior to 2DE analysis. 

 2.2 IEX CHROMATOGRAPHY BASICS 

 2.2.1 Theory 

 IEX is the reversible adsorption of charged molecules to an immobilized group on a 
suitable solid phase that bears the opposite charge.9 In practice, the process employs 
the following steps: ( a ) equilibration of the IEX surface with a suitable counterion 
(anion or cation) and pH so the molecule of interest will be strongly adsorbed onto 
the surface; ( b ) binding of the sample and displacement of the bound counterion 
(molecules with the same charge as the surface will be unretained by the solid phase); 
( c ) elution of the retained material by increasing the counterion concentration or 
changing the pH of the system to reduce the strength of the adsorption interaction 
with solid phase (during this step molecules are resolved on the basis of their charge 
state at the pH of the elution buffer); ( d  ) recycling the IEX surface back to the equili-
bration buffer conditions in step 1 for the next sample. 

 IEX is a powerful technique used to resolve molecules on the basis of their 
charge state that can be infl uenced by ( a ) the molecules’ primary sequence, which 
can be used to estimate a theoretic pI, or isoelectric point, for the structure;4 ( b ) their 
native tertiary state conformation in solution; ( c ) their association with other proteins 
to form quaternary complexes; and ( d  ) their association with other macromolecules, 
such as nucleic-acid and carbohydrate structures, with charged glycan residues, such 
as sialic acid content. The resolving power of a charge-based separation, such as IEF 
in 2DE or nondenaturing IEX chromatography, is an invaluable tool when applied to 
sample complexity reduction in proteomics. 

 2.2.2 IEX Chromatography Media Available 

 IEX chromatography technology is based on two distinct classes of functional 
groups on a range of solid supports: ( a ) anion exchangers such as diethylaminoethyl 
(DEAE), quaternary aminoethyl (QAE), quaternary ammonium (Q); and ( b ) cation 
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exchangers such as carboxymethyl (CM), sulfopropyl (SP), and methyl sulfonate (S). 
Within these two categories are further groupings of weak (exchangeable proton 
having a distinct pKa in the normal pH range for proteins) and strong (fi xed formal 
charge or very extreme pKa out of the normal pH range) exchanger surfaces. The 
above range of chemistries offers a wide range of IEX options for sample preparation 
of proteins and nucleic acids within the pH range of 3 to 10. Beyond this range, pro-
teins and nucleic acids are not stable and will undergo hydrolysis of amino acid side 
chains and nucleic-acid bases leading to fragmentation of the primary structure. 

 The above chemistries have been immobilized on a range of solid supports. 
Bead- or particle-based media based on silica, controlled pore glass, regenerated 
cellulose, agarose, dextran, cross-linked acrylate, and, recently, zirconium, euro-
pium, and alumina metallic supports are one type. In most cases these supports 
are porous, but in the case of DNA, nonporous beads offer some unique properties 
for resolution of these large molecules. These supports are available in a range of 
pore sizes and confi gurations offering fl exible IEX capacities and fl ow rates. (For 
a review of commercial supports see10.) Membrane-based media are made from 
regenerated cellulose or polymeric microporous materials and offer high fl ow, effi -
cient mass transfer onto the chromatography surface, and comparable capacities 
to the aforementioned beaded media.11,12 Chromatography beds based on continu-
ous monolithic polymerization with a macroporous inner structure13 offer a singular 
path through the pores of this media, enabling rapid mass transfer at high fl ow rates. 
The so-called cast in-place expanded bed—beaded media with hybrid properties of 
the IEX capacity of particles and the high fl ow rates of a microporous membrane 
structure—has found recent application with reverse-phase media in a microvolume 
sample preparation format.14 

 2.2.3 Illustration of IEX Chromatography Separation 
Correlated with 2DE 

   Charge-based separation forms the basis for protein separation by IEX and IEF with 
carrier ampholyte media or immobilized pH gradient (IPG) technologies. In a recent 
comparison4 between these two modes of charge-based separation there appeared to 
be good correlation between retention by an anion IEX surface and the proteins posi-
tion in the IEF pH gradient. An example of such as correlation is shown in Figure 2.1 
for a mammalian cell lysate resolved on regenerated cellulose based DEAE anion 
exchange surface.   

 The incremental salt elution fractions, when analyzed on pH 3–10 carrier ampho-
lyte IEF gels, showed progressively more acidic fractions in the resulting 2DE pat-
tern. This clearly illustrates that for most proteins, their charge-based separation on an 
anion exchange surface refl ects their pI in a urea-based IEF separation. However, as 
previously reported,4 some components of the proteome do not correlate well and pre-
sumably refl ect the subunits of protein complexes resolved in the nondenaturing IEX 
process refl ecting their aggregate pI. In the presence of urea, these complexes would 
be denatured and the individual components would then separate according to their 
individual pI states. These data clearly support the view that protein prefractionation 
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by IEX chromatography can be used to reduce sample complexity by a process that 
correlates directly with the fi rst dimension of 2DE. This allows isolation of enriched 
fractions that can then be loaded on appropriate narrow-pH-range IEF gels to improve 
resolution and the presence of lower abundance proteins in 2DE analysis. 

 2.3 APPLICATIONS OF IEX CHROMATOGRAPHY 
PRIOR TO 2DE ANALYSIS 

 2.3.1 Fractionation of Human Plasma 

 Human plasma, or serum, is a complex sample that is receiving considerable attention in 
proteomic research. Human plasma is a major challenge for sample complexity reduc-
tion processes because the top six abundant proteins (albumin [54.3%], IgG [16.6%,] 
�-1-antitrypsin [3.8%], IgA [3.4%], transferrin [3.3%], and haptoglobulin [2.9%]) 
account for 85% of the total protein mass of plasma3 and because the total dynamic 
range of protein concentration spans ten orders of magnitude16,17 (most analytical 
methods only have a dynamic range of four orders). Clearly plasma  prefractionation 
is necessary to access the full dynamic range of protein abundance in plasma. 

 In some preliminary experiments, IEX prefractionation of plasma was investi-
gated with some high-capacity polymeric-based membrane ion-exchange surfaces 
(Mustang™ Q and S membranes in a Nanosep™ device format from Pall Life 
Sciences, East Hill, N.Y.). Plasma was diluted into 20 mM Tris HCl buffer at pH 
8–8.5 (Mustang Q) and 20 mM Na CH3COO– pH 4.0 or 20 mM MES buffer pH 5.5 
(Mustang S) and loaded (up to 0.075 ml of plasma diluted to 0.2 ml fi nal volume) 
onto the Nanosep devices (bed volume 0.008–0.016 ml with a binding capacity of 

FIGURE 2.1 2DE analysis pattern of whole cell lysate proteins retained by regenerated cel-
lulose membrane modifi ed with DEAE chemistry. Subsets of proteins (0.1 to 0.2 mg in 20 mm 
NH

4
 CH3COO– buffer pH 8.5) derived from WT2 rat fi broblast cells grown in culture were 

loaded onto IEX membranes in a centrifugal device format (Ultrafree™ MC, Millipore Corp., 
Billerica, Mass.) and spun at 500 xg for 2 minutes. The fl ow through and wash fraction (0.2 
ml above buffer) was not analyzed by 2DE in this experiment and contained basic pI proteins. 
(A) A sample of the unfractionated lysate is shown for comparison resolved on a pH 3–10 IEF 
gel as described.15 Retained material was then sequentially eluted with increasing concentra-
tions of 20 mM NH

4
 CH3COO– buffer pH 8.5, as follows; (B) 100 mM; (C) 200 mM; (D) 300 

mM; (E) 400 mM. The data is displayed in a backward orientation to depict the progression of 
proteins from acid (left) to basic (right) regions of the 2DE gel pattern. A box surrounds the 
location of where the bulk of the proteins in the sample are found in the 2DE pattern.
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0.4 to 0.9 mg protein). Flow through and small increments of NaCl in the above buffers 
were then passed through the device by centrifugation at 500  xg  for 2 minutes and the fi l-
trate was collected. After acetone precipitation (see Figure 2.2) the samples were then 
resolved on precast one-dimensional (1D) sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) gels and stained with colloidal Coomassie Blue™. 
A modifi ed SDS sample buffer was used (no reducing agent) to improve the SDS-
PAGE resolution between albumin and the IgG molecule. In the absence of a reduc-
ing agent, IgG remains as an intact 150 kDa molecular weight complex and can be 
easily visualized above the strong albumin band. Reducing the IgG complex yields 
55 and 15 kDa bands, the former being hard to resolve from the overloaded albumin. 
The resulting gel images are reproduced in Figure 2.2.   

 In this study, the resolution between albumin and IgG was optimized on both 
anion and cation IEX surfaces. At pH 8.0 (Figure 2.2A), IgG was not retained by 
the Mustang Q surface but was retained and eluted with 50 mM NaCl in the loading 
buffer at pH 8.5 (Figure 2.2B). Albumin retained at pH 8.0 and eluted between 100 
and 150 mM NaCl. Closer examination of other lower abundance proteins bands 
shows some degree of fractionation between the two loading pH levels. The cation-
exchange surface at pH 4.0 showed most of the protein content of the plasma was 
not well retained (Figure 2.2C). In contrast, at pH 5.5, albumin was not retained, and 
IgG eluted over a 25 to 100 mM NaCl range, refl ecting the polyclonal nature of IgG 
in plasma (Figure 2.2D). In combination, these two IEX chemistries evaluated in a 
simple centrifugal format offer the potential to achieve prefractionation of plasma 
without fi rst depleting abundant proteins such as albumin and IgG. However with 
albumin and IgG depleted plasma as a starting point, IEX fractionation has the poten-
tial to improve resolution and detection of lower abundance proteins. 

 2.3.2 Impact on IEX Prefractionation on 
Resolution in 2DE 

 Prefractionation of complex protein mixtures with subsequent separation on 2DE 
gels is the preferred approach for many proteomics applications.18,19 The objective of 
many differential display studies in proteomics is the comparison between the levels 
of proteins in experimental and control samples and the determination of quantitative 
and qualitative differences in individual protein expression. In many cases this is car-
ried out by 2DE resolution linked to mass spectrometry analysis. Reducing the com-
plexity of whole cell lysates improves the detection of low-abundance, extremely 
acidic or basic, or very low molecular weight proteins. In addition, fractionation of 
areas where many proteins are crowded in the 2DE pattern can reduce the number 
of proteins that comigrate in these gels. This can prevent lower abundance proteins 
from being obscured by higher abundance species.20,21 

 An example of the application of membrane-based IEX fractionation 
(VIVASCIENCE Inc., Edgewood, N.J.) of a Jurkat T lymphocyte total cell lysate on 
Q-A and S-A centrifugal spin devices is summarized in Figure 2.3. The cell lysate was 
resolved into acidic (Figure 2.3B) and basic (Figure 2.3C) fractions following the manu-
facturer’s directions. Fractionation of this cell lysate resulted in a signifi cant reduction 
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FIGURE 2.2 Methods development for fractionation of human plasma on membrane based 
IEX surfaces. Human plasma (0.075 ml) was diluted with buffer to a fi nal volume of 0.2 ml 
and loaded onto the Mustang Q or S membrane based IEX Nanosep devices (Pall Corp.). 
Centrifugation at 500g for 2 minutes was used to process liquid through these membranes. 
After one recycle, the fl ow through was retained (FT). The device was then washed with 0.2 
ml of loading buffer followed by sequentially increasing concentrations of NaCl up to 1.0 M in 
0.2 ml volumes to elute the retained proteins (EL). The resulting fractions were all precipitated 
with four volumes of cold (�20�C) acetone, followed by 1D SDS-PAGE analysis and colloidal 
Coomassie blue staining. (A) Loaded at pH 8.0 on Mustang Q. Lane 1, unfractionated lysate; 
lane 2, FT � wash; lane 3, EL � 25 mM; lane 4, EL � 50 mM; lane 5, EL � 75 mM; lane 6, 
EL � 100 mM; Lane 7, EL � 125 mm; Lane 8, EL �150 mM; Lane 9, EL � 175 mm; Lane 10, 
EL � 200 mM; Lane 11, EL � 300 mM; Lane 12, 1000 mM; (B) loaded at pH 8.5 on Mustang 
Q. Lane 1, unfractionated lysate; lane 2, blank; lane 3, FT � wash; lane 4, EL � 50 mM; lane 
5, EL � 100 mM; lane 6, EL � 150 mM; lane 7, EL � 200 mM; lane 8, EL � 300 mM; lane 
9, EL � 400 mM; lane 10, EL � 500 mM; lane 11, EL � 750 mM; lane 12, EL � 1000 mM; 
(C) loaded at pH 4.0 on Mustang S following the elution pattern of B; (D) loaded at pH 5.5 on 
Mustang S following the elution pattern of A.
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FIGURE 2.3 2DE analysis of whole cell lysate fractionated on membrane based IEX surfaces. 
Jurkat T lymphocyte cells were grown in Roswell Park Memorial Institute (RPMI) media 
formulation 1640 10% FBS, 4 mM l-glutamine to log phase and harvested. Cells were pelleted 
by centrifugation and washed three times with RPMI containing no bovine serum. The cells 
were homogenized in a tissue homogenizer in 2 ml nondenaturing extraction buffer containing 
12.5 mM Tris/acetate, pH 8.2, 4% octyl-beta-glucopyranoside, mammalian protease inhibitor 
cocktail (Sigma). 20 ml RNAse A 1 mg/ml and 20 ml DNAse I 62u/ml (Invitrogen) were added 
per 1 ml extraction buffer, and the homogenate was centrifuged at 12,000 rpm for 10 minutes. The 
supernatant was aliquoted and stored frozen at –80�C. 2D gels were run essentially as described.22 
All reagents and precast gels were from Genomic Solutions except IPG strips, which were from 
Amersham. Before rehydration of IPG strips, an aliquot of Jurkat T protein was TCA or acetone 
precipitated and resuspended in Thiourea buffer. 2D gels were stained with SYPRO© Ruby or 
silver stain. The resulting 2DE gels are shown: (A) unfractionated; (B) acidic fractions; and 
(C) basic fractions. The blue-colored and red-colored boxes represent the acidic and basic 
ranges of protein separation on 2D gels, respectively.
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of complexity of the protein pattern and better resolution of individual protein spots 
as compared to the protein pattern for unfractionated proteins. In addition, some of 
the proteins were signifi cantly enriched during the fractionation, resulting in clearly 
defi ned spots on the 2DE gels not detectable on the gels for unfractionated samples 
(see green arrows in Figure 2.3B and Figure 2.3C).   

 These samples were analyzed with ID SDS-PAGE gels and by densitometry, and 
the results are shown in Figure 2.4. To quantify the differences among unfraction-
ated (UF), acidic (A), and basic (B), the following analysis was performed, and the 
results are summarized in Table 2.1. The molecular weight standards run on the gel 
were fi rst used to estimate the mass values of the test proteins. The net intensity of 
each band was then calculated as the total integrated intensity for the band minus 
background divided by a total net intensity of all bands in the corresponding lane to 
estimate the level of enrichment of a particular protein by fractionation. The results 
of these experiments show that a number of proteins were enriched by the IEX-based 
chromatography fractionation protocol.     

FIGURE 2.4 1D- SDS-PAGE analysis of cell lysate 
fractionated on membrane-based IEX surfaces. Unfrac-
tionated (UF), acidic (A), and basic (B) Jurkat T protein 
fractions represented on the 2DE gel images in Figure 2.3 
were also run on a 1D SDS-PAGE gel. The lanes labeled 
M are the molecular weight standards. The level of 
enrichment of some of the proteins was quantifi ed using 
Kodak Digital Science™ 1D Image Analysis Software.
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 2.4 SUMMARY 

 Sample complexity reduction is an important fi rst step in the sample preparation 
process for proteomics. IEX chromatography offers a fl exible technology platform 
for resolving proteins on the basis of their molecular charge state. The process can 
be readily correlated with the fi rst dimension, IEF of high-resolution 2DE analysis 
where proteins are resolved based on their isoelectric point, or pI. Proteins can be 
resolved by anion- or cation-exchange IEX chemistries leading to fractionation of 
complex samples, such as human plasma and whole cell lysates. This prefraction-
ation step can lead to increased resolution of the 2DE gel and improved identifi cation 
of lower abundance proteins. 
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 3.1 INTRODUCTION 

 When the bulk of the human genome was deciphered in 2000, the scientifi c community 
quickly realized that we could draw few meaningful conclusions from the vast amount 
of data generated by the project. The event triggered the dawn of proteomics—the study 
of how proteins interact with each other and other molecules in metabolic pathways. The 
three billion nucleic acid base pairs identifi ed in the human genome are believed to make 
up roughly 40,000 genes, which after full cotranslational and posttranslational modifi -
cations are believed to total in the millions of proteins. Unlike DNA and RNA, protein 
activity is based on molecular structure. While there have been countless attempts to 
predict protein activity with supercomputers, these efforts have produced little useful 
results due to the complex structure of proteins. 

 The single largest proteomics market is in the fi eld of differential proteomics, 
where samples of serum from diseased and nondiseased populations are compared 
and contrasted to search for differences in protein levels. These proteins become 
diagnostic markers of disease, targets for clinical therapeutic intervention, or 
 therapeutics themselves. More than half the human plasma proteome comprises 
housekeeping proteins such as human serum albumin (HSA) and immune gamma 
globulins (IgGs). These proteins have no relevance to disease state and mask the 
presence of important proteins. As the analytical tools for proteomic analysis offer 
increasingly improved sensitivity, the ability to differentiate important proteins 
from housekeeping proteins is become increasingly important and diffi cult. Ian 
Humphrey Smith of the Human Proteome Organization said in 2001 “. . . solving this 
problem will require designing affi nity reagents, or molecules that capture certain 
classes of proteins, to screen out the high abundance proteins found in cells before 
analysis . . .” 1

 Scientists have struggled with technologies such as size-exclusion chroma-
tography and isoelectric focusing to deplete samples of HSA and IgGs, yet these 
techniques are not specifi c to the unwanted molecules, and important proteins are 
removed along with the depleted fractions. Some attempts have been made at stan-
dard products based on dye-based ligands and conventional bioprocessing media 
such as Protein-A, but the poor specifi cities, low capture capacities, and high costs 
have stalled these products in the market. We have developed a technology based on 
affi nity chromatography that uses naturally occurring camelid single chain antibody 
(VHH) fragments as ligands. The application areas for this technology are numer-
ous (e.g., the purifi cation of proteins from different sources).2,3 The camelid single 
domain antibodies can solve the problems in proteomics by providing high-affi nity, 
high-specifi city binders that can remove over 95% of these proteins. Unlike antibody 
reagents, VHH fragments can be easily manufactured and are very stable. Unlike 
conventional affi nity reagents such as blue dye and Protein-A, these molecules offer 
much better specifi city and higher capacities. Unlike antibody fragments such as 
Fabs and scFvs, VHHs are designed by nature and do not suffer the same stabil-
ity and hydrophobic agglomeration problems. Finally, unlike peptides, VHHs offer 
multiple binding sites for multiple epitope recognition and better capacity, and they 
are far less expensive. 
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 3.2 HEAVY-CHAIN ANTIBODIES FROM THE CAMELID 
FAMILY 

 The serum of animals of the camelid family contains a unique type of antibod-
ies devoid of light chain. This type of antibodies was discovered in 1993 at the 
University of Brussels.4 Only a fraction of the immune repertoire of the animals 
of the camelid family comprises the heavy chain antibodies. The other fraction 
are normal classical antibodies. The heavy chains of these so-called heavy-chain 
antibodies bind their antigen by one single domain, the variable domain of the 
heavy immunoglobulin chain, referred to as VHH.5,6 With a molecular weight of 
approximately 12 kDa, the VHH domain is the smallest known intact binding frag-
ment derived from a functional immunoglobulin (Figure 3.1). VHHs show homol-
ogy with the variable domain of heavy chains of the human VHIII family. The 
VHHs obtained from an immunized camel, dromedary, or llama have a number of 
advantages compared to the Fab, Fv, or scFv fragments derived from other mam-
mals. One major advantage is that only one domain is cloned and expressed to 
generate an active binding fragment. This makes effective production in microor-
ganisms such as  Saccharomyces cerevisiae 7,8 possible.  

 3.3 ROADMAP TO LLAMA ANTIBODIES 

 The route to acquire the best antibodies  for the task, such as in fi nding highly 
 specifi c binders to abundant and irrelevant proteins in serum, is always the same and 
can be divided in three stages. The fi rst stage is the immunization of the llama and 
the  construction of the library. In this stage the immune repertoire of the llama after 
immunization is copied to a large microbial library. The second stage is the screen-
ing stage. In this stage we screen the library for several antibodies that can perform 
according to set specifi cations like specifi city, binding, elution  conditions, stability, 

FIGURE 3.1 The difference between classical and single domain camelid antibodies. The 
difference between classical antibodies (left) and heavy chain antibodies (right). The binding 
domain is encircled.
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and so forth. The third stage is the small-scale  chromatography stage. In this stage 
we produce the ligand through microbial production and immobilize the VHH to 
a solid support. The affi nity matrix constructed this way is used to test chromato-
graphic parameters such as dynamic capacity and binding and  elution conditions. 

 In the remainder of this chapter, we describe the process of fi nding VHH frag-
ments against human serum albumin and human IgG. These VHH fragments were 
subsequently used to test the hypothesis that heavy-chain antibody fragments can 
be used as affi nity ligands in sample preparation depletion for proteomics applica-
tions and to determine the benefi ts of this technology compared to other methods. 

 3.3.1 Stage 1: Immunization of Llamas and Creation of 
the VHH Library 

 Two llamas were immunized using standard procedures.8 One llama was immunized 
with HSA, and the other llama was immunized with human Fc. Immune response 
of the llamas to these antigens was checked at regular intervals, using a small serum 
sample from the immunized animal. When the immune response reached a plateau, a 
larger blood sample was taken from the llama. From the peripheral blood  lymphocytes, 
the mRNA was isolated. Using polymerase chain reaction (PCR) techniques, the VHH 
encoding fragments were amplifi ed.8 The DNA was cloned to the yeast  Saccharomyces 
cerevisiae, 8 creating a VHH library. The size of both libraries was 1E � 7. 

 3.3.2 Stage 2: Screening for Antigen-Binding 
VHH Fragments 

 Screening for VHH fragments that could bind to the target of interest was done in the 
following way. The library was plated out on agar plates in a dilution high enough that 
single colonies were expected. Colonies were transferred to a non–protein binding 
96-well plate. The colonies were grown in these plates and induced to produce VHH. 
The VHH-containing supernatant was used to check if the produced VHH could bind to 
the antigen using an enzyme-linked immunosorbent assay (ELISA). The positive clones 
from this ELISA were produced at small scale in shake fl asks. For quick screening 
purposes, the VHH was purifi ed from the supernatant using a Superdex 75 gelfi ltration 
column after removal of the biomass. 

 3.3.3 Stage 2: Screening for the Ultimate Ligand 

 The selected VHH fragments were screened for several parameters to see if they could 
be used as ligands. In this case the parameters tested were affi nity and specifi city. 
Testing was performed using surface plasmon resonance (SPR). This technology can 
be used to accurately measure the antibody antigen interaction. For the anti-HSA and 
anti-human IgG ligands that were chosen for the experiments described in this chap-
ter, the affi nity was in the nanomolar range, as can be seen in Table 3.1. One of the 
important aspects of an anti human IgG ligand is that the ligand binds to all subclasses 
of human IgG. Table 3.2 shows binding of the anti human IgG ligand to all subclasses 
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of IgG as determined by SPR on a BiaCore 3000. Also crossreactivity of the HSA 
ligand to serum albumin from other species was tested. As can be seen from the results 
(Figure 3.2) there is no cross-reactivity of the HSA ligand to rat and rabbit serum albu-
min; however the HSA ligand does bind to mouse serum albumin. For the human IgG 
ligand, the crossreactivity to IgGs from other species was tested. As can be seen from 
the results (Figure 3.3) no cross-reactivity to mouse, bovine, or goat IgG was found.   

 3.3.4 Stage 3: Ligand Production 

 Ligands are produced by BAC’s proprietary host system  Saccharomyces cervisiae.  
The DNA sequence encoding the ligand is integrated in the genome of the yeast. 
Subsequently the ligand is produced by fed-batch fermentation.7,8 After fermentation, 
the biomass is removed by microfi ltration. The cell-free material is concentrated by 
means of ultrafi ltration. The ligand is then purifi ed using ion-exchange chromatog-
raphy. This whole downstream processing route results in low-colored product, and 
the ligand has a protein purity of higher then 95%, as determined by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 

 3.3.5 Stage 3: Coupling to Matrices 

 The ligand can be coupled to different matrices using several coupling chemistries. 
In the examples shown, ligand was coupled to a matrix using  N- hydroxysuccinimide 

TABLE 3.1  Affi nity Constants for the 
Anti-Human IgG and Anti-HSA Ligands 

Affi nity Constants for the Anti-Human IgG Ligand
ka (1/Ms) 3.2E � 05

kd (l/s) 3.7E � 03

KA (l/M) 8.6E � 08

KD (M) 1.2E � 09

Affi nity Constants for the Anti-Human Serum Albumin Ligand
ka (l/Ms) 7.1E � 05

kd (l/s) 5.0E � 03

KA (1/M) 1.4E � 08

KD (M) 7.1E � 09

  TABLE 3.2  Subclass Specifi city 

Response

IgG1 IgG2 IgG3 IgG4

hIgG binder 118.3 71.1 37.8 39.2

Control 6.1 7 5.3 8.3 
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FIGURE 3.2 On a BiaCore 3000, the crossreactivity of the HSA ligand to serum albumin 
from other sources is tested. As can be seen, there is no cross-reactivity of the HSA ligand to 
rat and rabbit serum albumin; however, the HSA ligand does bind to mouse serum albumin.

FIGURE 3.3 The cross-reactivity of the human IgG ligand to IgGs from other species was 
tested on a BiaCore 3000. As can be seen from the results, no cross-reactivity to mouse, 
bovine, or goat IgG was found.
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(NHS) coupling chemistry. Ligands containing primary amino groups couple directly 
to the active ester of NHS  to form a chemically very stable amide linkage.9 Base 
matrix sepharose (Amersham Biosciences) was used because it is known for its low 
nonspecifi c binding. The coupling procedure used is as follows. 

 After purifi cation, the anti-human IgG ligands were dialyzed to NHS coupling 
buffer, 0.1 M HEPES, pH 8.0. The following procedure was used for coupling of the 
ligands to NHS sepharose. Prior to coupling of the ligand to NHS, the matrix was 
washed with cold demineralized water acidifi ed with acetic acid to pH 3. Then the 
matrix was washed twice with NHS-coupling buffer. The washed matrix was mixed 
with the ligand solution and left overnight at 4°C head over head or 1 hour at room 
temperature. Subsequently the gel material was fi ltered over a sintered glass fi lter, and 
the nonreacted groups of the gel material were blocked with Tris (0.1 M, pH 8.0) for 
1 hour at room temperature. The coupled medium was washed using alternate low and 
high pH (3 � 10 column volumes phosphate-buffered saline (PBS) pH 2 and 3 � 10 
column volumes PBS pH 7.4). The coupled gel material was now ready to use. Using 
the nonbound fraction, the coupling effi ciency was determined by looking at the pro-
tein pattern on SDS-PAGE of the coupling solution before and after coupling. 

 The dynamic capacity of the affi nity matrices was determined on an AKTA 
explorer 100 (Amersham Biosciences). Column volume that was used for these tests 
was 400 µl. Conditions for testing were the following: equilibration buffer PBS, pH 
7.4 (Roche), fl ow 150 cm/hr; elution buffer PBS with an adjusted pH to 2.1. The 
low pH in the elution ensures full elution of the proteins of interest from the affi nity 
column. The eluted fractions are immediately neutralized with 2 M Tris buffer. As 
sample for these experiments, pure HSA (Sigma) and pure human IgG (Sigma) was 
used. The dynamic capacity was determined using peak integration of the elution 
peak. For the HSA affi nity matrix, typical dynamic capacities fell in the range of 8 
to 10 milligrams HSA per milliliter affi nity matrix of a settled matrix bed. For the 
human IgG affi nity matrix typical dynamic capacities fall in the range of 13 to 15 
milligrams human IgG per milliliter of affi nity matrix of a settled matrix bed. 

 3.3.6 Stage 3: Depletion of HSA and Human IgG from 
Human Plasma 

 The affi nity matrix was tested using an Akta explorer 100 for effi ciency of the deple-
tion and nonspecifi c binding of the affi nity matrix. Onto a small affi nity column 
(400 µl) a sample of human plasma was loaded, and the same chromatographic 
procedure as described previously was used. The fl ow-through fractions and elution 
fractions (Figure 3.4) were collected and used for SDS-PAGE analyses. SDS-PAGE 
was performed on NOVEX Tris glycine 4–20% gels according to the supplier’s 
 protocol. Figure 3.5 shows the starting material, fl ow through (depleted fractions), 
and the eluted fractions. 

 Using a combined approach and thus depleting a sample of human plasma 
from HSA and human IgG, a 2D gel electrophoresis experiment was performed. 
Figure 3.6A and 3.6B show the nondepleted and depleted 2D gels of human plasma. 
The 2D gel electrophoresis was performed as described by Klooster et al. 10
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FIGURE 3.4 Depletion of a HSA from human plasma. The lower optical density line shows 
the optical density at 280 nm, the higher optical density line is the optical density at  214 nm. 
At time point 0, a sample of human plasma is injected onto the column. The HSA-depleted 
fraction is the fl ow through of the column (fractions 1, 2, and 3). After washing out of the fl ow 
through, the column is eluted, the depleted HSA is collected (fractions 8, 9, and 10), and the 
eluted fractions are immediately neutralized with 2 M Tris buffer.

FIGURE 3.5 From left to right: 1, fraction 1 fl ow through; 2, fraction 2 fl ow through; 3, frac-
tion 3 fl ow through; 4, fraction 4 fl ow through; 5, fraction 5 fl ow through; 6, fraction 6 fl ow 
through; 7, marker; 8, fraction 8 elution; 9, fraction 9 elution; 10, fraction 10 elution; 11, fraction 
11 elution; 12, starting material—diluted human plasma. The fl ow-through and elution fractions 
are the fractions of the chromatography experiment of Figure 3.4.
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FIGURE 3.6 (A) 2D gel of nondepleted human plasma; (B) 2D gel of human plasma after 
depletion of the HSA and human IgG using BAC’s anti-HSA and antihuman IgG ligands.
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 3.4 CONCLUSIONS 

 BAC’s affi nity anti-HSA and anti-human IgG ligands can be used for the depletion of 
CaptureSelect® HSA and human IgG from plasma before proteomics analysis. The 
removal of the target molecules is very effi cient, more than 95% can easily be achieved. 
Nonspecifi c binding of other proteins to either the ligand or the matrix was found. The 
anti-HSA ligand can also be used for the depletion of mouse serum albumin. 

 BAC’s proprietary VHH discovery, development and manufacturing capabili-
ties provide a fully integrated supply of custom affi nity ligands for proteomics 
depletions and enrichment applications that can be immobilized on virtually any 
matrix support material. Collaborators have adopted VHHs as an attractive alter-
native to antibodies, peptides and small molecule dyes due to their specifi city, sta-
bility and ease of consistent supply. At the moment BAC CaptureSelect® ligands 
have been chosen by several analytical kit suppliers for use in new sample prepa-
ration for proteomics kits. 

 Currently, by using affi nity chromatography, the two most abundant proteins can 
be depleted from human serum using these two ligands. After depletion, the total 
amount of protein that can be loaded onto a 2D gel can be increased by a factor 
of 2.3 (Table 3.3). At this increased protein level, however, other proteins become 
problematic. Table 3.3 shows the next targets that require specifi c depletion. These 
include macroglobulin, transferrin, IgA, C3, haptoglobulin, �-a acid glycoprotein, 
fi brinogen, and IgM. BAC has been working on these targets for some time now, 
and we are currently looking at the effi ciency of the removal of these proteins from 
human serum.  
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4.1 INTRODUCTION 

 By studying human plasma or serum, a number of diagnostic markers and therapeu-
tic targets were discovered.1,2 Markers help to understand diseases such as cancer, 
hemophilia, osteoarthritis and cardiovascular diseases.3–5 Normally, many disease 
processes are correlated with quantitative and physiological changes of proteins 
in body fl uids.6, 7 Proteins from damaged tissues can enter into the bloodstream as 
leakage markers.8–19 In general, plasma can contain enzymes, cytokines, chemo-
kines, soluble receptors, transport proteins, peptides, hormones, blood-clotting fac-
tors, and other soluble proteins. Well over 3,700 distinct plasma proteins can be 
identifi ed using mass spectrometry and other methods.11 However, only a handful 
of plasma proteins are now routinely used in clinical diagnoses or prognoses of 
diseases.12 This may be due to our lack of knowledge of many yet uncharacterized 
plasma proteins, their posttranslational modifi cations and relevant physiological 
functions. 

 The (approximately fourteen) most abundant plasma proteins constitute about 
95% of the protein mass of plasma.9 However, the vast majority of proteins that 
may be biomarkers for health and disease in various organs are present in much 
lower abundance.11,12 Plasma proteins can be present in a dynamic range of 10 10  from 
concentration at mg/ml, such as albumin (accounting for 50 to 75% of total plasma 
protein), to pg/ml for some interleukins. Such an enormous dynamic range of pro-
tein concentrations represents a nearly insurmountable problem for detection and 
quantitation in a single assay. The unusually high abundance of albumin and IgG in 
serum can signifi cantly affect the resolution and sensitivity of many techniques. For 
instance, plasma proteins resolved by 2D gel electrophoresis become crowded in the 
range from 45 to 80 kDa and pI of 4.5 to 6. The removal of highly abundant proteins, 
such as albumin, from serum and plasma is absolutely necessary for the detection of 
low-abundance proteins by 2D electrophoresis, ICAT™, or Multidimensional Protein 
Identifi cation Technology (MUDPIT) proteomic methods.13 In most cases, plasma or 
serum samples also must be diluted to detect proteins of interest. However, dilution 
often is not the best approach since it further lowers the concentration of low-abun-
dance proteins, often reducing them below the limits of assay detection. There is an 
unmet need to selectively remove high-abundance proteins from plasma and to enrich 
low-abundance proteins in plasma to make the study or measurement of low-abundance 
proteins technically more feasible, particularly in multiplex settings. 

 Two types of competing products are currently on the market. Chemical dye-
based methods for removing serum albumin (HSA), such as Cibacron Blue, have 
excellent binding capacity and are relatively inexpensive. However, these chemical 
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affi nity products are highly nonspecifi c. Scientists cannot afford to lose one seventh 
of their sample when mining for valuable protein biomarkers. Several companies sell 
Goat IgG-based immunodepletion products against human serum albumin. The use 
of monoclonal antibodies against HSA as the immunoaffi nity depletion reagent was 
far more effi cient and specifi c than the dye-based resins for human samples.13 The 
use of affi nity-purifi ed polyclonal antibodies (pAbs) to specifi cally remove albumin 
or IgG was successful to enrich low-abundance proteins from human plasma sam-
ples.14 This approach has much better specifi city than the chemical affi nity methods 
but still artifi cially captures many nontarget proteins due to the Fc region (the stem) 
of IgG molecules. This region is known to bind complement proteins, rheumatoid 
factors, human anti-mouse antibodies (HAMA), and multivalent Fc binding proteins, 
such as IgM. 

 More importantly, specifi city is usually limited to human antigens, since the host 
producing IgG (goat, rabbit, mouse, etc.) is genetically closely related to humans 
and thus cannot recognize many conserved epitopes on the human protein that are 
also present in the antibody-producing species. The search for novel biomarkers is 
heavily dependent on the analysis of the plasma proteome from mammalian model 
organisms, such as rodents. The removal of albumin from nonhuman mammalian 
serum and plasma has largely relied on the binding of albumin to Cibacron Blue, 
such as the Montage™ albumin Depletion Kit (Millipore Inc., Bedford, Mass.). As 
mentioned, this method lacks specifi city, thus removing many potentially important 
proteins from the sample. 

 In this chapter, we describe a novel method for the specifi c removal of albu-
min from the serum and plasma of human, rat, and several other mammalian spe-
cies.15 Avian IgY antibodies raised against HSA, transferrin, fi brinogen, IgA, IgM 
or IgG, which are covalently linked through their Fc regions to microbead carriers 
(SepproTM, are coupled with high-throughput liquid chromatography for selective 
removal of albumin and other abundant plasma proteins. IgY is the functional equiv-
alent of IgG. From an evolutionary perspective, IgY antibodies are considered to be 
the ancestor of mammalian IgG and IgE antibodies.16 One of the important advan-
tages of using IgY is that there is an enhanced immunogenicity against conserved 
mammalian proteins due to the phylogenetic distance between donor and recipient 
organisms.17 This enhanced immunogenicity makes production of antibodies against 
conserved mammalian proteins generally more successful in chickens than in other 
mammals. In addition, IgY antibodies tend to recognize the same protein in a number 
of mammalian species, making them more widely applicable as immunoaffi nity sep-
aration reagents and for drug target discovery.18 Avian IgY antibodies with high avid-
ity against bacterial or human proteins have been developed.19–21 The avian immune 
response was also shown to be persistent, very low quantities of antigen were required 
to obtain high and long-lasting IgY titers in the yolk from immunized hens.17,22 This 
platform allows for very specifi c and high-throughput depletion of albumin and other 
abundant proteins from serum and plasma of multiple mammalian species utilizing 
a high-throughput liquid chromatography system, such as the Applied Biosystems 
Vision protein workstation. 

DK3068_C004_r04.indd   43DK3068_C004_r04.indd   43 10/23/2005   7:59:52 PM10/23/2005   7:59:52 PM



44 Sun W. Tam, Lei Huang, Douglas Hinerfeld, et al.

 4.2 MATERIALS AND METHODS 

 4.2.1 Coupling of Affi nity-Purifi ed IgY to 
UltraLink ®  Hydrazide Gel 

 Coupling of affi nity purifi ed IgY antibodies to UltraLink Hydrazide beads was per-
formed essentially as described in the manufacturer’s protocol (Pierce Biotechnology 
Inc., Rockford, Ill.). The antibody conjugation scheme employed was based on 
hydrazide chemistry resulting in the IgY antibodies oriented with the F(ab´)

 2 
 anti-

gen-binding regions facing outward and the Fc regions of the antibodies covalently 
coupled via their carbohydrate residues through a 23 atom spacer arm to the solid 
phase material. This strategy allows maximum effi ciency of antigen binding, in con-
trast to previous random orientation methods using ε-amines in lysine for coupling 
to the solid phase. 

 4.2.2 Spin Column Method for Removal of Serum and 
Plasma Abundant Protein 

 Human serum samples (Sigma Cat. H-1388) were centrifuged at 14,000 rpm for 
5 minutes in an Eppendorf microfuge to remove insoluble materials. Appropriately 
diluted samples were loaded onto a 1.5 ml spin column (Pierce Biotechnology Inc.) 
containing GenWay Biotech’s Anti-HSA or MIXED6 IgY gels. After incubation for 
15 minutes with occasional mixing, the column was centrifuged at 8,000 rpm for 
8 seconds. The fl ow-through samples were collected for analysis by one-dimensional 
(1D) sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 
Proteins captured by the IgY gels were removed with stripping buffer (0.1M Glycine-
HCl, pH 2.5) and analyzed in parallel. 

 4.2.3 Albumin Depletion with Liquid Chromatography 
Workstation 

 Human, rat, and mouse sera were supplied by Bioreclamation, Inc. (Hicksville, 
N.Y.). Sera were centrifuged at 21,000 g  for 10 minutes at 4ºC to remove insoluble 
material. All immunodepletion of serum was performed on the Applied Biosystems 
Vision™ Workstation liquid chromatography system. For HSA separation, serum 
was diluted 1:10 in Tris-HCl-buffered saline (TBS) and injected at 0.1 ml/min 
onto a column containing Seppro products: anti-HSA IgY antibodies linked to 
UltraLink Hydrazide beads equilibrated in TBS. The fl ow-through (depleted) frac-
tion was collected. The column was rinsed with TBS containing 0.05% Tween-20 
until no further protein was detected in the fl ow-through material, and then bound 
proteins were eluted with 100 mM Glycine-HCl, pH 2.5, at 1 ml/min for retrieval 
of albumin and associated material. The column was neutralized with 100 mM 
Tris-HCl, pH 8.0, and then reequilibrated in TBS prior to application of subse-
quent samples. Depletion using the Montage kit was performed as described in the 
manufacturer’s protocol. 

DK3068_C004_r04.indd   44DK3068_C004_r04.indd   44 10/23/2005   7:59:52 PM10/23/2005   7:59:52 PM



Novel Plasma Protein Separation Strategy 45

 4.2.4 One-Dimensional Electrophoresis 

 Following depletion, samples were concentrated on Amicon Ultra 4 10kDa cutoff 
ultracentrifugation columns (Millipore Inc.). Protein quantitation of the concentrated 
sample used the Bradford dye-binding assay. Four micrograms of the concentrated 
samples were reduced with 50 mM DTT and subjected to electrophoresis on 4–12% 
Bis-Tris SDS NuPage gels (Invitrogen, Carlsbad, Calif.) according to the manufac-
turer’s protocol. 

 4.2.5 Two-Dimensional Electrophoresis 

 Prior to isoelectric focusing (IEF), samples were acetone precipitated and solubilized 
in 40 mM Tris, 7 M urea, 2 M thiourea and 2% CHAPS, reduced with tri-butylphos-
phine, and alkylated with 10 mM acrylamide for 90 minutes at room temperature. 
Following a second round of acetone precipitation, the pellet was solubilized in 7 
M urea, 2 M thiourea, and 2% CHAPS, and 75 µg protein were subjected to IEF on 
11 cm pH 3–10 immobilized pH gradient (IPG) strips (Proteome Systems, Sydney, 
NSW, Australia). Following IEF, IPG strips were equilibrated in 6 M urea, 2% SDS, 
50 mM Tris-acetate buffer (pH 7.0), and 0.01% bromophenol blue and subjected to 
SDS-PAGE on 6–15% Gel Chips™ (Proteome Systems). All gels were stained in 
Sypro ®  Ruby (Molecular Probes, Eugene, Oreg.) and imaged by a charge-coupled 
device camera on a fl uorescent imager (Alpha Innotech, San Leandro, Calif.). 

 4.2.6 Protein Digestion and MALDI Analysis 

 Protein spots were automatically detected and excised using the Xcise apparatus 
(Shimadzu Biotech, Japan). Gel pieces were washed twice with 150 µL 25 mM 
ammonium bicarbonate, pH 8.2, 50% v/v acetonitrile (ACN), dehydrated by the 
addition of 100% can, and air dried. Trypsin (Promega, Madison, Wisc.) in 2 mM 
ammonium bicarbonate (20 µg/µL) was added to each gel piece and incubated at 
30°C for 16 hours. The peptides were extracted by sonication. The peptide solution 
was automatically desalted and concentrated using ZipTips from Millipore (Bedford, 
Mass.) on the Xcise apparatus and spotted onto the Axima (Kratos, Manchester, 
U.K.) MALDI target plate. Peptide mass fi ngerprints of tryptic peptides were gener-
ated by matrix assisted laser desorption and ionization-time-of-fl ight-mass spectrom-
etry (MALDI-TOF-MS) using an AximaCFR (Kratos). 

 4.2.7 Bioinformatic Database Search 

 All spectra were automatically analyzed by the BioinformatIQ integrated suite of bio-
informatics tools from Proteome Systems. Protein identifi cations were assigned by 
comparing peak lists to a database containing theoretical tryptic digests of National 
Center for Biotechnology Information (NCBI) and Swiss Prot sequence databases. 
Protein identifi cation was evaluated based on percent coverage, Molecular Weight 
Search (MOWSE) score, number of peptide matches, peak intensity, and match of pI 
and molecular weight with the location of the protein on the 2D gel. 
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 4.3 RESULTS 

 4.3.1 Cibacron Blue Depletion of Rat Albumin 
Removed Many Nontarget Proteins 

 Rat serum was depleted with the Millipore Montage kit to remove albumin, accord-
ing to manufacturer protocol. Two-dimensional gel analyses were performed with 
the predepleted, postdepleted, and albumin-associated proteins. Based on the results 
shown in Figure 4.1, the postdepleted sample showed some removal of the albumin 
and some enhancement of lower abundant proteins. However, it was clear that many 
proteins were nonspecifi cally removed in the albumin fraction. Hence, the Cibacron 
blue dye does not selectively isolate the albumin-associated proteins but rather has 
strong nonspecifi c effects. Important proteins can be lost using this methodology.   

 4.3.2 Structural Comparisons of IgG and IgY and Their 
Covalent Coupling to Microbead Carriers 

 Despite the similarities between IgY and IgG antibodies, there are some profound 
differences in their chemical structures (Figure 4.2A).The IgY heavy chain is longer 
(65–70 kDa, versus ~50 kDa), and the IgY light chain is shorter (19–21 kDa versus 
22–23 kDa).22,23   The greater molecular mass of IgY is due to an increased number of 

FIGURE 4.1 Cibacron Blue–based albumin depletion of rat serum. 2D electrophoresis 
of rat serum albumin depleted using the Montage kit. The large number of associated pro-
teins in the albumin fraction indicates the lack of specifi city of the resin-based depletion 
kit. (A) Predepletion Rat Serum; (B) albumin-associated fraction; (C) albumin-depleted 
fraction.
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heavy-chain constant domains and an extra pair of carbohydrate chains in its Fc region. 
The latter structural feature is important for the effi ciency of oriented covalent coupling 
of IgY via hydrazide chemistry to solid surfaces. In addition, the hinge region of IgY 
is shorter and less fl exible compared to that of mammalian IgG. IgY is a more hydro-
phobic molecule than IgG,24 which matches the lipid-rich environment of the egg yolk. 
The amino acid sequence and posttranslational differences between the two types of 
antibodies determine their biochemical features and immunological functions.   

FIGURE 4.2    (A) Structures of IgY and IgG; (B) coupling of affi nity-purifi ed IgY to 
UltraLink Hydrazide Gel. 
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 IgY antibodies react neither with mammalian IgG nor IgM,25 nor with human 
anti-mouse IgG antibodies (HAMA),26,27 nor do they bind to the rheumatoid factor 
(RF), which is an anti-immunoglobulin autoantibody found in many different disease 
organisms.28 IgG molecules often give false positive results by interaction with RF in 
immunoassays.24 The lack of cross-reactivity between IgY and IgG can be utilized in 
many ways to reduce unwanted reactions in assays in which anti-IgG antibodies are 
used. IgY does not activate mammalian complement factors,29 which also helps to 
reduce the assay interference by complement factors in mammalian serum samples.30 

 IgY was shown to have good stability after being applied to latex microspheres, due 
to its more hydrophobic surface compared to mammalian antibodies.31 Immobilized 
IgY antibodies were also shown to improve the detection of serum antigens with sur-
face plasmon resonance.30 As depicted in Figure 4.2B, carbohydrate residues on the Fc 
portion of affi nity-purifi ed anti-HSA IgY were oxidized with sodium meta-periodate, 
followed by dialysis against phosphate-buffered saline (PBS). Oxidized IgY was cova-
lently conjugated to UltraLink Hydrazide Gel (Pierce Biotechnology Inc.). The hydra-
zide chemistry results in the IgY antibodies oriented with the F(ab�)

 2 
 antigen-binding 

regions facing outward and the Fc regions of the antibodies covalently coupled via 
their carbohydrate residues to the solid-phase material. Conjugation effi ciency and the 
ratio of antibodies to gel were optimized. This strategy allows maximum effi ciency of 
antigen binding, in contrast to previous random orientation methods using ε-amines in 
lysine for coupling to the solid phase. Oriented covalent conjugation of IgY antibodies 
to 60 µm diameter microbead carriers provides a convenient way to capture and sepa-
rate ligand-specifi c proteins in several platforms, such as spin columns, fast protein 
liquid chromatography (FPLC), microtiter plates, and microtips. 

 4.3.3 IgY Gels Have High Capacity and Specifi city 

 Comparison of binding specifi city of polyclonal, antigen affi nity purifi ed anti-HSA 
IgY and monoclonal anti-HSA IgG showed higher capacity for the IgY antibody 
(Figure 4.3). Higher molecular weight albumin-associated protein bands were also sig-
nifi cantly reduced with IgY (lanes AA1 and AA2 in Figure 4.3), indicating both higher 
specifi city and binding capacity for the IgY. IgY antibodies were shown to have high 
avidity against bacterial or human proteins.20 A further study using surface enhanced 
laser desorption ionization time-of-fl ight mass spectrometry (SELDI-TOF MS) analy-
sis of anti-human recombinant insulin IgY compared to the corresponding IgG demon-
strated that IgY had stronger binding capability and higher detection sensitivity.32 

 4.3.4 Anti-HSA IgY Gels Have Excellent 
Cross-Reactivity to Various Mammalian Albumins 

 Because chickens diverged so long ago from the mammalian clan, human proteins 
injected into chickens tend to be far more immunogenic, with the resulting polyclonal 
IgY antibodies having a much wider array of recognized epitopes. Thus it was predicted 
(Figure 4.4A) and experimentally verifi ed that anti-HSA IgY will immunoprecipitate 
serum albumins from many mammalian species, such as mouse, rat, pig, and goat. 
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As shown in Figure 4.4B, the anti-HSA IgY gel is effective at depleting serum albu-
mins from these species. Corresponding anti-HSA IgG products do not effectively 
remove albumin from nonhuman species (Table 4.1).     

 4.3.5 IgYs Cross-React and Are Also Effective at 
Separating IgG, Fibrinogen, and Transferrin from 
Human and Rat Plasma 

 Similar to results with albumin, cross-species reactivity was confi rmed using anti-human 
IgG-Fc IgY gels to selectively remove IgG from rat and mouse serum (Figure 4.4C). 

  FIGURE 4.3  IgY has higher specifi city than IgG for serum depletion. (A) 1D SDS-
PAGE using GenWay Biotech’s anti-HSA IgY covalently bound to Pierce’s Ultra-Link 
Hydrazide microbeads; (B) 1D SDS-PAGE using Sigma’s monoclonal anti-HSA IgG 
coupled to Protein G beads. S, undepleted human serum; FT, fl ow through after two 
rounds depletion; AA1, albumin-associated protein after fi rst binding; AA2, albumin-
associated protein after second binding. (Data courtesy of Ciphergen Biosystems, Inc.) 
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  FIGURE 4.4  (Continued)

Figure 4.5 extends these results to include fi brinogen and transferrin. Therefore we 
conclude that IgY gels are effective at separating many plasma proteins from a variety 
of mammalian species.   

 4.3.6 Six Abundant Plasma Proteins Are Effectively 
Removed by MIXED6 IgY Gels 

 To test the feasibility of simultaneous removal of several of the most abundant plasma 
proteins, a physical mixture of Seppro™ products was made and used for immunoaf-
fi nity separation in a spin column format. In the fi rst spin column, anti-HSA IgY gel 
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removed 85 to 90% of the albumin in the sample (lane E1, Figure 4.6A). The fl ow-
through sample from this column was applied to a second MIXED6 spin column 
containing a physical mixture of 6 IgY gels: anti-HSA (to remove residual albu-
min), anti-IgG-Fc, anti-transferrin, anti-fi brinogen, anti-IgA, and anti-IgM. Lane D 
of Figure 4.6A showed complete removal of all six proteins but only detected in the 
eluted fraction, as seen in lane E2. The samples were then applied in a 2D gel analy-
sis (see Figure 4.6B). Figure 4.6A shows the position of the six proteins as circled 

FIGURE 4.4 (A) Genetic parallax: clustering of mammalian serum albumins; (B) GenWay 
Biotech’s anti-HSA IgY gel completely and specifi cally depletes albumin from rat and pig 
serum after two rounds of batch depletion (25 µl each) and mouse and goat serum after 
three rounds. MW, molecular weight marker; S, serum before depletion (1:10 dilution); D2, 
unbound material after two rounds of anti-HSA depletion; D3, unbound material after three 
rounds of anti-HSA depletion; D4, unbound material after four rounds of anti-HSA depletion; 
AA, albumin-associated proteins, recovered after stripping PBS-rinsed column with 100 mM 
Glycine (pH 2.5). It appears that this batch of mouse serum was partially proteolytically 
degraded. A 4 to 20% gradient SDS-PAGE was used; (C) anti-mouse-IgG and anti-human-
IgG-Fc IgY Gels remove IgG from mouse, rat, and human sera. �-m IgG, chicken anti-mouse 
IgG IgY coupled to microbeads; �-h IgGFc, chicken anti-human IgG-Fc IgY coupled to 
microbeads; M, molecular weight marker; D2, after two HSA depletions; A, IgG depletion of 
D2; E, eluted bound protein from IgY gel. A 4 to 20% gradient SDS-PAGE was used. 
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versus the sample after MIXED6 depletion (Figure 4.6B.b). The albumin associ-
ated fraction (Figure 4.6B.c) and the MIXED6 depleted fraction (Figure 4.6B.d) are 
also analyzed. The procedure showed specifi c and effective depletion of the sample, 
allowing appearance of low-abundance proteins previously undetectable without 
depletion. The protein identity of the proteins from MIXED6 were then identifi ed by 
careful MALDI analysis by cutting out the gel spots followed by trypsin digestion 
and peptide mass fi ngerprinting. The Mowse scores for all the identifi ed proteins are 
all signifi cant within confi dent level (see Figure 4.6C). The data showed excellent 
and specifi c isolation of all the target proteins, as revealed by a 1D gel, a 2D gel, and 
mass spectrometry methods, respectively. These data indicate that the MIXED6 IgY 
antibodies can be used to specifi cally deplete abundant human proteins to enhance 
the detection of low-abundance proteins in plasma proteome.   

 4.3.7 High-Throughput Proteomic Sample Processing Is 
Facilitated by Use of FPLC Techniques 

 In order to extend the use of the IgY antibodies as a plasma depletion reagent, the 
conjugated antibody beads, including antibodies for albumin, IgG, and transfer-
rin, were packed into small columns for the ABI Vision workstation. As shown in 
Figure 4.7A, all three proteins were removed from the starting material and eluted 
accordingly. The depletion and elution can be semiautomatically operated with 
the workstation by monitoring the ultraviolet absorbance, pH, fl ow resistance, and 
fl ow rate of the column chromatography. In Figure 4.7B, even after 21 cycles of 

  TABLE 4.1 Relative Capacity of GenWay Biotech’s 
Anti-HSA IgY Gel and Applied Biosystems’ Anti-HSA 
IgG Gel to Serum Albumins from Various Mammalian 
Species

Serum Albumin
Species

ABI’s Anti-HSA
IgG Gel (%)

GenWay’s Anti-HSA
IgY Gel (%)

Human 100 100 

Cow 12 59

Goat 0.5 25

Mouse 34 65 

Pig 25 49 

Rabbit 15 —

Rat 37 60

Sheep 0.5 —

Dog — 21

  Note:  One round of depletion. 
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depletion, the quality of the fl ow-through material and eluted proteins stayed the 
same. This indicated that our workstation approach can be developed into a high-
throughput format for plasma depletion. This approach will enhance our ability to 
process and study large amount of clinical or animal study samples in an effi cient 
manner.   

 4.4 DISCUSSION 

 The examination of the human serum and plasma proteome and those of other mam-
malian species is becoming important, due to their clinical accessibility. Plasma is 

  FIGURE 4.5  Separation of abundant rat plasma proteins using three specifi c anti-human 
plasma protein IgY gels. M, molecular weight marker; P, 1:8 diluted citrated rat plasma pre-
depletion; S1, P after two batch depletions on an anti-HSA gel; B1, eluted bound protein from 
anti-HSA gel; S2, P after two batch depletions on an antifi brinogen gel; B2, eluted bound pro-
tein from anti-fi brinogen gel; S3, P after two batch depletions on an anti-transferrin gel; B3, 
eluted bound protein from anti-transferrin gel. A 4 to 20% gradient SDS-PAGE was used. 
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  FIGURE 4.6  (Continued) 
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  FIGURE 4.6  (A) Mixed-6 IgY depletion of human plasma. 1D electrophoresis of human 
plasma depleted samples using the MIXED6 IgY gel in a two-step spin column format, with 
an anti-HSA antibody spin column followed by a spin column fi lled with anti-HSA and 5 
other antibodies. M, molecular weight marker; P, 1:8 dilution citrated human plasma before 
depletion; D, P after depletion with MIXED6 IgY gels (two-column system) containing 
� HSA, �-IgG, �-fi brinogen, �-transferrin, �-IgA, and �-IgM. E1, eluted bound proteins 
from �-HSA gel; E2, eluted bound proteins from MIXED6 gel. A 4 to 20% gradient SDS-
PAGE was used; (B) 2D gel analysis (pI 3–10) of MIXED6 IgY depletion of human plasma. 
Protein (75 µl) from each sample shown in Figure 4.6A was reduced and alkylated prior to 
separation in 2D gels. A, human plasma before depletion; B, human plasma after removal 
of serum albumin, transferrin, fi brinogen, IgA, IgG, and IgM; C, eluted bound proteins to 
�-HSA IgY gel; D, eluted bound proteins to MIXED6 IgY gel. The absence of associated 
proteins in the albumin fraction (C) from human plasma is indicative of the high specifi city 
of the antibody for albumin; (C)   MALDI-MS identifi cation of depleted plasma proteins. All 
spectra were automatically analyzed by the BioinformatIQ integrated suite of bioinformat-
ics tools from Proteome Systems. Protein identifi cations were assigned by comparing peak 
lists to a database containing theoretical tryptic digests of NCBI and Swiss Prot sequence 
databases. The identifi cation of the protein is evaluated based on percent coverage, MOWSE 
score, number of peptide matches, peak intensity, and match of pI and molecular weight with 
the location of the protein on the 2D gel. 
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by far the most readily accessible mammalian tissue from human or animal subjects, 
allowing many studies for patient monitoring and animal model testing. Traditionally, 
blood is by far the most abundant tissue stored for subsequent analyses. Serum and 
plasma are believed to contain many yet uncharacterized posttranslationally mod-
ifi ed forms of proteins or peptides, but in low abundance. These modifi ed forms 
potentially refl ect disease states and thus may be important as diagnostic markers, 
prognostic markers, clinical trial biomarkers, or drug targets. 

 The most abundant plasma proteins, roughly 12 proteins, make up about 93% 
of the protein mass of plasma.9 However, the vast majority of proteins that may be 

  FIGURE 4.7  (Continued) 
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biomarkers for health and disease in various organs are present in much lower quanti-
ties. Without proper depletion methodologies to specifi cally remove highly abundant 
proteins, many low-abundance proteins are not detectable with even the most sensi-
tive mass spectrometer. This challenge is further complicated by the huge dynamic 
range (10 10 ) of plasma protein concentration. Current instrumentation, such as pro-
tein microarrays, liquid chromatography–mass spectrometry (LC-MS), or 2D gels, 
can only resolve about 10 3  to 10 4  distinct proteins.33 High-abundance plasma proteins 
are also the main cause of assay background or assay noise, particularly in multiplex 
setting.9 

  FIGURE 4.7  High-throughput automated depletion of human serum albumin using cross-reac-
tive anti-human serum albumin IgY antibody and ABI Vision Workstation. (A) One-dimensional 
electrophoresis of human serum albumin-, transferrin-, and IgG-depleted samples using anti-
human serum albumin (HSA), transferrin, and IgG IgY gel with the ABI Vision Workstation. The 
complete removal of albumin, transferrin, and IgG in the fl ow-through sample indicates good pro-
tein specifi city and binding affi nity of the IgY antibodies; (B) chromatography of human serum 
albumin, IgG, and transferrin depletion with Seppro gels and ABI Vision Workstation. The data 
indicate that the columns can effectively be reused at least 21 times with no loss of specifi city or 
capacity. 

DK3068_C004_r04.indd   57DK3068_C004_r04.indd   57 10/23/2005   7:59:56 PM10/23/2005   7:59:56 PM



58 Sun W. Tam, Lei Huang, Douglas Hinerfeld, et al.

 There are a number of ways to remove abundant proteins in a given biological 
sample such as plasma or serum.34,35 However, the challenge is that depletion must be 
highly specifi c and the process must be nondisruptive so that the composition and the 
status of the remaining proteins are maximally preserved. An immunoaffi nity method 
using antibodies is best suited for this purpose, since antibodies with high specifi c-
ity and avidity can be obtained and the interaction between antigens and antibodies 
occur under physiological conditions.36,37 Unlike immobilized textile dyes, such as 
Cibacron Blue–based resins that nonspecifi cally remove albumin from plasma (see 
Figure 4.1), antibodies of either IgG or IgY can selectively remove albumin. Recent 
mass spectrometry (MS) identifi cation of proteins that bind to Cibacron Blue but not 
specifi cally to albumin resulted in 60 unique protein species.38 Another challenge 
is to ensure that the depletion process is effective and reproducible.39 A specifi c, 
quantitative, and reliable method is required. Immunoaffi nity capture using highly 
purifi ed polyclonal antibodies is the best choice. 

 Mammalian IgG antibodies from rodents, rabbits, goats, or other mammals have 
cross-reactivity with human plasma proteins such as complements, rheumatoid fac-
tors, Fc receptors, and human anti-mouse antibodies (HAMA). Using IgG to deplete 
human plasma proteins may result in nonspecifi cally removing those proteins of 
interest.32 In contrast, polyclonal IgY antibodies have been shown to have less cross-
reactivity to these human protein contaminants. Since the protein depletion process 
requires large quantities of antibodies, scalability of the production of polyclonal 
IgG antibodies is challenging. However, the nature of continual and accumulative 
production of IgY via collecting eggs yolks can effectively overcome this diffi culty. 
In addition to being suitable for large-scale and economical production processes, 
IgY antibodies also have higher capacity than IgGs for some antigens, such as serum 
albumins (see Table 4.1). 

 Anti-HSA IgY gels were used to deplete HSA from human serum samples. The 
specifi city and capacity of depletion were assessed. It was found that anti-HSA IgY-
gel selectively and effectively removed HSA from human serum samples. The capac-
ity assay showed that anti-HSA IgY gel worked best when the molar ratio between 
IgY and HSA was at 1:1 and dilution of the human serum samples was at a range of 
1:5 to 1:10.32 

 Proteomics studies use various types of animal models to determine mechanism, 
pharmacokinetics, toxicity, and preclinical effi cacy studies. It is useful and conve-
nient to analyze human samples and those of animal models using the same assay 
reagents and methods. Therefore, it will be ideal if the same antibodies used for 
human sample depletion can also be used for animal samples. Due to the extensive 
homology of family proteins between human and other mammalian species (exam-
ples shown in Figure 4.4), IgG antibodies against human abundant plasma proteins 
raised in animals, such as rabbits and goats, do not have strong cross-reactivity to the 
same proteins from other mammalian species, such as rats and mice (Table 4.1). For 
example, it was found that anti-HSA IgG antibodies were not effective in removing 
rat or mouse albumin. 

 In contrast, due to their genetic diversity, common sequences of human and other 
mammalian proteins are less homologous to those of chicken. IgY antibodies against 
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these proteins have a broader recognition spectrum among mammalian species (see 
Figure 4.4A). Anti-HSA IgY antibody gel was applied to remove albumin from the 
serum samples of mouse, rat, goat, and pig (Figure 4.4B). Anti-HSA IgY gel depleted 
the albumins in those four samples of mammalian species with a practical effi ciency 
comparable to that of removing human albumin. This illustrates the potential of IgY 
for cross-species usage in abundant, highly conserved proteins for sample prepara-
tion in proteomics assays. 

 The specifi c removal of abundant proteins from plasma across different species 
can signifi cantly increase the relative protein concentration of low-abundance proteins 
being studied and thus enable their detection and quantitation. This approach will 
greatly enhance the detection sensitivity and ability to characterize low-abundance 
proteins from plasma using subsequent proteomics analyses such as 2D gel MS or 
LC-MS. Our study illustrates a novel method for the selective removal of albumin 
and other abundant proteins from serum and plasma of human, rat, mouse, goat, cow, 
or pig with avian IgY antibodies. These affi nity-purifi ed polyclonal IgY antibodies 
will be applied to meet the needs of protein separation, quantifi cation, process devel-
opment, and standardization. The advantage of this separation scheme compared to 
other methods is that multiple abundant proteins can be simultaneously removed (see 
Figures 4.5 and 4.6). Anti-HSA, anti-fi brinogen, anti-transferrin, and anti-IgG-Fc IgY 
antibodies have a high affi nity and specifi city for their corresponding targets from 
multiple mammalian species. This was confi rmed by rigorous MS identifi cation of 
predepleted and postdepleted proteins from 2D gels (Figure 4.6B and Figure 4.6C). 
Indeed, we are currently developing a MIXED12 Sepproproduct that is expected to 
selectively remove more than 95% of abundant plasma proteins. Use of this material 
will allow the investigator to load at least 20 times more low-abundance protein in a 
subsequent fractionation system (2D gel, LC, etc.) prior to MS analyses, signifi cantly 
improving detection of rare biomarkers. 

 These antigen affi nity purifi ed polyclonal chicken antibodies provide a signifi cant 
advantage over other available immunoaffi nity methods that use murine monoclonal 
antibodies, since the latter rely on single epitopes for protein capture. In disease 
conditions, different posttranslational modifi cations can occur and alter the binding 
epitope of the antigen. By using polyclonal antibodies, one will have a better chance 
to capture various modifi ed forms of disease-related proteins. Other immunoaffi nity-
based approaches that are dependent on goat-, rabbit-, or mouse-produced antibodies 
lack reactivity across multiple mammalian species and thus are typically limited to 
human samples. 

 Often, the albumin-associated fractions are excluded from further studies. In 
our study40 and those done by other groups41 albumin-associated protein complexes 
under normal or diseased conditions contain many uncharacterized proteins. The 
extremely high specifi city of anti-HSA IgY gels permits effective implementation 
of Albuminomics™, largely avoiding artifactual capture and analysis of nonphysi-
ologically bound proteins due to their association with the Fc portion of IgG or to 
nonspecifi c Cibacron Blue–type dyes. 

 In the multiple-column format permitted by the high-throughput liquid chroma-
tography apparatus Vision™ LC system, it is feasible to separately elute each of the 
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associated proteins for individual characterization, such as albumin- or IgG-associated 
proteins. The system allows the simultaneous monitoring of fl ow rate, pressure, 
pH, and protein elution. In this format, the IgY antibody gels can be regenerated 
more than 21 times (Figure 4.7B) and beyond (undocumented data) to process the 
same sample or multiple samples after proper washing and recycling of the column. 
The high reusability of the column enables multiple rounds of depletion of the same 
sample to achieve complete removal of undesirable proteins at a signifi cant scale. 
The LC column format is also amenable to automation. To analyze clinical samples, 
speed and reproducibility are critical for the accumulation of statistically reliable 
information. 

 This novel technical platform, incorporating Seppro products with the high-
throughput Vision™ LC system, can be exploited for the depletion of many abun-
dant proteins from serum and plasma, therefore enabling enhanced detection of  
low-abundance proteins in proteomic studies. In this study, HSA, IgA, IgG, IgM, trans-
ferrin, and fi brinogen were specifi cally and simultaneously removed (Figure 4.6A). 
Normally, serum is collected from plasma through clotting and the removal of fi brino-
gen. Using an anti-fi brinogen IgY antibody, plasma can be directly analyzed without 
activation of many proteolytic enzymes that occur during clotting. By further separating 
other abundant proteins from plasma with IgY antibody conjugates, one can advance 
our current understanding of low-abundance plasma proteins in disease progression 
and intervention. This technology will advance the discovery and validation of bio-
markers, drug targets, and therapeutic proteins and antibodies. 
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 5.1 INTRODUCTION 

 Human serum is frequently used in proteomics analysis for the discovery of new dis-
ease markers, drug targets, or studying protein expression patterns. This body fl uid 
represents the most complex sample of the human proteome, composed of homeo-
static blood proteins as well as tissue leakage proteins.1 Diffi culties arise in the pro-
teomic analysis of serum due to the extreme concentration range of target proteins 
over 10 to 12 orders of magnitude. High-abundant proteins such as albumin, IgG, 
transferrin, haptoglobin, IgA, and alpha1-anti-trypsin represent up to 85% of the total 
protein mass in serum (Figure 5.1). These major protein constituents interfere with 
identifi cation and characterization of important moderate- and low-abundant proteins 
by limiting the dynamic range of mass spectral and electrophoretic analysis. During 
protein isolation, separation, and analysis, these six proteins often mask the detection 
of the more important low-abundant proteins that are of high interest as biomarkers of 
disease or drug targets. In one- and two-dimensional gel electrophoresis (1DGE and 
2DGE), for example, the spots or bands due to these six highly abundant proteins, as 
well as their fragments, often overlap or completely mask large regions of the gel, 
making detection of the myriad low-abundant proteins very diffi cult, if not impos-
sible. Moreover, proteomic analysis methods commonly include an electrophoretic or 
chromatographic separation step which, of course, has a fi nite mass loading tolerance. 
The presence of a large quantity of high-abundant proteins limits the mass load of 
targeted proteins that can be initially sampled by these separation methods.   

 Mass spectrometry (MS), or combined liquid chromatography–mass spectrom-
etry (LC-/MS), analyses enable identifi cation of proteins by tandem MS analysis of 
peptide fragments. These identities can be obtained by database matching of peptide 
MS/MS spectra to previously known protein sequence information, or by  de novo  
sequence determination of novel proteins. The few high-abundant proteins described 
above interfere in this analysis when the signals from their peptide fragments domi-
nate the mass spectrum. One way to alleviate the inherent problems of high-abundant 
protein interference in proteomic studies is to deplete these proteins as completely as 
possible, while not removing the proteins of interest. 

 Removal of high-abundant proteins from serum or plasma has been accomplished 
by many methods, ranging through the use of various solid-phase and liquid-liquid 
extraction or precipitation methods. Solid-phase extraction methods have had the most 
success and have taken a variety of forms, including lectin affi nity chromatography,2 
controlled pore membranes separations,3 textile dye-modifi ed LC media (for example, 
Cibacron Blue),4 and affi nity media based on antibody-antigen interactions.5 However, 
many techniques ineffi ciently remove only one or at most two proteins and have poor 
specifi city.6,7 Ion exchange and controlled pore size membranes are used to fractionate 
proteins based on either charge or molecular dimensions. Since proteomic samples 
often contain many proteins of similar charge and size, these devices are prone to speci-
fi city and capacity concerns. The available membrane materials do not appear to have 
the requisite effi ciency for targeted protein removal and leave signifi cant quantities 
of interfering high-abundant proteins behind in samples.3 A well-known method to 
remove albumin from serum and plasma samples uses dye affi nity chromatography 
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resins modifi ed with Cibacron Blue or with related versions of this chlorotriazine dye. 
Previous studies have shown that the removal of albumin on Cibacron Blue is incom-
plete, and that many other lower abundant proteins are removed by this approach as 
well, either through interaction with the media base material or with albumin itself.7 
The poor selectivity of Cibacron Blue resins may result in the removal of proteins of 
interest through absorptive interactions that have both hydrophobic and ion-exchange 
characteristics and are thus diffi cult to optimize for specifi c removal of targeted high-
abundant proteins. Commonly used affi nity LC techniques for the removal of serum 
immunoglobulins are based on the use of Protein A– or Protein G–modifi ed media.8,9 
These materials have also been further modifi ed with antibodies to eliminate albumin 
or additional members of the immunoglobulin family, or both.10 Conventional affi nity 
materials prepared in this way typically remove only one protein at a time, and even 
in devices that claim removal of more than one protein (e.g., albumin and IgG), the 
removal is often incomplete, and the devices are rather short-lived (offering only one 
to several reuses per device). 

 Ineffi cient protein removal and the lack of specifi city and reusability of these 
solid phase sample preparative devices has prompted the development of more effi -
cient and specifi c protein removal methods.11 Ideally, a depletion column should 
possess little or no binding of nontargeted proteins and preferentially should bind 
several high-abundant proteins simultaneously. Antibody-based selection strategies 
can offer the desired characteristics, since immunoaffi nity separations are known to 
be capable of exquisite specifi city and acceptable sample capacity.12,13 

FIGURE 5.1 Composition of proteins in human serum. The protein composition is sche-
matically depicted based on mass abundance in normal human serum. The six high-abundant 
proteins removed by the immunoaffi nity column comprise approximately 85% of the total pro-
tein mass in human serum.
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 We have developed an immunoaffi nity LC column approach that allows for the 
reduction of serum sample complexity by selective removal of the six most abun-
dant serum proteins in a single chromatographic step. This technology has been 
demonstrated to exhibit practical utility for immunodepletion of targeted proteins 
present in high abundance in serum, plasma, and cerebrospinal fl uid (CSF) sam-
ples. The effective removal of high-abundant proteins enables loading of seven to 
ten times greater quantities of lower abundance proteins onto electrophoresis gels 
or LC-MS instrumentation, thereby expanding the dynamic range of proteomic 
analysis. 

 5.2 METHODS 

 5.2.1 Immunodepletion Column 

 Rabbit polyclonal antibodies to six major serum proteins—human serum albumin 
(HSA), transferrin, alpha1-anti-trypsin, haptoglobin, immunoglobulin A (IgA), and 
immunoglobulin G (IgG) were affi nity purifi ed on corresponding protein antigen 
columns.14 The resulting affi nity-purifi ed antibodies were covalently coupled to porous 
beads via their Fc region and cross-linked. Spatially controlled cross-linking of the 
antibodies resulted in preferential orientation of the antibody binding sites away from 
the solid-phase surface, supporting maximum binding capacity of targeted proteins. 

 Each affi nity resin was analyzed to determine its binding capacity. The six affi n-
ity resins were packed separately into 2.1 � 30 mm columns, which permit binding 
capacities to be measured by serial injections of purifi ed antigens. Column capacities 
were considered saturated when 10% of the total injected antigen was detected in the 
fl ow-through peak (absorbance at 280 nm). A fi nal mix of the resins was made based 
on the relative abundance of each high-abundant protein in serum, combined with 
the measured individual resin capacity for a targeted protein. The mix was adjusted 
to allow for simultaneous removal of the six high-abundant proteins in human serum 
during one column run. In practice, the column is loaded with serum at about 90% of 
its effective maximum capacity in order to prevent column overload that can result 
from individual differences in protein concentration between samples. 

 The immunoaffi nity column requires a proprietary two-buffer system (Buffer A 
and Buffer B) for operation. The two buffers provide the means to separate low-
abundant proteins from high-abundant proteins and regenerate the column, all in 
about 20–30 minutes per injection. Buffers A and B are optimized to minimize coad-
sorption of nontargeted proteins to the column packing and to ensure reproducibility 
of column performance and long column lifetime. Buffer A (Agilent Technologies) 
is a salt-containing neutral buffer (pH 7.4) used for loading, washing, and reequili-
brating the column. Buffer B (Agilent Technologies) is a low pH urea buffer used 
for eluting the bound high-abundant proteins from the column. Serum samples are 
injected onto the column and the high-abundant proteins are simultaneously removed 
as low-abundant proteins pass through in the fl ow-through fraction. After collecting 
the low-abundant proteins and washing the column, the bound proteins are eluted 
with Buffer B and the column is reequilibrated with Buffer A. 
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 Through this series of sample loading, washing, collection, and reequilibration, 
multiple serum samples can be processed and depleted. After each pass of serum 
through the column, fl ow-through fractions containing low-abundant proteins can be 
pooled and concentrated for downstream postaffi nity processing. The methods out-
lined below demonstrate a typical workfl ow for immunodepleting a given quantity 
of human serum samples. Similar procedures have been employed successfully for 
cerebrospinal fl uid, amniotic fl uid, and for urine analysis. 

 5.2.2 Sample Collection and Processing 

 Human serum was obtained from a healthy female volunteer. The blood was  collected 
in a BD vacutainer tube with SST gel and clot activator (Becton Dickinson). Shortly 
after clot formation, the sample was centrifuged at 1000 g  for 15 minutes. The serum 
was removed, aliquoted, and stored at �70º  C. Prior to injection on the immunodeple-
tion system, serum samples were thawed and diluted fi ve times with Buffer A, then 
“Complete” protease inhibitors cocktail (Roche) was added. The sample was transferred 
to a 0.22 �m pore size spin tube (Agilent Technologies) for removal of particulates 
by centrifugation at 16,000 g  for 1 minute at room temperature. The prepared samples 
were maintained at 4ºC, either in the refrigerator or in the temperature-controlled 
autosampler stage of the Agilent 1100 LC system. 

 5.2.3 Chromatographic Set-Up 

 Analysis of proteomic serum samples often requires either high throughput of 
a number of different samples, or serial processing of larger volumes (pooling) 
of a single serum sample in order to bring low-abundant proteins of interest into 
detectable levels. Therefore, it is desirable to process serum samples with minimal 
workfl ow variability to ensure the precision and reproducibility of results. A fully 
automated LC station for sample processing ensures run-to-run consistency and 
increases the total throughput. High-performance liquid chromatography was per-
formed on an automated Agilent 1100 LC system (Chemstation A.10.01 software) 
using a standard column confi guration at ambient temperature. The LC station com-
ponents included a binary pump, degasser, solvent cabinet (containing Buffer A and 
Buffer B), autosampler (300 �l loop) with thermostat, diode-array detector (280 nm) 
with 6 mm fl ow cell, and an analytical scale thermostatted fraction collector. The 
LC system setup allowed automated separations of multiple samples and fulfi lled 
necessary requirements such as monitoring, precise fraction collection, injection, and 
cooling of injected and collected samples. 

 5.2.4 Immunoaffi nity Separation 

 High-abundant protein removal from crude diluted human serum was performed on a 
4.6 � 50 mm immunodepletion column (Agilent Technologies). The recommended 
column capacity range is between 15 and 20 �l of nondiluted human sera. A larger 
size 4.6 � 100 mm column (Agilent Technologies) exhibits a serum capacity of about 
40 �l. Larger internal diameter columns have also been prepared and tested, with serum 
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loading capacities that are proportional to the volume of packing material employed. 
Capacity is defi ned as the amount of undiluted serum that can be loaded on the column 
such that 99% of the targeted high-abundant proteins are removed for at least 200 
injections on a particular column. After sample preparation and dilution, 90 �l (18 �l 
sera diluted 5� with Buffer A) of sample was injected onto the 4.6 � 50 mm column 
in 100% Buffer A at a fl ow rate of 0.25 ml/min for 9.0 minutes (Figure 5.2). After col-
lection of the fl ow-through fraction, the column was washed and the bound proteins 
eluted with 100% Buffer B at a fl ow rate of 1.0 ml/min for 3.5 minutes. Afterward, the 
column was regenerated by equilibrating it with Buffer A (0% B) for 7.5 minutes for a 
total run cycle of 20 minutes.   

 Fraction collection of fl ow-through proteins was time controlled and corre-
sponded to the ultraviolet (UV) 280 nm absorbance of the eluting proteins. The fl ow-
through fraction was collected into a 1.5 ml tube (Sarstedt) and cooled to 4ºC using 
the thermostatted fraction collector. Bound fractions were collected for analyzing the 
specifi city of the immunodepletion procedure. 

 5.2.5 Analysis of  Flow-Through Fractions by Enzyme-
Linked Immunosorbent Assay (ELISA) 

 Standard sandwich ELISAs14 were used to determine the completeness of removal 
of targeted proteins from human serum. Briefl y, assay plates were coated with 50 �l 
of serum samples, fl ow-through fractions, or purifi ed serum proteins diluted from 
1:100 to 1:50,000 in Buffer A. The assay plates were incubated overnight at 4ºC 
then washed with standard phosphate-buffered saline. Nonspecifi c binding sites were 
blocked with 200 �l of blocker solution (Bio-Rad) for 2 hours at room temperature. 

FIGURE 5.2 Chromatograms for the affi nity removal of high-abundant proteins from human 
serum. Diluted human serum (90 �l) was injected on a 4.6 � 50 mm immunoaffi nity column 
(0.25 ml/min) and a fl ow-through peak (2–4.5 minutes) containing the immunodepleted serum 
proteins was collected. The column was washed with Buffer A and the targeted high-abundant 
proteins were eluted with Buffer B (1.0 ml/min). The column was reequilibrated in Buffer A for 
subsequent injections. The chromatograms show runs 20 and 200 were identical as observed by 
the overlays—indicating high reproducibility and reusability.
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The plate wells were washed with PBS before 100 �l of affi nity-purifi ed rabbit 
anti-human antigen antibodies (see section 5.2.1.) were added at 1:1000 dilutions 
or 1 �g/ml in blocker solution. After incubation for 2 hours on a shaker at room 
temperature, the washing procedure was repeated, then the detection antibody, 
horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (Sigma), was 
added for a 1-hour incubation. Finally, the wells were washed as before, and 100 �l 
of 3,3�, 5,5�-tetramethylbenzidine (TMB) liquid substrate (Sigma) was added. The 
absorbance was measured after 15 minutes at 655 nm in an ELISA plate reader and 
plotted versus the standard concentration. Standard curves were fi tted to a four-
parameter equation by nonlinear regression   analysis.15 All samples were analyzed 
in duplicate or triplicate, and multiple sample   dilutions were compared with stan-
dard curves to determine the concentrations of targeted proteins in crude serum and 
immunodepleted fl ow-through fractions. 

 5.2.6 Processing of Depleted Serum and Bound 
Fractions for Down-Stream Analysis 

 Flow-through fractions or bound fractions from several injections were pooled and 
buffer-exchanged in 4 ml spin concentrators with 5 kDa molecular weight cutoffs 
(Agilent Technologies). The sample was centrifuged at 7500 g  for 20 minutes at 4ºC. 
Buffer was exchanged into 20 mM Tris-HCl, pH 7.4 by three rounds of addition of 
the buffer, with centrifugation for 20 minutes each time. The concentrated samples 
were aliquoted and stored at �70ºC until analysis. Protein concentrations were ana-
lyzed using a BCA protein assay kit (Pierce). 

 5.2.7 One-Dimensional (1D) and Two-Dimensional (2D) 
Gel Electrophoresis 

 1D SDS-PAGE analysis was carried out using Invitrogen Tris-glycine precast gels 
(4–20% acrylamide, 10 wells, 1 mm) according to the manufacturer’s protocol. For 2D 
electrophoresis, samples were prepared by mixing 250 �g of proteins with 185 �l of 
rehydration buffer containing 8 M urea, 2% 3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS), 2% ampholytes, and 20 mM dithiothreitol. Samples 
were applied on 11 cm immobilized pH gradient (IPG) and pH 3–10 nonlinear strips 
(Bio-Rad) and processed according to the manufacturer’s instructions. The second 
dimension was carried out on 8 to 16% precast Tris-glycine gels. Proteins were visu-
alized by Coomassie Blue staining with GelCode Blue (Pierce). 

 5.2.8 Liquid Chromatography–Tandem Mass 
Spectrometry (LC-MS/MS) 

 For analysis of the specifi city of the immunodepletion column, the bound fraction 
was resolved by 1D SDS-PAGE. After staining with the Coomassie Blue, protein 
bands were cut and destained, and the proteins were reduced, alkylated, and digested 
with trypsin using an in-gel trypsin digestion kit from Agilent Technologies. The 
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peptides were extracted and analyzed by LC-MS/MS on an Agilent 1100 MSD Trap 
SL. Results were processed by Spectrum Mill software (Agilent Technologies). 

 Crude human sera and the fl ow-through fractions from the immunodepletion 
column, as well as from a Cibacron Blue albumin removal column, were digested 
with trypsin and analyzed by 2D LC-MS/MS on an Agilent 1100 MSD Trap SL. 
A strong cation exchange (SCX) column (Polysulfoethyl A, 1 � 50 mm, 5 �m, 300 Å, 
PolyLC) was used for the fi rst dimension, and a reversed-phase (RP) column (Zorbax 
300SB-C18, 5 �m, 0.3 � 150 mm, Agilent Technologies) provided the second 
dimension. The main fl ow rate was 0.1 ml/min using 3% acetonitrile/0.1% formic 
acid. Solvent A was 0.1% formic acid and solvent B was 100% acetonitrile/0.1% 
formic acid. The fl ow rate for the reverse-phase separation was 6 �l/min. Injection 
of 40 �l of a salt solution was used to elute peptides from the SCX column. Peptides 
eluted with the salt solution from the SCX column were trapped and desalted on a 
Zorbax 300SB-C18, 5 �m, 5 � 0.3 mm column (Agilent Technologies). The column 
was then switched inline with the fl ow for the analytical RP column, and the peptides 
were eluted off the trap column and onto the RP column. A separate RP run was 
performed for each salt slice. Higher concentrations of salt were repeated to ensure 
complete removal of peptides from the SCX column prior to loading the column with 
the next sample. The gradient for the reverse phase and salt slices is as follows: 5 min-
utes,  10% B; 90 minutes,  60% B; 92 minutes, 90% B; 97 minutes, 90% B; 100 minutes,  
10% B. Salt slices: 10 mM, 25 mM, 50 mM, 75 mM, 100 mM, 200 mM, 500 mM, 
1 M, and 2.5 M KCl. 

 5.2.9 Cibacron Blue Column 

 We compared the specifi city of depletion with the immunoaffi nity column to the 
specifi city of Cibacron Blue-modifi ed resin. For these experiments, a HiTrap Blue 
column (1 ml, Amersham Pharmacia Biotech) containing Cibacron Blue ligand 
covalently attached to highly cross linked agarose gel was employed. A variety of 
loading and elution conditions have been examined, and those described here are 
based on the conditions recommended by the manufacturer. Alterations in the ionic 
strength of the loading mobile phase can be used to improve the specifi city of the 
separation, but this must be balanced by the requirement of complete removal of 
HSA from human serum. 

 To perform HSA depletion, 125 �l of serum were diluted four times with the 
loading buffer. Sample was loaded onto the column and the column was washed with 
fi ve column volumes of the loading buffer—50 mM K

 2 
HPO

 4 
, pH 7.0. Elution buffer 

(50 mM K
 2 
HPO

 4 
, 1.5 M KCl, pH 7.0) was used for the collection of the bound frac-

tion. Both the fl ow-through and the bound fractions from several runs were collected, 
pooled, and buffer exchanged into the immunoaffi nity column loading Buffer A. 

 5.2.9.1 Analysis of Cibacron Blue Bound Fraction 

 The Cibacron Blue bound fraction (1.0 mg) was loaded on an anti-HSA immunoaf-
fi nity column (4.6 � 50 mm). The fl ow-through fractions from several injections 
were collected, concentrated, and analyzed by 1D SDS-PAGE and LC-MS/MS. 
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 5.2.9.2 Analysis of Cibacron Blue Flow-Through Fraction 

 The Cibacron Blue fl ow-through fraction was reduced, alkylated, digested with tryp-
sin, and analyzed by 2D LC-MS/MS on an Agilent 1100 MSD Trap SL. The data was 
analyzed with Spectrum Mill software. Similar analyses were performed on sera and 
the fl ow-through fraction from an anti-HSA affi nity column. 

 5.3 RESULTS 

 5.3.1 Immunoaffi nity Column Performance and 
Reproducibility 

 Figure 5.2 represents a typical chromatogram for a run on a 4.6 � 50 mm immunoaf-
fi nity column. To test the reproducibility of the separation, a specifi c serum sample 
from a normal healthy donor was injected repeatedly, with fraction collection of the 
fl ow-through and bound fractions. The column was stable and robust for at least 200 
injections of serum samples, as illustrated by the chromatograms shown in Figure 5.2, 
which demonstrates the overlay of retention time and peak area for runs 20 and 
200. The removal of high-abundant proteins was consistent and reproducible with 
no apparent antibody leakage or loss of column capacity (as measured with standard 
proteins during the course of the stability test experiments). The two column buffers 
used during loading, elution, and equilibration provided the desired robustness and 
contributed to the long column lifetime. The maintenance of column loading capac-
ity indicates that the affi nity binding sites are fully recovered, and thus the selected 
proteins are completely desorbed and solubilized by the elution Buffer B. 

 Figure 5.3 shows 1D gel electrophoresis data for the crude serum, fl ow-through, 
and bound fractions from the immunoaffi nity column. Equal amounts of protein were 
loaded in each lane. Results show that high-abundant proteins in serum (lane 2) are 
clearly removed and are not visible in the fl ow-through fraction (lane 3). Also, low-
abundant proteins that were not visible in the serum before depletion became visible 
in the fl ow-through fraction after removal of the high-abundant proteins. This could 
easily be observed using 2D gel electrophoresis. Figure 5.4 shows the protein pattern 
of human serum before (A) and after immunodepletion (B). Circles indicate the areas 
where the targeted high-abundant proteins reside. The depletion of high-abundant 
proteins unmasks the low-abundant proteins due to the substantial removal of protein 
mass from the sample. More than 85% of total protein was depleted after a single 
pass of serum through the immunoaffi nity column. This enabled a large increase in 
low-abundant protein mass loading onto the gel (up to ten times). As a result, low-
abundant protein fractions become enriched and more easily detectable on the gel, 
making the protein spots more amenable to quantitation and MS identifi cation.   

 5.3.2 Completeness of the Depletion of 
High-Abundant Proteins 

 Standard sandwich ELISA assays were performed with a crude serum sample and the 
fl ow-through fraction from the immunodepletion column. As shown in Table 5.1, 
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more than 99% of the targeted high-abundant proteins were removed from the serum 
sample in a single pass on the immunodepletion column. This result indicates a high 
degree of effi ciency in the performance of the immunodepletion column and is con-
sistent with the qualitative impressions that result from the examination of gel elec-
tropherograms of fl ow-through fractions (Figure 5.3 and Figure 5.4), which lack any 
indication of the selected proteins. Gel electrophoretic analysis of bound fractions, 
with band selection, tryptic digestion, and MS analysis indicates the presence of 
multiple proteolytic fragments of the targeted high-abundant proteins, particularly 

FIGURE 5.3 1D SDS gel electrophoresis of human serum pro-
tein fractions from an immunoaffi nity column. An equal amount 
(10 �g) of crude serum (lane 2), fl ow-through (lane 3), and bound 
fractions (lane 4) were separated by 4 to 20% SDS-PAGE under 
nonreducing conditions. Lanes 1 and 5 are the molecular weight 
standards (Mark12) from Invitrogen. The proteins were stained 
with Coomassie Blue dye. Based on the protein assay of the 
fl ow-through fraction, 85% of total protein was removed from 
the crude serum.
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truncated versions of HSA. These fragments are effi ciently bound by the polyclonal 
antibody selectors. 

 5.3.3 Specifi city of the Immunodepletion 

 For analysis of immunodepletion column specifi city, bound fractions were resolved 
on 1D gels (Figure 5.3, lane 4). The gel lane was cut into multiple sections, and the 

FIGURE 5.4 2D gel electrophoresis of human serum before and after removal of high-
 abundant proteins—250 �g of total protein was loaded on each gel. (A) Human serum before 
depletion. The targeted high-abundant proteins are circled; (B) human serum after depletion 
of the six targeted high-abundant proteins. The positions of the removed proteins are circled. 
Molecular weight standards (Mark12, Invitrogen). Proteins were visualized by staining with 
Coomassie Blue.

TABLE 5.1 Depletion Effi ciency of High-Abundant Proteins from 
Human Serum

High-Abundant Proteins
Serum (18 �l) (�g)
Mean � SD (n � 3)

Flow through (�g)
Mean � SD (n � 3) Depletion(%)

HSA 760 � 60 5.05 � 0.01 99.34

Transferrin 37 � 17 0.24 � 0.04 99.36

IgG 230 � 22 0.86 � 0.03 99.63

IgA 56 � 5.5 0.23 � 0.01 99.59

Haptoglobin 31 � 8.7 0.21 � 0.01 99.31

Alpha-1-antitrypsin 65 � 5.7 0.74 � 0.05 98.86

Note: Sandwich ELISA immunoassays were used to measure the concentration of high-abundant proteins 
in crude serum and the fl ow-through fraction after immunodepletion.
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proteins were reduced, alkylated, and digested with trypsin. Peptides were eluted and 
analyzed by LC-MS/MS. Table 5.2 displays proteins identifi ed in the bound fraction 
from the immunodepletion column. The immunoaffi nity column is highly specifi c 
for the removal of high-abundant proteins from serum. A small number of nontar-
geted proteins are bound to the column, but this only represents a small fraction of 
the fl ow-through quantities. None of the nonspecifi c proteins bound quantitatively to 
the immunoaffi nity column. 

FIGURE 5.5 Experimental setup for the identifi cation of proteins bound to the Cibacron 
Blue column. The Cibacron Blue bound fraction (1 mg) was loaded on an anti-HSA immu-
noaffi nity column (4.6 � 50 mm). The fl ow-through fractions from several injections were 
collected and processed for further analysis by SDS-PAGE and LC-MS/MS.

TABLE 5.2 Proteins Identifi ed in the Bound 
Fraction of the Immunoaffi nity Column

1. Serum Albumin

2. Transferrin

3. Ig G

4. Alpha-1-antitrypsin

5. Alpha-2-macroglobulin

6. Haptoglobin

7. Complement C3

8. Ig A

9. Complement C4

10. Apolipoprotein A-1

Note: Proteins retained by the immunoaffi nity column were 
eluted and resolved with SDS-PAGE. Gel lanes were sliced 
and processed for identifi cation by tryptic digestion and 
MALDI/MS or LC-MS/MS. Bold type indicates proteins 
targeted for removal by the immunoaffi nity column.
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 We compared the specifi city of the immunoaffi nity column to the specifi city of a 
Cibacron Blue dye column that is often used for the depletion of albumin from serum 
samples. A human serum sample was loaded onto a Cibacron Blue column, and the 
bound fraction was eluted after column washing. This fraction was depleted of albu-
min by passing it through an immunoaffi nity column containing the material specifi c 
for the removal of albumin (see Figure 5.5 for the experimental setup). By removing 
HSA we are able to determine which proteins, besides albumin, bind to the Cibacron 
Blue resin.   The fl ow-through fraction from the immunoaffi nity column then repre-
sented all of the proteins nonspecifi cally retained by the Cibacron Blue column but 
not by the immunoaffi nity depletion column. Analysis by SDS-PAGE revealed the 
presence of multiple proteins that were nonspecifi cally bound to the Cibacron Blue 
column (Figure 5.6). The identities of these proteins were confi rmed by in-gel tryptic 
digestion followed by LC-MS/MS analysis. Tryptic digestion of this fraction with 
subsequent analysis of the resulting peptides by 2D LC-MS/MS was also conducted. 

FIGURE 5.6 1D gel electrophoresis of a Cibacron Blue–bound 
fraction. The Cibacron Blue–bound fraction was separated by 
4–20% SDS-PAGE under nonreducing conditions. Lane 1, Mark12 
standards (Invitrogen); lanes 2–4, Cibacron Blue bound fraction; 
lane 2, 2 �g; lane 3, 4 �g; lane 4, 6 �g; lane 5, empty; lane 6, 
fl ow-through fraction from an anti-HSA immunoaffi nity column. 
The Cibacron Blue–bound fraction was depleted of albumin and 
concentrated. A total of 7 �g protein was loaded on the gel lane.
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This approach allowed identifi cation of 52 unique proteins that were nonspecifi cally 
bound to the Cibacron Blue column (Table 5.3). Analysis of the Cibacron Blue fl ow-
through fraction indicates that some serum proteins such as hemopexin, Complement 
C3, C4, ITIH 1, ITIH 2, and ITIH 4 were bound quantitatively to the Cibacron Blue 
column, as these proteins were not detected at all in the fl ow-through fraction and 
were thus retained on the column.   

 5.4 CONCLUSIONS 

 The described immunoaffi nity protein depletion column is based on affi nity- purifi ed 
polyclonal antibodies, prepared using whole proteins as immunogen. The use of 
polyclonal antibodies offers a signifi cant advantage, since purifi cation will rely on 
multiple epitopes and not a single one, as in the case of the monoclonal antibodies. 
We have observed that this allows the removal of proteolytic fragments and mul-
tiple variants of targeted proteins attributed to posttranslational modifi cations and 
sequence variations. 

 The excellent selectivity and specifi city of immunoaffi nity depletion is likely 
a result of the stringent affi nity purifi cation procedure used to prepare the captured 
antibodies. The column is highly specifi c for human bodily fl uid samples—serum, 
plasma,16 and CSF.17 Additional studies have shown that effi cient depletion of tar-
geted proteins from monkey serum can be achieved,18 whereas other tested samples 
of serum from various species, including swine, canine, mouse, and rat, have shown 
incomplete removal of targeted proteins. Immunoaffi nity depletion columns specifi c 
for mouse albumin, transferrin, and IgG have also been prepared, with results highly 
similar to those obtained for humans, in terms of effi ciency of immunodepletion, 
as well as species specifi city. This indicates that species-specifi c polyclonal anti-
body removal devices offer a generally applicable approach to high-abundant protein 
removal for a broad range of samples, particularly when compared to competitive 
technologies currently available. 

 The chromatographic separation of proteins can be infl uenced by mobile-phase 
conditions such as pH, ionic strength, and added constituents of the mobile phases. 
The two proprietary column buffers were optimized to avoid run-to-run variability 
and promote column specifi city, reproducibility, and lifetime. The immunoaffi nity 
column performed reproducibly over 200 run cycles, as judged by retention charac-
teristics, as well as by electrophoretic analysis of collected fractions. Highly specifi c 
depletion of high-abundant proteins results in the removal of up to 98 to 99% of the 
targeted proteins and their fragments, while minimizing nonspecifi c base material 
and protein-protein interactions. This specifi city is determined by the characteristics 
of the binding buffer. 

 Reproducible and stable operation of the immunodepletion column for many 
sample injections requires that the material must be chemically and physically stable. 
An underrated consideration is the requirement that the affi nity binding capacity 
remains stable during extended use of the material. A simple calculation shows that 
a 1% loss of binding capacity per use of the column will result in less than 14% 
remaining capacity after 200 consecutive sample injections. Using the conditions 
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and materials described herein, we have observed negligible loss of column capacity 
(measured with purifi ed proteins) after 200 consecutive injections, implying that the 
affi nity selector remains completely available over this regime. In addition, no cross 
contamination is noted between runs, as indicated by the absence of protein elution 
when blank injections follow serum samples. This ability to have a clean and stable 
affi nity surface is determined by the chemistry of surface construction, as well as the 
choice of the elution Buffer B, which functions to both desorb the antibody-bound 
protein, as well as maintain its solubility in the mobile phase. This latter consider-
ation is critical in the choice of elution buffer, as illustrated by our experience with 
human alpha-2-macroglobulin, a very large serum protein with challenging solubil-
ity characteristics. An acceptable elution regime has yet to be developed to support 
stable capacity for this serum protein. 

 Reproducibility and specifi city of the depletion are major concerns when choosing 
the proteomic sample preparation technique. The four nontargeted proteins detected 
by MS/MS in the column bound fraction appear to represent a small fraction of those 
detected in the fl ow-through and are most likely due to a relatively stable but nonspe-
cifi c association of these proteins with the targeted proteins or the base material. We 
have observed that small amounts of these same proteins tend to appear in almost all 
immunoaffi nity separations, regardless of the antibody immobilized on the chromato-
graphic surface. To date, no systematic analysis has been conducted to quantify the 
removal of these proteins during the procedure, but the intensities of MS signals gen-
erated in downstream analyses are small, in comparison to those apparent in the fl ow-
through fraction, indicating that at worst these are small relative losses. In contrast, we 
have demonstrated that a variety of serum proteins, in addition to serum albumin, bind 
to the Cibacron Blue resin (52 proteins identifi ed), while many of these proteins are 
quantitatively removed by the described Cibacron Blue selection procedure. Although 
the specifi city of Cibacron Blue can be somewhat manipulated by use of alternative 
binding buffer conditions, increasing contamination of the fl ow-through sample by 
albumin or albumin fragments results. 

 The immunoaffi nity column depletion technology described offers rapid and simul-
taneous removal of six high-abundant proteins in 20 to 25 minutes per sample. This 
methodology is robust, scalable, and easily automated for multiple sample processing, 
and it is compatible with downstream 1D and 2D SDS-PAGE, LC, LC-MS, and enzy-
matic or chemical fragmentation methods, or both. 

 The approach presented here enables an expanded dynamic range for the detec-
tion of low-abundant proteins in these complex proteomic samples and thereby assists 
in the search for novel biomarkers of disease states and intervention strategies. 
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 6.1 INTRODUCTION 

 It is estimated that about 30% of the many kinds of proteins in the cell are embedded 
in cellular membranes1 and that more that 50% of current drug targets are membrane 
proteins.2,3 Consequently, isolation of membranes and analysis of membrane proteins 
is of interest across a variety of disciplines. Isolation of the total cellular membrane 
fraction is straightforward; however, it is more diffi cult to separate membranes from 
individual organelles. The isolation of the plasma membrane is a particular chal-
lenge, due to its low abundance in relation to mitochondria, endoplasmic reticulum, 
and other membranes in the cell, its similarity to these other membrane compo-
nents, and its propensity to exist in a variety of structures during isolation, including 
both open sheets and vesicles.4,5 The procedure reported here is a modifi cation of 
Jacobson’s cationic colloidal silica technique,6,7 which leads to 20-fold enrichment of 
the plasma membrane. Proteins are solubilized from the isolated plasma membrane 
into Laemmli buffer suitable for sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS PAGE) and proteomic analysis. At least 50% of the proteins identifi ed 
are traditionally assigned to the plasma membrane, and some theoretical membrane 
proteins are characterized. 

 6 
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 6.2 PREPARATION OF THE PLASMA MEMBRANE 
FRACTION 

 The method is described here as it is applied to the isolation of plasma membranes 
from human multiple myeloma RPMI 8226 cells grown in suspension and human 
breast cancer MCF-7 cells cultured in monocellular layers. We thank Dr. R. Fenton 
of the Greenebaum Cancer Center, University of Maryland School of Medicine, for 
the multiple myeloma cells, and Dr. K.H. Cowan of the Eppley Institute, University 
of Nebraska Medical Center, for the MCF-7 cell line. 

 6.2.1 Materials 

 Cationic colloidal silica (Ludox CL) and polyacrylic acid (100,000 average molecu-
lar weight fraction) were obtained from Sigma Aldrich (St. Louis, Mo.). Nycodenz, 
Laemmli buffer, growth media, phosphate-buffered saline (PBS), and other chemi-
cals were obtained from either Bio-Rad (Hercules, Calif.) or Sigma Aldrich. 

 Membrane coating buffer A: 20 mM MES, 150 mM NaCl, 800 mM sorbitol, 
pH 5.3 

 Membrane coating buffer B: 20 mM MES, 135 mM NaCl, 0.5 mM CaCl
 2 
, 

1 mM MgCl
 2 
, pH 5.3 

 Polyacrylic acid solution: 10 mg/ml polyacrylic acid in membrane coating 
buffer A or B, pH 6.5. 

 Lysis buffer: 2.5 mM imidazole pH 7 

 6.2.2 Cell Suspensions 

 The RPMI 8226 cells are grown in RPMI 1640 media and heat-inactivated fetal calf 
serum8 in 150 cm 2  cell culture fl asks at 37ºC under 5% CO

 2.  
The RPMI cells are 

recovered by centrifugation at 900 g . About 1.5 g wet weight cells are washed in 50 ml 
plasma membrane coating buffer A (see above) and added dropwise into 15 ml of a 
suspension of 10% (by volume) cationic colloidal silica in the same membrane coat-
ing buffer. The suspension is rocked gently on ice for 15 minutes. The silica-coated 
cells are then sedimented at 900 g  for 5 minutes, and the supernatant suspension is 
removed by decantation. 

 The silica-coated cells are resuspended in 50 ml buffer A and sedimented once 
more at 900 g  for 5 minutes to remove any excess silica. The cells are resuspended 
in 7 ml buffer solution A, added dropwise to 15 ml of polyacrylic acid solution 
(see above), and placed on ice for 15 minutes with gentle rocking. The silica and 
polyacrylic acid coated cells are then sedimented at 900 g  for 5 minutes, and the 
supernatant is removed by decantation. The cells are washed with 50 ml plasma mem-
brane coating buffer A, recovered by centrifugation at 900 g  for 5 min, and placed 
in 50 ml lysis buffer with 0.5 ml of Sigma protease inhibitor cocktail and left on ice 
for 30 minutes. 

 The swollen cells are then lysed using nitrogen cavitation at 1500 psi. The cell 
lysate is centrifuged at 900 g  for 30 minutes to sediment the silica-coated plasma 
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membrane pieces, along with nuclei. The pellet is resuspended in 10 ml lysis buffer 
and diluted with an equal amount of 100% Nycodenz in lysis buffer. This solution 
is layered over a 70% Nycodenz lysis buffer solution in six 4 ml centrifuge tubes. 
Lysis buffer is then layered onto each tube to fi ll it to the top, and the tubes are spun 
at 60,000 g  in an SW60Ti rotor for 23 minutes. The silica-coated plasma membranes 
are collected in the pellet, leaving the nuclei at the 50%:70% Nycodenz interface. 
The supernatant is drawn off, and the silica-coated plasma membrane pellets are 
resuspended in lysis buffer and centrifuged at top speed on a bench top microfuge to 
remove the excess Nycodenz. The pellet is washed in this way two more times with 
lysis buffer and then three times with 100 mM Na

 2 
CO

 3 
 (pH 11.4) for a total of six 

washes. 
 The purifi ed plasma membrane proteins are then recovered from their silica 

 coating by suspension directly in Laemmli loading buffer, incubation in a 60ºC water 
bath for 30 minutes, sonication 5 times for 10 seconds each at maximum setting, and 
incubation in the 60ºC water bath for an additional 30 minutes. Finally the suspen-
sion is spun at maximum speed in a microfuge for 15 minutes to pellet the silica. 
The supernatant, which now contains the solubilized plasma membrane proteins, is 
drawn off and stored at 80ºC, and the pellet is discarded. 

 6.2.3 Cells Growing in Monolayers 

 MCF-7 cells were grown to confl uence in 150 cm 2  fl asks with Improved Minimal 
Essential Medium containing 5% fetal calf serum and antibiotics at 37ºC and 5% 
CO

 2
.
 
9 Typically twelve fl asks are processed in parallel. 

 The medium is drawn off and the adherent cells are washed twice with PBS con-
taining 1 mM MgCl

 2 
 and 1 mM CaCl

 2,  
and then with plasma membrane coating buffer 

B (see above). The cells are then coated with 15 ml of a 5% suspension of cationic 
colloidal silica in the membrane coating buffer B and left on ice for 1 minute. The 
silica suspension is removed, followed by a wash with membrane buffer solution B to 
remove excess silica. 

 The coated cells are treated with 15 ml of a 10 mg/ml solution of polyacrylic acid 
in membrane buffer B, pH 6.0 to 6.5, and left on ice for 1 minute. The polyacrylic 
acid solution is removed, and the cells are washed with 15 ml membrane buffer B. 

 The adherent cells are washed quickly with 15 ml lysis buffer (see above), and 
then 15 ml lysis buffer containing 0.5 ml Sigma protease inhibitor cocktail is added 
to the fl asks, which are left on ice for 30 minutes. Once the cells have swollen, the 
fl asks are placed on a bench top and allowed to reach room temperature. 

 The apical part of the plasma membranes, which has been coated by silica and 
polyacrylic acid, is sheared from the rest of the cell by pipetting the lysis buffer in 
each fl ask up and down over the cells. The sheared coated apical membrane sheets 
are drawn off with a pipette and treated as described in the previous section, fi nally 
solubilizing the proteins in Laemmli loading buffer. 

 The basolateral portions of the plasma membranes are still attached to the cell 
culture surface. Following lysis and removal of the apical fragments, any remaining 
lysis buffer is poured off and 15 ml of 5 M NaCl solution is added to each fl ask. 
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After the fl ask is rocked for 5 minutes at room temperature, the NaCl solution is 
poured off and 15 ml PBS containing 10 mM EDTA is added to each fl ask and rocked 
for 5 minutes at room temperature. The PBS-EDTA solution is poured off, and the 
fl ask is washed quickly with 15 ml of 100 mM Na

 2 
CO

 3 
, pH 11.4, to remove excess 

PBS-EDTA. Then 15 ml of 100 mM Na
 2 
CO

 3 
, pH 11.4, is again added to each fl ask 

and incubated for 5 minutes at room temperature with rocking. This is poured off and 
a third 15 ml aliquot of 100 mM Na

 2 
CO

 3 
 is added to each fl ask. 

 The basolateral membranes are scraped from the bottom of the fl ask with a cell 
scraper and spun at 14,000 g  in an SW28 rotor for 20 minutes. The purifi ed baso-
lateral fragments are recovered in the pellet, resuspended in a minimal amount of 
100 mM Na

 2 
CO

 3 
, and transferred to a 1.5 ml microfuge tube and spun at maximum 

speed in a microfuge for 20 minutes to pellet the plasma membranes. The basolateral 
plasma membrane pellet can then be solubilized in 2% SDS or directly in Laemmli 
loading buffer, augmented by sonication and a 60ºC water bath as described above. 

 6.3 PROTEOMICS ANALYSES 

 The solubilized plasma membrane proteins can be subjected to various proteomic strat-
egies. Dissolution in Laemmli buffer facilitates loading the protein fraction directly 
onto a ID SDS-PAGE gel for electrophoretic separation. (Alternatively, the protein 
mixture can be digested in solution with appropriate proteases for peptide analysis by 
HPLC and tandem mass spectrometry (shotgun strategy1,3). Thus, 80 µg of protein is 
loaded onto four 15% gels (13.3 � 8.7 cm W � L)) and separated according to the 
specifi cations of the Bio-Rad Criterion precast gel system. For Western blotting, the 
protein bands separated by electrophoresis are transferred to a nitrocellulose mem-
brane using the Bio-Rad Mini trans-blot cell. A Sigma ProteoQwesta Colorimetric 
Western Blotting Kit and an antibody against the human Na/K ATPase can be used.10 
The developed nitrocellulose membranes are scanned using the Bio-Rad GS-800 
densitometer. Comparison is made to the abundance of ATPase in whole cell lysate. 
Quantitation of the images is carried out with the ImageQuant image analysis soft-
ware by Amersham Biosciences (Piscataway, N.J.). For example, enrichments were 
determined as 18-fold for plasma membranes from RPMI 8226 suspension cells, 
8-fold for apical membrane fragments from surface bound MSR MCF-7 cells, and 
20-fold for the basolateral domains. 

 The SDS-PAGE gel is cut into 48 bands, and tryptic digestion is carried out on 
each slice.11 After extraction from the gel bands, the tryptic peptides are desalted 
using Zip Tip C18 pipette tips (Millipore, Billerica, Mass.). The acetonitrile/trifl uo-
roacetic acid is removed using a SpeedVac (ThermoElectron Corp., Woburn, Mass.), 
and the  peptides are resuspended in a solution of methanol/water/acetic acid (50/50/2) 
in preparation for static infusion nanospray tandem MS (MS/MS) analysis, or placed 
in 0.1% formic acid in preparation for analysis by nanofl ow liquid chromatography-
tandem mass spectrometry. Reverse-phase conditions are as follows. Solvent A, 97.5% 
H

 2 
O/2.5% acetonitrile/0.1% formic acid; B, 97.5% acetonitrile/2.5% H

 2 
O/0.1% formic 

acid, with a 70-minute gradient from 5 to 35% B on a PepMap 75 µM I.D., 15 cm, 
3 µm, 100 column (LC Packings, Sunnyvale CA). Each protein is identifi ed based on 

DK3068_C006_r04.indd   84DK3068_C006_r04.indd   84 10/23/2005   8:00:25 PM10/23/2005   8:00:25 PM



Isolation of Plasma Membrane Proteins for Proteomic Analysis 85

sequences from two or more peptides, using the integrated QStar software Analyst 
QS, with Bioanalyst and ProID for the LC-MS experiments, and the MASCOT search 
engine from Matrix Science for the infusion nanospray experiments.12 

 In a typical experiment with the RMPI plasma membrane fraction analyzed by 
infusion nanospray, 47 proteins were identifi ed, of which 20 were located in the 
plasma membrane according to SwissProt annotation.13 Although plasma membrane 
localization of some of the other proteins cannot be excluded, at a minimum 43% of 
the identifi ed proteins were plasma membrane proteins. Analysis of the basolateral 
fraction of the MCF-7 line by infusion provided identifi cation of 42 proteins, of 
which 21 had previously been reported as localized in the plasma membrane. 

 Analysis of peptides produced from proteins associated with the basolateral 
plasma membrane of the mitoxantrone resistant MCF-7 breast cancer cell line by 
nanoLC MS provided partial sequences and positive identifi cation of a total of 
1695 peptides. Of these, 918, or 54%, were assigned to plasma membrane proteins. 
A total of 365 proteins was identifi ed, among which 155, or 43%, had been previ-
ously reported as being located in the plasma membrane. The distribution of proteins, 
based on SwissProt annotation,13 is shown in Figure 6.1. 

 6.4 CONCLUSIONS 

 Although the pellicular coating method described here was fi rst reported more than 
two decades ago,6 recent advancements in mass spectrometry and the introduction 
of bioinformatics allow plasma membrane proteins to be analyzed in suffi cient 
detail both to characterize the method and to exploit it for proteomics applications. 
The additional washing steps introduced in the present  procedure are credited with 
increasing the enrichment of the plasma membranes. It is likely, of course, that 
achievable enrichment levels will vary from one cell line to another. Estimating that 
the plasma membrane makes up 2 to 3% of the cell mass, and assuming a 20-fold 

  FIGURE 6.1  Distribution of the proteins identifi ed, based on the SwissProt database. 
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enrichment, the amount of plasma membrane proteins loaded onto the SDS-PAGE 
gel would account for 40 to 60% of the 80 µg loaded. This calculation is consistent 
with the observation that about 50% of the peptides sequenced originate from plasma 
membrane proteins. 

 Because the sample is relatively enriched, the low-resolution separation tech-
nique of SDS-PAGE is suffi ciently effective to permit the identifi cation of many 
plasma membrane proteins. Since the plasma membrane is isolated as large sheets, 
with the proteins still embedded, there is minimal opportunity for protein loss due to 
precipitation in solubilizing steps. Once the membranes are isolated and washed, the 
proteins are solubilized directly into SDS, followed by SDS-PAGE analysis. 

 Clearly, analysis using coupled nanoLC-MS/MS is superior to analysis of the pep-
tides recovered from each gel slice by infusion nanoelectrospray. The chromatographic 
step separates the complex peptide mixture, permitting analysis of less  abundant or 
less basic peptides, or both. 

 Although not addressed here, the opportunities are obvious for applying the 
 pellicular method to study polarization of plasma membrane proteins in cells grow-
ing on surfaces. Similarly the application to cells isolated from fresh tissue samples 
would appear to have good potential. 
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 7.1 INTRODUCTION 

 A biomarker can be defi ned as a molecule that indicates an alteration in physiology. 
Biomarkers play an essential role in the drug discovery and development process. 
They provide powerful clues to genetic susceptibility, disease progression, and 
predisposition, and they offer information on physiological and metabolic profi ling 
of diseases and drug response. Biomarkers can also provide valuable diagnostic 
and prognostic information that can facilitate personalized medicine. Peptide and 
protein patterns have been linked to ovarian cancer, breast cancer, prostate cancer, 
and astrocytoma.1–6 

 Most diagnostic tests are based on blood or urine analysis.5 Serum is a key source 
of putative protein biomarkers, and, by its nature, can elucidate organ-confi ned events. 
The use of mass spectroscopy coupled with bioinformatics is capable of distinguishing 
serum protein pattern signatures of ovarian cancer in patients with early- and late-stage 
disease.7 

 7 
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 One of the major impediments to the discovery of new biomarkers is the fact 
that plasma or serum contains a signifi cant number of salts, proteins, and lipids that 
make it diffi cult to detect and analyze peptides by mass spectrometry (MS). When 
untreated serum is spotted onto a MALDI plate, it does not produce any useable 
signal in MS. Multiple protocols have been developed to extract and enrich peptides 
from tissues and body fl uids, such as extraction with 0.1% trifl uoroacetic acid (TFA) 
or 50% acetonitrile to selectively precipitate large proteins while enhancing the solu-
bility of smaller proteins and peptides and batch reversed-phase chromatography 
over C18 resin. 

 Ultrafi ltration (UF) has been a valuable separations tool for protein research 
since the early 1970s (extensively reviewed in8,9). Protein and other biomolecule 
concentration, desalting, or buffer exchange have been the major applications of 
UF. UF has been well accepted for the recovery of larger (�10 kDa) biomolecules. 
Until recently, the UF technique was rarely utilized to recover low molecular weight 
biomarkers because the high protein and lipid concentration in serum interfered 
with the separation. However, improved techniques and design of UF devices allows 
better separation of serum components.10,11 A similar application of UF is the sepa-
ration of free drugs from plasma protein-bound drugs in plasma.12,13 In this chapter, 
we briefl y review UF technology and demonstrate its value as a bioseparations tool 
to assist in the investigation of the proteome. 

 UF membranes can be composed of a wide selection of polymeric materials. 
However, UF membranes are primarily made from either polyethersulfone (PES) or 
regenerated cellulose (RC). A cross-sectional scanning electron microscopy image of 
an RC membrane is shown in Figure 7.1, where the huge internal surface area of the 
fi lters is easily observed. Each material has characteristic physical-chemical proper-
ties making it better suited for different applications. The PES membranes have higher 
nonspecifi c binding (NSB) properties for proteins (10 to 75 �g albumin/cm 2 ), while 
the RC membranes generally exhibit very low protein binding (1 �g albumin/cm 2 ).14 
The PES membranes, however, have higher fl ow, offering much higher volumetric 
fl ux rates (permeate volume/surface area/time or mL/cm 2 /sec). These properties make 
PES membranes suitable for manufacturing processes where rapid protein concentra-
tion is a signifi cant selection criterion. RC UF membranes, however, generally have 
lower fl uxes, but their low NSB make them ideal candidates for analytical protein 
separations such as those required for proteomic sample preparation. Bioprocessing 
UF systems typically utilize PES fi lters and large-scale positive pressure forces to 
effect the separation, while lab-scale separations are conveniently achieved by 
devices optimized and designed for centrifugation. The low NSB of RC membranes 
also makes them ideal for the preparation of low molecular weight fractions by the 
collection of the fi ltrate. 

 State of the fi ltration technology not only requires advanced membrane pro-
duction capabilities but also device design expertise. Millipore’s Amicon ®  Ultra-4 
centrifugal fi lter devices (as shown in Figure 7.2) are confi gured in a vertical 
design, which minimizes protein polarization and subsequent fouling of the mem-
brane. The vertical design and large relative surface area provide for fast sample 
processing, high retentate recovery (typically greater than 90% of dilute protein 
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concentrate), and the capability for very high concentration factors (�80-fold). 
The Amicon Ultra devices are suitable for fast separation and concentration of 
viscous solutions, such as serum or plasma and cell lysate samples, thus making 
it ideal for biomarkers studies where large molecular weight species should be 
removed from small peptides. 

 7.2 METHODS 

 7.2.1 Preparation of Serum Peptides by UF and SPE 

 One milliliter of rat serum, with or without acetonitrile, was fi ltered in Amicon Ultra-4 
10,000 MWCO centrifugal device. The UF devices were centrifuged in a swinging 
bucket rotor for 15 to 30 minutes at 3000 g . Ten microliters of the fi ltrate was acidifi ed 

FIGURE 7.1 Cross-sectional SEM of regenerated cellulose UF membrane.
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with 5 �l of 1% TFA, desalted, and cleaned with ZipTip
 �C18 

 pipette tips. Coelution 
was performed directly onto the MALDI target with 2 �l of alpha-cyano-4-hydroxy 
cinnamic acid matrix (5 mg/ml in 50% acetonitrile, 0.1% TFA). If acetonitrile was 
added to the serum prior to the UF, the samples were briefl y evaporated in a speed-
vac centrifuge before ZipTip purifi cation. 

 7.2.2 Preparation of Serum Peptides by Acetonitrile 
Precipitation 

 Acetonitrile was added to rat serum in a 1:1 (v/v) ratio, and samples were centrifuged 
to precipitate the larger proteins. The supernatant fl uid was then dried in a speed-vac 
centrifuge, resuspended in 0.1% TFA, and subsequently desalted and concentrated 

FIGURE 7.2 Amicon Ultra-4 design.

DK3068_C007_r04.indd   92DK3068_C007_r04.indd   92 10/23/2005   8:00:36 PM10/23/2005   8:00:36 PM



New Ultrafi ltration and Solid Phase Extraction Techniques 93

with ZipTip
 �C18 

 pipette tips. Coelution was performed directly onto the MALDI 
target with 2 �l of alpha-cyano-4-hydroxy cinnamic acid matrix (5 mg/ml prepared 
in 50% acetonitrile, 0.1% TFA). 

 7.2.3 Peptide Analysis by Mass Spectrometry 

 Peptide containing ultrafi ltrates from serum were acidifi ed with 1% TFA and con-
centrated on ZipTip

 C18 
 or ZipTip

 SCX 
 following manufacturer’s directions. All samples 

were overlaid with 1 �l of alpha-cyano-4-hydroxy cinnamic acid matrix (5 mg/ml in 
50% acetonitrile, 0.1%TFA) and analyzed on Voyager-DE™ Workstation (Applied 
Biosystems) in linear mode. High-resolution MALDI-TOF spectra and post-source 
decay (PSD) sequencing of peptides was performed on Axima CFR� mass spectrom-
eter equipped with the curved fi eld refl ectron (Kratos Analytical, Ltd., Manchester, 
U.K.). The amino acid sequence of unknown serum peptides was determined by 
Mascot tandem MS search (Matrix Science, Ltd., Manchester, U.K.) against NCBI 
nonredundant sequence database. 

 7.2.4 Two-Dimensional (2D) Gel Electrophoresis 

 Protein samples were resuspended and solubilized by brief sonication in a dena-
turing ProteomIQ sample buffer and separated on ElectrophoretIQ3 multifunctional 
electrophoresis instrument (Proteome Systems, Woburn, Mass.). The 11-cm-long 
immobilized pH gradient (IPG) strips pH 4–7 and 6–15% polyacrylamide gradient 
gels (GelChips) were also from Proteome Systems. The IPG strips were rehydrated 
overnight and focused for 8 hours at 10,000 V following an 8-hour concave voltage 
gradient from 100 V to 10,000 V to accumulate approximately 75,000 volt-hours of 
isoelectric focusing. The second-dimension run was performed at 30 mA per gel for 
approximately 2.5 hours. 

 7.3 RESULTS 

 Complexity of blood serum polypeptide composition has been attracting attention of 
numerous research efforts. It has been reported that human and mammalian serum 
contains peptides and protein at concentrations ranging over at least nine orders of 
magnitude. Considerable efforts have been made to characterize low-abundance pro-
tein biomarkers in serum via sample prefractionation, concentration, and removal 
of highly abundant protein species;15 however, few efforts to investigate small pep-
tide profi les in serum or plasma have been reported.10,16 Nevertheless, these limited 
reports clearly illustrate that small proteolytic or endogenous peptides found in the 
circulatory system can serve as clear biomarkers of physiological state and could be 
more abundant than their intact protein precursors. 

 While serum contains numerous peptides and small proteins, they are not acces-
sible by direct MS analysis. Even after reversed-phase concentration and desalting, 
only a few peptides are detectable in the mass spectrum (data not shown). This can 

DK3068_C007_r04.indd   93DK3068_C007_r04.indd   93 10/23/2005   8:00:37 PM10/23/2005   8:00:37 PM



94 Elena Chernokalskaya, Sara Gutierrez, Aldo M. Pitt, et al.

be explained by the high concentration of proteins and lipids competing with the 
peptides for the binding to the reverse-phase resin. 

 One of the common methods for serum peptide enrichment prior to MS is ace-
tonitrile fractionation, where addition of 50 to 70% acetonitrile precipitates larger 
proteins, while soluble peptides remain in the supernatant. Another way to produce 
relatively protein-free fi ltrates is UF. Figure 7.3 presents the MALDI TOF spectra of 
untreated rat serum and rat serum supernatant after 50% acetonitrile precipitation. 
The results show that neither of these two methods is suffi cient for serum peptides 
analysis. 

 UF is an alternative method for preparation of low molecular weight serum 
proteome. UF of serum was reportedly used to remove the large abundant proteins 

FIGURE 7.3 MALDI TOF spectra of (A) untreated rat serum; and (B) serum peptides in 
50% acetonitrile supernatant.
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from serum resulting in the enrichment of the low molecular weight proteins or 
peptides. This �30 kDa fraction contained several classes of physiologically 
important proteins such as cytokines, chemokines, and peptide hormones, as well 
as proteolytic fragments of larger proteins.10,17 We applied UF through three different 
nominal molecular weight cutoff (NMWCO) membranes to evaluate suitability of 
the fi ltrates for peptide analysis. Because of the low peptide concentration and high 
salt content, it is impractical to use the fi ltrates directly for MS (data not shown). 
Instead, the fi ltrates were acidifi ed and concentrated and desalted by reversed-
phase chromatography on ZipTip

 C18  
pipette tips prior to MS analysis. The resulting 

mass spectra are shown in Figure 7.4. Regardless of UF membrane cut off, the 
protocol signifi cantly improved MALDI TOF resolution. Similar peptide profi les 
were obtained in all three experiments. However, more peptides were observed 
after 10,000 NMWCO fi ltration, and some of the observed peptides were unique 
for each NMWCO. 

 We further investigated the effi cacy of serum peptide preparation by applying 
ZipTip

 C18
 
 
purifi cation to straight serum, 50% acetonitrile supernatant, and serum pro-

cessed by UF (Figure 7.5). Although it required one more step, the last method 
provided a stronger MALDI-TOF signal and a higher signal-to-noise ratio, and it 
detected approximately twice as many peptides. Similar results were obtained with 
plasma peptides (Figure 7.6). It was also shown that peptide spectrum is different 
depending on the NMWCO used in the UF step (Figure 7.6). 

 We have also evaluated whether addition of acetonitrile to serum prior 
to UF improves the detection of serum peptides (MALDI spectrum shown in 
Figure 7.5D). Further improvement of the spectrum was attained especially on 
the  m /z  1000 area of the spectrum. The solvent may help to release some peptides 
from protein complexes and thus result in higher overall number of detected pep-
tide species. 

 UF offers another valuable sample fraction that should not be overlooked. In the 
UF process, proteins with molecular weights larger than the value of MWCO are 
concentrated in the retentate, while low molecular weight polypeptides are found in 
the ultrafi ltrate and are essentially free of larger species. Analysis of both retentate 
and fi ltrate presents a unique opportunity to look for biomarkers within the entire 
range of molecular weights. 

 To prove this concept, we separated plasma proteins from the 10,000 MWCO 
retentate on a 2D electrophoresis gel. Since addition of 20% acetonitrile to the serum 
and plasma had a positive effect on the peptide detection, we have tested the retentate 
fraction from that experiment (Figure 7.7). Evidently the sample has suffi cient protein 
purity and low conductivity to obtain a high-quality 2D gel. 

 Small peptide profi ling using UF can be a valuable source of biomarkers, as well as 
of diagnostic and prognostic information. Profi ling of small polypeptides has not been 
popular, presumably due to apparent complications in peptide identifi cation by MS. 
Unlike large protein species, peptides cannot be identifi ed reliably by enzymatic diges-
tion followed by peptide mass fi ngerprinting. Thus, successful identifi cation of small 
peptides is now realized by  de novo  sequencing using automated high-sensitivity 
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FIGURE 7.4 MALDI TOF spectra of rat serum peptides after UF on Amicon Ultra 
(A) 10,000; (B) 30,000; and (C) 50,000 devices, followed by concentration and desalting on 
ZipTip

C18 
pipette tip.
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FIGURE 7.5 (Continued)

 postsource decay fragmentation and tandem MS. A submilliliter amount of serum 
sample was shown to be suffi cient to identify many peptide peaks. Several serum 
peptides (Table 7.1) were identifi ed with a signifi cant ion score using automated 
PSD sequencing on an Axima CFR� MALDI-TOF mass spectrometer. Figure 7.8 
provides an example of PSD sequencing data quality. The modern high-resolution 
tandem mass spectrometers provide MS/MS peptide sequencing capability at higher 
sensitivity, which will enable identifi cation of an even greater number of potential 
peptide  biomarkers. 

 7.4 CONCLUSION 

 In the analysis of serum peptides, complexity reduction by eliminating higher  molecular 
weight proteins is critical for high-resolution MS. Effi cient separation of peptides from 

DK3068_C007_r04.indd   97DK3068_C007_r04.indd   97 10/23/2005   8:00:38 PM10/23/2005   8:00:38 PM



98 Elena Chernokalskaya, Sara Gutierrez, Aldo M. Pitt, et al.

majority of proteins and salts can be achieved by sample UF. We have shown use of 
Amicon Ultra 4 30,000 centrifugal device for the peptides preparation. The method can 
be used in combination with ZipTip

 C18  
pipette tip directly for peptide identifi cation by 

MS/MS or as a fi rst step prior to further surface-mediated enrichment used in SELDI-
TOF methods. In addition, the retentate from those  experiments can be used for 2D 
electrophoresis, thus greatly improving the comprehensive  proteome analysis. 
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FIGURE 7.5 MALDI TOF spectra of rat serum peptides after concentration and desalting by 
reversed-phase chromatography: (A) rat serum processed with ZipTip

C18 
pipette tip; (B) serum 

supernatant after 50% acetonitrile precipitation processed with ZipTip
C18 

pipette tip; (C) 10 K 
serum ultrafi ltrate processed with ZipTip

C18
 pipette tip; and (D) the same as (C) but 20% acetoni-

trile was added to the serum prior to UF.
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FIGURE 7.6 (Continued)
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FIGURE 7.6 MALDI TOF spectra of rat serum and plasma peptides after (A) acetonitrile 
precipitation; (B) UF through 10,000; (C) 30,000; and (D) 50,000 cut-off membrane, all 
 followed by concentration and desalting by reversed-phase chromatography on ZipTip

C18 

pipette tip.
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FIGURE 7.7 2D gel of plasma proteins concentrated in 10,000 MWCO Amicon 
Ultra device.

  TABLE 7.1  Summary of MALDI-TOF-PSD Sequencing of 15 Nontryptic Rat 
Serum Peptides 

Polypeptide Name NCBI Accession Parent Peptide Mass
Mascot MS/MS Ion

Score
Fibrinopeptide A 650771P 1739.81 68

�
1
-acid glycoprotein OMRT1 1816.01 61

Albumin NP_599153 2407.23 59

Keratin 9 NP_775151 1249.62 42

Angiotensin I P01015 1296.68 31

�
1
-antytripsin P17475 1494.58 24

Corticotropin precursor P01194 1623.77 23

Haptoglobin P06866 1721.72 21

Prothrombin precursor P18292 2075.84 19

Plasminogen precursor Q01177  1084.48 19

Complement factor C6 Q811M5 1604.74 17

Atrial natriuretic factor precursor AWRT 2084.96 16

Apolipoprotein B NP_062160 1970.01 15

Transferrin AAH87021 2171.95 13

Hemoglobin �-2 chain NP_001007723 1571.88 11

DK3068_C007_r04.indd   101DK3068_C007_r04.indd   101 10/23/2005   8:00:40 PM10/23/2005   8:00:40 PM



102 Elena Chernokalskaya, Sara Gutierrez, Aldo M. Pitt, et al.

  2. Carter, D., Douglass, J.F., Cornellison, C.D., Retter, M.W., Johnson, J.C., 
Bennington, A.A., Fleming T.P., Reed, S.G., Houghton, R.L., Diamond, T.S., and Ved-
vick, T.S., Purifi cation and characterization of the mammaglobin/lipophilin B complex, 
a promising diagnostic marker for breast cancer,  Biochemistry , 41, 6714–6722, 2002. 

  3. Krieg, R.C., Fogt, F., Braunschweig, T., Herrmann, P.C., Wollscheidt, V., and 
Wellmann, A., ProteinChip Array analysis of microdissected colorectal carcinoma 
and associated tumor stroma shows specifi c protein bands in the 3.4 to 3.6 kDa range, 
 Anticancer Res.,  24, 1791–1796, 2004. 

  4. Petricoin, E.F., Ardekani, A.M., Hitt, B.A., Levine, P.J., Fusaro, V.A., Steiberg, S.M., 
Mills, G.B., Simone, C., Fishman, D.A., Kohn, E.C., and Liotta, L.A., Use of pro-
teomic patterns in serum to identify ovarian cancer,  Lancet , 359, 572–577, 2002. 

  5. Bischoff, R. and Luider, T.M., Methodological advances in the discovery of protein 
and peptide disease markers,  J.Chrom. B,  803, 27–40, 2004. 

  6. Basso, D., Valerio, A., Seraglia, R., Mazzza, S., Piva, M.G., Greco, E., Fogar, P., Gall, N., 
Pedrazzoli, S., Tiengo, A., and Plebani, M., Putative pancreatic cancer-associated dia-
betogenic factor: 2030 MW peptide,  Pancreas,  24, 8–14, 2002. 

  7. Stevens, E.V., Liotta, L.A., and Kohn, E.C., Proteomic analysis for early detection of 
ovarian cancer: A realistic approach?  J. Gynecol. Cancer,  13,133–139, 2003. 

  8. Zeman, L.J. and Zydney, A.L.,  Microfi ltration and Ultrafi ltration: Principles and 
Applications,  Marcel Dekker, New York, 1996. 

  9. Ho, W.S.W. and Sirkar, K.K., Eds.,  Membrane Handbook,  Van Nostrand Reinhold, 
New York, 1992. 

FIGURE 7.8 MALDI postsource decay sequencing of one of the rat serum peptides, fi brino-
peptide A, found in all rat serum peptide samples. Sequence of the peptide has been identifi ed 
using Mascot MS/MS search.

DK3068_C007_r04.indd   102DK3068_C007_r04.indd   102 10/23/2005   8:00:40 PM10/23/2005   8:00:40 PM



New Ultrafi ltration and Solid Phase Extraction Techniques 103

  10. Tirumalai, R.S., Chan, K.C., Prieto, D.A., Issaq, H.J., Conrads, T.P., and Veenstra, T.D., 
Characterization of the low molecular weight human serum proteome,  Mol. Cell. Pro-
teomics,  2, 1096–1103, 2003. 

  11. Chernokalskaya, E., Gutierrez, S., Pitt, A.M., and Leonard, J.T., Ultrafi ltration for 
proteomic sample preparation,  Electrophoresis , 25, 2461–2468, 2004. 

  12. Barre, J., Chamouard, J.M., Houin, G., and Tillement, J.P., Equilibrium dialysis, ultra-
fi ltration, and ultracentrifugation compared for determining the plasma-protein-binding 
characteristics of valproic acid,  Clin. Chem.,  31, 60–64, 1985. 

  13. Perucca, E., Plasma protein binding of phenytoin in health and disease-relevance to 
therapeutic drug monitoring,  Ther. Drug Monit. , 2, 331–334, 1980. 

  14. Pitt, A.M., The nonspecifi c binding of polymeric microporous membranes,  J. Parenteral 
Sci. Tech.,  41, 110–113, 1987. 

  15. Adkins, J.N., Varnum, S.M., Auberry, K.J., Moore, R.J., Angell, N.H., Smith, R.D., 
Springer, D.L., and Pounds, J.G., Toward a human blood serum proteome: Analysis by 
multidimensional separation coupled with mass spectrometry,  Mol. Cell. Proteomics, 1, 
947–955, 2002. 

  16. Ornstein, D.K., Rayford, W., Fusaro, V.A., Conrads, T.P., Ross, S.J., Hitt, B.A., Wiggins, 
W.W., Veenstra, T.D., Liotta, L.A., and Petricoin, E.F., III, Serum proteomic profi ling 
can discriminate prostate cancer from benign prostates in men with total prostate specifi c 
antigen levels between 2.5 and 15.0 ng/ml,  J. Urol.,  172, 1302–1305, 2004. 

  17. Prazeres, S., Santos, M.A., Ferreira, H.G., and Sobrinho, L.G., A practical method for 
the detection of macroprolactinaemia using ultrafi ltration,  Clin. Endocrinol. (Oxf),  58, 
686–690, 2003. 

DK3068_C007_r04.indd   103DK3068_C007_r04.indd   103 10/23/2005   8:00:40 PM10/23/2005   8:00:40 PM



  

DK3068_C007_r04.indd   104DK3068_C007_r04.indd   104 10/23/2005   8:00:41 PM10/23/2005   8:00:41 PM



 Part II 
 Sample Prefractionation and 
Analysis 

DK3068_C008_r04.indd   105DK3068_C008_r04.indd   105 10/23/2005   8:01:06 PM10/23/2005   8:01:06 PM



DK3068_C008_r04.indd   106DK3068_C008_r04.indd   106 10/23/2005   8:01:08 PM10/23/2005   8:01:08 PM



107

 Tools for Sample 
Preparation and 
Prefractionation in 
Two-Dimensional Gel 
(2D) Electrophoresis 
 Anton Posch, Aran Paulus, and 
Mary Grace Brubacher 

CONTENTS

8.1 Introduction ..................................................................................................108
8.2 Sample Preparation Basics ...........................................................................109

8.2.1 Cell Disruption Methods ..................................................................109
8.2.2 Sample and Lysis Buffer Constituents .............................................111

8.2.2.1 Chaotropic Agents .............................................................111
8.2.2.2 Detergents .........................................................................112
8.2.2.3 Reducing Agents ...............................................................113
8.2.2.4 Carrier Ampholytes ...........................................................114
8.2.2.5 General Solubilization Cocktails and Sample 

Preparation Guidelines ......................................................114
8.2.3 Technologies for Protein Sample Preparation ..................................115

8.2.3.1 Solution Chemistry ...........................................................115
8.2.3.2 Chromatographic Methods ................................................117
8.2.3.3 Electrophoretic Methods ...................................................118

8.3 General-Purpose Cleanup for Improved Resolution and Reproducibility ...119
8.3.1 Removal of Interfering Contaminants ..............................................119

8.3.1.1 Removal of Salt .................................................................120
8.3.1.2 Nucleic Acids ....................................................................120
8.3.1.3 Polysaccharides .................................................................121
8.3.1.4 Lipids ................................................................................121
8.3.1.5 Insoluble Material .............................................................121

8.3.2 Removal of Disulfi de Bonds ............................................................122
8.4 Fractionation: The Quest for Low-Abundance Proteins ..............................122

  8 

DK3068_C008_r04.indd   107DK3068_C008_r04.indd   107 10/23/2005   8:01:08 PM10/23/2005   8:01:08 PM



108 Anton Posch, Aran Paulus, and Mary Grace Brubacher

8.4.1 Fractionation by Subcellular Location .............................................123
8.4.2 Fractionation by Differential Solubility ...........................................123
8.4.3 Fractionation by Protein Size ...........................................................124
8.4.4 Fractionation by Charge and pI ........................................................124

8.4.4.1 Rotofor System .................................................................125
8.4.4.2 Multicompartment Electrolyzers .......................................126
8.4.4.3 Off-Gel IEF in Multicompartment Devices ......................127
8.4.4.4 Continuous Free-Flow Electrophoresis (FFE) ..................127
8.4.4.5 The Gradifl ow System .......................................................127

8.5 Concluding Remarks ....................................................................................127
References ..............................................................................................................128

 8.1 INTRODUCTION 

 Two-dimensional gel electrophoresis (2D), with its unique capacity to resolve 
 thousands of proteins in a single run, is a fundamental research tool for nearly all 
protein-related scientifi c projects.1 Over the last two decades, numerous researchers 
in academia and in industry have improved the technology to the point where a novice 
user is capable of achieving respectable gel separations on the fi rst try. In addition, 2D 
technology as practiced today has seen enormous gains in reproducibility, resolution, 
and automation,2,3 all of which contribute to its widespread use. Nevertheless, 2D is 
still a technically demanding method. 

 The quest to map and characterize each and every protein in a given cell type, 
tissue, or organism has given 2D an additional boost as the separation methodology 
of choice for many proteomics laboratories. However, the task list for a proteomics 
researcher is daunting: the number of proteins in a biological sample, although unknown 
at this time, is believed to be in the hundreds of thousands, covering a concentration 
range of seven or more orders of magnitude. In addition, the proteome is extremely 
dynamic, with protein expression depending on the cell state and further complicated 
by posttranslational modifi cations such as phosphorylation or glycosylation, to name 
just two possible changes to proteins in a functional biological system. 

 As more and more laboratories start up their own proteomic effort or ramp up 
existing programs, they realize that meticulous attention to 2D methodology is only 
one critical aspect when identifying differentially expressed proteins or investigating 
a particular biological pathway. 

 The information content of 2D is heavily infl uenced by a proper sample prepa-
ration strategy. Interestingly, not much attention was paid to this area during 2D 
methodology development. 

 This chapter will provide a broad overview of the principles and recent develop-
ments of sample preparation tools prior to the fi rst step of 2D. Examples from three 
strategies for sample preparation, based on solution chemistry, chromatography, 
and electrophoresis, are discussed in detail and are used to illustrate how these key 
areas can be applied to general-purpose sample cleanup and sample fractionation for 
enrichment of low-abundance proteins. 
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 8.2 SAMPLE PREPARATION BASICS 

 Due to the great diversity of protein sample types and origins, no universal sample 
preparation method applicable for all proteins exists.4 Unfortunately, an optimal 
 procedure must be determined empirically in most cases and tailored for each sample 
type. This can be a daunting task. However, some general sample preparation guide-
lines should be kept in mind to avoid a number of pitfalls during sample preparation 
for proteomic studies. Sample preparation is not only a prerequisite for a successful 
2D experiment but also the key factor to meaningful data evaluation. 

 The major application of 2D is the differential display of two or more samples, 
one being a meaningful control sample. Since only proteins in solution can be ana-
lyzed in 2D and the objective is to catalogue and compare as many differentially 
expressed proteins as possible, solubilization is an essential step. The fi rst step of 
2D, isoelectric focusing (IEF), is usually performed under denaturing conditions. 
However, the charge and molecular weight characteristics of the polypeptide chains 
need to be preserved. An effective sample preparation strategy for 2D will provide 
the following:5 

  1. Reproducibly solubilize proteins of all classes, including hydrophobic 
proteins 

  2. Enhance spot resolution 
  3. Prevent protein aggregation and loss of solubility during focusing 
  4. Prevent postextraction chemical modifi cation, including enzymatic or chemi-

cal degradation of the protein sample 
  5. Remove or thoroughly digest nucleic acids and other interfering molecules 
  6. Yield proteins of interest at detectable levels, which may require the removal 

of interfering abundant proteins or non-relevant classes of proteins 

 With these criteria in mind, proteomic sample preparation can be categorized 
into two major classes: ( a ) general-purpose cleanup and ( b ) fractionation to reduce 
complex protein samples into smaller subsamples that are easier to manipulate and 
separate. In some sample preparation strategies, a fractionation protocol can be fol-
lowed by a general-purpose cleanup protocol. The overall strategy is determined by 
fractionation approach and the need to remove contaminants introduced by the frac-
tionation method prior to the 2D experiment. Again, customization may be necessary 
and will depend on the nature of the proteins being studied. 

 8.2.1 Cell Disruption Methods 

 The effectiveness of a particular cell disruption method determines the accessibility 
of all intracellular proteins to extraction. Different biological materials require indi-
vidual cell disruption strategies. In general, these methods can be divided into two 
main categories: gentle and harsher methods. 
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 Gentle cell disruption protocols are generally employed when the sample of inter-
est consists of cells that lyse easily, such as red blood cells and tissue culture cells. The 
most popular and widespread methods are as follows: 

  •  Osmotic lysis.  Cells swell and burst when they are suspended in hypotonic 
solution, releasing all cellular contents.6 

  •  Freeze-thaw lysis.  Cells can be lysed by subjecting them to one or more 
cycles of quick freezing using liquid nitrogen and subsequent thawing. 

  •  Detergent lysis.  Cellular membranes can be solubilized just by suspending 
the cells in many detergent-containing solutions.7,8 

  •  Enzymatic lysis.  Cells can be lysed in isoosmotic solutions by enzymes 
that specifi cally digest the cell wall (e.g., cellulase and pectinase for plant 
cells, lyticase for yeast cells, and lysozyme for bacterial cells). 

 Biological material with tough cell walls and many tissue types require more 
rigorous methods, which are mainly based on mechanical rupture. 

  •  Sonication.  A cell suspension, cooled on ice to avoid heating, can be dis-
rupted by shear forces using short bursts of ultrasonic waves.9,10 

  •  French press.  Cells are lysed by shear forces by forcing a cell suspension 
through a small orifi ce at high pressure.11 

  •  Grinding.  Cells of solid tissues and microorganisms can be broken with a 
mortar and pestle. Usually, the mortar is fi lled with liquid nitrogen and the 
tissue or cells are ground to a fi ne powder.12,13 

  •  Mechanical homogenization.  This approach is ideally suited for soft, solid 
tissues.14 Handheld devices are known under the brand names Dounce 
and Potter-Elvehjem homogenizers. When larger samples have to be pro-
cessed, the use of blenders or other motorized devices is advisable. 

  •  Glass-bead homogenization.  Vortexed glass beads generate abrasion that breaks 
cell walls.15 Usually 1 to 3 g of glass beads is added per gram of wet cells. 

 During cell lysis, the compartmentalization of a cell will be partly or fully 
destroyed, depending on the lysis method applied. As a consequence, hydrolases 
(phosphatases, glycosidases, and proteases) will be present in a homogeneous protein 
solution and possibly alter the protein composition of the lysed cells. Differential 
expression is only meaningful when the protein composition of the cellular state to be 
examined is preserved. Therefore, enzymatic degradation must be avoided by placing 
the freshly disrupted sample in solutions with strong denaturing agents such as 8 M 
urea, 2% sodium dodecyl sulfate (SDS), or 10 to 20% trichloroacetic acid (TCA). 
In this environment, enzymatic activity is often negligible. In addition, cell disruption 
is often performed at low temperatures to diminish enzymatic activity. Furthermore, 
because enzymatic activity is pH dependent, unwanted hydrolysis can often be inhib-
ited by lysing the protein samples at a pH higher than 9 using either sodium carbonate 
or Tris as a buffering agent in the lysis solution.16 

 Contrary to relatively labile phosphatases and glycosidases, some proteases 
are fairly resistant to denaturation, pH, and temperature shift. In these cases it is 
advisable to consider the addition of a chemical protease inhibitor. Since individ-
ual protease inhibitors are specifi c to different classes of proteases, broad-range 
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protease inhibitor cocktails should be used. Examples of broad-range inhibitors 
are phenylmethylsulfonyl fl uoride (PMSF), aminoethyl benzylsulphonyl fl uoride 
(AEBSF), tosyl lysine chloromethyl ketone (TLCK), tosyl phenyl chloromethyl 
ketone (TPCK), ethylenediaminetetraacetic acid (EDTA), benzamidine, and peptide 
protease inhibitors (e.g., leupeptin, pepstatin, aprotinin, bestatin). Figure 8.1 demon-
strates a dramatic example of two-dimensional (2D) maps of yeast proteins processed 
in the presence or absence of proper inhibitor cocktails. 

 Phosphorylation is one of the most important posttranslational modifi cations 
determining cellular function. In functional proteomics studies, phosphatase inhib-
itors such as okadaic acid, calyculin A, and vanadate are necessary to block the 
phosphatases involved in phosphorylation pathways.17 

 8.2.2 Sample and Lysis Buffer Constituents 

 Solubilization, disaggregation, denaturation, and reduction of proteins during or right 
after cell disruption is achieved by the use of chaotropic agents, detergents, reducing 
agents, buffers, and carrier ampholytes. These buffer constituents must be compatible 
with IEF, both electrically and chemically. 

 8.2.2.1 Chaotropic Agents 

 Since the introduction of nondenaturing 2D by Klose18 and O′Farrell,19   urea, a neu-
tral chaotropic agent, has been used as a denaturing agent in sample solutions at 
concentrations as high as 9.8 M, but more typically at 8 M. It effectively disrupts 
noncovalent and ionic bonds between amino acid residues. When working with urea 
solutions, the user must be aware that some spontaneous degradation of urea to cya-
nate is occurring even at room temperature. Cyanate ions are reacting with the amine 

FIGURE 8.1 The effect of protease inhibitors on 2D pattern quality. Yeast (Saccharomyces 
cerevisiae) cells were lysed in 9 M urea, 4% CHAPS, 1% DTT, and 0.5% (w/v) carrier ampho-
lytes. (A) Sample buffer with protease inhibitor cocktail; (B) sample buffer without protease 
inhibitors leads to massive protein degradation.
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groups of proteins (causing carbamylation) and removing the positive charge of the 
amine, thereby affecting the pI of the respective proteins. Since the generation of 
cyanate ions is temperature dependent, urea containing solutions may not be heated 
above 37°C to avoid increasing the rate of these reactions.20 

 The solubilizing power of urea containing sample solutions can be dramatically 
increased by the addition of thiourea.21 This effect was fi rst reported by Thierry 
Rabilloud; his 2D gels of nuclear proteins, integral membrane proteins, and tubu-
lin showed very high recovery rates compared to classical solubilization approaches 
without thiourea. The improved solubilizing power of thiourea containing sample 
 solutions, especially for membrane proteins, is shown in Figure 8.2, where  Escherichia 
coli  outer membrane proteins have been successfully extracted on the addition of thio-
urea to the protein extraction cocktail. 

 Typically, thiourea is used at 2 M concentration in conjunction with 5 to 7 M urea. 
Highly concentrated urea solutions are essential for solubilizing thiourea, which by 
itself exhibits poor solubility in water. 

 8.2.2.2 Detergents 

 Hydrophobic interactions within a polypeptide chain or between proteins in protein 
complexes can be disrupted in the presence of detergents. An additional benefi t to the 
use of detergents is increased solubility, especially of membrane proteins. Detergents 
operate synergistically with chaotropic agents during the solubilization process, 
as they prevent hydrophobic interactions between hydrophobic protein stretches 
exposed by the chaotropic agents. 

 Detergents consist of a hydrophobic tail and a hydrophilic head moiety, which may 
be anionic, cationic, zwitterionic, or nonionic. To allow proteins to migrate according 

FIGURE 8.2 Increasing the elution power of 2D sample buffer by adding thiourea. E. coli 
cells were lysed in 9 M urea, 4% CHAPS, 1% DTT, 0.5% (w/v) carrier ampholytes (left) and 7 M 
urea, 2 M thiourea, 4% CHAPS, 1% DTT, 0.5% (w/v) carrier ampholytes (right). The thiourea-
containing sample buffer enables the extraction of outer membrane proteins (OMP) C, A, and X, 
as indicated by arrows.
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to their own charge during IEF, zwitterionic or nonionic detergents are preferred.22 
Early 2D work described the use of Nonidet P-40 or Triton X-100, both nonionic 
detergents, in concentrations ranging from 0.5 to 4%. More recently, nonionic deter-
gents have frequently been replaced in the solubilization cocktail by the zwitterionic 
detergent 3[(cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS), 
a linear sulphobetaine surfactant. Several studies have indicated the superior solubi-
lization power of CHAPS,23–25 particularly for membrane proteins. As a result, linear 
sulphobetaines, especially those with a carbon tail at least 10 carbon units long, are 
emerging as probably the most versatile surfactants. Prominent members of this class 
of surfactants are SB3–10 and ASB-14. The selection of the optimal detergent in a 
solubilization cocktail should also take into account how the detergent interacts with 
high concentrations of urea. For example, when using SB3-10, the urea concentra-
tion is limited to 5 M, whereas ASB-14 can be used with 9 M urea. Chevallet et al.26 
published a comprehensive review about the structural requirements for the optimal 
sulphobetaine   for an appropriate solubilization solution. 

 SDS is a detergent with very wide use in a number of biochemical solution-based 
protein assays. Although SDS is an ionic detergent, it can be used during the IEF step 
and does not interfere with the focusing when used in combination with an excess 
of a nonionic or zwitterionic detergent (NP-40, CHAPS, Triton X-100). According 
to Ames and Nikaido,27 the NP-40:SDS concentration ratio should be at least 8:1 to 
avoid detrimental effects of SDS in IEF. In addition, its fi nal concentration in the 
sample solution buffer should be below 0.25%.10 

 8.2.2.3 Reducing Agents 

 Thiol reducing agents such as mercaptoethanol, dithioerythritol, and dithiothreitol 
(DTT) are commonly used to disrupt intramolecular and intermolecular disulfi de 
bonds. A large excess of reducing agent will shift the equilibrium of the oxidation-
reduction reaction toward the fully reduced protein state. Therefore, reducing agents 
are typically used in large excess. For example, DTT is present in immobilized pH 
gradient (IPG) cocktails at concentrations ranging from 20 to 100 mM to assure reduc-
tion of the protein disulfi de bonds. Thus, it is necessary that DTT be evenly distributed 
over the whole length of the IPG strip during IEF in order to maintain the reduced state 
of all cystines present in the protein. However, because DTT is a weak acid, it will not 
remain at a constant concentration in the basic regions of an IPG strip. It will migrate 
toward the anode.28 As a consequence, some disulfi de bonds will reform, leading to 
precipitation of some disulfi de rich proteins (e.g., wool keratins). Artifactual spots will 
also be generated due to the formation of so-called scrambled disulfi de bridges.29 To 
avoid this behavior, an alkylation step after the reduction step and as a sample prepara-
tion treatment is recommended, especially for basic proteins. 

 Görg and coworkers30 tried to circumvent the DTT migration problem by placing 
extra fi lter paper soaked with DTT close to the cathodic end of the IPG strip to serve 
as a reservoir to avoid depletion of DTT in the basic range. 

 Phosphines such as tributylphosphine (TBP) offer an alternative to thiols as reduc-
ing agents because they are uncharged and reduce cystines stoichiometrically at 
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 concentrations as low as 2 mM. Tributylphosphine is a more effective reducing agent 
than DTT because it facilitates improved protein solubility. This has been demonstrated 
by Herbert et al.31 for highly cross-linked wool keratins. In contrast to DTT, short chain 
phosphines are chemically more diffi cult to handle, because they are volatile, toxic, and 
highly fl ammable in concentrated stock solutions. However, TBP formulations safe for 
shipping and laboratory use have been developed by commercial suppliers. 

 8.2.2.4 Carrier Ampholytes 

 Carrier ampholytes are usually included at a concentration of �0.2% (w/v) in sample 
solutions for IPG strip focusing. They appear to reduce protein-matrix hydropho-
bic interactions, which tend to occur at the basic end of the IPG strip, and lead to 
streaking caused by precipitation.32 Furthermore, the addition of carrier ampholytes 
overcomes detrimental effects from salt and helps to compensate for insuffi cient salt 
in a sample. Even in the presence of detergents, certain samples may have stringent 
salt requirements to maintain the solubility of some proteins. Although IPG strips are 
quite tolerant to salts, salt should be in the sample only if they are absolutely required, 
and then only at a total concentration less than 40 mM. During IEF, any salt will be 
removed and proteins that need salt for solubility are then subject to precipitation. 
As a general rule, salts forming strong acids and bases (e.g., NaCl, Na

 2 
HPO

 4 
) should 

be avoided, because strongly alkaline cationic and strongly acidic anionic boundaries 
are formed by the migration of the salt’s ionic constituents. Salts formed from weak 
acids and bases such as Tris-acetate and Tris-glycine should be used instead.33 

 8.2.2.5 General Solubilization Cocktails and Sample 
Preparation Guidelines 

 The sample and lysis buffer constituents can be combined together in a variety of for-
mulations to address the solubility requirements of the protein sample. Some of these 
formulations have led to standardized solubilization cocktails and are summarized in 
Table 8.1.   When choosing a suitable solubilization cocktail from Table 8.1, the fol-
lowing general sample preparation guidelines should always be kept in mind:   

  • Each additional step in sample preparation bears the risk of protein loss. 
The best strategy is the simplest one and takes the compatibility of each 
step into consideration. 

  • Solutions for sample preparation should be freshly prepared with high-
quality chemicals or stored as frozen aliquots. 

  • Protein containing samples should be stored in reasonably sized aliquots 
at �80°C or readily used immediately in the IEF step. Repeated freezing 
and thawing should be avoided. 

  • Urea containing solutions should always be kept below 37°C to avoid the 
formation of isocyanate and the possible carbamylation of proteins. 

  • Prior to the IEF step, the sample should be subjected to high-speed cen-
trifugation to remove all solid particles that can clog the pores of the gels 
used for separation. 
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 8.2.3 Technologies for Protein Sample Preparation 

 Sample preparation can be viewed in two different ways, based on either the tech-
nology used or the sample preparation problem. Both views are expressed in this 
chapter: the technology-centered view and the sample-preparation view. Table 8.2 
summarizes both approaches and may serve as a guide to which problem is best 
addressed by which technology. 

 Many useful technologies in protein chemistry can be applied to sample prepara-
tion. These technologies can be categorized into three major groups: solution chemistry, 
chromatographic methods, and electrophoretic methods. All these approaches can be 
used to clean up proteomic samples, reduce their complexity, or both. 

 8.2.3.1 Solution Chemistry 

 The fi rst and arguably simplest technology for contaminant removal as well as for 
fractionating protein mixtures is the use of differential solubility of proteins or pro-
tein classes. Combining detergents and other chemicals at appropriate temperatures 
provides solubility conditions that precipitate the proteins of interest or alternatively 
selectively precipitate unwanted proteins or contaminants. Examples of this type of 

  TABLE 8.1  Protein Solubilization Cocktails for 2D Electrophoresis 

Solubilization Buffer Organism Comment Reference Year
7 M urea, 2 M thiourea, 4% 
CHAPS, 65 mM DTT, 2% 
(v/v) ampholytes pH 3–10

Yeast Samples boiled in 
1% SDS and then 
diluted with buffer

[10] 1999

7 M urea, 2 M thiourea, 2% 
C8phi, 0.5% TX-100, 
1.2% ampholytes 

Arabidopsis thaliana Isolation of plasma 
membrane. Alkaline 
buffer treatment 
before extraction 
was essential

[71] 1999

7 M urea, 2 M thiourea, 
2 mM TBP, 1% ASB 
14, 0.5% ampholytes 
pH 3–10

E. coli Isolation of outer 
membrane proteins 
(after carbonate 
washing)

[72] 2000

5 M urea, 2 M thiourea, 2% 
CHAPS, 2% SB3-10, 
20 mM dithiothreitol, 
5 mM TCEP, 0.5% carrier 
ampholytes, pH 4–6.5, 
0.25% carrier ampholytes, 
pH 3–10

Maize (endosperm) The effi ciency of 
several solubilization 
buffers for plant 
proteins were 
compared

[73] 2003

7 M urea, 2 M thiourea, 
0.9% DTT, 4% CHAPS 
14, 4% (v/v) ampholytes 
pH 3–10

Rat kidney Isolation of intrarenal 
structures such as 
glomeruli, vessels, 
and tubules

[4] 2004
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approach include precipitation methods for sample cleanup using TCA, acetone, or 
ammonium sulfate. In addition, complex protein mixtures can be simplifi ed by precipi-
tation of proteins in a biological sample followed by resolubilization in a series of 
solutions with increasing solubilization strength. This serial resolubilization effectively 
enriches for increasingly hydrophobic proteins with each step. This is an effective 
means of reducing protein complexity. 

 8.2.3.2 Chromatographic Methods 

 Chromatographic methods offer a broad range of strategies for protein purifi cation 
and thus for prefractionation in proteomic studies. Both denaturing and nondenatur-
ing chromatographic methods for proteins have been described. For the discussion 
here, we concentrate on ion-exchange and affi nity approaches and briefl y discuss 
multidimensional chromatography. Ion-exchange chromatography (IEX) is widely 
used for proteins and separates according to the protein’s intrinsic charge. A variety 
of stationary phases with either anionic or cationic properties and the pH of the elu-
tion buffer dictate which proteins are captured by the stationary phase and which are 
eluted. For complex samples, both salt and pH gradients are possible. An experimen-
tal advantage of chromatography is that it is used almost exclusively in a column 
format. This makes fraction collection straightforward. 

 Fountoulakis and coworkers extensively used chromatography to prefractionate 
the proteomes of  Haemophilus infl uenza  and  E. coli  by using heparin and hydroxy-
apatite matrices, chromatofocusing, and hydrophobic interaction chromatography.34–36 
Although this successful and innovative work expanded the possibilities for proteome 
analysis of low-abundance proteins, the interfacing of chromatography and 2DE 
might bear some inherent problems. Usually, huge amounts of salts (�1 M NaCl) are 
needed for elution from chromatographic columns fi lled with ion-exchange material, 
and then subsequent 2D analysis of chromatographically derived fractions is there-
fore not directly possible. These samples have to be desalted and often concentrated 
prior to2D analysis. This poses the risk of protein loss during the various manipula-
tions. Additionally, the fractions obtained by chromatography usually do not represent 
narrow or discrete pI cuts (see Chapter 4, this volume) and the fractions have to be 
analyzed on wide-range (pH 3–10) instead of narrow-range IPG strips of one or two 
pH units. 

 Affi nity chromatography methods can be used either to isolate a particular set 
of proteins37 or to deplete a sample of high-abundance components that ordinarily 
mask other proteins.38 Affi nity chromatography occupies a unique place among all 
chromatographic methods since it enables the enrichment of proteins on the basis of 
their biological function or individual chemical structure. 

 Serum samples are unique because of their high content of albumin and IgGs. 
Albumin constitutes 50 to 60% and IgGs constitute 10 to 20% of proteins present in 
serum. These abundant proteins in a sample present a problem for 2D electropho-
resis because they limit the amount of sample that can be loaded on fi rst dimension 
IPG strips to display nonabundant proteins. However, since the major components 
of serum are already identifi ed, they can safely be removed to look more closely at 

DK3068_C008_r04.indd   117DK3068_C008_r04.indd   117 10/23/2005   8:01:10 PM10/23/2005   8:01:10 PM



118 Anton Posch, Aran Paulus, and Mary Grace Brubacher

the remaining 20% of serum proteins, believed to contain thousands of unknown 
proteins. An illustration of the use of affi nity chromatography to address the selec-
tive removal of albumin and IgG with Affi -Gel Blue resins is shown in Figure 8.3. 
Recently, further selectivity has been achieved by immobilizing antibodies specifi c 
to human albumin and IgGs on a stationary phase.39   

 Multidimensional chromatography is increasingly popular as a method to increase 
the theoretical maximum capacity of a system. The success of 2D gels with two indepen-
dent modes of separation initiated the search for orthogonal chromatographic methods 
that can be combined and automated. Experimentally, coupling two or more chromato-
graphic methods is simple, since the effl uent of one column can be directly injected onto 
the second column. In practice, some buffer incompatibilities are observed. For example, 
a high salt buffer used to elute from an antibody column requires desalting to be compat-
ible with an ion-exchange column. A combination of ion exchange and reversed phase 
has been used very successfully for the separation of peptide mixtures40 but would be 
less effi cient for proteins. Lubman et al. described a protein chromatographic separation 
scheme to mimic 2D gels using chromatofocusing as the fi rst dimension and reversed 
phase as the second dimension.41,42   

 8.2.3.3 Electrophoretic Methods 

 Electrophoresis separates proteins in an electric fi eld according to differences in their 
charge, mass, or mass-to-charge ratio. In IEF, all proteins are separated according to 
their charge as they move in response to an electrical fi eld until their pI matches the 
pH of an external pH gradient. Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) separates proteins according to their molecular mass. In this 
technique, SDS is added to a protein mixture to both denature the proteins and coat 
them with a net negative charge. This SDS treatment essentially creates a uniform 
mass-to-charge ratio for all proteins in the sample. The proteins then migrate and are 
separated in a porous medium according to their mass. 

 Electrophoresis may be performed in either matrix-based (e.g., gel-based) or matrix-
free (liquid-based) systems. Matrix-free, liquid-based electrophoretic fractionation 

FIGURE 8.3 Removal of abundant proteins in serum. Total protein (1.32 mg) was loaded 
onto an Aurum serum protein mini column. Then 200 µg total protein from each fraction was 
loaded onto IPG strips (pH 3–10, 11 cm). (A) Unpurifi ed serum; (B) purifi ed serum.

DK3068_C008_r04.indd   118DK3068_C008_r04.indd   118 10/23/2005   8:01:11 PM10/23/2005   8:01:11 PM



Tools for Sample Preparation and Prefractionation 119

  TABLE 8.3  Liquid-Based Instruments for the pI-Dependent Separation of 
Proteins 

Instrument Name Manufacturer Recent Publications
Rotofor® System Bio-Rad Labs, Hercules, 

California
[60,74–78]

Gradifl owTM BF 400 System Gradipore, French’s Forest, 
Australia

[79–84]

IsoelectrIQ2 System Proteome Systems, North 
Ryde, Australia

[62,85]

Off-GelTM electrophoresis DiagnoSwiss, Monthey, 
Switzerland

[64,65]

ZOOM® IEF fractionator Invitrogen, Carlsbad,  
California

[63,86,87]

Free-Flow-Electrophoresis 
System

FFEWeber GmbH, 
Planegg/Munich,
Germany

[88–92]

protocols provide an interesting alterative to chromatography since they are also com-
patible with subsequent 2D separation. All matrix-free electrophoretic techniques 
exploit the same separation mechanism as IEF. A variety of liquid-based instruments 
for the pI-dependent separation of proteins (see Table 8.3) have been described. Some 
of them favor compartmentalization utilizing a membrane, grid, or matrix (batchwise 
processing of protein samples), while others rely on a continuous separation mode, 
such as free-fl ow electrophoresis instrumentation. An excellent review by Righetti43 
provides more detail. 

 8.3 GENERAL-PURPOSE CLEANUP FOR IMPROVED 
RESOLUTION AND REPRODUCIBILITY 

 Success or failure of any protein analysis depends on sample purity. Contaminants, 
such as salts, detergents, and ionic compounds, as well as high-abundance proteins, 
can compromise a 2D experiment by interfering with the protein separation or masking 
proteins of interest. It is crucial to eliminate these contaminants prior to analysis. 

 8.3.1 Removal of Interfering Contaminants 

 Interfering substances are any contaminants that negatively impact IEF, SDS-PAGE, or 
both. Contaminants of this nature include salts, detergents, small compounds, nucleic 
acids, lipids, phenolic compounds, and polysaccharides. Therefore, sample prepara-
tion has to include procedures to eliminate these substances from the original biologi-
cal sample. An excellent review by Rabilloud44 discusses approaches in detail for the 
removal of interfering contaminants, and we refer here to his recommendations. The 
most versatile method to selectively separate proteins from other contaminants consists 
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of protein precipitation followed by resolubilization in an IEF sample solution. Recently, 
Jiang et al.45 compared four widely applied precipitation methods for sample cleanup of 
human plasma, which used TCA, acetone, chloroform/methanol, and ammonium sul-
fate, as well as ultrafi ltration. They found that precipitation with TCA and acetone as 
well as ultrafi ltration resulted in effi cient sample concentration and desalting. However, 
independent of precipitation and resolubilization method, protein recoveries in the liquid 
phase are rarely 100%. All protocols require careful optimization to assure a true protein 
representation in the fi nal 2D image. 

 A variety of commercial vendors provide kits that can simplify and standardize 
laboratory procedures for protein isolation from biological samples. For example, the 
ReadyPrep 2D cleanup kit (Figure 8.4) uses a modifi cation of the traditional TCA 
protocol, claiming quantitative protein recovery as well as ensuring easy and repro-
ducible removal of interfering substances. 

 8.3.1.1 Removal of Salt 

 Salt concentration above 40 mM should be avoided to assure a high quality IEF step. 
Ionic compounds such as salts limit the applied voltage in the IEF step and therefore 
increase the focusing time and risk burning the IPG strip. High salt concentrations 
may also trigger electroendoosmotic fl ow, resulting in water loss in parts of the IPG 
strip. Salts in samples can be removed by dialysis, gel fi ltration, protein concentration 
devices, or precipitation followed by resolubilization. Figure 8.5 compares the focus-
ing quality of  E. coli  protein extracts containing 1 M NaCl before and after removal of 
salts with the ReadyPrep 2D cleanup kit. 

 8.3.1.2 Nucleic Acids 

 Quickly dividing cells and cultured cells are usually nucleic-acid-rich samples. The 
presence of nucleic acids tends to increase sample viscosity and clog the pores of 
the polyacrylamide matrix. Consequently, nucleic acids can inhibit protein entry and 

FIGURE 8.4 Detergent removal using the ReadyPrep 2D Cleanup Kit. E. coli extracts con-
taining 1% SDS were electrophoresed (A) before; and (B) after treatment with the 2D Cleanup 
kit. The samples were focused using 11 cm ReadyStrip pH 3–10 IPG strips and run on Criterion 
8–16% Tris-HCl precast gels for the second dimension.
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slow migration in the IPG strip. In addition, DNA potentially binds to proteins and 
causes artifactual migration and streaking on the 2D gel. Enzymatic digestion with 
endonucleases is the most straightforward approach to DNA removal. The enzyme 
can be added prior to loading the sample onto the fi rst-dimension IPG strip. Addition 
of carrier ampholytes with subsequent ultracentrifugation or precipitation with a 
basic polyamine at high pH have also been reported.3 

 8.3.1.3 Polysaccharides 

 Similarly to nucleic acids, high molecular weight polysaccharides can interfere in IEF 
by obstructing gel pores. Additional problems may be caused by negatively charged 
polysaccharides such as mucins and dextrans. They may bind proteins through ionic 
interactions, leading again to streaking on the 2D gels. Removal of polysaccharides 
is recommended by precipitation in TCA, ammonium sulfate, or phenol and ammo-
nium acetate. 

 8.3.1.4 Lipids 

 Proteins bind to lipids by hydrophobic interactions, giving rise to artifactual hetero-
geneity on 2D gels. Lipid-protein complexes may be completely insoluble in aque-
ous solution and consequently may not move into the polyacrylamide matrix at all. 
Addition of excess detergent is one way to break lipid-protein interactions. In the 
case of lipid-rich tissues such as brain, chemical removal of lipid with organic solvents 
prior to sample resolubilization may be necessary. 

 8.3.1.5 Insoluble Material 

 As a general rule, samples should always be clarifi ed from insoluble material by high-
speed centrifugation (�20,000 g , 30 minutes) prior to fi rst-dimension IEF. Insoluble 
material not removed in this manner can clog gel pores and will result in poor focusing, 

FIGURE 8.5 Salt removal using the ReadyPrep 2D cleanup kit. E. coli extracts containing 
1 M NaCl were electrophoresed (A) before; and (B) after treatment with the 2D cleanup kit. 
The samples were focused using 11 cm IPG strips pH 3–10 and run on Criterion 8–16% Tris-
HCl precast gels for the second dimension.
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especially when the sample is applied using sample cups. During high-speed centrifuga-
tion, the sample temperature must be carefully controlled and should be around 20°C, 
which corresponds to the conditions for IEF in IPG gels. Centrifugation below 10°C 
may pose the risk of urea precipitation. Centrifugation at room temperature (e.g., 25 to 
30°C) will help to keep proteins in solution that would otherwise precipitate out under 
the conditions of IEF. 

 8.3.2 Removal of Disulfi de Bonds 

 As already discussed, DTT and TBP are used as reducing agents to break intramo-
lecular and intermolecular disulfi de bonds to improve protein solubilization. DTT is 
ionized at high pH and in an electrical fi eld migrates to the anode. Reoxidation of 
reduced S–S bonds will occur in these DTT-depleted gel areas resulting in the forma-
tion of scrambled disulfi de bridges and spurious proteins spots. 

 The use of TBP is favored over DTT because it is used in a stoichiometric reac-
tion at a 2 mM concentration. Moreover, TBP is uncharged and can therefore avoid 
the electroendoosmotic fl ow-related problems of DTT. To overcome general prob-
lems with preserving the reduced state of a protein sample, Herbert et al.29 suggested 
protein reduction and alkylation of the resulting free –SH groups. Alkylation is an 
irreversible process and will prevent the phenomena outlined above. For more details, 
refer to Chapter 16 (this volume). 

 8.4 FRACTIONATION: THE QUEST FOR 
LOW-ABUNDANCE PROTEINS 

 The classical approach for comparing and characterizing complex protein mixtures 
relies on separation by 2D and protein identifi cation by mass spectrometry. Although 
this approach has been successfully demonstrated in numerous studies, there are two 
major criticisms of the 2D gel separation. First, the 2D gels have a limited dynamic 
range of less than 10 4  when fl uorescently stained. Biological samples have a protein 
concentration range of at least seven orders of magnitude. The study of low-abundance 
proteins such as cellular receptors and transcription factors in crude cell protein extracts 
is therefore compromised by the limited dynamic range of the 2D gel. The second major 
criticism of 2D gel separation is related to the total protein load. A typical 2D gel has 
a maximum capacity of no more than one to two milligrams of protein. This inevita-
bly leads to a cut of the proteome: only the higher-abundance proteins are visualized 
because current staining techniques cannot display the lowest-abundance proteins. 

 One of the most promising strategies to increase the total number of detected 
proteins in complex proteomes is sample fractionation prior to 2D.46 The central 
paradigm of all existing fractionation techniques is to separate crude protein samples 
into a small number of well-resolved fractions for subsequent 2D. Four major frac-
tionation approaches are discussed: 

  1. Fractionation by subcellular location 
  2. Fractionation by differential solubility 
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  3. Fractionation by protein size 
  4. Fractionation by protein charge or isoelectric point (pI) 

 8.4.1 Fractionation by Subcellular Location 

 A well-established approach to dividing cellular protein components into subgroups is 
to isolate subcellular fractions. Purifi cation of subcellular fractions offers great poten-
tial to obtain highly purifi ed and enriched protein preparations. The benefi ts of this 
approach are obvious. The protein diversity and complexity are reduced because only 
a subset of proteins of the entire proteome is selected, and the analysis of biologically 
associated proteins is made easier.11,47,48 For example, the key to recovering enriched 
fractions of membrane proteins is dependent on solubilization strategies for hydro-
phobic proteins. Traditional approaches include temperature-dependent solubilization 
in various detergents such as Triton X-100 or Triton X-114.49   Another approach uses 
sodium carbonate to extract highly hydrophobic proteins.50 

 Subcellular fractions can also be obtained through centrifugation of subcellular 
organelles. A centrifuge-based cell fractionation scheme is often used for this purpose. 
By applying different forces between 1,000 g  and 150,000 g  in a series of centrifuga-
tions, subcellular organelles such as nuclei, mitochondria, peroxisomes, lysosomes, 
and small vesicles are isolated. Although relatively pure preparations can be obtained, 
subsequent detailed analysis by electron microscopy or organelle-specifi c enzyme 
identifi cation is necessary to assure sample quality. Additionally, these methods are 
rather slow and low throughput, and endogenous proteolysis, which would alter the 
protein composition of the sample prior to proteomic analysis, is a danger. 

 8.4.2 Fractionation by Differential Solubility 

 Fractionation by differential solubility takes advantage of solubility as an indepen-
dent means of protein separation for reducing sample complexity.51 Proteins are 
sequentially extracted with increasingly hydrophobic solubilization solutions. More 
protein spots are resolved by applying each solubility class to a separate gel, thereby 
enriching for particular proteins while simplifying the 2D patterns in each gel. 
Molloy et al.52 used this approach of sequential solubilization to extract  E. coli  mem-
brane proteins in a three-step procedure. In a fi rst step, 40 mM Tris base was used to 
solubilize many cytosolic proteins. The pellet was then subjected to extraction with 
a solution of intermediate solubilization power containing 8 M urea, 4% CHAPS, 
2 mM TBP, 40 mM Tris base, and 0.2% carrier ampholytes (pH 3–10). Finally, the 
membrane-rich protein pellet was partially solubilized using a potent combination 
of 5 M urea, 2 M thiourea, 2% CHAPS, 2% SB3–10, 2 mM TBP, 40 mM Tris, and 
0.2% carrier ampholytes (pH 3–10). Many of the extracted membrane proteins had 
not been previously identifi ed on a 2D gel, as verifi ed by N-terminal sequencing 
and peptide mass fi ngerprint analysis. The key to this approach was the increasing 
solubilization strength of each subsequent extraction solution. Figure 8.6 shows this 
approach using a commercial kit (ReadyPrep Sequential Extraction Kit). A similar kit 
(ReadyPrep Protein Extraction Kit [soluble/insoluble]) follows a similar theme and 
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generates only two fractions, with the second solubilizing solution containing the 
detergent ASB-14. ASB-14 is thought to be a stronger detergent than SB3–10. 

 8.4.3 Fractionation by Protein Size 

 Two methods may be used to separate proteins by their size, or molecular weight: size 
exclusion chromatography and gel electrophoresis, particularly continuous-elution elec-
trophoresis. Whereas size exclusion chromatography provides a convenient method for 
crude fractionation and removal of contaminants, continuous-elution electrophoresis 
provides superior resolution. 

 In continuous-gel electrophoresis, protein separation may be conducted via native 
PAGE or denaturing SDS-PAGE. Separated bands migrate off the bottom of a gel and are 
collected as liquid fractions. Commercially available instruments for this approach are 
the Model 491 prep cell and the mini prep cell from Bio-Rad Laboratories (Figure 8.7). 
These devices allow proteins to be eluted directly and continuously from the gel into an 
elution chamber. The fl ow of buffer then passes the isolated bands to an elution tube and 
fi nally on to a fraction collector. Purifi ed polypeptides are recovered in test tubes ready 
for analysis in as little as 5 hours.53–55 The method is particularly benefi cial when study-
ing protein families or posttranslational modifi cations.56,57 

 8.4.4 Fractionation by Charge and pI 

 The pI is an important characteristic of every protein. A number of instrumental 
approaches have been developed to take advantage of the pI as a discriminating 
factor in preparative fractionation schemes. All of them are liquid based, meaning 
that the proteins of interest stay in solution. Contrary to chromatographic methods, 
where proteins are adsorbed onto and desorbed from a stationary phase, which risk 

FIGURE 8.6 The ReadyPrep Sequential Extraction Kit distributes proteins into three different 
fractions based on differential solubility, providing increased resolution of proteins on 2D gels.
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irreversible structural changes or permanent adsorption, liquid-based methods are 
gentler and keep a protein-friendly environment. Below, we discuss fi ve examples of 
pI-based fractionation instrumentation. 

 8.4.4.1 Rotofor System 

 The Rotofor system (Figure 8.8), developed by Bier’s group58 and commercially 
available from Bio-Rad, has a long history in preparative free-solution IEF. The 
Rotofor cell consists of a cylindrical focusing chamber that holds a plastic core divid-
ing the chamber into 20 compartments separated by polyester screens. The screens 
offer resistance to fl uid convection but do not hinder current fl ow or the transport of 
proteins. The protein sample is diluted into a mixture of water and ampholytes and 
loaded into the assembled chamber. For proteomic applications, high concentrations 
of urea, nonionic detergents, et cetera may also be included if required to enhance 
the solubility of specifi c proteins. Proteins, which are initially dispersed uniformly 
throughout the chamber, migrate in response to an electrical fi eld to the compart-
ments that are at pH values nearest to their pI values; often, this is a single compart-
ment. At the recommended power of 12 to 15 W, a standard focusing run takes only 
about 4 hours. Fractions are recovered directly into test tubes using a vacuum mani-
fold. Two focusing chambers are available, capable of holding up to 18 or 55 ml of 
sample, respectively. The utility of this fractionation method is enhanced when it is 
followed by the analysis of resulting fractions to narrow and micro range IPG strips, 
as all proteins outside the pH range of interest are effectively removed.59,60 

FIGURE 8.7 Separation of phycocyanin subunits of 21 kDa and 23 kDa by SDS-PAGE on the 
Model 491 Prep Cell.
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 8.4.4.2 Multicompartment Electrolyzers 

 Immobilized pH gradient technology has also been incorporated into a preparative 
IEF apparatus. Righetti61 described a multicompartment electrolyzer where each com-
partment is separated by a polyacrylamide gel membrane with a specifi c pH. The 
membranes are custom-made before each separation and act as pH barriers in the 
system. However, this instrument, commercialized under the name IsoPrime, has not 
been used widely as a prefractionation tool in proteomic research because the total 
volume of each of the chambers is 38 ml. To cope with the requirements of modern 
proteomics, the apparatus has been miniaturized by Herbert and Righetti.62 

 Based on the same separation principle originally published by Righetti, two 
miniaturized devices are commercially available. The IsoelectrIQ MCE is offered by 
Proteome Systems Limited and the ZOOM IEF fractionator, which is based on the 
microscale solution IEF (µsol-IEF) device devised by Zuo and Speicher,  63 is offered 
by Invitrogen Corporation. Both devices use a series of precast immobilized disks of 
predetermined pH values to separate smaller volumes (as little as 3.5 ml) of sample 
into fi ve fractions. 

FIGURE 8.8 Protein separation by charge and pI. A pooled sample of three naturally col-
ored proteins was separated by pI on the Rotofor. The three proteins are shown in the Rotofor 
focusing chamber: blue phycocyanin (pI 4.5–5.0), red hemoglobin (pI 7.0–7.4), and orange 
cytochrome C (pI 9.6).

DK3068_C008_r04.indd   126DK3068_C008_r04.indd   126 10/23/2005   8:01:13 PM10/23/2005   8:01:13 PM



Tools for Sample Preparation and Prefractionation 127

 8.4.4.3 Off-Gel IEF in Multicompartment Devices 

 Off-gel electrophoresis is the latest development in preparative techniques based on 
IPG technology.64 Protonation of an ampholyte occurs in the thin layer of solution close 
to an immobilized gel solution interface. In off-gel electrophoresis, a protein sample 
is applied to a liquid chamber that is positioned on top of an IPG gel. The gel buffers 
the thin layer of the solution in the liquid chamber, and the proteins become charged 
according to their pI and to the pH imposed by the gel. Upon application of a voltage 
gradient perpendicular to the liquid chamber, the electrical fi eld penetrates into the 
channel and causes the movement of all charged species (those that have pI values 
above and below the pH of the IPG gel) from the sample cup. After separation, only the 
neutral species (those having a pI equal to the pH of the IPG gel) remain in solution and 
are subsequently recovered. This technique offers high separation effi ciency and allows 
easy recovery of the purifi ed compounds directly in the liquid phase.65 

 8.4.4.4 Continuous Free-Flow Electrophoresis (FFE) 

 This liquid-based electrophoresis technique was fi rst described by Hannig.66 Free-fl ow 
electrophoresis utilizes a continuous laminar fl ow of a thin fi lm of separation buffer 
between two narrowly spaced plates and an electrical fi eld applied perpendicular to the 
fl ow. Free-fl ow electrophoresis results in a differential defl ection of charged samples 
as they move toward the collection ports.67 FFE supports all modes of electrophoresis, 
such as zone electrophoresis (ZE), fi eld-step electrophoresis (FSE), isotachophoresis 
(ITP), and IEF. However, IEF is the method of choice for prefractionation applications 
since it offers the highest resolution for proteins. Recently, Zischka et al.68 used FFE 
for the purifi cation and characterization of yeast mitochondria isolated by differential 
centrifugation. 

 8.4.4.5 The Gradifl ow System 

 This instrument belongs to the membrane-based instruments and has been commer-
cialized by Gradipore (Sydney, Australia). The Gradifl ow system is a multifunctional 
electrokinetic membrane apparatus that can process and purify a protein solution in a 
number of different ways, for example by pI, mobility, size, and affi nity.69 While the 
Gradifl ow system does fractionate samples by a variety of physical properties, it is pri-
marily used as a tool for pI separations. The use of the Gradifl ow as a separation step 
prior to 2D was demonstrated by Corthals et al.,70 who adopted this instrument for the 
prefractionation of native human serum and enrichment of protein fractions. 

 8.5 CONCLUDING REMARKS 

 Expression proteomics aims to separate, quantitate, characterize, and identify every 
protein present in a given biological sample. The number of possible different pro-
teins in a cell or tissue sample is believed to be in the several hundreds of thousands, 
spanning concentration ranges from the level of a single molecule to micromolar 
amounts. No single analytical method developed today is capable of resolving and 
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detecting such a diverse sample. Mapping an entire proteome by a single analytical 
method is an elusive goal. 

 The 2D gel approach offers the highest available resolving power available today. 
However, it still falls short of separating more than 5,000 proteins in a single run and 
has a limited dynamic range. Therefore, a strategy to clean up, concentrate, and frac-
tionate the protein content of the sample of interest is necessary. We discussed three 
methodologies—solution chemistry, chromatography and electrophoresis—that can 
be used prior to 2D gel electrophoresis to simplify the biological sample. Typically, 
all steps prior to 2D are referred to as sample preparation. However, they effectively 
add a third or fourth separation dimension to the separation strategy. 

 Each biological sample is unique, and the proteomic questions of interest vary from 
laboratory to laboratory. Mapping and characterizing the complete proteome, biomarker 
discovery, differential expression analysis, and pathway elucidation are just a few of 
the typical applications. The sample preparation strategy has to consider the type of 
sample as well as the type of biological question being addressed. The complex nature 
of proteins requires a multitude of sample preparation options. This chapter attempts 
to rationalize the available choices to prepare a protein sample for successful 2D sepa-
ration. The methods described here are not limited to 2D and can also be applied to 
other protein separation techniques. As the proteomics effort gains momentum, it will be 
interesting to see what future developments are made in this area. Adding methods and 
procedures to simplify the protein content of a biological sample without losing relevant 
biological information is a key element to these future developments. 
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9.1 INTRODUCTION 

 Progressive degeneration of the optic nerve is a common feature of ocular diseases 
such as glaucoma, optic neuritis, and ischemic optic neuropathy.1 Optic nerve damage 
can also result from accidental eye trauma or exposure to a variety of chemicals.2,3 
Over 70 million people worldwide suffer from a variety of glaucomas, a group of 
irreversible blinding diseases. In primary open angle glaucoma, most patients exhibit 
increased intraocular pressure that leads to optic nerve degeneration.4,5 In response to 

 9 
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elevated pressure, protein expression patterns change  in vitro 6–10 and similar modu-
lation appears likely  in vivo.  Indeed,  in vivo  expression of optic nerve myocilin is 
reduced in glaucoma and under conditions of elevated intraocular pressure.11–13 
Proteomic analysis of diseased and damaged optic nerve tissue offers a promising 
approach to better understanding pathogenic mechanisms in glaucoma and other optic 
neuropathies. 

 Optic nerve is a myelinated tissue from which protein fractionation remains 
 challenging. Myelin is a unique membrane composed of about 70% lipid and 30% 
protein.14 The myelin basic proteins (MBPs) and proteolipid protein isoforms account 
for up to 80% of myelin protein, with the remainder being a large number of lower 
abundance proteins.14 Myelin has both active and passive functions in the central ner-
vous system, including regulation of axon diameter and formation of axon microtu-
bular networks.15,16 Historically, biochemical fractionation of myelinated  tissues has 
involved differential gradient centrifugation and yielded low but signifi cant levels of 
axolemmal proteins from highly enriched myelin preparations.17 More recently, two-
dimensional (2D) gel electrophoresis has been used to study protein synthesis during 
myelination in rat optic nerve18 and to seek functional insights into myelin biology.19 
However, relatively few protein identifi cations have been obtained. Proteomic analy-
ses of optic nerve offer the potential to identify protein differences between normal 
and glaucomatous optic nerve. In this chapter, we describe the fractionation of human 
optic nerve by solution-phase isoelectric focusing (IEF) and 2D polyacrylamide gel 
electrophoresis (2D PAGE) and report the identifi cation of 149 proteins. The multi-
compartment electrolyzer (MCE)20,21 was used for the solution-phase IEF, and although 
this technology is still evolving, the present results demonstrate the potential utility of 
this fractionation methodology for differential proteomic analyses of optic nerve from 
diseased and normal eye donors. 

 9.2 MATERIALS AND METHODS 

 9.2.1 Human Tissue Procurement 

 Thirty-fi ve eyes from normal human donors (15 female and 20 male, ages 43–89) 
were used in this study.   Eyes were obtained through the Cleveland Eye Bank 
(Cleveland, Ohio) and the Eye Donor Program of the Foundation Fighting Blindness, 
Inc. (Owens Mills, Md.). Eyes were enucleated within 8 hours of death and either 
placed in Optisol GS medium or fl ash frozen in liquid nitrogen. 

 9.2.2 Optic Nerve Sample Preparation 

 The stalk region of the optic nerve was carefully dissected (about 1–2 mm in 
thickness) and weighed using a Mettler AE163 calibrated balance. Tissues were 
stored at �80 � C until analyzed in 20 mM Tris buffer pH 7.5 containing protease 
inhibitors (Product No. P2714, Sigma Chemical Co., St. Louis), 5 �M dithio-
thrietol and 5 �M butylated hydroxytoluene to protect against  in vitro  oxidation 
and degradation. To develop protein extraction methods, small portions of optic 
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nerve explants (20 � 1.2 mg wet weight) were subjected to homogenization and 
protein extraction using a battery powered, handheld tissue homogenizer (Pellet 
Pestle Kontes, South Jersey Precision Tool and Mold Inc, N.J.) and 100 �l of deter-
gent per extraction. The protein extraction effi cacy was compared for four different 
detergent solutions containing 7 M urea and 2 M thiourea, namely 6% C7BzO, 3% 
amidosulfobetaine-14 (ASB-14), 3% dodecylmaltoside, and a proprietary detergent 
formulation from Proteome Systems (Woburn, Mass.). Following extraction, pro-
tein was precipitated with acetone, resuspended in Laemmeli sample buffer22 and 
subjected to one-dimensional (1D) sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE). 

 Human optic nerve explants from 34 eyes (�2.7 g total tissue wet weight) were 
used for preparative fractionation and protein identifi cation. Protein extraction was 
performed batchwise with about four optic nerve explants per batch (�320 mg 
wet weight). The tissue was fi rst minced with a sharp scalpel then homogenized in 
3% dodecylmaltoside containing 7 M urea and 2 M thiourea (2 ml). Following 6 
extractions of 2 ml each, protein was precipitated with acetone and resuspended in the 
same detergent solution. Reduction and alkylation was then performed under argon 
with tributylphosphine (5 mM) and acrylamide (10 mM) for 90 minutes at room 
temperature. All extraction buffers and the MCE kit were obtained from Proteome 
Systems, Inc. Protein recovery was quantifi ed by a modifi ed Bradford assay.23 

 9.2.3 Acetone Precipitation 

 Acetone precipitation was performed according to Proteome Systems (Proteome 
Systems, Woburn, Mass.). Briefl y, four volumes of acetone were added to one volume 
(typically 12 ml) of the detergent solubilized protein preparation and incubated at 
room temperature for 20 minutes with intermittent, gentle mixing. The suspension 
was then centrifuged at 2500 g  for 15 minutes at room temperature, and the clear 
supernatant fl uid was carefully removed with a pipette. The precipitate was recentri-
fuged at 2500 g  for 5 minutes, and the residual supernatant was removed. The pellet 
was air dried for 15 minutes at room temperature and then resuspended in a detergent 
solution for further investigation. 

 9.2.4 Solution-Phase IEF 

 IEF in the MCE was performed according to Pedersen   et al.21 except that 1–7.5 mg 
of acrylamide alkyated optic nerve protein was prepared in 3% dodecylmaltoside, 
7 M urea, 2 M thiourea (3.5 ml). Immobilized pH membranes were used to construct 
IEF trapping chambers of pH 3–5, 5–6.5, 6.5–8, and 6–11. The original protein solu-
tion was diluted with the same detergent solution to obtain the desired sample amount 
in 3.5 ml and loaded into the central pH 5–6.5 MCE chamber. Detergent solution was 
placed in the other trapping chambers of the MCE assembly. Electrode solution sup-
plied by Proteome Systems was placed in the terminal chambers. IEF fractionation 
was carried out initially with a 100–1500 V ramp over 13 hours and subsequently at 
a constant 1500 V for an additional 5 hours. Throughout the fractionation, current 
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was limited at 0.8 A. After IEF, chamber solutions were transferred to tubes and 
protein was concentrated by acetone precipitation. Protein was resuspended in the 
aforementioned detergent solution (100–200 �l) quantifi ed by the modifi ed Bradford 
procedure23 and subjected to 2D PAGE. 

 9.2.5 2D Gel Electrophoresis 

 The resuspended fractions from MCE separation (in 3% dodecylmaltoside, 7 M urea 
and 2 M thiourea) were centrifuged briefl y to remove particulate material (14,000 g , 
10 minutes) and 0.001% bromophenol blue was added. Protein samples were trans-
ferred to 11 cm IPGphore coffi ns (Amersham Pharmacia Biosciences, Piscataway, N.J.), 
and the volume was adjusted to 300 �l with additional detergent solution. An 11 cm 
precast ProteomIQ TM  immobilized linear pH gradient strip gel (IPG, pH 3–10) was 
placed in the coffi n and overlaid with 750 �l of mineral oil. First dimension IEF 
was performed with the Pharmacia IPGphor and the following programmed volt-
age gradient.24,25 The IPG strips were rehydrated with sample at 30 V for 6 hours 
and then 300 V for 1 minute, followed by a linear increase to 3500 V for 8 hours, 
held at 3500 V for 1 hour, then at 8000 V for 21 hours to reach a total of approxi-
mately 90 kVh. For the second dimension, IPG strips were equilibrated in 50 mM 
Tris acetate pH 7.0, 3 M urea, 2% SDS, bromophenol blue (24 minutes) and then 
embedded in 0.7% w/v agarose on the top of a 6–15% acrylamide linear gradi-
ent gel (ProteomeIQ TM  Gelchip, Proteome Systems). Second dimension SDS-PAGE 
(5 hours at 300 mA constant current) was performed with Proteome Systems electro-
phoresis equipment. The gels were stained and destained using ProteomeIQ TM  Blue 
gel stain kit (Proteome Systems) and scanned with a GS-710 Imaging Densitometer 
(BioRad). 

 9.2.6 Protein Identifi cation 

 Select 2D gel spots were excised, destained, and digested  in situ  with trypsin as doc-
umented elsewhere.24–27 Tryptic peptides were analyzed by liquid chromatography 
electrospray tandem mass spectrometry (LC MS/MS) using a CapLC system and a 
quadrupole time-of-fl ight mass spectrometer (QTOF2, Waters Corporation, Milford, 
Mass.).25–27 Protein identifi cations from MS/MS data utilized ProteinLynx TM  Global 
Server (Waters Corporation) and Mascot (Matrix Science) search engines and the 
Swiss-Protein and NCBI protein sequence databases. 

 9.3 RESULTS 

 9.3.1 Extraction of Protein from Optic Nerve 

 Comparison of the optic nerve protein extraction effi cacy of four different detergent 
solutions is presented in Table 9.1 and Figure 9.1. Optic nerve extracts from all four 
detergents produced similar 1D SDS-PAGE profi les and protein recoveries (relative 
yield, 0.7–0.9%). However, ASB-14 and dodecylmaltoside yielded greater Coomassie 
blue staining intensity for select gel bands (Figure 9.1) and slightly more overall soluble 
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FIGURE 9.1 SDS-PAGE of optic nerve proteins extracted in different detergents. Protein was 
extracted from equal amounts of optic nerve (�20 mg wet weight) using the indicated detergents 
(100 �l per extraction) and 15 �g protein per lane subjected to SDS-PAGE on a 10% gel.

TABLE 9.1 Solubilization of Optic Nerve Protein

Detergent 
Solution

Protein (�g) Recovered 
per mg Tissue

Total Protein 
Recovered (�g) 

Relative 
Yield (%)

6% C7BzO, 7 M urea, 
2 M thiourea

8.0 � 0.8 160.4 � 2.5 0.8

3% ASB-14, 7 M urea, 
2 M thiourea

8.7 � 0.6 174.0 � 1.8 0.9

3% Dodecylmaltoside, 
7 M urea, 2 M thiourea

8.9 � 0.7 176.3 � 1.5 0.9

Proprietary formulation, 
Proteome Systems

6.7 � 0.4 134.4 � 2.8 0.7

 Note:  Optic nerve  explants (20 � 1.25 mg wet weight) were extracted (1�) with the indicated detergent 
solution (100 �l) and soluble protein quantifi ed by a modifi ed Bradford assay as described in Methods. 
Average results (� standard deviation) are shown from four independent experiments.
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FIGURE 9.2 Multiple protein extractions. Protein was extracted from triplicate 200 mg 
(wet weight) optic nerve explants in 200 �l of 3% dodecylmaltoside, 7 M urea, 2 M thiourea, 
quantifi ed by a modifi ed Bradford assay, and equal volumes (30 �l) subjected to SDS-PAGE. 
The average recovery (� standard deviation) for six successive extractions was as follows: 793 � 
22 �g, 664 � 12 �g, 567 � 25 �g, 327 � 14 �g, 101 � 8 �g, 77 � 11 �g. The total combined 
recovery from the six extractions was �2.53 mg (1.3% relative to the tissue wet weight).

protein (Table 9.1). These results are consistent with reports for other myelin-containing 
membrane-rich tissues.28 Dodecylmaltoside was selected for further studies because 
the critical micelle concentration (0.1–0.6 mM) is higher than for ASB-14 (�0.1 mM). 
As shown in Figure 9.2, multiple extractions with 200 �l yielded signifi cantly more 
soluble optic nerve protein than a single extraction (Figure 9.2) with the combined yield 
from six repetitive extractions approaching 1.3% (w/w) relative to the tissue wet weight. 
For comparison, tissue samples from mouse liver (115 mg wet weight) and mouse 
skeletal muscle (90 mg wet weight) were extracted under identical conditions with 3% 
dodecylmaltoside, 7 M urea, 2 M thiourea, quantifi ed as for the optic nerve preparations, 
and found to yield 4.9% and 2.7% total protein, respectively, relative to the tissue wet 
weights.   
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  9.3.2 Optic Nerve IEF Using the Multicompartment 
Electrolyzer 

 Soluble protein for IEF and 2D PAGE analyses were prepared from normal human 
optic nerve explants by repetitive extractions as described in the Methods section. 
Following acetone precipitation, �35 mg soluble protein was recovered from 34 
optic nerve explants and redissolved in 3% dodecylmaltoside, 7 M urea, 2 M thio-
urea for IEF (16.6 ml fi nal volume). Solution state IEF was performed with the MCE 
using sample amounts of about 3 mg, 5 mg, and 7.5 mg optic nerve protein. Recovery 
from the MCE trapping chambers following IEF was determined to be about 31–39% 
relative to the amounts applied (Table 9.2). Following IEF, protein precipitate was 
evident in the pH 5–6.5 trapping chamber where the sample was applied and where 
the protein concentration remained the highest. Recovery of optic nerve protein was 
found to be lower (8–22%) following MCE fractionation of smaller sample amounts 
(�1 mg) under the same conditions.   

 While recovery from the current procedure was relatively low, 2D PAGE analyses 
of the MCE trapping chamber solutions demonstrated that signifi cant separation of 
optic nerve proteins was achieved. 2D electrophoretic analyses of the MCE fractions 
are shown in Figure 9.3. The relatively wide isoelectric charge separation of optic nerve 
proteins achieved by MCE fractionation can be readily appreciated by  comparison of 
the 2D gel profi les from the MCE fractions and the starting sample with no solution 
state IEF. Consistent with the manufacturer’s claims, greater 2D PAGE separation 
of the optic nerve MCE fractions was observed with appropriate narrow range IPG 
strips. For example, proteins enriched in trapping chamber pH 3–5 were resolved to a 
greater extent on IPG strips of pH 3–5 than on pH 3–10 (not shown). 

TABLE 9.2 Recovery of Optic Nerve Protein from MCE Fractionation

MCE Chamber 3.0 mg Protein 5.0 mg Protein 7.5 mg Protein
protein recovery (mg)

Anode — — —

pH 3–5 107 223 290

pH 5–6.5 560 1242 1100

pH 6.5–8 120 231 875

pH 8–11 105 192 590

Cathode 45 47 45

Total Protein (�g) 937 1935 2900

Percent Recovery 31 39 39

Note: Optic nerve protein in 3% dodecylmaltoside, 7 M urea, 2 M thiourea was fractionated by solution 
state IEF with the MCE and recovered protein quantifi ed by a modifi ed Bradford assay (see Methods).
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 9.3.3 Identifi cation of Optic Nerve Proteins following 
MCE Fractionation 

 For protein identifi cation, 2D gel spots were excised (Figure 9.3) and subjected to 
in-gel tryptic digestion, and peptides were analyzed by LC MS/MS and bioinfor-
matics methods. One hundred forty-nine proteins identifi ed from analyses of the 
gel spots derived from the optic nerve MCE fractions are listed in Table 9.3. As 
expected, a number of proteins previously identifi ed in brain tissue19 were also found 
in optic nerve (Table 9.3), for example, myelin basic protein, mimecan, and neuron 

FIGURE 9.3 2D PAGE analyses of MCE fractions. Following solution phase IEF of optic 
nerve protein (5 mg) using the MCE, 2D PAGE analysis of the MCE fractions was performed 
using ProteomIQ immobilized linear pH gradient strips (pH 3–10, 11 cm), 6–15% gradient 
ProteomIQ Gels, and the ProteomeIQ Blue gel staining kit (Proteome Systems). (A) Optic 
nerve protein without MCE fractionation, 100 �g; (B) MCE chamber pH 3–5, 100 �g; 
(C) MCE chamber pH 5–6.5, 100 �g; (D) MCE chamber pH 6.5–8, 100 �g; (E) MCE cham-
ber pH 8–11, 100 �g.
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cytoplasmic protein. For most of the optic nerve proteins in Table 9.3, the sequence 
calculated pI was in good agreement with the pH range of the trapping chamber from 
which it was found. For the proteins exhibiting inconsistent observed and calculated 
pIs, the apparently altered pIs may be due to posttranslational modifi cations, covalent 
aggregation, or proteolytic processing.   

 9.4 DISCUSSION 

 Optic nerve contains signifi cant lipid-rich myelin membranes and constitutes one 
of the more diffi cult tissues from which to extract soluble protein. Detergents and 
thiourea are essential for solubilization of many membrane proteins,28–30 and here 
we found that ASB-14 and dodecylmaltoside are relatively effective in extracting 
optic nerve proteins. Our results are consistent with other efforts to solubilize cen-
tral nervous system myelin.28,31,32 However in our hands, even after multiple extrac-
tions, only �1.3% soluble protein was recovered relative to the wet weight of the 
optic nerve tissue, signifi cantly less than that obtained from detergent extraction of 
mouse skeletal muscle (2.7%) or liver (4.9%). Reported efforts to extract protein 
from  glaucomatous optic nerve tissues have not been quantitative and more effi -
cient extraction methods have yet to be established.33,34 Of the detergents we tested, 
ASB-14 and dodecylmaltoside offered the greatest potential for solubilization of 
optic nerve proteins for subsequent fractionation and identifi cation. As expected, 
multiple extractions were more effi cient than a single extraction. 

 Fractionation of detergent solubilized optic nerve proteins by solution-state 
IEF-enhanced subsequent 2D gel separations and facilitated protein identifi cation 
by mass spectrometry and bioinformatics. Accordingly, the MCE instrument from 
Proteome Systems appears to provide another useful technique in the arsenal of meth-
ods available for separating complex mixtures of proteins.35 With the MCE instrument, 
optic nerve proteins were clearly resolved into fractions based on isoelectric pH. 
Protein precipitation was observed in the chamber where the optic nerve preparation 
was applied to the apparatus (pH 5–6.5), however this potential problem appears to 
have occurred late in the IEF process based on the 2D gel analyses which demon-
strated charge separations consistent with the isoelectric trapping membranes. In sup-
port of the MCE instrument, isoelectric protein precipitation is a common occurrence 
in IEF procedures, and in the present application, such precipitation had little apparent 
effect on the overall resolution of the proteins. 

 Despite the above benefi ts, the current MCE technology could be improved. The 
foremost problem with the present instrument design is the relatively large sample 
volume and amount of protein required as starting material. The original MCE system 
required chamber volumes of �5 ml. The manufacturer subsequently provided silicon 
wafer inserts, which reduced the chamber volumes to 3.5 ml; however, these cham-
bers are still exceedingly large for small sample amounts. Many biological samples of 
interest can only be obtained in microgram amounts and for such samples, the present 
instrument does not appear suitable due to poor protein recovery. In our hands, larger 
amounts of optic nerve protein (5–7.5 mg) provided the highest protein recovery (39%) 
while 1 mg samples yielded �22% recovery. Miniaturization and optimization of the 
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MCE chambers for small sample amounts would constitute a signifi cant improvement 
in instrument design. Another signifi cant issue of concern is the acetone precipita-
tion step used to concentrate protein in the trapping chambers for subsequent pre-
parative 1D or 2D gel analyses. Substantial protein losses can occur during acetone 
precipitation, and such losses likely contributed to the low recovery of optic nerve 
protein from the MCE. A more effi cient concentration method would enhance the 
present technology. Another minor concern is possible leakage, which was occasion-
ally encountered. This issue might be minimized by the reduction of the number of 
components required for assembly and disassembly of the MCE chambers, perhaps 
through the use of solid blocks with insertable membranes. 

 In summary, solution-phase IEF with the MCE followed by 2D gel analyses has 
provided a productive approach to the fractionation of milligram amounts of optic 
nerve proteins for proteomic analyses. The detergents ASB-14 and dodecylmaltoside 
were useful for the solubilization and extraction of optic nerve proteins. The proteins 
identifi ed in this study represent the most extensive catalogue of optic nerve proteins 
to date and contribute to the identifi cation of the human optic nerve proteome. Optic 
nerve degeneration is associated with a number of visual disorders. We anticipate that 
differential proteomic analyses of diseased and normal optic nerve tissues will provide 
insights into the pathogenic mechanisms of glaucoma and other optic neuropathies of 
unknown etiology. 
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 10.1 INTRODUCTION 

 The neural retina is the complex, multicell type tissue at the back of the eye respon-
sible for converting light stimuli into neural impulses directed to the brain. Visual 
pigment proteins such as rhodopsin in rod photoreceptor cells and blue, green, and 
red opsins in cone photoreceptor cells absorb light via photoisomerization of protein-
bound 11- cis -retinal, triggering visual signal transduction, that is, phototransduction. 
These light-absorbing proteins are integral membrane proteins located in the outer 
segments of photoreceptor cells, within densely packed membranous discs contain-
ing other proteins involved in phototransduction. Additional cells in the retinal cir-
cuitry, including bipolar and ganglion cells, process and relay the signal from the 
photoreceptors through the nerve fi ber layer to the optic nerve, modulated in part by 
horizontal and amacrine cells and supported by retinal glial cells such as Müller cells, 

 10 
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astrocytes, and microglia. Although the neural retina also has an internal vasculature, 
the photoreceptor cells are separated from their principal blood supply in the choroid 
by the retinal pigment epithelium (RPE), a polarized single-cell layer that plays key 
roles in retinal physiology. Worldwide efforts continue toward a better understanding 
of the complex processes ongoing in retina, including regulation of visual sensitivity 
and dark adaptation, regeneration of 11- cis -retinal for rod and cone visual pigments 
(the visual cycle), and neuronal transmission.1 Proteomic approaches offer signifi -
cant potential for deciphering molecular mechanisms in healthy and diseased retina. 
Nevertheless, such studies remain challenged by the many different and diffi cult-
to-purify cell types in the retina, a correspondingly complex retinal proteome, and a 
relatively high proportion of membrane proteins. 

 Our recent proteomic studies have focused in large part on the RPE,2,3 the visual 
cycle,4–8 the role of oxidative protein modifi cations in age-related macular degenera-
tion,9,10 and mechanisms involved in retinal light damage.11–15 Two-dimensional poly-
acrylamide gel electrophoresis (2D PAGE) has been a major fractionation tool in several 
of these studies, and as reported by others,16 we have experienced diffi culty with the 
detection of membrane proteins. More specifi cally, we have not detected rhodopsin, the 
most abundant protein in rod outer segments (ROS), in our 2D PAGE11–15 because the 
protein typically remains embedded in the fi rst-dimension immobilized pH gradient. In 
this chapter, we describe the fractionation of bovine retina by solution-state isoelectric-
focusing (IEF) and one-dimensional polyacrylamide gel electrophoresis (1D PAGE). 
The present results demonstrate the utility of this approach for the identifi cation of reti-
nal proteins, including integral membrane proteins such as rhodopsin. 

 10.2 MATERIALS AND METHODS 

 10.2.1 Bovine Retina Sample Preparation 

 Bovine eyes were obtained from Tucker Packing Company (Orrville, Ohio). Retinas 
were dissected from the globe without the RPE within 7 hours of death3 and stored 
until analyzed at �80 � C in 20 mM Tris buffer pH 7.5 containing protease inhibi-
tors (product P2714, Sigma Chemical Co., St. Louis), 5 �M dithiothrietol, 10 �M 
butylated hydroxytoluene, and 2 mM ethylenediaminetetraacetic acid (EDTA). 
To probe membrane protein extraction effi ciency, small portions of retinal tissue 
(�23 mg wet weight) were homogenized with a small, battery powered tissue homog-
enizer17 in 7 M urea and 2 M thiourea containing one of eight different detergent solu-
tions (�116 �l) obtained from Proteome Systems (Woburn, Mass.). These detergents 
and the concentrations used were as follows: 3% amidosulfobetaine-14 (ASB-14), 4% 
3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS), 2% 
digitonin, 3% dodecyl maltoside, 1% phosphatidyl choline, 1% SDS, 1.5% Triton 
X100, and 1% C7BzO. Western blot analysis was used to evaluate the effi cacy of 
these detergents to extract rhodopsin from retina. Protein extracts prepared from 
272 to 280 mg bovine retina (wet weight) with 3% ASB-14, 4% CHAPS, or 3% 
dodecyl maltoside solutions were quantifi ed by a modifi ed Bradford procedure18 
and fractionated by solution-state IEF. 
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 10.2.2 Western Blot Analysis and 1D Electrophoresis 

 For Western blot analyses, retinal extracts in IEF solvent were diluted 1:1 with 
Laemmli SDS sample buffer,19 and following 1D electrophoresis, protein was blotted 
to PVDF membrane (Millipore, Bedford, Mass.)20,21 and probed with anti-rhodopsin 
monoclonal antibody B6–30N.22 Purifi ed bovine rod outer segments (ROS) (10 �g) 
were used as a positive control for rhodopsin.23 Immunoreactivity was detected by 
chemiluminescence (Amersham Pharmacia Biotech, Inc., San Francisco). 1D SDS-
PAGE was performed on 12% acrylamide gels using either a Bio-Rad Mini-Protean 
II electrophoresis system with 8 � 10 cm gels or a Bio-Rad Protein II xi system with 
16 � 20 cm gels.3 For proteomic analyses, gels were stained with colloidal Coomassie 
blue (Pierce Code Blue, detection limit �10 ng protein). 

 10.2.3 Solution-State IEF 

 Solution-state IEF was performed using the Multicompartment Electrolyzer (MCE) 
according to Proteome Systems24 with bovine retinal protein in 7 M urea, 2 M thio-
urea containing either 3% ASB-14, 3% dodecyl maltoside, or 4% CHAPS. IEF trap-
ping chambers of pH 3–5, 5–6.5, 6.5–8, and 8–11 were prepared with immobilized 
pH membranes supplied by the vendor. Retinal protein extracts were loaded into the 
central pH 5–6.5 chamber and diluted with the same detergent to 3.5 ml. Detergent 
solution was placed in the other trapping chambers, and electrode solution supplied 
by the vendor was placed in the terminal MCE chambers. IEF fractionation was 
carried out initially with a 100–1500 V ramp over 13 hours and subsequently at a 
constant 1500 V for an additional 5 hours. Throughout the fractionation, maximum 
current was set at 0.8 mA. After IEF, chamber solutions were transferred to tubes, 
and protein was concentrated by acetone precipitation, resuspended in Laemmli SDS 
sample buffer (100–200 �l), and subjected to 1D PAGE.3,19 

 10.2.4 Acetone Precipitation 

 Acetone precipitation was performed according to Proteome Systems. Four volumes 
of acetone were added to one volume of the detergent solubilized protein solution 
and incubated at room temperature for 20 minutes with intermittent, gentle mixing. 
The suspension was then centrifuged at 2500 g  for 15 minutes at room temperature 
and the clear supernatant fl uid carefully removed with a pipette. The precipitate was 
recentrifuged at 2500 g  for 5 minutes, and the residual supernatant was removed. 
The pellet was resuspended in Laemmli sample buffer, quantifi ed by the bicincho-
ninic (BCA) protein assay (Pierce Biotechnology, Inc., Rockford, Ill.) and subjected 
to1D PAGE. 

 10.2.5 Protein Identifi cation 

 Select 1D gel bands were excised and digested  in situ  with trypsin using methods 
documented elsewhere.2,3,9,11 Band selection was arbitrary except effort to identify 
rhodopsin by mass spectrometry, which was guided by Western blot results. Tryptic 

DK3068_C010_r04.indd   159DK3068_C010_r04.indd   159 10/23/2005   8:01:44 PM10/23/2005   8:01:44 PM



160 Sanjoy K. Bhattacharya, Karen A. West, Xiaorong Gu, et al.

peptides were analyzed by liquid chromatography electrospray tandem mass spec-
trometry (LC MS/MS) using a CapLC system and a quadrupole time-of-fl ight mass 
spectrometer (QTOF2, Waters Corporation, Milford, Mass.).3,9,11 Protein identifi ca-
tions from MS/MS data utilized ProteinLynx TM  Global Server (Waters Corporation) 
and Mascot (Matrix Science) search engines and the Swiss-Protein and NCBI protein 
sequence databases. The MS/MS spectra were examined manually to verify deter-
mined sequences. 

 10.3 RESULTS 

 10.3.1 Comparison of Detergent Extracts of 
Bovine Retina 

 Toward the development of improved proteomic methods for analyzing retinal 
membrane proteins, bovine retinal extracts were prepared using several differ-
ent detergent solutions. The overall protein profi les of these detergent extracts as 
revealed by 1D PAGE and colloidal Coomassie blue detection were similar in pat-
tern and staining intensity (Figure 10.1). Western blot analysis using anti-rhodopsin 
antibody was used to monitor recovery of the major integral membrane protein in 
rod photoreceptor cells (Figure 10.2). All the detergent extracts exhibited rhodop-
sin immunoreactivity; however, differences were apparent in the aggregation state 
of the protein. Retinal extracts prepared in 1% SDS revealed intense immunore-
activity for monomeric rhodopsin (mass of 39,007 Da calculated from the amino 
acid sequence) and little high mass aggregates (�100 kDa). Extracts in 3% ASB-
14 contained apparent monomeric and dimeric forms of rhodopsin but less high 
mass aggregates than any other detergent except SDS. Retinal extracts prepared in 
CHAPS exhibited intense rhodopsin immunoreactivity in the high mass range but 
variable and sometimes no apparent monomeric protein. Western blot analysis of 
extracts prepared in 2% digitonin (not shown) provided similar rhodopsin profi les 
to that obtained with 3% dodecyl maltoside, 1% phosphatidyl choline, and 1% 
C7BzO. Soluble protein recovery (w/w) relative to the tissue wet weights for the 
retinal extracts in ASB-14, dodecyl maltoside, and CHAPS were 1.7% (4.8 mg), 
1.4% (3.9 mg), and 1.3% (3.6 mg), respectively.   

 10.3.2 Retina Fractionation by Solution-State 
IEF and 1D PAGE 

 Bovine retinal protein extracted in 7 M urea and 2 M thiourea containing either 
3% dodecyl maltoside, 3% ASB-14, or 4% CHAPS was separated by solution-
state IEF with the MCE apparatus into pH fractions 3–5, 5–6.5, 6.5–8, and 8–11. 
Following IEF, no retinal protein precipitation was apparent in the trapping cham-
bers with any of these detergent solutions. Total protein recovery in the MCE trap-
ping chambers relative to the amount applied (3 mg) was in the 25–34% range 
for the three detergents tested (after acetone precipitation), with ASB-14 provid-
ing the greatest estimated yield (Table 10.1). 1D SDS-PAGE analyses after IEF 

DK3068_C010_r04.indd   160DK3068_C010_r04.indd   160 10/23/2005   8:01:44 PM10/23/2005   8:01:44 PM



Fractionation of Retina for Proteomic Analyses 161

FIGURE 10.1 Detergent extracts of bovine retina. Small portions of bovine retina (�23 mg 
wet weight) were extracted using 7 M urea, 2 M thiourea containing the indicated detergent 
and soluble protein (20 �g) subjected to 1D PAGE on 12% acrylamide gels (8 � 10 cm) and 
detected with colloidal Coomassie blue.

FIGURE 10.2 Western analyses of retinal extracts for rhodopsin. Bovine retinal extracts were 
prepared with the indicated detergents, subjected to 1D PAGE, blotted to PVDF membrane, 
and probed with anti-rhodopsin antibody.
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(Figure 10.3) revealed different electrophoretic profi les for each of the trapping 
chamber fractions, indicating that signifi cant protein separation was achieved. 
Notably, the protein profi les obtained from the three different detergents were very 
similar, supporting reproducible isoelectric fractionation of the proteins detected 
by colloidal Coomassie blue staining. Western blot analysis (Figure 10.4) follow-
ing IEF in dodecyl maltoside revealed intense rhodopsin immunoreactivity in the 

FIGURE 10.3 1D PAGE of IEF fractions. Solution-state IEF of bovine retinal extracts was 
performed in different detergent solutions as described in the Methods section. (A) Dodecyl 
maltoside; (B) ASB-14; (C) CHAPS. Following IEF, protein (�20 �g) from each pH fraction 
was further separated by 1D PAGE on 12% polyacrylamide minigels (0.1 � 8 � 10 cm) and 
stained with colloidal Coomassie blue. The numbered bands were excised for protein identifi -
cation (Table 10.2).

TABLE 10.1 Recovery of Retinal Protein from IEF Fractions

MCE Chamber ASB-14 Dodecylmaltoside CHAPS

protein (�g)
Anode 0 0 0

pH 3–5 78 80 152

pH 5–6.5 675 388 354

pH 6.5–8 209 226 146

pH 8–11 51 60 164

Cathode 0 0 0

Total protein (�g) 1013 754 816

Protein recovery (%) 34 25 27

 Note: Solubilized retinal protein (3.0 mg) was subjected to IEF in the MCE using the 
indicated detergent as described in Methods. Protein recovered in the MCE trapping cham-
bers was precipitated with acetone, resuspended in Laemmli SDS sample buffer, and quan-
tifi ed by the modifi ed Bradford assay.18
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FIGURE 10.4 Western blot analyses of IEF fractions for rhodopsin. Following solution-state 
IEF of bovine retinal extract in dodecyl maltoside, protein (20 �g) in the pH fractions was sub-
jected to 1D PAGE, blotted to PVDF membrane, and probed with anti-rhodopsin antibody.

pH 5–6.5 trapping chamber and weak immunoreactivity in the pH 3–5 and pH 6.5–8 
fractions, with monomeric rhodopsin apparent only in the pH 5–6.5 fraction.     

 10.3.3 Protein Identifi cation 

 Following IEF in 3% ASB-14, protein fractions from the MCE trapping chambers 
were subjected to 1D PAGE, select bands were excised as shown in Figure 10.3B 
and Figure 10.5 and processed for protein identifi cation by mass spectrometric and 
bioinformatic analyses. About two thirds of the recovered protein was trapped in 
the pH 5–6.5 chamber from which LC MS/MS analysis of 57 gel bands yielded 
the identity of 201 proteins (Table 10.2). The pH 3–5 fraction yielded 59 protein 
identifi cations from 13 gel bands, the pH 6.5–8 fraction yielded 33 protein identi-
fi cations from 15 gel bands, and the pH 8–11 fraction provided 64 identifi cations 
from analysis of 11 gel bands (Table 10.2). Rhodopsin was identifi ed from the pH 
5–6.5 fraction in gel bands ranging in apparent mass from �40 kDa to over 100 
kDa. In addition, 31 other integral membrane proteins and 33 membrane associ-
ated proteins were identifi ed and are highlighted within Table 10.2. Similar mass 
spectrometric analyses following IEF in dodecyl maltoside provided detection of 
rhodopsin but only in high mass bands near the top of the 1D gels (results not 
shown).         

DK3068_C010_r04.indd   163DK3068_C010_r04.indd   163 10/23/2005   8:01:45 PM10/23/2005   8:01:45 PM



FIGURE 10.5 IEF fractions separated on large 1D gels. Bovine retinal 
extracts were fractionated by solution-state IEF in ASB-14 then protein 
(50 �g) from the indicated pH fractions was subjected to 1D PAGE on 
12% polyacrylamide gels (0.1 � 16 cm � 20 cm). The numbered bands 
were excised for protein identifi cation (Table 10.2).
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

MCE Chamber pH 3–5

Acidic leucine-rich nuclear 
phosphoprotein 

P51122 1 4.95 20 31 42

Acidic ribosomal protein 
P2, 60S

P42899 1 4.49 12 17 48

Bcl-2-like protein 13 Q9BXK5 1 4.45 53 41 41

Calbindin P04467 13 4.66 30 25, 26 44, 45

Calmodulin P62157 5 4.08 17 17, 19 47, 48

Calreticulin 1 P52193 11 4.31 48 66, 71 37, 36

Calreticulin 3 Q96L12 2 6.56 45 71 36

Calumenin O43852 4 4.47 37 56 39

cAMP-Dependent protein 
kinase 

P00515 7 4.82 45 60 38

Chromobox protein 
homolog 1 

P23197 3 4.88 21 25 45

Clathrin light chain A P04973 3 4.44 27 41 41

Cytochrome b5 P00171 2 5.00 15 17 48

Desmin O62654 3 5.56 53 48 40

Dickkopf related protein-3 
precursor 

Q9UBP4 1 4.58 38 66 37

DNA-binding protein A P16989 2 9.95 40 71 36

DNA-directed RNA 
polymerase

Q923G2 (M) 3 4.49 17 17 48

Eukaryotic translation 
initiation factor 6 

Q9TU47 3 4.58 27 29 43

GA binding protein beta 
chain 

Q06547 1 4.82 42 56 39

Glial fi brillary acidic protein Q28115 9 5.38 49 17, 41 41, 48

Guanylyl cyclase activating 
protein 1 

P46065 4 4.41 23 20 46

Hepatoma-derived growth 
factor 

Q9XSK7 3 4.74 27 41 41

Heterogeneous nuclear 
ribonucleoprotein K 

Q07244 2 5.46 51 56 39

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

HIRA-interacting protein 5 Q9UMS0 1 4.21 22 26 44

Limbic system-associated 
membrane protein 

Q13449 4 6.63 37 66, 71 37, 36

Membrane associated 
progesterone receptor 

Q8MIL9 6 4.54 21 25 45

Metal-response element-
binding transcription 
factor 2 

Q9Y483 1 9.14 67 41 41

Methylosome subunit P35521 (D) 2 4.03 26 41 41

Myosin regulatory light chain P19105 5 4.66 20 20 46

Myristoylated alanine-rich 
C-kinase substrate

P12624 1 4.57 31 48 40

Neural cell adhesion 
molecule 1

P31836 1 4.91 94 66 37

Neurofi lament triplet L 
protein 

P02548 7 4.62 62 66 37

Neuronal axonal membrane 
protein 

P80724 8 4.56 23 56, 60, 66, 
71

36–39

Neurotrimin Q9P121 2 8.20 38 66 37

Nuclease sensitive element 
binding protein 1 

P16991 5 10.06 36 56, 71 39, 36

Nucleophosmin P06748 1 4.65 33 19, 20, 25 45–47

Nucleosome assembly protein P55209 6 4.37 45 60, 66 37, 38

Parathymosin P08814 1 4.11 11 20 46

Peroxisomal farnesylated 
protein

Q60415 (H) 2 4.24 33 41 41

Prefoldin subunit 4 Q9NQP4 1 4.43 15 17 48

Proteasome subunit alpha 5 P28066 2 4.78 26 29 43

Protein CGI-100 Q9Y3A6 1 4.73 26 25 45

Protein kinase C inhibitor 
14-3-3 epsilon 

P62261 25 4.65 29 31, 41 42, 41

Protein kinase C inhibitor 
14-3-3  zeta/delta 

P29312 9 4.75 28 31, 41 42, 41
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Protein kinase C inhibitor 
14-3-3 beta/alpha 

P29358 9 4.83 28 29 43

Prothymosin alpha P01252 2 3.67 12 17 48

Ras-related 
protein Rab-3A 

P11023 2 4.86 25 26 44

Reticulocalbin 2 Q14257 2 4.26 37 48 40

Ribonuclease 
inhibitor

P10775 (P) 2 4.79 49 48 40

S-phase kinase-associated 
protein 1A 

P34991 5 4.40 19 19, 20 46, 47

Synaptosomal-associated 
protein 

P13795 4 4.67 23 26, 29 43, 44

Synaptotagmin I P48018 13 8.50 48 66, 71 37, 36

Synuclein beta P33567 4 4.47 14 20 46

TATA-binding 
protein-associated 
phosphoprotein 

Q01658 2 4.72 19 20 46

Trehalase Q9W2M2 (F) 2 4.90 68 17 48

Tropomyosin 1 alpha P09493 2 4.72 33 31 42

Tropomyosin beta P07951 4 4.69 33 41 41

Tubulin beta Q7M372 9 4.81 50 17, 19, 20, 
26, 60

38, 44, 
46–48

Vimentin P48616 23 5.25 54 26, 48, 56, 
60, 71

36, 38–40, 
44

Visinin-like protein 2 P28677 1 4.73 22 20 46

MCE Chamber pH 5–6.5

Acidic leucine-rich nuclear 
phosphoprotein 

P51122 4 4.95 20 32 78

Acidic ribosomal protein 
P0, 60S 

Q95140 3 5.67 33 42, 43 17, 72

Actin P60712 13 5.31 42 48, 54, �97 1, 15, 66, 
67

Actinin 4, alpha O43707 4 5.38 105 68 51

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Adapter-related protein 
complex 2 alpha 2 

P17427 (M) 2 6.89 104 60, 68 50, 51

Adapter-related protein 
complex 2 beta 1 

P21851 2 5.29 105 60 50

Adenosylhomocysteinase P50247 (M) 5 6.45 48 29, 31 79, 80

ADP, ATP carrier protein P32007 11 10.07 33 26, 31, 52, 
55, �97

1, 61, 64, 
79, 83

Annexin A4 P13214 2 5.60 36 34, 39 18, 77

Annexin A5 P81287 3 4.96 36 34, 36 76, 77

Annexin A6 P79134 7 5.52 70 70, 79 9, 55

Arginine/serine-rich splicing 
factor 10 

Q15815 2 11.27 34 42, 46 69, 72

Aspartate aminotransferase P12344 14 9.37 47 44, 46 69, 70

ATP synthase beta chain P00829 17 5.21 56 25, 44, 55, 
62, �97

3, 13, 61, 
62, 70, 82

ATP synthase gamma P05631 6 9.59 33 34, 39 18, 77

ATP synthase, mitochondrial P19483 6 9.43 60 55 61

Calcium/calmodulin-
dependent protein 
kinase type II 

Q01061 1 7.96 59 55 61

Calnexin Q8HYW3 3 4.48 68 60 50

Calretinin P22676 3 5.11 32 29 80

cAMP-dependent protein 
kinase

P05131 3 8.99 40 47 68

Cellular retinaldehyde-
binding protein 

P10123 5 5.05 36 36, 38, 39, 
43

17, 18, 75, 
76

Centractin, alpha P42024 3 6.56 43 48, 50 65, 66

cGMP-specifi c 3', 5'-cyclic 
phosphodiesterase 

P23439 7 5.31 98 68, 78 52, 51

Clathrin heavy chain 1 P49951 9 5.63 192 �97 4, 5

Core histone macro-H2A.1 O75367 2 10.14 39 46 69

Creatine kinase P05124 (D) 9 5.68 43 47, 48, 54 15, 68, 66

Crystallin Mu Q14894 2 6.63 34 42, 43 17, 72, 73

Cytochrome c1 P00125 2 6.94 27 32 78
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

DB83 protein P57088 2 9.87 28 26 83

Dihydropyrimidinase 
related protein-1 

P97427 (M) 6 7.06 62 65 57

Dihydropyrimidinase 
related protein-2 

O02675 14 6.29 62 62, 67, 68, 
75

10, 12, 56, 
58

Dynamin 1 Q05193 5 7.37 97 68, 97 7, 51

Dynamin 3 Q9UQ16 1 8.58 97 76 53

Dynamin-like 120 kDa 
protein

O60313 1 8.16 112 76 53

Elongation factor 1-gamma BAC56510 1 6.68 50 60 14

Elongation factor Tu P49410 5 7.16 49 50 65

Endoplasmin Q95M18 3 4.94 83 60, 68, 97, 
�97

6, 7, 50, 
51

Enolase alpha Q9XSJ4 12 6.83 47 52, 53, 55, 
60, 62

13, 14, 
63–64

Enolase beta P13929 6 8.02 47 53 63

Enolase gamma P09104 10 4.94 47 50, 52, 60 14, 64, 65

Eukaryotic initiation 
factor 4A-II 

Q14240 5 5.41 46 50 65

Eukaryotic translation 
initiation factor 2C 1 

NP_
001001133

2 9.42 97 68 51

Eukaryotic translation 
initiation factor 5A 

P10159 3 5.13 17 18 84

Excitatory amino acid 
transporter 1 

P46411 2 8.50 60 76, �97 1, 49

F-actin capping protein 
alpha-2 

AAR16258 2 5.75 33 42 73

Fatty aldehyde 
dehydrogenase 

NP_787005 2 8.23 55 55 61

Fructose-bisphosphate 
aldolase C 

P09972 2 6.82 39 47 68

Ganglioside-induced 
differentiation-associated 
protein 

Q8TB36 1 9.33 41 43 71

Gelsolin Q28372 2 5.76 81 68, 97 7, 51

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Glial fi brillary acidic protein Q28115 10 5.38 49 42–50, 
52–60

14–16, 62, 
64, 65, 68, 

71, 72

Glucose-regulated protein, 
78 kDa 

 P19120 8 5.10 72 73, 97 8, 54

Glutamate dehydrogenase P00366 1 8.52 56 55 61

Glutamine synthetase P15104 3 6.83 42 48, 50, 54 15, 65, 66

Glutathione S-transferase 
Mu 5 

P48774 4 7.38 27 27 81

Glyceraldehyde 3-phosphate 
dehydrogenase 

P10096 4 8.71 36 42 72

Glycogen phosphorylase P79334 2 6.78 97 68 51

GTPase-activating 
protein 1 Rho

Q07960 1 6.18 50 55 61

Guanine nucleotide-binding 
protein G

P08239 16 5.54 40 43, 44, 47 16, 71, 70

Heat shock 70 kDa protein 1 Q27975 2 5.66 70 70 55

Heat shock 70 kDa protein 3 P34933 5 5.60 70 68 56

Heat shock cognate 71 kDa 
protein

P19120 13 5.58 71 70, 73, 79 9, 55, 54

Heat shock protein 60 kDa P18687 (H) 6 5.97 61 65, 69 11, 57

Heat shock protein 75 kDa Q12931 1 8.32 80 76, 97 7, 53

Heat shock protein 83 O02192 (F) 6 4.91 82 78 52

Heat shock protein 
HSP 90-alpha

Q9GKX7 (E) 31 5.04 83 68, 76, 78, 
97

7, 51–53

Heat shock protein HSP 
90-beta

Q76LV1 17 5 83 78 52

Heterogeneous nuclear 
ribonucleoprotein H

P31943 3 6.21 49 55 61

Heterogeneous nuclear 
ribonucleoprotein H3

P31942 1 6.78 37 43 71

Heterogeneous nuclear 
ribonucleoprotein K

P61978 4 5.46 51 62, 65, 68, 
69, 75

10, 11, 
56–58

Heterogeneous nuclear 
ribonucleoproteins A2/B1

P22626 3 9.12 37 42 72, 73
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Heterogeneous nuclear 
ribonucleoproteins C1/C2

P07910 5 4.97 34 44 70

Heterogenous nuclear 
ribonucleoprotein U

Q00839 1 5.95 90 76 53

Hexokinase, type I P19367 4 6.82 102 �97 2, 5, 6

Histone H1x Q92522 1 11.08 22 32 78

Histone H2B Q8WNR4 5 10.73 14 16, 18, 26 83–85

Importin beta-1 Q14974 2 4.7 97 68 51

Importin, alpha P55060 1 5.81 110 68 51

Inorganic pyrophosphatase P37980 1 5.35 33 42 73

Internexin, alpha Q16352 7 5.42 55 55, 62, 65 57, 58, 61

Interphotoreceptor retinoid-
binding protein

P12661 12 5.23 140 �97 2, 5

Isocitrate dehydrogenase O77784 4 9.01 42 44, 46 69, 70

Lactoglobulin, beta P02754 1 4.97 20 46 69

Lamin B1 P20700 4 5.15 66 70 55

Lon protease homolog P36776 2 6.32 106 60 50

Lupus La protein P10881 1 7.1 47 50 65

Malate dehydrogenase, 
cytoplasmic

P11708 (P) 5 6.5 36 38, 42 73, 75

Malate dehydrogenase, 
mitochondrial

P08249 (M) 1 8.97 36 39 74

Matrin 3 P43243 2 6.17 95 �97 2, 5

Microtubule-associated 
protein 1B

O41515 1 4.77 271 34 77

Mitochondrial inner 
membrane protein 

Q16891 3 6.40 84 78 52

Myosin heavy chain, 
nonmuscle type B

Q27991 2 5.53 229 76 49

Myosin X NP_776819 1 8.98 239 46 69

NADH-ubiquinone 
oxidoreductase 30 kDa

P23709 4 7 30 29, 31, 33 19, 79, 80

NADH-ubiquinone 
oxidoreductase 39 kDa

P34943 5 9.81 43 38 75

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

NADH-ubiquinone 
oxidoreductase 42 kDa

P34942 2 6.94 39 44 70

NADH-ubiquinone 
oxidoreductase 49 kDa

P17694 6 6.28 49 48, 50, 54 15, 65, 66

NADH-ubiquinone 
oxidoreductase 75 kDa

P15690 4 6.07 79 73, 97 8, 54

Neural cell adhesion 
molecule 1

P31836 3 4.91 94 64, �97 3, 88

Neurofi lament triplet 
L protein

P02548 5 4.62 62 50 65

Neurofi lament triplet 
M protein

O77788 2 4.9 91 44 70

NG, NG-dimethylarginine 
dimethylaminohydrolase 1

P56965 2 5.92 31 47 16

Nucleolin P19338 5 4.6 76 60, 73 50, 54

Nucleophosmin P06748 1 4.65 33 43 71

Osmotic stress protein 94 P48722 (M) 2 5.68 94 60, �97 6, 50

Oxoglutarate/malate carrier 
protein 

P22292 13 10.10 34 31 92

Oxoglutarate dehydrogenase Q02218 3 7.03 113 60 50

Oxoisovalerate 
dehydrogenase beta

P21839 2 5.97 43 43 71

Peroxiredoxin 2 Q9BGI3 4 5.5 22 26, 27 83, 20

Peroxiredoxin 4 Q9BGI2 2 6.35 31 27 81

Peroxiredoxin 6 O77834 3 6.3 25 27, 29 80, 81

Phosducin P19632 2 4.94 28 32, 34 77, 78

Phosphofructokinase P52784 (D) 6 8.5 85 73, 76 53, 54

Phosphogluconate 
dehydrogenase

BAC56480 1 9.39 28 50 65

Phosphoglycerate 
mutase 1

BAC56419 2 7.15 29 29 80

Progesterone receptor 1 O00264 2 4.54 22 29 80

Progesterone receptor 2 O15173 1 4.75 24 25 82

Prohibitin P35232 4 5.7 30 26, 33 19, 83
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Proteasome subunit 
alpha type 3

P25788 1 5.26 28 31 79

Protein disulfi de 
isomerase A3

P38657 9 6.58 57 62, 69 58, 11

Protein kinase C inhibitor 
14-3-3 tau

P27348 2 4.7 28 31 79

Protein kinase C inhibitor 
14-3-3 beta/alpha

P29358 3 4.85 28 27, 29 80, 81

Protein kinase C inhibitor 
14-3-3 epsilon

P42655 4 4.65 29 32 78

Protein kinase C inhibitor 
14-3-3 gamma

P29359 3 4.83 28 31, 33 19, 79

Protein kinase C inhibitor 
14-3-3 zeta/delta

P29312 3 4.75 28 29, 33 19, 80

Protein kinase C, alpha P04409 4 7.01 77 76, 97 8, 53

Purine nucleoside 
phosphorylase 

P55859 2 6.27 32 32 78

Pyrroline-carboxylate 
synthetase, delta 

P54886 3 7.07 87 76 53

Pyruvate dehydrogenase 
E1 alpha

P08559 2 8.46 43 50 65

Pyruvate dehydrogenase 
E1 beta

P11177 1 6.58 39 43 17

Pyruvate kinase, M2 isozyme P52480 (M) 7 7.63 58 62 58

Rab GDP dissociation 
inhibitor alpha 

P21856 5 5.03 51 53, 65, 69 63, 57, 11

Ras-related protein Rab-1A P11476 5 6.14 23 26 83

Ras-related protein Rab-3A P11023 3 4.86 25 27 81

Recoverin P21457 10 5.39 23 25, 26, 27 82, 83, 20

Reticulon 4 Q9NQC3 1 4.44 130 47 68

Reticulon protein 3 O95197 1 8.86 26 25, 27 81, 82

Retinol dehydrogenase 11 Q8TC12 (H) 1 9.91 35 36, 38 75, 76

Rhodopsin P02699 4 6.20 39 40, 41, 80, 
96, �100

1, 2, 51, 49, 
54, 73, 74

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Rhodopsin kinase P28327 3 6.18 63 65 57

Ribosomal protein L10, 60S Q9XSI3 2 10.43 24 25 82

Ribosomal protein L10a, 60S  P53025 1 10.30 25 29 80

Ribosomal protein L19, 60S P14118 1 11.55 23 27 81

Ribosomal protein L27, 60S P61356 2 10.85 16 18 84

Ribosomal protein L3, 60S P39872 2 10.56 46 52 64

Ribosomal protein L5A, 60S P15125 (X) 2 9.90 34 36 76

Ribosomal protein L6, 60S  Q02878 1 10.90 33 34, 36 76, 77

Ribosomal protein L7, 60S P18124 5 10.92 29 31 79

Ribosomal protein L7a, 60S  P11518 3 10.92 30 32 78

Ribosomal protein L9, 60S Q862F0 4 10.27 22 26 83

Ribosomal protein S13, 40S Q02546 2 10.81 17 18 84

Ribosomal protein S17, 40S  P08636 (G) 4 9.92 15 18 84

Ribosomal protein S18, 40S  Q861U5 3 11.16 18 18 84

Ribosomal protein S2, 40S  O18789 1 10.60 31 34 77

Ribosomal protein S24, 40S  P16632 2 11.07 15 18 84

Ribosomal protein S3a, 40S Q862H3 3 10.09 30 34 77

ROD outer segment 
membrane protein 1 

P52205 6 6.16 37 38, 39 74, 75

S-arrestin P08168 19 6.39 45 55, 62, 78 13, 24, 
62, 61

Septin 2 Q15019 3 6.52 41 47 68

Serine/threonine protein 
phosphatase 2A

Q61151 (M) 1 5.50 45 55 61

Serine/threonine protein 
phosphatase alpha-1

P48452 2 6.62 37 42 72

Serum albumin P02769 1 6.10 69 31 79

Siderofl exin 1 Q9H9B4 1 9.38 36 34 77

Sodium/potassium-
transporting ATPase beta-2 

Q28030 1 8.52 33 53, �97 1, 63

Soluble NSF attachment 
protein, alpha 

P81125 2 5.52 33 34, 36 76, 77
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Solute carrier family 2, 
member 1 

P27674 2 9.05 54 �97 1

Spectrin alpha P16086 (R) 7 5.28 285 76 49

Spectrin beta Q01082 19 5.54 275 76 49

Succinate 
dehydrogenase 

P31039 2 7.68 73 68, 70 55, 56

Synapsin I P17599 5 10.19 75 73 54

Synaptophysin P20488 1 5.03 34 43 71

Synaptosomal-associated 
protein 25 

P60878 (G) 2 4.67 23 27, 29 80, 81

Synaptotagmin I P48018 5 8.50 48 65 57

Syntaxin 1B P41414 2 5.33 33 36, 38 75, 76

Syntaxin 3 Q13277 3 5.40 33 38, 39 74, 75

Syntaxin binding protein 1 P61763 15 6.89 68 68, 75 10, 56

T-complex protein 1, alpha P11984 (M) 5 5.99 60 65 57

T-complex protein 1, beta P80314 (M) 4 6.32 57 55, 65, 67, 
69

11, 12, 57, 
61

T-complex protein 1, 
epsilon

P48643 1 5.57 60 69 11

Transcriptional activator 
protein PUR-alpha 

Q00577 1 6.37 35 46 69

Transforming protein RhoA P61585 2 6.53 22 25 82

Transitional endoplasmic 
reticulum ATPase 

P55072 5 5.18 89 68, �97 6, 51

Triosephosphate 
isomerase 

P17751 (M) 3 7.47 27 25, 27 81, 82

Tubulin alpha P81947 12 5.01 50 38, 42, 53, 
60–69

11, 12, 63, 
59, 58, 
72, 75

Tubulin beta Q7M372 23 4.81 50 55–67, 
�97

2, 12, 
13, 59–61

Tumor necrosis factor 
receptor 

O19131 1 6.60 50 48 66

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Ubiquinol-cytochrome 
C reductase

P23004 2 8.99 48 48 66

Ubiquitin-activating 
enzyme E1 

AAC63374 1 5.66 118 �97 6

Unc-119 protein homolog Q13432 3 6.33 27 36 76

Vacuolar ATP synthase A P31404 10 5.51 68 70, 79 9, 55

Vacuolar ATP synthase B P31408 3 5.86 57 55, 67 61, 12

Vacuolar ATP synthase C P21282 2 7.55 44 46 69

Vacuolar ATP synthase H O46563 2 6.68 56 55 61

Vacuolar protein sorting 35 Q96QK1 3 5.43 92 76 53

Vesicle-associated membrane 
protein 2 

NP_776908 3 8.50 12 18 84

Vesicle-fusing ATPase P46459 8 6.75 83 73, 97 8, 54

Vimentin P48616 3 5.25 54 50, 67 12, 65

Voltage-dependent anion-
selective channel  1 

P45879 1 8.76 32 34 77

Voltage-dependent anion-
selective channel 2 

P45880 5 6.72 38 36 76

Voltage-dependent anion-
selective channel 3 

Q9MZ13 2 9.12 31 32 78

Wee1-like protein kinase P47817 (X) 1 8.87 62 67 26

XPA-binding protein 1 Q9HCN4 1 4.83 42 57 28

MCE Chamber pH 6.5–8

Aconitate hydratase P20004 7 8.27 85 97 22

Aminobutyrate 
aminotransferase

Q9BGI0 2 8.55 57 64 27

Annexin A2 P04272 2 7.46 38 44 31

Aspartate aminotransferase, 
cytoplasmic

P33097 5 7.63 46 52 29

Aspartate aminotransferase, 
mitochondrial

P12344 2 9.37 47 52 29

ATP synthase, mitochondrial P19483 13 9.43 60 64, 67 26, 27

Citrate synthase, 
mitochondrial

O75390 1 8.37 52 57 28
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Creatine kinase, ubiquitous 
mitochondrial

Q9TTK8 6 8.72 47 57 28

Enolase alpha Q9XSJ4 4 6.83 47 64 27

Enolase gamma O57391 (G) 2 4.87 47 64 27

Fructose-bisphosphate 
aldolase A

P00883 (O) 3 8.47 39 52 29

Fructose-bisphosphate 
aldolase C

P05063 (M) 2 7.12 39 52 29

Fumarate hydratase, 
mitochondrial

P07954 2 9.08 55 64 27

Glutathione 
S-transferase Mu

P48774 (M) 2 7.38 27 31 34

Glyceraldehyde 3-phosphate 
dehydrogenase

Q28554 (A) 8 8.16 35 48 30

Heterogeneous nuclear 
ribonucleoproteins A2/B1

P22626 1 9.12 37 44, 48 30, 31

Hydroxyacyl-CoA 
dehydrogenase type II

O02691 1 8.67 27 31 34

Lactate dehydrogenase 
A chain

P19858 8 8.37 36 44 31

Malate dehydrogenase, 
mitochondrial

P08249 (M) 6 8.97 36 44 31

Mitochondrial aspartate 
glutamate carrier 1

O75746 2 8.72 75 78 24

Phosphatidylethanolamine-
binding protein

P13696 2 7.60 21 26 35

Phosphoglycerate kinase 1 P00558 6 8.52 45 57 28

Phosphoglycerate mutase 1 P18669 5 7.15 29 34 33

Putative phosphoglycerate 
mutase 3

Q8N0Y7 4 6.57 29 34 33

Pyruvate kinase, 
M1 isozyme

P14618 8 8.20 58 67, 74 25, 26

S-arrestin P08168 1 6.39 45 57 28

Septin 7 Q16181 3 9.08 49 64 27

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Transketolase P29401 3 7.65 68 78 24

Triosephosphate isomerase P60174 1 6.88 27 31 34

Ubiquinol-cytochrome C 
reductase protein 2

P23004 3 8.99 48 57 28

Voltage-dependent anion-
selective channel  2

P45880 1 6.72 38 44 31

Wee1-like protein kinase P47817 (X) 1 7.87 62 67 26

XPA-binding protein 1 Q9HCN4 1 4.83 42 57 28

MCE Chamber pH 8–11

Actin dependent regulator of 
chromatin 

Q96GM5 2 9.39 55 64 88

Adaptor related protein 
complex (AP)-3 delta

BAA36591 1 6.58 136 18 96

Adenine nucleotide 
translocator 1

P02722 1 9.84 33 26 94

ADP-ribosylation factor 2 A45422 2 6.16 21 21 95

Aspartate aminotransferase P12344 21 9.37 47 26–50, 64, 
80, 97

86–92, 94

ATP synthase, mitochondrial P13621 8 10.21 23 21, 26, 64 88, 94, 95

Beta-adrenergic receptor 
kinase 1 

P21146 1 7.30 80 50 89

Brain-specifi c protein, 25 kDa Q27957 4 9.80 23 30 93

Carnitine/acylcarnitine 
carrier protein 

Q9Z2Z6 (M) 1 9.41 33 31 92

Cold-inducible RNA-binding 
protein 

Q14011 4 9.64 19 21 95

Dicarboxylate carrier Q9UBX3 4 9.78 31 30 93

Dihydropyrimidinase related 
protein-2 

O02675 1 6.29 62 18 96

DNA-directed RNA 
polymerase beta chain 

P57146 1 8.15 151 26 94

Elongation factor 1-alpha 1 AAB65435.1 13 9.22 34 50, 97 86, 89

Endonuclease G P38447 1 9.34 32 30 93
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Glyceraldehyde 3-phosphate 
dehydrogenase 

P10096 5 8.90 34 30, 31 92, 93

GTP:AMP 
phosphotransferase

P08760 1 9.27 26 30 93

Heterogeneous nuclear 
ribonucleoprotein G 

P38159 1 10.18 42 50, 97 86, 89

Heterogeneous nuclear 
ribonucleoprotein R 

O43390 4 8.42 71 80 87

Histone H2B Q8WNR4 3 10.32 14 18 96

LIM and SH3 domain 
protein 1 

Q14847 1 7.05 30 21 95

NADH-ubiquinone 
oxidoreductase 18 kDa 

Q02375 5 10.47 20 21 95

NADH-ubiquinone 
oxidoreductase B16.6 

Q95KV7 3 9.40 17 18 96

NADH-ubiquinone 
oxidoreductase B17  

Q02367 1 9.83 15 21 95

NADH-ubiquinone 
oxidoreductase PDSW 

Q02373 6 8.87 21 26 94

NADH-ubiquinone 
oxidoreductase B17.2 

O97725 6 9.89 17 18 96

Neuronal kinesin heavy chain P33175 (M) 1 5.89 117 30 93

NipSnap1 protein O55125 (M) 4 9.67 33 30 93

Nuclear receptor coactivator 5 Q9HCD5 1 9.76 66 64 88

Nucleoporin p58/p45 Q8R332 (M) 1 9.61 59 64 88

Oxoglutarate/malate carrier 
protein 

P22292 13 10.10 34 31 92

Peroxiredoxin 1 NP_776856.1 3 8.81 22 26 94

Peroxisomal multifunctional 
enzyme type 2 

P51659 1 9.16 80 80 87

Polyadenylate-binding 
protein 1 

CAB96752 8 9.52 71 80 87

Ran GTPase-activating 
protein 1

P46060 1 4.66 64 50 89

(Continued)
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Rho guanine nucleotide 
exchange factor 5 

Q12774 1 7.99 60 18 96

Rho-related GTP-binding 
protein RhoG 

Q9TU25 3 7.52 21 26 94

Ribosomal protein L12, 60S P61284 1 9.48 18 21 95

Ribosomal protein L22, 60S P35268 2 9.49 15 18 96

Ribosomal protein S11, 28S P82911 1 8.59 5 21 95

Ribosomal protein S16, 40S P17008 2 10.47 16 18 96

Ribosomal protein S20, 40S P17075 1 10.32 13 18 96

Ribosomal protein S3, 40S BAC56417 8 9.86 23 31 92

Ribosomal protein S5, 40S P46782 2 10.01 23 26 94

RNA and export factor 
binding protein 2

Q9JJW6 (M) 2 10.30 24 31 92

RNA-binding protein FUS Q28009 9 9.48 52 50, 64 88, 89

Septin 7 Q16181 2 9.08 49 50 89

Shwachman-Bodian-Diamond 
syndrome protein 

Q9Y3A5 2 9.14 29 31 92

Siderofl exin 1 Q9H9B4 1 9.38 36 31 92

Signal recognition particle 
receptor beta 

Q9Y5M8 1 9.39 30 31 92

similar to ribosomal 
protein S10 

BAC56342 5 9.90 17 21 95

Sin3 associated 
polypeptide p18 

O00422 2 9.62 18 21 95

Splicing factor, arginine/
serine-rich 1 

Q07955 1 10.49 28 31 92

Splicing factor, proline- and 
glutamine-rich 

P23246 11 9.70 76 64, 97 86, 88

Succinate dehydrogenase AAC72370 4 5.87 16 30 93

Synapsin I P17599 10 10.19 75 50, 64, 80 87–89

Tetratricopeptide repeat 
protein 11 

Q9Y3D6 3 9.08 17 18 96

Tetratricopeptide repeat 
protein 9 

Q92623 1 10.03 35 18 93
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TABLE 10.2 Proteins Identifi ed from Bovine Retina after Solution-State IEF 
and 1D PAGEa (Continued)

Protein
Accession 
Numberb

Peptide
Matches pI Calcc

Molecular 
Mass (kDa)

SDS-PAGE 
Band 

Number

Calcc Obsd

Thioesterase superfamily 
member 2 

Q9NPJ3 1 9.51 15 18 96

Traffi cking protein particle 
complex subunit 6B

Q86SZ2 2 9.06 18 18 96

U2 small nuclear 
ribonucleoprotein B"

P08579 2 10.02 25 21 93

Ubiquinone biosynthesis 
monooxgenase COQ6 

Q9Y2Z9 1 7.26 51 30 96

Ubiquitin-conjugating 
enzyme

P51966 1 8.89 18 30 95

Voltage-dependent anion-
selective channel 3 

Q9MZ13 9 9.12 31 31 92

  a  Bands were excised from the gels shown in Figure 10.3B and Figure 10.5, and proteins were identifi ed 
by LC MS/MS as described in Methods. Membrane-associated proteins are highlighted in bold; integral 
membrance proteins are shown in bold italics. 

  b  Swiss-Protein (in plain font) and NCBI (in italics)  accession numbers are shown.  Links to Swiss-Protein 
accession numbers use the EXPASY server at http://us.expasy.org/sprot/. Links to NCBI accession numbers 
use the Entrez server at http://www.ncbi.nlm.nih. Parenthesis following accession numbers designate iden-
tifi cations based on homology with species other than bovine and human.  A,  Ovis aries  (sheep); D,  Cannis 
familiaris  (dog); E,  Equus caballus  (horse); F,  Drosophila melanogaster  (fruit fl y); G,  Gallus gallus 
 (chicken); H,  Cricetulus griseus  (Chinese hamster); L,  Loigo forbesi  (northern European squid); M,  Mus 
musculus  (house mouse); O,  Oryctolagus cuniculus  (rabbit); P,  Sus scrofa  (pig); R,  Rattus norvegicus  (Rat); 

T,    Clostridium tetani ; X,  Xenopus laevis  (African clawed frog). 

  c  Based on protein sequence. 

  d  Approximate mass observed by SDS-PAGE .

 10.4 DISCUSSION 

 The usual lack of identifi cation of rhodopsin in 2D PAGE analyses in our labora-
tory11–15 and elsewhere25,26 prompted the present study to evaluate solution-state IEF 
followed by 1D PAGE as a method for facilitating the identifi cation of membrane 
proteins from retina by mass spectrometry. Historically, rhodopsin has been puri-
fi ed chromatographically in the presence of detergents such as Ammonyx LO, octyl 
glucoside, and dodecyl maltoside,27,28 and differences have been reported in the solu-
bilization and extractability of rhodopsin using emulphogene, CHAPS, taurocho-
late, octyl glucoside, and digitonin.29 Here we compared the ability of eight different 
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detergents to extract bovine retinal proteins and observed little overall difference 
by1D PAGE. However, Western blot analysis for rhodopsin showed that except for 
SDS, ASB-14 yielded the least apparent amount of high mass aggregates and strong 
immunoreactivity for the apparent monomeric protein. This result suggested that 
ASB-14 was possibly a useful detergent for fractionating retinal membrane proteins 
by solution-state IEF. 

 Retinal protein extractability and IEF fractionation were compared using the zwit-
terionic detergent ASB-14, dodecyl maltoside, a nonionic detergent commonly used 
in studies of retina, and CHAPS, perhaps the most common zwitterionic detergent 
used in IEF. Bovine retinas were extracted in 7 M urea and 2 M thiourea containing 
either ASB-14, dodecyl maltoside, or CHAPS, and more soluble protein was recov-
ered with ASB-14. The protein recovery from retina (1.3–1.7% relative to the tissue 
wet weight) was comparable to that previously reported from optic nerve (1.3%) 
using the dodecyl maltoside solvent but less than that extracted from skeletal muscle 
(2.7%) or liver (4.9%).17 These differences in yield appear to be related to membrane 
protein content of the tissues. Following IEF, total protein recovery was also greater 
with ASB-14 compared with dodecyl maltoside and CHAPS. Overall protein recov-
ery in the MCE trapping chambers from 3 mg retinal extract (25–34%) was in the 
range obtained from 3 mg optic nerve extract (31%) but less than that obtained from 
5 to 7.5 mg optic nerve (39%).17 As noted elsewhere, optimization of the MCE instru-
ment for smaller sample amounts and a more effi cient protein concentration method 
than acetone precipitation could improve recovery.17 

 Following IEF, Coomassie blue 1D PAGE profi les for protein in the MCE trap-
ping chambers were distinct from each other but very similar among the three deter-
gents tested. Mass spectrometric analyses of 96 1D gel bands were pursued following 
IEF in ASB-14. On average about 4 proteins per gel band were identifi ed, providing 
329 unique protein identifi cations from these select proteomic analyses of retina. 
Generally the sequence-calculated isoelectric points (pIs) of the retinal proteins 
agreed well with the pH range of the trapping chamber from which they were identi-
fi ed. For proteins trapped in chambers inconsistent with their calculated pIs, many 
exhibited altered masses, suggesting the presence of posttranslational modifi cations, 
covalent aggregation, or proteolytic processing. However, some proteins trapped in 
pH fractions inconsistent with their calculated pIs did not exhibit signifi cant mass 
changes and therefore may contain small, charge-altering modifi cations, for example 
due to oxidative damage.9–15 

 Rhodopsin was clearly identifi ed by mass spectrometric analyses from the 
pH 5–6.5 fraction, consistent with Western blot results, and in gel bands supporting 
the presence of monomeric, dimeric, and high mass aggregate forms of the protein. 
Approximately 20% of the other identifi ed proteins were membrane-associated or inte-
gral membrane proteins such as vacuolar ATP synthase, neuronal axonal membrane 
protein, and rod outer segment membrane protein 1. A number of proteins associated 
with phototransduction and the retinoid visual cycle were also detected, including 
membrane-associated rhodopsin kinase, rod cGMP-specifi c 3',5'-cyclic phosphodies-
terase, and retinol dehydrogenase 11, as well as guanylyl cylcase activating protein, 
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cellular retinaldehyde binding protein, interphotoreceptor retinoid binding protein, 
recoverin, and arrestin. 

 In summary, solution-state IEF followed by 1D PAGE provides an attractive 
alternative to 2D gel analyses with immobilized pH gradients for proteomic studies 
of retina. In this study, ASB-14 was the most effective detergent for the solubilization 
and extraction of retina and identifi cation of rhodopsin. We anticipate that multiple, 
smaller pH range trapping chambers will further enhance the resolving power of this 
protein fractionation methodology. 
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 11.1 INTRODUCTION 

 Progress in proteome analysis relies heavily on development of technologies to reduce 
the complexity of the sample prior to systematic application of such analytical tech-
niques as gel electrophoresis, liquid chromatography, and mass spectrometry. Free 
fl ow electrophoresis (FFE), available from Becton, Dickinson and company (BD™), 
is reemerging as one of the most versatile semipreparative to preparative fractionation 
and separation techniques.1–4 It offers a unique and highly powerful approach to the 
separation of charged species including proteins, peptides, cellular organelles, and 
whole cells.5 Such a variety of FFE applications is achieved via different separation 
techniques: isoelectric focusing (IEF), zone electrophoresis (ZE), and isotachophore-
sis (ITP).6–9 This chapter focuses on the IEF mode of the FFE as it applies to analy-
sis of proteins. Due to its matrix-free fractionation principle, FFE offers considerable 

 11 
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 advantages over traditional chromatographic and gel-based techniques: exceptional 
sample recovery, fast fractionation times, and high  throughput.10 These features allow 
FFE to offer a unique approach to reducing complexity of any proteome, often as a 
complementary technique to one-dimensional (1D) or two-dimensional (2D) gel elec-
trophoresis.11 At the same time, continuous fl ow principle allows for virtually unlimited 
preparative fractionations.12 This combination of effective fractionation with high load-
ing capacity provides for a practical methodology to enrich for low-abundant proteins 
and to segregate highly abundant proteins in biological samples such as cell lysates or 
body fl uids. This chapter is meant to give an overview of practical aspects of the free 
fl ow isoelectric focusing (FFE–IEF) and to demonstrate its capabilities using two chal-
lenging applications: display of low-abundant proteins in rat liver lysate and fraction-
ation of human plasma. A detailed description of FFE protocols and a comprehensive 
review of literature and theoretical considerations have been recently published.13,14 

 11.2 PRINCIPLE OF FREE FLOW ELECTROPHORESIS 

 The main functional part of an FFE device is a precisely manufactured chamber formed 
by two narrowly spaced plates (the distance between the plates is 0.4 or 0.5 mm), with 
the length of 500 mm and a width of 100 mm. Along the sides of the chamber, there are 
two electrodes that provide high voltage during separation. A sample is continuously 
infused into a thin, laminar layer of one or more separation buffers fl owing through 
the chamber. A voltage is applied perpendicularly to the fl ow direction. As separation 
buffer and samples are moving through the chamber, the electric fi eld leads to a defl ec-
tion of different sample components according to their charge. As a result, sample 
components that entered the chamber as a mixture at one end will leave the chamber at 
the other end as separated components that can be collected (Figure 11.1). 

  FIGURE 11.1  Principle of FFE: A high voltage between electrodes gener-
ates an electric fi eld perpendicular to a laminar fl ow causing charged species 
to migrate toward electrodes as they are carried by the fl ow. 
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In the BD™ Free Flow Electrophoresis system (Figure 11.2), up to 13 inlets can 
be used to introduce buffers under positive pressure. Variation in buffer composition 
and number of inlets used allow for a variety of applications and pH gradients to 
be developed.  Sample can be infused via one of four inlets located on the same end 
of chamber. The choice usually depends on the nature of the sample and separation 
conditions (native or denaturing). At the opposite end, the chamber has 96 outlets 
that split the fl owing liquid into 96 fractions collected into a standard microtiter plate. 
Close to fractionation outlets, there are seven additional inlets that deliver so-called 
counterfl ow medium in the direction opposite to main media stream (Figure 11.3). 
The counterfl ow concept has helped to solve many technical challenges faced by early 
developers of free fl ow systems. First, by merging with the main separation media 
stream at the point of 96 outlets, counterfl ow helps avoid turbulence and thus preserve 
fractionation pattern upon transition of the fl ow from the chamber into the 96 tubes. 
Second, counterfl ow ensures uniform fl ow of all 96 tubes independent of the separa-
tion media fl ow rate. And third, it allows to introduce an on-line pH shift or boost salt 
concentration immediately after fractionation for the applications where pH or ionic 
strength are critical.15 

 Another noteworthy feature of the BD Free Flow Electrophoresis system is 
the presence of stabilization solutions that run along the electrodes and effectively 

  FIGURE 11.2  BD Free Flow Electrophoresis system. (1) Housing for buffers, 
media, and sample pumps; (2) separation chamber; (3) electrical operating unit 
including high voltage power supply; (4) collection block. 
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 protect separation media from detrimental infl uences of the electrodes (Figure 11.3). 
The stabilization solutions have very high conductivity and thus effectively prevent 
proteins or peptides from reaching the electrodes. As a result, there are no protein 
losses associated with interaction with electrodes, which in turn helps elevate total 
sample recovery of the method. 

 In the FFE–IEF, a pH gradient is formed under the high-voltage conditions by 
multiple separation buffers positioned between stabilization media (Figure 11.3). 
Compared to other modes of FFE separation, IEF yields the highest resolution of 
amphoteric compounds such as proteins and peptides. Depending on their isoelectric 

  FIGURE 11.3  Operating principle of IEF by FFE. As proteins are carried toward the collection 
tubes, they focus into sharp lanes with distinct pI values. Stabilization solutions prevent proteins 
from a direct contact with electrodes and ensure full recovery. Counterfl ow merges with the 
laminar fl ow of separation buffers as it enters the collection tubes. This provides turbulence-free 
transfer of the buffers into the tubes and preserves a separation pattern. 
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point (pI), proteins or peptides will be shifting toward anode or cathode until a region 
with pH identical to their pI is found. At this point, a sample component will no longer 
carry a net charge, will stop its migration to an electrode, and will only continue 
moving with the fl ow of buffers forming a narrow lane. As a true focusing technique, 
IEF leads to very sharp bands, or lanes, resulting in high-resolution fractionation, 
because any diffusion will place a compound in a pH region away from its pI and the 
compound will acquire a charge and be forced to migrate back into its lane. 

 Although linear pH gradients can be formed by polymer-based ampholytes or low 
molecular-weight buffer pairs,16 the best resolution is achieved when using BD ™ FFE 
Reagents —proprietary mixtures of low-molecular-weight organic acids, bases, and zwit-
terions (MW �300 Da) that are well defi ned and can be reproducibly manufactured.12 
Due to their physicochemical properties, BD FFE Reagents allow for highly reproduc-
ible runs and can be easily removed from the fi nal FFE fractions. The latter fact renders 
FFE fractions amenable to practically any downstream protein analysis techniques such 
as gel electrophoresis, chromatography, or mass spectrometry applications. 

 A wide-range, linear pH 2.5–12 gradient is often useful for the initial analysis of a 
new type of sample. However, for many samples, even better resolution can be achieved 
in the region pH 4–7, in which the pI values of many proteins occur. In addition, the 
most abundant proteins in a sample (e.g., albumin in plasma) often can precipitate when 
the sample’s loading rate reaches certain threshold. This can happen due to two factors: 
fi rst, minimal solubility of a protein at its pI, and, second, very high local concentration 
of the protein in the tightly focused lane. The presence of 8 M urea, or 7 M urea/2 M 
thiourea, can raise the threshold but still might not be suffi cient to keep proteins with 
high concentration in solution. This problem can be overcome to some extent with the 
use of a nonlinear, or stepwise, gradients, in which the region of interest (pH 4–7, or pH 
5.5–6.5) contains a much fl atter gradient than in the acidic and basic sides. Each nonlin-
ear gradient requires adjacent introduction of different buffers and is usually developed 
separately for each type of sample. A case with albumin separation from plasma is a 
good example of stepwise gradient application and is reviewed later in the chapter. 

 11.3 PRACTICAL CONSIDERATIONS 

 11.3.1 Separation Buffers 

 As mentioned earlier in the chapter, BD FFE Reagents represent the running buffer 
 elements that establish pH gradient in solution when placed in an electrical fi eld. 
In addition to these reagents, all commercially available chemicals common to typical 
IEF applications can be used, but their concentration needs to be optimized for each 
application. 

 Similar to 2D electrophoresis (2DE) analysis, sample solubility is one of the most 
critical factors for successful protein separation by FFE–IEF. Ideally, denaturing sep-
aration conditions should lead to the disruption of all noncovalently bound protein 
complexes and aggregates into a solution of individual polypeptides. The zwitterionic 
detergent, 3[(cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS), has 
been found to be effective for solubilization of membrane proteins,17 particularly when 
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used at a concentration of 4% w/v in combination with a mixture of 2 M thiourea and 
8 M urea.18 Thiourea is a much stronger denaturant than urea but cannot be used alone 
because it is weakly soluble in water. However, it is more soluble in a concentrated 
solution of urea, so urea–thiourea mixtures exhibit improved solubilizing power. The 
combination of 2 M thiourea and 7 M urea was found to provide optimal conditions 
for a denaturing FFE–IEF separation of complex eukaryotic protein samples. Up to 1% 
CHAPS can also be added to FFE separation buffers. Triton X-100, NP-40, ASB-14, 
and Zwittergent 3–10 are some other examples of possible nonionic detergents that can 
be used in FFE–IEF. To maintain cysteine-containing proteins in reduced state, 10 mM 
DTT is commonly added to the FFE separation buffers. 

 Other additives may be used in the FFE–IEF separation buffers depending on the 
sample requirements and desired post-FFE application. They include glycerol for 
increased viscosity and protein stability, hydroxypropylmethylcellulose (HPMC) 
for coating of chamber walls in order to minimize electroosmotic fl ow, and man-
nitol, a monomeric sugar, which replaces HPMC in the applications that require a 
high degree of concentration of fractions. 

 11.3.2 Making an FFE Run 

 The notion of run is more suited to traditional separation methods such as gel electro-
phoresis and chromatography that work in a batchwise mode where sample injection or 
loading is followed by a separation step (a run). On the other hand, FFE is performed in a 
continuous fashion when sample infusion and separation happen simultaneously. In this 
context, the term “FFE run” is not an accurate description of the process, although it is 
used for convenience. 

 The current FFE system is designed for semipreparative to preparative scale 
separations. For standard IEF protocols, 1–5 mg/ml of total protein concentration 
can be viewed as a reasonable working range. However, special protocols are being 
developed for an analytical mode that can manage sample concentrations as low 
as 50 µg/ml. As far as the throughput, the most common sample application rate is 
between 0.5 ml/hr and 5 ml/hr. Depending on the sample concentration, this leads to 
a total protein loading rate of up 50 mg/hr for common methods. Higher throughput 
can be achieved under special protocols. 

 11.3.3 Sample Preparation 

 The chemical and physical properties of the sample and the separation buffers (media) 
should be as close as possible. To match the density, viscosity, and conductivity of the 
sample solution and separation media, original samples are prepared in a concentrated 
form and then diluted at least 1:5 with an appropriate separation buffer. Turbid protein 
samples should be cleared by fi ltration or centrifugation before infusion into the FFE 
chamber. 

 The total salt concentration of the sample should be no higher than 25 or 50 mM 
for classical FFE-IEF protocols. However, custom protocols can be now developed 
for samples that must maintain stronger ionic force. 
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 11.3.4 Anticipated Results 

 When a narrow focused lane of proteins at certain pI is ready to enter one of the 
96 collection tubes, it is possible that these proteins can get into a single tube. In this 
case, proteins with a certain pI will be collected in one well. In practice, one, two or 
three wells per protein lane, or band, should be expected, with urea-containing media 
leading to slightly worse resolution compared to native conditions. A few highly 
abundant proteins would form wider bands and therefore would give broader well 
distribution. 

 The sample recovery after FFE-IEF depends to a large extent on the amount of the 
sample. As noted earlier, the matrix-free separation features much higher recoveries 
as compared to other methods. Also, both the internal chamber and the fractionation 
outlets have a relatively low surface area; they are made of low-binding materials and 
can be treated with appropriate additives that reduce surface adsorption. Thus recov-
eries higher than 95% are common for milligram amounts of sample if no precipi-
tation occurs. Due to the semipreparative dimensions of the instrument, the losses 
can be more substantial (up to 50%) when micrograms of protein in  microliters of 
volume are separated. 

 To evaluate the dilution factor after the FFE separation, it is important to 
 remember that the separation process distributes all the proteins from a complex 
mix into different wells. Thus it is useful to consider what happens to an individual 
protein rather than to the complex sample (1 ml), which is diluted into 96 wells 
(1:96). The total fl ow rate (media plus counterfl ow) contributing to a collection 
plate is approximately 100 ml/hr, which translates into ~1 ml/hr/well for a 96-well 
plate. Assuming that a sample is applied at a rate of 1 ml/hr and that each particular 
protein is collected into three wells, the dilution factor for each protein should be 
close to 3. 

 11.3.5 Post-FFE Treatment of Fractions 

 The choice of post-FFE treatment of the fractions depends on the composi-
tion of the separation buffers used in the FFE-IEF and solution requirements 
for a  downstream application. FFE fractionation of proteins has been recently 
 demonstrated to couple successfully with LC/MS/MS analysis.19 In cases when 
FFE  fractions can not be used directly, ultrafi ltration with low-binding molecu-
lar-weight cutoff membranes or solid phase extractions (SPE) procedures can be 
performed. Ultrafi ltration is used in majority of cases because it allows simulta-
neous concentration of the sample and a buffer exchange. The SPE techniques 
vary depending on protein retention mechanisms. The most common resins include 
reversed-phase, ion-exchange, hydrophilic, and hydrophobic interactions, and 
mixed resins. Usually, the SPE resin type is chosen based on elution conditions that 
should match a downstream analytical method, nature of the sample, and  protein 
recovery values. 

 Hydrophilic interaction chromatography (HILIC) has been found to yield the best 
results in terms of protein recovery and degree of  purifi cation. The method and its 
basic principles have been extensively described.20 
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 11.4 APPLICATIONS 

 11.4.1 Liver Proteome Fractionation 

 With complex samples such as eukaryotic cell extracts, 2DE on a single wide-range 
pH gradient reveals only a small percentage of the whole proteome because of insuf-
fi cient spatial resolution and the diffi culty of visualizing low copy number proteins in 
the presence of the more abundant species. One approach to overcoming the problem 
of high dynamic range and diversity of the proteins expressed in eukaryotic tissues 
is sample prefractionation. This can be achieved by methods such as subcellular 
fractionation, electrophoresis in the liquid phase, adsorption chromatography, and 
selective precipitation.21 An alternative approach is the sequential extraction of pro-
teins from cells or tissues on the basis of their solubility in a series of buffers with 
increasingly powerful solubilizing properties.18,22 

 In the experiment described here, the advantages of the FFE prefractionation are 
combined with zoom gels—multiple, overlapping narrow-range IPGs spanning 1 to 1.5 
pH units.23 The overall workfl ow is outlined in Figure 11.4. The technical details and 
specifi c conditions are listed in Table 11.1. The preparation of a rat liver  homogenate 
resulted in a solution with 30 mg/ml total protein concentration. After dilution with 

  FIGURE 11.4  A diagram outlining a rat liver proteome frac-
tionation with IEF-FFE and subsequent zoom 2DE of individual 
FFE fractions (see text). 
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  TABLE 11.1  Experimental Conditions for a Rat Liver Proteome 
Fractionation 

Sample Preparation
Total protein concentration in original lysate 30 mg/ml

Concentration after dilution with FFE buffer 3 mg/ml

Centrifugation  to remove insoluble 
components

30 min. @ 25,000 rpm @ 18�C

Total volume infused into FFE for 
fractionation

10 ml

Rate of sample infusion 6 mg/hr

IEF-FFE conditions
Inlets Composition

Anode stabilization buffer 1, 2 100 mM H
2
SO

4
, 7 M urea, 2 M thiourea, 250 mM 

mannitol

BD FFE Reagent 1 buffer 3, 4 BD FFE Reagent 1 (30% w/w), 7 M urea, 
2 M thiourea, 250 mM mannitol, pH 4.41

BD FFE Reagent 2 buffer 5, 6, 7 BD FFE Reagent 2 (50% w/w), 7 M urea, 
2 M thiourea, 250 mM mannitol, pH 7.38

BD FFE Reagent 3 buffer 8, 9 BD FFE Reagent 3 (37% w/w), 7 M urea, 
2 M thiourea, 250 mM mannitol, pH 9.73

Cathode stabilization buffer 10–13 100 mM NaOH, 7 M urea, 2 M thiourea, 250 mM 
mannitol

Counterfl ow 7 M urea, 2 M thiourea, 250 mM mannitol

Flow rate of separation buffers 62 g/hr

Voltage applied 1200 V

Current under equilibrium 22 mA

Temperature 10�C

Post-FFE Treatment of Fractions
Average volume of each fraction 10 ml

Ultrafi ltration device MW cutoff 5 kDa

Concentration factor F � 50

FFE buffer exchanged to IPG rehydration buffer

Final volume and protein concentration 
before loading on IPG

1 ml, 2 mg/ml 

appropriate FFE separation buffer, 30 mg of protein was subjected to the FFE to ensure 
suffi cient amounts of fractionated proteins for subsequent 2DE analysis. Continuous 
nature of FFE separation allowed for large amounts of protein in relatively large volume 
(10 ml) to be separated. 
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 In this experiment, increased solubility provided by a combination of thiourea and 
urea and CHAPS allowed for high recovery of proteins from FFE across the entire pH 
range and a high loading capacity of 6 mg / hr without signifi cant precipitation. 

 In total, 10 ml of each fraction was collected. Every other fraction from a 
 collection 96-well plate was analyzed by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) and visualized with Silver Stain. As evident from 
the gel images in Figure 11.5, FFE-IEF resulted in effi cient separation of the original 
complex protein sample into a number of fractions with unique protein content.   

 For further analysis of FFE fractions by 2DE, it is necessary not only to con-
centrate the fractions, but also to replace BD EEF Reagents because they have high 
buffering capacity and prevent effi cient focusing by IPG. Ultrafi ltration devices are 
ideally suited for achieving both of these goals at the same time. In this experiment, 
6 ml ultrafi ltration devices with a molecular weight cutoff of 5 kDa (Vivascience, 
Hannover, Germany) were used. FFE fractions were concentrated more than 50-fold 
and exchanged with the typical IPG loading buffer. The fi nal volume of FFE fractions 
prior to 2DE was approximately 0.2 ml and contained 0.1 to 1mg of total protein. 

 Figure 11.6 shows a panel of zoom 2DE images obtained from 20 FFE frac-
tions. As expected, each fraction generated a unique pattern slightly overlapping with 
adjacent fractions. Reduced complexity of individual FFE fractions, and suffi cient 
amounts of protein fractionated during a continuous fl ow separation, allowed for 
detection of signifi cantly increased number of spots compared to crude extract 2DE 
analysis. When these multiple overlapping zoom IPG gels were used to generate an 
electronic 2DE protein map of rat liver proteome, the total number of unique features 
quantifi ed in this master gel between pH 3.5 and pH 7.5 was 15,457 by Sypro TM  Ruby 
staining, whereas a 2DE image (pH 3–10) of crude liver extract obtained with the 
same staining resolved only 2,033 features.24   

 In summary, the combination of FFE prefractionation with zoom 2DE analysis 
of FFE fractions results in dramatically increased resolution of detectable features 
and offers a practical approach to accessing lower-abundance proteins in complex 
samples. 

 11.4.2 Plasma Proteome Fractionation 

 The dynamic range of proteins present in human plasma is extremely high (�10 10 ), 
preventing differential analysis of whole plasma preparations.25 Approximately 50% 
(30–50 mg/ml) of the total protein content of human plasma is albumin. Many pro-
teins that have important functions in serum, such as immunoglobulins, complement 
 components, and macroglobulins, are also present at milligrams per milliliter levels. 
In fact, 7 to 12 proteins make up more than 90% of the protein bulk present in human 
serum.26 In contrast, many tissue leakage proteins and proteins secreted by tumors 
(i.e., potential biomarkers) are most likely present at low nanograms per milliliter to 
picograms per milliliter levels.27 Cytokines, the rarest proteins measured clinically, are 
present in low- to sub-picograms per milliliter quantities.28 Identifi cation of protein 
biomarkers that are likely to be in low abundance is of primary importance to the study 
and diagnosis of many human disease states. 
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 Current approaches to reduce the dynamic range combine orthogonal fractionation 
methods such as chromatography, immunoaffi nity subtraction, preparative IEF, or pre-
cipitation with 2DE and MS. FFE distinguishes itself from other fractionation tech-
nologies such as chromatography or gel-based electrophoresis in several ways. The 
most signifi cant differences are the matrix-free fractionation principle that allows high 
sample recoveries and the continuous fl ow system that allows sample loads virtually 
unlimited by volume. 

 One of the primary obstacles to proteomic analysis of plasma or serum is the low 
concentration of new potential biomarker proteins. Because proteins cannot be amplifi ed 

  FIGURE 11.5  A rat liver proteome separation using FFE in IEF mode. Silver-stained SDS-
PAGE of every other FFE fraction is shown. M, protein molecular weight markers; S, original 
liver sample before fractionation. Numbers above the gel indicate FFE fractions. Numbers on 
the left side of the gel indicate molecular weight of marker proteins. Seven microliters of an FFE 
fraction is loaded per lane. 

  FIGURE 11.6  A panel of narrow pH range zoom 2DE images obtained from 20 FFE fractions 
(silver stain) from a rat liver fractionation (see text). 
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 in vitro,  as can RNA or DNA, the ability to detect and then identify proteins is dependent 
on the absolute amount of the protein present in the serum sample. Therefore, the initial 
sample must contain amounts of each protein that are within the limits of detection of 
current proteomic technologies. Since the most sensitive proteomic technologies for dif-
ferential analysis require high picogram to nanogram protein quantities, the minimum 
volume of serum required for biomarker discovery will be in the milliliter range. 

 In this experiment, the utility of the FFE as a part of a proteomics strategy for the 
identifi cation of potential biomarkers in human serum is evaluated. Figure 11.7 shows 
SDS-PAGE profi les of the human serum fractionated under native and denaturing 
conditions using FFE-IEF with a linear gradient pH 2.5–12. As expected, SDS-PAGE 
showed mostly albumin and IgGs that exist within a wide pI range. Albumin is tightly 
focused into two to three fractions, which is indicative of the high resolving power of 
this technology. But, at the same time, the risk of albumin precipitation with increased 
serum loads is augmented due to the high local concentration of albumin created within 
narrow lane formed under the linear pH gradient separation. The presence of 7 M 
urea, 2 M thiourea, and 1% CHAPS (denaturing conditions) elevate the threshold of 
albumin precipitation and allow safe sample loading rates of up to 30 mg/hr. However, 
this semipreparative scale will not be suffi cient to effectively process large volumes of 
serum for the discovery of low-abundant proteins. 

  FIGURE 11.7  SDS-PAGE profi les of the human serum fractionated under native (upper panel) 
and denaturing (lower panel) conditions using FFE–IEF with a linear gradient pH 2.5–12. Oval 
indicates albumin-containing fractions. 
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 To address the problem, a new, stepwise gradient has been designed and optimized 
that minimizes albumin precipitation by fl attening the pH range around albumin pI 
(Figure 11.8) and eluting the protein into 12 to 15 fractions instead of 2 or 3. As a 
result, plasma or serum is effectively fractionated into at least three main pools: acidic 
pool (all the proteins that focus on the acidic side of human serum albumin [HSA]), an 
HSA pool, and a basic pool. When performed under native conditions and in a matrix-
free environment characteristic of the FFE, this method can be considered a novel 
albumin segregation technique, with the advantages of near-full recovery of protein 
material and virtually unlimited loading capacity. 

 While these segregation strategies do not increase the concentration of low-
 abundance proteins, they effectively increase their ratio in a fraction, thereby facilitating 
the analysis of greater numbers of proteins in a single experiment. In order to demonstrate 
the full advantage of an all-liquid HSA segregation and enrichment for lower abundant 
proteins in plasma, the experiment schematically outlined in Figure 11.9 was designed. 
In essence, three plasma protein pools are generated after the fi rst fractionation under 
native conditions. Once suffi cient amounts of protein in each pool are  collected under 
continuous fl ow fractionation, these pools are concentrated and separately reapplied to 
the FFE separation under denaturing conditions. The resulting multiple fractions can 
now be analyzed with gel electrophoresis followed by MS analysis. 

  FIGURE 11.8  Lower panel: SDS-PAGE profi le of the human serum fractionated under 
native conditions using FFE-IEF with a nonlinear, step gradient. Oval indicates albumin-
containing fractions. Upper panel: protein assay results by Bradford corresponding to the 
fractions shown on the gel. Dashed lines indicate boundaries of pooled fractions. 
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  FIGURE 11.9  A diagram outlining the experiment on albumin separation and low-abundant 
proteins enrichment in human serum. Nonlinear pH gradient under native conditions is applied 
to a soluble serum to achieve fractionation into three main fractions (acidic pool, albumin 
pool, and basic pool). These pools can be analyzed by 2DE and mass spectrometry or sub-
jected to further FFE-IEF under denaturing conditions to achieve higher resolution. 
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 Figure 11.10 offers an excellent illustration of the power of native fractionation 
of plasma using a new step gradient of pH. Three pools (acidic, HSA, and basic) 
obtained after native FFE fractionation of soluble plasma proteins display clearly 
unique band patterns. Fraction 55 is on the borderline between HSA and basic pools 
and thus has been processed separately from both pools. The last lane on the SDS-
PAGE represents insoluble plasma protein fraction pelleted by centrifugation of 
plasma after dilution with the FFE separation buffer. 

 The native plasma fractionation using the stepwise pH gradient offers a unique 
practical approach to albumin separation due to high resolving power of the FFE-IEF. 
In addition to clean separation of acidic and basic protein pools from albumin, a possi-
bility for considerable enrichment of lower-abundant proteins can be observed by com-
paring the original serum lane with those of the fi ve fractions including the insoluble 
one. The high quality of albumin segregation (�95%) and signifi cant enrichment of 
lower-abundant proteins is even better illustrated with higher resolution 2DE analysis 
of respective pools (Figure 11.11). It should be noted that the above mentioned results 
were obtained only after the fi rst FFE-IEF plasma fractionation under native conditions 
(Figure 11.9) and that even better resolution and enrichment can be achieved by sub-
jecting isolated pools to a second round of FFE, this time under denaturing conditions, 
as indicated in Figure 11.9. In case of albumin pool, this type of double treatment with 
FFE-IEF can potentially yield access to proteins and peptides that form complexes with 
albumin under native conditions and thus focus in the same pH range. 

  FIGURE 11.10  SDS-PAGE (Coomassie stain) of pooled and concentrated FFE fractions 
obtained by native FFE of human serum with nonlinear pH gradient. (1) Molecular weight 
standards; (2) original serum before fractionation; (3) acidic pool; (4) albumin pool; (5) FFE 
fraction 55; (6) basic pool; (7) insoluble serum fraction. 
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 11.5 CONCLUDING REMARKS 

 A recent compilation of several serum proteome mapping studies26 revealed that 
approximately 1000 different proteins can be identifi ed in serum using a combination 
of three proteomic strategies. Less than 5% of the proteins identifi ed were found in all 
three methods, suggesting that many complementary methods will be needed to con-
struct a comprehensive map of the human serum proteome. This conclusion refl ects 

  FIGURE 11.11  2DE (pH 4–7) of pooled and concentrated FFE fractions obtained 
by native FFE of human serum with nonlinear pH gradient, compared to the 2DE of 
original serum before fractionation. The gels were stained with Silver. 
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the growing understanding in the proteomics community that due to the complexity 
of protein analysis, no single technology platform is capable of providing compre-
hensive answers to the task of identifying all proteins. Every approach has its own 
specifi c advantages, and a complementary combination of many is needed to build a 
full catalog of proteins within a particular proteome. 

 BD Free Flow Electrophoresis system is quickly becoming a recognized tool 
for proteomics research because of the unique capabilities and advantages it offers. 
Unlimited loading capacity combined with matrix-free high-resolution separation 
allows the most challenging limitations in proteomics such as access to low-abundant 
proteins and depletion of highly abundant proteins to be addressed. Furthermore, FFE 
is fully compatible with other analytical methods in proteomics and thus is well posi-
tioned to both serve as a separation technique on its own or to add another dimension 
to any other approach. 
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 12.1 TWO-DIMENSIONAL GEL ELECTROPHORESIS 
(2DE) AND BASIC END STREAKS 

 Two-dimensional gel electrophoresis (2DE) is a powerful technique that resolves 
complex protein mixtures in the fi rst dimension by isoelectric point (pI) and in the 
second dimension by molecular weight. The introduction of immobilized pH gradi-
ent (IPG) strips has signifi cantly improved 2DE separation in a reproducible manner.1 
However the number of the proteins that can be resolved and visualized by 2DE is 
limited.2 A large format gel (20 � 25 cm) can only portray approximately 1500 to 
2000 protein spots, while a mammalian cell probably contains more than 20,000 
protein species, and a single mammalian tissue may represent a mixture of more than 
50,000 protein species.3 The limitations in protein detection and quantifi cation are 
mainly due to the huge dynamic range of cellular protein expression and the presence 
of poorly resolved protein smears or streaks instead of distinct protein spots in the 
gel. While strategies have been employed to address the issue of dynamic range, for 
example, the application of various sample complexity reduction techniques (subcel-
lular fractionation, solution-phase isoelectric focusing [IEF], affi nity enrichment or 
depletion, and chromatographic separation) and the application of more sensitive 
gel staining techniques,4 efforts have also been made to reduce or eliminate protein 
streaks. 

 12 
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12.2 CHEMICAL NATURE OF PROTEIN STREAKING

 These smears and streaks are proteins cross-linked through the formation of intra-
molecular and intermolecular disulfi de bridges (R

 1 
–S–S–R

 2 , 
when R

 1 
 � R

 2 
 repre-

sents intramolecular disulfi des) following the oxidation of the cysteinyl thiol groups 
(–SH).5,6 Therefore utilizing a reductant in sample solubilization buffer, such as the 
most commonly used dithiothreitol (DTT) or its isomer dithioerythritol (DTE), is a 
common practice to reduce disulfi de bond and to help unfolding and disaggregating 
the protein prior to the fi rst dimension IEF. However DTT and DTE are weak acids 
that can migrate toward the anode during IEF, leading to the loss of the reducing 
agent from the basic portion of the IPG strip.7,8 In an environment lacking a reduc-
ing agent, the highly reactive cysteinyl thiol groups tend to cross-link again, leading 
to the spontaneous restoration of disulfi de bridges and therefore the presence of a 
highly streaky basic end (pH � 7). The electrochemical oxidation at cathode may 
also facilitate the oxidation event. 

12.3 DESTREAKING TECHNIQUES

 Various attempts have been made to reduce the basic pH range streaks, yet achieving 
an optimal IEF in the alkaline region remains a challenge. For example, decreasing the 
protein sample concentration, anodic cup-loading, shortening IEF duration, addition 
of a DTT reservoir at the cathode to replenish DTT, or using an alternative reducing 
agent such as hydroxyethyldisulphide (HED) to form mixed disulfi des with cys-
teinyl thiols have all been attempted.7–9 Strategies such as decreasing protein loading 
compromise the detection sensitivity because low-abundant protein signals are lost 
and is not effi cient since the primary reason for the generation of streaks (disulfi de 
bridge formation) has not been addressed. Continuously supply of DTT to the basic 
end is rather variable due to the dynamic infl ux of DTT during IEF from sample to 
sample. The combination of several of these aforementioned techniques can achieve 
a better result, yet it is still not 100% effective.7,8 Figure 12.1 shows the silver stained 
2D images of human brain basic proteins with various combinations of the destreak 
efforts. The streaks are still apparent in these gels.   

 An alternate approach is to prepare samples in a way that prevents the regen-
eration of the cross-links between cysteinyl thiols by a covalent modifi cation 
of the free thiol groups through alkylation.6,10 This modifi cation is commonly 
accomplished through a reduction and alkylation process using DTT to reduce the 
disulfi de bonds to free thiol groups (Figure 12.2, I) and iodoacetamide or acryl-
amide derivatives (such as  N,N -dimethylacrylamide [DMA]) to alkylate free thiols 
(Figure 12.2, II).11,12 Unfortunately both iodoacetamide and acrylamide can change 
the gel patterns or generate extra artifactual spots in 2DE maps.7 The problem 
concerns the spurious alkylation of peptides. Both iodoacetamide and acrylamide 
can react with other amino acid residues (e.g., lysine), leading to the formation of 
multiple alkylating products with various pI or molecular weight. In a study by Luche 
et al., matrix-assisted laser-desorption ionization mass spectrometry (MALDI MS) 
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FIGURE 12.1 2D images (silver stain, 18 � 20 cm) of human brain basic proteins with 
various combinations of the destreaking efforts. IEF was performed on IPG 6-9 IPG strips. 
Samples were applied to IPG using either in-gel rehydration (A, C, E) or anodic cup-loading 
(B, D, F). IPG strips were rehydrated in either 8 M urea, 0.5% CHAPS, 0.2% DTT, and 0.2% 
Pharmalyte pH 3-10 (A, B, C, D) or Destreak Rehydration Solution containing HED (E, F) 
overnight. (C, D) A wick soaked in 15mM DTT was applied at the cathodic end. Adapted from 
Pennington et al.8 with permission from Proteomics.
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  FIGURE 12.2  Reduction and alkylation reactions using DTT and DMA. 

analysis of malate dehydrogenase alkylated with acrylamide detected fi ve apparent 
spurious alkylation spectra, corresponding to the peptides indigestible by trypsin 
due to the alkylation on the lysine residue.13 Moreover the alkylation of the free 
thiols by iodoacetamide or acrylamide is generally incomplete, as no more than 
80% of all the thiol groups in the protein can be derivatized.11,14 The formation 
of intramolecular and intermolecular disulfi des between these residual free thiol 
groups is still signifi cant, thus compromising resolution during IEF. The primary 
reason for an incomplete alkylation is the excess amount of DTT (�20-fold molar 
excess) in the 2DE protein solubilization buffer, which is needed to achieve a com-
plete reduction. When an alkylating agent is added to the reaction, the remaining 
DTT in the sample competes with the cysteinyl thiols to react with the alkylating 
agent (Figure 12.2, III), driving the reaction toward the regeneration of disulfi de 
cross-links (Figure 12.2, IV). 

 Studies have been carried out to compare the destreaking effi ciency and suffi ciency 
of different types of cysteine-blocking agents, when the reactions were carried out at 
various pH ranges or for different length of reaction time (see Figure 12.3). Organic 
disulfi des, such as dithiodiethanol (DTDE) and dithiodiglycerol, were shown to be 
the most effective among tested compounds in improving protein resolution on 2D 
gels, but the effect cannot be extended to basic proteins due to a combination of the 
incomplete blocking of cysteinyl thiols (�85% derivatization) and the consumption 
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  FIGURE 12.3  Cysteine blocking with DTET and maleimide derivatives. Bovine mito-
chondrial proteins were separated by 2DE. First dimension: linear pH 3.75–10.5 IPG. 
Equilibration after IPG was performed using the DTT-iodoacetamide two-step method. 
Second dimension: 10% T gel. Detection was performed with silver staining. Proteins were 
reduced (A) in 5 mM TBP separated run in a gel containing 100 mM DTDE; (B) with 5 mM 
tributylphosphine and alkylated prior to IPG with 20 mM methylmaleimide for 6 hours at pH 6; 
(C) as described in B, but alkylation was performed with ethyl maleimide; (D) as described in 
B, but alkylation was performed with maleic hydrazide. Adapted from Luche et al.13 with the 
permission from  Proteomics . 
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of organic disulfi des at cathodic end.13 A compatible enhancement in spot resolution 
was observed when less-reactive alkylating agents, maleimide derivatives (methylma-
leimide, ethyl maleimide, and maleic hydrazide), were used. Interestingly, the alkyla-
tion of cysteinyl thiols by these agents was far from complete (�30%).13 In another 
study, alkylation was almost complete after the reduction of lysozyme by tributylphos-
phine (TBP) followed by alkylation by iodoethanol at 37ºC, pH 10, after a 60-minute 
reaction. However, when using this reduction and alkylation method to treat rat serum 
for 2DE, the streaks on the gel were decreased to some extent but not completely 
diminished.15 

12.4 RECENT ADVANCES IN DESTREAKING 
TECHNIQUES

 As mysterious and persistent as these streaks are and despite the numerous par-
tially effective solutions that have been proposed, a simple but effi cient solution is 
highly desirable. Recently our laboratory experimented on sample reduction and 
alkylation using tris(2-carboxyethyl)-phosphine hydrochloride (TCEP) and vinyl-
pyridine (VP) before IEF and greatly improved the basic end resolution in 2D 
gels. Trialkylphosphines such as TBP and TCEP are powerful reducing agents, 
which can readily and stoichiometrically reduce disulfi des with high specifi c-
ity.16 Unlike DTT, trialkylphosphines do not react with some alkylating agents.16 
It has been shown that TBP greatly improves protein solubility when used prior to 
2DE.17 Because of its solubility, odor, and toxicity, reduction with TCEP is more 
favorable than with TBP. VP is one of several commonly used protein-alkylating 
agents for protein digests prior to peptide mapping and sequence analysis.10 It has 
been shown to react with the cysteinyl thiols with 100% specifi city, and the alkyla-
tion is 100% complete.18 Sebastiano and coworkers compared several alkylating 
agents, including acrylamide, DMA, iodoacetic acid, 2-vinylpyridine (2-VP), and 
4-vinylpuridine (4-VP) and found that VP was the only compound achieved 100% 
alkylation.18 We therefore developed a reduction and alkylation approach to pre-
pare protein samples for 2DE to reduce basic pH end streaks, hence improving the 
resolution of 2DE. 

 The cytosolic fraction of liver tissue was isolated from fresh human liver 
(a generous gift from Dr. C. Max Schmidt, Departments of Surgery and Biochemistry 
and Molecular Biology, Indiana University School of Medicine, Cancer Research 
Institute) by differential centrifugation. Liver was homogenized in a buffer con-
taining 0.25 M sucrose and 10 mM Tris-HCl, pH 7.4, and centrifuged at 100,000 g  
for 45 minutes using a Beckman Type 45 Ti Rotor. Protein denaturation, solubili-
zation, and reduction were performed in a portion of the supernate (cytosol) by the 
addition of urea, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 
(CHAPS), and DTT. Carrier ampholyte (pH 3–10) was also added. The fi nal con-
centrations for these reagents were 9 M urea, 4% CHAPS, 65 mM DTT, and 0.5% 
pH 3–10 ampholyte. Another portion of the supernate was subjected to the same 
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denaturation, solubilization, and reduction process except TCEP was used instead of 
DTT. The fi nal TCEP concentration was 10 mM. The sample that had been reduced 
by TCEP was alkylated with 1/20 volumes of 4-VP (400 mM) for 1 hour while 
vortexing. The reaction was quenched by the  addition of the same volume of DTT 
(400 mM), which destroys excess VP. Frozen mouse brain (Harlan Sprague-Dawley, 
Indianapolis) was minced and homogenized in solubilization buffer containing 
9 M urea, 4% CHAPS, 65 mM DTT, and 0.5% pH 3–10 ampholyte. Samples were 
centrifuged at 100,000 g  for 20 minutes using a Beckman TL-100 ultracentrifuge 
(Beckman Coulter, Fullerton, Calif.) to remove nucleic acid and insoluble materi-
als, and the supernate was collected. Similar to the liver cytosolic proteins, reduc-
tion and alkylation with TCEP and VP were carried out for a portion of the brain 
protein lysate using the same solubilization buffer, but TCEP (10 mM) was used 
instead of DTT. Some of the alkylated and unalkylated sample was prefractionated 
by microscale solution IEF using the Zoom ®  IEF fractionator (Invitrogen, Carlsbad, 
Calif.). The protein fractions (alkylated and unalkylated) that were enriched in basic 
proteins (pI 7–10) were subjected to subsequent IEF on IPGs. In some experimental 
stages, a protein assay was performed using the RC DC Protein Assay kit (Bio-Rad, 
Richmond, Calif.) according to the manufacturer’s protocol to determine protein 
concentration. 

 First-dimensional IEF was performed on IPG strips (pH 3–10, 24 cm, Bio-
Rad, Hercules, Calif.). The protein lysate was diluted with rehydration buffer 
(8 M urea, 2% CHAPS, 15 mM DTT, 0.2% ampholytes pH 3–10). Rehydration 
of IPG strips was carried out overnight at room temperature. The proteins were 
focused at �50 µA/strip at 20°C, using progressively increasing voltage up to 
10,000 V for a total of 100,000 Vh. Two 10-minute equilibration steps were car-
ried out in equilibration buffer I (6 M urea, 0.375 M Tris, pH 8.8, 2% SDS, 20% 
glycerol, 2% DTT) and equilibration buffer II (6 M urea, 0.375 M Tris, pH 8.8, 
2% SDS, 20% glycerol, 2.5% iodoacetamide), respectively, for the samples that 
went through the conventional DTT reduction right before the IPG strips were 
loaded on to the slab gels. A 20-minute equilibration step was carried out after 
IEF for those samples that had been treated with TCEP and VP using equilibration 
buffer III containing 6 M urea, 0.375 M Tris, pH 8.8, 2% SDS, and 20% glycerol. 
Second-dimension separation was accomplished on linear 11–19% acrylamide 
gradient slab gels (20 cm � 25 cm � 1.5 mm). Gels were run simultaneously for 
approximately 18 hours at 160 V and 8°C. Slab gels were stained using a colloidal 
Coomassie Brilliant Blue G-250 procedure.19 

 Alkylation with VP effectively eliminated the streaks in the basic pH range in 
2DE maps. This destreaking method was effi cient in various sample types, includ-
ing total tissue lysate (Figure 12.4A, B) and protein lysates that had been prefrac-
tionated by subcellular fractionation (Figure 12.4C, D) or Zoom IEF fractionation 
(Figure 12.4E, F). The absence of streaks in the cytosolic protein fraction was not 
surprising (Figure 12.4C, D) because streaky proteins, often membrane proteins, are 
associated with such cellular organelles as endoplasmic reticulum (microsomes) and 
mitochondria. The remarkable effi ciency of VP alkylation in streak reduction was 
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further demonstrated in more complex samples, which either contained membrane 
protein or was enriched in basic proteins. The streaks shown in alkaline region of 
the 2DE map for the mouse brain protein lysate (Figure 12.4A) were fully elimi-
nated in the corresponding sample that had undergone VP alkylation (Figure 12.4B). 
Furthermore, the basic protein-enriched fraction (pI 7–10) from Zoom IEF, which 
was shown as the protein streaks in the unalkylated sample (Figure 12.4E), was com-
pletely resolved in the 2DE map of the same sample that had been alkylated with VP 
(Figure 12.4F). 

 There are several advantages of using TCEP/VP reduction and alkylation for 
sample preparation prior to 2DE separation. This approach features a complete 
alkylation of the thiol groups in the protein (Figure 12.5). The reducing agent TCEP 
does not react with VP, therefore driving the alkylation reaction to 100% comple-
tion (Figure 12.5, II). VP is neither inhibited nor destroyed by neutral or zwit-
terionic surfactants and urea/thiourea, common components of the solubilization 
cocktails for 2DE.19 Therefore, it is 2DE compatible. Unlike the charged alkylating 
agents, such as iodoacetamide, VP alkylation does not change the pI of a protein. 
The elimination of the streaks in the 2D gel will greatly increase the possibility of 
the identifi cation and the characterization of those proteins undergoing quantita-
tive (up–down regulation, presence, absence, etc.) or qualitative (posttranslational 
modifi cation) changes in the basic pH range. The improvement in resolution also 
allows loading of more concentrated samples, therefore enhancing the intensity of 

  FIGURE 12.4  2DE patterns for various tissue protein lysates. (A) Total mouse brain lysate; 
(B) total mouse brain lysate alkylated with VP; (C) human liver cytosolic proteins; (D) human 
liver cytosolic proteins alkylated with VP; (E) mouse brain protein lysated-enriched in basic 
proteins obtained by Zoom   IEF fractionation; (F) mouse brain protein lysated-enriched in 
basic proteins alkylated with VP. 
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  FIGURE 12.5  Chemical reactions of reduction and alkylation using TCEP and VP. 

the faint protein spots and increasing the number of proteins that can be identifi ed 
by peptide mass fi ngerprinting. For example, Figure 12.4B refl ects a loading of 
approximately twice the amount of protein that was used in Figure 12.4A, yet the 
resolution is perfect and still with the potential to load more. In addition, since the 
alkylation has been accomplished with 100% effi ciency in the sample preparation 
step before 2DE analysis, the reduction and alkylation steps before tryptic digestion 
and MS analysis can be skipped. This sample preparation method is also applicable 
to samples subjected to microscale solution IEF (Zoom IEF) prior to narrow pH 
range 2DE, in which streaking is a major problem for proteins in the basic pH frac-
tion (Figure 12.4E, F). More importantly, it is a very simple approach, needing no 
special instrumentation. 

 Handling of VP in a fume hood is strongly recommended, due to its odor 
and air sensitivity. However, according to a recent summary of the toxicology 
data on pyridine derivatives that had been submitted to EPA by Reilly Industries, 
Inc.,20 the weight of the evidence from  in vitro  studies indicates that 2-VP is 
negative for mutagenic activity. Repeated dose testing in rats found no systemic 
effects through histological analysis. Although a slight but statistically signifi cant 
increase (�20%) in relative testes and ovary to body weight ratios were observed 
in rats following high dose repeated oral gavages, no gross pathology and histo-
pathological effects were observed. 
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 13.1 INTRODUCTION 

 One of the key objectives of the study of human diseases is to develop diagnostic and 
ultimately preventative or curative approaches. In order to achieve this goal, a clear 
understanding of the disease process and the associated systemic changes must be 
developed. Some of the realities that must be dealt with in clinical analysis include 
(1) the heterogeneity of patients (genetic and environmental) (2) the different stages 
of disease development, (3) the limited quantities and restricted sources of available 
material, and the (4) the frequent lack of availability of repeat samples of a given 
tissue. Thus a major goal is to develop approaches that maximize the information 

 13 
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recovered from such potentially limiting and complex samples. Recently developed 
proteomic-based approaches provide capabilities, which can meet a number of these 
needs.1–3 

 Mass spectrometric–based proteomic techniques are highly sensitive and they 
can potentially deal with complex samples.4 Using these approaches for the high 
content analysis of biological samples, hundreds to thousands of proteins can be 
identifi ed in an undirected analysis of disease. The term undirected does not indicate 
a lack of hypothesis; rather, it refl ects a broad-based analysis that is not necessarily 
directed at specifi ed predetermined protein(s) or processes. 

 The types of information that can be acquired using these systems-wide 
approaches have relevance to a number of aspects of biomedical analysis. A detailed 
knowledge of the total proteomes of selected tissues or cells offers a basis for defi n-
ing processes that may be involved in a particular pathology. At a more basic level 
the information acquired from compositional analysis offers insights into normal 
cellular processes and physiology. It should be recalled that we actually have rela-
tively limited knowledge of the normal biology and biochemistry of most tissues. 
The recent development of a number of approaches for differential protein profi ling 
allows for the comparison of normal and affected clinical samples.5–7 These methods 
can be used to selectively identify differentially expressed proteins. These may func-
tion as biomarkers offering surrogate measures of disease progression or of response 
to therapy.8–11 Since many tissues are not readily accessible on a repeat basis, these 
types of markers may provide noninvasive methods of monitoring process or response 
to therapy.12 Alternatively, tissue or cell type restricted proteins may be useful as tar-
gets for novel therapies. While it has been suggested that patterns of protein analysis, 
independent of their identity, may be useful markers, it is clear that their identities 
will be essential for a based understanding of any disease. 

 13.2 RHEUMATOID ARTHRITIS 

 Rheumatoid arthritis (RA) is a disease characterized by infl ammation and erosions of 
the cartilage of joints. The synovial membrane, which is responsible for maintaining 
normal joint function can become infi ltrated with lymphocytes and undergo hyper-
trophic changes that result in membrane thickening and invasion of the adjacent 
articular cartilage with the subsequent destruction of the cartilage.13 The disease is of 
unknown etiology and it is often diagnosed at a relatively late stage. Thus the focus 
of most clinically based studies has of necessity been on the later aspects of disease 
rather than the inductive events. The functional and compositional changes associ-
ated with RA are varied including infl ammatory infi ltrates, which may organize into 
secondary lymphoid follicles14 and hyperplasia of the synovial membrane,15 as well 
as a number of extraarticular manifestations. 

 The sources of clinical samples for analysis can derive from blood, synovial fl uid, 
or synovial biopsy of the affected joint. It is also possible to obtain larger amounts of 
synovial tissues at the time of joint replacement. In the latter case it must be kept in 
mind that such tissues are likely to be more representative of late stage disease and as 
such may not provide insight into the early events of the disease process. However, 
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these tissues can provide useful information about disease  progression and the pro-
cesses associated with joint destruction. There have been recent suggestions that the 
disease may have several simultaneous pathologies occurring in many patients, fur-
ther highlighting the need to understand erosive and infl ammatory events.16 

 One of the most studied components of the synovial membrane is the fi broblast-
like synoviocytes (FLS). These cells display marked functional and phenotypic 
changes in arthritis.17–19 Transplantation of cartilage explants from RA patients into 
immunodefi cient mice has demonstrated that tissues containing only stromal cells can 
sustain activity suggesting a role in the rheumatoid process. However, at this time, 
relatively little is known about the overall proteome and biology of these cells. 

 The synovial fl uid is a viscous material that fi lls the joint cavity, providing a 
medium for nutrient transport as well as providing structural properties that impact 
on joint lubrication and compression.20 The fl uid, which is normally highly viscous 
and restricted in composition, decreases in viscosity and approaches plasma level 
complexity in RA. Because this fl uid also contains the products of local cellular 
and tissue synthesis in rheumatoid arthritis, the fl uid represents an important clinical 
source of material to defi ne pathologic processes in this disease. 

 This chapter describes some of our more recent proteomic approaches to charac-
terizing the components of the rheumatoid joint. 

 13.3 METHODS AND MATERIALS 

 13.3.1 Clinical Samples and Cell Culture 

 All samples were obtained with informed consent from RA patients according to 
protocols approved by the local Ethics Review Board. 

 Synovial fl uids samples were cleared of cellular and particulate material and 
frozen at −70 � C until required. Synovial tissues were obtained from RA patients 
undergoing total knee arthroplasty. The cells were released from the dissected syno-
vial tissue by digestion with collagenase (1 mg/ml) and hyaluronidase (0.05 mg/ml) 
(Sigma Chemicals, St. Louis) in Hank’s buffer (ICN Biomedicals Costa Mesa, Calif.) 
for 1 to 2 hours at 37�C, washed with modifi ed Dulbecco’s Modifi ed Eagle Medium 
(DMEM) medium, and cultured overnight in complete media at 37�C in a humidifi ed 
10% CO

 2  
environment. The adherent cells were cultured in fresh medium.21 Once the 

cell layers were confl uent, they were trypsinized and subcultured. 

 13.3.2 Two-Dimensional Polyacrylamide Gel 
Electrophoresis (2D PAGE) Analysis of FLS 

 Confl uent cell layers were washed once with Hank’s buffered saline and released 
with trypsin. The cells were collected by centrifugation, washed twice with phosphate-
buffered saline (PBS) and once with isotonic sucrose solution (0.35 M). The cell 
pellet was dissolved in a sample buffer containing 7 M urea, 2 M thiourea, 4% 
3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.3% 
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(w/v) Bio-lyte ampholytes (pH 3–10), 75 mM dithiothreitol, and complete protease 
inhibitor cocktail (Roche Molecular Biochemicals Pleasanton, Calif). Protein levels 
were determined using a modifi ed RC DC protein assay kit (BioRad Laboratories 
Hercules, Calif.) 

 Preparative 2D PAGE was performed on 1 mg total cellular protein dissolved 
in sample buffer. Immobilized pH gradient strips (17 cm, pH 3–10, nonlinear) 
were rehydrated overnight with sample in an IEF protean cell (BioRad) at 50 V. 
Electrofocusing was carried at 9000 V as the upper limit for a total 60 kV hours. Prior 
to analysis in the second dimension, separated proteins in the strips were reduced for 
20 minutes at room temperature with 50 mM Tris (pH 8.8), 6 M urea, 2% sodium 
dodecyl sulfate (SDS), 20% glycerol, and 2% (w/v) dithiothreitol, and then alkylated 
with same buffer containing 2.5% (w/v) iodoacetamide for 20 minutes. 

 Second-dimension electrophoresis was carried on 12% SDS-PAGE gels (18.5 cm � 
20 cm, 1 mm) (25 mA/gel at 20�C) using the PROTEAN II XL system (BioRad). Gels 
were fi xed and stained using colloidal Coomassie blue G250 (Pierce Biotechnology, 
Rockford, Ill.). Gels were scanned and documented with Phoretix image analysis soft-
ware (Perkin Elmer Life Sciences Inc., Boston). 

 13.3.3 Mass Spectrometry (MS) and Protein 
Identifi cation 

 Spots were manually excised, destained, and in-gel digested with trypsin.22 Peptides 
were extracted from the gel pieces with 25 mM ammonium bicarbonate containing 
0.1% trifl uoroacetic acid and 40% acetonitrile. The extracts were lyophilized and 
dissolved in 10 �l of 0.1% trifl uoroacetic acid and 10% acetonitrile. Samples were 
mixed with an equal volume (0.5 �l) of 16% dihydroxybenzoic acid in 50% aceto-
nitrile, deposited on a matrix-assisted laser desorption ionization (MALDI) target, 
and air dried. 

 13.3.4 MCE Fractionation of Synovial Fluid 

 Synovial fl uid (1 ml) was reduced and alkylated according to the manufacturer’s protocol 
(Proteome Systems Woburn, Mass.) and precipitated with acetone at room tempera-
ture. The pellet was resuspended in 5 ml of MCE chamber solution. The fractionation 
was performed in a multicompartment electrolyzer (MCE) using six immobilized pH 
membranes (IPM) as follows: pH 5, 5.5, 6, 6.5, 7, and 8. The sample was loaded in 
a pH 5.5–6 chamber. A three-phase method was applied: (1) 100 V for 4 hours, limit 
on power (1 W); (2) linear ramp from 100 to 1500 V for 4.5 kWh, limit on current 
(0.8 mA); (3) 1500 V for 7 hours, limit on power (1 W). Total running time was 
16 hours and 44 minutes. 

 13.3.5 Chromatographic Separation 

 All seven fractions were collected, and urea was precipitated by decreasing the tem-
perature to 4�C. Acetone precipitation was used for four of the fractions: pH �5, pH 
5–5.5, pH 7–8, and pH �8. No pellet was obtained for the fi rst fraction. Fractions of 
50 µl, 300 µl, and 150 µl of pH 5.5–6, pH 6–6.5, and pH 6.5–7 were diluted 5� with 
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50 mM ammonium bicarbonate. All samples were digested with trypsin at 37°C over-
night. The digest was dried down in a vacuum centrifuge. 

 Fractions pH 5.5–6, 6–6.5, and 6.5–7 were each desalted on an Agilent   1100 
Series high-performance liquid chromatography (HPLC) (Agilent Technologies, 
Wilmington, Del.). Samples were injected onto an in-house packed SCX column 
(PolySulfoethyl A matrix), 0.125 � 100 mm and eluted after 15 minutes with a linear 
gradient of 0 to 100% 400 mM ammonium bicarbonate in 25% acetonitrile, 0.05% 
formic acid in 10 minutes, at a fl ow rate of 120 µl/min. 

 All fi ve digested fraction were further separated on an Agilent   1100 Series HPLC. 
Samples were injected onto a C18 column, 5 �m of 0.150 � 150 mm in-house 
packed, with a linear gradient of 1 to 46.7% acetonitrile, 0.1% trifl uoroacetic acid, 
in 35 minutes. 

 13.3.6 SDS-PAGE of MCE Fractions 

 Fractions of 100 �l, 600 �l, and 300 �l of pH 5.5–6, pH 6–6.5, and pH 6.5–7 were 
precipitated with UPPA reagent from Pierce. The pellet was solubilized in 5 �l 
sample buffer and 5 �l 1.5 M Tri-HCl, pH 8.8. Preparation for fractions with pH 
5–5.5, 7–8, and over 8 was as described below. The samples were run on a 4–12% 
Bis-Tris gradient gel from Invitrogen. The running buffer was 3-(N-Morpholino)- 
propanesulfonic acid (MOPS), and SeeBlue Plus 2 was used as a marker. 

 13.3.7 MS 

 Mass spectra of the HPLC-separated tryptic fragments were acquired using a MALDI 
QqTOF mass spectrometer, developed at the Time of Flight laboratory, operated in 
single-MS or tandem MS (MS/MS) mode as described by Krohkhin et al.23 

 13.3.8 Protein Identifi cation 

 Peak assignments were made using Knexus automation software (Proteometrics 
Canada Winnipeg, Canada), and peak lists were analyzed using the Global Proteome 
Machine (an open source protein identifi cation system that uses the Tandem,24 avail-
able at http://www.thegpm.org/) to search the ENSEMBL human genome protein 
translation (NCBI 34b). Default Global Proteome Machine (GPM) settings were used 
for the analysis (see supplementary material for details). All of the proteins reported 
as being identifi ed were determined to have an expectation value E � 3.3 � 10 �3 . 
For notational simplicity, expectation values will be reported throughout as base10 
logarithms, log (E). 

 13.4 RESULTS AND DISCUSSION 

 13.4.1 Analysis of FLS 

 Low-passage cultured cell lines are often used as surrogates of their  in vivo  coun-
terparts because of the capacity to increase the cell numbers for analysis and reduce 
cellular heterogeneity relative to primary isolates. A consideration in the use of such 
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lines as surrogates of their  in vivo  counterparts relates to their comparative properties 
with fresh isolates. Recent results suggest that cultures of synovial fi broblasts below 
four passages display similar phenotypes to primary isolates.25 The cells in the pres-
ent studies were only cultured up to passage four for this reason. 

 The 2D separation of the FLS resulted in a well-resolved mixture of proteins 
with �800 spots detectable by staining with colloidal Coomassie blue. We have also 
used gels stained with a silver-based method to detect proteins. However, in our 
experiences the Coomasie staining is preferred because there is much better correla-
tion between the staining intensity and protein levels. Also, there is relatively little 
difference in the sensitivity of the two methods. 

 We have routinely used MALDI-based MS for this type of study because of the 
ability to archive and reanalyze samples of interest. Also the ease of multiple sample 
application makes the approach particularly appealing for this type of analysis. We 
set a fairly high confi dence threshold for protein identifi cations (i.e., expectation 
value �10 �3.3 ) in order reduce the risk of false identifi cations. In those cases where 
novel gene products were identifi ed, MS/MS was performed to confi rm the identity 
of the protein. 

 A total of 368 spots of varying intensities were selected for analysis. Approximately 
70% ( n  � 254) of these spots were identifi ed by peptide fi nger printing. However, only 
192 distinct proteins were identifi ed. This reduced number of unique identifi cations 
of proteins relative to the number of spots analyzed derives from the fact that individ-
ual proteins undergo posttranslational modifi cations. This results in a single protein 
giving rise to multiple distinct spots. This is highlighted in Figure 13.1B where the 
beta actin and lamin A/C series are expanded to demonstrate these changes. Clearly 
this information may be relevant in those cases where charges in posttranslational 
modifi cations may be associated with disease-related alterations in protein function 
or activity. However, this property leads to redundancy in sampling of a given gene 
product thus reducing the effi ciency of identifi cations. 

 Examples of identifi ed proteins are listed in Table 13.1. The enzyme uridine 
diphosphoglucose dehydrogenase is involved in the synthesis of hylauronic acid. 
This is a component of the joint fl uid that is essential for the maintenance of joint 
fl uid viscosity. Histochemical methods have demonstrated the presence of this 
enzyme in the synovial lining and in cultured FLS.26,27 Similarly a number of the 
identifi ed proteins have been identifi ed as auto antigens in RA (e.g., colligin, BiP, 
and Hcgp39).28,29 Recently there have also been descriptions of the animal type lec-
tins, galectin 1 and 3 in the synovial tissues of RA patients, and these were readily 
demonstrable in the present studies.30,31 These observations suggest that the bio-
synthetic properties of the cultured cells display some similarity with cells in the 
rheumatoid tissue. 

 Several proteins of unknown function or description were also identifi ed. The 
identifi cation of these might be viewed as the discovery aspect of this type of analy-
sis. Interestingly a relatively abundant protein identifi ed as the product of chromo-
some 19 ORF 10 was also observed in the FLS-derived materials. The function of 
this protein is unknown at present. This identifi cation has been confi rmed on several 
samples by both MS and MS/MS. The fact that a previously unknown protein can 
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be expressed at such signifi cant levels highlights the value of detailed compositional 
analysis. This gene has been cloned and expressed allowing for the generation of 
reagents for functional and distributional analysis. Clearly such identifi cations pro-
vide the basis for a better understanding of these proteins and for a more complete 
characterization of synovial cell functions. 

 13.4.2 Analysis of Synovial Fluid 

 A major restriction of many analytical methods on clinical samples is the lim-
ited load capacities of separation steps. This means that low-abundance proteins 
will not be well represented in analysis of unfractionated materials. A number of 
approaches have been developed to deal with this problem based on the depletion of 
high-abundance proteins such as albumin and immmunoglobulin. Methods include 
antibody or affi nity-based separations or prefractionations.32 One of the limitations 
of affi nity depletion methods for very high abundance proteins such as albumin or 
immunoglobulin relates to the high concentrations (mM) that must be removed. 
Highly specifi c antibody methods lack the capacity because of the near stoichi-
ometry between the amounts of antibody and the immunosorbent. This limits the 

FIGURE 13.1 Total cell lysates of cultured FLS cells were resolved on a pH 3–10 IPG strips 
and separated by SDS-PAGE in the second dimension. The gels were stained with colloi-
dal Comassie blue, and individual spots were excised and processed for in-gel digestion and 
MALDI MS analysis. (1) The positions of colligen, UDPGDH, Chr19 Orf10 are highlighted 
by the circles and arrow; (2) an enhanced view of the gel indicates examples of series of the 
same proteins undergoing posttranslational modifi cation; (A) beta actin; (B) lamin A/C series.
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TABLE 13.1  Proteins Identifi ed in FLS

Protein ID Gi No. Obs. pI Obs. MW Cov. Expect. Function 
Beta galactoside 
soluble lectin 

gi|227920| 4.8 14 81 1.3 � 10�6 Calcium binding/cell 
signaling/cell cycle 
regulation 

Galectin 3 gi|28071074| 8.3 28.3 74 7.2 � 10�10 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Colligin-1 gi|4502597| 7.9 47.4 52 1.8 � 10�6 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Lymphocyte 
antigen 
6 complex  

gi|15306356| 7.5 16.5 53 4.6 � 10�5 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Manganese 
superoxide 
dismutase  

gi|443133| 7.6 25.1 96 2.9 � 10�7 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Peroxiredoxin 1 gi|4505591| 8.2 24.6 80 2.3 � 10�13 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

UDP-glucose 
dehydrogenase 

gi|4507813| 7.1 52.4 66 3.5 � 10�13 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Cathepsin D 
preproprotein  

gi|4503143| 5.4 28.9 43 7.6 � 10�7 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Collagen alpha 
2(VI) chain 
precursor 

gi|27808647| 5.6 72.6 11 1.3 � 10�7 Cytoskeletal/Cell 
Adhesion 

Inorganic 
pyrophosphatase 

gi|11056044|  5.7 33.5 26 9.6 � 10�7 Metabolic 

BiP protein gi|6470150| 6.6 31.7 20 3.6 � 10�7 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

39 kDa synovial 
protein 

gi|29726259| 6.9 25 31 3.3 � 10�8 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Cathepsin D 
preproprotein 

gi|4503143| 5.9 29.2 50 7.0 � 10�11 Infl ammatory/Stress 
Response/Antioxidant/
Protease 

Note: Representative examples of identifi ed proteins related to synovial function or infl ammatory 
responses. The protein identities, GI numbers, observed pI and MW, percent coverage of protein sequence 
observed and expectation values are given for the examples.

DK3068_C013_r04.indd   226DK3068_C013_r04.indd   226 10/23/2005   8:02:34 PM10/23/2005   8:02:34 PM



Proteomic Approaches to the Study of Rheumatoid Arthritis 227

utility for depleting anything but microliter quantities of serum. Such quantities 
are unlikely to be useful for the  detection of very low abundance species. Other 
methods lack the selectivity of the immunological approaches. Thus increasing the 
possibility of simultaneously removing other proteins. 

 We have been examining the use of IsoelectrIQ 2  multichambered electrolyser 
(MCE Proteone Syster) as a means of fractionating the samples and eliminating high-
abundance proteins. The underlying principle is that proteins are separated in solution 
between membranes with immobilized ampholytes of fi xed pH values.33 These provide 
a barrier for proteins with pIs between the pH values of the fl anking membranes. The 
potential advantages relate to the large volumes and protein loads that the instrument 
can process. This affords the means to acquire signifi cant levels of low-abundance 
proteins. Additionally the availability of membranes with narrow pH increments pro-
vides, at least in principal, the possibility of subfractionating the high-abundance com-
ponents so as to isolate minor components that share comparable, but not identical, 
physicochemical properties. The system was originally developed as a preparatory 
step for two-dimensional gel analyses. However we have been examining the feasibility 
of using the MCE as a prefractionation step for single or multidimensional liquid 
chromatography. The rationale for such an approach relates to the ease of sample 
processing and the subsequent capacity to carry out a variety of high-resolution chro-
matographic steps on-line or off-line for subsequent MS analysis. 

 A problem encountered using this approach relates to the large volumes (5 ml) of 
the fractions that are generated during the MCE. As a preparatory step for subsequent 
2D analysis the samples are precipitated using acetone and resuspended in buffers for 
isoelectric focusing. However these buffers contain chaotropes, detergents, and salts 
that are not compatible with downstream liquid chromatography (LC) and MS. Thus 
we sought other approaches for processing. 

 Samples of MCE fractions were diluted and directly digested with trypsin and 
desalted on a strong cation exchanger, and the peptides were eluted in ammonium 
bicarbonate buffer. The samples were then separated on a C18 micro LC column 
either off-line for MALDI or on-line for electrospray ionization (ESI) based MS/
MSMS. Figure 13.2 outlines the procedural fl ow of the separation process. 

 Peak identifi cation and mass assignments were generated using an automated 
program Knexus (Proteometrics Canada). The peak lists were submitted as .dta fi les 
for analysis using X! TANDEM TANDEM Spectrum Modeler. This bioinformatics 
component matches tandem mass spectra with peptide sequences for protein iden-
tifi cation using a statistical signifi cance algorithm very similar in concept to that 
used for the sequence similarity algorithm BLAST. The public user interface (and 
source code) for TANDEM is accessible at the Global Proteome Machine (http://
www.thegpm.org/). 

 The SDS-PAGE analysis of reduced and alkylated synovial fl uid demonstrated 
that there were several species that predominate in the fl uid (Figure 13.3). Albumin 
and immunoglobulin are in such high excess that they result in gel distortion, making 
it diffi cult to detect minor species. Excision of the bands and in gel digestion pro-
vided suffi cient material to identify the majority of visible bands by MALDI MS as 
derivatives of albumin and immunoglobulin heavy and light chains. 
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FIGURE 13.2 Flow chart of MCE-based synovial fl uid analysis. Samples are separated by 
in solution isoelectric focusing using MCE. The individual fractions are digested with trypsin 
and desalted on a strong cation exchange column. The peptides are eluted and fractionated on 
a µLC C18 column for subsequent MS analysis.
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 A series of narrow pH membranes of 0.5 pH increments from 5.0 to 7.0 were 
used to fractionate the synovial fl uid, and the samples were analyzed by SDS-PAGE. 
The 5.0–5.5 chamber contained virtually all of the albumin as detected by SDS-
PAGE (Figure 13.3, compare lanes 2 and 3). In contrast the immunoglobulin chains 
were more broadly distributed over several fractions with the majority of protein 
located in fraction corresponding to pH 6.5–7.0. The immunoglobulins are expected 
to show a much broader pI distribution because of their well-recognized microhet-
erogeneity. These results suggest that agents such as protein A or G might be a more 
effective way of removing immunoglobulins while albumin was very effectively 
removed using the MCE. 

 The MCE fractionation clearly resulted in the enrichment of a number of proteins 
that were either not visible or minor in the starting material (compare all lanes with 
lane 1 in Figure 13.3). These samples could readily be processed for in-gel digestion 
and MS-based peptide fi ngerprinting. As our interest is in obtaining a comprehensive 

FIGURE 13.3 (A) SDS-PAGE analysis of reduced and alkylated synovial fl uid. Albumin 
and immunoglobulins represent the predominant species. (B) SDS-PAGE analysis of MCE-
fractionated synovial fl uid. M, molecular weight markers; (1) untreated synovial fl uid; 
(2) reduced and alkylated starting material, MCE fractions; (3) pH 5.0–5.5; (4) pH 5.5–6.0; 
(5) pH 6.0–6.5; (6) pH 6.5–7.0; (7) pH 7.0–8.0; (8) cathode pH �8.0. Note the absence of 
albumin in the pH 5.0–5.5 and pH 6.0–6.5 fractions.
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inventory of the rheumatoid synovial fl uid we examined the possibility of processing 
MCE fractions for direct analysis by LC MS/MS .

 Separation of samples by LC is demonstrated in Figure 13.4A. The samples were 
analyzed directly by on-line nano LC electrospray ionisation (ESI) MS/MS or by 
MALDI MS/MS following off-line separation. The protein loads were not standard-
ized for the LC, and this is highlighted by the higher absorbances in the fraction pH 
5.0–5.5. In the example given in Figure 13.4A, an aliquot representing �0.2% of the 
total fraction was directly analyzed as compared to the whole fraction being used on 
the SDS-PAGE gel. However, it should be possible to perform digestions on entire 

FIGURE 13.4 (A) Chromatograms of �LC separations of synovial fl uid and MCE fractions. 
A, pH 5.5–6.0; B, Reduced and alkylated synovial fl uid; C, pH �8.0; D, pH 7.0–8.0; E, pH 
6.5–7.0; F, pH 6.0–6.5; (B) modifi ed GPM gel view of identifi ed proteins in the MCE pH 
5.5–6.0 fraction. The spot intensities refl ect the abundance of fragments identifi ed for the indi-
cated proteins. Program is publicly accessible at the Global Proteome Machine (http://www.
thegpm.org/).
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fractions with subsequent simultaneous desalting and concentration of the entire 
fraction on a cation exchange column .

 Analysis of the pH 5.0–5.5 fraction demonstrated that albumin was the major 
protein in this fraction (Figure 13.4B). Furthermore the analysis suggested that this 
was the predominant protein. The other proteins detected in this fraction have pre-
dicted pI values that were consistent with the pH properties of the membranes fl ank-
ing this fraction. It is worth noting that there is often a lack of correlation between 
predicted and observed pI values; thus, the former is never used as a constraint for 
protein identifi cations. 

 13.5 CONCLUSION 

 The application of proteomic approaches to the analysis of clinical samples for the 
analysis of human tissues and disease offers the opportunity to identify novel pro-
teins that may serve as biomarkers or therapeutic targets. However, the identifi cation 
of minor proteins will require high-capacity methods for the depletion of abundant 
proteins. Combinations of approaches based on selected affi nity or high-resolution 
separations such as protein A/G and MCE offer the potential for a proteomic analysis 
of the rheumatoid process. 
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     14.1 INTRODUCTION 

 Immunoglobulins (Igs) (antibodies) are highly complex and variable proteins, generated 
by the humoral immune system to a vast array of antigens. The humoral immune system 
is a fl exible system of synthesis utilizing basic peptide segments with multiple varia-
tions. Perturbations can occur at many and various points causing formation of aber-
rant peptides and proteins. Two-dimensional electrophoresis (2DE), due to its ability to 
separate proteins by isoelectric point and molecular size, is a high-resolution method 
predestined for investigation of complex questions. It allows clear separation of Ig 
chains and classes, and thus is well suited for the study of Ig patterns in various body 
fl uids and in different conditions (physiological or pathological) for research and 
diagnostic purposes. 

 14.2 IMMUNOGLOBULINS AND DISORDERS 

 14.2.1 Humoral Immune System 

 Immunoglobulin molecules are made up of four polypeptides, two identical heavy and 
two identical light chains. The heavy chains identify the fi ve Ig classes; G, A, M, D, and 
E. Light (L-) chains can be one of two classes: kappa (�) or lambda (�). Further heavy-
chain differences in primary amino acid composition divide classes into subclasses: 
IgG

 1,2,3,4 
 and IgA

 1,2 
,
   
giving the molecules some different functions. There are also allo-

typic differences with subclasses 1,2,3 having Gm specifi cities. The term Gm indicates 
a sequence on G, IgG heavy chain, which is under genetic control and acts as a pheno-
typic marker, m. IgA subclasses 1,2 also have phenotypic markers, termed Am. IgG is 
the most abundant in human serum. It can pass the placenta in humans, and the infant 
is born with a concentration of the mother’s IgG. IgG (except for subclass 4) binds 
complement strongly and enhances phagocytosis. IgA, the second highest concentrated, 
protects the mucosal surfaces. In plasma, it is usually a monomer. In secretions, it is a 
dimer joined by a peptide termed the J chain and has a peptide, secretory piece attached, 
which is part of the complex that transported the molecule to the mucosal surface. IgM 
appears early in an immune response and circulates in serum as a pentamer with a J 
chain. IgD appears to be mainly a receptor, along with IgM, on naïve B-lymphocytes. 
Only very low concentrations of IgE are present in serum. IgE appears on mast cells and 
is an effector of acute infl ammatory reactions, causing allergic symptoms. In addition, 
the protein sequence of the variable portion of the Ig protein, which gives the molecule 
an epitope specifi city (i.e., the antigen it recognizes), gives it an idiotype classifi cation. 
This idiotype epitope can be recognized by other Igs. Antibodies of different classes that 
recognize the same antigenic epitope may have the same idiotype.1 
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 Immunoglobulins are secreted by plasma cells, which have developed through an 
intricate series of cellular events. B-cells, so called because of development in the bone 
marrow, go through multiple stages before becoming mature plasma cells secreting anti-
body. Naïve B-cells coexpress IgD and IgM on the surface, and the cells have the ability 
to switch production of Ig class. B-cell response to antigenic stimulation is polyclonal 
involving the proliferation of multiple cells whose surface receptors recognize epitopes 
on the offending antigen. Clonal expansion of a single plasma cell or its precursor gener-
ates a monoclonal protein that is the common mark of plasma cell disorders. 

 14.2.2 Disorders 

 Plasma cell disorders, or dyscrasias, identifi ed in a zone electrophoresis of serum as 
a heavy electrophoretically restricted band called an M-component, or paraprotein, 
are a heterogeneous group of B-cell immune system disorders. In many instances the 
causes remain unclear and the disease may or may not be clinically malignant. An 
early classifi cation2 lists dyscrasias as shown in Table 14.1 .  

 14.2.2.1 Multiple Myeloma 

 Multiple myeloma is characterized by lytic bone lesions, an increase of abnormal 
plasma cells in the bone marrow, and a monoclonal protein in serum or urine, or 
both.3 Patients may present with bone pain, anemia, spontaneous fractures, and 
recurrent infections. Approximately, 50% of patients have an IgG paraprotein 
(M-component) and 25% an IgA. Serum levels of the polyclonal Igs may be sig-
nifi cantly reduced. Bence Jones proteins, which are free light chains, are detected in 
urine in approximately half of patients, and about 20% of patients have only Bence 
Jones proteinuria. There is also a nonsecretory myeloma (1% of patients) where no 
paraprotein is detectable in serum or urine and is only seen by immunostaining of 
plasma cells. M-proteins appear to be abnormal but are simply excessive quantities 
of normal Ig idiotypes. Monoclonal antibody specifi city in humans has been associ-
ated with a wide variety of bacterial antigens, including streptolysin O, staphylococ-
cal protein,  Klebsiella  polysaccharides, and  Brucella .4 However, most antigens are 
unknown. IgD myeloma (about 2% of cases) is a very serious fi nding with survival 
time after diagnosis approximately 14 months. Light-chain type in 90% of IgD cases 
is �, whereas this is true in only 30% of IgG and IgA myelomas. Patients can have 
a normal concentration of Igs even when an M-protein is present. In IgD myeloma, 
the serum levels of total protein and monoclonal protein are usually not very high.2 
The fi nding of a monoclonal � band by electrophoresis in the absence of a detectable 
monoclonal heavy chain band may suggest an IgD myeloma. 

 14.2.2.2 Waldenström’s Macroglobulinemia 

 The major clinical feature of this dyscrasia is serum hyperviscosity caused by 
high concentration of monoclonal IgM, aggregate formation, cryoprecipitation, and 
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autoimmune antibody activity.3 IgM is generally in the pentameric form, but many 
patients have monomeric. It is suggested Waldenström’s is produced by proliferation 
of cells of B-1 lineage that secrete low affi nity, multispecifi c autoantibodies, and 
so-called natural antibodies to bacterial carbohydrates. 

 14.2.2.3 Solitary Plasmacytoma 

 Solitary plasmacytoma is an isolated plasma cell tumor that can occur in bone or 
 extramedullary tissue (arising outside of bone marrow). These may be two different 

  TABLE 14.1 Plasma Cell Disorders 

Primary Monoclonal Gammopathy
Multiple myeloma

Waldenström’s macroglobulinemia

Solitary plasmacytoma

Amyloidosis

Heavy-chain disease

Various types of non-Hodgkins lymphoma

Chronic lymphocytic leukemia

Light-chain disease

Secondary Monoclonal Gammopathy
Cancer (nonlymphoreticular)

Monocytic leukemia

Heptobiliary disease

Rheumatoid disorders

Chronic infl ammatory states

Cold agglutinin syndrome

Benign hyperglobulinemic purpura of Waldenström

Papular mucinosis

Immunodefi ciency

Monoclonal Gammopathy of Undetermined Signifi cance (MGUS)
Transient

Persistent

Disorders of Immunodefi ciency

Hypogammaglobulinemia, genetic and acquired

Note: Adapted from Wells et al.2   
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 diseases, often discovered by a routine x-ray or a patient complaint of pain. M-protein 
is found in serum or urine, or both, in 63% of patients. Solitary plasmacytoma 
of bone frequently progresses to multiple myeloma and has a poorer prognosis. 
Extramedullary has a predominance of IgA monoclonal protein, and only 15% of 
patients evolve to multiple myeloma.5 

 14.2.2.4 Amyloidosis 

 Amyloidosis, a heterogeneous group of diseases, is the effect of deposition of fi brils 
in tissue. The nature of the fi bril protein is used to characterize the disease; most of 
these are not diseases of Igs. Solubilization and sequencing of fi brils identifi ed that 
certain complexes are made up of polymerized fragments of light chain, mainly the 
variable region and an 8000 kD protein A. This disease is termed amyloidosis AL. 
Suggested mechanisms for deposition include catabolism by macrophages of depos-
ited antigen-antibody complexes,  de novo  synthesis of light chains with reduced 
solubility, genetic deletions in light-chain gene producing a fragment of reduced sol-
ubility, separate synthesis of discrete regions of the light chain. Deposition is found 
in the gastrointestinal tract, liver, kidneys, adrenals, and spleen. Renal involvement 
is often a poor prognostic sign. The diagnosis is hard to establish, and detection of 
a monoclonal antibody in serum or urine is a helpful fi nding for making an early 
diagnosis, but tissue documentation by Congo Red staining in biopsy material is 
critical. 

 14.2.2.5 Heavy-Chain Diseases 

 Heavy-chain diseases are rare diseases characterized by an M-protein composed 
of incomplete heavy chains, either �, �, or �, with � as the most prevalent. Large 
amounts are excreted in urine, but serum concentration is usually low. N-terminal 
sequence is normal, but there are deletions from the variable domain through most 
of the C

 H 
1 region. The chains lack the structure required to form cross-links to light 

chains, possibly due to a gene rearrangement defect during B-cell development.3,6 
A truncated � heavy chain with no light chains is expressed in mucosa-associated 
lymphoid tissue in immunoproliferative small intestinal disease (IPSID), thought to 
be caused by  Campylobacter jejuni .7 

 14.2.2.6 Monoclonal Gammopathy of Undetermined 
Signifi cance 

 The term monoclonal gammopathy of undetermined signifi cance (MGUS) indi-
cates the presence of a monoclonal protein in persons not presenting with clinical 
evidence of plasma cell disorders. The earlier use of the word benign in relation 
to these disorders was misleading because the patient may remain asymptomatic 
or may develop into symptomatic multiple myeloma, macroglobulinemia, amyloi-
dosis, or other plasma cell disorders. Monoclonal gammopathy of undetermined 
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signifi cance occurs in 3% of persons over 70 years of age. The interval from 
time of recognition of the M-protein to diagnosis of clinical symptoms can range 
from 2 to 29 years. An important risk factor for progression to disease is the 
concentration of serum M-protein. The presence of a monoclonal light chain in 
urine also suggests multiple myeloma, although very small concentrations may 
be normal.4,5,8 

 14.2.2.7 Immunodefi ciency 

 Antibody defi ciency disorders comprise a spectrum of diseases, some congenital and 
some acquired. Disorders range from complete absence of all classes of Ig (hypo) to 
selective defi ciency of a single class. The degree of symptoms found in patients is 
dependent on the degree of defi ciency. 

 14.3 METHODS TO INVESTIGATE IMMUNOGLOBULIN 
PATTERNS (AS EXEMPLIFIED FOR SERUM) 

 14.3.1 One-Dimensional Separations 

 Classical methods for the detection of gammopathies have been immunoelectro-
phoresis and zone electrophoresis. In zone electrophoresis serum proteins are sepa-
rated in several bands, almost exclusively on the basis of their surface charge, on a 
(theoretically) inert support without additional sieving effects of the matrix (nowadays 
mainly cellulose acetate strips or agarose gels).9–11 Immunoglobulins show �-globulin 
mobility (IgG), but depending on the class can appear also in the �

 2 
- or �-zone: either 

as a general increase of the peak (for polyclonal Ig) or as a sharp and narrow band or 
spike (for monoclonal Ig, the so-called M-component). Whereas zone electrophore-
sis allows densitometric quantifi cation of albumin and the single globulin fractions, 
immunoelectrophoresis is able to identify the Ig classes on the basis of the immuno-
logic reaction with the respective antibodies.2,9 In routine electrophoresis, nowadays 
immunoelectrophoresis is usually replaced by immunofi xation after high-resolution 
electrophoresis. Gammopathies are detected by their specifi c reaction with appropriate 
antibodies and by band sharpness.10,11 

 In the last ten years, capillary zone electrophoresis has proven useful in serum and 
plasma protein electrophoresis, giving very similar separation patterns to those of gel-
based methods.12–14 Therefore, the method can also be routinely used for the detection 
of paraproteins15,16 and is one of the recommended methods.10,11 

 For further investigation on the patient’s pathological Ig pattern, isoelectric focus-
ing,17,18 sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and 
2DE may give additional important details which can be helpful for diagnosis. 

 Figure 14.1 shows one-dimensional SDS-PAGE of serum specimens of several 
patients with monoclonal gammopathies compared to normal serum. With this method, 
not all cases of paraproteins can be seen as additional distinct bands in the L and H 
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range. Especially the �-chain stays undetected when not present in high amounts, as it 
comigrates with transferrin. 

 14.3.2 2DE 

 From the early beginnings of 2DE on, serum protein patterns in health and disease 
were among the topics of interest because of the possible clinical and diagnostic 
relevance and the easy availability of serum samples. The fi rst 2DE maps published 
for human serum proteins were from the Anderson group20 and were established 
with the ISO-DALT system. The fi rst-dimensional IEF was performed under reduc-
ing and denaturing conditions in tube gels in the presence of carrier ampholytes. 
After equilibration, the tube gels were placed on top of vertical SDS slab gels, run 

  FIGURE 14.1  SDS-PAGE of myeloma serum samples. SDS-PAGE according to Laemmli121 
on gels of 140 � 140 � 1.5 mm (separation gel: T, 10–15%; C, 2.7%; stacking gel: T, 5%; 
C, 2.7%); stained with Coomassie Brilliant Blue R-250. The positions of the Ig chains are 
indicated on the right side. Samples: lane 1, molecular weight marker (LMW, Amersham 
Biosciences, Uppsala, Sweden); lanes 2–13, serum samples, corresponding to 0.5 �l serum 
each; lane 2, healthy volunteer; lanes 3–13, myeloma patients; lane 3, � chain only; lane 4, 
multiple � chains, polyclonal heavy chains; lane 5, � chain only (see also Figure 14.9); lane 6, 
increased Igs; lane 7, �-IgG monoclonal; lane 8, � and � chains only; lane 9, �-IgG monoclonal 
(see also Figure 14.3C); lane 10, multiple � chains, polyclonal heavy chains, same patient as in 
lane 4 (few weeks later); lane 11, �-IgM monoclonal (see also Figure 14.5C); lane 12, triclonal 
�-IgM/IgA; lane 13, biclonal �-IgM with �

 S 
-chain (see also Figure 14.6). 
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overnight, and stained with Coomassie Brilliant Blue R-25020 and later also with 
silver for more sensitive detection.21 This method was also applied for samples 
from patients with various diseases22–25 with special emphasis on Ig patterns26 and 
gammopathies.27,28 

 With the development of immobilized pH-gradient gels, most investigators 
switched to this new type of fi rst-dimensional separation (IPG-DALT). Evaluations 
of IPG-DALT for the study of gammopathies and comparison of gel patterns with 
those obtained with carrier ampholytes have been described29 (for urine).30 Patterns 
have been found to be equivalent in most respects, as is also demonstrated in the 
fi gures presented in this chapter. Nevertheless, IPG gels show some advantages: 
( a ) they allow more fl exibility in the use of pH gradients (narrow-range gradients or 
ranges extending to alkaline pH) and ( b ) less impact of the protein distribution of the 
sample on the shape of the pH gradient is noticed. Therefore, IPG-DALT is now the 
method most frequently used to study Ig patterns in 2DE.16,31 Protocols for sample 
preparation, separation steps, and staining are available on ExPASy32 and also the 
human plasma protein identifi cation map33 (based on25, 34–36). 

 14.3.3 Specifi c Detection 

 In addition to the separation of unfractionated serum or plasma with pattern visualiza-
tion by Coomassie Brilliant Blue and silver staining, immunoblotting and detection 
with specifi c antibodies have proven very helpful for identifi cation of Ig classes.26,30 
For special applications, enrichment and purifi cation of Igs have been performed on 
immobilized staphylococcal protein A21,37 or protein G38 or by affi nity chromatog-
raphy with specifi c antibodies.38,39 In critical cases, especially when overlap occurs 
with high-abundance serum proteins like albumin and transferrin, only this purifi ca-
tion step allows resolution of the paraprotein. In addition, by combination of these 
different affi nity methods, overall Ig and antigen-specifi c antibody patterns (e.g., in 
course of a vaccination) may be compared.40,41 

 14.4 SERUM 

 14.4.1 Physiological Patterns 

 The prerequisite for the study of pathological patterns is the knowledge of physi-
ological patterns and thus the setting up of a reference protein map of a healthy 
population. Since proteins are separated under denaturing and reducing condi-
tions, heavy chains are well separated from light chains. Heavy chains of differ-
ent Ig classes are detected in nonoverlapping areas of the gels. Positions of IgG 
single chains were already identifi ed,20 and those of the other Igs followed.22,26,27 This 
resulted in a map with the locations of heavy and light chains of most of the Ig classes 
and subclasses,26 as shown in Figure 14.2 .  In contrast to those early publications, 
Figure 14.2 shows a close-up of an IPG-DALT gel, the separation of serum from a 
healthy donor. Positions of the main Ig chains are indicated by boxes. Each Ig chain 
is characterized by a series of spots, displaying charge and size microheterogeneities 

DK3068_C014_r04.indd   242DK3068_C014_r04.indd   242 10/23/2005   8:02:46 PM10/23/2005   8:02:46 PM



Immunoglobulin Patterns in Health and Disease 243

(mainly due to posttranslationational modifi cations, proteolytic cleavage, or genetic 
polymorphism). Polyclonal heavy chains are observed as fuzzy zones without dis-
tinct individualizable spots. According to Tracy et al.,26 IgG heavy chains of different 
isotypes are located on specifi c areas of the gels. In contrast to that, Vu et al.31 found 
no correlation between IgG isotype and position of the respective heavy chain on the 
gel. Nevertheless, both agree about the general gel location of � chains. � and also 
� chains are not very easily detectable in healthy persons. Polyclonal light chains 
appear as clustered nondiscrete spots, forming cloudy zones with unevenly distrib-
uted density over a wide pH and kD range. The apparent molecular mass of � light 
chains is typically lower than that of � light chains. 

 Patterns of healthy adult individuals have been given on numerous occasions, mainly 
as a reference when studying pathological processes.20,21,24,25,27,33,34,43–44 

 Igs are proteins with high diversity due to their properties and main functions in 
immune response and defense of the individual organisms. Therefore, the question 

  FIGURE 14.2  2DE of normal serum with the positions of single Ig light and heavy chains 
indicated. IPG-DALT with IPG pH 4–10 nonlinear (NL) over a distance of 10 cm as a fi rst 
dimension and SDS-PAGE (as described in Figure 14.1) as a second; silver staining with 
a modifi ed Heukeshoven method.42 Sample amount corresponding to 0.5 �l serum (from a 
healthy individual). The positions of the heavy and light Ig chains of different classes and 
subclasses are indicated by boxes, as well as the J chain, which combines the monomers of 
dimeric IgA and pentameric IgM. 
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about variability of the light-chain pattern arose quite early. 2DE was used for map-
ping and comparison of the light-chain patterns of different inbred and outbred 
mice, revealing 20 to 30% variation for the former and about 70% for the latter.46 
In humans, several aspects of Ig development and variation have been investigated 
in order to learn more about the humoral immune system in health and disease. 
One research topic was early human development.47,48 From the eighteenth week 
of gestation, maternal IgG could be detected in growing concentrations, and from 
the thirty-eighth week, IgA and IgM could also be detected.47 The light-chain clon-
ality pattern from healthy newborns was similar to that observed on protein maps 
of their mothers or of normal adults. Monoclonal gammopathies have rarely been 
reported in newborns. They may be either related to congenital infections (e.g., toxo-
plasmosis) or passively transmitted by the mother. A case of a single �-IgG spot in a 
30-week-old premature infant has been reported.49 It decreased in intensity over time 
and was most likely transmitted from the mother’s blood, where 2DE revealed it as 
well. In healthy infants of 1 month to 5 years of age, discrete, but evident alterations 
of the light-chain patterns occurred: fi rst a restricted clonal pattern developed (with 
single, sharp, well-resolved spots similar to those of monoclonals), but then it pro-
gressively evolved toward an apparently normal polyclonal pattern. These fi ndings 
have been attributed to clonal imbalances of Ig production during maturation of the 
humoral immune system.48 

 Another interesting aspect of physiological importance, the diversity of antigen-
specifi c antibodies, was studied in human adults.40,41 Antibody production was induced 
by vaccination with tetanus toxoid and the overall as well as the specifi c Ig response 
followed over time. Differentiation of Ig populations was possible by a combination of 
protein G- and antigen-specifi c affi nity chromatography, and comparison of Ig light-
chain patterns in 2DE. The antigen-specifi c antibodies developed were polyclonal with 
a superimposed oligoclonality that was donor dependent and did not change upon time. 
Their light-chain diversity was unaffected by boosting and unrelated to the intensity of 
the response.41 

 14.4.2 Pathological Conditions 

 14.4.2.1 Monoclonal Gammopathies 

 Monoclonal Igs (monoclonal antibodies [Mabs]) are secretory products of single neo-
plastic plasma cell clones but are not always as homogeneous as one would expect. This 
was already recognized in studies applying one-dimensional isoelectric focusing (e.g., 
for testing of murine or human Mabs secreted by hybridoma technology).50,51 The Mabs 
gave sets of multiple dense and several less prominent bands, although the pH range was 
narrower than in focus of polyclonal (� 0.6 units vs. 	 2 units).51 Microheterogeneity 
was attributed to mutations, amidation and deamidation of amino acids, variable glyco-
sylation, and other posttranslational modifi cations,50 but focusing patterns of intracel-
lular and secreted antibodies may differ.51 

 In 2DE, monoclonal heavy chains are detected as sets of multiple well-resolved 
spots characterized by charge microheterogenenity. They are usually located at the 
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same positions as the corresponding polyclonal heavy chains of the respective Ig 
class (Figure 14.2). A monoclonal light chain from a single monoclonal Ig is usually 
characterized by one dominant and well-defi ned single spot but can also disseminate 
in more than one spot. The isoelectric point (pI) of the light chain may vary over a 
wide range (from 5–11).29 

 Early 2DE studies (ISO-DALT on small size-gels) with sera of myeloma patients 
helped to establish the positions of the Ig single chains in the overall serum protein 
pattern and brought fi rst insight into glycosylation sites.27,52 Neuraminidase treatment 
of serum or purifi ed myeloma proteins made spots of original Ig �, � and 
 chains 
shift markedly toward more alkaline pIs and confi rmed the hypothesis that sialic acid 
is largely responsible for their charge microheterogeneity. Light and �-chains were 
not infl uenced by this treatment, suggesting sterical hindrance, amidation and deami-
dation, or other modifi cations.28,52 Light-chain patterns of patients may not change 
over months and years.28 Not all changes in the light-chain region are related to Igs: 
the appearance of high levels of C-reactive protein (in severe infl ammation), serum 
amyloid P or pro-apolipoprotein A-I may be observed (see Figure 12 of Tissot and 
Spertini29). 

 The usefulness of 2DE as an aid in the analysis of the clonality of Igs in dif-
ferent clinical situations was established by a large number of studies.26,28,29,31,38,52,53 
Results about distribution and appearance of certain disorders vary but may depend 
largely on the groups of patients investigated and the methods used. For instance, 
Harrison et al.28 reported a 76% charge heterogeneity of light chains, but Tissot 
et al. reported only 29%38,54 (i.e., a very different percentage of samples with mul-
tiple L-spots). Often, 2DE can reveal much more complex patterns than expected 
from routine electrophoresis: suspected monoclonal antibodies may turn out to 
have single aberrant chains (heavy or light), to be polyclonally increased or to 
contain truncated spot chains53 or unusually large molecules. One example is given 
by Goldfarb,55 a myeloma with a 100 kD monoclonal IgG. The protein, with a very 
acidic � chain (pI � 5) as revealed in 2DE, was purifi ed in a nondenaturing isoelec-
tric focusing run on the Rotofor; only then the aberrant heavy chain was found and 
further characterized. 

 Figure 14.3 shows different examples for Mabs of the IgG type (A and B with 
alkaline � chain; C with a moderately acidic � chain). The patients represented in A 
and C belong to the IgG

 1 
 type, patient B is IgG

 3 
 with a clearly visible IgG

 1 
 spot train 

at the position below. When the Mab is present in large amounts as in Figure 14.3A, 
additional fragments, possibly degradation products, become visible. This spot chain 
�� has also been found by several other investigators, especially in context with 
gamma heavy-chain disease,6,56 and in those cases it has been identifi ed to contain 
the Fc terminus of the respective � chain. It is present as IgG �

 S 
 intermediate chain 

also in the plasma map in36 and in SWISS-2DPAGE.33 Similarly, this map also shows 
products with higher molar mass quite frequently found in hypergammaglobulin-
emic sera, probably incompletely reduced and reaggregated IgG single chains or half 
molecules. 

 In a critical review about the analysis of Igs by 2DE,29 Tissot and Spertini pointed 
out the main problems in detecting monoclonal � chains: superposition of polyclonal 
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� chains and the basic pI of some monoclonal � chains. At that time, they investigated 
Ig serum patterns by either ISO-DALT or IPG-DALT, but both in a broad pH range. 
In a later paper by the same group,31 sample testing was extended also in the alkaline 
pH range: in 52% of the investigated monoclonal IgGs (pretested by immunofi xa-
tion), the monoclonal � chain was found by using IPG pH 3–10 in the fi rst dimen-
sion, and additional 8% in the IPG range of pH 6–11; 4% were hidden by polyclonal 
� chains, and for 36% no monoclonal heavy chain was found. In contrast to this, in 
84% of the samples, monoclonal light chains were located. The study comprised 73 
samples, displaying monoclonal light chains of pI 5 to 7.2 and � chains of pI 6 to 9 
(the majority of subtype �

 1 
). Both types of chains were highly heterogeneous in their 

electrophoretic behavior, and the authors were not able to fi nd a classifi cation based 
on their electrophoretic properties. 

 Examples for monoclonal IgA of the � type are shown in Figure 14.4 and Figure 
14.10C. In Figure 14.4, the � chain is rather close below the albumin chain, with 
almost the same pI; similarly, the light chain is adjacent to the apolipoprotein A-I 
spots. The IgA isoform in Figure 14.10C is slightly more acidic, of higher concentra-
tion, and displays a very prominent � chain. Small amounts of dimerized light chain 
are visible (this phenomenon has already been described by Harrison28). 

 Figure 14.5 shows patterns from patients with different types of IgM gammopa-
thies. Close-ups were taken from the � chain, (located close to the large albumin 
spot) and from the light-chain region. It is a general fi nding that secretion of a Mab 
may downregulate the normal Ig production.53 Patients represented in Figure 14.5A 
and 14.5C differ not only in the pI of the light and � chain, but also in the presence of 
the J chain: it is quite marked in the patient represented in Figure 14.5C. The conclu-
sion is that the patient in Figure 14.5C produces intact IgM pentamers, but the patient 
in Figure 14.5A probably produces monomeric IgM. It is not always easy in 2DE 
gels to distinguish basic monoclonal � chain spots (of pI 6.1–6.8) and transferrin, as 
they often overlap (this has also been described by Tissot and Spertini29). 

 Figure 14.6 actually would belong to the next section (biclonal gammopathies), 
but is discussed here, as the sample shows some interesting features that occur also 

  FIGURE 14.3  Sera of patients with monoclonal gammopathies of IgG type. 2DE 
as in Figure 14.2, corresponding to 0.2 �l serum each. Patients showed paraproteins 
(A) �-IgG

 1 
; (B) �-IgG

 3 
; and (C) �-IgG

 1 
. 
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  FIGURE 14.4  Serum of patient with monoclonal gammopa-
thy of IgA type. 2DE as in Figure 14.2, corresponding to 0.2 �l 
serum. Patient sample with small amounts of �-IgA (single chains 
indicated). The two spots of apolipoprotein A-I, adjacent to the � 
spot, are marked with an asterisk. 

in single Mabs. First, the serum displays two light chains that have both been typed 
by immunoblotting to be �. Second, there is one intact � chain at the same height as 
transferrin with spot chains almost fusing, and a second one, called �

 S 
 (or intermedi-

ate �
 S 
), of much smaller molar mass. The fi rst fi nding, a � chain with a mobility in the 

�-chain region, is not so unusual. Size variations in both light-chain types may occur 
due to heavy glycosylations or extended peptides.57,58 Tracy et al.26 reported that the 
predictive value for correct identifi cation of � and � by relative mobility was 83 and 
69%, respectively. The same authors also described a � chain of about 48 kD, about 
25 kD shorter than usual, and identifi ed its class by immunoblotting. This truncated 
form was called the �

 S 
 chain.37 The same double spot row at 45–48 kD was found in 

purifi ed preparations of polyclonal IgM and also an additional polypeptide associated 
with IgM, the latter especially in cryoglobulin preparations.38,59 It is not clearly identifi -
able in the respective region of Figure 14.6 but should be present as two small spots at 
the lower left of the �

 S 
 chain (pI 5.45, 44 kD). The protein was later identifi ed as Sp� 

(CD5 antigen-like),60 a member of the scavenger receptor cysteine-rich superfamily of 
proteins that have important functions in the regulation of the immune system.61 

 In normal serum, polyclonal 
 chains are present only in small amounts and 
comigrate with serum albumin; they are therefore not detectable. Monoclonal IgD is 
a rare paraprotein and is often not found in routine testing (if the panel of antibodies 
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does not include anti-IgD) but diagnosed as light-chain disease, which causes simi-
lar symptoms. In most reports � chains prevail over � chains. Figure 14.7 gives an 
example of a �-IgD. Spertini et al.39 described four cases of �-IgD. The 
 chain may 
not be discernable in complete serum, especially in the case of overlap with albumin. 
Affi nity purifi cation overcomes the problem and allows correct identifi cation and 
treatment.39 

 IgD has been usually described as a multiple spot chain39,52 (faintly seen also in 
Figure 14.7). This size heterogeneity (difference in molar mass approximately 3 kD) 
also persists in neuraminidase treatment, despite the pI shift of the spots due to sialic 
acid loss.52 

 Figure 14.7A and 14.7B show detailed views of the 
-chain region from ISO-
DALT and IPG-DALT gels of the same sample. Patterns are very similar. As a hori-
zontal method, IPGs offer the advantage that the sample application point can be 
chosen depending on the sample and the separation task (here near the anode). In this 
way, the risk of artifacts (e.g., smearing of the large albumin spots) can be reduced. 

 14.4.2.2 Biclonal and Oligoclonal Gammopathies 

 Biclonal gammopathy is characterized by two monoclonal Igs present in the same 
sample. They may either be produced by a single B-cell clone (differences due to 

  FIGURE 14.5  Sera of patients with monoclonal gammopathies of IgM-type. Close-ups 
from 2DE gels are shown from the �-chain region (obtained by IPG-DALT, as described in 
Figure 14.2) and from the light-chain region (obtained by ISO-DALT, as described below). 
Samples correspond to 0.5 �l original serum for IPG-DALT or 1 �l for ISO-DALT, respec-
tively. The patients showed the following paraproteins: (A) monoclonal �-IgM (probably 
monomeric) in the presence of normal amounts of polyclonal IgG; (B) monoclonal IgM 
where no corresponding light chain was detected by 2DE, with marked downregulation 
of the IgG production; and (C) monoclonal �-IgM (pentameric) in the presence of poly-
clonal IgG. ISO-DALT system: 2DE performed as described by Goldfarb53 (tube gels of 
1.5 mm diameter, CA pH 3–10, SDS-PAGE in 140 � 160 � 1.5 mm gels with T � 10–20%; 
silver staining). 
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class switch) or by distinct cell populations. This depends on which kind of B-cell is 
involved, pre-switch B-cells or more differentiated plasma cells.29 The origin of the 
biclonality largely infl uences the patterns, as refl ected in Figure 14.6 and by images 
presented in literature: differences in heavy chain,26 light chains,53 and charge micro-
heterogeneity of both chains.38 As illustrated, biclonals are more easily detected with 
2DE than with routine procedures; but—because 2DE works under denaturing and 
reducing conditions—one cannot in a single step assign the light chains correctly to 
the heavy chains.26 

 In routine techniques, oligoclonal gammopathies may be incorrectly diag-
nosed as monoclonal gammopathies if there is one predominating Mab. In 2DE, 
light-chain patterns are detected as a limited number of well-distinguishable spots. 
Oligoclonality may refl ect T-B cell imbalance or selective antigenic pressures in dif-
ferent diseases, a limited repertoire of B-cell clones (e.g., in the development of the 
immune system; see section 14.4.1), or excessive B-cell proliferation.29,54 An exam-
ple of a time-course study in a patient with allogenic bone marrow transplantation 
is given:54 once the allogenic transferred bone marrow began to produce detectable 
levels of Igs, the formerly polyclonal light-chain pattern changed to oligoclonal due 
to preferentially expanded Ig-producing B-cell clones, and only in course of time 

  FIGURE 14.6  Serum of patient with biclonal gammopathy of 
�-IgM-type. 2DE as in Figure 14.2, corresponding to 0.2 �l serum. 
Patient serum sample shows two different � chains, an intact � chain, 
and a �

 S 
 chain (truncated form); single chains indicated. The light 

chains were typed by immunoblotting. 

DK3068_C014_r04.indd   249DK3068_C014_r04.indd   249 10/23/2005   8:02:48 PM10/23/2005   8:02:48 PM



250 Ingrid Miller and Marcia Goldfarb

the distinct spot pattern became less defi ned. The development seemed similar to the 
development in children47 and might refl ect a recapitulation of B-cell development. 
Another time-course study involved a child with Wiskott-Aldrich syndrome,25,62 
where a change between monoclonal and oligoclonal patterns was noticed in the 
course of the disease. 

 14.4.2.3 Other Gammopathies 

 Agammaglobulinemia, hypogammaglobulinemia, and hypergammaglobulinemia are 
terms that refer to the amount of Igs present in the patient’s serum. Except for the fi rst 
term, they do not indicate the origin and clonality of the Igs. A pattern of agamma-
globulinemia, complete absence of Igs, was shown by Hochstrasser and Tissot.25 As 
already discussed in the previous section, Ig clonality can be studied best by inspec-
tion of the light-chain pattern. Massive polyclonal stimulation can lead to the appear-
ance of numerous distinct clones in severe infection or autoimmune diseases such as 
B hepatitis or Sjögren’s syndrome.25 Besides this oligoclonal pattern, where just a lim-
ited number of Ig-secreting B-cell clones are preferentially expanded, there are also 
light-chain patterns with a wide spread of numerous indiscrete spots (polyclonal) 
or—as a minority—multiple small and well-delineated spots. Patterns look different 

  FIGURE 14.7  Serum of patient with monoclonal gammopathy of 
IgD-type; comparison of ISO-DALT and IPG-DALT. Close-ups from 
2DE gels: (A) 2DE as in Figure 14.5 (ISO-DALT), corresponding to 
1 �l serum; (B) 2DE as in Figure 14.2 (IPG-DALT), corresponding 
to 0.2 �l serum (anodic sample application). Patient sample with 
small amounts of �-IgD (heavy chain indicated). 
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depending on the patient and the disease, suggesting that different mechanisms are 
implicated in the production of hypergammaglobulinemia in humans.54 

 14.4.2.3.1 Cryoglobulins 
 Cryoproteins are defi ned as proteins precipitating reversibly at low temperatures. 
Most frequently, the precipitates contain Igs and are therefore called cryoglobulins. 
Cryoglobulins are associated with a wide variety of diseases such as various B-cell 
disorders and autoimmune diseases, or in association with viral, bacterial, or para-
sitic infections. Care has to be taken upon sample collection (prewarmed equipment); 
for further characterization, cryoglobulins can be isolated easily by precipitation in 
the cold and subsequent washing. Cryoglobulins are classifi ed according to Brouet 
et al.63 into type I monoclonal Ig, type II both monoclonal and polyclonal Igs, type III 
polyclonal Igs with or without other serum proteins. Identifi cation of the different Ig 
classes is possible by immunoelectrophoresis, immunofi xation, or immunoblotting 
after one-dimensional separations, but results are not always clearly interpretable.64 
2DE offers more possibilities to discern monoclonal and polyclonal components and 
differentiation among Ig classes and subclasses. With the help of this method, an 
additional class type II–III (complexes of polyclonal IgG with a mixture of poly-
clonal and monoclonal IgM) was found.59 A study on 335 samples65 showed that the 
majority of cryoglobulins was of mixed origin, belonging to class II, II–III, or III. 
One sample of cryofi brinogen was found. In hepatitis C virus infection, a correlation 
between serum rheumatoid factor activity and the virus genotype has been described 
with cryoglobulin clonality.66 

 14.4.2.3.2 Immune Complexes 
 Immune complexes are formed every time an antibody meets a corresponding anti-
gen, and generally they are phagocytozed either directly or upon reaction with the 
complement system and thus removed from circulation. Formation of circulating 
immune complexes in body fl uids is therefore a normal part of the humoral immune 
defense against soluble antigens, irrespective of their nature. Occasionally, immune 
complexes persist in the body and are detected as elevated levels in body fl uids of 
patients with infectious, neoplastic, or autoimmune diseases. 2DE has been used to 
detect the antigenic components of immune complexes in human plasma or serum.67 
Intact immune complexes were purifi ed by taking advantage of their high molar mass 
and affi nity to immobilized protein A or G. Then they were dissociated into their 
components because of the reducing and denaturing conditions of 2DE. Thus, the 
enzyme CK-BB could be detected in patients that showed macro creatine kinase.67 
The method serves also for detection and identifi cation of yet unknown antigenic 
components in immune complexes, and with a modifi ed protocol it is applicable for 
cerebrospinal fl uid and urine.68,69 

 14.4.2.3.3 Cold Agglutinins 
 Cold agglutinins are autoantibodies, most frequently of the IgM isotype, that 
are capable of agglutinating erythrocytes at temperatures below 37°C. A study on 
25 patients29 showed that they can be either monoclonal or polyclonal and often 
occur in viral infections. 
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 14.5 URINE 

 14.5.1 Patterns of Healthy Individuals 

 Urine is the fi ltration product of the kidneys, and its protein content in healthy indi-
viduals is minimal (protein concentrations exceeding 0.1–0.15 mg/ml have been 
defi ned as pathological).70 Its composition in regard to salts and proteins may vary in 
time considerably, being largely infl uenced by factors such as liquid intake, exercise, 
and time. 

 Several classes of proteins can be found in urine: ( a ) normal serum and plasma 
proteins and their fragments; ( b ) proteins released by the kidney itself during urine 
production (e.g., Tamm-Horsfall protein); ( c ) proteins from other parts of the uro-
genital tract (they may be sex dependent), such as from tissues and cells. In case of 
disease and also tumor, antigens, products of viral and bacterial infection as well as 
proteins that leak in from some other parts of the body, may be found. First experi-
ments with 2DE of urinary proteins were started almost at the same time as serum 
2DE,71 but in the beginning these experiments were hampered by the low protein 
concentration (at that time, gels were usually stained with Coomassie). Different con-
centration steps after desalting by dialysis or gel fi ltration were established.72 Even 
after the introduction of silver-staining methods, concentration of urinary proteins 
was still a matter of concern, especially regarding whether different sample treatment 
gave different protein patterns. Proteins were precipitated with trichloroacetic acid 
and acetone or with dyes (Coomassie G25030,73,74) or concentrated with ultrafi ltration 
devices.75 First, urine patterns with identifi cation of the major proteins, also includ-
ing IgG heavy and light chains, were published;76 later, they were extended and more 
refi ned.77–79 The 2DE methods used were the same as for serum, either the ISO-DALT 
or the IPG-DALT system. By studying urinary protein patterns, markers for diseases 
or exposures were sought (e.g., different types of cancer,79–81 cadmium exposure82).
Today, a urine IEF database exists at the homepage of the Danish Centre of Human 
Genome Research,83 established for the search for markers in bladder cancer. The 
number of identifi ed urinary protein spots was further increased in a recent publica-
tion by combining chromatography-based prefractionation with 2DE.84 

 Figure 14.8 shows the urine protein pattern of a healthy volunteer (pattern dif-
ferences and sex-specifi c proteins have been described85). In comparison to serum, 
some new proteins, especially acidic ones, appear, and high molar mass proteins are 
reduced. Some IgG is present, but no other Igs. 

 14.5.2 Pathological Patterns 

 In healthy individuals, the renal glomeruli restrict fi ltration of plasma proteins and the 
renal tubules reabsorb and degrade most fi ltered protein such that only trace amounts of 
proteins (in the range of 50–150 mg/day86) appear in the urine. In renal disease, the level 
of protein in the urine tends to be persistently elevated, and the protein composition is 
modifi ed in a characteristic manner, depending on the type of disorder. Renal tubular 
damages (e.g., pyelonephritis, drug-induced tubulopathies, and heavy metal toxicity) 
result in excretion of mainly low molar mass proteins (�

 2 
-microglobulin, lysozyme, 
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retinol-binding protein, �
 1 
-microglobulin, and �

 1 
-acid-glycoprotein); and the overall 

protein concentration is usually low and not necessarily higher than in physiologic 
proteinuria. Renal glomerular disease (glomerulonephritis, nephrosis, glomeruloscle-
rosis, and IgA nephropathy) results in urine containing increased amounts of albumin 
and high molar mass proteins, mainly IgG. In severe cases, larger proteins may also be 
found in the urine (e.g., �

 2 
-macroglobulin, IgA, IgM). This fi nding is usually accompa-

nied by massive changes in protein distribution of serum (e.g., a marked drop of albumin 
levels) because the protein loss via the kidneys cannot be completely compensated by 
increased protein production in the liver.87 

 The study of molar mass distribution of excreted proteins by nonreducing SDS-
PAGE has been described as a useful method to diagnose renal disorders.88 Marker 
proteins and protein patterns have been defi ned for the different types of disorders or 
for mixed forms.70,87 Examples for urinary 2DE patterns of patients with tubular and 
glomerular damage are shown in.74,89 With increasing impairment of the glomeruli, the 
urinary protein pattern becomes more and more similar to serum, and the urine-specifi c 
proteins decrease in their relative percentage until they become hardly detectable.89 
Kidney damage in the form of glomerulonephritis occurs in most patients with mono-
clonal gammopathies. 

 Urinary Ig levels increase in cases of prerenal overfl ow proteinuria, when abnor-
mally high plasma levels of low molar mass proteins (e.g., free Ig light chains) 

  FIGURE 14.8  Urine of a healthy female volunteer. 2DE as in Figure 
14.2. The appropriate volume of native urine was dialyzed against 
ammonium acetate and lyophilized to obtain 12 �g of urinary protein 
(as determined with a Coomassie G-250 binding assay87). 
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exhaust the absorption mechanism of the proximal tubules (see section 14.6.1). 
Another possibility is renal malfunction, as discussed previously.70,87 Mabs or poly-
clonal Ig may appear (e.g., elevated in infections). An example of Mabs is shown 
in Figure 14.10A: considerable amounts of intact IgA and free light chains were 
found in the patient’s urine, in a case of plasmacytoma. Due to the disease and 
reduced fi ltration capability of the kidneys, the urinary protein pattern does not 
look very different to the serum pattern, except for changes in the Mab levels and 
the lack of very high molar mass proteins (Figure 14.10; compare to physiological 
pattern in Figure 14.8). The appearance of free Ig light chains is discussed in more 
detail in section 14.6.1. Also for urine, the appearance of immune complexes has 
been shown in cases of glomerular disease and bladder cancer. Methods have been 
developed for the isolation of these complexes, mainly for the 2DE study of the 
antigenic part.68,86 

 14.6 SINGLE-CHAIN DISREGULATIONS (IN SERUM 
AND URINE) 

 14.6.1 Bence Jones Proteins 

Beuce Jones proteins (BJP) are monoclonal Ig light chains originally detected in 
urine of patients with paraproteinemic disorders.These free monoclonal, kappa or 
lambda, Ig chains are named after Henry Bence Jones, a British pathologist who 
fi rst described these proteins in a scientifi c paper in 1847.90 Later investigations 
have found BJP in sera, also, where it is hader to detech. The presence and concen-
tration of BJP in sera (proteinemia) or urine (proteinuria) have different diagostic 
signifi cance.91

 Small amounts of free light chains are present in the serum and urine of healthy 
individuals: serum values up to 19 mg/l for � and 34 mg/l for �; in urine up to 5 mg/l 
for � and 3 mg/l for �.91–93 As these fi gures indicate, in serum, free � chains prevail, but 
urine has more free � chains.94 This is attributed to differences in renal clearance.93,94 
The presence of elevated amounts of BJP in serum is a sign of asynchronous synthesis 
of Ig heavy chains so that excess light chains appear. Monoclonal BJP often accom-
pany gammopathies, especially multiple myeloma, where they are found in about 50% 
of the cases in humans.4 In these cases, their appearance in patients’ urine in larger 
amounts is usually an example of overfl ow proteinuria, that is, a spillover of excess free 
monoclonal light chains into the urine. Besides free light chains, urine may also contain 
intact Mab in variable amounts. 

 Bence Jones proteins appear mainly as monomers or dimers (of about 22 or 44 
kD, respectively), but fragments, tetramers, or different glycated forms have also 
been reported for urine. The two light-chain types � and � show a different tendency 
for polymerization: in serum as well as in urine, � prevail as monomers and � in most 
cases as dimers.95 

 The classical way to detect BJP in urine was the heating of the sample to 
56–60°C: BJP precipitate but dissolve when the solution is boiled; the precipitate 
reappears upon cooling.90,96 There have also been attempts to fi nd urinary free light 
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chains by immunofi xation or by using �–� ratios.94 Recently, polyclonal and mono-
clonal antibodies have been developed that can selectively detect free light chains 
only (of either isotype), as they are directed against light-chain parts hidden in intact 
Ig molecules.93,97 The assays developed are now specifi c and sensitive enough also to 
detect free light chains in serum, and in this way, BJPs are also found in cases that 
have been reported as “nonsecretory multiple myeloma”.91 

 As a routine electrophoretic method, for serum or urine, zone electrophoreses 
followed by immunofi xation methods are in use. Research papers have mainly dealt 
with detection of BJP in urine. BJP and urinary Ig versus normal protein patterns 
have been studied in SDS-PAGE and 2DE, and sometimes also in isoelectric focus-
ing. Patterns were either stained for overall protein or after blotting specifi cally for 
Ig.30,74,76,95,98 A 2DE gel of a serum sample with BJP is shown in Figure 14.9 .  The free 
light chains are of � type with a very acidic pI. 

 Especially for urine, SDS-PAGE has been used in nonreducing format in order to 
determine the protein size without destroying the subunit structure (except for mol-
ecule interactions already disturbed by the presence of SDS). 2DE has always been 
used in its classical form (reductive and denaturing). Only a recent study has shown 
the benefi ts of nonreducing 2DE, which allows study of free monomeric and dimeric 
single chains and intact Mabs in parallel.42 Figure 14.10 exemplifi es this with paired 

  FIGURE 14.9  Patient with BJP in serum. 2DE as in Figure 14.2, 
corresponding to 0.2 �l serum. Patient sample with very acidic 
monoclonal � chain (indicated). 
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samples from a patient with plasmacytoma. Serum and urine were analyzed in paral-
lel: classical 2DE in serum reveals monoclonal IgA of the � type (Figure 14.10C); 
in urine the same light-chain type is found in large quantities, as is some of the 
monoclonal � chain (Figure 14.10A). There are some spots in the 44 kD region that 
suggest light-chain dimers. From the pattern one may conclude that there must be 
free urinary light chains due to the gross differences in distribution of single chains. 
Nonreducing 2DE (Figure 14.10B, D) reveals the presence of intact monoclonal IgA 
in serum and, in minor amounts, in urine and major concentrations of monomeric and 
dimeric � chains in urine (and probably one spot of dimers in serum). For compari-
son with healthy control patterns see Figure 14.8. 

  FIGURE 14.10  Serum and urine of BJP patient under reducing and nonreducing conditions. 
(A, C) 2DE as in Figure 14.2; (B, D) nonreducing 2DE performed as in Figure 14.2, but omit-
ting reducing (DTT) and alkylating agents (iodoacetamide) (for method see42). (A, B) Urine 
and (C, D) serum of a patient with BJP. Urine was prepared as described in Figure 14.8, 
serum as in Figure 14.2. Appearance of complete monoclonal IgA molecules (IgA, in dif-
ferent polymeric forms), � chains (�-), and light chains (L-, monomeric); dimeric light 
chains are indicated with an arrow. Note that in comparing patterns with and without 
reduction, even monomeric proteins may shift in position. One example is serum albumin, 
which has been shown to change apparent Molecular weight (Mr) and pI depending on 
pH, denaturants, and other additives.99,100 

DK3068_C014_r04.indd   256DK3068_C014_r04.indd   256 10/23/2005   8:02:49 PM10/23/2005   8:02:49 PM



Immunoglobulin Patterns in Health and Disease 257

 As for serum Mabs, the pI of BJP chains is dependent on the B-cell clone it 
derives from and may vary over a very large pH range. It seems likely that not only 
the size or type of binding between the single light chains but also the pI may infl u-
ence the processing of the protein in the kidney. Some authors think that alkaline BJP 
are more nephrotoxic than acidic ones (for further details see95). 

 Bence Jones proteins are also causative agents in the progression of renal failure 
and the development of systemic disease, especially when they are deposited extra-
cellularly, leading to amyloidosis AL. Approximately 15–20% of monoclonal light 
chains appear to be amylogenic, that is, they may precipitate as fi brillar material 
resembling amyloid. No specifi c amino acid sequence common to all amyloidogenic 
light chains has yet been identifi ed.29 Detection of BJP is therefore important for 
diagnosis of myeloma and unclear cases of proteinuria and the follow-up of mono-
clonal gammopathies. Bradwell et al.91 have reported that the half-life of free light 
chains is much shorter than that of intact Igs (2–4 hours vs. 20–25 days for IgG), and 
changes in their levels may give earlier hints for progression of the disease or effects 
of chemotherapy. The authors favor measuring BJP in serum, as BJP excretion in 
urine may be strongly affected by the reabsorptive capacity of the renal tubules.91,96 

 14.6.2 Heavy-Chain Disease 

 Heavy-chain diseases of all three major Ig isotypes have been described, in serum 
and in urine (for the latter, depending on the size of the molecules and the state of the 
kidney). Often fragments of the heavy chains are found, mainly at 30 to 36 kD, but no 
light chains. Single � chains are more frequent than � chains. Blangarin et al.56 have 
described a � case and characterized the found 34 kD fragment in 2DE and immu-
noblotting as reactive to anti-Fc but not to anti-Fab. Tissot et al.6 isolated the protein 
G-binding fraction of a serum sample from a patient with monoclonal gamma-chain 
disease and found several truncated � chains besides the normal set of polyclonal 
IgG chains. Also, in the main fragment the � Fc region could be detected. 

 14.7 OTHER BODY FLUIDS 

 The major part of proteins in all fl uid compartments originates from plasma. The 
fl uids can be considered as an ultrafi ltrate of blood plasma in a fi rst approximation. 
This is true for cerebrospinal fl uid, separated from blood by the blood-brain barrier, 
for urine (see section 14.5), and for synovial fl uid, lymph, exudates, and transudates. 
Plasma proteins normally are synthesized and excreted by the liver and lympho-
cytes. Protein synthesis, however, also occurs in the brain and different glands, which 
makes the composition of the respective body fl uids specifi c.101 

 14.7.1 Cerebrospinal Fluid (CSF) 

 Cerebrospinal fl uid (CSF), or spinal fl uid, is a fl uid surrounding the brain and spinal cord. 
Most of its proteins derive from serum, but CSF-specifi c proteins have also been found 
(e.g., prostaglandin D2 synthase). The actual proportion of serum proteins depends on 
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the functional state of the blood-brain barrier, which is defective in several neuro-
logical diseases. Therefore, the study of its proteins and their alteration may yield 
useful information on that type of diseases.101 The fi rst 2DE maps of CSF of healthy 
individuals were established very early102,103 and refi ned over the years.33,101,104–107 

 The main Ig present in CSF is IgG. In normal conditions, it originates from the 
blood; there is no antibody production within the central nervous system. Only up 
to 20% of CSF proteins are intrathecally synthesized, but the major fraction is blood 
derived.108 In case of infl ammatory neurological diseases such as multiple sclerosis, 
additional oligoclonal Ig bands or spots appear that are present in CSF but not in 
serum. One-dimensional isoelectric focusing for detection of CSF-specifi c oligoclo-
nal Ig bands is used for diagnosis of multiple sclerosis.108–110 Basic research in this 
fi eld has been performed with 2DE: main differences in CSF patterns of healthy 
individuals and patients with various neurological diseases have been detected in the 
Ig light-chain pattern. Changes were of qualitative and quantitative nature; additional 
light chains were oligoclonal. Especially for multiple sclerosis, the overall CSF pat-
tern of patient samples suggested that Igs were produced from cells within the central 
nervous system, as no additional spots were found proving leakage of a damaged 
blood-brain barrier.111,112 

 In patients with multiple sclerosis, also circulating immune complexes have 
been isolated from CSF, and glial fi brillary acidic protein has been found in the 2DE 
patterns.69 

 14.7.2 Saliva, Tears, and Milk 

 Saliva, tears, and milk all contain secretory IgA as a main Ig, and in considerably 
high amounts. Secretory IgA is a dimer joined by a J chain with a secretory piece 
attached. The secretory piece is a fragment of the poly-Ig receptor molecule, which 
helps transport the IgA across the mucosa. 

 Saliva composition has been studied in 2DE, using immunoblotting113 and mass 
spectrometry as methods for protein identifi cations.114,115 Interest in this fl uid has 
increased because of its easy accessibility and potential use for monitoring general 
health and diagnosis of disease. For 2DE, whole saliva is not an easy sample, as it 
contains mucins and other high-molar-mass glycoproteins. Secretory IgA has been 
found a major defense factor in saliva, playing an important role in the protection 
against enteropathogenic bacteria and viruses.114 

 The protein composition of tears seems to vary depending on the way used to 
induce them or to collect the samples.116 2DE with nondenaturing fi rst-dimensional 
separation as well as classical 2DE have been described, reporting albumin, secre-
tory IgA, lactoferrin, lysozyme,25,116 and zinc-�

 2 
-glycoprotein117 as main proteins 

in healthy persons. In patients with conjunctivitis, haptoglobin and IgG appear and 
increase with progression of the disease.116 

 Protein patterns of human milk, from colostrum to mature milk, have been stud-
ied and found to vary diurnally and individually. Milk contains caseins and whey 
proteins (mainly serum proteins). Secretory IgA is a major protein component, espe-
cially in colostrum (3–8 days postpartum), whereas IgG is barely detectable.118,119 
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 14.7.3 Effusions and Lavage Fluids 

 In cases of disease, ascitic fl uid accumulates and shows a protein distribution very 
similar to physiological or pathological plasma, with disease-specifi c changes. Two 
additional fi brinogen fragments have been found. Ig pattern is correlated with disease 
diagnosis and severity: massive IgA increase has been described in liver cirrhosis, 
and IgM and IgG were elevated in acute and chronic infection with polyclonal stim-
ulation; in other malignancies, oligoclonal patterns occurred.120 Hochstrasser and 
Tissot include an image of a patient’s pleural fl uid.25 

 Several studies deal with the composition of nasal and bronchoalveolar lavage fl uids 
with or without occupational exposure or as a comparison of smokers to nonsmokers. 
IgA levels were higher in nasal fl uids than in bronchoalveolar lavage fl uids.121–124 

 Hochstrasser and Tissot 25 examine other body fl uids in health and disease and 
also present 2DE examples. 

 14.8 CONCLUSIONS AND PERSPECTIVES 

 In a recent review on immunoglobulinopathies, Tissot et al.16 gave a critical evaluation of 
the methods used for the study of gammopathies. The authors compared and evaluated 
routine and specialized methods. Whereas they found methods such as immunofi xation 
(after serum electrophoresis on agarose gels) preferable for routine clinical applications, 
they still hold 2DE important for particular clinical situations and for research. This 
is not only true for serum and plasma, but also for other body fl uids, since most of 
them contain Igs either originating from serum or due to local antibody production. 
Modifi cations in the distribution and clonality of total or antigen-specifi c Ig may refl ect 
normal, as well as abnormal, immune events and need to be evaluated carefully. Due 
to its high resolution, 2DE is a powerful tool enabling us to study the diversity of the 
body’s immune repertoire at the protein level, especially when combining data from 
reducing and nonreducing formats with sample prefractionation and postelectrophoretic 
immunologic and mass spectrometric identifi cations. Despite all efforts, the functioning 
of the immune system is not yet resolved in all its details. Apart from Igs, detection of 
polypeptides associated with immunological events may enhance further understand-
ing, as may the parallel investigations on the secretory and intracellular level. Studies of 
particular diseases or patient cases are similarly helpful, as are those of mouse strains 
with selected immunodefi ciency (e.g., SCID-mice).41 New results and insights may then 
fi nd their applications in clinical diagnosis—not necessarily as 2DE, but probably as 
specialized routine tests such as ELISA or other specifi c assays. 

 REFERENCES 

  1. Widmann, F.K. and Itatani, C.A.,  An Introduction to Clinical Immunology and 
Serology,  2 nd  ed., F. A. Davis Company, Philadelphia, 1998, 473 pp. 

  2. Wells, J.V., Isbister, J.P., Ries, C.A. Hematologic diseases, in  Basic & Clinical Immu-
nology,  6th ed., Stites, D.P., Stobo, J.D., Wells, J.V., Eds., Appleton & Lange, Norwalk, 
Conn., 1987, pp. 386–419. 

DK3068_C014_r04.indd   259DK3068_C014_r04.indd   259 10/23/2005   8:02:49 PM10/23/2005   8:02:49 PM



260 Ingrid Miller and Marcia Goldfarb

  3. Roitt, I.M. and Delves, P.J.,  Essential Immunology,  10 th  ed., Blackwell Science Ltd, 
Oxford, U.K., 2001, 481 pp. 

  4. Kyle, R.A., The monoclonal gammopathies,  Clin. Chem. , 40, 2154–2161, 1994. 
  5. The International Myeloma Working Group, Criteria for the classifi cation of monoclonal 

gammopathies, multiple myeloma and related disorders: A report of the International 
Myeloma Working Group,  Br. J. Haematol. , 121, 749–757, 2003. 

  6. Tissot, J.-D., Tridon, A., Ruivard, M., Layer, A., Henry, H., Philippe, P., and Schneider, 
P., Electrophoretic analyses in a case of monoclonal � chain disease,  Electrophoresis, 
 19, 1771–1773, 1998. 

  7. Lecuit, M., Abachin, E., Martin, A., Poyart, C., Pochart, P., Suarez, F., Bengoufa, D., 
Feuillard, J., Lavergne, A., Gordon, J.I., Berche, P., Guillevin, L., and Lortholary, O., 
Immunoproliferative small intestinal disease associated with  Campylobacter jejuni, 
New Engl. J. Med. , 350, 239–248, 2004. 

  8. Kyle, R.A. and Lust, J.A., Monoclonal gammopathies of undetermined signifi cance, 
 Semin. Hematol. , 26, 176–200¸1989. 

  9. Stites, D.P., Clinical laboratory methods for detection of antigens & antibodies, in 
 Basic & Clinical Immunology,  6th Ed., Stites, D.P., Stobo, J.D., Wells, J.V., Eds., 
Appleton & Lange, Norwalk, Conn., 1987, 241–284. 

  10. Keren, D.F., Alexanian, R., Goeken, J.A., Gorevic, P.D., Kyle, R.A., and Tomar, R.H., 
Guidelines for clinical and laboratory evaluation of patients with monoclonal gam-
mopathies,  Arch. Pathol. Lab. Med. , 123, 106–107, 1999. 

  11. Keren, D.F., Procedures for the evaluation of monoclonal immunoglobulins,  Arch. 
Pathol. Lab. Med. , 123, 126–132, 1999. 

  12. Chen, F.-T.A. and Sternberg, J.C., Characterization of proteins by capillary electro-
phoresis in fused-silica columns: Review on serum protein analysis and application to 
immunoassays.  Electrophoresis,  15, 13–21, 1994. 

  13. Katzmann, J.A., Clark, R., Wiegert, E., Sanders, E., Oda, R.P., Kyle, R.A., 
Namyst-Goldberg, C., and Landers, J.P., Identifi cation of monoclonal proteins in 
serum: A quantitative comparison of acetate, agarose gel, and capillary electrophore-
sis,  Electrophoresis,  18, 1775–1780, 1997. 

  14. Wang, H.-P. and Liu, C.-M., Separation and identifi cation of human serum proteins 
with capillary electrophoresis,  Clin. Chem.,  38, 963–964, 1992. 

  15. Jenkins, M.A., Kulinskaya, E., Martin, H.D., and Guerin, M.D., Evaluation of serum 
protein separation by capillary electrophoresis: Prospective analysis of 1000 speci-
mens,  J. Chromatogr. B , 672, 241–251, 1995. 

  16. Tissot, J.-D., Vu, D.-H., Aubert, V., Schneider, P., Vuadens, F., Crettaz, D., and 
Duchosal, M.A., The immunoglobulinopathies: From physiopathology to diagnosis, 
 Proteomics,  2, 813–824, 2002. 

  17. MacNamara, E.M. and Whicher, J.T., Electrophoresis and densitometry of serum and 
urine in the investigation and signifi cance of monoclonal immunoglobulins,  Electro-
phoresis,  11, 376–381, 1990. 

  18. Gallo, P., Sidén, A., and Tavolto, B., Isoelectric Focusing Combined with Anion 
Exchange Chromatography for Investigation of Normal and Monoclonal 
Immunoglobulins, in  Electrophoresis ’86: Proceedings of the 5th Meeting of the Inter-
national Electrophoresis Society,  Dunn, M.J., Ed., London, 1986, pp. 498–501. 

  19. Laemmli, U.K., Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4,  Nature,  227, 680–685, 1970. 

  20. Anderson, L. and Anderson, N.G., High resolution two-dimensional electrophoresis 
of human plasma proteins,  Proc. Natl. Acad. Sci. USA,  74, 5421–5425, 1977. 

DK3068_C014_r04.indd   260DK3068_C014_r04.indd   260 10/23/2005   8:02:49 PM10/23/2005   8:02:49 PM



Immunoglobulin Patterns in Health and Disease 261

  21. Tracy, R.P., Currie, R.M., and Young, D.S., Two-dimensional gel electrophoresis of 
serum specimens from a normal population,  Clin. Chem. , 28, 890–899, 1982. 

  22. Jellum, E. and Thorsrud, A.K., Clinical applications of two-dimensional electropho-
resis,  Clin. Chem.  28, 876–883, 1982. 

  23. Marshall, T. and Williams, K.M., The simplifi ed technique of high resolution two-
dimensional polyacrylamide gel electrophoresis: Biomedical applications in health 
and disease,  Electrophoresis,  12, 461–471, 1991. 

  24. Tissot, J.-D., Schneider, P., James, R.W., Daigneault, R., and Hochstrasser, D.F., High-
resolution two dimensional protein electrophoresis of pathological plasma/serum, 
 Appl. Theor. Electrophoresis , 2, 7–12, 1991. 

  25. Hochstrasser, D.F. and Tissot, J.-D., Clinical application of high-resolution two-
dimensional polyacrylamide gel electrophoresis, in  Advances in Electrophoresis, 
 Chrambach, A., Dunn, M.J., Radola, B.J., Eds., VCH, Weinheim, Germany, 1993, 
vol. 6, pp. 267–375. 

  26. Tracy, R.P., Currie, R.M., Kyle, R.A., and Young, D.S., Two-dimensional gel elec-
trophoresis of serum specimens from patients with monoclonal gammopathies, 
 Clin. Chem. , 28, 900–907, 1982. 

  27. Latner, A.L., Marshall, T., and Gambie, M., A simplifi ed technique of high resolution 
two-dimensional electrophoresis: serum immunoglobulins,  Clin. Chim. Acta,  103, 
51–59, 1980. 

  28. Harrison, H.H., Patient-specifi c microheterogeneity patterns of monoclonal immuno-
globulin light chains as revealed by high resolution, two-dimensional electrophoresis, 
 Clin. Biochem.  25, 235–243, 1992. 

  29. Tissot, J.-D. and Spertini, F., Analysis of immunoglobulins by two-dimensional elec-
trophoresis,  J. Chromatogr. A,  698, 225–250, 1995. 

  30. Williams, K.M., Williams, J., and Marshall, T., Analysis of Bence Jones proteinuria by 
high resolution two-dimensional electrophoresis,  Electrophoresis,  19, 1828–1835, 1998. 

  31. Vu, D.-H., Schneider, P., and Tissot, J.-D., Electrophoretic characteristics of monoclo-
nal immunoglobulin G of different subclasses,  J. Chromatogr. B , 771, 355–368, 2002. 

  32. Swiss-Prot Protein Knowledgebase, SWISS-2DPAGE, http://us.expasy.org/ch2d/
protocols (accessed August 2005). 

  33. Swiss-Prot Protein Knowledgebase, SWISS-2DPAGE, http://us.expasy.org/ch2d/
publi/inside1995.html (accessed August 2005). 

  34. Golaz, E., Hughes, G.J., Frutiger, S., Paquet, N., Bairoch, A., Pasquali, C., Sanchez, 
H.-C., Tissot, J.-D., Appel, R.D., Walzer, C., Balant, L., and Hochstrasser, D.F., 
Plasma and red blood cell protein maps: Update 1993,  Electrophoresis,  14, 1223–
1231, 1993. 

  35. Hughes, G.J., Frutiger, S., Paquet, N., Ravier, F., Pasquali, C., Sanchez, J.-C., James, 
R., Tissot, J.-D., Bjellqvist, B., and Hochstrasser, D.F., Plasma protein map: An update 
by microsequencing,  Electrophoresis,  13, 707–714, 1992. 

  36. Sanchez, J.-C., Appel, R.D., Golaz, O., Pasquali, C., Ravier, F., Bairoch, A., 
and Hochstrasser, D.F., Inside SWISS-2DPAGE database,  Electrophoresis,  16, 
1131–1151, 1995. 

  37. Anderson, N.L., Tracy, R.P., and Anderson, N.G., High-resolution two-dimensional 
electrophoretic mapping of plasma proteins, in  The Plasma Proteins: Structure, Func-
tion, and Genetic Control,  2nd ed., Putnam, F.W., Ed., Academic Press, Orlando, 
1984, vol. 4, 221–270. 

  38. Tissot, J.-D., Hochstrasser, D.F., Spertini, F., Schifferli, J.A., and Schneider, P., Pat-
tern variations of polyclonal and monoclonal immunoglobulins of different isotypes 

DK3068_C014_r04.indd   261DK3068_C014_r04.indd   261 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



262 Ingrid Miller and Marcia Goldfarb

and analyzed by high-resolution two-dimensional electrophoresis,  Electrophoresis, 
 14, 227–234, 1993. 

  39. Spertini, F., Tissot, J.D., Dufour, N., Francillon, C., and Frei, P.C., Role of two-
dimensional electrophoretic analysis in the diagnosis and characterization of IgD 
monoclonal gammopathy,  Allergy,  50, 664–670, 1995. 

  40. Layer, A., Tissot, J.-D., Schneider, P., and Duchosal, M.A., Micropurifi cation and 
two-dimensional polyacrylamide gel electrophoresis of immunoglobulins for study-
ing the clonal diversity of antigen-specifi c antibodies,  J. Immunol. Methods,  227, 
137–148, 1999. 

  41. Layer, A., Tissot, J.-D., Schneider, P., and Duchosal, M.A., The diversity of antigen-
specifi c antibodies in humans and in two xenochimeric SCID mouse models,  Electro-
phoresis,  21, 2463–2475, 2000. 

  42. Miller, I., Teinfalt, M., Leschnik, M., Wait, R., and Gemeiner, M., Nonreducing two-
dimensional gel electrophoresis for the detection of Bence Jones proteins in serum 
and urine,  Proteomics,  4, 257–260, 2004. 

  43. Daufeldt, J.A. and Harrison, H.H., Quality control and technical outcome of ISO-DALT 
two-dimensional electrophoresis in a clinical laboratory setting,  Clin. Chem.,  30, 
1972–1980, 1984. 

  44. Harrison, H.H., Ober, C., Miller, K.I., and Elias, S., High-resolution two-dimensional 
electrophoretic survey of serum protein genetic types in Schmiedeleut hutterites,  Am. 
J. Hum. Biol. , 3, 639–646, 1991. 

  45. Pieper, R., Gatlin, C.L., Makusky, A.J., Russo, P.S., Schatz, C.R., Miller, S.S., 
Su, Q., McGrath, A.M., Estock, M.A., Parmar, P.P., Zhao, M., Huang, S.-T., Zhou, J., 
Wang, F., Esquer-Blasco, F., Anderson, N.G., Taylor, J., and Steiner, S., The human 
serum proteome: Display of nearly 3700 chromatographically separated protein spots 
on two-dimensional electrophoresis gels and identifi cation of 325 distinct proteins, 
 Proteomics,  3, 1345–1364, 2003. 

  46. Anderson, N.L., High resolution two-dimensional electrophoretic mapping of immu-
noglobulin light chains,  Immunol. Lett. , 2, 195–199, 1981. 

  47. Tissot, J.-D., Hohlfeld, P., Forestier, F., Tolsa, J.-F., Hochstrasser, D.F., Calame, A., 
Plouvier, E., Bossart, H., and Schneider, P., Plasma/serum protein patterns in human 
fetuses and infants: A study by high-resolution two-dimensional polyacrylamide gel 
electrophoresis,  Appl. Theor. Electrophoresis,  3, 183–190, 1993. 

  48. Tissot, J.-D., Hohlfeld, P., Hochstrasser, D.F., Tolsa, J.-F., Calme, A., and Schneider, 
P., Clonal imbalances of plasma/serum immunoglobulin production in infants, 
 Electrophoresis,  14, 245–247, 1993. 

  49. Tissot, J.-D., Schneider, P., Hohlfeld, P., Tolsa, J.-F., Calame, A., and Hochstrasser, 
D.F., Monoclonal gammopathy in a 30 weeks old premature infant,  Appl. Theor. Elec-
trophoresis , 3, 67–68, 1992. 

  50. Hamilton, R.G., Roebber, M., Reimer, C.B., and Rodkey, L.C., Isoelectric focusing-
affi nity immunoblot analysis of mouse monoclonal antibodies to the four human IgG 
subclasses,  Electrophoresis,  8, 127–134, 1987. 

  51. Wenisch, E., Reiter, S., Hinger, S., Steindl, F., Tauer, C., Jungbauer, A., Katinger, H., 
and Righetti, P.G., Shifts of isoelectric points between cellular and secreted antibodies 
as revealed by isoelectric focusing and immobilized pH gradients,  Electrophoresis,  
11, 966–969, 1990. 

  52. Latner, A.L., Marshall, T., and Gambie, M., Microheterogeneity of serum myeloma 
immunoglobulins revealed by a technique of high resolution two-dimensional electro-
phoresis,  Electrophoresis,  1, 82–89, 1980. 

DK3068_C014_r04.indd   262DK3068_C014_r04.indd   262 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



Immunoglobulin Patterns in Health and Disease 263

  53. Goldfarb, M., Two-dimensional electrophoretic analysis of immunoglobulin patterns 
in monoclonal gammopathies,  Electrophoresis,  13, 440–444, 1992. 

  54. Tissot, J.-D., Schneider, P., Hohlfeld, P., Spertini, F., Hochstrasser, D.F., and 
Duchosal, M.A., Two-dimensional electrophoresis as an aid in the analysis of the 
clonality of immunoglobulins,  Electrophoresis , 14, 1366–1371, 1993. 

  55. Goldfarb, M., Use of Rotofor in two-dimensional electrophoretic analysis: Identifi ca-
tion of a 100 kDa monoclonal IgG heavy chain in myeloma serum,  Electrophoresis, 
 14, 1379–1381, 1993. 

  56. Blangarin, P., Deviller, P., Kindbeiter, K., and Madjar, J.-J., Gamma heavy chain dis-
ease studied by two-dimensional electrophoresis and immuno-blotting techniques, 
 Clin. Chem. , 30, 2021–2025, 1984. 

  57. Bouvet, J.P., Liacopoulos, P., Pillot, J., Banda, R., Tung, E., and Wang, A.C., Three 
M-components IgA lambda + IgG kappa n + IgG kappa h in one patient (DA): Lack 
of shared idiotypic determinants between IgA and IgG, and the presence of an unusual 
kappa H chain of 30,000 M.W.,  J. Immunol. , 125, 213–220, 1980. 

  58. Bouvet, J.P., Pillot, J., and Liacopoulos, P., Human myeloma light chains with 
increased molecular weight: High frequency among lambda chains,  Mol. Immunol. , 
20, 397–407, 1983. 

  59. Tissot, J.-D., Schifferli, J.A., Hochstrasser, D.F., Pasquali, C., Spertini, F., Clement, F., 
Frutiger, S., Paquet, N., Hughes, G.J., and Schneider, P., Two-dimensional poly-
acrylamide gel electrophoresis analysis of cryoglobulins and identifi cation of an 
IgM-associated peptide,  J. Immunol. Methods,  173, 63–75, 1994. 

  60. Tissot, J.-D., Sanchez, S.-C., Vuadens, F., Scherl, A., Schifferli, J.A., Hochstrasser, 
D.F., Schneider, P., and Duchosal, M.A., IgM are associated to Sp� (CD5 antigen-
like),  Electrophoresis,  23, 1203–1206, 2002. 

  61. Gebe, J.A., Kiener, P.A., Ring, H.Z., Li, X., Francke, U., and Aruffo, A., Molecular 
cloning, mapping to human chromosome 1 q21-q23, and cell binding characteristics 
of Sp�, a new member of the scavenger receptor cysteine-rich (SRCR) family of pro-
teins,  J. Biol. Chem. , 272, 6151–6158, 1997. 

  62. Tissot, J.D., Schneider, P., Pelet, B., Frei, P.C., and Hochstrasser, D., Mono-oligoclonal 
production of immunoglobulin in a child with the Wiskott-Aldrich syndome,  Br. 
J. Haematol. , 75, 436–438, 1990. 

  63. Brouet, J.C., Clauvel, J.P., Danon, F., Klein, M., and Seligmann, M., Biological and clini-
cal signifi cance of cryoglobulins: A report of 86 cases,  Am. J. Med.  57, 775–788, 1974. 

  64. Musset, L., Diemert, M.C., Taibi, F., Thi Huong Du, L., Cacoub, P., Leger, J.M., 
Boissy, G., Gaillard, O., and Galli, J., Characterization of cryoglobulins by immu-
noblotting,  Clin. Chem. , 38, 798–802, 1992. 

  65. Tissot, J.-D., Invernizzi, F., Schifferli, J.A., Spertini, F., and Schneider, P., Two-
dimensional electrophoretic analysis of cryoproteins: A report of 335 samples,  Elec-
trophoresis,  20, 606–613, 1999. 

  66. Antonescu, C., Mayerat, C., Mantegani, A., Frei, P.C., Spertini, F., and Tissot, J.-D., 
Hepatitis C virus (HCV) infection: Serum rheumatoid factor activity and HCV geno-
type correlate with cryoglobulin clonality,  Blood,  92, 3486–3487, 1998. 

  67. Wiederkehr, F., Büeler, M.R., and Vonderschmitt, D.J., Chromatographic and elec-
trophoretic studies of circulating immune complexes in plasma,  J. Chromatogr.  566, 
77–87, 1991. 

  68. Wiederkehr, F., Büeler, M.R., and Vonderschmitt, D.J., Analysis of circulating immune 
complexes isolated from plasma, cerebrospinal fl uid and urine,  Electrophoresis,  12, 
478–486, 1991. 

DK3068_C014_r04.indd   263DK3068_C014_r04.indd   263 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



264 Ingrid Miller and Marcia Goldfarb

  69. Wiederkehr, F., Wacker, M., and Vonderschmitt, D.J., Analysis of immune complexes 
of cerebrospinal fl uid by two-dimensional gel electrophoresis,  Electrophoresis,  10, 
473–479, 1989. 

  70. Bianchi-Bosisio, A., D’Agrosia, F., Gaboardi, F., Gianazza, E., and Righetti, P.G., 
Sodium dodecyl sulphate electrophoresis of urinary proteins,  J. Chromatogr.,  569, 
243–260, 1991. 

  71. Anderson, N.G., Anderson, N.L., and Tollaksen, S.L., Proteins of human urine. 
I. Concentration and Analysis by Two-Dimensional Electrophoresis,  Clin. Chem.,  25, 
1199–1210, 1979. 

  72. Anderson, N.G., Anderson, N.L., Tollaksen, S.L., Hahn, H., Giere, F., and Edwards, J., 
Analytical techniques for cell fractions. XXV. Concentration and two-dimensional 
electrophoretic analysis of human urinary proteins,  Anal. Biochem. , 95, 48–61, 
1979. 

  73. Marshall, T. and Williams, K.M., Recovery of protein by Coomassie Brilliant Blue 
precipitation prior to electrophoresis,  Electrophoresis,  13, 887–888, 1992. 

  74. Marshall, T. and Williams, K., Two-dimensional electrophoresis of human urinary 
proteins following concentration by dye precipitation,  Electrophoresis,  7, 1265–1272, 
1996. 

  75. Marshall, T., Centriprep ultrafi ltration for fractionation of serum and urinary proteins 
before electrophoresis,  Clin. Chem. , 39, 1558, 1993. 

  76. Edwards, J.J., Tollaksen, S.L., and Anderson, N.G., Proteins of human urine. III. Iden-
tifi cation and two-dimensional electrophoretic map positions of some major urinary 
proteins,  Clin. Chem. , 28, 941–948, 1982. 

  77. Büeler, M.R., Wiederkehr, F., and Vonderschmitt, D.J., Electrophoretic, chromato-
graphic and immunological studies of human urinary proteins.  Electrophoresis,  16, 
124–134, 1995. 

  78. Harrison, H.H., The “Ladder Light Chain” or “Pseudo-Oligoclonal” pattern in urinary 
immunofi xation electrophoresis (IFE) studies: A distinctive IFE pattern and an explana-
tory hypothesis relating it to free polyclonal light chains,  Clin. Chem.,  37, 1559–1564, 
1991. 

  79. Rasmussen, H.H., Orntoft, T.F., Wolf, H., and Celis, J.E., Toward a comprehensive 
database of proteins from the urine of patients with bladder cancer,  J. Urol. , 155, 
2113–2119, 1996. 

  80. Edwards, J.J., Anderson, N.G., Tollaksen, S.L., von Eschenbach, A.C., and Guevara, 
J., Proteins of human urine. II. Identifi cation by two-dimensional electrophoresis of a 
new candidate marker for prostatic cancer,  Clin. Chem. , 28, 160–163, 1982. 

  81. Tollaksen, S.L. and Anderson, N.G., Two-dimensional electrophoresis of human urinary 
proteins in health and disease, in  Electrophoresis ’79: Proceedings of the Second Inter-
national Conference on Electrophoresis,  Radola, B.J., Ed., Walter de Gruyter, Berlin, 
1980, pp. 405–414. 

  82. Marshall, T., Williams, K.M., and Vesterberg, O., Unconcentrated human urinary pro-
teins analysed by high resolution two-dimensional electrophoresis with narrow pH 
gradients: Preliminary fi ndings after occupational exposure to cadmium,  Electropho-
resis,  6, 47–52, 1985. 

  83. Danish Centre of Human Genome Research, http://proteomics.cancer.dk/ (last accessed 
August 2005) 

  84. Pieper, R., Gatlin, C., McGrath, A.M., Makusky, A.J., Mondal, M., Seonarain, M., 
Field, E., Schatz, C.R., Estock, M.A., Ahmed, N., Anderson, N.G., and Steiner, S., 
Characterization of the human urinary proteome: A method for high-resolution display 

DK3068_C014_r04.indd   264DK3068_C014_r04.indd   264 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



Immunoglobulin Patterns in Health and Disease 265

of urinary proteins on two-dimensional electrophoresis gels with a yield of nearly 1400 
distinct protein spots,  Proteomics,  4, 1159–1174, 2004. 

  85. Büeler, M.R.M., Charakterisierung und Identifi zierung von Proteinen in Human-Urin, 
Ph.D. thesis, University Zuerich, 1991, 168 pp (in German). 

  86. Weber, M.H., Urinary protein analysis,  J. Chromatogr. , 429, 315–344, 1988. 
  87. Bradford, M.M., A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding,  Anal. Biochem.,  
72, 248–254, 1976. 

  88. Schiwara, H.-W., Hebell, T., Kirchherr, H., Postel, W., Weser, J., and Görg, A., 
Ultrathin-layer sodium dodecyl sulfate-polyacrylamide gradient gel electrophoresis 
and silver staining of urinary proteins,  Electrophoresis,  7, 496–505, 1986. 

  89. Tracy, R.P., Young, D.S., Hill, H.D., Cutsforth, G.W., and Wilson, D.M., Two-
dimensional electrophoresis of urine specimens from patients with renal disease, 
 Appl. Theor. Electrophoresis,  3, 55–65, 1992. 

  90. Kyle, R.A., Multiple myeloma: An odyssey of discovery,  Br. J. Haematol. , 111, 
1035–1044, 2000. 

  91. Bradwell, A.R., Carr-Smith, H.D., Mead, G.P., Harvey, T.C., and Drayson, M.T., Serum 
test for assessment of patients with Bence Jones myeloma,  Lancet,  361, 489–491, 2003. 

  92. Abe, M., Goto, T., Kosaka, M., Wolfenbarger, D., Weiss, D.T., and Solomon, A., 
Differences in kappa to lambda (�:�) ratios of serum and urinary free light chains, 
 Clin. Exp. Immunol.,  111, 457–462, 1998. 

  93. Bradwell, A.R., Carr-Smith, H.D., Mead, G.P., Tang, L.X., Showell, P.J., Drayson, 
M.T., and Drew, R., Highly sensitive, automated immunoassay for immunoglobulin 
free light chains in serum and urine,  Clin. Chem. , 47, 673–680, 2001. 

  94. Levinson, S.S. �/� Index for confi rming urinary free light chain in amyloidosis AL 
and other plasma cell dyscrasias,  Clin. Chem. , 37, 1122–1126, 1991. 

  95. Marshall, T. and Williams, K.M., Electrophoretic analysis of Bence Jones proteinuria, 
 Electrophoresis,  20, 1307–1324, 1999. 

  96. Bradwell, A.R.,  Serum Free Light Chain Assays,  The Binding Site Ltd, Birmingham, 
U.K., 2003, 136 pp. 

  97. Nakano, T. and Nagata, A., ELISAs for free light chains of human immunoglobulins 
using monoclonal antibodies: Comparison of their specifi city with available poly-
clonal antibodies,  J. Immunol. Methods,  275, 9–17, 2003. 

  98. Norden, A.G., Fulcher, L.M., and Flynn, F.V., Immunoglobulin light-chain immu-
noblots of urine proteins from patients with tubular and Bence-Jones proteinuria, 
 Clin. Chim. Acta,  166, 307–315, 1987. 

  99. Gianazza, E., Galliano, M., and Miller, I., Structural transitions of human serum albumin: 
An investigation using electrophoretic techniques,  Electrophoresis,  18, 695–700, 1997. 

  100. Miller, I. and Gemeiner, M., Peculiarities in electrophoretic behaviour of different 
albumins,  Electrophoresis,  14, 1312–1317, 1993. 

  101. Büeler, M.R., Wiederkehr, F., and Vonderschmitt, D.J., Two-dimensional gel electro-
phoresis of proteins in body fl uids, in  Two-Dimensional Electrophoresis: Proceed-
ings of the International Two-Dimensional Electrophoresis Conference,  Endler, A.T., 
Hanash, S., Eds., VCH, Weinheim, Germany, 1989, pp. 192–205. 

  102. Goldman, D., Merril, C.R., and Ebert, M.H., Two-dimensional gel electrophoresis of 
cerebrospinal fl uid proteins,  Clin. Chem.,  26, 1317–1322¸1980. 

  103. Merril, C.R. and Harrington, M.G., “Ultrasensitive” silver stains: Their use exem-
plifi ed in the study of normal human cerebrospinal fl uid proteins separated by two-
dimensional electrophoresis,  Clin. Chem.,  30, 1938–1942, 1984. 

DK3068_C014_r04.indd   265DK3068_C014_r04.indd   265 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



266 Ingrid Miller and Marcia Goldfarb

  104. Yun, M., Wu, W., and Harrington, M., Human cerebrospinal fl uid protein database: 
Edition 1992,  Electrophoresis,  13, 1002–1013, 1992. 

  105. Raymackers, J., Daniels, A., De Brabandere, V., Missiaen, C., Dauwe, M., Verhaert, 
P., Vanmechelen, E., and Meheus, L., Identifi cation of two-dimensionally separated 
human cerebrospinal fl uid proteins by N-terminal sequencing, matrix-assisted laser 
desorption/ionization—mass spectrometry, nanoliquid chromatography-electrospray 
ionization-time of fl ight-mass spectrometry, and tandem mass spectrometry,  Electro-
phoresis,  21, 2266–2283, 2000. 

  106. Yuan, X., Russell, T., Wood, G., and Desiderio, D.M., Analysis of the human lumbar 
cerebrospinal fl uid proteome,  Electrophoresis,  23, 1185–1196, 2002. 

  107. Sickmann, A., Dormeyer, W., Wortelkamp, S., Woitalla, D., Kuhn, W., and Meyer, 
H.E., Toward a high resolution separation of human cerebrospinal fl uid,  J. Chromatogr. 
B , 771, 167–196, 2002. 

  108. Sindic, C.J., Van Antwerpen, MP., and Goffrette, S., The intrathecal humoral immune 
response: Laboratory analysis and clinical relevance,  Clin. Chem. Lab. Med. , 39, 
333–340, 2001. 

  109. Andersson, M., Alvarez-Cermeno, J., Bernardi, G., Cogato, I., Fredman, P., 
Fredriksen, J., Fredrikson, S., Gallo, P., Grimaldi, L.M., Gronning, M., Keir, G., 
Lamers, K., Link, H., Magalhaes, A., Massaro, A.R., Öhman, S., Reiber, H., 
Rönnbäck, L., Schluep, M., Schuller, E., Sindic, C.J.M., Thompson, E.J., Trojano, M., 
and Wurster, U., Cerebrospinal fl uid in the diagnosis of multiple sclerosis: A consen-
sus report,  J. Neurol. Neurosurg. Psychiatry,  57, 897–902, 1994. 

  110. Verbeek, M.M., de Reus, H.P.M., and Weykamp, C.W., Comparison of methods for 
the detection of oligoclonal IgG bands in cerebrospinal fl uid and serum: Results of the 
Dutch quality control survey,  Clin. Chem.,  48, 1578–1580, 2002. 

  111. Harrington, M.G., Merril, C.R., Goldman, D., Xu, X., McFarlin, D.E., Two-dimensional 
electrophoresis of cerebrospinal fl uid proteins in multiple sclerosis and various neuro-
logical diseases,  Electrophoresis,  5, 236–245, 1984. 

  112. Wiederkehr, F., Ogilvie, A., and Vonderschmitt, D.J., Two-dimensional gel electro-
phoresis of cerebrospinal fl uid immunoglobulins,  Electrophoresis,  7, 89–95, 1986. 

  113. Beeley, J.A. and Khoo, K.S., Salivary proteins in rheumatoid arthritis and Sjögren’s 
syndrome: One-dimensional and two-dimensional electrophoretic studies,  Electro-
phoresis,  20, 1652–1660, 1999. 

  114. Ghafouri, B., Tagesson, C., and Lindahl, M., Mapping of proteins in human saliva 
using two-dimensional gel electrophoresis and peptide mass fi ngerprinting,  Pro-
teomics,  3, 1003–1015, 2003. 

  115. Vitorino, R., Lobo, M.J.C., Ferrer-Correira, A.J., Dubin, J.R., Tomer, K.B., Domingues, 
P.M., and Amado, F.M.L., Identifi cation of human whole saliva protein components 
using proteomics,  Proteomics,  4, 1109–1115, 2004. 

  116. Mii, S., Nakamura, K., Takeo, K., and Kurimoto, S., Analysis of human tear proteins 
by two-dimensional electrophoresis,  Electrophoresis,  13, 379–382, 1992. 

  117. Glasson, M.J., Molloy, M.P., Walsh, B.J., Willcox, M.D.P., Morris, C.A., and Williams, 
K.L., Development of mini-gel technology in two-dimensional electrophoresis for 
mass-screening of samples: Application to tears,  Electrophoresis,  19, 852–855, 1998. 

  118. Anderson, N.G., Powers, M.T., and Tollaksen, S.L., Proteins of human milk. I. Iden-
tifi cation of major components,  Clin. Chem. , 28, 1045–1055, 1982. 

  119. Goldfarb, M., Two-dimensional electrophoretic analysis of human milk proteins, 
 Electrophoresis,  10, 67–70, 1989. 

DK3068_C014_r04.indd   266DK3068_C014_r04.indd   266 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



Immunoglobulin Patterns in Health and Disease 267

  120. Toussi, A., Paquet, N., Huber, O., Frutiger, S., Tissot, J.-D., Hughes, G.J., and Hoch-
strasser, D.F., Polypeptide marker and disease patterns found while mapping proteins 
in ascitis,  J. Chromatogr.,  582, 87–92, 1992. 

  121. Lindahl, M., Ståhlbom, B., and Tagesson, C., Two-dimensional gel electrophoresis of 
nasal and bronchoalveolar lavage fl uids after occupational exposure,  Electrophoresis, 
 16, 1199–1204, 1995. 

  122. Lindahl, M., Ståhlbom, B., Svartz, J., and Tagesson, C., Protein patterns of human 
nasal and bronchoalveolar lavage fl uids analyzed with two-dimensional gel electro-
phoresis,  Electrophoresis,  19, 3222–3229, 1998. 

  123. Noël-Georis, I., Bernard, A., Falmagne, P., and Wattiez, R., Database of bronchoal-
veolar lavage fl uid proteins,  J. Chromatogr. B,  771, 221–236, 2002. 

  124. Ghafouri, B., Ståhlbom, B., Tagesson, C., and Lindahl, M., Newly identifi ed proteins 
in human nasal lavage fl uid from non-smokers and smokers using two-dimensional 
gel electrophoresis and peptide mass fi ngerprinting,  Proteomics,  2, 112–120, 2002. 

DK3068_C014_r04.indd   267DK3068_C014_r04.indd   267 10/23/2005   8:02:50 PM10/23/2005   8:02:50 PM



DK3068_C014_r04.indd   268DK3068_C014_r04.indd   268 10/23/2005   8:02:51 PM10/23/2005   8:02:51 PM



269

 Difference Gel 
Electrophoresis (DIGE) 
 Mustafa Ünlü and Jonathan Minden 

CONTENTS

15.1 Introduction ..................................................................................................270
15.1.1 Of Proteomes and Gels .....................................................................270
15.1.2 DIGE ................................................................................................271
15.1.3 Of Proteomes and Dynamic Range of Expression ...........................272

15.1.3.1 Good Night, Sweet Gel? ...................................................273
15.2 Usage Guide .................................................................................................273

15.2.1 General Notes ...................................................................................274
15.2.2 Recipes, Apparatus, and Chemicals for Sample 

Solubilization and Labeling .............................................................274
15.2.2.1 Lysis Buffer .......................................................................274
15.2.2.2 Labeling Solution ..............................................................274
15.2.2.3 Quenching Solution ...........................................................275

15.2.3 IEF ....................................................................................................275
15.2.3.1 Rehydration Buffer ............................................................275
15.2.3.2 Equilibration Buffer I ........................................................275
15.2.3.3 Equilibration Buffer II .......................................................275

15.2.4 Sodium Dodecyl Sulfate–Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) ...........................................................275
15.2.4.1 4 � Resolving Gel Buffer .................................................276
15.2.4.2 30% Monomer Solution ....................................................276
15.2.4.3 4 � Stacking Gel Buffer ...................................................276
15.2.4.4 Light Gradient Gel Solution ..............................................276
15.2.4.5 Heavy Gradient Gel Solution ............................................276
15.2.4.6 Stacking Gel Solution .......................................................277

15.2.5 Imager Specifi cations .......................................................................277
15.2.5.1 Destain Solution ................................................................277

15.3 Method .........................................................................................................277
15.3.1 Sample Solubilization ......................................................................277

15.3.1.1 Introduction and General Notes ........................................277
15.3.1.2 Drosophila Embryos .........................................................278
15.3.1.3 S. Cerevisiae ......................................................................279
15.3.1.4 Sample Labeling ...............................................................279

 15 

DK3068_C015_r04.indd   269DK3068_C015_r04.indd   269 10/23/2005   8:03:01 PM10/23/2005   8:03:01 PM



270 Mustafa Ünlü and Jonathan Minden

15.3.2 IEF ....................................................................................................280
15.3.2.1 Introduction and General Notes ........................................280
15.3.2.2 Rehydration .......................................................................280
15.3.2.3 Setting Up and Running the First Dimension ...................280
15.3.2.4 Equilibration of IEF Gels ..................................................281

15.3.3 SDS-PAGE .......................................................................................281
15.3.3.1 Assembling the Gel Cassettes ...........................................281
15.3.3.2 Pouring the 10–15% Gradient Gels ..................................282
15.3.3.3 Setting Up and Running the Second Dimension ...............282

15.3.4 Image Acquisition and Analysis ......................................................282
15.3.4.1 Introduction and General Notes ........................................282
15.3.4.2 Image Acquisition .............................................................283
15.3.4.3 Image Analysis ..................................................................284

References ..............................................................................................................284

 15.1 INTRODUCTION 

 15.1.1 Of Proteomes and Gels 

 Proteomics is a recently coined term that refers to the fi eld of study of the proteome, 
defi ned for the fi rst time in 1994 as “the PROTEin products of a genOME”.1 Since 
its introduction, the term has found widespread acceptance across the breadth of 
biological research. A simple search of the Medline database indicated an almost 
exponential increase in the number of published articles about proteomics since 1995 
(Figure 15.1). The increase continues unabated to the present. 

 The attractiveness of proteomics derives from its promise to uncover changes 
in global protein expression accompanying many biologically relevant processes, 
such as development and tumor genesis. Since proteins are the effector molecules 
that carry out most cellular functions, studying proteins directly has clear advan-
tages over and (at least in theory) achieves results that go beyond those accessible by 
genomic analyses. Spatiotemporal patterns of protein expression are very complex 
and dynamic due to fl uctuations in abundance. This complexity is increased multiple-
fold by the ability of proteins to be functionally affected through posttranslational 
modifi cations. 

 In order to detect changes in global protein expression, the methodology employed 
must be able to generate and compare snapshots of the entire protein component 
of an organism, cell, or tissue type. Two-dimensional gel electrophoresis (2DE) is 
a key separation technique for complex polypeptide mixtures because it offers the 
highest practical resolution in protein fractionation. This resolution power derives 
from orthogonally combining two separations based on two independent parameters: 
isoelectric focusing (IEF) separates proteins based on charge, and sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) separates by size. Since 
separation is achieved under two independent parameters, charge and size, and no 
dilution effects are incurred, 2DE outperforms all other current separation techniques 
and yields a 2D gel on which hundreds to a few thousand proteins are fractionated 
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and displayed. Traditionally, comparison of two or more gels then allows for the 
detection of the protein species differing between the compared states of the organ-
ism, cell, or tissue type under investigation. 

 2DE was fi rst described simultaneously by several groups in 1975.2–4 Unfortunately, 
using 2DE to compare protein extracts to each other has not been very fruitful.5 It is 
instructive to examine the number of published articles on 2DE in the database and then 
to compare these with the results for proteomics (Figure 15.2). The numbers indicate 
that as a technique that has been around for 25 years and promised much, 2D gels have 
not delivered, primarily because of unavoidable systemic irreproducibilities between 
different gels. The other salient shortcoming is incomplete proteome display due to 
the poor performance of 2DE with basic and hydrophobic proteins. Some progress has 
been made with the latter,6 but most efforts have been concentrated on surmounting the 
more serious irreproducibility problem. Given that all conventional protein detection 
methods are nonspecifi c, running different gels in order to compare different samples 
has remained a requirement. Thus, developments until the late 1990s focused primarily 
on physically improving the 2DE process7 and also on computational approaches to 
better compare several gels.8 The results of these efforts were at best partially success-
ful, also having the side effect of increased material and time investment in a technique 
that was already considered to be diffi cult. 

 15.1.2 DIGE 

 We developed a detection system that differentiates between two different samples 
without introducing differences on its own, in order to be able to run two different 
samples on the same 2D gel.9 DIGE uses two fl uorescent dyes to label two protein 

FIGURE 15.1 The meteoric rise of a trend. The number of articles published each year, with 
the phrase PROTEOM,* according to a Medline search.
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mixtures. The dyes enable samples to be differentiated from each other on the same 
gel. Dye design was nontrivial: no electrophoretic mobility differences should be 
imparted to otherwise identical proteins that were differentially tagged; and issues of 
sensitivity and photostability needed to be properly addressed. We succeeded in this 
approach and unquestionably demonstrated the reproducibility and feasibility of our 
modifi ed technique. Thus, in DIGE, every identical protein in one sample superim-
poses with its differentially labeled counterpart in the second sample, eliminating the 
need to compare different gels and the problems associated with that approach. 

 15.1.3 Of Proteomes and Dynamic Range of Expression 

 Application of mass spectrometry to in-gel enzymic digests protein spots from 2D 
gels facilitates the rapid and sensitive identifi cation of proteins of interest.10 Previously 
the only way to identify candidate spots was by slow and less-sensitive methods such 
as coexpressing or coelectrophoresing known proteins, and Western blotting or 
N-terminal sequencing by Edman degradation. An in-depth look at how mass spec-
trometry has developed and its applications to proteome research is beyond the scope 
of this article; however, suffi ce it to state that mass spectrometry, in conjunction with 
genome sequencing projects, has brought higher throughput and new levels of sensi-
tivity to the fi eld, literally allowing the word  proteomics  to be invented. 

 Widespread use of mass spectrometry to analyze large numbers of spots from 2D 
gels has also brought out another shortcoming of 2DE. Articles on proteome-wide 
analyses of   Saccharomyces  cerevisiae  pointed out that no spots from silver-stained 
2D gels could be identifi ed with low-abundance,11,12 estimates of protein abundance 
have been linked to codon bias,13 and the completion of the yeast genome sequence 

FIGURE 15.2  The rise and fall and rise of 2D gels. The number of articles 
published each year with the words TWO and DIMENSIONAL and GEL and 
ELECTROPHORESIS, according to a Medline search.
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has enabled protein spot abundance to be coupled with quantitative transcript-based 
analyses. 

 The conclusion of these recent studies14 is that there is an inherent limitation in 
2D gels, namely that of maximum load compared to the range of protein abundances 
that precludes low-abundance protein identifi cation therefrom. It would appear from 
these conclusions that in order to be useful in detecting any protein with less than 
moderate abundance, 2DE must be applied to subfractionated or otherwise enriched 
samples. In fact, it has been suggested that the most productive proteomics approaches 
should bypass the 2DE step and depend on liquid chromatography (LC) based meth-
ods for separation and isotope-coded affi nity tags measured by mass spectrometry 
for quantitation.15 

 15.1.3.1 Good Night, Sweet Gel? 

 Despite the preliminary results reported from several new promising techniques cur-
rently in development that do not require prefractionation of complex protein mix-
tures by gels, such as ICAT technology,15   the advantages of separating a mixture of 
thousands of proteins (such as whole cell lysates) are obvious. LC-based fraction-
ation suffers even more from the enormous dynamic range of protein expression 
present in very complex biological samples. Furthermore, LC-based separation is 
often done at the peptide level (a must when inline LC to mass spectrometry is being 
attempted), which multiplies the complexity of the sample and spreads the higher 
abundant signal throughout the separation time. 

 On the other hand, 2DE achieves its remarkable resolution by separating whole 
proteins via two independent parameters, charge and size. This means that differentially 
modifi ed versions of proteins are often separated and may be detected and quantitated 
with respect to each other. Furthermore, dilution effects during the electrophoresis pro-
cedure are minimal compared to column chromatography, thus enabling 2DE to out-
perform multidimensional chromatography based approaches in separation. 

 We feel that the abundance limitation is not insurmountable, but rather more a 
problem of the level of detection associated with the staining techniques employed 
and losses caused by postelectrophoretic handling prior to mass spectrometry. By 
affording facile and reproducible detection of differences, DIGE has eliminated the 
need for running multiple gels. The fact that all proteins are already fl uorescently 
labeled takes sensitivity of detection to lower levels than was affordable. Also, gels 
do not need to be stained, cutting down the number of postelectrophoretic handling 
steps. Direct excision from differentially labeled gels is possible with a device that 
incorporates imaging and excision abilities in the same instrument. Thus, coupling 
the fl uorescent label to automated spot cutting and digestion will also minimize 
losses associated with handling. 

 15.2 USAGE GUIDE 

 This is a detailed how-to guide for performing DIGE experiments using the GE 
Healthcare IPGPhor II with the IPGPhor Manifold for the fi rst dimension and SE660 
for the second. 
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 15.2.1 General Notes 

 All references to H
 2 
O should be read as double distilled H

 2 
O unless stated otherwise. 

 In recipes, the information given in each line corresponds to fi nal concentration, 
the name of ingredient, and the amount used, in that order. 

 15.2.2 Recipes, Apparatus, and Chemicals for Sample 
Solubilization and Labeling 

 40% Methylamine in water, urea, thiourea, DTT, and 3-[(3-Cholamidopropyl)dimethylam-
monio]-1-propanesulfonate (CHAPS) were obtained from Sigma-Aldrich (Milwaukee, 
Wisc.).  N  2-Hydroxyethlypiperazine- N '-ethanesulfonic acid (HEPES) was from Fisher 
Scientifi c (Pittsburgh, Penn.). 

 15.2.2.1 Lysis Buffer 

 8 M urea 24.0 g 

 (Alternatively, 6 M urea and 2 M thiourea may be used. * ) 

 6 M urea 18.0 g 
 2 M thiourea 7.6 g 

 Make up to 40 ml with high-performance liquid chromatography (HPLC) quality 
H

 2 
O and dissolve the urea. 

 2% CHAPS (  American Bioanalytical  1.0 g
Natick, Mass.) 

 10 mM DTT 500 µl of 1 M stock or 0.077 g solid 
 10 mM NaHEPES, pH 8.5 5.0 ml of 100 mM stock †‡  

 Make up to 50.0 ml with HPLC-quality H
 2 
O and store at �80�C in 1 to 1.5 ml 

aliquots. 

 15.2.2.2 Labeling Solution 

 We typically label samples in lysis buffer with no further modifi cation. Note that we 
do not add   IPG Buffers to this solution.§   

* A mixture of urea and thiourea has been reported to aid in the solubilization of membrane proteins.6

† Never warm a protein lysate in urea; always endeavor to keep it at least on ice, if not frozen. 
Minimize the time samples spend away from �80�C. This is because at high temperature and pH urea 
spontaneously breaks down to yield cyanate, which modifi es lysine residues and leads to carbamylated 
charge trains in the IEF dimension. Low temperature slows down but does not stop this process.16

‡ Usually the pH of HEPES is adjusted with KOH; however, if SDS is used in any subsequent step 
(such as running lysate directly on SDS-PAGE), KDS will be formed, which is insoluble in water. Use 
NaOH. When making up this buffer, make sure to add the HEPES last (see note †).

§ The presence of IPG Buffers in the Lysis buffer interferes with labeling since some contain amines 
that react with and inactivate the dye. Similarly, the presence of any other primary amine containing com-
pound (such as Tris) should be avoided.

DK3068_C015_r04.indd   274DK3068_C015_r04.indd   274 10/23/2005   8:03:05 PM10/23/2005   8:03:05 PM



Difference Gel Electrophoresis (DIGE) 275

 15.2.2.3 Quenching Solution 

 5 M methyl amine in 100 mM NaHEPES, pH 8.0. Dissolve 2.38 g HEPES in 38.8 
ml of 40% methyl amine aqueous solution. Slowly add approximately 60 ml concen-
trated HCl with stirring. Cool the solution on ice, and measure the pH as the HCl is 
added until the pH reaches 8.0. 

 15.2.3 IEF 

 The IEF equipment is a IPGPhor II from GE Healthcare (Peapack, N.J.), with the 
DryStrip kit installed. The tefl on membranes are from the YSI (Yellow Springs, 
Ohio) model 5793 standard membrane kit for oxygen electrodes. Light paraffi n oil 
was from obtained from GE Healthcare. 

 15.2.3.1 Rehydration Buffer 

 2% CHAPS 0.4 g 
 8 M urea 9.6 g (Same composition as lysis buffer above * ) 
(Alternatively,  6 M urea   or 2 M thiourea may be used) 
 2 mM acetic acid 2.7 µl of glacial acetic acid (�17 M) 
 10 mM DTT 200 µl of 1 M stock or 0.031 g solid 

 Make up   to 20 ml with H
 2 
O; store at 4�C. †  

 15.2.3.2 Equilibration Buffer I 

 1 � Stacking Gel Buffer 25 ml of 4 � solution 
 1% SDS 20 ml of 10% SDS solution 
 8.7% Glycerol 10 ml of 87% solution 
 5 mM DTT 500 µl of 1 M solution or 0.076 g 

 Bring up to 100 ml with H
 2 
O 

 Store at 4�C ‡  

 15.2.3.3 Equilibration Buffer II 

 Same as above, except 2% iodoacetamide (add 2 g) replaces DTT, and a trace amount 
of Bromophenol blue is added. 

 15.2.4 Sodium Dodecyl Sulfate–Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) 

 Sodium dodecyl sulfate (SDS) was obtained from Fisher Scientifi c. The gradient maker, 
acrylamide, and bis-acrylamide of the highest purity were obtained from Bio-Rad 

* See fi rst footnote in section 15.2.2.1.
† As in the second footnote in section 15.2.2.1, there is a danger of cyanate formation in this 

buffer. It is thus preferable to add the acetic acid at the same time as the urea. The lower pH will slow 
down the breakdown process. IPG Buffer will need to be added just before rehydration according to the 
manufacturer’s instructions.
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(Hercules, Calif.). The gel equipment was a Hoefer SE-660 18 � 24 cm apparatus from 
GE Healthcare. The 0.2 µm fi lters were from Nalgene (Rochester, N.Y.). 

 15.2.4.1 4 � Resolving Gel Buffer 

 36.3 g Tris 
 Add 150 ml H

 2 
O 

 Adjust to pH 8.6 with 6 N HCl 
 Make up to 200 ml with H

 2 
O 

 Filter sterilize through a 0.2 µm fi lter and store at 4�C 

 15.2.4.2 30% Monomer Solution 

 60.0 g acrylamide 
 1.6 g bis-acrylamide 
 Make up to 200 ml with H

 2 
O 

 Filter sterilize and store as above 

 15.2.4.3 4 � Stacking Gel Buffer 

 3.0 g Tris 
 Add 40 ml H

 2 
O 

 Adjust pH to 6.8 with 6N HCl 
 Make up to 50 ml with H

 2 
O 

 Filter sterilize as above and store at �20�C 

 15.2.4.4 Light Gradient Gel Solution 

 10% acrylamide 8.25 ml of 30% monomer solution 
 0.375 M Tris 6.25 ml of 4 � resolving gel buffer 
 H

 2 
O 10 ml 

 0.1% SDS 250 µl of 10% SDS solution 

 Add these right before pouring the gel  : 

 Ammonium Persulfate (APS) 82.5 µl of 10% stock solution 
N,N,N',N'-Di-(dimethylamin.) ethane  TEMED 8.25 µl 

 15.2.4.5 Heavy Gradient Gel Solution 

 15% acrylamide 12.25 ml of 30% monomer solution 
 0.375 M Tris 6.25 ml of 4 � resolving gel buffer 
 H

 2 
O 3.8 ml 

 0.1% SDS 250 µl of 10% SDS solution 
 Sucrose 3.75 g 

 Add these right before pouring the gel: 

 APS 82.5 µl of 10% stock solution 
 TEMED 8.25 µl 
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 15.2.4.6 Stacking Gel Solution 

 3.5% acrylamide 400 µl of 30% monomer solution 
 0.175 M Tris 800 µl of 4 � stacking gel solution 
 H

 2 
O 2.0 ml 

 0.1% SDS 33 µl of 10% SDS solution 

 Add these two before pouring the gel: 

 APS 16.7 µl of 10% stock solution 
 TEMED 1.7 µl 

 15.2.5 Imager Specifi cations 

 We use a home-built device to acquire fl uorescence images of DIGE gels.17 The cooled 
CCD camera is a 16-bit, series 300 model purchased from Photometrics/ Roper Scientifi c 
(Tucson, Ariz.). It is fi tted with a standard 105 mm macro lens from Nikon, available 
from most photographical suppliers. Two 250 W quartz-tungsten-halogen lamps from 
Oriel (Stratford, Conn.) are used for illumination. Single bandpass excitation (2.5 cm 
diameter) fi lters from Chroma Technology (Brattleboro, Vt.), are used to excite 545 � 
10 nm and 635 � 15 nm for Cy3 and Cy5, respectively. A multi-wavelength bandpass 
emission fi lter from Chroma Technology is used to image the gels at 587.5 � 17.5 nm 
and 695 � 30 nm for Cy3 and Cy5, respectively. The imager housing was constructed 
in-house from black plexiglass. An automated gel cutter is built as an integral component 
of the fl uorescent gel imager. Image acquisition and spot excision is semiauto-
mated and is controlled by a Silicon Graphics Inc. (Mountain View, Calif.) O2 computer 
workstation. 

 15.2.5.1 Destain Solution 

 1% Acetic acid 10 ml of glacial acetic acid 
 40% Methanol 400 ml 
 H

 2 
O   590 ml 

 15.3 METHOD 

 15.3.1 Sample Solubilization 

 15.3.1.1 Introduction and General Notes 

 Since the number of different cells or tissue types that will be typically analyzed 
by 2DE is quite large, it is hard to describe a single protocol that will be applicable 
for all cases. Most samples have merely needed lysis buffer to be added to extract 
protein. Some examples of this kind are almost all prefractionated or prepurifi ed 
proteins, human brain slices,  Drosophila  testes, mouse embryonic genital ridges, 
and pellets of  Escherichia coli.  Some preparations have required only slightly more 
vigorous disruption (i.e., with a ground glass homogenizer). Other preparations have 
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required even more severe extractions, such as using sonication or glass beads for 
effi cient disruption. Yeast and some cultured cells are examples of the latter. Each 
sample, if it does not simply lyse upon buffer addition, will require an empirical 
approach to determine the most effi cient preparation method. 

 In general, all samples should be kept as cold as possible. All steps leading to and 
including lysis should be performed on ice. As soon as lysis is complete, samples may 
be stored indefi nitely at �80�C. Repeated thawing and refreezing does not seem to 
have a deleterious effect. Do note that the lysis buffer contains urea. *†  Following are 
three sample extraction protocols that may be used as a basis for developing further 
protocols: 

 Tissue Cultured 3T3 Mouse Fibroblasts 

  • Grow cells in a 150 mm Petri dish 
  • Wash three times with 5 ml culture medium without serum 
  • Add 2 ml medium to plate 
  • Remove cells by scraping and   transfer to 15 ml conical tube 
  • Repeat the above with an additional 2 ml, transfer to the same conical tube 
  • Centrifuge for 5 minutes at 5000 g  
  • Discard supernatant and resuspend cells in 1 ml medium 
  • Transfer cells to a 1.5 ml tube on ice 
  • Centrifuge for 5 seconds at maximum speed in a tabletop microfuge 
  • Remove supernatant 
  • Vortex lightly to loosen pellet 
  • Add 50 µl of lysis buffer for every 10 6    cells and vortex 
  • Centrifuge in the cold room for 5 to10 minutes at 13,000 g  
  • Store at �80�C 

 This extract is expected to yield between 4 and 8 mg/ml protein. 

 15.3.1.2  Drosophila  Embryos 

 Embryos are dechorinoted and observed in eggwash solution under a dissection 
microscope in order to determine their age. Embryos that are at the right stage are 
removed and rinsed once with ethanol to remove the eggwash solution. They are 
immediately transferred into ethanol over dry ice. Several days of collections may be 
accumulated, with the embryos being kept in ethanol at �80�C. After accumulating 
enough embryos (assume a yield of 1–1.5 µg protein yield per embryo), transfer the 
embryos into a cold ground glass homogenizer on ice, add 1 µl of lysis buffer per 
embryo and briefl y homogenize. Spin in a tabletop microfuge for 5 to 10 seconds, 

* See second footnote in section 15.2.2.1.
† We typically do not use protease inhibitors. The combination of the lysis buffer with its reducing 

ability, the chaotropic effects of the urea and the surfactant, and the cold temperature seems to inactivate 
proteolytic activity. We also do not perform any steps requiring room temperature or protein activity (such 
as the DNAse and RNAse treatment found in some protocols). Furthermore, the presence of the inhibitors 
may sometimes interfere with the fl uorescent labeling.
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take the supernatant, and discard any solid material. Store at �80�C. This extract 
should have between 1 and 2 mg/ml protein. 

 15.3.1.3  S. Cerevisiae  

  • Obtain a 250 ml yeast culture of 0.5 optical density (OD) 600  
  • Centrifuge the culture at 5000 g  for 15 minutes at 4�C 
  • Decant the supernatant 
  • Wash the cells as follows: 

 • Suspend the cells in 5 ml of 100 mM NaHEPES, pH 8.0 
 • Centrifuge the cells for 10 minutes at 5000 g  at 4�C *  
 • Remove the supernatant 
 • Resuspend in 5 ml of 100 mM NaHEPES, pH 8.0 and repeat the above 

steps once 
  • Suspend the pellet of washed cells in 750 µl of lysis buffer 
  • Transfer to a 15 ml conical tube containing 1 g acid washed glass beads 
  • Vortex for 3 minutes in the cold room 
  • Spin down and transfer the supernatant to fresh tubes 
  • Store the extract at �80�C. This extract has an expected protein concentra-

tion between 1 and 4 mg/ml. 

 15.3.1.4 Sample Labeling 

 Measure the protein concentration in the extracts with the method of choice (Bradford, 
etc.). In order to obtain matched fl uorescence images, use equal amounts of protein for 
each sample. Anywhere between 50 and 250 µg of protein per sample may be loaded 
on a single 13–24 cm IEF strip, making the total maximum load 0.5 mg when two sam-
ples are being compared. There is very little to no loss of resolution even at the highest 
level of loading, and there is no reason not to try to achieve it. In fact, the greater load 
may allow for the detection of lower-abundance proteins and permit a better chance of 
success in the eventual identifi cation of the spots of interest. Dye-dependent changes 
are rarely seen when the labeling reaction is done correctly. However, errors in label-
ing or quenching are often indicated by many dye-dependent changes. 

  • Bring the desired amount of each sample to up to 48 µl with lysis buffer †  
  • Add 1 µl of the appropriate dye to each sample  ‡   
  • Incubate on ice for 15 minutes 
  • Add 1 µl of quenching solution, followed by 0.5 µl IPG Buffer solution 

* It is preferable to use a swing-out rotor to get a more compact pellet and minimize loss of yeast 
cells. We use a bench-top centrifuge with a swing-out TechnoSpin rotor from Sorvall Instruments.

† The sample cups (see section 15.3.2) on the IEF gel have about 100 µl maximum capacity. However, 
if necessary, more volume can be handled by ordering more sample cup holder bars separately from the 
Dry strip kit and used to spread one sample between several cups. Because IEF is a focusing technique, 
sample does not necessarily need to be all applied in exactly the same spot.

‡ The dye synthesis is detailed elsewhere.9 The dyes are commercially available from GE 
HealthSciences.
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  • Incubate on ice for 30 minutes 
  • Immediately load and run on the fi rst dimension 

 15.3.2 IEF 

 15.3.2.1 Introduction and General Notes 

 This is arguably the most complex and problematic step in the whole procedure. Notable 
diffi culties include, but are not limited to, sample leakage, gel sparking, and insuffi cient 
or incomplete focusing. The fi rst-dimension gels are purchased as dry strips and come in 
a variety of sizes and pH ranges. The strips of choice are from GE Healthcare; however, 
good results may also be obtained by using strips by other vendors. In all cases, the 
instructions that come with the gels should be followed in general; however, do note that 
some of the solutions and procedures recommended by GE Healthcare have been modi-
fi ed here. When there’s a confl ict, use this version for the best results. 

 15.3.2.2 Rehydration 

The strips are stored at –20°C. Bring them to room temperature before opening the 
package to prevent condensation from forming on them.

Follow the manufacturer’s instructions for rehydrating the strips. Note that IPG 
Buffer will need to be added to the rehydration buffer just before use. The amount of 
rehydration buffer one needs to prepare at this step depends on the size and number of 
the gels in each experiment. For 11cm strips, use 250 µ1 buffer, for 18 cm strips, use 
340 µ1, and for 24 cm strips, use 450 µ1 buffer per strip. To the appropiate amount of 
rehydration buffer add 4 µ1 of IPG Buffer per 750 µ1 on ice.

Level the swelling tray, then add the appropriate volume of rehydration buffer to each 
lane, loading it all at one end. Remove the strip from its package and remove the thin pro-
tective plastic covering the gel side of the strip. While manipulating the strips, it is best to 
hold them at either end where there is no IEF gel on the plastic backing membrane. Lay 
the strip on the buffer solution in swelling tray gel-side down, taking care to not trap any 
air bubbles under the gel. Once the gel strip is placed on the buffer, slide the strip back and 
forth to be sure that the rehydration buffer is evenly distributed across the gel.    

Close the lid on the swelling tray and place it into a large plastic bag (or any other 
container) containing some wet paper towels. This will retard evaporation of the buffer 
during rehydration. Seal the bag and leave it at room temperature overnight. Gels will 
swell to 0.5 mm thickness.*

 15.3.2.3 Setting Up and Running the First Dimension 

 Set-up the IPGPhor II with the cup-loading IPGPhor Manifold and level it. Clean the 
white tray and align it correctly on the electrode plate. Add 110 ml light mineral oil, 
covering all 12 lanes even if only running a few.

* rehydration should continue for a minimum of 8 hours. The gels should not be used after 24 hours 
in the rehydration solution.
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Place the gel strips into the lanes, one gel per lane, gel side up. Be sure strip is 
correctly placed within the lane (see manufacturer’s instructions) and completely 
covered with oil.

Place the sample cups so that they are not directly over protrusions in the lane walls 
and are only as close to the end of the gel so that there is still room for wick overlap. It 
is preferable to place the cups close to the acidic end of the gels. GE Healthcare gels are 
conveniently marked with a + sign at the acidic end. Snap the cups fi rmly into place.

Prewet the wicks on a plastic surface using 150 µ1 of water per wick. Place two 
wicks per gel, one at each end. At the acidic end of the strip, place the wick so that it 
touches the feet of the sample cup.

Apply the samples into each cup, placing the pipette tip under the surface of the oil 
as you deliver sample.

Place the acidic electrode with diagonal lines toward you so that it contacts both the 
wicks and the gold cathode plate at the outside edges. The edges of the electrode should 
be ~1 mm from the cup feet. Snap it into place and tighten the cams at the edges. Place 
the basic electrode similarly, having it contact the wicks and the anode plate.

Close the lid and select an IET protocol. There are charts of suggested protocols in the 
GE Healthcare literature. A sample protocol (for 11 cm 3-11 NL strips) is shown below:

a. No rehydration time (since that was already done)
b. Temp. set to 20°C and current to 50 uA per strip
c. Step, 500 V, 1 hour
d. Grad, 1000 V, 1 hour
e. Grad, 6000 V, 2 hours
f. Step, 6000 V, 30 minutes

  Begin the focusing run and observe the current. As the fi rst step executes, there 
should be at least some current. If there is no current, pause the run and check that 
the electrodes are placed correctly.

15.3.2.4 Equilibration of IEF Gels 

 At the end of the IEF run, equilibrate the gels in Equilibration Buffer I for 15  minutes, 
rinse briefl y with H

 2 
O to remove DTT, and equilibrate in Buffer II for another 15 min-

utes. After equilibration, gels should be either run immediately on the second dimension 
or stored at �80�C. They will last almost indefi nitely at �80�C. *  

 15.3.3 SDS-PAGE 

 15.3.3.1 Assembling the Gel Cassettes 

 Rinse the glass plates with H
 2 
O and then 95% EtOH and air dry. Rinse clamps and 

spacers in H
 2 
O and dry. Make sure the insides of clamps are dry and the spacers are 

free of particulate debris. 

* A small disposable petri dish makes a great receptacle for equilibration. Wrap the gel around the 
inside of the dish, with the gel side pointing in. The dishes may also be marked to easily keep track of the 
identities of multiple gels.
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 Align glass plates and spacers so that all edges are fl ush, especially at the bottom. 
Place a large thumb screw clamp toward the top and a small one at the bottom on 
each of the long sides of the glass plates. Make sure the bottom of the cassette is 
sticking out slightly (1–2 mm) from the clamps. This drives the gel cassette into the 
stand and seals the bottom when the cams are inserted and twisted in opposite direc-
tions. If desired, check seal by squirting water on the outside of sandwich assembly. 

 Assemble the equipment for pouring, with the gradient maker on a stir plate, over 
the cassette(s).  *   

 15.3.3.2 Pouring the 10–15% Gradient Gels 

 Pour the heavy solution in front chamber of gradient maker, add stirbar 
 Pour light solution in back chamber of gradient maker, add stirbar balancer 
 Open the mixing channel and the front stopcock at the same time 
 Pour gel and overlay with  n -butanol 
 Allow gel to polymerize (about 30 minutes) 
 Pour off  n -butanol, rinse top of gel with H

 2 
O twice, and pour about 0.5 cm of 

stacking gel 
 Overlay with  n -butanol again 
 Allow to polymerize for at least eight hours†   

 15.3.3.3 Setting Up and Running the Second Dimension 

 Microwave 10 ml of autoclaved 1% low melting agarose in 1 � stacking gel buffer 
until it starts to boil. (We also add a trace amount of Bromophenol blue.) Place an 
IEF strip on top of the second-dimension gel plastic side down, acidic side facing 
left. Then rotate the IEF strip so that the plastic backing is parallel to the face of the 
back gel plate and slide it down vertically while making sure the plastic side, not the 
gel side, is contacting the glass plate.‡   

 Push the strip down until it is in fi rm contact with the top of the SDS gel. Add 
the agarose until it barely covers the top of the strip. Make sure to add evenly from 
both sides and to avoid air bubbles. Burst bubbles with gel loading pipettor tips after 
the agarose hardens. 

 Make sure to mark the second-dimension gel with sample ID. 
 Electrophorese at 4�C. For a run of about 8 to 10 hours, use 20 mA per gel at 

constant voltage. For a run of about 16 hours, use 8 to 10 mA per gel. 

* Before starting to pour the gradient gels, make sure the gradient maker chamber is free of polyacryl-
amide pieces. The tube and mixing channel can easily be blocked by small pieces of gel. Working fast, 
four gels can be poured one after the other. No washing of the chamber in between gels is necessary.

† The eight hours is to allow the polymerization reaction to go to completion. This time should not 
be shortened to less than about four hours, due to potential side chain and N-terminal modifi cation by 
acrylamide. Gels may be allowed to polymerize as long as overnight provided that the butanol layer is 
increased so that it does not dry out. We have also stored gels at 4�C for up to 24 hours.

‡ If the IEF gel has dried, this may cause a problem as the gel has a higher tendency to stick to the 
glass and tear. Should this start happening, try wetting the IEF strip a little with Equilibration Buffer II.
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 15.3.4 Image Acquisition and Analysis 

 15.3.4.1 Introduction and General Notes 

 The layout of the imaging system is vital for the success of DIGE. The technique has 
unique requirements, so all the hardware and most of the software for image acquisi-
tion was built from scratch. Our system is experimental and transitory in nature. At 
the time of the writing, the apparatus is under constant revision and development and 
is not commercially available in its current form. Thus, rather than give the exact 
minutiae of the image acquisition and analysis process, we list the nature and aim of 
the operations that are performed to arrive at the fi nal result. Hopefully, this will assist 
those who are interested in either building or acquiring their own imaging system. 

 At the time of writing of this manuscript, commercially available DIGE imagers 
are also available as well. For those who might consider either building or acquiring 
an imager, we list the absolute minimum requirements that the hardware must meet: 

  1. In addition to the obvious requirement that the gel not physically move 
during imaging, no changes in protein spot position due to optically 
induced deformations should occur while switching between channels. 

  2. The imaging hardware needs to be sensitive enough to detect minimally 
labeled proteins. Since a cooled, coupled charge device (CCD) had been 
used previously to image in gel fl uorescently labeled proteins,1,18 we decided 
to use a scientifi c grade CCD camera. Without cooling, CCD cameras do 
not have the requisite sensitivity of low-noise capabilities. 

  3. The imaging cabinet must be light-tight, and illumination must be fi ltered 
through the appropriate fi lter sets. 

  4. It is highly preferable that the imaging device have an integrated cutting 
piece. This allows for the rapid and accurate excision of spots of interest 
with minimal handling. 

 In the current incarnation of the DIGE imager, the gels are placed fl at on a black 
plexiglass surface at the bottom of the cabinet. The camera is mounted vertically over 
the gel at about 30 cm away. Illumination is provided by two halogen lamps with 
fi ber-optic leads mounted on top of the cabinet at �60� incident angles to the bottom 
to provide an even fi eld of illumination. The standard image acquired by the imager 
is a 4 � 4 cm square made up from 256 � 256 pixels, each storing 65,000 gray levels 
as unsigned short integers. 

 15.3.4.2 Image Acquisition 

 After the second-dimension run, the gels are removed from their cassettes and 
incubated in Coomassie destain solution for a minimum of one hour. This removes 
surfactants and salts and allows the proteins to be fi xed in the gel. Gels are then 
equilibrated in and placed under 1% acetic acid in H

 2 
O during imaging. Two images 

are acquired from the central region of the gel, one with each excitation fi lter. A few 
spot intensities are compared and used to normalize the acquisition times for the two 
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channels in tile mode. Tile mode is where the entire gel is imaged into a single fi le by 
stitching together thirty 4 � 4 cm squares to generate one 20 � 24 cm image. Two 
such images are generated, one for each channel. Each image corresponds to one of 
the dyes and thus represents one of the samples that was run on the gel. Acquisition 
times typically vary between 10 and 180 seconds per square, which translates to 10 
to 180 minutes total acquisition time per gel. 

 15.3.4.3 Image Analysis 

 The two images from a single gel are inverted and then normalized to each other so 
that the most abundant spots appear at the same level of intensity. The images are 
then converted to byte format and placed into a two-frame Quicktime movie. Playing 
this movie in a continuous loop allows for the visual detection of differences. The 
images are normalized at several different grayscale levels. Normalizing for high 
values allows for the detection of the abundant protein changes and normalizing at 
lower values covers the lower-abundant protein changes. 

 In addition, composite images are also submitted to the SExtractor program (a free-
ware image analysis program used in astronomy applications), which detects spots and 
creates a measurement mask to be applied to the two original image fragments. The 
mask outlines an area of the gel that contains a protein spot. This is used to defi ne the 
area in which the pixel values were integrated. The SExtractor program also performs 
a localized background estimation to determine the base values across the mask area. 
The output from the image analysis is the sum of pixel values in the mask area less the 
background sum. 
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 16.1 INTRODUCTION 

 Since the pioneering work of Klose1 and O´Farrell,2 two-dimensional (2D) electropho-
resis has become a key technology in proteome analysis. It provides the high resolving 
power necessary to separate complex protein samples prior to protein identifi cation via 
mass spectrometry methods. In the early publications from Klose’s group, around 300 
protein spots in a mouse tissue sample could be separated. With many refi nements over 
the last three decades, 2D gels are now capable of separating up to 5000 proteins in a 

 16 
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single run. 2DE is the only analytical technique capable of such resolving power. It is 
somewhat surprising that so far all technological attempts to achieve protein separation 
in a single and preferably automated step have not been successful. 

 The fi rst 2D gels used a carrier ampholyte (CA) generated pH gradient for the 
isoelectric focusing (IEF). However, the setup suffered from pH gradient instability, 
a phenomenon called cathodic drift, which resulted in poor reproducibility and made 
interlaboratory comparisons virtually impossible.3,4 

 A major difference in both the performance and the popularization of the 2D 
gel approach was made with the introduction of immobilized pH gradients (IPGs) 
for IEF in 1982 as an alternative to CA-generated pH gradients.5 IPGs provide a 
signifi cantly higher protein load capacity and can separate up to milligram quantities 
of protein for micropreparative purposes.6 High protein loads are essential for the 
separation and identifi cation of low-abundance proteins using mass spectrometry. 

 Although IPGs have modernized IEF in terms of resolution, reproducibility, and 
user-friendliness, some problems remain .  In particular, the separation of basic pro-
teins remains challenging, and the needs of the life science community in respect to 
this class of compounds are not adequately addressed. The analysis of polypeptides 
with isoelectric point (pI) values above 9 has always been a problem for the fi rst step 
of 2D gel analysis, independent of whether carrier ampholytes or IPGs are used. 

 A theoretical analysis based on genomic data and their translation into protein 
sequence data reveals that there should be a considerable number of proteins with 
basic pIs in most if not all organisms.7 However, when a proteome is separated and 
analyzed, very few basic proteins are identifi ed. Furthermore, only a small number of 
proteomics laboratories are capable of routinely using basic IPGs in their work. 

 Here we provide an overview on the principles of IEF using IPGs, the diffi culties 
of running basic IPG gels, and the most recent developments to develop robust   IPGs 
in the basic range. 

 16.2 PRINCIPLES OF IPGS 

 As briefl y discussed in the introduction, pH gradients formed with carrier ampho-
lytes are subject to instability (cathodic drift) during extended focusing runs.8 This 
phenomenon is not fully understood but is characterized by a drift of the gradient 
toward the cathode and is accompanied by acidifi cation at the anode. This results in 
fl attening of the gradient in the neutral pH region and ultimately a loss of alkaline 
proteins. IPGs were developed to overcome these limitations of carrier ampholytes. 

 16.2.1 Chemistry of IPGs 

 IPGs are generated by copolymerization of acrylamide monomers and acrylamide 
derivatives. These derivatives contain modifi cations on the amino group that improve 
buffering capability and are called acrylamido buffers. They are characterized by the 
general structure CH

 2 
=CH–CO–NH–R, where R represents either a carboxylic or an 

amino group. An acrylamido buffer is defi ned by its p K  value. The fi rst publications 
on IPG technologies worked with a total of six acrylamido compounds with p K  values 
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at pH 3.6, 4.6, 6.2, 7.0, 8.5, and 9.3. Theoretical and experimental considerations led 
to formulations and protocols for casting IPGs spanning ranges of pH 4 to pH 10. 
Later on it became possible to expand the pH range by using additional acrylamido 
buffers with p K  values of 0.8, 10.4, and above 12. This allowed the preparation of 
IPGs with very acidic and basic pH gradients as well.9–11 

 16.2.2 Casting of IPG Gels 

 IPGs are generated through a polymerization process. Because the pH gradient is formed 
by localized charges, the ratio of different acrylamide buffers is varied in a gradient 
mixer prior to the polymerization reaction. In practice, two different polymer ization 
solutions, each containing acrylamide, bisacrylamide, acrylamido buffers, and catalysts, 
are mixed with a gradient mixer and poured into a cassette lined on one side with a 
plastic backing for support. After polymerization, the polymerized sheets are washed to 
remove residual catalysts and monomers, dried, and for 2D electrophoresis applications, 
cut into 3 mm wide strips of appropriate length. Hence the term IPG strip. 

 Unlike conventional IEF with carrier ampholytes, the polymerized gel strips now 
contain covalently bound carboxylic and amino groups with buffering capacity. Also 
contrary to carrier ampholytes, IPGs exhibit no moving charges upon application 
of an electrical fi eld. In theory, IPGs, with their constant pH gradient, should allow 
steady-state focusing and eliminate cathodic drift. This should result in establishment 
of highly reproducible protein patterns, which can extend into the basic pH range. 

 16.2.3 Types of IPG Gels for 2D Electrophoresis 

 With the help of computational approaches, a vast number of pH gradients, both in 
range and shape   gradient types (linear, convex, etc),   have been created.12 Generally 
they can be divided into three categories, namely micro range (0.1–1.0 pH units), 
narrow range (2–4 pH units), and wide range (5–8 pH units). The required resolution 
for the particular protein sample will determine which range should be used. Wide 
gradients (e.g., pH 3–10) are useful to get an overview of an unknown protein sample 
with respect to its pI distribution. If the goal is the resolution of the maximal number 
of protein spots, two strategies can be pursued: either using wide gels (e.g., 24 cm) 
or using multiple overlapping micro or narrow IPGs (zoom-in gels). 

 Although protocols for casting IPG gels are extensively described in the literature, 
most laboratories commonly use commercially available IPG strips. The commercial 
products are made with strict control using automated procedures. Therefore, they 
offer high reproducibility both when compared between laboratories as well as over 
project time. This and the convenience and hassle-free use are why most laboratories 
favor commercial strips over homemade IPGs. 

 16.2.4 Sample Application 

 IPGs either from a commercial source or homemade are supplied as dried gel strips 
that must be rehydrated to their original thickness of 0.5 mm prior to use. The 
rehydration solution typically contains additives such as urea, thiourea, detergents, 
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reducing agents, and carrier ampholytes. The rehydration process takes about 8 to 
12 hours, typically at room temperature. There are two popular sample application 
methods: cup loading and in-gel rehydration. 

 16.2.4.1 Cup Loading 

 Specially designed cups with a capacity up to 150 �L (up to ~800 �g) are used to 
load samples into rehydrated IPG strips (Figure 16.1). In theory, the actual applica-
tion point should not be critical because IEF with IPGs is a true equilibrium tech-
nique. In practice, however, the sample is usually applied at one of the pH extremes 
(anodic or cathodic), where most of the proteins are charged. Under these conditions, 
the migration of the sample into the IPG matrix is simplifi ed, minimizing the risk of 
sample loss due to precipitation. Cup-loading devices are well suited for analytical 
protein loads, but the limited volume of commercial cups may hamper preparative 
applications.   

 16.2.4.2 In-Gel Rehydration 

 The need to rehydrate IPG strips prior to their use led to a simplifi cation of the 
sample application technique fi rst published by Rabilloud et al.13 During the rehy-
dration step, Rabilloud and coworkers loaded the protein samples over the whole 
IPG gel, thus avoiding the risk of sample loss by precipitation in sample cups. This 
technique is popular because it is easy and convenient. The sample volume to be 
applied is only restricted by the volume required for proper IPG strip rehydration. 
For example, 350 �l is the rehydration sample volume used for 17 cm IPG strips, 
which allows higher protein loads. Also, highly diluted samples may be analyzed 
without further concentration steps. 

 Interestingly, the way a protein sample is applied to the IPG strip affects the qual-
ity of basic protein separation. Initially the protein sample was applied by sample 
cups at either end of the strip, preferably at the anode. Since this method suffered 

FIGURE 16.1 Side view of focusing tray with IPG strips, cups, and sample. Courtesy of 
Bio-Rad laboratories.
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from leakage of the sample cups and diffi cult handling, Rabilloud et al.13 devel-
oped the in-gel rehydration method, which has been successfully demonstrated in a 
number of publications.14–17 

 However, when sample application by in-gel rehydration is used at pH extremes, 
basic protein separation is not achieved. Therefore, for basic proteins with high pH 
IPG strips, cup loading at the anode seems to be the method of choice (Figure 16.2). 
Barry et al.18 compared cup loading with the alternative passive and active rehy-
dration methods to identify the advantages   one loading method has over another. 
Replicate 2D gels from each loading method were quantitatively evaluated for 
gel-to-gel reproducibility using pH 6–11 IPG strips and semipreparative protein 
loads (300 �g). They stated that cup loading was far superior for pH 6–11 separa-
tions than active or passive rehydration methods. Cup loading consistently produced 
the greatest number of detectable spots, the best spot matching effi ciency (56%), 
lowest spot quantity variation (28% coeffi cient of variation), and the best-looking 
gels qualitatively.   

 16.3 OVERCOMING DIFFICULTIES WITH BASIC 
PROTEIN SEPARATIONS 

 The theory and methodology of working with IPGs are well understood.19 Applying 
the theoretical knowledge led Righetti and coworkers to recognize that extreme 
pH ranges pose challenges both in preparing and running IPG strips. As already 
discussed in section 16.2.1, the synthesis of very basic acrylamido buffers with p K  
values of 10.4 and greater than 12 is a requirement for the production of very alkaline 
IPG gels (e.g., pH 10–12). However, early attempts to run basic IPG gels polymer-
ized with novel basic acrylamide buffers under standard conditions resulted in poor 

FIGURE 16.2 Effect of sample loading method on resolution. pH 8–11 acrylamide gels 
loaded by (A) standard rehydration methods; and (B) anodic cup loading. Courtesy of Wiley-
VCH Publishing.7
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focusing. This was explained by the occurrence of endosmotic fl ow (EOF), which 
can contribute to poor focusing due to water transport from the cathode to the anode. 
Water fl ow can slow protein migration in the opposite direction, leading to incom-
plete focusing. In addition, dehydration of the IPG strip at the cathode can reduce the 
pore size of the gel, leading to slower protein migration and incomplete focusing.20 
Solutions to this problem include replacing the paper wick, changing the wick during 
the run, and adding organic modifi ers such as glycerol, isopropyl alcohol, or methyl 
cellulose to the rehydration/sample solution21 (see section 16.3.2). However, EOF is 
not the only hurdle to the separation of basic proteins. Others are discussed further 
in a later section. 

 16.3.1 Instability of the Acrylamide Matrix 

 Under extremely acidic and basic conditions, acrylamide is subject to hydrolysis and 
forms acrylic acid, which may enhance EOF. Trying to increase hydrolytic stabil-
ity, Chiari et al.22 developed alternative, N-substituted acrylamide derivatives where 
hydrolysis of the amido group is sterically hindered. These efforts resulted in new 
matrices for electrophoretic separations, such as dimethylacrylamide (DMAA) and 
 N -acryloylaminoethoxyethanol (AAEE). Compared to polyacrylamide (PAA), they 
offer the following advantages: ( a ) strong resistance to alkaline hydrolysis (AAEE 
appears to be 500 times more stable compared to polyacrylamide), ( b ) greater poros-
ity, due to the higher molecular weight of the monomers, and for AAEE, ( c ) high 
hydrophilicity (not for DMAA). Görg et al.21 successfully used DMAA to create 
alkaline IPGs (pH 8–12, 9–12 and 10–12) for 2D separations of ribosomal and 
nuclear proteins. 

 Molloy et al.7 extended the work of Görg and coworkers by investigating IPG 
matrix effects on 2D protein separation of  Caulobacter crescentus  outer membrane 
proteins under standard conditions.7 For the preparation of alkaline IPGs (pH 8–11, 
17 cm), acrylamide, DMAA, and AAEE were used as monomers. Polyacrylamide gels 
were 4% T (total concentration of acrylamide) and 3% C (cross-linker concentration), 
while DMAA and AAEE IPGs were 5% T and 3% C, each with an average buffering 
capacity of 2.9 mequiv/pH/l. 

 Interestingly, for each gel matrix tested, the outer membrane protein sample showed 
good resolution with well-defi ned spot shape. The polyacrylamide and AAEE gels 
showed less protein spot streaking than DMA. More importantly, toward the extremely 
basic portion of the DMAA and AAEE gels, an additional 20 polypeptides were detected 
compared to the standard polyacrylamide gel. A similar study on basic IPGs for the sep-
aration of  Helicobacter pylori  proteins was conducted by Bae et al.23 They compared a 
commercially available pH 6–11 gradient with a novel pH 9–12 IPG based on an AAEE 
matrix. Spot identifi cations revealed that even the most basic proteins resolved on the 
pH 6–11 2D gels had a predicted pI less than 10.0 and that the majority had pIs less 
than 9.5. Only seven protein spots were visible beyond pH 9.5 in this gel, although the 
presence of signifi cantly more proteins in this region was theoretically expected. With 
the pH 9–12 IPG, a noteworthy improvement was obtained, and 15 more spots with a 
pI above 9.5 could be detected and characterized by mass spectrometry. 
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 The aforementioned results of Görg, Molloy, and Bae indicate that the use of 
alternative monomers such as DMAA and AAEE results in better alkaline protein 
separations compared to the reference polyacrylamide gel. However, there is still 
an apparent lack of proteins with predicted pI �10. An alternative approach to the 
examination of extremely alkaline proteins is a combination of prefractionation 
liquid-phase IEF and both sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) followed by liquid chromatography–tandem mass spectrometry 
posttryptic digest.23 

 16.3.2 Running Conditions for Basic IPG Strips 

 The enhanced stability of DMMA and AAEE gel matrices under extreme alkaline 
conditions is only one among many approaches to improve separation power and 
resolution of basic IPG gels. To obtain highly resolved 2D patterns in the alkaline 
range, a series of optimization steps related to sample application, additives, and run-
ning conditions are necessary. 

 Gelfi  et al.24 addressed the EOF problem with the use of conductivity quenchers. 
The anode-directed water fl ow discussed above is easy to observe during the IEF step 
when a moistened cathodic paper bridge dries out and sticks to the gel, whereas an 
anodic paper bridge remains well wetted. A sorbitol gradient (0–10% from anode to 
cathode) during gel rehydration reduces EOF and quenches the high conductivity of 
the IPG gel at the cathodic end during IEF (pH 10–11). Using this method, excellent 
focusing results have been reported for lysozyme (pI 10.55), So-6 (a leaf protein, pI 
10.49), cytochrome c (pI 10.45) and ribonuclease (pI 10.12). 

 The separation of histones by Righetti et al.25 represents an important milestone 
in the development of basic IPG focusing. Using the same strategy of EOF quench-
ing, they used a nonlinear IPG, pH 10–12, to separate histone fractions (II-AS, VI-S, 
VII-S, and VIII-S) with pI values between 11 and 12. A further improvement in 
the separation of histones and ribosomal proteins was achieved by Görg et al.21 by 
introducing isopropanol and glycerol as EOF quenchers. The addition of 10 to 16% 
isopropanol and 10% glycerol to the reswelling solution enhanced the quality of the 
2D pattern of ribosomal proteins signifi cantly. It is noteworthy that both Righetti and 
Görg covered the IPG strips with silicone oil during IEF to act as a barrier to the sur-
rounding atmosphere. 

 Encouraged by these promising results, other groups tried similar approaches to 
separate basic proteins from different sources. Although all of them generated 2D 
maps of apparently good quality, they independently reported a less obvious prob-
lem: the appearance of extra spots and spot trains, with the number and intensity 
of the spots varying randomly from gel to gel. Further investigations revealed that 
dithiothreithol (DTT) may be the main culprit for this phenomenon; DTT is typi-
cally used in the sample solubilization solution and IPG strip rehydration buffer to 
cleave disulfi de bonds and maintain them in a reduced state. As already outlined in 
Chapter 8 (this volume), DTT is deprotonated and negatively charged at alkaline 
pH (Figure 16.3). As DTT migrates toward the anode, the cathode is depleted of 
DTT, which causes a reoxidation of thiol groups and the formation of interchain and 
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intrachain disulfi de bonds. The following four remedies have been recommended to 
overcome the limitations of DTT as reducing agent in basic range IPG strips: 

  • Soaking extra electrode paper strips in rehydration buffer with 3.5% DTT 
and placing them at the cathodic end of the IPG strip26 

  • Performing IEF in the presence of hydroxyethyl disulfi de (HED)27,28 
  • Replacing DTT by uncharged reducing agents such as tributylphosphine 

(TBP)29 
  • Reduction and alkylation of proteins prior to isoelectric focusing during 

sample preparation30   

 Use of a DTT-soaked electrode paper at the cathode has not gained wide accep-
tance, although it has worked successfully in some studies.31 The experimental protocol 
is complicated, and protein loss can occur because of liquid exudation resulting from 
electroosmotic pumping introduced by DTT transport during focusing.27 The same 
group suggested fi rst-dimension IEF in an excess of HED. An excess of HED would 

FIGURE 16.3 IPG strips treated with Ellman’s reagent. Different IPG strips were rehydrated 
in 7 M urea, 2 M thiourea, 4% CHAPS, 2.5% DTT, 10% isopropanol, 5% glycerol, 2% IPG 
buffer (pH 6–11), focused for 34 kVh (IPG 6–9 and 6–11) or for 80 kVh (IPG 3–10 and 
6.2–8.2) and treated with Ellman’s reagent as described. The dark shaded area on the anodic 
side of the strip indicates the presence of free thiol groups, and the light shaded areas show the 
positions where DTT has been depleted. Because no sample was used, the only source of free 
thiol groups is DTT (marked –DTT). The experiment was repeated under the same conditions, 
but with the introduction of the same buffer (3.5% DTT) at the cathodic end of the strip with 
the paper-bridge method. Ellman’s reagent was applied on the strip and demonstrated that 
DTT was present on the entire length of the strip (marked +DTT). Courtesy of Wiley-VCH 
Publishing.31
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drive the conversion of all thiol groups between the protein cysteine and one half of 
HED according to the following equilibrium: 

  Prot–S −  + HO–CH
 2 
–CH

 2 
–S–S–CH

 2 
–CH

 2 
–OH ⇔ 

  Prot–S–S–CH
 2 
–CH

 2 
–OH + HO–CH

 2 
–CH

 2 
–S − . 

 This approach was successfully used for the separation of basic human brain proteins 
by Pennington et al.28 

 The replacement of DTT by the uncharged reducing agent tribuylphosphine has 
also attracted many researchers and has defi nitely improved the overall focusing 
quality in many 2D electrophoresis experiments. In contrast to DTT, short chain 
phosphines are chemically more diffi cult to handle because they are volatile, toxic, 
and highly fl ammable in concentrated stock solutions. However, commercial suppliers 
have developed TBP formulations that are safe for shipping and laboratory use. 

 Yet another approach to separate basic proteins in 2D gels is reduction and alkyl-
ation prior to IEF as part of sample preparation.30 This is potentially a breakthrough 
for 2D electrophoresis and will be discussed in more detail in the next section. 

 16.3.3 Reduction and Alkylation Prior to 
2D Electrophoresis 

 A number of streaking and artifactual spot problems in 2D electrophoresis of basic 
proteins are associated with disulfi de bond formation in the protein sample. Reduction 
and alkylation of thiol groups has long been practiced in protein chemistry to prevent 
the reformation of intramolecular and intermolecular disulfi de bonds. Alkylation 
agents such as iodoacetamide or acrylamide have been successfully used to chemically 
modify the thiol group, preventing disulfi de formation. 

 However, the standard procedure32 currently adopted in proteomics protocols 
includes a reduction step prior to the IEF step, followed by a second reduction 
and alkylation step during equilibration after IEF but prior to the SDS-PAGE step. 
Unfortunately, not every cysteine is blocked using this procedure. Herbert et al.30 
demonstrated using matrix-assisted laser desorption and ionization–time of fl ight 
(MALDI-TOF) mass spectrometry that failure to reduce and alkylate proteins prior 
to both electrophoretic steps results in a large number of spurious spots in the alkaline 
pH region due to scrambled disulfi de bridges between random polypeptide chains. 
As a consequence, they suggest a sample preparation protocol using TBP as reducing 
and iodoacetamide as alkylating reagent. Figure 16.4 demonstrates how dramatically 
the reduction and alkylation of proteins prior to IEF can improve the separation of 
basic proteins, in this case using a commercial kit. 

 It is important to recognize that the alkylation reaction is pH and time depen-
dent, regardless of the alkylation agent used. Therefore, the reaction conditions 
must be optimized and carefully controlled to obtain a high alkylating effi ciency 
and specifi city as well as to avoid unwanted side reactions such as the alkylation of 
lysines.33,34 Alternative alkylating reagents like maleimide derivates35 are currently 
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under investigation, and substantial progress in the fi eld of the alkylation of pro-
tein thiols for the benefi t of IEF in the alkaline range can be expected in the near 
future.   

 16.4 CONCLUDING REMARKS 

 Broad-range 2D electrophoresis is an excellent tool to separate and display more pro-
teins than any other analytical method and therefore allows a fi rst look at the protein 
composition of the biological material of interest. On closer inspection, the proteins are 
not uniformly distributed over the molecular weight and pI range used for separation. 

FIGURE 16.4 Improved 2D results with basic protein separation from mouse liver 
extract after treatment with the ReadyPrep Reduction-Alkylation Kit (Bio-Rad). Both 
samples were applied by cup loading onto 11 cm pH 7–10 IPG strips and both samples 
contained DTT reducing agent in the rehydration and sample buffer. (A) Treated with 
the kit; (B) untreated.
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In fact, in most gels the basic range above pH 9 resembles a  terra incognita,  a white 
map with only a few spots. However, the analysis of genomic data, now available for a 
number of model organisms, including humans, suggests a sizable number of protein 
structures with a pI of 10 or higher. Why are they not found in 2D gels, and what has 
stopped researchers from their discovery? 

 Limitations of 2D gels for separation of hydrophobic membrane proteins have 
been well documented and understood, whereas the mysteries of basic proteins are 
only now being unraveled. A fi rst obstacle is manufacturing of a suitable immobi-
lized matrix at high pH, which requires the chemical synthesis of suitable acryl-
amido buffer compounds with pIs above 10 and their incorporation into a base-stable 
matrix. Still, at pH 11 or 12, a strong EOF is diffi cult to suppress and is detrimental 
to a separation step relying on steady-state conditions. Clearly, the addition of highly 
viscous additives and the use of pH-stable base matrix compounds are helping. 

 However, not only the physics and chemistry of the separation system are respon-
sible for the poor results with basic proteins so far. The high pH environment has a 
profound infl uence on the sample composition, and we are only now learning that 
a careful sample preparation strategy is necessary to preserve the protein sample 
in its original state during analysis. Oxidation of disulfi de groups from cysteines 
heavily infl uences tertiary protein structure and therefore migration and precipita-
tion characteristics. A number of strategies to prevent the formation of disulfi de 
bonds, including the use of DTT and alkylation of the resulting thiol groups, show 
promise. 

 Despite the advances in the last decade in the separation of basic proteins, an 
acceptable protocol has yet to be developed. A better understanding of the chemical 
environment of basic proteins and how it infl uences the separation conditions has 
helped. Improved resolution of basic proteins with very high pI values remains the 
biggest challenge. Further advances in sample preparation, in particular with respect 
to solubilization, adsorption of basic proteins to surfaces they come in contact with, 
and preservation of a completely denatured state of the proteins will help in the 
development of more robust IPG separations in the basic range. 
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 17.1 INTRODUCTION 

 The molecular biology of membranes has been studied for many years.1 Membrane 
proteins perform a range of functions from cell signaling to solute transport;1,2 
although well characterized biochemically, these functions have not been studied 
greatly using the methods of proteomics. In principle, proteomics approaches offer 
the opportunity to identify the proteins involved in particular cellular processes, to 
study the context within which the proteins are expressed, and to monitor protein 
expression and turnover in relation to the dynamics of the cellular environment. The 
structure of the cell membrane consists of a lipid bilayer with which proteins are 
associated. Membrane proteins can be broadly divided into two categories: integral 
(or intrinsic) membrane proteins, which are inserted in the lipid bilayer, and membrane 

 17 
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associated (or peripheral) proteins, which are bound to the membrane through covalent 
or noncovalent interactions: 

 17.1.1 Integral Membrane Proteins 

 Integral or intrinsic membrane proteins contain hydrophobic transmembrane domains 
(TMDs), which pass through the lipid bilayer several times, anchoring the protein 
within the structure. Since water is absent in the membrane, peptide bonds in the 
bilayer form hydrogen bonds that are primarily intramolecular. This can be maxi-
mized if the polypeptide chain forms a tightly ordered secondary or tertiary structure 
as it crosses the bilayer.2 Many integral membrane proteins have TMDs of 15 to 
25 amino acids that span the lipid bilayer in the form of an � helix. Alternatively, 
porins, which are found in the outer membranes of bacteria, form � sheets organized 
into a �-barrel tertiary structures that can allow the passage of molecules across the 
membrane. Integral membrane proteins can be considered as true membrane proteins 
since they are embedded in the membrane itself. They will be present exclusively in 
membrane preparations and are the most challenging to characterize biochemically. 

 17.1.2 Membrane-Associated Proteins 

 This is a loosely defi ned category of all proteins associated with, but not actually 
embedded within, the membrane. Proteins may be attached to the bilayer by means 
of one or more covalently bound fatty acid chains or by a covalent linkage via an 
oligosaccharide to phosphatidylinositol in the outer lipid monolayer of the plasma 
membrane, as observed with glycosylphosphatidylinositol (GPI) anchor proteins. 
Other peripheral membrane proteins are attached to the membrane by noncovalent 
interactions with other membrane proteins. Membrane associated proteins are often 
arranged in large complexes at the surface of the membrane and may be enriched 
in cytosolic and membrane fractions depending on the strength of the interaction 
involved and the solubilization treatment favored. 

 17.1.3 The Need for Membrane Proteomics 

 It is estimated that 20 to 30% of all open reading frames (ORFs) encode integral 
membrane proteins containing at least two predicted transmembrane domains.3 
However, the proteomics literature available today does not refl ect this, with mem-
brane proteins being underrepresented in two-dimensional gel electrophoresis (2DE) 
experiments, mainly due to their poor solubilization.4 Furthermore, Schwartz et al.5 
analyzed estimated isoelectric point (pI) values for the expression products of all pre-
dicted ORFs in a selection of fully sequenced genomes and proposed a link between 
pI and subcellular location. On this basis, the proportion of the proteome corresponding 
to membrane proteins is underestimated. 

 Membrane proteins can be recognized through sequence analysis software based 
on known structural motifs. Proteins comprising �-helical domains of 20 to 30 amino 
acids are easier to recognize than � sheets that are encoded in much smaller numbers 
of residues. However, proteins can be mislabeled as membrane proteins if the sequence 
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prediction software wrongly assigns the cleavable signal sequence of a protein as a 
potential transmembrane domain.6 Moreover, the limited biochemical characterization 
of many of these transmembrane proteins prevents further development in prediction 
software algorithms and further improvement in their reliability.6 Furthermore, the 
grand average hydropathy index (GRAVY) score, which is often used as an indicator 
of the hydrophobicity of a protein, does not consider the number of TMDs that may be 
present and therefore cannot be used as a guide to protein behavior.7,8 

 In common with other proteins, membrane proteins are often modifi ed by post-
translational modifi cations (PTMs) in order to perform specifi c cellular functions. 
Proteomics, especially a 2DE-based approach where proteins are resolved on the 
basis of pI and size, offers an insight into the nature of these modifi cations and may 
also indicate how these change in response to the local environment. 

 Here we present a review of current literature in the fi eld of membrane pro-
teomics using both the classical 2DE-based approach and alternative protein iden-
tifi cation strategies using liquid chromatography coupled with mass spectrometry 
(LC-MS). We illustrate how these techniques have been applied in a specifi c area, 
fungal proteomics. 

 17.2 CLASSICAL TWO-DIMENSIONAL 
ELECTROPHORESIS (2DE) BASED METHODS 
OF MEMBRANE PROTEIN ISOLATION AND 
CHARACTERIZATION 

 There are numerous advantages to a gel-based approach to membrane proteomics. 
Signifi cant technical advances mean that the techniques are relatively robust and 
easily accessible to many groups. The expression of one gene can result in many 
different protein isoforms by posttranslational modifi cation of the expression prod-
uct. 2DE offers at least a preliminary means of monitoring the subtle changes in 
molecular weight and pI that a protein may undergo during processing. Santoni et al. 
demonstrated the power of a 2DE-based approach studying the expression patterns 
of root and leaf plasma membrane extracts from  Arabidopsis thaliana .9 Several pro-
teins, which were plasma membrane (PM) specifi c in one extract, displayed similar 
abundances in both the PM and cytosol fractions of the other material, illustrating 
how the local environment in which the protein exists affects its cellular role and 
determines whether the protein appears in the membrane or cytosolic fractions for a 
given cell extract. Modern technical advances such as differential gel electrophoresis 
(DIGE) provide a method of relative quantifi cation of protein preparations,10–12 allow-
ing changes in protein abundance to be monitored and quantifi ed. 

 During the last decade a number of new reagents have been developed that have 
improved protein solubility for 2DE and have therefore improved the technique’s suit-
ability for the analysis of membrane proteins; these developments have been reviewed 
by Santoni et al. and by Molloy.7,13 However, no all-purpose reagents are avail-
able, and often the procedure used needs to be optimized for each application.7,13,14 
Nevertheless, simple changes in the constituents of the solubilization buffer used in 
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extraction can vastly improve the number of protein spots seen by 2DE. Mechin et al.15 
compared buffers for their effi ciency of solubilizing maize endosperm. The R2D2 
buffer, based on the classic Rabilloud solubilization buffer16 with modifi cations to 
include two reducing agents dithiothreitol (DTT) and Tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP) in addition to 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) and caprylyl sulfobetaine (SB3–10) detergents improved 
protein solubilization and resolution for 2DE. This general solubilization buffer was 
found to give effi cient solubilization for a wide range of extracts including yeast and 
maize mitochondria. Alternatively, the addition of a harsh detergent to a conventional 
extraction procedure can greatly improve protein solubilization and recovery as illus-
trated by Wang et al.17 Here the addition of a buffer containing 2% sodium dodecyl 
sulfate (SDS) and 5% �-mercaptoethanol during phenol extraction of olive leaf pro-
teins yielded more material than when either treatment was used separately. 

 17.2.1 Detergent Extraction Based Approaches 

 Detergent solubilization of integral membrane proteins requires a detergent to mimic 
the natural lipid environment in which the proteins of interest exist. When mixed, 
the hydrophobic ends of the detergent bind to the hydrophobic regions of the pro-
tein, thereby displacing the lipid molecules, bringing the membrane proteins into 
solution in the form of detergent-protein complexes. Santoni et al. proposed three 
important criteria which detergents must fulfi ll for the solubilization of proteins for 
2DE.7 Firstly, the lipid environment must be dissolved and remaining lipids should 
not interfere with the isoelectric focusing (IEF) process. Secondly, the membrane 
proteins must be extracted from the membrane in solution typically as a detergent-
protein complex. Finally, these proteins must remain soluble during IEF, notably at 
their pI where their solubility is at a minimum. Unfortunately, the degree of mimicry 
of the detergent and the hydrophobic nature of the membrane vary and hence a range 
of detergents must be tested and the best mimic selected, based on the quality of the 
extracts obtained and the compatibility with downstream analysis procedures. 

 Phase-separation approaches exploit the fact that a number of detergents, such 
as the Triton series, have two transition temperatures in water at which they will 
separate from the aqueous phase to give a detergent-rich and a detergent-poor phase. 
Membrane proteins will favor the detergent-rich phase because this is most like 
their lipid-rich natural environment, and therefore such an approach offers a simple 
method of membrane protein enrichment.7,12,18,19 

 Rabilloud et al. have optimized the extraction conditions for normal or plasmodium-
infected erythrocyte ghosts using the zwitterionic amidosulfobetaine detergents 
ASB-14, ASB-16, ØC6, C6BzO and C7BzO.20 The aim was to solubilize and detect 
band III, a transmembrane protein with 12 putative transmembrane domains, not previ-
ously identifi ed by 2DE using the standard CHAPS/SB3–10 solubilization buffer and 
thought to be heavily glycosylated. Initial analysis by 1DE suggested that solubilization 
buffers supplemented with 2% ASB-14 or 1% ASB-16 or 2% C7BzO resulted in the 
most effi cient extraction of band III. When tested by 2DE, it was found that ASB-14 
or C7BzO solubilization, in combination with urea/thiourea, were  superior. Further 
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analyses with other classical detergents such as Tween (polyoxyethylenesorbitan 
monolaurate derivatives), Brij-56, Triton X-100, and �- and �-dodecyl maltosides did 
not offer any further improvement in solubilization.21 

 In contrast, when the same detergent mixtures were applied to  A. thaliana  leaf 
membrane proteins, C7BzO proved more suited to the solubilization of plant mate-
rial with Brij 56 being marginally better than ASB-14 for the detection of aquaporins 
and H�-ATPase.21 During plant membrane preparation, the material was partially 
delipidated by treatment with Triton X-100, while in the preparation of red blood cell 
membranes no delipidation occurred. These results illustrate that the lipid content 
of the membrane extracts has a signifi cant effect on the solubilization effi ciency: 
detergents with an aromatic core (e.g., C8Ø) being ineffi cient at delipidation whist 
being effective at breaking aggregates. Linear detergents, such as ASB-14, have the 
opposite effects .22

 Further assessment of detergent compatibility with the solubilization of two 
recombinant proteins, rat purinoceptor subtype P2X

 3 
 (rP2X

 3 
) and human hista-

mine H2 receptor (hH2R), was carried out by Henningsen et al.23 Five zwitterionic 
detergents, CHAPS, C8Ø, SB3–10, ASB-14, and ASB-16, were tested. For both 
proteins, C8Ø gave substantial improvements in solubility. It is interesting to note 
the contrast in effi ciency of ASB-14 for the two proteins: for rP2X

 3 
, ASB-14 gave 

poor solubility, while for hH2R, ASB-14 was second only to C8Ø in effi ciency. 
This illustrates the need to assess a range of detergents and, ideally, use a range 
of solubilization buffers to maximize the number of proteins detected. Furthermore, 
a characteristic train of spots corresponding to rP2X

 3
,
 
 which could be visualized by 

western blotting, could not be detected by Colloidal Coomassie, silver, or Sypro ruby 
even when the sample concentration was increased 20-fold. These data suggest that 
sample solubilization and protein abundance are not the only factors governing pro-
tein detection and that even if proteins are suffi ciently solubilized they may still not 
be detected using a gel-based approach with common staining techniques. 

 SDS is known to solubilize many proteins; however, its incompatibility with 
the fi rst (IEF) stage of 2DE means that its use should be avoided unless the extracts 
obtained can be diluted suffi ciently to minimize its detrimental effects. An alternative 
to SDS, lithium dodecyl sulfate (LDS), has been evaluated for compatibility with 
2DE using  Haemophilus infl uenzae  extracts.24 Solubilization by SDS, LDS, or guani-
dinium hydrochloride (Gndn HCl) resulted in the detection of several outer membrane 
proteins (OMPs) not previously seen using the standard urea/CHAPS based solubi-
lization method. LDS was found to be an effi cient solubilization agent leading to the 
observation during 2DE of highly abundant membrane proteins, with no signifi cant 
spot stretching observed, in contrast to the results obtained on SDS treatment. It is 
thought that this detergent can be displaced by IEF-compatible reagents more readily 
than SDS and many therefore provide a substitute for classical SDS-based protein 
extraction methods. 

 Despite the increase in protein solubilization, a number of proteins such as lipo-
protein D and OMP P5 were detected in developed gels at the IEF loading positions, 
suggesting that these proteins could not enter the gel and precipitated at this point. 
It is interesting to note that Fountoulakis et al.24 report a decrease in the number of 
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spots observed when IEF strips were rehydrated in protein solution compared to that 
of conventional cup loading, also observed by Barry et al.25 In-gel sample rehydration 
should offer improved solubilization of hydrophobic proteins and circumvent problems 
of aggregation and protein loss commonly observed when cup loading is used.13 

 Based on the results obtained, Fountoulakis and Takacs conclude that two TMDs 
represent the limit of applicability of a 2DE-based approach. This is in contrast to 
fi ndings of Rabilloud et al. who were able to detect the protein band III from red 
blood cells with 12 putative TMDs.20,21 These fi ndings20,21,24 illustrate that the choice 
of detergent and its ability to maintain sample solubility, especially during IEF, plays 
a key role in the maximum number of TMDs detected. 

 17.2.2 Sequential Extraction Based Techniques 

 As a development of the single detergent extraction procedures described above, 
Molloy et al. devised an elegant sequential extraction approach to yield cellular pro-
teins in a range of fractions.26 This method makes use of the known limited solubility 
of membrane proteins in standard solubilizing reagents, using a range of solutions 
of increasing detergent, chaotrophe, and reducing agent strength to release proteins 
sequentially from the membrane. Moreover, by splitting the protein pool into several 
fractions and reducing sample complexity, more proteins can be visualized than by a 
single extraction alone, and therefore low-abundance proteins, enriched in a specifi c 
fraction, are more likely to be observed. 

 This technique was originally applied to the extraction and enrichment of mem-
brane proteins from  Escherichia coli 26 but has since been modifi ed and marketed as 
a universal extraction reagent (e.g., SIGMA and Bio-Rad sequential extraction kits). 
Initially, cell extracts are solubilized in a conventional buffer containing 8 M urea 
and 4% CHAPS, which solubilizes the majority of cytosolic proteins. The insolu-
ble proteins that remain are then treated with an enhanced reagent that contains a 
higher concentration of chaotrophes (urea and thiourea) in combination with two 
detergents, CHAPS and SB3–10. The reducing agent DTT is also replaced with tri-
butylphosphine (TBP), which does not migrate during IEF and therefore is better at 
maintaining disulfi de bridges in their reduced form.27 Finally, the insoluble pellet is 
solubilized in a 1% SDS solution and boiled for 5 minutes. Analysis of this fi nal frac-
tion by 2DE demonstrated the presence of a number of proteins including OmpF, an 
outer membrane porin, although these gels were poorly focused. 

 Although the authors were able to identify most of the major protein components 
of the  E. coli  bacterial outer membrane including a number of proteins not previously 
seen by 2DE, none of these proteins were in the top 15% of GRAVY values4 showing 
that there are still a number of issues in protein solubility which need to be addressed. 
However, such a sequential approach allows detergents, or other components of the 
extraction buffer, to be substituted as new reagents become available, and the tailor-
ing of the approach taken to the properties of the proteins of interest. 

 Sequential and single detergent based extraction, using digitonin and Triton X-100, 
were compared for the enrichment of membrane proteins from a human alveolar type 
II cell line, with the success of each method assessed by the recovery of E-cadherin, 
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an integral membrane protein with 1 TMD.28 The single detergent based extraction 
method yielded the most membrane proteins, although a number of these proteins 
were also observed in the cytosolic fraction. In contrast, the sequential extraction 
approach gave a much cleaner separation of membrane proteins with no E-cadherin 
detected in the cytosolic fraction. Using these methods, a number of membrane 
proteins from plasma membranes, endoplasmic reticulum (ER), and mitochondrial 
membranes were identifi ed and detected exclusively in membrane fractions; again, 
the proteins detected mainly had negative GRAVY values and low numbers of TMDs, 
suggesting that only weakly hydrophobic proteins were able to be solubilized by this 
method. Lehner et al. concluded that a sequential extraction approach, using CHAPS 
and SB3–10, offered a poorer yield compared to the digitonin and Triton X-100 
detergent extraction. However, the sequential extraction approach gave extracts of 
higher purity and was better suited for small quantities of sample. Nevertheless, the 
authors suggest that if large quantities of sample are available, both methods should 
be applied as they complement each other in maximizing the number of proteins 
detected. 

 17.2.3 Organic Solvent Based Extraction 

 In an alternative approach to sequential extraction, Molloy et al. used a methanol 
and chloroform based extraction procedure to extract outer membrane proteins from 
 E. coli .29 The lower organic layer was dried and solubilized in buffer containing 
CHAPS/SB3–10 or ASB-14 and analyzed by IEF. A number of hydrophobic cyto-
plasmic, periplasmic, and hypothetical lipoproteins were identifi ed, of which eight 
had not previously been detected by 2DE. This included malate dehydrogenase 
membrane-associated protein with a GRAVY value of �0.294. This technique was 
also effective applied to the isolation of chloroplast envelope proteins from  Spinacia 
oleracea .30,31 Santoni et al. combined Triton X-114 phase partitioning with organic 
solvent extraction to isolate proteins from  Arabidopsis  plasma membranes.22 Here a 
methanol–chloroform ratio of 8:1 combined with ØC5 detergent solubilization prior 
to IEF was found to be the most effective. 

 In an alternative approach, a phase-separation system based on trifl uoroethanol 
(TFE) and chloroform has been recently reported and applied to the extraction of 
integral membrane proteins from  E. coli .32 The extraction procedure used was similar 
to that for methanol–chloroform extraction29 with a 2:1 ratio of TFE to chloroform 
being used. After centrifugation, three phases were obtained of which the upper TFE-
rich phase and interface of insoluble material enriched for different proteins. Protein 
extracts were solubilized in buffer containing CHAPS and 50% TFE. On 2DE analy-
sis, a number of OMPs and other membrane-associated proteins were identifi ed that 
were not observed when a standard CHAPS/SB3–10 solubilization buffer was used 
without the inclusion of TFE.   Both of these organic extraction procedures offer an 
alternative to the standard detergent based extraction and solubilization procedures. 
Trifl uoroethanal has the added advantage of being compatible with IEF and can be 
added to the rehydration solution, thereby improving sample entry into the strip and 
maintaining protein solubility during focusing. 
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 17.2.4 Membrane Stripping Procedures 

 Peripheral membrane proteins loosely associated with the membrane through 
noncovalent interactions can provide a major source of contamination in integral 
membrane preparations. In addition, there are nonintegral proteins anchored to the 
membrane via covalent bonds. These peripheral proteins can hinder the detection of 
low- abundance, more diffi cult-to-solubilize, integral proteins. 

 A simple method for removal of noncovalently bound proteins, and therefore 
to enrich for integral membrane proteins in a membrane protein preparation, is to 
apply a membrane-stripping procedure. One of the most common procedures is 
treatment with aqueous sodium carbonate. This simple, effective treatment offers a 
method of converting sealed membrane vesicles into fl at sheets, thereby releasing 
the contents within.33 This technique has been applied to the study of the outer mem-
brane proteins of  E. coli .34 Using this approach, the authors were able to identify 
69% of the predicted integral OMPs in the pH 4–7, 10–80 KDa mass range studied 
and confi rmed the presence of two proteins (YbiF and YeaF) that were previously 
defi ned as hypothetical. A number of low-abundance nonmembrane proteins were 
also identifi ed, however, illustrating that not all peripheral membrane proteins can 
be removed by sodium carbonate treatment. 

 Two membrane-stripping procedures, sodium carbonate or 0.25% Triton X-100 
and potassium bromide (KBr) treatment, were assessed using root or leaf extract 
plasma membrane proteins from  A. thaliana  by Santoni et al.9 It was found that of the 
52 functionally identifi ed membrane proteins, only 6 were observed when the Triton 
X-100/KBr method was used compared with 20 proteins from sodium carbonate treat-
ment. Further studies suggested that the use of sodium carbonate membrane stripping, 
preferably followed by a C8Ø-based solubilization buffer, offered the best results for 
membrane preparations,35 especially after delipidation of the sample with SDS.22 While 
KBr stripping treatment offers a higher stringency than carbonate treatment, there is an 
increased risk of losing genuine membrane proteins by this harsh treatment; therefore 
a milder carbonate-based approach offers an opportunity to remove the majority of 
weakly associated proteins while minimizing the loss of proteins of interest. Again, 
the choice of detergent used for solubilization plays an important role in protein detec-
tion; a larger number of spots were detected when the sample was solubilized with 
C8Ø-based solubilization buffer including the detection of H� ATPase (10 TMDs) and 
water channel proteins.22,35 It is interesting to note that when this buffer was used for 
total protein extraction without membrane-stripping treatments, no signifi cant advan-
tage was offered over the classical CHAPS-based IEF buffer. 

 17.3 LIQUID CHROMATOGRAPHY COUPLED WITH 
MASS SPECTROMETRY APPROACHES 

 Although 2DE offers many advantages for the characterization and quantifi cation of 
proteins, it has a number of inherent disadvantages that limit its use for the separa-
tion of membrane proteins: the resolution of hydrophobic, alkaline proteins is often 
poor, and low-abundance proteins can be diffi cult to detect on gels.13,36 Studies by 
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Pederson et al. suggest that low-abundance proteins, in the region of 10,000 copies 
per cell, make up 80% of the predicted yeast proteome and that therefore a 2 mg 
load protein is needed to detect a 50 kDa protein present at this expression level by 
Coomassie blue staining.37 The apparent absence of expression of a low-abundance 
protein can result in false negative results in which the cellular role of a protein may 
be overlooked due to its expression levels being below the limit of detection. This 
is illustrated by the analysis of the  E. coli  outer membrane proteins by Molloy et al. 
where iron receptor proteins could only be identifi ed when grown in iron-restrictive 
conditions that result in the upregulation of the expression of these proteins.34 Unless 
many different environmental conditions are explored, it is apparent that many pro-
teins could be missed when using 2DE as the basis for proteomics experiments. 
Subcellular fractionation and enrichment strategies can help overcome this limitation, 
but only if the proteins of interest are amenable to 2DE analysis. 

 Mass spectrometry (MS) for protein identifi cation and characterization has 
become an integral part of proteomics.38,39,40 In many cases MS, in the form of  peptide 
mass fi ngerprinting (PMF) or tandem MS (MS/MS) peptide sequencing, has been 
used for the routine identifi cation of proteins from 1DE and 2DE gel experiments 
(e.g., 30,31,41). However, the digestion of proteins within the gel, and subsequent  peptide 
extraction, often leads to poor peptide recovery yielding relatively small amounts 
of material for analysis by these methods. Often the standard in-gel digestion 
technique using trypsin is unsuitable for use for membrane proteins since recovery 
of the hydrophobic peptides generated can be diffi cult without the inclusion of  
octyl-�-glucopyranoside during peptide extraction or additional cleavage meth-
ods such as cyanogen bromide (CNBr) being employed.41 Moreover, this is a 
time-consuming approach with protein separation and identifi cation taking several 
days. Liquid chromatography (LC) based approaches can complement or provide 
an alterative to gel-based separation techniques.42,43 Thus, an automated analysis 
of proteolytic peptides using a LC separation coupled with MS can offer a viable 
 alternative to classical gel techniques, especially for large-scale protein identifi ca-
tion and  characterization. 

 17.3.1 1D LC-MS/MS Analysis Techniques 

 Minor components of a protein mixture from a gel band or spot are diffi cult to identify 
by MALDI PMF or MS/MS peptide sequencing experiments, with peptides missed 
simply because the sample is too complex. Complexity can be reduced by using a 
chromatographic separation prior to MS/MS analysis; typically, a reverse-phase sepa-
ration is employed with each peptide being analyzed as it elutes from the column. The 
conditions required for peptide separation must be optimized to allow suffi cient time 
for analysis of eluted peptides. Alternatively, total extracted membrane proteins can 
be digested in solution, with separation performed solely at the peptide, rather than 
protein, level by LC. 

 Combining detergent phase partioning, 1DE, and LC-MS/MS techniques, Elortza 
et al.19 and Borner et al.12 identifi ed a number of glycosylphosphatidylinositol-anchored 
proteins (GPI-APs). The shave and conquer approach19 couples the phase separation 
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detergent extraction of membrane proteins with enzymatic treatment to release GPI-APs 
into the aqueous phase through the hydrolysis of phosphatidylinositol.  A. thaliana  and 
Human HeLa cell raft-enriched membrane extracts were prepared, and two-phase 
detergent extraction with Triton X-114 was performed.18 The detergent phase was 
recovered and treated with phosphatidylinositol phospholipase C (PI-PLC); the pro-
teins released into the aqueous phase were separated by1DE. Protein bands were then 
excised, digested, and analyzed by nano LC-MS/MS. For human HeLa cell extracts, 
17 proteins were identifi ed in the aqueous phase, of which 6 were identifi ed as GPI-
APs.19 Further studies of  A. thaliana  membrane proteins identifi ed 64 proteins, of 
which 44 were predicted to be GPI-anchor proteins (18% of the predicted GPI-anchor 
proteome). Furthermore, � sites, where the GPI group is attached to anchor the protein 
to the membrane, could be identifi ed in most of these proteins. Twenty contaminant 
proteins present were secreted proteins or membrane proteins with at least one TMD 
and represented minor components in the aqueous phase.19 

 Borner et al.12 adopted a slightly different approach combining the 1DE and 
LC-MS/MS techniques with 2D DIGE to identify proteins enriched in the aqueous 
phase after PI-PLC treatment.12 Such a modifi cation-specifi c approach to proteomics, 
choosing an enzyme treatment to release a specifi c protein subtype, allows the sys-
tematic identifi cation and characterization of posttranslationally modifi ed proteins. 
The release of proteins into the aqueous (detergent-poor) phase leaves the detergent-
rich phase (containing the majority of membrane proteins) free to be used for alternative 
enrichment and separation procedures, maximizing the amount of data generated 
from a single sample. 

 A further example of modifi cation specifi c proteomics is the study of phosphory-
lated membrane proteins from  A. thaliana  by Nuhse et al.44 Here a membrane shaving 
approach was applied to expose and release phosphorylated proteins. Plasma mem-
branes, isolated by phase partitioning, are usually orientated with the cytoplasmic 
domains of membrane proteins on the inside of the vesicles. These vesicles can be 
inverted with almost complete effi ciency by treatment with Brij58. Therefore, the 
normally hidden domains of these proteins become accessible for protease diges-
tion. On applying this technique, the membrane was digested with trypsin, and the 
resulting complex mixture separated by strong anion exchange (SAX) chromatog-
raphy yielding several fractions of peptides. The phosphorylated peptides were then 
separated from these fractions using immobilized metal ion affi nity chromatography 
(IMAC) before being analyzed by nano LC-MS/MS. In the absence of an SAX pre-
fractionation step, very few phosphopeptides could be observed in the protein mixture. 
In contrast, over 90% of the peptides identifi ed by this combined SAX and IMAC 
approach were phosphopeptides, illustrating the success of the technique for reduc-
ing sample complexity and enriching for phosphorylated peptides. Peptides from 
a number of proteins known to be involved in signal transduction were identifi ed, 
many with previously uncharacterized sites of phosphorylation. 

 This technique allows the large-scale, automated analysis and identifi cation of 
phosphopeptides and potentially the site of phosphorylation. Such an approach is 
unlikely to be successful using conventional 1DE or 2DE approaches because insuf-
fi cient enrichment of the phosphopeptides is achieved. 
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 Zhao et al. described a novel method of cell surface profi ling, combining biotin 
labeling and 1DE and nano LC-MS/MS technology.45 Cell surface proteins from 
human lung cancer cells were biotinylated and recovered by incubation with strepta-
vidin magnetic beads. After washing with potassium chloride (high salt) and sodium 
carbonate (high pH) to remove cytosolic proteins, the sample was treated with SDS 
before being analyzed by1DE. The separated proteins were then excised, digested, 
and analyzed by nano LC-MS/MS. The combination of 1DE and nano LC-MS/MS 
led to the identifi cation of many proteins from each single gel band, and using this 
approach, 526 integral membrane proteins were identifi ed from the gel. However, 
the method was biased against extremely hydrophobic proteins: only 10% of the 
identifi ed integral membrane proteins contained seven or more TMDs. This could 
be due to protein precipitation and reduced solubility leading to poor entry into the 
SDS-PAGE gel or diffi culty in extraction of the peptides post digestion. A number of 
cytosolic proteins were also identifi ed, suggesting that further enrichment for mem-
brane proteins may be required. Nevertheless, biotin-directed affi nity purifi cation 
(BDAP) offers a versatile method for isolation and enrichment of membrane proteins 
and can be combined with a number of downstream techniques such as 2DE, isotope 
coded affi nity tag (ICAT), or shotgun proteomics approaches. 

 As demonstrated by Molloy et al. ,  protein extraction with methanol offers improved 
solubilization of membrane proteins for 2DE.29 Methanol, unlike many other denatur-
ants such as detergents or urea, is compatible with tryptic digestion. It can therefore 
be included in the digestion buffer to ensure that proteins remain solubilized during 
digestion and do not precipitate out of solution. Similar properties are offered by the 
acid labile surfactant RapiGest, as demonstrated by the complete solubilization and 
digestion of bacteriorhodopsin.46,47 

 The benefi ts of using methanol in the extraction of membrane proteins is illustrated 
by a number of studies by Blonder et al.48,49 and Gosh et al.50 Initial experiments used 
sodium carbonate treated membrane proteins from  Deinococcus radiodurans  extracted 
using 60% methanol prior to digestion and analysis by micro LC-MS/MS.48 Signifi cant 
membrane protein enrichment was observed using this method compared to membrane 
proteins solubilized in ammonium bicarbonate alone. To illustrate the versatility of 
this technique, Smith and coworkers sought to develop a method of protein extraction, 
solubilization, and digestion that was applicable to a range of cell types.48 Intact purple 
membrane proteins from  Halobacterium haloblum  were extracted and digested with 
trypsin in 50 mM ammonium bicarbonate with 60% methanol. Although the pres-
ence of methanol reduces the activity of trypsin signifi cantly, the digestion was suf-
fi cient for the generation of peptides for micro LC-MS/MS analysis using this method. 
A major component of the purple membrane, bacteriorhodopsin (GRAVY, 0.723), was 
characterized. The protein has three predicted TMD trypsin cleavage sites; evidence for 
two of these sites was obtained using this method. Forty additional purple membrane 
proteins were also identifi ed, over half of which were considered hydrophobic, three 
quarters of the proteins being previously recognized to function within the membrane. 
This approach was also applied to the characterization of human epidermis plasma 
membrane enriched fractions, identifying 117 proteins, illustrating the applicability of 
such a technique to different sample types. 
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 The combination of affi nity isolation and micro LC-MS/MS was also exploited 
by Goshe et al. to achieve enrichment of membrane proteins and therefore reduced 
sample complexity and improved detection of low-abundance proteins.50 Biotinylation 
of cysteine resides was followed by affi nity chromatography and micro LC-MS/MS of 
the eluted peptides. Cysteine labeled peptides accounted for 72% of all the peptides 
identifi ed. A total of 40 integral inner membrane proteins were identifi ed, of which 15 
proteins had three or more TMDs. The identifi cation of an iron–sulfur binding pro-
tein with six cysteine-labeled peptides illustrated that this approach is able to identify 
multiple cysteine residues originating from the same protein. The limitation of this 
technique, as with all cysteine-labeling strategies, is that cysteine is a low-abundance 
amino acid and therefore proteins with few or no cysteine residues will be missed 
by such a procedure. However, the use of a protein labeling strategy introduces the 
opportunity to quantify differences in protein expression levels and abundance. 

 17.3.2 Shotgun Proteomics: 2D LC-MS/MS Approaches 

 The term shotgun proteomics is often used to refer to the high-throughput automated 
identifi cation of proteins via analysis of the total proteolytic peptides derived from 
a complex protein mixture or proteome. This generally involves a 2D separation, 
separating peptides using two different LC columns to offer increased peptide sepa-
ration and resolution. The strategy is not limited by the constraints in pI, molecular 
weight, or protein abundance that apply to 2DE, making such an approach ideal for 
membrane protein analysis. It should be noted, however, that this method is usually 
directed toward protein recognition (via database searching) rather than full charac-
terization of individual proteins and their modifi cations. Moreover, such an approach 
generates vast amounts of data that must be analyzed and verifi ed to ensure correct 
protein identifi cation and to minimize false positive results. 

 A 2D LC-MS/MS approach to peptide separation, termed multidimensional pro-
tein identifi cation technology (MudPIT), was applied by Washburn et al. to iden-
tify proteins from  Saccharomyces cerevisiae  on a large scale.51 The soluble fraction 
obtained after yeast cell lysis was removed and digested with Lys-C and trypsin. 
Separate samples of the insoluble proteins were washed with phosphate-buffered 
saline (PBS) either once or extensively; each was then treated with 90% formic acid 
and cyanogen bromide (CNBr) and subsequently digested with Lys-C and trypsin. 
The three digested fractions were then analyzed by 2D LC-MS/MS, generating data 
from 5540 peptides representing 1484 proteins. The insoluble fractions, particularly 
the heavily washed fraction, were enriched with integral and membrane-associated 
proteins. In total, 72 of the 231 predicted membrane-associated proteins were identi-
fi ed. The use of formic acid aids membrane solubilization, with the exposed regions 
of the membrane, typically the loop regions of transmembrane proteins, being 
cleaved by CNBr treatment. Furthermore, this approach can provide an insight into 
the topology of a protein. For example, PMA1, a H �  transporting P-type ATPase, has 
ten predicted TMDs. Using this approach, 13 peptides were observed, of which 10 
were from the loop region between TMDs 4 and 5 with one peptide spanning TMD5 
itself, suggesting that this TMD is not embedded in the bilayer. 
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 In an alternative approach, Peng et al. used an off-line combination of two LC 
separations prior to MS/MS.52 Here the fractions eluted from the fi rst LC separation 
were collected prior to transfer to the second-dimension separation and analysis by 
MS/MS. There are a number of technical advantages to this type of method of analy-
sis, which allows the user to assess fractions of interest and reanalzye them at a later 
date if necessary. In a single 2D LC-MS/MS analysis of yeast lysate, 1504 proteins 
were identifi ed. 

 Further to the work of Washburn et al.,51 Wu et al.53 combined sodium carbonate 
high pH treatment with the use of a nonspecifi c protease, proteinase K, with 2D LC-
MS/MS to analyze rat membrane proteins. The use of proteinase K results in many 
unique and potentially overlapping peptides for each protein, thereby increasing the 
sequence coverage obtained. Using brain homogenates, containing membrane and 
cytosolic proteins, 1610 proteins were identifi ed with �95% confi dence. Of these, 454 
proteins were predicted to have TMDs. The presence of many overlapping peptides 
from the same protein allowed the identifi cation and location of some PTMs. While 
less than 20% sequence coverage was observed for most proteins, 24 modifi cations 
present in 18 membrane proteins were identifi ed, providing structural information 
on the proteins’ interaction with the membrane. For example, sequence coverage of 
approximately 26% was obtained for aquaporin, mainly at the C-terminal end of the 
protein. Five peptides were identifi ed that overlapped into the predicted C-terminal 
TMD, suggesting that the domain is exposed and not embedded within the bilayer 
as predicted. Two previously reported sites of phosphorylation could not be con-
fi rmed due to poor sequence coverage; however, a previously unidentifi ed site of 
phosphorylation was identifi ed with 98% confi dence. In a further experiment, Golgi 
membranes isolated from rat liver were subjected to repeated high pH and proteinase 
K treatment. By comparing the single and multiple treatments, information on the 
relative topology and localization of a protein could be deduced. However, such an 
approach requires high sequence coverage, and therefore a further enrichment step 
may be required to optimize the detection of minor components. 

 Although SDS interferes with MS analysis, it can be used to solubilize proteins 
prior to tryptic digestion and then removed during preparative LC separation of pep-
tides prior to analysis by MALDI MS/MS.54 Furthermore, the use of a 2D LC-MS/
MS approach suffi ciently reduces the concentration of SDS to allow ESI-MS/MS 
analysis, a technique more sensitive to the presence of impurities. Both of these shot-
gun proteomics approaches were able to identify over 100 membrane proteins from 
Trition X-100 extracted human HT29 cells.54 

 17.4 FUNGAL PROTEOMICS EXAMPLES 

 As discussed in section 17.2, changes in the detergent composition of the solubiliza-
tion buffer can greatly improve the number of spots detected by 2DE. Harder et al. 
have demonstrated that preboiling cell extracts with SDS prior to sample dilution 
in urea/thiourea/CHAPS lysis buffer increased the solubilization of high molecu-
lar weight proteins.55 Since SDS disrupts noncovalent interactions between proteins, 
these extracts are more likely to include peripheral membrane proteins. 
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 In a novel approach to study the components of the cell wall of  S. cerevisiae,  Pardo 
et al. monitored the proteins secreted by regenerating protoplasts.56 Protoplasts were 
formed by treating cells with glusulase, completely removing the cell wall, in an iso-
tonic medium. The cells were then allowed to regenerate the cell wall, with the cells 
and the medium being analyzed by 2DE to assess the components and mechanisms 
involved. Western blotting and N-terminal sequencing were used to confi rm the pres-
ence of known cell wall proteins. Using this method, a number of GPI-anchored 
proteins were detected, together with several heat-shock proteins, members of the 
PIR family of cell wall proteins, and a number of glycolytic enzymes thought to be 
present on the cell surface. Eg1, an exo-�-1,3-glucanase that has been implicated 
in cell wall �-glucan assembly, was also identifi ed. This type of approach removes 
the need to breakdown and solubilize the cell wall structure, and provides an insight 
into the timing of expression of the different types of proteins involved and allows a 
mechanism for the formation of the cell wall to be proposed. 

 Later studies by the same group57 took this analysis a stage further using MS to 
perform a large-scale investigation of cell wall regeneration with analysis of 2DE sep-
arated proteins by MALDI, nano ESI-MS/MS, or on-line LC-MS/MS. This approach 
allowed a much more detailed study of the proteins involved with many more proteins 
being identifi ed, including a number of unknown function and so-called moonlighting 
proteins, whose function depends on their location and environment, and which were 
not previously thought to be involved in cell wall construction. 

 The benefi ts of a 2DE-based sequential extraction approach to membrane 
 proteomics are illustrated in the study of the change in composition of the cell 
wall in  Candida albicans  as the cells change from yeast to fi lamentous forms.58,59 
 C. albicans  cell wall extracts were washed with decreasing salt concentrations to 
remove any extracellular or cytosolic protein contaminants before being treated 
to sequential release of cell wall components. Cell surface associated and other 
loosely attached membrane proteins were released by SDS extraction. The remain-
ing insoluble pellet was washed and treated with sodium hydroxide (releasing 
Pir-CWPs and CEPs directly linked to �-1,3-glucan via alkali-labile bonds) or 
digested with  �-1,3-glucanase (releasing  mannoproteins attached to �-1,3-glucan, 
via �-1,6-glucan, by a phosphodiester bridge). Remaining extracts from the latter 
treatment were then treated with exochitinase to release GPI-CWP attached to chitin 
through a �-1,6-glucan moiety. Extracts from all treatments were then solubilized 
with standard IEF buffers and separated by 2DE, with spots of interest digested and 
analyzed by MALDI-TOF/TOF MS. 

 This sequential extraction procedure demonstrated that different expression pro-
fi les could be observed for each cell type and gave an insight into the proteins involved 
in cell wall remodeling and organization. It also provided an understanding of the 
mechanisms by which mannoproteins were incorporated, assembled, and retained in 
the cell wall, and their interaction with wall polysaccharides. Although this approach 
generates a large number of cell wall subfractions, the removal of cytosolic mate-
rial, protein enrichment, and the breakdown of cell walls into components allow the 
release and detection of low-abundance integral membrane proteins previously over-
looked in whole cell preparations. In an alternative approach, Vediyappan et al. used 
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extraction with aqueous ammonium carbonate containing 1% �-mercaptoethanol 
to monitor expression changes in cell surface associated membrane proteins from  
C. albicans  when grown in the presence of glucose or galactose.60 

 Mrsa et al. described the characterization of phosphorylated cell wall compo-
nents of  S. cerevisiae  using a range of biochemical techniques.61 The authors used 
negative ion mode ESI-MS to provide structural analysis of phosphorylated trisac-
charides and disaccharides from cell wall extracts treated with SDS and TFA. Using 
this approach, a number of oligosaccharide structures were characterized that were 
previously only identifi ed in soluble glycoproteins. 

 Pedersen et al. have attempted to address the problem of detection of low-
 abundance  S. cerevisiae  membrane proteins by combining advances in prefraction-
ation with 2DE analysis.37 The benefi ts of such an approach can be seen by comparing 
the standard total membrane protein approach versus the prefractionation approach. 
For total protein extracts separated on a broad pH range gel, the components of 88 spots 
were identifi ed, corresponding to the products of 42 genes. None of these proteins 
contained TMDs, and only three proteins were classed as low-abundance proteins 
(using the codon adaption index score of �0.2 to indicate low abundance). When 
isolated membrane preparations were studied and when solution IEF was employed 
(using a multicompartment electrolyzer) to recover an alkaline protein fraction, 2DE 
analysis and MS of in-gel digests yielded 780 identifi cations corresponding to 323 
genes. From these results, 9 proteins were classifi ed as low abundance, and of the 
264 genes identifi ed as encoding membrane proteins, 105 were integral membrane 
proteins containing TMDs .  Since the solubilization solution used was the same as 
that for total protein analysis, these results suggest that poor solubility is not the 
sole explanation for poor detection of membrane constituents of a total protein frac-
tion and removal of the large excess of abundant and soluble proteins facilitates the 
recovery and detection of membrane proteins. Protein separation could be further 
enhanced by the use of narrow range IEF strips (1 pH unit), which allow higher pro-
tein loads and therefore the opportunity to detect lower-abundance proteins. 

 The powerful combination of 2DE and biochemical and mass spectrometric tech-
niques for subcellular proteomics is illustrated by the characterization of the mito-
chondrial proteome of  S. cerevisiae  by Sickmann et al.62 Both purifi ed mitochondria 
and mitochondrial-associated proteins isolated by trypsinisation or salt extraction 
were analyzed by 2DE or nana LC-MS/MS, or both. Using a 2DE-based approach, 
109 proteins were identifi ed, of which 102 had been previously localized to the mito-
chondria. In an alternative approach, the extracts were treated with four different 
proteases (trypsin, chymotrypsin, Glu-C, or subtilisin) before being separated and 
analyzed by nano LC-MS/MS. By pooling the data obtained, a total of 750 proteins 
were identifi ed, representing over 90% of the predicted mitochondrial proteome of  S. 
cerevisiae.  Of the proteins identifi ed, 436 were known mitochondrial proteins with 
the other proteins being associated with other cellular compartments (dual localiza-
tion) or of unknown function. 

 This combined analysis approach illustrates how several techniques can be employed 
together to maximize the amount of data obtained from a single sample. However, 
such an approach is not only time-consuming but requires an array of data-handling 
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 solutions to manage the vast (in excess of 15 million) numbers of mass spectra obtained. 
It is interesting to note that even with such a large quantity of data it is not possible 
to generate a truly complete proteome since some proteins are expressed only in 
particular conditions or may escape detection by the methods used. Nevertheless, the 
product of such an analysis serves as a database for future reference for the charac-
terization of novel proteins and their functions. 

 17.5 CONCLUSIONS 

 The study of membrane proteins is one of the most challenging areas of proteomics, 
with the proteins being diffi cult to isolate and solubilize for analysis. By employing 
prefractionation techniques and improving the solubilization conditions to mimic the 
natural environment in which these proteins exist, these proteins become easier to 
identify and characterize using proteomics techniques. 

 Both gel-based and LC-MS/MS based approaches have a number of inherent 
advantages and disadvantages, and therefore the choice of method must be based 
on a number of factors. Where solubilization of membrane proteins for 1DE or 2DE 
can be achieved (using a variety of new agents), the gel approaches, with or without 
Western blotting, can provide indications of protein identity that can be substantiated 
by MS analyses of in-gel digests. Detailed characterization (e.g., to defi ne the nature 
and location of posttranslational modifi cations) almost invariably requires the use 
of combined LC-MS/MS. Extension of the latter method by incorporation of two 
dimensions of LC separation provide an alternative to gel-based approaches by ana-
lyzing proteolytic digests of protein mixtures without prior gel separation. This may 
be advantageous in avoiding the limitations of applicability of the gel methods. 

 The approach adopted by Borner et al.12—combining phase-partitioning, targeted 
enzymatic release of the proteins of interest, 2DE DIGE analysis of enriched frac-
tions, and LC-MS/MS of 1DE separated extracts—illustrates how several techniques 
can be used in concert to provide a detailed characterization of the proteins present 
in a membrane extract. 

 Combining gel and MS analyses with biochemical techniques enables further 
characterization of the proteome by identifying changes in protein expression and 
posttranslational modifi cation as the local environment changes.58,61 While this can 
be a time-consuming approach, the data obtained provide a detailed characterization 
of the proteins expressed in a specifi c set of conditions and their subcellular roles 
and localization. These data can then act as a reference map for further analyses as 
other techniques are applied or the conditions modifi ed to induce different expression 
patterns. 
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 18.1 THE DEVELOPING FIELD OF GLYCOPROTEOMICS 

 When genomes are sequenced, the information is immediately usable for bioinfor-
matics, microarrays, and many other applications. Genomes can be compared and 
genes manipulated knowing only the DNA sequence. The function of DNA and the 
one-way translation of data were rarely in question. From this simple understanding 
the signifi cance of the proteome rose to astonishing prominence and became the 
research objective of many with goals and dreams, “. . . capable of identifying up to 
1 million proteins a day. . . .”1 But much has changed over the last few years; histone 
tails are modifi ed by acetylation, phosphorylation, and methylation, all affecting the 

 18 
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local chromatin structure and transcriptional regulation of adjacent genes.2 Micro 
RNAs (about 22 nucleotides in length) add further complexity, producing transcripts 
that form imperfect hairpin structures and guide RNA silencing.3,4 Alternative pre-
mRNA splicing is another mechanism for regulating gene expression in higher 
eukaryotes. Recent estimates indicate 30% of the primary transcripts of the human 
genome are subject to alternative splicing showing specifi c spatial/temporal patterns 
during normal development. In complex genes, alternative splicing generates dozens 
or even hundreds of different mRNA isoforms from a single transcript. It has been 
argued that nonprotein coding RNA,5 including microRNAs, siRNAs, and intronic 
RNA, are part of a vast regulatory mechanism, and phenotypic variations between 
species (and individuals) results from differences in the control architecture, not the 
proteins themselves. 

 Proteomics is now projecting a similar divergent story. The amino acid sequence 
alone is insuffi cient to describe the function of a protein. Beyond folding and confor-
mation, which can be diffi cult to predict, arise a growing multitude of new consider-
ations: alternative activities at different sites, binding of metal cofactors, cleavage of 
signal sequences, phosphorylation, glycosylation, and a smaller number of other post-
translational modifi cations (PTMs). These embellishments make protein sequencing 
and understanding functional relationships an ever-challenging endeavor. However, 
PTMs are vital to activity. Glycosylation specifi cally, with but a small set of mono-
mers, generates a profusion of structures that are rarely brought to full understand-
ing. Countering these demanding biochemical problems has been a steady assault 
of new techniques, instruments, and signifi cant methodological changes that require 
continuous vigilance to the literature. This chapter summarizes some of those more 
recent techniques. 

 18.1.1 Signifi cance of Molecular Glycosylation 

 The abundant and pleiotropic modifi cations introduced by carbohydrate residues 
affect cell signaling, traffi cking, and cell-cell adhesion as well as the physical proper-
ties of the protein itself, such as solubility and stability.6 On review of the Swiss-Prot 
database,7 it has been predicted that over half of all human proteins are glycosylated.8 
When single pathways of glycan biosynthesis are blocked by mutation, humans suffer 
numerous developmental disorders (seizures, gastrointestinal problems, skin lesions, 
impaired vision, and psychomotor and mental retardation), refl ecting a profusion of 
altered function when such changes are expressed through all glycosylated products.9 
Even within a single protein, individual glycans contribute to different metabolic 
activities, as recently illustrated for a human protease.10 In this case all fi ve N - linked 
glycosylation sites were found to be utilized, and at one site (Asn-286), a dual role of 
oligosaccharide folding and lysosomal targeting was observed. 

 18.1.2 Basic Glycan Structures 

 In a recent survey,11 a total of 13 different monosaccharides and 8 amino acids were 
involved in linkages to proteins providing a total of 41 unique bonds. The majority 
of eukaryotic conjugations, however, involve a much smaller set of two different 
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2-acidamidohexoses, GlcNAc and GalNAc. The former structures are defi ned as 
N-linked glycans that attached to the amide group of asparagine via a beta linkage, 
(Figure 18.1A). Glycans that are alpha linked through GalNAc to the hydroxyls of 
serine and threonine moieties are defi ned as O-linked (Figure 18.1B). Site occupancy 
for both glycan types is an important metabolic measure, but characterized rarely. 
A peptide sequence for glycosyl attachment is known only for N - linked glycans, 
(-Asn-X-Ser/Thr-, where X can be any amino acid except proline). This is defi ned 
as the consensus site, and a dolichol-bound oligosaccharide (Glc

 3 
Man

 9 
GlcNAc

 2 
) is 

transferred  en bloc  to this site to initiate protein N - glycosylation. This glycan subse-
quently loses two terminal glucose residues leaving a product (Glc

 1 
Man

 9 
GlcNAc

 2 
-) 

that serves as a chaperone receptor insuring native protein conformations; a quality-
control component indigenous to glycoprotein biogenesis. Misfolded proteins are 
exported to the cytoplasm and degraded by proteasomes through a mechanism 
known as ER-associated degradation (ERAD). Native structures are trimmed of the 
remaining glucose moiety and exported to the Golgi. These glycans are partially 
trimmed of mannose and reglycosylated with a different set of resident glycosyl-
transferases in a time- and location-dependent manner, providing the hybrid and 
complex glycans found in many tissues.   

FIGURE 18.1 Two common protein-carbohydrate linkage structures and core regions: 
(A) GlcNAc N-linked to amide of asparagine; (B) GalNAc O-linked to threonine or serine 
moieties. Extensions to these core regions defi ne glycan type. N-linkage of GlcNAc occurs 
at the defi ned peptide sequence Asn-Xaa-Ser/Thr, where Xaa can be any amino acid except 
proline. This has been defi ned as the consensus sequence.
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 O-linked glycans, with 2-acidamidogalactose at their reducing terminus, are synthe-
sized by stepwise addition of monomer units.12,13 Antennae extension with a β3-linked 
galactose initiates a family of structures defi ned as Core 1 (Figure 18.2A). A second 
group of structures, defi ned as Core 2 (Figure 18.2B), increments the Core 1 structure 
by the addition of 2-acetamidoglucose in a β6 linkage. Cores 3 and 4 alter these struc-
tures by replacing the β3-linked galactose with a β3-linked 2-acetamidoglucose residue 
(Figure 18.2C and 2D, respectively). The most common aspect of all glycosylation is 
diversity in composition, topology, and function. Glycosylation at any N- or O-linked 
site is protein dependent and varies with a host of temporal and environmental condi-
tions.14 Beyond the cores (Figure 18.1 and Figure 18.2), product glycans are frequently 
heterogeneous at any one site as well as different between sites. These modifi cations 
provide a distribution of structures termed glycomers.15 N - linked glycans are classifi ed 
into three groups based on their monomer composition: complex, hybrid, and high man-
nose. All three contain the same core structure (Figure 18.1A). High mannose glycans, 
as the name suggests, contain only mannose residues attached to the core. Complex gly-
cans contain fucose and other sugar residues. Hybrid glycans contain both high mannose 
and complex chains. A comparable nomenclature has developed for O-linked glycans 
that are defi ned as cores based on branching from the single GalNAc linked to the protein, 
(Figure 18.2).   

FIGURE 18.2 O-linked core motifs. Structures are defi ned on the basis of their linkage to 
GalNAc-Ser/Thr. Core 1, also called Thomsen-Friedenreich (T) antigen, is a cryptic structure 
overexpressed in cancer cells. Numerous other cores have been defi ned for a total of eight as a 
consequence of monomer attachments to the protein proximate GalNAc.
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 18.2 SEPARATION BY TWO-DIMENSIONAL 
GEL ELECTROPHORESIS 

 Global analysis of gene expression via a cross-section of bioanalytical techniques for 
resolving, identifying, and quantifying proteins remains the major health-related task 
of our generation.16 Beyond purifi cation, glycoprotein samples require a number of 
steps for a complete characterization, and these details are briefl y discussed below. 
In essence the steps require an independent sequence of the protein and the heteroge-
neous glycan and the linkage site of conjugation. 

 For obtaining purifi ed samples, the technique of choice has been two-dimensional 
polyacrylamide gel electrophoresis (2D PAGE).17–20 The ability to separate thousands 
of proteins coupled with the advantage of differential display, simplicity, cost, and 
fairly precise quantifi cation has made 2D gels very popular. The hope is that the buf-
fers chosen and the cell rupture techniques selected provide all the proteins of inter-
est. For analytical purposes, altering any of these parameters to enhance protein yield 
or number of gel spots observed provides a fundamental start for acquiring a tissue 
glycoproteome. In the similar way, comparative 2D gel studies form the molecular 
basis for monitoring the dynamic changes of a biological process. In this regard it 
must be assumed that all components are represented and visualized, refl ecting gene 
expression. 

 18.2.1 Limitations 

 Despite the exceptional analytical power of gels, a number of constraints are appar-
ent.21 Some of these diffi culties are refl ected in protein dynamics, representation of 
all proteins (e.g., solubility), lower and upper limits of molecular weight (e.g., che-
mokines), and the imposed diffi culties of posttranslational modifi cations such as gly-
cosylation and phosphorylation that require a different set of analytical tools. The 
most challenging problem to consider remains resolution of nascent proteins from 
those terminally translocated.22 Current strategies remain blind to cellular events when 
protein translocation is a component of function, and such techniques as differential 
analysis will fail to identify changes. 

 Prefractionation of proteins prior to gel electrophoresis, described in more detail 
in a previous chapter, can improve detection of low-abundance proteins. Several 
companies manufacture devices for separating proteins in solution according to 
their isoelectric point. Examples are the Bio-Rad Rotofor and the Proteome Systems 
IsoelectrIQ. Following separation, each fraction can be run on a 2D gel using a narrow 
range IPG strip. Alternatively, prefractionation may take advantage of differing pro-
tein solubilities,21 and commercial kits are available from several companies for 
this type of fractionation as well. For example, the ProteoPrep Universal Extraction 
Kit from Sigma generates a soluble/cytoplasmic protein fraction and a membrane 
protein fraction, and the ReadyPrep Sequential Extraction Kit from Bio-Rad generates 
three fractions based on protein solubility. An advantage for including a prefractionation 
step for glycoconjugates is to increase the concentration of low-abundance proteins 
because glycan stains are not as sensitive as protein stains, and small sample loading 
achieves better resolution. 
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 18.2.2 Methods 

 Protein 2D gel spots are typically excised from the gel, washed, and in-gel digested 
with a protease. For maximal recovery of products, each step requires repeated washing, 
drying, and swelling of gel pieces between chemical or enzymatic treatments. Peptides 
are then extracted using aqueous and organic mixtures at acidic or basic conditions and 
prepared for peptide mass fi ngerprinting or  de novo  sequencing, or both. The com-
bined techniques of 2D gels and MS identifi es only the most abundant proteins even 
though many more can be visualized by silver staining. Thus, doubts have been raised 
about the efforts currently devoted to implementing the 2D gel Matrix-assisted laser 
desorption ionization (MALDI) fi ngerprint strategy, and new technologies have been 
reported to compensate for the shortcomings mentioned. In this regard, effi cient gel 
transfer of separated products has been a problem, and a capillary extraction apparatus 
has been demonstrated for its rapid and effective transfer from polyacrylamide gels to 
a fused-silica capillary.23 Alternative strategies, such as on-probe in-gel digestion, has 
provided improved sensitivity and coverage, especially for large hydrophobic peptides.24 
Decreasing sample manipulation has shown improved sensitivities and coverage using 
combined 96-well microplates connected via tiny capillaries. The fi rst microplate was 
used for gel destaining, reduction/alkylation, dehydration, and digestion, and the second 
for extraction and cleanup. A connecting capillary contained C18 reversed-phase modi-
fi ed monolithic silica rods. Peptides were eluted directly from the solid-phase extraction 
plate onto the MALDI sample support.24 Developments of this type will extend the util-
ity and sustain the applications of 2D gels. 

 18.3 GLYCOPROTEIN DETECTION ON 2D GELS 

 Identifi cation of glycoproteins on gels or blots is based on one of two general meth-
ods. One method utilizes lectin binding as immunoblots to antibodies and has limited 
specifi city. The other scheme is based on periodate oxidation of sugar cis-hydroxyl 
groups and converting them to aldehydes. The aldehydes are then conjugated to a vari-
ety of reagents including digoxigenin, fl uorescence, biotin, or acidic fuchsin dye. 

 18.3.1 Methods 

 These procedures have varying sensitivities and ease of use. An oxidation-conjugation 
of fuchsin dye method (Gel-Code Glycoprotein Stain, Pierce, Rockford, Ill.) can stain 
0.625 ng of avidin or 0.16 µg of horseradish peroxidase according to product litera-
ture, for example. Some stains are compatible only with gels or blots, others with both. 
Few have sensitivity suffi cient to detect 2D gel spots. It is diffi cult to describe the sen-
sitivities of dyes in terms of glycoprotein concentration, as the degree of  glycosylation 
affects staining intensity as much as abundance of the glycoprotein. Roche (Roche 
Diagnostics Corp., Indianapolis, Ind.) offers a staining kit, the DIG Glycan Detection 
Kit, which labels glycoproteins either in solution prior to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) or after the gel has been blotted 
to a membrane. This kit employs periodate oxidation followed by digoxigenin label-
ing. Digoxigenin is detected using an antibody conjugated to alkaline phosphatase. 
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After staining, glycoprotein bands appear dark gray. This method is used for blots, 
not gels, and has a reported sensitivity between 10 (α

 1 
-acid glycoprotein) and 250 ng 

(carboxypeptidase Y). Molecular Probes has developed a more sensitive, fl uorescent 
stain, Pro-Q Emerald, which also utilizes periodate oxidation chemistry to stain gels 
and blots.25,26 

 One traditional glycoprotein identifi cation method detects electroblotted proteins 
that bind to ConA.27,28 Blots are probed similar to traditional immunoblots, using 
ConA instead of an antibody. Proteins separated by SDS-PAGE are electroblotted to 
nitrocellulose membranes. The blot is blocked with excess nonglycosylated protein 
in a saline buffer and then incubated with ConA conjugated to biotin in the blocking 
solution. After washing to remove excess ConA, the blot is incubated in streptavidin 
conjugated to horseradish peroxidase, then washed again. To detect the peroxidase 
bound to Con A, the blot is incubated in 4-chloro-1-naphthol and hydrogen peroxide. 
The protein bands stain blue in less than ten minutes. 

 18.4 GLYCOPROTEIN ANALYSIS 

 For sensitivity and specifi city, mass spectrometry (MS) is unsurpassed in its abil-
ity to unravel a protein sequence. Overall the techniques for sequencing have con-
tinuously improved, but the more signifi cant contribution to sequence analysis has 
been the adaptability of MS to meet newer challenges of sensitivity and specifi city. 
Comparable progress in the characterization of molecular glycosylation has been 
lacking. Glycan structures are largely reported devoid of interresidue linkage and 
anomericity, and monomers are identifi ed for the most part on the basis of established 
motifs. Enzymes, when utilized, may defi ne monomer substrate and linkage but fail 
to differentiate site of origin when multiple antenna are involved. Comparative analy-
sis, internal standards, or orthogonal methods are seldom reported and few proce-
dures have acquired a routine status. A glycoprotein structure is usually approached 
by glycan release, component separation, and independent sequence analysis of each 
conjugate. Consensus sites are generally identifi ed within glycopeptides following 
proteolytic cleavage and a study of peptide mass fi ngerprint (PMF) data. 

 18.4.1 Protein Sequencing 

 Two different methodological approaches are usually considered for sequencing the 
protein, a top-down and a bottom-up strategy. The most popular bottom-up approach 
includes 2D gel separations, proteolysis, and MS peptide pattern recognition. This 
approach, while comprehensive, requires multiple chemical and instrumental con-
siderations. An alternative bottom-up approach, not discussed here, uses reversed 
phase high-performance liquid chromatography (HPLC) MS with off-line MS/MS, 
or N-terminal amino acid sequencing to obtain sequence tags for identifi cation. The 
signifi cantly different top-down approach has introduced an ionization method for 
intact proteins, tandem MS/MS, and exact mass measurement. The higher resolv-
ing power provides an accurate molecular weight for each target protein, a critical 
piece of information unattainable in the bottom-up characterization. Recent reports, 
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however, have altered these general considerations in very signifi cant ways. Leading 
the way has been electron capture dissociation (ECD)29–31 adaptable to Fourier trans-
form ion cyclotron resonance (FTICR) instruments with high magnetic fi elds, and 
more recently, the exciting developments of ion–ion chemistry for less-expensive instru-
ments including electron transfer dissociation (ETD).32 This latter advance provides 
for the fi rst time low-energy electrons with high-ionization effi ciencies for nonergodic 
radical bond cleavage. The radical initiated fragmentation is bond specifi c, homoge-
neous, abundant in large polypeptides, and dominated by N–C bond cleavage, prefer-
entially giving N-terminal (C-type) fragments (Figure 18.3).33 These products are in 
contrast to the more sequence-specifi c, vibrationally induced CO–N backbone frag-
ments that produce b and y ions. Most interestingly, both ECD and ETD fragments 
have been found to retain labile PTM groups, such as O-, and N-glycosylation34,35 
and phosphorylation36,37 and in all cases far superior to traditional MS/MS. Providing 
ion–ion reaction chemistry for radical ergodic backbone fragmentation, combined 
with quadrupole ion-trap MS, offers a fast and effi cient way to analyze intact pro-
teins, without heavy reliance on initial proteolysis, peptide mass fi ngerprints, and 
most important, costly magnetic analyzers. It is important to note that although some 
sequence information can be observed using ECD for glycans, it seriously lacks the 
details appropriate for a full structural understanding.   

 18.4.2 MS Profi les of Intact Glycoproteins: Top Down 

 There are different strategies within the top-down approach that expose new inter-
ests for proteome sequencing. While protein mass is fundamentally informative, it 
alone is generally not useful in identifying an  a priori  unknown protein due to post-
translational processing. However, in combination, partial protein sequence informa-
tion and intact protein mass can provide a level of insight not available from either 
piece of information alone. The top-down sequence of whole glycoprotein ions has 

FIGURE 18.3 Peptide fragments frequently observed as a consequence of CID. Modifi ed 
from Biemann.33
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been reported, employing electrospray ionization, collision-induced dissociation, 
and ion–ion proton-transfer reactions in a quadrupole ion trap mass spectrometer.38 
Ribonuclease B and its N-linked high mannose glycomers were compared with the 
unglycosylated analog, ribonuclease A, to determine the differential infl uence of ion-
ization. Facile gas-phase fragmentation was noted to occur along the protein back-
bone at the C-terminal of aspartic acid residues and at the N-terminus of proline, 
depending on the precursor ion charge state. No deglycosylation of the N-linked 
sugar occurred presumably due to effective competition from the facile amide bond 
cleavage channels that protect the N-linked glycosidic bond from cleavage. This 
would appear to provide an identifi cation method for N-linked consensus sites and 
even further inquiry into the glycan structure; however, no details beyond composi-
tion were provided. Simplifying the precursor ion population by the application of a 
relatively high amplitude single-frequency pulse at 1000 Hz lower than the secular 
frequency was necessary to eject the high-mannose-containing ions from the trap.38 

 18.4.3 MS Profi les of Intact Glycoproteins: Bottom Up 

 Electrospray ionization (ESI) and MALDI MS profi le analysis of glycoprotein 
PMF samples has always offered problems due to the poor ionization effi ciency 

FIGURE 18.4 AP MALDI-IT TOF of PMF RNAase B glycoprotein. Major ions represent 
glycopeptide fragments. Ion distribution was found to be consistent with the known glycomers 
abundance, Man

5
–Man

9
. All ions are (M � H)+. Procedures and instrument setup kindly provided 

by Dr. Koichi Tanaka, Shimadzu, Kyoto.
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of glycopeptides. This constraint appears to be resolved with atmosphere pressure 
MALDI (Axima-QIT, Shimadzu, Kyoto) as fi rst reported by Dr. Koichi Tanaka 
(ASMS abstract, Nashville, TN, 2004) and repeated in our laboratory with an identi-
cal modifi cation (Center for Structural Biology, UNH) (Figure 18.4). This peptide-
glycopeptide fi ngerprint profi le coverage was approximately 90% of the total protein 
and provided base-line abundance for the glycohexapeptide known to carry the Man5 
glycomer,  m/z  1934.8. The 162 atomic mass unit (amu) increments to the hexapep-
tide (SRNLTK), for the Man6, Man7, Man8, and Man9 were readily identifi ed at  m/z 
 2096.9, 2259.9, 2421.0, and 2583.1, respectively. Subsequent selection of the glyco-
peptide base ion,  m/z  1934.8, and MS 2  analysis with the API-MALDI-IT instrument 
provided a spectrum showing neutral loss of hexose monomers continuing the core 
GlcNAc residue (Figure 18.5).   

 18.4.4 Consensus Site Methods 

 Consensus site identifi cation by releasing glycans in the presence of  18 O water,39 is 
an effective way to identify former N-linked sites (site occupancy), although such 
strategies fail with blocked chitobiose (GlcNAc-GlcNAc) cores. The overall details 

FIGURE 18.5 AP MALDI-IT TOF (Axima-QIT, Shimadzu, Kyoto) of m/z 1934.7 glycopep-
tide ion representing the base ion in Figure 18.4. MS2 spectrum shows mannose neutral loss to 
core peptide linked GlcNAc. Procedures and instrument setup kindly provided by Dr. Koichi 
Tanaka, Shimadzu, Kyoto.
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involve the following: ( a ) reduction, alkylation, and proteolysis; ( b ) enzymatic degly-
cosylation in the presence of  18 O-water; and ( c ) MS profi le analysis (Figure 18.6). 
Glycopeptides rarely are observed in a PMF profi le because they compete poorly 
for protons in a MALDI or ESI plume. A shift in the peptide ion isotope pattern 
indicates an  18 O-peptide. MS/MS analysis of these peptides can easily identify the 
consensus site. Alternatively, glycopeptides can be identifi ed with HPLC and collision-
induced dissociation (CID) monitoring of glycan fragment ions at  m / z  163 (Hex), 204 
(HexNAc), 292 (sialic acid), or 366 (HexHexNAc). 

 18.5 GLYCAN RELEASE TECHNIQUES 

 Characterization of glycoprotein samples, whether N-, or O-linked, should aspire to 
provide quantitative glycan release, stable products (peptide/glycan), and a marker 
of former glycan location. Stable products provide an opportunity to sequence each 
conjugate and identify the peptide site of glycosylation. Many aspects of these ana-
lytical concerns have been described, but they have not been described in a single 
congruent analysis. Chemical methods avoid the problems of enzymatic release that 
fail with blocked cores (N-glycans) and a number of chemical reagents have been 
described for both  N-,  and  O- linked glycans including anhydrous hydrazine,40,41 
trifl uoromethanesulphonic,42 hydrogen fl uoride,43 and a variety of E

 
2

 
-elimination 

conditions using organic bases. Specifi c amino acid labeling of former O-glycan sites 
can be achieved via alkylamine addition to the generated alkene(s) following E

 
2

 
 base 

release. Labeling N - glycan sites can be approached enzymatically (endoglycosidase) in 

FIGURE 18.6 ESI-TOF MS profi le of tryptic PMF obtained from mussel glycoprotein degly-
cosylated in the presence of O-18 water. Insert expanded mass range showing peptide a consen-
sus site pattern with O-18 incorporated into aspartic acid. (Spectra provided by J. Huang, 
Thesis, Proteomic Study of a Novel Mussel Glycoprotein Involved in Biomineralization, UNH 
2004.)
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the presence of  18 O-water providing the  18 O-aspartyl peptide(s)44 easily characterized 
by MS 2 . Each reagent has specifi c limits and advantages and clearly should be care-
fully evaluated before assuming any quantitative relationships. Classically, O-linked 
glycans are effectively released under the E

 2 
 conditions of sodium hydroxide coupled 

with  in situ  glycan reduction (NaBH
 4 
).45 The reduction to alditols stabilizes glycans 

against peeling,46 but this approach is detrimental to the protein and peptides.47 For 
simplicity, semiquantitative release, and salt-free products, anhydrous hydrazine has 
proven successful for releasing both the N-, and O-linked glycans.48,49 Partial loss of 
N - acyl groups does occur, but this can be easily corrected by N - reacetylation (some 
originality may be lost, e.g., neuraminic acid N-glycolyl, O-acyl). When working 
with unknown glycans, chemical derivatives in conjunction with comparative MS 
profi ling greatly assist structural understanding (e.g., sodium borohydride reduc-
tion of the reducing terminus, methyl ester formation of acids, desialylation, and 
deuteriomethylation). Clearly, there is great need for specifi c chemical release strat-
egies that would provide N- and O-glycans separately in conjunction with protein 
stability. In that regard, there has been considerable interest in the milder conditions 
of O - glycan release provided by ammonia and alkylamines that would circumvent 
reduction and glycan peeling,50,51   but the quantifi cation and protein stability remains 
in question. 

 18.5.1 Methods 

 Chemical Release: Glycoprotein samples are thoroughly dried, the reagent added, and 
the samples are heated at 60°C to release O-linked glycans (a lower temperature than 
N-linked glycans). For release of both N- and O-linked oligosaccharides, samples are 
incubated in the dark for six hours at 90°C, cooled, and then dried to remove excess 
hydrazine.48 Glycans are N-acetylated with saturated bicarbonate and acetic anhy-
dride, desalted with Dowex, and purifi ed from peptides and minor contaminants with 
microcrystalline cellulose tips. Product glycans are dried, desiccated, and MS profi led 
directly or methylated for improved sensitivity and greater structural detail when fol-
lowed by MS  n   analysis. 

 18.5.2 Enzymatic Release 

 Enzymes commonly used to cleave N-linked glycoproteins are the amidases peptide 
N - glycosidase F (PNGase F) and peptide N-glycosidase A (PNGase A). PNGase F has 
a broader specifi city, cleaving complex, hybrid, and high mannose glycans between the 
asparagine residue and the innermost GlcNAc. PNGase F, however, is unable to cleave 
glycans linked to an amino or carboxyl terminal asparagine residue.51   The enzyme fails 
to release glycans effi ciently in the presence of α(1-3)-linked fucose,52 although α(1-6)-
linked fucosylated cores are cleaved readily. PNGase F can be used with a range of 
buffers but is sensitive to the presence of SDS. PNGase A is similar to PNGase F 
but is able to cleave core fucosyl residues linked α(1-3). It also fails to cleave when 
neuraminic acid is present. Other enzymes used for glycan cleavage are endogly-
cosidases. These have the disadvantage of leaving an  N -acetylglucosamine residue 
attached to the asparagine(s) as well as a narrower range of specifi city. This could 
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be advantageous in defi ning glycan consensus site occupancy. Exoglycosidases that 
release a single sugar from the nonreducing end can have very high specifi city. 
For example, (β(1-4)-galactosidase releases only that residue.53 Digestion with a 
series of these enzymes can suggest sequence and linkage information, but com-
plications regarding origin arise with multibranched structures, and kinetic release 
does not always follow the sequence order, making enzymological methods somewhat 
questionable for characterizing sequence. 

 18.5.3 Discussion 

 The above strategies complement sequence understanding, especially when supported 
by more exacting structural methods such as MS54 and nuclear magnetic resonance.55 
In MS studies, sample derivatization brings many advantages, sample quantifi cation56 
and detection sensitivity being the most pronounced. Derivatization, in conjunc-
tion with MS, defi nes chain termination, a component of molecular topology. 
Fragmentation, MS  n  , unwraps connectivity exposing features defi ned as branching 
and linkage positions. Methylation is performed by dissolving dry samples in dimeth-
ylsulfoxide containing powdered sodium hydroxide.57 Methyl iodide is added to the 
solubilized sample, and the products are extracted from the residue with chloroform 
after drying. The reaction is rapid and limitations (incomplete methylation) arise 
only because of analyte insolubility, and the methylation reaction can be repeated for 
complex samples.58 To illuminate functional relationships of glycoproteins, glycan 
profi les may bring insight into their specifi c involvement. This function can be pur-
sued very effectively by a study of gene knockouts (glycosyltransferase), and glycan 
MS profi les can be followed for confi rmation.59,60 To fully support these studies, a 
reproducible and complete recovery of all glycans is essential, a feature identifi ed as 
coverage. This analytical measure is an appraisal of cell rupture, protein extraction, 
glycan release, and derivatization chemistry. For most glycan reports, the effort has 
been focused on qualitative relationships of analytes, and rarely is quantifi cation prop-
erly evaluated. As an example, MS profi les have been considered for  Caenorhabditis 
elegans  as a glycome measure for the worm.61 Although several groups have pursued 
such measurements, an absence of standard protocols has resulted in a wide dispar-
ity between laboratories.62–67 When glycans are released en masse from a large set of 
proteins and then characterized, it is impossible to know the protein origin of specifi c 
glycans, and thus a subsequent functional relationship to protein structure. Strategies 
discussed in section 18.4 using both top-down and bottom-up MS techniques appear 
well positioned to clarify this relationship. 

 18.6 SEQUENCING RELEASED GLYCANS 

 Proteomics is an endeavor to understand gene function and characterize the structural 
relationships of the living cell. In proteomics, MS has become a powerful analytical 
technology to identify proteins by the analysis of peptides (PMF) with database rela-
tionships. In considerable contrast to proteomics, where global comprehensive studies 
are conducted in a systematic fashion, glycomics is still lost in multiple procedures 

DK3068_C018_r04.indd   333DK3068_C018_r04.indd   333 10/23/2005   8:03:59 PM10/23/2005   8:03:59 PM



334 Heidi Geiser, Cristina Silvescu, and Vernon Reinhold

looking mostly for qualitative answers and not quantitative results. A full understanding 
of cellular activity will, like proteomics, require comprehensive and systematic stud-
ies. Clearly, the application of glycomics to biology holds great potential for identify-
ing the mechanisms that lead to development, malignancy, and subsequent therapeutic 
public health strategies. But these contributions are distant, and many fundamental 
analytical studies are lacking. While MS 2  is suffi cient for determining the simple linear 
amino acid sequence, a full understanding of glycan structure (interresidue linkage, 
branching, anomer and monomer stereochemistry) requires diverse and orthogonal 
approaches. In that regard, we suggest complete characterization to mean knowing 
all aspects of structure in suffi cient detail to identify a single structure appropriate 
to initiate. Anything short of such objectives would fail to match the biological chal-
lenge. Many analytical methods and instrumentation have been described to approach 
such goals. In terms of sensitivity and specifi city, MS instrumentation is continuously 
improving and probably the most appropriate. Defi ning a congruent methodology to 
approach glycan sequencing is not clear. Thus, for this brief account of glycopro-
teomic sequencing, we provide a series of excellent reviews68–70   and briefl y describe 
a set of techniques we consider most appropriate for a comprehensive understanding 
of structural detail. 

 18.6.1 The Details of Glycan Structure by MS  n   

 Glycan fragments generated during MS  n   disassembly of methylated precursors reveal 
features of their original structure as alterations in mass. As a simple example, disac-
charide spectra are dominated by facile glycosidic cleavage allowing a topological 
differentiation of termini (Figure 18.7A), a feature exposed only with derivatized 
precursors. Although all disaccharides show spectral identity, an interesting contrast 
was observed with 1,2-anhydroglycans (products of gas-phase CID). In these ana-
logs major differences in spectra were exhibited that included changes with inter-
residue linkage and monomer and anomer stereochemistry (Figure 18.7B). This CID 
specifi city inherent in 1,2-anhydro analogs extends to monomers (Figure 18.8) and 
provided clear strategies to differentiate isobars in higher oligomers (Figure18.9, 
Figure 18.10, and Figure 18.11). A composition library of such products from known 
precursors is serving as a bottom-up strategy for the characterization of glycan disas-
sembly end products.   

 To demonstrate these features, an MS profi le (reduced and permethylated N-linked 
glycans) was prepared from ovalbumin (Figure 18.9, top left). The glycan ion at  m/z 
 2167.8 was selected for detailed structural analysis by MS  n  , which was shown to 
comprise four isobars following the disassembly path, MS 2   m/z  2167, MS 3   m/z  838, 
and MS 4   m/z  611. Detailed study of these spectra (Figure 18.10 and Figure 18.11) 
showed fragments that can only be rationalized on the basis of the isobars inserted 
in the fi gure. 

 Thus, an MS  n   fragment ion is a mass composition with structural information. 
Tracking such changes through multiple disassembly steps provides a set of com-
piled clues that will defi ne specifi c structures. These details were observed fore-
most with gas-phase collision products possessing a 1,2-anhydro reducing terminus, 
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FIGURE 18.7 ESI-IT MS2 of (A) methylated Glc-Glc methyldiglucoside; and (B) MS2 of 
methylated trisaccharide to provide 1,2 Anhydro diglucoside. MS3 of 1,2 anhydro product 
showed spectral details and differences unique in all 1,2-disaccharides studied.
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FIGURE 18.8 MS-CID of methylated disaccharides followed by isolation of (A) galactose; 
and (B) mannose product fragments, m/z 241. MS-CID and MS3 of these products showed 
clear fragment ion and abundance specifi city.
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FIGURE 18.9 MALDI-IT-TOF MS profi le of methylated and reduced N-linked glycans from 
the glycoprotein ovalbumin; 2,5-DHB was used as the matrix. The glycan at m/z 2167.8 was 
selected for detailed structural analysis by MSn, which was shown to comprise four isobars fol-
lowing the disassembly path: MS2, m/z 2167; MS3, m/z 838; and MS4, m/z 611. The squares 
in the modeled structure denote GlcNAc, while the circles denote Man. Facile neutral losses 
of GlcNAc residues result in open hydroxyl residues and position of former GlcNAc location 
in the isobar. Core fragments (Figure 18.10 and Figure 18.11) can only be rationalized on the 
basis of the structures inserted.
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FIGURE 18.10 MALDI-IT-TOF MS profi le of methylated and reduced N-linked glycans from 
the glycoprotein ovalbumin; 2,5-DHB was used as the matrix. MS4 of selected fragment ion, m/z 
611, was shown to comprise two isobars following the disassembly pathway: MS2, m/z 2167; 
MS3, m/z 838; and MS4, m/z 611. Detailed study of this spectrum identifi ed core fragments con-
sistent with the structures inserted. Fundamental to this determination was the cross-ring cleavage 
of the central mannose, which resolved 6-linked and 3-linked isobars.
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and this specifi city we attribute to sodium nesting next to the pyran ring among 
methoxy-paired electrons that change with monomer stereochemistry thereby altering 
disassembly. 
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 19.1 INTRODUCTION 

 Glycosylation is a posttranslational modifi cation of high relevance for proteins in 
biological systems,1 as is the alteration of these glycoproteins in disease and disease 
progression.2 The analysis of glycoproteins can be often masked by more abundant 
nonglycosylated proteins (e.g., albumin, IgG, and fi brinogen in human plasma). This 
chapter describes methods of enriching biological samples for glycoproteins prior 
to one-dimensional (1D) and two-dimensional polyacrylamide gel electrophoresis 
(2D PAGE). We fi rst describe methods using lectin and boronate affi nity chromatog-
raphy to enrich for subfractions of glycoproteins.3 We then describe the separation 
and detection of these glycoproteins by 2D PAGE. In our laboratory we then use 

 19 
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these gel-separated glycoproteins for the release of N- and O-linked oligosaccha-
rides, separation of these by graphitized carbon liquid chromatography, and analysis 
by electrospray mass spectrometry. The interpretation of the resulting fragmentation 
mass spectra is then facilitated by use of our glycoinformatic tools. 

 19.2 LECTIN AFFINITY CHROMATOGRAPHY 

 Lectins are sugar binding proteins of nonimmune origin that are capable of spe-
cifi c recognition, and of reversible binding to, carbohydrate moieties of complex 
glycoconjugates without altering their covalent structures. Lectins, which   were fi rst 
described by Stillmark in 1888,4 bind to cell surface glycoproteins, proteoglycans, 
and glycolipids. They have been used widely in medical and biological research due 
to the availability of a large variety of carbohydrate-specifi c lectins.5 Lectins can be 
immobilized on a chromatographic support, such as agarose, and will selectively 
bind glycoproteins with different affi nities for particular oligosaccharide epitopes. 
The specifi city of the chromatography is dependent on both the specifi city of the 
lectin and the experimental conditions used to bind and elute the carbohydrates. 
Lectin interactions are fragile biological complexes, and so the sample pH, deter-
gents, and contaminants should be considered when using this method for glycopro-
tein enrichment. The immobilized lectin, under the appropriate conditions, will bind 
to the glycoconjugate, allowing the unbound residual material to be easily removed. 
The bound glycoconjugates can then be displaced by the addition of a competing 
oligosaccharide or simple carbohydrate. 

 Many lectins have been studied and shown to have various specifi cities for par-
ticular oligosaccharide epitopes. For example  Sambucus nigra and  leukoagglutin 
and the  Maackia amurensis  hemagglutinin have been used to detect �2–6 and �2–3 
linked sialic acid, respectively.6 These and others could be used in a similar approach 
to that described here, which uses the lectin from Jack fruit, jacalin, as an example. 
Other lectins that we have used, the conditions required, and the carbohydrate moi-
eties that they recognize are summarized in Table 19.1. This table also includes a 
summary of the conditions used for the boronate and jacalin affi nity chromatography, 
for which the methods are given below. The jacalin lectin binds galactose-contain-
ing oligosaccharides and has been identifi ed as a general lectin for binding O-linked 
glycoproteins.7   

 It is important to note that lectin specifi cities are based on relative, rather than 
absolute, affi nities for carbohydrate epitopes and as such should be used with the 
expectation of enrichment rather than identifi cation of structural epitopes. 

 19.3 BORONATE AFFINITY CHROMATOGRAPHY 

 A unique class of chemical compounds that has many of the properties of lectins are 
boronates. Although boronate compounds have the disadvantage of not having the 
specifi city of lectins, they have several advantages over lectins, such as increased 
stability and a general affi nity for the majority of glycoproteins.8 
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 In order for boronate interaction to occur with oligosaccharides, the carbohy-
drate hydroxyl groups must be on adjacent carbon atoms in a coplanar conformation. 
Sugars such as fucose that possess cis-diol groups are prime targets for boronate 
affi nity chromatography and enable fucose-containing glycoproteins to be separated 
from the nonglycosylated proteins present in a complex sample such as plasma. 
While 1,2-cis-diols (hexoses) form the strongest boronate ester bonds, 1,3-cis-diols 
(sialic acids) and trident interactions, with cis-inositol or triethanolamine, can occur.8 
In solution, in alkaline conditions (pH �8), the boronate ligand is ionized, convert-
ing it from its normal trigonal coplanar geometry to its tetrahedral boronate anion, 
which covalently interacts with the appropriate hydroxyl geometry, releasing two 
water molecules. This reaction can be reversed, releasing the bound molecule either 
under more acidic conditions or alternatively by displacing the relevant glycoprotein 
from the column with a soluble diol-containing agent such as sorbitol. 

 19.4 METHODS 

 19.4.1 Lectin Affi nity Chromatography 

 Agarose-bound jacalin was purchased from Vector Laboratories (Burlingame, 
Calif.). Heat stable, cross-linked 4% agarose beads are used as the solid-phase matrix 
to which the lectins are covalently bound. Approximately 0.5 ml of a slurry of the 
agarose bound jacalin was packed into a HPLC column or into a gravity fl ow liquid 
chromatography column (GFLC). The column was equilibrated in 175 mM Tris 

  TABLE 19.1  Summary of Lectin and Boronate Affi nity Chromatography 
Conditions 

Affi nity 
Chromatography Specifi city

Equilibration
Solution

Elution
Solution

Wash 
Solution

Jacalin Gal�(1-3)
GalNAc (O-linked) 

175 mM Tris HCl, 
pH 7.5

0.8 M galactose
in 175 mM 
Tris, pH 7.5

—

Aminophenylboronic 
acid

Hexose, sialic acid 100 mM phosphate 
buffer, 0.15 M 
NaCl, pH 8.8

100 mM Tris, 
buffered to pH 9.3 
with phosphoric 
acid

50 mM 
sodium 
acetate, 
pH 4.8

WGA (GlcNAc)
2
, NeuAc 175 mM Tris 

HCl, pH 7.5
0.8 M N-

acetylglucosamine 
in 175 mM 
Tris, pH 7.5

—

Concanavalin A �-Man  and �-Glc 175 mM Tris 
HCl, pH 7.5

0.1 M methyl �-
d
-

mannopyranoside 
in 175 mM 
Tris HCl, pH 7.5

—
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HCl at pH 7.5 (5 ml for the HPLC system at �1 ml/min, or 2 ml for the GFLC). 
Approximately 300 �l of human plasma was buffered in 175 mM Tris HCl pH 7.5 
and run through the agarose/jacalin column (the HPLC sample was washed onto the 
column using the Tris solution, and the GFLC- sample was loaded in a 1:1 ratio (v/v) 
of plasma to buffer, onto the column). The column was washed with 175 mM Tris 
HCl, pH 7.5 (HPLC, 5 ml; GFLC, 3 � 1 ml). The fl ow through from the washing of 
the sample onto the column and the following wash steps were collected and pooled. 
This fraction will contain the majority of the non-O-linked glycosylated proteins. 

 Glycoproteins bound to the jacalin were then eluted from the column using 
0.8 M galactose in 175 mM Tris pH 7.5 (HPLC, 5 ml; GFLCm 3 � 1 ml). The 
proteins were ethanol precipitated using a 1:9 (v/v) ratio of sample to cold ethanol 
and then placed at 20 o C for 30 minutes. The precipitated proteins were pelleted by 
centrifuging the sample at 4000 rpm for 10 minutes. 

 For 2D PAGE separation, the pellet was resuspended in an appropriate volume of 
2D sample solubilization buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS). The pro-
teins were reduced and alkylated in a fi nal concentration of 5 mM tributylphosphine 
(TBP) and 1 mM acrylamide. The reduced and alkylated proteins were passed through a 
10 kDa molecular weight cut-off fi lter (Centricon Plus 20 Centrifugal Units, Millipore, 
Bedford, Mass.) using 2D sample solubilization buffer to remove any excess salt or other 
impurities that may affect the fi rst-dimensional focusing of the proteins. A Bradford 
protein assay was used to determine the protein concentration of the samples. 

 19.4.2 Boronate Affi nity Chromatography 

 Approximately 0.5 ml of the aminophenylboronic acid immoblized on 6% bedded 
agarose (Sigma) was packed into a HPLC or into a gravity fl ow column. The column 
was equilibrated with 100 mM phosphate buffer, 0.15 M NaCl, pH 8.8 (HPLC, 5 ml; 
GFLC, 3 � 1 ml). Approximately 300 �l of human plasma, which was buffered 
in 100 mM phosphate buffer, 0.15 M NaCl, pH 8.8, was run through the column 
(HPLC, washed onto the column in 5 ml; GFLC, 1:1 ratio of sample to buffer). The 
column was washed with 100 mM phosphate buffer, 0.15 M NaCl, pH 8.8 (HPLC- 
5 ml; GFLC, 3 � 1 ml). The fl ow through from the washing of the sample onto the 
column and the following wash steps were collected and pooled. This fraction con-
tained the majority of the nonglycosylated proteins. 

 The glycoproteins bound to the boronate were eluted from the column using 
100 mM Tris solution adjusted to pH 9.3 with phosphoric acid (HPLC, 5 ml; GFLC, 
3 � 1 ml). The column was washed with 50 mM sodium acetate buffer, pH 4.8 (HPLC, 
5 ml; GFLC, 3 � 1 ml). The column was then equilibrated with Tris-phosphate buffer. 
Eluted proteins were precipitated, pelleted, resuspended, and reduced and alkylated 
for 2D PAGE separation as described for the jacalin affi nity chromatography. 

 19.4.3 2D PAGE 

 2D PAGE is used to separate proteins according to molecular size and charge. We 
prefer this technique for the glycosylation analysis of proteins because it not only 
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concentrates and purifi es the proteins, but it also has the potential to separate the protein 
glycoforms with differing charges in a 2D gel. This allows for the glycosylation of 
different proteins to be compared on the same gel from the one sample, and also for 
the glycosylation on the individual isoforms of the same protein to be compared. 
These glycoforms have been shown to have the potential to be used as diagnostic 
markers of disease.9 

 Using the protein assay results, the appropriate concentration (approximately 
6 mg/ml for human plasma) of sample in 220 �l was used to rehydrate 11 cm, 4–7 pH 
IPG strips (Proteome Systems Ltd, Sydney, Australia), for approximately 5 to 6 hours 
until all the solution was absorbed into the strip. The sample volume varies with strip 
length and sample. The IPG strips were focused at 10,000 V, with a maximum cur-
rent setting of 50 �A/strip, for approximately 75 kVH for an 11 cm strip. The strips 
were equilibrated in a solution containing 6 M urea, 50 mM Tris acetate pH 7.0, 
2% (w/v) SDS, for approximately 20 minutes. Bromophenyl blue 1% (w/v) can be 
added to this solution so that a dye front can be seen while running the second dimen-
sion. The 11cm IPG strips were placed on top of the second-dimension gel (GelChip, 
Proteome Systems Ltd, Sydney, Australia), and the upper and lower chambers of the 
gel running tank were fi lled with running buffer (50 mM Tris, 50 mM Tricine, 0.1% 
w/v SDS). Gels were run at 50 mA per gel until the dye front ran off the bottom of 
the gels (approximately 1 to 1.5 hr). Gels were stained with either of the two staining 
protocols below. 

 19.4.4 Protein and Glycoprotein Staining 

 Both general protein and carbohydrate staining can be used on the gels produced 
from the lectin and boronate affi nity chromatography of human plasma. 

 19.4.4.1 Proteins 

 The general protein stain GelChip Blue, a reformulation of colloidal Coomassie Blue 
(Proteome Systems Ltd), was used to stain the proteins immobilized in the gels. 

 Gels were removed from the cassettes and placed in individual containers. The 
gels are then covered with fi xative solution for 30 minutes, placed in GelChip Blue 
according to manufacturer’s instructions, and incubated overnight in a sealed con-
tainer with gentle agitation. Maximum sensitivity will have been reached after this 
time, and no destaining is required. Gels can then be imaged and analysed or stored 
for later use. 

 Gels were scanned and the images were analyzed with ImagepIQ TM  (Proteome 
Systems Ltd). Spots were automatically detected and were matched and aligned to 
each other allowing a overlaid image that enabled the protein content of the different 
fractions to be visualized. 

 Proteins were identifi ed by tryptic digestion of the spots both before and after 
PNGase F enzymatic release of the N-linked oligosaccharides. Samples were desalted 
using �C

 8 
 ZipTip columns (Millipore), and the peptides were eluted onto a hydrophobic 
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MALDI plate using 1 �l of matrix (2.5 mg/ml �-cyano-4-hydroxycinnamic acid) prior 
to MALDI-MS analysis. All mass spectra were acquired in positive refl ectron mode 
with delayed pulse extraction. Internal mass calibration was performed, and an in-house 
peptide mass fi ngerprinting program (IonIQ, Proteome Systems Ltd) was used to iden-
tify the proteins using the SwissProt database. 

 19.4.4.2 Glycoproteins 

 Periodic acid/Schiff (PAS) staining is used as a general carbohydrate stain. Although 
this technique is not highly sensitive, it can visualize 1 to 10 �g of highly glycosylated 
proteins. There are now fl uorescent glycoprotein stains on the market (Pro-Q ®  Emerald, 
Molecular Probes, or Glycoprotein detection kit, Sigma) based on the same chemistry. 
We have found PAS to be the most reliable stain for visualizing glycoproteins because 
nonspecifi c labeling seems to be a problem associated with the fl uorescent stains. 
Periodic acid oxidizes vicinal diols of glycosyl residues to dialdehydes. The aldehydes 
are then allowed to react with fuchsin (Schiff’s reagent) to form a Schiff’s base that 
stains pink on a clear gel background. One disadvantage of all these methods of car-
bohydrate staining is that both the carbohydrates and the protein backbone to which 
the carbohydrates are attached are ixidized during the staining, making it diffi cult to 
conduct further analysis on the proteins in the stained gels. 

 The gels were removed from the cassettes after the second dimension separation 
and placed in individual containers. Glycoprotein staining using PAS was performed 
after fi xation of the gels in a solution of 50% (v/v) methanol and 1% (v/v) acetic acid 
for at least 1 hour. The gels were then washed with water for 10 minutes. The gels were 
then incubated for 30 minutes in a solution of 1% (w/v) periodic acid and 3% (v/v) 
acetic acid before being washed with 3 � 5 minute water washes, and 2 � 10 minutes 
in 0.1% (w/v) sodium metabisulfi te, 12 mM HCl. The gels were incubated for 30 min-
utes to overnight with Schiff reagent, depending on the degree of staining required to 
produce pink-stained proteins on the gel. The gels were washed thoroughly with 0.1% 
(w/v) sodium metabisulfi te, 12 mM HCl. Approximately fi ve washes should remove 
the majority of the background staining; however more could be required if the back-
ground staining is dark. 

 19.4.5 Glycosylation Analysis 

 Mass spectrometry has now reached a level at which the study of glycopro-
teins and the attached oligosaccharide structures can be undertaken on a protein 
separated by one-dimensional (1D) PAGE and 2D PAGE.   We prefer the use of 
graphitized carbon as an LC chromatographic medium combined with MS for 
the separation and detection of released oligosaccharides in negative ion mode 
at high pH.10 This approach reduces the amount of sample and preparation time 
needed since both acidic and neutral oligosaccharides can be detected sensitively 
without derivatization. The same method of analysis can be used for both PNGase 
F released N-linked and reductively �-eliminated O-linked oligosaccharides, with 
minimal handling of the sample. In addition, the development of nanofl ow liquid 
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chromatographic separation and nanospray ESI has allowed the sensitivity of 
detection to be increased to approximate that of MALDI-MS.11 These combined 
technologies are now available to enable the large-scale analysis of the oligo-
saccharides on small amounts of gel-separated glycoproteins, which is diffi cult 
to achieve by analyzing the glycopeptides in a tryptic digestion of these spots. 
Glycopeptides are often not seen in tryptic digests because of their heterogeneity 
and low ionization potential in the presence of other peptides. By our approach, 
once the released oligosaccharide heterogeneity has been determined, it is then 
often possible to fi nd the glycopeptides in a tryptic digestion of the protein by 
specifi cally selecting for ions of predetermined mass based on the known attached 
oligosaccharide masses. 

 19.4.5.1 N-Linked Oligosaccharides 

 N-linked oligosaccharides that attach to the asparagine residue on the glycoprotein 
backbone can be enzymatically released without destroying the amino acid backbone. 
As the proteins have been denatured in the SDS-PAGE separation, there is no need 
to add detergent to the incubation. N-Glycosidase F (PNGase F) (Roche Molecular 
Biochemicals, Mannheim, Germany), can be used to cleave the oligosaccharide from 
the protein producing the intact oligosaccharide while replacing the asparagine in the 
amino acid backbone with aspartic acid (�1 Da). This technique allows not only for the 
oligosaccharides to be analyzed, but also for the PMF analysis of the deglycosylated 
proteins after further digestion with trypsin. It is also possible by this approach for infor-
mation to be gained on the sites of glycosylation due to the 1 Da peptide mass increase 
after PNGase F deglycosylation. 

 The released N-linked oligosaccharides can then be analyzed directly, or alter-
natively, they can be reduced prior to MS analysis. The reduction has been shown to 
direct the fragmentation in MS/MS for easier interpretation (unpublished data). 

 19.4.5.2 O-Linked Oligosaccharides 

 O-linked oligosaccharides are attached via the hydroxyl group of serine or threonine, 
or both, to the glycoprotein. There is no universal enzyme available that cleaves 
this linkage. Chemical �-elimination in a reducing environment is widely used to 
liberate and study glycoprotein O-linked oligosaccharide structures. The reduction 
of the reducing terminus of the eliminated oligosaccharide is necessary to prevent 
the released oligosaccharides from undergoing subsequent peeling and destruction. 
We use this release method following PNGase F digestion to allow analysis of both 
the N- and O-linked oligosaccharides to be performed from a single protein spot after 
2D PAGE separation.12 

 19.4.6 LC-ESI-MS of Oligosaccharides 

 Negative ion LC-ESI-MS provides the best means, in our hands, for the analysis of 
both the N- and O-linked reduced oligosaccharides using graphitized carbon as a LC 
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chromatographic medium at high pH.10 This method not only allows for the analysis 
of both neutral and sialylated oligosaccharides simultaneously, but also the minimal 
handling reduces the sample losses and preparation time. Following separation MS/MS 
of the oligosaccharides, along with their chromatographic retention time, can produce 
both sequence and linkage structural information. 

 Peak lists obtained from the MS/MS data, including  m/z  and intensity data, as well as 
the oligosaccharide parent ion mass, can then be interpreted using GlycosidIQ TM  (www.
glycosuite.com, Proteome Systems Ltd), which compares the observed fragmentation 
masses with the predicted masses of the  in silico  fragmentation of oligosaccharides con-
tained in the relational database, GlycosuiteDB (Proteome Systems Ltd). 

 19.5 RESULTS AND DISCUSSION 

 The experimental work fl ow that we use to probe samples for glycoproteins and then 
to release and analyze both the N- and O-linked oligosaccharides attached to the 
protein is shown in Figure 19.1. The following results are from the enrichment of 
the glycoproteins in human plasma using lectin affi nity chromatography ( jacalin) to 
isolate glycoproteins, which contain O-glycosidically linked oligosaccharides. The 
2D PAGE separations of both the unbound and bound fractions and identifi cation 
of the major proteins are shown in Figure 19.2. Both the fl ow through and retained 
fractions contain proteins that are unique to that fraction, illustrating the separation 
ability of this technique.   

 Several proteins appear on both gels, and glycoproteins are found in both frac-
tions. The glycoproteins could be easily seen as trains of spots, presumably due to the 
differences in sialylation between glycoforms of the same protein. Together with the 
glycoproteins found in the bound fraction, a signifi cant amount of Apolipoprotein 
A1 (Apo A1) was detected in the 2D PAGE protein map at approximately 30 kDa. 
Because Apo A1 has not been described as glycosylated and does not stain with 
PAS, its presence in the bound fraction must be explained by other reasons. A pos-
sible explanation is that since the sample is prepared under native conditions, Apo 
A1 may still have been associated with either proteins in the plasma, some of which 
are glycosylated. The majority of the glycoproteins in the retarded fraction have been 
reported to contain O-linked glycosylation (e.g., hemopexin, �-HS-glycoprotein, and 
inter-� trypsin inhibitor heavy chain H4). The jacalin column also isolated a sub-
fraction of �-1-antitrypsin. This protein has not been reported to contain O-linked 
oligosaccharides, although it is substantially N-linked glycosylated. Whether jacalin 
is interacting with a subfraction of these N-linked oligosaccharides, or if there is a 
subfraction of �-1-antitrypsin that contains O-linked oligosaccharides, will need to 
be further investigated. In many cases we were able to detect proteins in the bound 
fraction that were not visible on 2D PAGE gels of unfractionated plasma. These pro-
teins include hemopexin, which is a glycoprotein containing both N- and O-linked 
oligosaccharides, usually hidden under albumin in an unfractionated human plasma 
2D PAGE separation. 
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FIGURE 19.1 Experimental fl ow chart of glycoprotein enrichment, detection.
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 An example of our procedure for the further analysis of the glycosylation of gel 
isolated glycoproteins is shown for one of the isoforms of �

 2 
-HS-glycoprotein. This 

protein appears at the acidic end of the plasma 2D PAGE map and has several iso-
forms. This protein is not one of the more abundant glycoproteins present in human 
plasma and has been reported to contain both N- and O-linked oligosaccharides.13 
A typical base peak chromatogram and spectrum of �

 2 
-HS-glycoprotein N-linked 

oligosaccharides are shown in Figure 19.3. The N-linked oligosaccharides found on 
this isoform are typical of the oligosaccharides found throughout plasma proteins. 

FIGURE 19.2 2D PAGE separation of fractions from the jacalin column. 
(A) Flow-through fraction; (B) retained fraction.
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FIGURE 19.3 Base peak spectrum of N-linked oligosaccharides released from �
2
-HS-

glycoprotein gel spot.

The difference between the glycoforms has been shown to result from the relative 
amounts of different charged oligosaccharide structures on the protein.12   

 The MS/MS spectra of the peaks present in the base peak spectrum were ana-
lyzed using glycofragment mass fi ngerprinting GlycosidIQ software to predict the 
glycan structures.14 Figure 19.4 shows the MS/MS spectra and corresponding struc-
ture of the [M-2H] 2�  ion with    m/z  of 1111.6 as assigned manually. The same structure 
was predicted by the bioinformatic tool GlycosidIQ as shown in Figure 19.5, which 
also gives a scoring based on quality of matching (segmentation score) and cover-
age  (correspondence score) and links to the structure found in the GlycosuiteDB 
database. This structure corresponds to the N-linked structure previously found in 
�

 2 
-HS-glycoprotein.13 The other structures that were identifi ed using their MS/MS 

spectra and the GlycosidIQ tool were not reported in the GlycosuiteDB database as 
attached to �

 2 
-HS-glycoprotein but have been found to be attached to other human 

plasma proteins.15   
 The base peak spectrum of the O-linked oligosaccharides released using reduc-

tive �-elimination from the same isoform from which the N-linked oligosaccharides 
were enzymatically released is shown in Figure 19.6. The MS/MS spectra corre-
sponding to the  m/z  966.1 1−  peak is shown in Figure 19.7. The daughter ions and 
their intensities were used along with the parent ion mass to obtain the predicted 
structure of the oligosaccharide using GlycosidIQ. This is illustrated in Figure 19.8, 
which shows the search results as well as the matched glycosidic fragments. Both 
the structure NeuAc(a2–3)Gal(b1–3)[NeuAc(a2–6)]GalNAc ( m/z  966.1 1− ) and 
NeuAc(a2–3)Gal(b1–3)GalNAc ( m/z  675.2 1− )   are commonly found on plasma 
O-linked glycoproteins.   

 The technique of using lectin affi nity in combination with 2D PAGE allows the 
relatively large-scale analysis of oligosaccharides on glycoprotein isoforms and can 
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  FIGURE 19.5  GlycosidIQ TM  results from matching the MS/MS spectra of the [M-H] 2�  ion 
at  m/z  1111.6 with the theoretical fragmentation of the GlycoSuiteDB database. The MS/MS 
fragmentation data for each doubly charged peak seen in the base peak spectra were searched 
using following parameters: parent ion error, 0.7 Da; ion mode, negative; adduct, H; spectrum 
error, 0.5 Da; reducing terminal derivatization, reduced. 

FIGURE 19.4 MS/MS spectrum and manually assigned structure of the N-linked oligosac-
charide with [M-2H]2- ion at m/z 1111.6 in Figure 19.3 corresponding to a composition of 
[Hex

5
HexNAc

4
NeuAc

2
].
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FIGURE 19.7 MS/MS spectrum and manually assigned structure of the O-linked oligosac-
charide of the m/z 966.1 parent ion in Figure 19.6.

  FIGURE 19.6  Base peak spectrum of O-linked oligosaccharides released from � 2 
-HS-

glycoprotein gel spot using reductive �-elimination after PNGase F digestion. Spectrum 
obtained from the protein spot at the more basic end of the isoform chain. 

be used to expand the picture of protein glycosylation offered by 2D PAGE analysis. 
By combining either lectin or boronate affi nity chromatography with the traditional 
2D PAGE separation techniques we were able to prefractionate samples based on 
their oligosaccharide content rather than the more traditional molecular weight and 
isoelectric point fractionations.16 Advances in MS and bioinformatics now allow the 
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  FIGURE 19.8  Screen shot of the results from GlycosidIQ   of matching the MS/MS spectra 
of the [M-H] −  ions at  m/z  966.1 with the theoretical fragmentation of the GlycoSuiteDB 
database. These include the predicted attached oligosaccharide structures, with the list of 
matched fragments and their pictorial representation. 

analysis of oligosaccharides present on glycoprotein isoforms from 2D PAGE gels,12 
and by combining this with the above enrichment techniques the glycosylation of 
previously undetected glycoproteins can be determined. 
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 20.1 INTRODUCTION 

 While the development of analytical techniques for detecting and identifying proteins 
has been an actively pursued area of research for many years, a recent and concerted 
reemergence of work in this area has resulted in an explosion of new developments 
that can be applied across multiple disciplines. The advent of numerous mass spec-
trometric and separation advances may be viewed as the technical driving force 

 20 
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behind these developments, but other factors are perhaps equally crucial. These fac-
tors include the increasing availability of sequences for many organisms as a result 
of recent advancements in genome analysis, recognition that there are limitations to 
using sequence and transcriptome information alone, and the more apparent value 
of directly characterizing the biomolecules and pathways that actually drive cellular 
events. Direct identifi cation of structural and functional proteins allows perturba-
tions at the protein level to be linked to responses at the cellular level and provides a 
method for analyzing global proteomic changes in virtually any model system. 

 The fi eld of proteomics, in particular, has benefi ted from numerous recent ana-
lytical advances that have provided increased sensitivity and dynamic range of pro-
teins detected, as well as analysis throughput. Traditional approaches typically have 
involved separations using two-dimensional polyacrylamide gel electrophoresis (2D 
PAGE) in conjunction with a mass spectrometric (MS) component for protein identi-
fi cation.1 These seminal techniques set the foundation for the advancing fi eld of pro-
teomics. The limitations associated with the gel-based techniques are well known and 
stem mostly from a lack of suffi cient dynamic range needed for in-depth proteome 
coverage2 and from the large amount of time needed for analysis, which dramatically 
limits throughput. Signifi cant developments have been made in an attempt to address 
both these and other issues. With the advent of electrospray ionization, researchers 
can now couple multidimensional liquid chromatography (LC) separations with MS 
analysis. Combined with a bottom-up strategy, in which proteins are digested into 
smaller peptide fragments for identifi cation, the LC-MS platform has proved highly 
successful for identifying peptides (and generally proteins) from complex samples. 

 This chapter discusses proteome analysis techniques that are based on high-
 resolution LC separations and high mass accuracy MS instrumentation, specifi cally the 
use of Fourier transform ion cyclotron resonance (FTICR) MS, and their application 
for high-throughput global identifi cation of proteins. The simultaneously expanded 
sensitivity, dynamic range, and mass accuracy afforded by FTICR place this system 
at the forefront of analytical systems that can attain proteomic identifi cations from 
complex biological samples. We will begin the discussions by describing a high-
throughput proteomics approach that capitalizes on the attributes of FTICR. The 
critically important supporting components that combine to provide a comprehensive 
proteomic analysis capability—electrospray ionization effi ciency, pre-MS high effi -
ciency LC separations, and downstream data processing methods—are discussed with 
the intent of providing insight into the process as a whole and to highlight analytical 
challenges that remain to be addressed. Because quantitative measurements are so 
important to understanding even the simplest biological systems, some of the quanti-
tation techniques and approaches being developed and applied in our laboratory are 
also discussed. Several applications are exemplifi ed prior to concluding this chapter. 

 20.2 HIGH-THROUGHPUT APPROACH FOR GLOBAL 
PROTEOMIC MEASUREMENTS 

 The level of proteome coverage achievable depends on both the separation quality 
and the MS platform being utilized. For proteomic analyses from complex peptide 
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mixtures, the better the separations prior to tandem MS (MS/MS) analysis, the more 
complex a mixture that can be addressed.3 The fi rst implementation of a combined 
LC-MS approach for global proteomics was by Washburn et al.,4,5 who utilized 2D 
LC separations that involved sequential step elutions of tryptically digested peptides 
from a strong cation exchange (SCX) resin followed by reversed-phase solvent gradi-
ent separations in combination with ion-trap MS/MS analysis. The resulting peptide 
dissociation information enabled identifi cation of multiple peptides from a mixture 
and hence the parent proteins present.6–12 

 This shotgun approach to proteomics produced unprecedented initial coverage of 
the global yeast proteome; however, challenges and limitations are inherent with the 
technique. For example, throughput is limited since MS/MS measurements require 
that peptides be selected one at a time for analysis. Thus, while many peptides can be 
detected in a single fi rst-stage mass spectrum, this approach requires that these pep-
tides be individually selected for a second MS stage analysis. New linear ion trap MS 
instrumentation has improved the effi ciency of MS/MS analyses, but one analytical 
cycle at a minimum is still needed to identify each peptide. In addition, complex 
proteomic samples often have large numbers of peptides that coelute from even the 
best multidimensional liquid separations. MS/MS analysis dictates that only a small 
subset of these peptides can be picked for the second-stage MS fragmentation and 
identifi cation, which generally leads to a global undersampling problem when per-
forming MS/MS experiments. This issue can be theoretically addressed by even more 
extensive pre-MS fractionation or separations chromatography to reduce the com-
plexity of the mixture eluting to the MS at any time point, but only at the expense of 
signifi cantly lower throughput, increased sample consumption, and likely increased 
specifi c losses of peptides. To overcome this MS/MS bottleneck, we developed a 
strategy that increases throughput by avoiding  routine  MS/MS measurements. 

 The proteomics strategy developed in our laboratory is a variation of the shotgun 
proteomics approaches. As with shotgun approaches, proteins are fi rst cleaved into 
peptide fragments (e.g., by a specifi c proteolytic enzyme such as trypsin) after cell 
lysis and sample processing, and LC-MS/MS proteome analyses are employed to 
identify peptides. However, in our strategy, these multiple analyses need only be per-
formed once for a particular biological system. The results from the initial LC-MS/
MS analyses are used to create a look-up table that contains a characteristic accurate 
mass and LC separation elution time for each peptide; that is, a mass and time (MT) 
tag, which serves as a unique 2D marker for its subsequent identifi cation. Once this 
look-up table (referred to as an MT tag database) is created, a future sample need 
only be analyzed by high-resolution capillary LC-FTICR to detect peptides with the 
same accurate mass and same elution time characteristics as in the MT tag database. 
This approach not only eliminates the need for routine MS/MS, but also provides 
both greater analytical sensitivity and increased analysis throughput. 

 The two parts of this overall proteome measurement strategy—(1) generating 
potential MT tags from extensive automated LC-MS/MS analyses and (2) performing 
high throughput LC-FTICR analyses that use the MT tag database in subsequent 
studies for peptide and protein identifi cations—are depicted in Figure 20.1. The 
peptide MT tags are assigned using conventional software tools (e.g., SEQUEST13) and 
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refl ect both the calculated accurate mass and the normalized LC elution time (to �2% 
uncertainty based on present approaches). Subsequent identifi cation by LC-FTICR 
accurate mass measurements effectively validates an MT tag as an accurate mass and 
time (AMT) tag. This so-called AMT tag approach is similar to the identifi cation of 
a protein spot in a 2D-PAGE study. Once a protein spot has been identifi ed in a gel 
for a particular biological system, a spot at the exact same 2D location in a subse-
quent analysis of the same system can generally be identifi ed with high confi dence. 
Analogously, once an MT tag has been established for a particular biological system, 
a peptide eluting at the same normalized time and with the same mass in a subsequent 
analysis of the same system can generally be identifi ed with high confi dence. The 
confi dence of the identifi cation will depend strongly on the specifi city provided by 
both the separation and the accuracy of the mass measurements. 

 20.3 ESSENTIAL COMPONENTS FOR EFFECTIVE 
LC-MS PROTEOMIC ANALYSIS 

 The technical foundation that enables the high-throughput AMT tag approach involves 
advanced separations combined with very accurate mass spectrometric measurements 
from FTICR and a supporting data analysis and management infrastructure. The use 

FIGURE 20.1 Basic schematic of the accurate mass and time (AMT) tag approach. The AMT 
approach consists of two main components: (1) Creation of an MT tag database using a LC-MS/
MS peptide identifi cation strategy; and (2) use of LC-FTICR-MS for high-throughput accurate 
mass measurements that will be compared against the MT tag database for the identifi cation of 
peptides and creation of an AMT tag. Reproduced with permission from Ref.14, copyright 2005 
Elsevier.
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of FTICR presently provides a number of advantages over conventional MS platforms, 
including a dramatic reduction in the sample size needed and enhanced sensitivity for 
analysis of low-abundance proteins.15–17   Mass spectra can be acquired with resolution 
in excess of 10 5  and with low to sub part-per-million (ppm) mass measurement accu-
racy (MMA).18,19 These measurement qualities are important because they allow more 
complex mixtures to be characterized. 

 The following sections describe key supporting components of the FTICR-based 
analysis platform—electrospray ionization, high-effi ciency LC separations, and down-
stream data processing methods—that are critical for optimum performance and that 
are being actively studied in our laboratory. Each component represents an independent 
link in the proteome chain of analysis since improvements in any one area eventu-
ally affect the results as a whole. There is little discussion of specifi c instrumentation 
advancements pertaining to the mass spectrometer itself, as this is beyond the scope 
of this chapter and would require signifi cant discussion devoted to that topic alone. 
However, an overview of a specifi c MS technique that has led to dramatic increases in 
the dynamic range of detection for LC-FTICR analysis is provided. 

 20.3.1 Electrospray Ionization Effi ciency 

 The application of electrospray ionization (ESI) to mass spectrometry by Fenn and 
coworkers in the 1980s provided a highly sought after component that allowed liquid 
separations to be directly coupled to MS for large protein analysis.20 With the subse-
quent integration of ESI into the proteomic analysis platform, optimizing conditions 
to achieve the highest ESI effi ciency is of critical importance. Depending upon anal-
ysis conditions, a challenging aspect of ESI is the possibility of “suppression” effects 
that occur due to the presence of solution matrix components or peptides eluting at 
the same point in the separation. Such suppression effects could make detecting the 
presence of some peptides diffi cult or determining the relative abundances of differ-
ent peptides problematic. Since the extent of suppression is expected to be highly 
dependent upon the precise solution composition, even comparative measurements 
for the same peptide could be problematic. Therefore, it is best to conduct analyses 
under conditions in which ionization suppression effects are minimized. 

 The conditions under which ionization suppression occur are related to both 
analyte concentration and ESI volumetric fl ow rates and are relatively well under-
stood.21–23 Large, conventional fl ow rates result in greater compound-to-compound 
variation due to the increased analyte competition for the charge and exposure to the 
electrospray droplet surface. Converting the electrospray ionization from a conven-
tional fl ow rate to a nanofl ow regime (Figure 20.2)24 produces smaller initial droplets 
that allow ions to form more rapidly and effi ciently with less heating. Smaller drop-
lets move toward the periphery of the electrospray plume due to their smaller inertia 
and higher charge density22 (Figure 20.2, top); consequently, conventional electro-
spray is generally sampled off-axis of the MS inlet, where a majority of the ions are 
desolvated and the concentration of large problematic droplets or clusters is minimal. 
Depending on the fl ow rate, sample concentration, and surface activity, a large portion 
of the analyte (peptide sample) can form these charged clusters or residue particles 
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at conventional fl ow rates (�l/min). Also problematic is the limited �1 cm spacing 
between the electrospray emitter and the MS inlet combined with the expansion of the 
electrospray plume, resulting in a reduction in MS inlet effi ciency (Figure 20.2, top), 
as well as limiting sensitivity. 

 When smaller diameter capillaries are employed, higher sensitivity can be 
achieved when both the sample size and liquid fl ow rate are reduced.25 For example, 
the use of 10 �m i.d. capillaries for CE-MS26 provided low nl/min fl ow rates that 
resulted in a mass sensitive response due to the limited delivery of charge carrying 
species. The smaller electrospray droplet size enabled the emitter to be aligned on-axis 
and closer to the MS inlet, yielding a more effi cient ion delivery and increase in sen-
sitivity (Figure 20.2, bottom).24,27 

 With suffi ciently low fl ow rates and concentrations delivered by the electrospray, 
ionization effi ciency approaches 100%.24 Even at reduced rates in the intermediate 
fl ow levels, ESI effi ciencies will become more uniform,24–28 and the effi ciency of ion 
introduction through the MS inlet is enhanced. Additionally, the concentration where 
linear response ends can occur at a fairly sharp boundary.28 Figure 20.3 shows ESI-
FTICR peak intensities versus sample size for three abundant peptides obtained from 
an LC separation using a 30-�m-i.d. capillary.29 For sample sizes below a given level 
(�100 ng for the example in Figure 20.3), MS peak intensities (or peak areas) are 
generally in the regime where signals increase linearly with sample size and provide 
the best quantitation. 

FIGURE 20.2 Normal fl ow rate electrospray (top) versus a nanofl ow rate electrospray (bottom) 
that produces smaller droplets. By allowing closer proximity to the MS inlet, the lower fl ow rate 
electrospray affords more effi cient ion introduction. Reproduced with permission from Ref.24, 
copyright 2005 Am. Chem. Soc.
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 20.3.2 High-Effi ciency LC Separations 

 With MS platforms such as FTICR that have a maximum ion trap capacity, the over-
all dynamic range achievable depends signifi cantly on the resolution and peak capac-
ity of the on-line separations used. The dynamic range achieved in any one FTICR 
spectrum is typically �10 3 , but the effective dynamic range achievable in proteome 
measurements with combined LC-FTICR can be improved to �10 5 .30 In addition, the 
use of high-effi ciency, high-resolution separations to separate the abundant species 
from most of the low-abundant species enables not only better detection, but also 
quantitation. 

 Since smaller i.d. capillaries provide a linear response over a wider range of 
sample concentrations (Figure 20.3), a common approach, and one observed in our 
laboratory, has been toward decreasing LC capillary diameters (i.e., from 150 �m 
to 75 or 50 �m i.d. or even smaller). These smaller i.d. capillaries improve overall 

FIGURE 20.3 ESI-MS peak intensities versus the total pro-
teome sample size for three of the more abundant peptides having 
the indicated molecular weights. The results were obtained using 
a 30-�m-i.d. packed capillary. Reproduced with permission from 
Ref.30, copyright 2002 Am. Chem. Soc.
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sensitivity and the practical dynamic range of measurements, particularly when the 
absolute sample size is constrained. Ideal conditions would use LC capillary col-
umns that provide the lowest fl ow rates yet remain robust enough for high-throughput 
operations. As a demonstration, the use of a 15 �m i.d., �85 cm long column at an 
optimal fl ow rate of �20 nl/min at 10,000 psi increased ESI effi ciency by �100-fold 
over conventional 150 �m i.d. columns.29 In another example, improving LC peak capac-
ities from �550 to �1000 doubled the number of peptides identifi ed by MS/MS.31 

 In another study, the sensitivity and the range of relative protein abundances 
measurable for small-sized complex proteomic samples was demonstrated using a 
15-�m column and a tryptic digest of a mixture containing a 10 6 :1 difference in pro-
tein abundances for two standards (75 femtomoles cytochrome c and 75 zeptomoles 
bovine serum albumin) and 5 ng of an  14 N/ 15 N-labeled  Deinococcus radiodurans  
lysate30 (see Figure 20.4). The results show that proteins having approximately 6 
orders of magnitude difference in relative abundances in a complex proteomic sample 
can be characterized from a single LC-FTICR analysis. While the ratios of MS peak 
intensities signifi cantly deviated from the relative protein content during elution of 
the most abundant peptides, both this and previous work29 illustrate that quantitative 

FIGURE 20.4 Examination of the analysis range of D. radiodurans relative protein abun-
dances. The sample contained (a) 5 mg of 14N/15N-labeled D. radiodurans, (b) 75 femtoles 
cytochrome c, and (c) 75 zeptomoles of bovine serum albumin tryptic digests. Reproduced 
with permission from Ref.24, copyright 2004 Am. Chem. Soc.
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analyses are achievable for other intermediate- and lower-abundance species. In gen-
eral, our studies indicate that integrated peak intensities refl ect relative abundances 
most precisely for lower-abundance species. 

 20.3.3 Expanded Dynamic Range for MS 

 For several years we recognized the potential of an approach that would expand 
the dynamic range of our MS instrumentation, but signifi cant technological devel-
opments, as well as fast data-dependent computer control of the experiment, were 
required before the approach could be implemented. After overcoming several limi-
tations, the dynamic range enhancement applied to MS (DREAMS)32 was developed, 
which is based on the ejection of the most abundant ions in a mass spectrometer so as 
to provide more effi cient use of the FTICR dynamic range for each spectrum. 

 To accomplish this task, we developed software that uses the peak intensi-
ties from an FTICR mass spectrum to calculate a set of frequencies that are then 
used to perform dipolar irradiation of ions in an external 2D quadrupole to remove 
the high intensity ions before the collection (or accumulation) step in the external 
quadrupole. The ions collected in this external quadrupole are then transferred to 
the FTICR ion trap. Because major ions are eliminated in this way, which nor-
mally would result in rapid fi lling of the external quadrupole ion accumulation 
device, longer ion accumulation times can be used to accumulate more of the low-
abundance ions. 

 The end result of this process is that much greater sensitivity and an extended 
dynamic range are achieved. For demonstration, Figure 20.5 displays two partial 
chromatographic spectra obtained from one LC-FTICR analysis, using equal quan-
tities of  15 N- and  14 N-labeled B16 mouse cells.24 Two different ion chromatograms 
were reconstructed from this experiment, the fi rst corresponding to the normal odd-
numbered mass spectra and the second to the DREAMS even-numbered spectra in 
which the higher-abundant ions were ejected. Observed is the removal of the high-
abundance ions, with a subsequence increase in detection of lower-abundant ions. 
The identifi cation of additional high confi dence  15 N/ 14 N pairs, previously unseen 
in the normal spectra, correlates to a large improvement in sensitivity and dynamic 
range that can be applied within a single LC-FTICR experiment. By implementing 
the DREAMS approach, we have typically seen proteomic identifi cation rates increase 
by 35%.33 

 20.3.4 Data Processing Components 

 Large scale LC-MS proteomic analysis of biological samples generally produces 
vast quantities of data that can easily overwhelm researchers if steps are not taken to 
control the downstream datafl ow. A single analysis often provides thousands of sepa-
rate MS or MS/MS spectra that then need to be coupled to data analysis tools that 
can interpret and extract detected masses from the MS datasets and perform database 
searches to identify peptides on the basis of the detected masses. These complex 
multistage analyses also require experimental conditions and sample pedigree to be 
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tracked and must have the fl exibility to insert quality-control measures at several 
stages of the processing to ensure instrument performance and sample preparation 
quality. 

 To address these issues common to any LC-MS proteomic effort, our laboratory 
developed the Proteomics Research Information System and Management (PRISM) 
infrastructure34 to store, track, and automate proteomic data analyses. PRISM is 
composed of distributed software components that operate cooperatively on several 
commercially available computer systems that communicate by means of standard 
network connections. The system not only collects data fi les directly from all mass 
spectrometers in our laboratory, but it also manages the storage and tracking of these 

FIGURE 20.5 Partial chromatograms and examples of typical normal and DREAMS 
 spectra from a capillary LC-FTICR analysis of peptides from a tryptic digest of a mixture 
of natural isotopic abundance and 15N-labeled mouse B16 proteins. Top left: partial chro-
matogram reconstructed from the normal FTICR mass spectra. Bottom left: corresponding 
chromatogram from the DREAMS spectra for which high relative abundance species were 
ejected, allowing longer ion accumulation. The mass spectra (center) show the effective 
ejection of the major species in the top spectrum compared to the one shown on the bottom. 
The detail (right) shows a large gain in sensitivity and signal-to-noise ratio for a peptide pair 
providing a basis for quantitative comparison of protein abundances in the two cell cultures. 
Reproduced with permission from Ref.24, copyright 2004 Am. Chem. Soc.
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data fi les and automates data processing to provide both intermediate results and 
fi nal products. 

 The PRISM infrastructure encompasses two major subsystems: the Data Manage-
ment System (DMS) and the Mass Tag System (MTS). DMS tracks both the analy-
sis results fi les and maintains the background and data handling information of the 
analyzed sample (e.g., cell culture and sample processing conditions), experimental 
factors (e.g., fractionation or chromatographic separations used), and any MS-based 
parameters. The MTS produces, compiles, and maintains MT tag databases developed 
in the course of biological studies. Compiled data is segregated and maintained in 
experiment-specifi c MT tag databases that are used for the subsequent identifi cation 
of peptides from FTICR analysis. 

 20.3.4.1 Data Reduction Processes 

 An important step in any proteomics data analysis pipeline is to reduce the large volumes 
of raw data to a usable amount for downstream analysis. Spectra from both ion trap 
LC-MS/MS and LC-FTICR analyses are involved in signifi cant data-reduction steps. 
For example, a single normal 9.4 Tesla LC-FTICR experiment results in a 10 gigabyte 
raw data fi le, which is reduced to a table of detected masses and elution times approxi-
mately 10 megabytes in size, a reduction of three orders of magnitude. LC-MS/MS data 
reduction is less dramatic but still signifi cant. A typical capillary LC-MS/MS ion trap 
raw dataset fi le is about 20 megabytes in size and generally yields a list of predicted 
peptides in the associated data fi le that is about 1 megabyte or smaller. 

 Data reduction for high-performance FTICR, and increasingly for time-of-fl ight 
(TOF) instrumentation, involves processing each spectrum to identify peaks contrib-
uting to the isotopic distributions of the detected species and then determining the cor-
responding neutral masses for each of the detections. A typical FTICR spectrum can 
contain thousands of isotopic distributions that, after processing to extract the peak 
information, will generate a table of detected masses and their corresponding intensi-
ties. This process of converting the isotopic distributions to tables of masses is referred 
to as mass transformation and deisotoping and is performed in our laboratory by an 
in-house software program ICR-2LS that utilizes an approach based on the THRASH 
algorithm.35 

 20.3.4.2 Peptide Identifi cations Using Accurate Mass and 
Time Measurements 

 With the AMT tag approach, an MT database is typically created by means of an 
extensive series of shotgun LC-MS/MS analyses, performed using a variety of 
sample fractionation or cell growth and treatment conditions. After peptides are 
identifi ed from the MS/MS spectra using tools such as SEQUEST, we use an elution 
normalization algorithm to determine the corresponding LC elution time for each 
peptide so that all peptides are on the same elution time scale and any small run-to-run 
variations are corrected (normalized). This step requires that we use a rigorously 
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controlled standard separation to provide high precision elution time information 
and reduce variation due to run-to-run variability in the LC separation process. The 
peptide identifi cations and normalized elution times are then saved for incorporation 
into the appropriate MT tag database. 

 The actual identifi cation of peptides in LC-FTICR datasets is accomplished in 
our laboratory by our in-house developed software program VIPER, whose main 
objective is to connect these accurate mass and normalized elution time datasets 
with a previously established MT tag database for comparison and identifi cation. 
The software performs MS data inspection, visualization, and analysis applications, 
allowing for rapid display and analysis of large datasets produced by both FTICR 
and TOF mass spectrometers. VIPER   receives a text fi le created by the ICR-2LS that 
contains a list of molecular masses and their corresponding intensities and displays 
the result as a 2D plot with elution time (spectrum number) and molecular mass 
as the coordinate axes. Figure 20.6 provides an example of a 2D plot generated by 
VIPER.36 The abundance of any isotopic distribution can be indicated by using a 
variable spot size, and color can be used to code abundance ratios and charge states 
of individual distributions. 

 Prior to displaying the results in a 2D plot, VIPER fi rst combines the separately 
identifi ed species (based upon similar molecular mass and elution time) into unique 
mass classes (UMCs). In separation terms, a UMC represents a single species that 
elutes as a single chromatographic peak. Each UMC has an accurate mass, central LC 
normalized elution time (NET), and abundance estimate, computed by summing the 
intensities of the MS peaks that comprise the UMC. Once characterized, a UMC can 
be searched against MT tag databases for peptides that match the accurate mass and 
NET information. After populating a 2D LC-FTICR peptide landscape with UMCs, 
VIPER allows one to look for groups of related data using data clustering algorithms 
that detect species having similar monoisotopic masses, elution times, intensities, 

FIGURE 20.6 (A) A 2D plot generated by the software program VIPER showing 16O/18O 
peak intensity pairs using LC-FTICR technology; (B) Example peptide identifi cation of an 
upregulated protein by comparing normal plasma and plasma from an LPS-administered sub-
ject identifi ed by the AMT tag approach and 18O labeling. Reproduced with permission from 
Ref.36, copyright 2005 Future Drugs, Ltd.
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and so on. VIPER’s functionality, together with the UMC visualization and reporting 
capabilities, makes it an invaluable component in our proteomic data pipeline. 

 For complex proteomic systems, ambiguities often arise when trying to assign 
the correct identifi cation to an observed accurate mass and elution time, even though 
stringent constraints (�5 ppm mass accuracy and �5% elution time) have been 
applied. To address this issue, a statistically based algorithm that utilizes a least-
squares method is employed to map the NET and mass of each UMC in an LC-FTICR 
dataset to the NETs and masses in the MT tag database. Figure 20.7 illustrates a situ-
ation in which several MT tags within the tolerance of a given UMC (most likely a 
peptide) result in an ambiguous assignment (i.e., to multiple possible peptides). In 
this fi gure, the mass accuracy defi nes the height, and the elution time reproducibility 
defi nes the width of the ellipses, that is, the acceptable error boundaries of the MT tags. 
In situations where several MT tags match a single feature, one can compute a probability 
of the most likely match based on the standardized squared distance between a given 

FIGURE 20.7 The inset shows a 2D plot with normalized elution time (NET) on the hori-
zontal axis and mass on the vertical axis. The region highlighted on the inset plot is illustrated 
by the larger plot. A single detected feature is present at 2403.1650 Da and 0.594 NET. Four 
MT tags match this feature with the tolerances dictated by the mass accuracy and elution time 
accuracy of the instrument. The probability of each match was computed using the standard-
ized squared distance between the mass and elution time of the feature and mass and elution 
time of each MT tag. Reproduced with permission from Ref.14, copyright 2005 Elsevier.
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feature’s mass and elution time and each MT tag’s mass and elution time, as shown in 
the probability column in Figure 20.7. In this example, the fourth peptide is the most 
likely match because both its probability and its SEQUEST XCorr value are higher 
than those for the other peptides.  A statistical foundation for such assignments that 
more broadly accounts for uncertainties is presently under development.

 20.4 QUANTITATION STRATEGIES 

 Initial proteomic measurements have been mostly qualitative in nature, providing parts 
lists of proteins with ambiguous quantitative information and limited cotranslational 
and posttranslational modifi cation data. While these more qualitative proteome mea-
surements can be useful, there is a clear need for better quantitative measurements, 
which in turn requires a larger number of more accurate proteomic measurements to 
provide suffi cient data for understanding even the simplest of biological systems. 

 Quantitative strategies often involve comparing protein abundances between two 
cellular populations that differ as a result of some change or perturbation to one 
of the populations.   For comparative studies that employ stable-isotope labeling, the 
AMT tag approach can increase throughput and precision by directly comparing two 
proteomes in the same analysis; for example, comparing a perturbed system to a 
common reference proteome. A stable-isotope-labeled (e.g.,  15 N or  18 O labeled) ref-
erence proteome provides an effective internal standard for many peptides.37–39 A key 
advantage of this strategy is that variations due to sample processing (after mixing) 
and analysis are eliminated, which allows relative abundances to be determined to 
better than 10 to 20%, in many cases.37,40 

 20.4.1  18 O Stable-Isotope Labeling Techniques 

 A stable-isotopic labeling technique that we found especially useful for comparing 
relative protein abundances is via enzyme transfer of  18 O from water to peptides.41 
With this technique, proteins isolated from two samples are separately digested with 
trypsin in either  16 O or  18 O water. The oxygen atom, either  16 O or  18 O, from water is 
incorporated into the newly formed C-terminus in each tryptic peptide, thus provid-
ing an isotope tag for relative quantitation. Initial work with this approach indicated 
that labeling effi ciency can vary somewhat for different peptides, leading some peptides 
to incorporate two  18 O atoms per peptide while others only incorporate one  18 O.42,43 
This variability and its repercussions for quantitative analyses made its use problem-
atic. Recently, however, the mechanism for  18 O transfer was demonstrated to be an 
enzyme-catalyzed oxygen exchange reaction44 allowing much more consistent label-
ing of two  18 O atoms to be obtained during a postdigestion trypsin-catalyzed  16 O/ 18 O 
exchange reaction.45 

 The advantages of the enzymatic  18 O labeling approach include the ability to label 
all types of samples (e.g., tissues, cells, and biological fl uids), the simplicity of the 
reaction and its specifi city for the C-terminus of tryptic peptides, and the identical elu-
tion times for both light and heavy isotopic-coded peptides in a pair. The incorporation 
of two  18 O atoms provides a mass difference of 4 Da between the  16 O- and  18 O-labeled 
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tryptic peptides and is most effective when using a high-resolution mass analyzer 
such as TOF or FTICR to effectively resolve the  16 O- and  18 O-labeled peptide pair 
peaks for quantitative determination of relative abundances. 

 Recently, our laboratory applied the trypsin-catalyzed  16 O/ 18 O labeling method 
and AMT tag approach to quantitative studies that looked at the relative changes in 
protein concentrations in treated (lipopolysaccaride) versus untreated human blood 
plasma samples.46 Initial studies centered on optimization of human plasma analysis 
and the creation of a comprehensive MT database for the application of high mass 
accuracy studies.47,48 Eventually multiple approaches were used, including extensive 
SCX fractionation, depletion of high-abundant proteins, and isolation of specifi c 
peptide subsets prior to LC-MS/MS analysis to obtain the necessary dynamic range 
in protein detection.49 More than 600 LC-MS/MS analyses were performed to com-
prehensively identify peptides for the MT tag database. LC-FTICR analysis was then 
performed with  16 O/ 18 O labeled peptide mixtures from plasma. Figure 20.6 shows a 
partial 2D display of the results obtained from a single LC-FTICR analysis and an 
example of a peptide pair that illustrated the increase in protein concentration result-
ing from the lipopolysaccaride treatment. 

 With the increasing use of  16 O/ 18 O stable-isotope labeling, our laboratory found 
it benefi cial to create isotope pair visualization software to help discern and identify 
correct isotopic peak pairs quickly and accurately. Figure 20.8, generated from an 
extension of the VIPER program, shows two different groups of UMCs that have 
been identifi ed as an  16 O/ 18 O isotopic pair. Each group has been graphically displayed 

FIGURE 20.8 Graphic representation of two examples of 16O/18O isotopic pairs. A new addi-
tion to the software program VIPER allows you to graph potential isotopic pairs for a clearer 
visual picture for faster and more accurate verifi cation of potential pairs. The spots above the 
charts correspond to the normal 2D display of UMCs by VIPER.
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to show a more detailed description of the intensity information. One pair is identifi ed 
as a near 1:1 ratio, and the second pair is identifi ed as having an apparent abundance 
difference between the two samples that had been combined into one. 

 A new quantitative cysteine-peptide enrichment technology (QCET)42 that enables 
high-throughput systematic identifi cation and quantitation of proteins expressed in 
mammalian cells is also currently being applied in our laboratory. QCET combines 
quantitative  16 O/ 18 O labeling with specifi c capture and isolation of cysteine-containing 
peptides by means of a thiol-specifi c affi nity resin. With QCET, proteins from two 
cell states or conditions are prepared and separately digested by trypsin under iden-
tical conditions, with tryptic peptides from both samples exclusively labeled with 
either  16 O or  18 O by immobilized-trypsin. The differentially labeled peptide samples 
are then combined, selectively enriched for cysteine content, and analyzed using the 
AMT tag approach for identifi cation and quantifi cation. This technology provides 
an alternative to the isotope-coded affi nity tag approach (ICAT)40 and can be read-
ily applied to proteome-wide measurements of very small samples. Additional ben-
efi ts include a reduction in sample complexity due to elimination of typically 80 to 
90% of non-cysteine-containing peptides and improved peptide identifi cation (since 
essentially all recovered peptides should contain a cysteine residue). 

 20.4.2 “Label-free” Quantitation Using Intensity 
Information 

 Comparative measurements based on isotopic labeling generally require that both 
versions of the peptide (labeled and unlabeled) be detected; however, large changes 
in relative protein abundances between two labeled samples often result in detec-
tion of only one of the peptides (e.g., when there are large abundance changes or 
low signal-to-noise levels for the measurements). Although quantitation approaches 
based upon the use of peak intensities are attractive for this purpose, peptide abun-
dance measurements obtained using MS signal intensities may vary signifi cantly for 
reasons that can include variations in ionization effi ciencies (as discussed earlier in 
this chapter) and losses that occur during both sample preparation and separations. 
Peak intensity measurements are more readily useful for large differences in abun-
dances between samples, but typically have been less effective for studying more 
subtle variations. 

 Recent studies in our laboratory indicate that with proper control of the sample 
process and analysis conditions (e.g., for electrospray ionization), data can be col-
lected with high reproducibility among runs, which provides a basis for more effec-
tive quantitation.   Other recent reports also have described the use of peptide peak 
intensity information for determining changes in relative protein abundances based 
upon different normalization techniques.50,51 While less precise than stable-isotope 
labeling methods, such approaches have the advantage of not requiring additional 
processing steps to prepare samples with isotopic labels and are broadly applicable, 
regardless of sample type. 

 Label-free approaches can complement isotopic labeling approaches. Issues 
that dictate the applicability of utilizing this approach are primarily related to (1) the 
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run-to-run reproducibility of proteome analyses, (2) the effectiveness of data normal-
ization approaches, similar to those used for microarray data analysis, (3) the linearity 
of signal response as a function of protein concentration, and (4) other factors that 
can cause variation in response. We found that the run-to-run reproducibility of pro-
teome analyses improved dramatically with implementation of a fully automated cap-
illary LC-FTICR system.52 Figure 20.9 shows the variation in intensities for peptides 
obtained from six replicate analyses of the same  Shewanella oneidensis  proteome 
sample. The average coeffi cient of variance is approximately 10% for the highest-
abundance peptides and increases to about 40% for low-abundance peptides, illustrating 
the reproducibility obtainable using automated capillary LC-FTICR. These results 
support the feasibility of using quantitation approaches based on intensity data and are 
consistent with several other reports. 

 20.5 RECENT APPLICATIONS 

 The human blood plasma proteome, which is immensely complex and has an incredi-
bly large range of relative protein concentrations, is an especially challenging system 
with regard to detectible dynamic range. More than 99% of the protein content in 
human plasma is due to only 22 proteins, with the most abundant protein, human 
serum albumin (HSA), representing at least half of the total content.53 By utilizing a 
capillary LC separation system and extensive pre-MS separations coupled to an ion 
trap mass spectrometer, our laboratory was able to confi dently identify �3,500 pro-
teins in human blood plasma samples. The expanded sensitivity and dynamic range 

FIGURE 20.9 Left: Reproducibility of absolute abundance values for mass and time tags 
identifi ed in six replicate capillary LC-FTICR analyses of a S. oneidensis tryptically digested 
proteome sample. The upper plot represents the coeffi cient of variance in intensity across the 
six replicates, and the lower plot compares the intensity values seen for each identifi ed AMT 
tag across the replicates. Right: An excerpt from the raw intensity values is shown on the left. 
The two boxes illustrate the reproducibility of intensity values for a given AMT tag across the 
six replicates without normalization between the replicates. Reproduced with permission from 
Ref.14, copyright 2005 Elsevier.
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afforded by the separations, that is, about nine orders of magnitude in concentration 
(ranging from �30 pg/ml to �30 mg/ml), allowed numerous lower-abundant species 
to be detected. Such a detectable dynamic range is needed for future endeavors aimed 
at identifying potential biomarkers for diagnostic purposes. 

 Another system currently under study at our laboratory is the human hepatocyte 
Huh-7.5 replicon system, which represents a highly permissive cell culture hepatitis C 
virus (HCV) replication model system. By using a combination of subcellular fraction-
ation and multidimensional LC-MS/MS analysis, both Huh-7.5 (�) and (�) replicon 
samples were characterized to generate an MT tag database. More than 24,000 peptides 
were identifi ed, which corresponded to �4,400 confi dently identifi ed Huh-7.5 proteins, 
and 7 of 10 HCV proteins.54 Within the MS/MS data, signifi cant protein abundance 
differences were observed between the (�) and (�) HCV samples and correlated to 
possible alterations in lipid metabolism that resulted from the presence of HCV proteins. 
The Huh-7.5 MT tag database was then used for preliminary high-sensitivity LC-FTICR 
analyses to identify proteins from small (�50 �g) human liver biopsy tissues. Greater 
than 1,500 proteins were identifi ed from a single biopsy sample (see Figure 20.10), 
which represents the fi rst signifi cant proteomic coverage of such clinical samples. Future 

FIGURE 20.10 2D display of detected features from a single LC-FTICR-MS analysis of a 
tryptically digested liver biopsy sample. The display helps visualize possible peptides that are 
separated based upon elution time and molecular weight. Greater than 1,500 proteins were 
identifi ed from correlating these peptides with the mass tag database generated from MS/MS 
analysis of the hepatocyte Huh-7.5 cell line.
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work is now in progress to implement quantitative strategies for comparison of various 
pathologically differing biopsy samples. 

 In another study, the previously introduced QCET approach was initially applied 
to investigate the differential protein expression in human mammary epithelial cells 
(HMEC) following phorbol 12-myristate 13-acetate (PMA) treatment. An HMEC 
MT tag database was created by LC-MS/MS analysis following specifi c enrichment 
of cysteine-containing peptides from the tryptic digest of cellular lysates and frac-
tionation by SCX chromatography. The MT tag database contained �6,000 identifi ed 
peptides (covering �3,000 proteins). Subsequent LC-FTICR analysis to compare 
relative protein abundances between naïve and PMA-treated cells resulted in iden-
tifi cation of 1,348 labeled peptide pairs from a single analysis (see Figure 20.11). 
Among these pairs, 935 were identifi ed as AMT tags, which corresponded to 603 

FIGURE 20.11 2D display of QCET isolated peptides from an HMEC sample resulting in 
935 pairs identifi ed as unique AMT tags. Insets show three examples of peptide pairs with 
their sequences, corresponding proteins, and the 16O/18O ratios. Reproduced with permission 
from Ref.42, copyright 2004 Am. Chem. Soc.
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proteins.42 The reduction in overall sample complexity afforded by the use of this 
high-effi ciency cysteine-containing peptide enrichment technique enables more effec-
tive application of the AMT tag approach for characterizing complex mammalian 
proteome samples. Although a disadvantage of the approach is that the number of 
peptides detected per protein is generally small, the confi dence in protein iden-
tifi cations should still remain high due to the added constraint of identifying only 
cysteine-containing peptides.42 

 20.6 CONCLUSIONS 

 The technology platform and analysis pipeline described in this chapter for high-
throughput global proteomic measurements has proven to be broadly effective for 
identifying proteins from both microbial and mammalian systems. The continued 
development of this high-throughput approach, and related variations, will involve 
targeting analysis to provide for a larger increase in separation speed (throughput). 
Also critical is the continued progression of supporting data analysis capabilities to 
allow effective analysis to extract biological information and extension of these capa-
bilities to both modifi ed peptides and top-down proteomics approaches. 

 Improvements in the fi eld of proteomics will continue and will be driven largely 
by enhanced MS instrumentation, computational technologies, and quantitative meth-
odologies. These improvements along with other advances are needed to address the 
diverse applications of the fi eld. Improved electrospray ionization effi ciency, achieved 
by decreasing the fl ow rate through the use of smaller i.d. capillaries, is expected to 
increase both the sensitivity of measurements and provide a basis for improved quan-
titation. High-resolution LC separations already have demonstrated large improve-
ments in sensitivity, quantitation, and proteome coverage. Future efforts will seek 
to further improve the dynamic range of measurements, which in turn will lead to 
signifi cantly expanded proteome coverage as a result of being able to better detect 
and identify low abundance species. As these capabilities continue to mature, they 
will push the limits of dynamic range detection, effi ciency, and quantitation, while 
providing faster analyses with more reproducibility and resulting in a parallel increase 
in data production. Based on its performance to date, accurate mass LC-MS instru-
mentation promises to meet these future challenges for quantitative high-throughput 
proteomic studies. 
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 21.1 INTRODUCTION 

 Proteomic analyses have benefi ted enormously from advances in chromatography 
and mass spectrometry (MS), which together can provide a vast amount of data from 
the myriad of components present in typical samples. The daunting challenge in 
proteomics is to generate useful information from these data regarding the presence 
and abundance, either in absolute or relative terms, of the potentially thousands of 
proteins found in a biological system. With the recent shift from genomic to pro-
teomic studies has come the realization that proteomics is far more complicated than 
the approximately 30,000 genes in the human genome would predict due to the mul-
tiplicity of protein structures stemming from a single gene.1,2 Mammalian proteins 
are subject to a variety of posttranslational modifi cations, with over 200 different 
modifi cations being reported.3 These modifi cations may be combinatorial as is often 
the case with glycosylation4,5 and phosphorylation,6–10 with a multiplicity of structure 
resulting from heterogeneity or incomplete occupation of one or more of the sites. 
Amino-terminal protein processing and acetylation produces additional structural 
variation from genome predicted protein sequences.11–14 Each of these gene product 
modifi cations may have important physiological implications that result in altered 
biological activity, often as a normal consequence of cellular physiology, including 
mechanisms for regulating activity, interactions, cellular transport,15–17 and protein 
lifetime.18 Of interest to many proteomic researchers, such changes may also occur 
as a result of cellular insult or disease processes.19–23 

 Global proteomics studies are further complicated by the large dynamic range of 
protein concentrations present in a biological system. In a typical cell this range is 
106,   while in biofl uids such as serum,24,28 the dynamic range can be as high as 10. 11  
This far exceeds the dynamic range accessible for any current MS detection tech-
nique, and hence limits the detectability of low concentration proteins in the pres-
ence of more highly abundant ones. In fact, detection of highly abundant proteins 
is often so ubiquitous that response from low abundance components is completely 
masked. 

 21.1.1 Proteomics Strategies 

 Proteomics analyses fall into two basic categories: methods that analyze the intact pro-
teins (so-called top-down methods), and methods that directly resolve and analyze a 
digested sample (bottom-up methods). While these approaches each have their advan-
tages and disadvantages, they can provide complementary information with regard to 
the identity and composition of components within a proteome. 

 Intact proteins contain valuable information that is obscured or lost upon enzymatic 
digestion. Closely related structures, such as those arising from transcriptional editing, 
cotranslational, or posttranslational modifi cation are diffi cult to distinguish at the pep-
tide level. Alternate RNA splicing may produce two or more proteins from the same 
RNA transcript, which are distinct, yet will contain most of the same peptides following 
digestion.1,29,30 These modifi ed forms can be functionally signifi cant and play a role in 
a variety of biological processes such as signal transduction, regulation of enzymatic 
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activity, cell growth, apoptosis, and protein localization. Differentiating between a 
modifi ed and unmodifi ed protein with even a single modifi cation requires detection and 
characterization of the modifi ed peptide that may be present at a small fraction of the 
concentration of peptides from the unmodifi ed protein.2,26,27 Other modifi cations (e.g., 
specifi c proteolytic processing events)17,31–34 result in truncated structures yielding nearly 
identical sets of peptides after proteolysis. During typical bottom-up analyses, sequence 
coverage of identifi ed proteins is low, often from only a few peptides, and the likelihood 
of identifying these truncated structures is low. 

 Top-down proteomics methods focus on the resolution of intact proteins for 
proteomic analysis. A one-dimensional sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (1D SDS-PAGE) gel can provide basic molecular weight information 
(typically �20%) that can be used in conjunction with in-gel digest data to help iden-
tify a protein.35 Apparent masses signifi cantly lower or higher than predicted may be 
evidence for gross structural changes from the predicted sequence, such as proteolytic 
processing or covalent associations, with itself, or other proteins. 

 Modern two-dimensional (2D) gels employ an immobilized pH gradient gel sepa-
ration (allowing the determination of protein isoelectric point [pI]) in addition to the 
SDS-PAGE (molecular weight [MW]) separation. The added selectivity provided by 
the second separation dimension is suffi cient to resolve many protein modifi cations 
that impact the charged nature of the protein. Such modifi cations include phosphory-
lation, glycosylation, lysine acylation, and deamidation. It is expected that the typical 
mammalian protein will be distributed over several spots. In more dramatic cases, 
highly phosphorylated and heterogeneously glycosylated proteins may appear as hun-
dreds of spots (termed ladders or trains) across a narrow MW range.26,36 Even with the 
expanded selectivity and resolution of a 2D gel, many spots are composed of more 
than one protein or modifi ed form of a protein. 

 Identifi cation for gel separated proteins is most commonly accomplished by in-gel 
digestion of stained protein spots, followed by matrix-assisted laser-desorption ion-
ization (MALDI-MS)35,37–39 or electrospray ionization tandem MS (ESI MS�MS)40,41 

analysis. The gel approach however does suffer from a number of shortcomings. 
Sensitivity and dynamic range are limited, good separation reproducibility is often 
more of an art than an exact science, and both the analysis and identifi cation steps 
still require signifi cant manual efforts. 

 More recently, high-resolution MS (e.g., hybrid quadropole-time of fl ight [QTOF], 
TOF-TOF, and Fourier transform ion cyclotron resonance [FTICR]) has been applied 
to tandem MS analysis of intact proteins.42–48 High mass resolution, improved mass 
accuracy, and enhanced control of fragmentation conditions have permitted frag-
mentation of intact protein ions in the gas phase. These researchers have shown that 
sequence specifi c fragment ions are produced, and that these provide suffi cient infor-
mation to identify the proteins present. Features such as N- or C-terminal processing 
as well as the type and location of posttranslational modifi cations can also be identi-
fi ed using developmental software packages such as ProSight PTM.49 

 Despite these advances in top-down procedures using high-resolution MS, the 
technique is still in its nascent stage and has not been widely adopted for routine 
proteomic analysis. Expensive instrument acquisition costs, and the requirement for 
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a high level of operator expertise are inhibitory for most laboratories. Moreover, the 
approach is not proven suitable for the analysis of complex mixtures typical in pro-
teomics studies, necessitating extensive protein fractionation prior to analysis. 

 In the past few years, bottom-up approaches have engendered enormous inter-
est, as the power of hyphenated liquid chromatography (LC)-MS�MS systems for 
peptide analysis has grown, and their applicability for identifying large numbers of 
proteins from complex peptide mixtures has been demonstrated. Also known as shot-
gun proteomics, the methods identify proteins by fi rst digesting mixtures of proteins 
and sequencing the derived peptides, often by data-dependent acquisition of peptide 
MS�MS spectra (DDA). Most commonly, peptides in the digest mixture are separated 
by reversed-phase chromatography with on-line MS�MS detection,50 although more 
recently MALDI MS�MS51,52 has been applied to such mixtures following fraction 
collection or direct deposition of the LC effl uent onto a target. With either MALDI 
or ESI MS�MS, the experimentally obtained spectra are then compared to a database 
of  in silico  generated spectra to provide identifi cation based on various computerized 
scoring algorithms for the comparison. 

 Because of the tremendous complexity of a digested whole cell extract, and 
incomplete resolution in a single reversed-phase chromatographic step, Wolters et al.53 
developed a method they coined multidimensional protein identifi cation technology 
(MudPIT) that incorporated two orthogonal chromatographic separations—an ion-
exchange step followed by a reversed-phase step—linked to the ion-trap MS�MS 
analysis. The entire procedure including the 2D LC has been automated to allow 
perhaps hundreds of protein identifi cations to be made in a single analysis of a cellular 
extract digest. 

 Bottom-up analysis is not altogether foolproof, as current software tools for 
spectral interpretation and protein identifi cation can produce a high number of false 
positive and negative protein identifi cations.25,54 This error rate is compounded by 
the fact that most protein identifi cations from bottom-up techniques are produced 
from very few, or even one, detected peptides. The complementary nature of MALDI 
and ESI analysis methods may improve this situation,52 but achieving comprehensive 
protein coverage (and characterization) from complex proteomic samples is still an 
unrealistic goal at this time. 

 21.1.2 Protein Fractionation 

 In recognition of the challenge posed by separating the entire mixture of peptides 
generated from global digestion of a cellular extract or a biofl uid, many researchers 
have chosen to simplify the digest by fractionation at the protein level prior to the pro-
teolytic step.36,55–58 These approaches have two basic goals in mind. First, with fewer 
proteins present, the digest mixture will contain signifi cantly fewer peptides than a 
global digest. Subsequent peptide analyses show better chromatographic resolution 
due to the reduced number of components present and improve the likelihood of suc-
cessful protein identifi cation by MS�MS. Also, by dividing the sample into discrete 
fractions, in comparison to the original sample, proteins are enriched relative to the 
total mass present in the fraction. This allows a greater amount of a single protein’s 
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peptides to be analyzed by the chromatographic step, thus increasing the sensitivity 
and overall dynamic range of the analysis. 

 Common fractionation modes include both gel electrophoresis and chromato-
graphic protein separations. Liquid-phase electrophoretic separations, typically based 
on isoelectric focusing (IEF), have also been shown useful by several researchers.59–62 
Another increasingly popular method uses an initial separation by SDS-PAGE, fol-
lowed by excision of the stained gel bands gel or simply cutting the gel into a preset 
number of slices, even without prior staining.63,64 Gel bands are digested, and the 
subsequent peptides are analyzed by LC-MS. One consequence of this method is that 
identifi ed proteins also can be characterized by the approximate molecular weight as 
calculated by their electrophoretic migration. Although not suffi cient to confi rm the 
exact sequence of an identifi ed protein, this information can be useful in determining 
whether there has been signifi cant protein processing. 

 Most applicable protein separation modes have been employed for chromato-
graphic fractionation.36,57,58,65–69 These include size-exclusion chromatography, both 
anion and cation exchange chromatography, reversed-phase chromatography, and 
affi nity methods. Much recent attention has been focused on affi nity methods for 
fractionating biofl uids such as serum and plasma. Because these samples have a 
few highly abundant proteins such as albumin, transferrin, haptoglobin, and various 
immunoglobulins, less-abundant species can be diffi cult to identify and quantify in 
the presence of the overwhelming excess of the more common proteins. By selec-
tively removing higher concentration species by affi nity capture, their interference in 
detecting low concentration proteins is minimized.58,70,71 

 Several researchers have combined multiple protein separation techniques to 
increase the fractionation. Examples include coupling SDS-PAGE or liquid-phase 
IEF with reversed-phase LC,72,73 ion-exchange followed by reversed-phase LC,74 and 
free-fl ow electrophoresis (FFE) combined with reversed-phase LC.75 Most of these 
approaches can still be considered bottom-up proteomics, as the ultimate protein 
identifi cation relies solely on the information from MS and�or MS�MS analysis of 
complex peptide mixtures. 

 21.1.3 Combining Top-Down and Bottom-Up 
Proteomics 

 Combining intact protein analysis with peptide level identifi cation forms the basis 
of a no-compromise approach for comprehensive proteomics. Several laboratories, 
including our own, have pioneered these approaches. Hayter et al.76 combined gel-
based peptide mass fi nger print (PMF) analysis with intact mass data gathered from 
intact protein infusion experiments, on a Q-TOF mass spectrometer, to analyze 
chicken muscle extracts. Hamler et al.77 have used fractionation by liquid-phase IEF 
or chromatofocusing and analyzed collected fractions with a second protein separa-
tion step by reversed-phase chromatography. A portion of the LC effl uent was ana-
lyzed by on-line ESI MS using an orthogonal ESI-TOF instrument, which provided 
intact MW for eluting proteins, with the bulk of the fl ow diverted to a fraction col-
lector. Digested fractions were then analyzed by MALDI MS and PMF to identify 
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proteins in the fractions. Finally, VerBerkmoes and colleagues combined the two 
methodologies using an FTICR MS platform to characterize over 850 proteins from 
 Shewanella oneidensis  at the peptide and protein level.78 

 More targeted approaches combining top-down and bottom methods have been 
reported by Ahn and Resing79,80 for the analysis of ribosomal proteins and histones. The 
histone study was specifi cally aimed at deducing a variety of posttranslational modi-
fi cations such as acetylation, methylation, and phosphorylation. Reversed-phase sepa-
rations of the intact histones were monitored by triple-quadrupole MS that provided 
suffi cient resolution and mass accuracy to tentatively identify the histone subtype and 
characterize multiple types of histone modifi cation. Histone identifi cation was con-
fi rmed by analysis of collected and subsequently digested fractions by LC-MS�MS. 

 Nemeth-Cawley et al.42 used a Q-TOF instrument in a combined protein�peptide 
approach to study host-related protein impurities in a recombinant protein prepara-
tion. Although not a proteomics analysis per se, the use of amino acid sequence tags to 
search a genomic database and identify unknown proteins is essentially a proteomics-
type study. Especially noteworthy was the ability to identify several protein impurities 
that indicated whether full length or clipped forms were present in particular SEC 
fractions. 

 As these studies indicate, the past several years has seen the development 
and integration of powerful tools for proteomics researchers. Improvements in 
the quality and automation of complex protein separations, combined with new 
capabilities for the MS analysis of proteins and peptides, are being applied to 
ever more complicated proteomics analyses. In the remainder of this chapter, we 
describe our middle-out approach, combining multidimensional protein LC and 
on-line protein ESI-TOF MS with fraction collection; followed by digestion and 
peptide level MS analysis, for the characterization of biological samples of varying 
complexity. 

 21.2 METHODS 

 21.2.1 Ribosomal Protein Analysis 

 Ribosomal proteins were purifi ed and analyzed using procedures described in our ear-
lier work.74 Log-phase  Saccharomyces cerevisiae  were harvested, lysed, and subjected 
to differential centrifugation to enrich ribosomal protein particles. Acid extraction of 
those particles generated a protein sample (�50 µg) that was resolved in the fi rst dimen-
sion of a 2D LC system (described later in the text and in Figure 21.3A) using a Shodex 
SP 420N 4.6 � 35 mm nonporous cation exchange column (obtained from Waters 
Corporation, Miford, Mass.) and a nine step (0 to 90% B; 10 % B�step) gradient at a 
fl ow rate of 400 µL �min. Eluent A was 50 mM methylamine, 6 M urea, 0.5 mM DTT, 
adjusted to pH 5.60 with acetic acid, containing 10% (v�v) acetonitrile. Eluent B was 
Eluent A plus 1 M NaCl. The individual elution steps were focused alternately onto one 
of two identical reversed-phase columns (Waters Symmetry 300 C

 4 
, 3.5 µm, 2.1 � 50 

mm), that were developed with a 20 to 50% B gradient over 18 minutes at 0.5 mL�min, 
where eluent A was 0.1% TFA in water and eluent B was 0.1% TFA in acetonitrile. 
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 On-line intact protein MS analysis was performed on a Micromass™ LCT ESI-
TOF MS (Waters Corporation, Milford, Mass.) equipped with an orthogonal electro-
spray interface and operated in the positive ion mode. Deconvoluted masses of sample 
components were determined by a combination of manual and automated application of 
a maximum entropy (MaxEnt1) deconvolution algorithm included in the MassLynx™ 
software package (Waters). MaxEnt spectra were generated from the entire acquired 
 m�z  range to produce deconvoluted neutral mass spectra in the mass range of 3,000 to 
46,000 Da, using a bin size of 0.5 Da, a Gaussian damage model with a width of 0.75 
Da, and a processing limit of 10 iterations or model convergence. LC�MS data was 
processed in an automated fashion by use of OpenLynx™ or FractionLynx Software, 
which automatically selected total ion chromatogram (TIC) peaks using the Peak 
ApexTrack™ function, combined spectra comprising the approximate full width of 
each peak, and generated deconvoluted spectra using the MaxEnt1 algorithm. 

 The collected ribosomal protein fractions, split from the SCX�RP�ESI-TOF MS 
experiment, were lyophilized and then dissolved in 50 mM ammonium bicarbonate

  

 
containing 2 mM DTT and 0.1%  Rapi Gest TM  SF (Waters). Porcine trypsin (Promega, 
sequencing grade) was added at 1:50 (w�w) ratio and incubated for 1 hour at 37�C. 
PMF analyses of each of the digested fractions was performed on a Micromass 
M@LDI TM  R TOF MS equipped with time lag focusing and operated in the posi-
tive ion refl ector mode. One microliter of digest was applied on the MALDI target 
plate followed by an equal volume of �-cyano-4-hydroxycinnamic acid (10 mg�ml) 
in 49.95% methanol, 49.95% acetone and 0.1% TFA. Proteins were identifi ed by the 
PeptideAuto PMF database-searching module, operating within ProteinLynx Global 
Server™ v1.1 searched against a nonredundant yeast database. 

 21.2.2  Escherichia coli  Analysis 

 Stationary phase  E. coli  were resuspended in two volumes of 20 mM ammonium bicar-
bonate and lysed by three cycles of French press (15,000 psi). Cell debris was removed 
by centrifugation (30,000 g , 30 minutes), and an S100 cytosolic fraction generated by 
ultracentrifugation (100,000 g , 30 minutes, Ti90 rotor, Beckman). Cytosolic proteins 
were analyzed by a 2D strong anion exchange/reversed-phase (SAX�RP) LC system 
(described subsequently and in Figure 21.3B).  E. coli  cytosol (1.25 mg) was injected on 
the fi rst-dimension BioSuite™ Q-PEEK (4.6 � 50 mm) SAX column and eluted with 
eight 50 mM NaCl steps, followed by two further salt steps up to 1 M NaCl (pH 8). 
Each of these steps was analyzed in the second-dimension reversed-phase separation 
using a 10 to 55% acetonitrile gradient containing 0.001% TFA�0.1% formic acid as 
a modifi er. Thirty second fractions were collected during the fi rst nine reversed-phase 
cycles. ESI-TOF MS analysis conditions were similar to those described above for 
ribosomal proteins, and FractionLynx software was used to control fraction collection 
and automatically process spectral data with reference to those collected fractions. 

 Fractions from the 2D separation were lyophilized, resuspended in 0.5% RapiGest™ 
SF�50 mM DTT solution in 50mM ammonium bicarbonate, alkylated with 200 mM 
iodoacetamide, and digested overnight with trypsin (0.01 mg�ml) at 37 o C. RapiGest SF  
 was degraded by addition of a 10% TFA and heating at 37 o C. The sample was mixed 
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1:1 with matrix solution (5mg�mL �-cyanno hydroxycinnamic in 50�50 ethanol�ACN; 
1% TFA), and 1.5µL was plated onto a stainless steel MALDI target. Digests were 
analyzed on a Micromass Q-TOF Ultima MALDI (Waters) instrument operating in 
the V refl ecting mode, with a Glu-Fib peptide used as an external lockmass. An initial 
MALDI PMF spectra was acquired over an  m�z  range of 300–3000, and automated 
precursor ion selection for MS�MS was enabled for sequencing of peptides in decreas-
ing order of abundance for up to fi ve precursors per well. Spectra were processed with 
Protein Lynx Global Server and searched against the Swiss Protein database.81 

 21.2.3 AutoME Data Analysis 

 Automated maximum entropy (AutoME) displays of intact protein datasets were pro-
duced using a Visual Basic macro developed by Dr. Ignatius Kass (Waters) functioning 
within the MassLynx software. LC�MS datasests were time segmented by repeatedly 
summing a specifi ed number of incremental scans and processing the summed spectra 
using the MaxEnt 1 deconvolution algorithm. Based on an absolute level of threshold-
ing, a tab delimited data fi le for the various time segments (retention time, deconvoluted 
masses, intensity measurements) was created. 2D gel-like displays of this data were 
accomplished using the bubble plot feature in Microsoft Excel where the  x  axis was 
retention time, the  y  axis was mass, and bubble area represented intensity. Differential 
overlay plots (as shown later, in Figure 21.9) were generated by producing two bubble 
plots (solid bubble colors, black backgrounds) on separate layers in Adobe Photoshop 
and reducing the transparency of the uppermost layer to 50%. 

 21.3 RESULTS AND DISCUSSION 

 21.3.1 Overview 

 The concept of middle-out proteomic analysis relies on the synergy of combining 
fractionation at the intact protein level with acquisition of both intact mass (top-down) 
and peptide digest (bottom-up) data from the collected fractions. In our laboratory, 
we have utilized both single and multiple dimensions of fractionation in a workfl ow 
(Figure 21.1) that permits ESI MS of intact proteins, and concurrent collection of 
fractions for digest analysis. Applying 1D (reversed-phase) or 2D (typically ion-
exchange � reversed-phase) chromatography for protein fractionation, roughly 10% 
of the effl uent is diverted to ESI-TOF-MS analysis for intact protein mass determina-
tion, while the bulk of the fl ow is subjected to fraction collection. These fractions are 
digested and analyzed by a variety of peptide analysis techniques that provided the 
primary information used for protein identifi cation. These identifi cations are related 
to the intact masses corresponding to that fraction, in many cases for confi rmation of 
that identifi cation, but in other cases to determine a deltamass value between the pre-
dicted and observed protein masses. The deltamass information can be used to infer 
protein modifi cation state. Assigned modifi cations can be tested and confi rmed using 
existing peptide MS�MS data, or through targeted analysis of the digested  peptide 
fractions. 
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 In the following sections of this chapter, we discuss the rationale for the design 
and implementation of this workfl ow and present illustrative examples of how data 
obtained from this workfl ow were interpreted. 

 21.3.2 From the Top Down 

 21.3.2.1 Mass Analysis of Intact Proteins 

 In the proteomics context, top down refers to analytical methodologies where sam-
ples are characterized at the intact protein level. As stated in the introduction, this 
level of analysis presents the opportunity to examine a protein  in situ  rather than 
assembling data about a protein by combining peptide information from a digested 
sample. Various workfl ows have been developed to apply the top-down approach 
for the analysis of complicated protein mixtures. In general, the types of methods 
fall into two categories: those that simply provide characteristic information about a 
protein (e.g., gel MW) to assist in identifying the protein or revealing modifi ed forms 
of a protein, and those methods that by themselves may provide suffi cient information 
to permit precise identifi cation and determination of modifi cation state. MS of intact 
proteins falls into the latter category, as the intact mass represents the entire history 
of that component from synthesis until analysis, including all of the processing, post-
translational modifi cations, and sample handling induced changes to that protein. 

 Intact protein mass determinations can be made using both MALDI and ESI MS. 
MALDI protein analyses produce spectra typically dominated by peaks corresponding 

FIGURE 21.1 Workfl ow for middle-out proteomic analysis.
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to molecular ions with a low number of charges, typically the singly, doubly, or triply 
charged forms of a protein.82–84 The presence of a few low-charge state signals makes 
manual data interpretation somewhat straightforward. The width of these peaks in 
MALDI spectra, and poor resolution due to common sodium and potassium adducts, 
can signifi cantly reduce the precision and accuracy for MALDI intact protein mass 
determinations. 

 ESI of proteins produces a broader series of more highly charged molecular ions 
compared to MALDI ionization. In simple spectra, the values from adjacent peaks (rep-
resenting two sequential charge states) can be used to derive the zero charge state or 
neutral mass of a protein. This process, termed deconvolution,85 can be applied to all 
pairs within the charge state envelope to produce a series of neutral mass determinations 
that can be averaged to produce a more accurate mass measurement for the protein. This 
type of algebraic deconvolution has been implemented using various algorithms85–89 and 
is available from most MS vendors as a tool for biomolecule MS data analysis. 

 The application of Bayesian methods (entropic modeling) to this problem has pro-
duced a powerful alternative approach to algebraic spectral deconvolution, where a the-
oretical neutral mass spectrum is randomly damaged through multiple iterative cycles 
in an attempt to produce the neutral mass spectrum most likely to have given rise to the 
analyzed data.90 When all data from the experimental spectrum have been accounted 
for by the model it is said that the model has converged on the most likely solution. It 
has been shown that, with proper implementation, this approach can produce quantita-
tive measurements between runs in addition to qualitative characterization of compo-
nents within an analysis.91 

 In our work, we have developed several automated workfl ows (Figure 21.2) for 
processing protein LC�MS datasets based on the MaxEnt entropic modeling spectral 
deconvolution approach pioneered by Skilling.90–92 While the approaches we have 
undertaken will be generally applicable to laboratories working in this area, we have 
specifi cally developed these approaches using application tools found within the 
MassLynx suite of software. 

 Effi cient LC separations of simple protein mixtures with limited dynamic range 
(e.g., many protein complexes) produce LC�MS analyses where peak information 
from the total ion chromatogram can be used to divide the analysis into discrete pro-
cessing segments. In this case, an open access software tool was applied toward a 
workfl ow (Figure 21.2) that identifi es the TIC peaks, sums mass spectra on both sides 
of the peak apex using an average peak width setting, applies MaxEnt1 deconvolu-
tion over a wide output mass range, and produces an interactive report fi le containing 
the resulting deconvoluted spectra within a viewer tool. Retention time and protein 
mass information is extracted from these report fi les for qualitative comparison with 
peptide MS information, using peak apex times and the range of retention times for 
each fraction as a cross reference. 

 As sample complexity and dynamic range of proteins within a sample increases, 
the TIC information becomes less relevant and other approaches can be employed to 
segment the data for analysis. For these samples we employ time-based fraction col-
lection and data analysis, without regard to the underlying TIC trace. In one approach, 
time-based segmentation could be coordinated with physical fraction  collection 
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through a software implementation (FractionLynx) that summed and deconvoluted 
spectra representing components present within a given fraction. This is the main 
approach that is used for qualitative characterization of a sample, as many proteins 
are split between two or more collected fractions, and direct relationships can be 
made with peptide data from corresponding digested fractions. 

 An alternative approach applies pure time-based segmentation to analyze a 
dataset without coordination with spectral or fractionation information. This per-
mits spectral analysis of selectable resolution, which can be optimized to preserve 
chromatographic features of components within the analysis. This was accomplished 
using the AutoME macro to produce retention time versus mass versus intensity 
component lists in a format that could be imported into Microsoft Excel and other 
software tools for analysis and differential display of multiple samples. This data 
processing mode has been used extensively during methods development to address 
questions relating to chromatographic performance and reproducibility of the frac-
tionation system. Similar tools have been developed by other groups to automate 
data analysis of intact protein LC�MS analyses for protein characterization,89,93 and 
biomarker identifi cation.94 

 21.3.2.2 Fractionation at the Intact Protein Level 

 In our application of the middle-out strategy, the 1D or 2D intact protein chromato-
graphic separation serves two main purposes: a fraction of the fl ow is diverted for 

FIGURE 21.2 Workfl ows for analysis of intact protein LC�MS datasets.
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intact mass analysis, while the large majority of effl uent is collected for digestion and 
subsequent peptide level analysis. 

 A major benefi t from fractionation at the intact protein level is that all peptides 
for a given protein are found within a single fraction. This simplifi es data analysis by 
eliminating the need to combine multiple peptide analyses to determine protein cover-
age, and it provides a specifi c digested fraction when searching for modifi ed peptides 
from a given protein. Intact protein separations also provide a superior opportunity 
for reducing dynamic range within collected fractions, as abundant proteins can be 
chromatographically resolved from lesser abundant proteins. This is in contrast to 
peptide level fractionation where peptides from abundant proteins are distributed 
over the full separation space. The major disadvantage to  fractionation at the protein 
level is that proteins exhibit a much broader set of physicochemical properties than a 
set of tryptic digested peptides, and issues relating to stability, solubility, and robust-
ness of sample preparation�separation methods are more complicated. 

 We have developed two multidimensional chromatographic separation confi g-
urations that are used for the fractionation of complex protein mixtures. In both 
confi gurations (Figure 21.3), two solvent delivery systems are employed to inde-
pendently service the fi rst and second dimensions of chromatography. A Waters 
2796 Alliance Bioseparations module controlled sample introduction and blend-
ing of up to four solvent lines to generate eluent for the fi rst-dimension separa-
tion. A binary pumping system (1525�) delivers the second-dimension eluent. In 
the fi rst confi guration (Figure 21.3A), a 10-port 2- position 2D column selection 
valve directs fl ow from the fi rst-dimension column through one of two microbore 
reversed-phase columns used in the second-dimension separation, and on to waste. 
When the valve is switched, the alternate reversed-phase column is brought in-line 
with the fi rst-dimension fl ow, the column formerly in-line with the fi rst dimension 
is now placed in-line with the second-dimension eluent, and a gradient of increas-
ing organic strength is applied. Since one of the reversed-phase columns is always 
in-line with the fi rst-dimension column, all components are sampled by both dimen-
sions, and the overall approach is termed a comprehensive 2D separation. 

 The second-dimension fl ow proceeds through the reversed-phase column and a 
second valve (desalting bypass) into a 9:1 split where the bulk of fl ow is directed to 
ultraviolet detection�fraction collection, and the rest into the ESI-TOF-MS interface. 
The desalting bypass valve is critical to on-line protein MS detection. Each time the 
2D column selection valve is actuated, the column newly placed in-line with the MS 
detector contains a bolus of the IEX eluent. Failure to divert nonvolatile components 
away from the ESI source results in poor electrospray signal and potential blockage of 
the electrospray emitter. Each time a second-dimension column is switched in-line, the 
bypass valve is actuated and the reversed-phase gradient composition is maintained at 
initial conditions while the interfering substances are washed from the column. Middle-
out analysis of yeast ribosomal proteins using a 2D (SCX�RP) separation clearly showed 
that washing steps of only seven column volumes produced spectra where the major 
identifi ed components were proteins with sodium adducts, while washing with twice 
that amount produced deconvoluted spectra almost devoid of such adduct peaks.74 

 In a second comprehensive 2D LC confi guration (Figure 21.3B), two reversed-
phase trap columns replace the two second-dimension analytical columns, and a single 
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FIGURE 21.3 Comprehensive 2D LC�MS system diagrams representing (A) dual 
analytical; and (B) dual trap second-dimension column confi gurations.
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reversed-phase analytical column is placed after the desalting bypass valve. To prevent 
rapid decompression of the system when the desalting valve is actuated, a pressure 
restrictor comparable to the backpressure of the analytical column is incorporated on the 
waste line. This confi guration produces several advantageous changes to the behavior 
of the chromatographic system: (1) The fi rst-dimension column no longer is subjected 
to the backpressure of a longer reversed-phase column, and fi rst-dimension columns 
with pressure limited packings can be utilized; (2) desalting can be accomplished more 
rapidly given the reduced volumes of the trap cartridges; (3) the resolving analytical 
column is not subjected to deleterious eluents such as high pH buffers used in anion-
exchange chromatography; and (4) analytes can potentially be refocused at the head of 
the resolving column, minimizing any dispersion encountered within the salt diversion 
valve. This confi guration does present limitations on the ability to capture more poorly 
retained hydrophilic components (although this is not signifi cant for most protein ana-
lytes), reduces the loading capacity of the second-dimension separation, and introduces 
additional complexity when developing methods and troubleshooting separations. 

 Most of our studies to date have involved the use of an ion-exchange fi rst-dimension 
followed by a reversed-phase second dimension. The orthogonality of the two separation 
techniques provides high separation selectivity for the 2D separation, permitting more 
optimal use of the separation space. This selectivity has the additional benefi t of separat-
ing proteins by their charge nature, enriching and resolving subsets of basic, neutral, and 
acidic proteins from one another. This likely reduces the magnitude of electrospray sup-
pression effects that would be seen given separations based solely on protein hydropho-
bicity. Selection of ion-exchange media is limited by the requirements for column and 
sorbent pressure tolerance. The use of small diameter nonporous ion-exchange particles 
generates excellent resolution at system pressures as high as 3000 psi during multidi-
mensional operation but exhibits more limited binding capacity than porous sorbents. 
Large pore (300 Angstrom or larger) sorbents based on methacrylate resin polymeric 
particles have higher binding capacities but are typically limited to operational pres-
sures below 400 psi. For these lower-pressure columns, the use of the dual trap column 
confi guration may be preferable, but can be made compatible with the dual analytical 
column confi guration when the fi rst-dimension fl ow is operated at lower fl ow rates. 

 21.3.3 From the Bottom Up 

 The second stage of the middle-out approach is the production and analysis of tryptic 
digests for fractions collected during the protein fractionation step. Effi cient digestion 
of these fractions is critical to producing robust peptide datasets that can be combined 
with the intact protein data for total protein characterization. We have adopted the 
use of an MS compatible surfactant to aid digestion,95–97 while others have identifi ed 
additional modifi ers and methodologies to improve digestion results.98–100 Following 
digestion of the fractions, there are a variety of techniques that can be applied to 
peptide level (bottom-up) analyses within a middle-out workfl ow. The choice of anal-
ysis methodology is dependent on the overall complexity (number of components 
and dynamic range) of the sample and the number of fractions collected during the 
 protein level separation. 
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 As depicted in Figure 21.4, both MALDI and ESI MS approaches are capable of ana-
lyzing samples over a wide range of complexity. PMF techniques search patterns of pep-
tide masses against theoretical digests of global, genomic, or subgenomic databases.38,39 
PMF approaches are capable of handling simple mixtures of proteins but suffer with mix-
tures containing multiple components at high dynamic range, as lower-abundance pro-
teins may not have a suffi cient number of detected peptides for confi dent identifi cations. 
PMF approaches also fall short for the analysis of very small proteins or some highly 
basic proteins that do not produce a suffi cient number of peptides for an effective data-
base search. With both ESI and MALDI PMF approaches, LC has been shown to provide 
somewhat superior performance, at the cost of increased fraction processing time.101   

 Approaches that utilize MS�MS techniques can develop protein identifi cations on 
spectra acquired for only a single peptide, if that peptide is unique to a given protein. 
The major limitation typically imposed by MS�MS techniques is that there is usually a 
limited opportunity to acquire comprehensive MS�MS spectra of all components before 
sample is exhausted (MALDI and nanospray), or more acutely when analysis is done 
in conjunction with an on-line separation (e.g., data-dependent LC-MS�MS). A second 
limitation of MS�MS techniques is the need to have suffi cient precursor ion signal to 
generate detectable signal for many fragment ions. Again, this biases analyses toward 
more abundant components, but given the broad range of ionization properties of pep-
tides from a given protein, this approach should be capable of identifying a greater 
number of low-abundance species in a mixture than the equivalent PMF analysis. 

 In our work to date, we have gravitated toward the use of MALDI PMF analysis 
for simple samples (e.g., complexes) and toward MALDI Q-TOF MS�MS analysis 
for analysis of fractions from more complex proteomic samples. This is primarily 

FIGURE 21.4 Typical MALDI and electrospray methodologies employed for the analysis 
of increasingly complicated peptide mixtures.
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based on our ultimate desire to routinely collect a large number of fractions during a 
run, and automate rapid data acquisition, processing, and analysis of these fractions 
to the maximum extent possible. While it is true that other techniques can handle 
samples of greater complexity (and thus fewer fractions need be collected and ana-
lyzed), it has proven to our benefi t to collect a greater number of fractions in order 
to minimize the combinations of protein identifi cations and intact masses that are 
matched using the middle-out methodology. 

 21.3.4 From the Middle Out 

 In this section, the middle-out methodology is illustrated with the analysis of a large 
protein complex (the yeast ribosome), and an extract of soluble proteins from  E. coli. 
 In both cases, more detailed examination of the resulting datasets can be obtained 
from work published elsewhere by our group,74 or currently submitted for review in 
another publication (Millea, K.M., et al, unpublished results). 

 The yeast ribosome is a ribonuclear protein complex composed of 65 to 70 com-
ponent proteins assembled into two major subunits, each organized on an RNA back-
bone.102 Several of these proteins contain more than a single isoform, resulting in 
approximately 80 unique proteins that are expected within the complex. These pro-
teins are roughly equimolar within the complex, typically smaller than the average-
sized yeast protein, and many are among the most highly basic proteins in the cell. 
These characteristics, along with their high abundance and ease of purifi cation, made 
the complex a useful tool for middle-out methods development. 

 Initial experiments focused on evaluating chromatographic systems for resolution 
of the components. In particular, the benefi ts and liabilities of multidimensional chro-
matography versus a single reversed-phase dimension were determined. Figure 21.5 
displays the ESI-TOF-MS TICs obtained from a 1D reversed-phase separation and a 
comprehensive 2D (SCX�RP) separation (dual analysis column confi guration) of ribo-
somal proteins. In each case, the total run time was limited to 200 minutes. The 1D RP 
separation was insuffi cient to resolve all ribosomal proteins, and only 53 peaks were 
observed. Average peak widths (of selected peaks with only one component) were 
measured at 30 seconds for a total peak capacity of roughly 240 during the utilized part 
of the reversed-phase gradient. 

 The 2D separation was accomplished using a nine-step gradient of KCl in the fi rst 
dimension (dotted lines on the TIC indicate the beginning of the RP gradient associ-
ated with each step). The application of a series of shorter reversed-phase gradients 
produced sharper TIC peaks (useful peak capacity �700, 107 peaks observed) that rep-
resent only one or two ribosomal components per peak. While several of the additional 
peaks represent components split over multiple salt steps, the vast majority of addi-
tional peaks result from the increased selectivity of the multidimensional separation. 
This improvement can be visualized (Figure 21.6) using the spectra from a single TIC 
peak (centered at �87 minutes) from the 1D ribosomal protein analysis. The resulting 
spectrum (Figure 21.6, lower left) is complex and deconvolutes (inset) to reveal three 
ribosomal proteins. In the multidimensional analysis, Figure 21.6 shows that two of 
these components now resolve into distinct peaks (these components are now resolved 
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FIGURE 21.5 TIC comparison for yeast ribosomal proteins analyzed by 1D LC�MS (top), 
and 2D SCX�RP�MS (bottom)

FIGURE 21.6 Example spectra showing how ribosomal protein components that cofrac-
tionate during 1D LC�MS analysis (lower left) are resolved with 2D LC�MS analysis (top, and 
right side spectra). This fi gure is modifi ed from Liu et al.74
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into salt steps 3 and 5, with equivalent reversed-phase relative retention times of 8.7 
minutes within those steps) that reveal spectra of two individually resolved proteins 
(large subunit 31 [L31] and small subunit 24 [S24]) that were combined in the 1D 
analysis.   

 Figure 21.6 also illustrates the point that components do not need to be resolved 
to homogeneity for intact protein masses to be obtained. In fact, the masses from 
the 1D separation were determined with equivalent mass measurement accuracy 
(between 25 and 50 ppm with the classic LCT instrument and 0.5 Da output resolu-
tion from the MaxEnt1 deconvolution algorithm) to those obtained from the multi-
dimensional analysis. In practice, the multiplexing capability of MS detection raises 
the effective analyte capacity of the overall technique by three- to fi ve-fold over the 
chromatographic peak capacity of the analysis. 

 During the multidimensional separation, fractions were collected in two-minute 
intervals, dried down by vacuum centrifugation, and resuspended for tryptic digestion. 
MALDI peptide mass fi ngerprinting was selected as a bottom-up analysis technique 
due to the simplicity and limited dynamic range of the sample and resulting fractions. 
A simple example of combining intact and digest information from this analysis is pre-
sented (Figure 21.7). A peak eluting at 65 minutes into the run contained a single compo-
nent of 14,103 Da (Figure 21.7, top). MALDI PMF data on the corresponding digested 
fraction identifi ed a single isoform of ribosomal protein L26A with sequence coverage 
of 38%. In this case, the modifi cation state determination is rather straightforward, as 

FIGURE 21.7 Combination of intact mass (m�z and deconvoluted spectra, top) and peptide 
mass fi ngerprint data (bottom) used to characterize ribosomal protein L26A from a 2D LC�MS 
analysis, combined with MALDI PMF analysis of a single collected fraction. PMF identifi ed 
peptides are shaded.
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simple cotranslational processing, removal of the N-terminal methionine, accounted for 
the observed mass. Within the peptide data, this N-terminal processing was confi rmed 
by the observation of a N-terminal tryptic peptide with a single missed cleavage. The 
lack of acetylation on the N-terminal alanine is noteworthy as the terminus falls within 
the canonical substrates capable of modifi cation by methionine processing and cotrans-
lational N-acetylation.11–14   

 The most universal set of protein modifi cations, from bacteria to humans, is 
cotranslational N-terminal processing.11–14,103,104 As a protein is synthesized on the 
ribosome, the initiating methionine residue may be cleaved by a methionine ami-
nopeptidase revealing the penultimate amino acid on the N-terminus. Experiments 
have shown distinctive N-terminal sequence preferences for this enzymatic activity. 
Slightly later in translation, N-termini that are small and uncharged can be acted 
upon by N-terminal acetyltransferases to form a peptide linkage between the protein 
N-terminus and a two carbon acyl group. This combination of processing events 
results in four likely potential masses for any predicted protein sequence. 

 In prokaryotes and simple eukaryotes these four potential masses should be suffi -
cient to identify the majority of proteins, while in higher organisms fewer proteins will 
be amenable to such direct assignments. In practice, it has been found that annotated 
sequence databases such as the Swiss Protein Database81 and the deltamass list (http:��
www.abrf.org�index.cfm�dm.home) of known protein modifi cations and masses can 
provide additional help with securing protein assignments based on intact mass. In 
highly modifi ed proteins, the combinatorial nature of the additional modifi cations 
may preclude such direct assignments based on intact mass information alone. 

 Data from a more complex fraction collected from this same 2D analysis 
(Figure 21.8) shows a collected fraction that encompassed four TIC peaks (Figure 
21.8A). The spectra were summed over the entire collected fraction and deconvoluted 
to produce a spectrum (Figure 21.8B) containing four apparent peaks that resolved 
into six total components upon closer analysis. Intact masses for fi ve of these com-
ponents were consistent with the methionine processed forms of ribosomal proteins 
L38, L33 (two isoforms), and L31 (two isoforms); and one peak (mass 20,307 Da) 
that could not be assigned to any yeast protein, even considering the possibility of 
cotranslational processing. MALDI PMF data (Figure 21.8C) confi rmed the four 
tentative identifi cations and was able to identify the single peptide that distinguishes 
the two isoforms of L31 and L33 (shown by arrows in the sequences presented in 
Figure 21.8C). In these cases, the N-terminal peptide was not identifi ed and the mod-
ifi cation information would be lost without the intact protein data. PMF data was not 
able to confi rm the identifi cation of L38 due to the lack of detectable peptides from 
this small (9 kD) and highly basic (pI �10.9) protein. However, almost 60% sequence 
coverage was obtained for another ribosomal protein (L20) not identifi ed directly by 
intact mass. Searching the observed mass against this sequence with the BioLynx 
application identifi ed a fragment of L20 lacking the three N-terminal amino acids. 
This truncated form had not been known before our original report74 and has been 
seen with multiple ribosomal protein preparations. Such proteolytic processing is 
virtually undetectable using peptide analysis methods alone and can play a vital role 
in regulation of protein function and structure.31,32,34, 105 
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FIGURE 21.8 Combination of intact mass and peptide mass fi ngerprint data from a com-
plicated 2D LC�MS fraction. Multiple ribosomal proteins were identifi ed by intact mass and 
MALDI PMF analysis of fraction 35. (A) The TIC information for the fraction; (B) resulting 
deconvoluted mass spectra of this region (expanded in insert); and (C) PMF data generated 
from this fraction are displayed.
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 As was indicated above, the potential analytical capacity of our current approach 
(700 chromatographic peak capacity multiplied by fi ve-component MS capacity) is on 
the order of several thousand proteins, whereas the peak capacity of a single reversed-
phase separation with MS would be approximately 1200. This was suffi cient for ribo-
somal protein analysis but would be insuffi cient for a more complicated mixture such 
as a whole cell cytosolic preparation. Thus the ribosomal study, while eminently suit-
able for methods development, only showed modest benefi t in transitioning from a 1D 
to 2D LC system, where roughly equivalent detection (�85%) of the known ribosomal 
protein subunits was obtained using the 1D and 2D fractionation approaches. In an 
attempt to challenge the analytical capability of the 2D system, we next attempted to 
analyze samples of much greater complexity and dynamic range. 

 Cytosol from  E. coli  was used to study the overall reproducibility of the multidi-
mensional protein fractionation and the utility of applying a peptide analysis workfl ow 
incorporating MALDI MS�MS data acquisition. Unlike ribosomal analyses, where 
ESI-TOF MS sensitivity limited the maximum protein mass loaded for the protein 
fractionation, rather than the column capacity, the cytosolic protein samples are loaded 
up to the proactical limits of the fi rst-dimension column. The intended effect of utiliz-
ing the full system loading capacity for these experiments was to produce an analysis 
where the maximum number of components (up to 3000 predicted cytosolic proteins) 
are above MS and MS�MS detection thresholds. Several chromatographic confi gura-
tions were tested, and the combination of porous strong anion exchange and reversed-
phase 2D step chromatography in the dual trap column confi guration (Figure 21.3B) 
was adopted. In this case, trap columns were especially useful in minimizing exposure 
of the reversed-phase packing to the high pH environment encountered when cou-
pling to anion exchange chromatography. Secondarily, the trap column confi guration 
permitted use of a 4.6 mm porous ion-exchange column, having increased loading 
capacities up to several mg, but without the robust pressure tolerance of a nonporous 
column. 

 Reproducibility studies of a 2D Step (AEX�RP�ESI-TOF-MS) fractionation of  
E. coli  cytosol were conducted as described in the Methods section of this chapter. The 
TIC traces from three consecutive runs are shown in Figure 21.9 (top). The overall TIC 
patterns, and the region expanded from these TICs (Figure 21.9, middle), show general 
conservation of gross features between the runs, but microheterogeneities when com-
paring specifi c peaks across the runs. An overlay plot (retention time versus mass versus 
intensity [spot size]) derived from AutoME analysis of the fourth salt step (Figure 21.9, 
bottom) shows reproducibility of chromatographic elution for components identifi ed 
from two of the three cytosol runs. In this display, components arising from only the 
fi rst run are displayed in green, those from the second run in red, and those overlapping 
the two runs in an orange color. As can be seen from Figure 21.9, the vast majority of 
components replicate between runs with good conservation of component intensities 
and elution pattern. The use of chromatographic additives and revised methodologies 
(e.g., use of a linear gradient in the fi rst dimension) are currently being evaluated as 
possibilities for enhancing fractionation robustness and quantitative capabilities of the 
overall technique.106 
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FIGURE 21.9 Reproducibility of three 2D SAX�RP�MS analyses of E. coli is 
demonstrated using the overall TIC data (top), expanded TIC of SAX steps three 
and four (middle), and the AutoME overlay display (bottom) of step four from 
two of the three runs. A detailed color view of the plots (viewed on the Web at 
www. gives a clear indication of mass versus retention time versus intensity (spot 
size). In the colored plot, component profi les from the fi rst run are displayed in 
green, the second run in red, and overlapping component distributions in orange.
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 The use of MALDI MS�MS for characterizing digests of collected fractions 
has provided analytical capabilities comparable to those shown for PMF analysis 
of the yeast ribosomal proteins. One of the  E. coli  runs shown in Figure 21.9 was 
collected into 4 � 96 (384 total) fractions. ESI-TOF-MS (Figure 21.10, lower left) 
and MALDI Q-Tof MS�MS (Figure 21.10, top) analyses of one of these fractions 
are shown. The FractionLynx report for this fraction indicated two major compo-
nents (13002 Da and 18161 Da) were present within this fraction. The MS�MS data 
were used to identify the YIFE_ECOLI protein (Figure 21.10, top left) with 24 PMF 
peptide matches (97% sequence coverage) and four peptides sequenced by MS�MS 
(middle panel indicated in red). The MS�MS spectrum for an indicated peptide (red 
triangle) is displayed in the lower panel. The corresponding intact mass is consistent 
with removal of the initiating methionine. 

 The second major component in this fraction was identifi ed as OSMY_ECOLI 
with 17 PMF matches (72% sequence coverage) and two MS�MS identifi cations 
(Figure 21.10, top right, blue highlighted peptides). Combinations of N-terminal pro-
cessing were not consistent with the observed mass, which was signifi cantly lower 

FIGURE 21.10 Middle-out analysis of an E. coli fraction. The lower left panel shows the 
deconvoluted spectrum corresponding to a single collected fraction. The upper panels show 
analyzed data from the MS and MS�MS MALDI Q-TOF analysis of the two major proteins 
identifi ed in the digested fraction. The lower right panel shows the sequences of those proteins 
with the identifi ed modifi cations highlighted.
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than the predicted mass of that protein. The observed mass was searched against the 
protein sequence, and results were consistent with the observed form of the protein 
lacking the N-terminal 28 amino acids. A search of the Swiss-Prot database reveals 
this protein is localized to the  E. coli  periplasmic space and contains a 28 amino acid 
targeting sequence that is proteolytically processed upon delivery to the compart-
ment. Thus, even with the more complicated sample, a processing event not easily 
identifi able by intact protein or peptide-based proteomic methodologies alone was 
readily determined using the combination of both methodologies. 

 Current and future efforts with the middle-out proteomic methodology are ori-
ented toward defi ning and improving the comprehensiveness and robustness of the 
approach. In particular, identifying conditions for stable extraction and chromato-
graphic resolution of membrane proteins will signifi cantly impact the types of bio-
logical questions and systems we can address. While the comprehensiveness of the 
technique has been established with analysis of a complicated protein complex, there 
are still fundamental questions of analytical penetration into samples of much higher 
dynamic range. Technological innovations in MS will certainly expand these capa-
bilities, but the importance of developing robust and reproducible sample processing 
and bioseparations should not be undervalued. 

 21.4 PERSPECTIVE 

 Proteomics as a science continues to evolve and attempt to answer an increasingly 
broader array of biological questions. The earliest proteomic developments were 
focused on qualitative questions relating to defi ning sample composition. Current 
work is attempting to add a quantitative dimension to proteomics and ask what has 
changed between two samples. The bulk of the work to date has been conducted at the 
peptide level of analysis and thus has been targeted toward identifying proteins that 
have increased or decreased in abundance, rather than those proteins that are regulated 
by posttranslational modifi cations, protein interactions, subcellular targeting, or other 
mechanisms. Going forward, techniques that can provide qualitative and quantita-
tive capabilities in the broadest cellular context will likely prove the most informa-
tive tools for answering important biological questions. Methodologies such as the 
middle-out approach to proteomics are attempting to combine the powerful aspects of 
intact protein analysis with the more precise identifi cation and characterization power 
of peptide level analyses. Improvements to MS detection technology, and additional 
efforts to develop more robust sample processing workfl ows, should make this type 
of approach viable for increasingly complex biological systems and more demanding 
informational needs from proteomic samples. 
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   22.1 INTRODUCTION AND OVERVIEW 

 Monolithic stationary phases are separation media for liquid-phase chromatography and 
provide an alternative to stationary phases based on microparticles. First attempts to 
make porous monolithic separation media and overcome limitations of granulate sta-
tionary phases including relatively large interparticular void volume and slow diffu-
sional mass transfer within the pores of microbeads were made almost 40 years ago.1–3 
Although the fi rst attempts of making the monolithic columns were not very successful, 
another wave of interest to new approaches toward monoliths came in the late 1980s and 
grew in the 1990s. Commercialization of several high-effi ciency separation products 
based on monolithic media occurred in the late 1990s and early 2000s.4–9 The monolithic 
chromatographic bed consists of a single-piece rigid porous structure determining a net-
work of macropores and micropores without any interstitial void volume.10,11 Because 
of the absence of interparticular voids, all the mobile phase is forced to fl ow through the 
porous media, which leads to a substantial enhancement of the mass transfer. Such con-
vective mass transport results in a signifi cant increase in the separation effi ciency and the 
speed of separation, especially for high molecular weight molecules, in contrast to slow 
diffusional mass transfer mechanism in the pores of granular stationary phases.12–14 

 22 
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 Monolithic columns can be divided into two main groups: polymeric monoliths 
and silica-based sol-gel monoliths. In this chapter, we describe some applications of 
polymeric monolithic columns in proteomic research. Polymeric rigid monoliths 
molded  in situ  were introduced by Svec et al. in 1992.11 Polymeric monolithic columns 
are rigid organic polymer-based porous rods that can be prepared from polyacrylates,11 
polymethacrylates,5,15 polyacrylamides,16 and polystyrenes.4,14,17 The porous structure 
is resulted from phase separation, which occurs during the free radical polymeriza-
tion when appropriate amounts of inert porogenic solvents are present.4,18 Typically, 
the mold (tube, capillary, channel, etc.) is fi lled with a mixture of monomer(s), cross-
linker, porogenic solvent(s), and free radical initiator. Then, the mold is sealed, and 
polymerization occurs at carefully controlled conditions.18,19 The seals then are replaced 
with fi ttings if necessary. The columns are fl ushed from remaining components of 
polymerization mixture with the stream of compressed gas and (or) suitable solvents 
and grafted with chemicals, altering chromatographic surface with specifi c functional 
groups if necessary. Then, the monoliths are ready to use. 

 Several approaches for synthesis of polymeric monoliths combining well-controlled 
porosity with appropriate surface chemistry in which the reaction mixture is placed in a 
mold, followed by ultraviolet (UV)- or thermally-induced  in situ  polymerization, have 
been published.4,5,14,17,20–23   The chemistry of the column and surface of separation media 
is controlled by the choice of monomer, so columns can be produced to target specifi c 
separation applications. Also, the surface functionalities can be altered by heat- or UV-
induced chemical grafting.21–23 UV-transparent molds (typically polytetrafl uoroethyl-
ene [PTFE] coated capillaries) are usually used for the light-induced polymerization 
and grafting.22,23 Fast polymerization and potential for synthesis of monoliths with dif-
ferent functionalities in the same mold are among the most important advantages of 
UV-initiated polymerization over its thermally induced alternative. 

 The monolithic material can be shaped differently for specifi c applications. 
First monolithic columns were commercialized in the 1990s in the form of short 
disks. Typically, the monolith is prepared in a mold and cut into disks several mil-
limeters thick. A disk is mounted in a special cartridge with adaptors for mobile-
phase fl ow. The short fl ow path and low pressure are the advantages of the discs.18,19 
Thus, a number of cartridges can be mounted in the system, allowing separation 
based on column functionalities. Unlike disks, monolithic polymer columns are 
polymerized  in situ  in a fused silica, plastic, or stainless steel tube. Monolithic 
polymeric separation media was also employed in annular and conical shapes.18 
Companies such as BIA Separations (Ljubljana, Slovenia), LC Packings / Dionex 
(Amsterdam, The Netherlands), ISCO (Lincoln, Nebr.), Sepragen (San Leonardo, 
Calif.) and BioRad (Richmond, Calif.)19 are current manufacturers of monliths in 
different formats. 

 Monolithic polymeric stationary phases are being actively investigated as an 
alternative to particulate columns in a variety of applications in capillary nanofl ow 
liquid chromatography (LC),4,24–26 capillary electrochromatography (CEC),5,21,27–29 
immunoaffi nity chromatography,30,31 chiral chromatography,32 ion-exchange chroma-
tography,33 solid-phase extraction,34,35 and microchip separations.23,36,37 The summa-
rized advantages of such phases include simplicity of preparation, avoidance of frits 
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and column packing procedures, robustness, high porosity and permeability, absence 
of silanols causing unwanted secondary interactions with analytes, and high chemi-
cal stability over a wide pH range. The monolithic media have properties of fast mass 
transfer and low pressure resistance, enabling rapid separations. The monoliths can 
be shaped for specifi c applications. The surface of the monolith can be chemically 
modifi ed to perform chromatographic separations in different modes. 

 The era of proteomics has made a nano and capillary format of liquid-phase 
separation methods extremely popular mainly due to their compatibility with mass 
spectrometry (MS). The concept of monolithic separation media is particularly favor-
able for the fabrication of capillary columns.28,37–39 Nanofl ow LC, using monolithic 
columns, offers the advantages of high resolution, high mass sensitivity, and low 
sample and mobile phase consumption.4,39 Monolithic nanocapillary columns can be 
a good alternative to microparticle-packed columns because of their relative ease of 
manufacture, without the need of high pressure, and their high-performance char-
acteristics. High effi ciencies of the narrow bore capillary columns are found, due to 
decreased fl ow dispersion and a homogeneous packing bed structure. Highly sensi-
tive detection is also achievable when using ultra narrow-bore liquid chromatography– 
electrospray ionization–mass spectrometry (LC-ESI-MS) due to the fact that ESI is a 
primarily concentration-sensitive technique over a wide range of fl ow rates. Relative 
to packed columns, porous monolithic nanocapillary columns also result in potentially 
less clogging of the ESI tip and do not require frits39 due to covalent immobilization of 
the monolith to the wall of a capillary, high chemical stability, and absence either of 
loose particles in the column bed or frits. 

 Polymeric monolithic materials offer excellent biocompatibility, are mechani-
cally stable, stable over a wide pH range, and can also be cleaned, without damage, 
with caustic mobile phases. Described characteristics of monoliths suggest that 
nanofl ow monolithic columns are highly promising for proteomics and other appli-
cations. Increasing dependence in proteomics on reversed-phase liquid chromatog-
raphy (RPLC) for the separation of complex peptide mixtures also should be noted. 
The current need in proteomics for even higher resolution, sensitivity, and throughput 
is a reason for the great interest of the research community in advancing RPLC of 
peptides using monoliths.40 

 The focus of this chapter is to present several applications of monolithic poly-
meric capillary columns in proteomics and provide examples of pressure- and 
electric-fi eld driven and two-dimensional (2D) chromatography using monolithic 
capillary columns coupled to electrospray MS in proteomic applications. 

 22.2 HIGH-EFFICIENCY PEPTIDE ANALYSIS ON 
MONOLITHIC MULTIMODE CAPILLARY 
COLUMNS 

 The rapid acceleration of research in the area of proteomics requires the development 
of new, effi cient, robust, and high-throughput separation technologies. Capillary 
electrochromatography (CEC) was brought into a focus as an alternative separa-
tion technique due to its vastly enhanced effi ciency and peak capacity compared 
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with traditional liquid-phase separation techniques. Electrochromatography was 
introduced in 1974 by Pretorius et. al41 and rapidly developed in the late 1990s and 
early 2000s. The major innovation in electrochromatography is the complete or at 
least a partial replacement of the pressure-driven fl ow of the mobile phase typical 
for LC with an electroosmotic fl ow.42 This electroosmotic fl ow is generated by 
applying a high voltage across the column. The combination of high effi ciencies 
given by electrically driven fl ow with the peptide and protein structure identifi ca-
tion of MS makes a coupling of these two methods a powerful bioanalytical tool 
for the proteomic research. 

 Recently, we presented high-effi ciency peptide analysis using multimode pressure-
assisted CEC/CE (pCEC/pCE) monolithic polymeric columns.21 We demonstrated 
the separation of model peptide mixtures and protein digests by isocratic and gradi-
ent elution under an applied electric fi eld with UV and ESI-MS detection. Capillary 
multipurpose columns were prepared in silanized fused-silica capillaries of 50, 
75, and 100 �m i.d. by thermally induced  in situ  copolymerization of methacrylic 
monomers (methyl methacrylate and glycidyl methacrylate), with ethylene glycol 
dimethacrylate as a cross-linking agent in the presence of  n- propanol, formamide as 
inert porogens, and azobisisobutyronitrile as the initiator. The subsequent covalent 
attachment of  N- ethylbutylamine provided a positively charged chromatographic 
surface common for anion-exchange capillary LC columns. The resulting columns 
were examined by scanning electron microscopy (SEM) to visualize the structure of 
the monolith and its uniformity, as well as the bonding of the polymeric support to 
the silanized capillary wall. 

 Monolithic columns were termed as multipurpose or multimode columns because 
they showed mixed modes of separation mechanisms under different conditions. 
Anion-exchange separation ability in the LC mode can be determined by the cationic 
chromatographic surface of the monolith functionalized with  N -ethylbutylamine. At 
acidic pHs and high voltage applied across the column, we observed that the mono-
lithic stationary phase provided conditions for predominantly capillary electropho-
retic migration of peptides along with limited chromatographic retention (CE mode), 
as shown earlier.27 Since the peptides and the surface of the porous monolith are 
both positively charged, the peptides are repelled from the chromatographic surface; 
nevertheless, a moderate level of solvophobic interaction43,44 may result in weak 
chromatographic retention. On the other hand, at basic pHs and electric fi eld across 
the column, enhanced chromatographic retention of peptides on monolithic capil-
lary column made CEC mechanisms of migration responsible for separation. With 
increasing pH, the positive charge of the peptides decreases so that their electro-
phoretic mobility and overall migration rate also decrease. In alkaline media, 
 electroosmotic fl ow (EOF) is still toward the anode but the fl ow rate is lower than in 
acidic media because of decreased protonation of the tertiary amino functionalities 
on the chromatographic surface. At alkaline conditions (CEC mode), peptides are 
generally negatively charged and migrate in the same direction as the EOF, with 
stronger chromatographic retention on the less protonated surface of the monolith. 

 The infl uence of mobile phase organic content and ionic strength on separa-
tion in positively charged monoliths was also examined. Increasing ionic strength 
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of the mobile phase caused decrease in peptide migration rates due to the decrease 
in EOF. The monolith has both anion-exchange and hydrophobic (solvophobic) 
functionalities on its chromatographic surface. Generally, the elution strength of 
the mobile phase in ion-exchange chromatography depends primarily on its ionic 
strength, so the retention of the analytes decrease with increasing ionic strength. 
Because this was not observed with the described monolith, the major migration 
mechanism is suggested to be electrophoretic.21 We found that the migration time 
for peptides increased with increasing acetonitrile content in the mobile phase 
for small hydrophilic peptides. Larger peptides behaved similarly to proteins due 
to the greater chromatographic retention, that is,  k � values for proteins decreased 
with increasing acetonitrile concentration. Variations in separation effi ciency and 
retention at different mobile phase contents suggest also the use of solvent gra-
dients in pCEC/pCE as an additional means for optimizing separations on these 
monolithic columns. For separations of complex peptide mixtures, such as tryptic 
digests of proteins, organic solvent gradient elution conditions typically provided 
better peak shapes and less band broadening for hydrophobic peptides than isocratic 
elution.21 

 In mixed mode separations such as pCEC/pCE, the fl ow rate and electropho-
retic migration can be independently tuned with applied pressure and voltage, pro-
viding an additional degree of freedom for optimization of separation performance. 
Moreover, as it was discussed previously, while slow diffusive mass-transfer kinetics 
are often the major limiting factor in speed and effi ciency of separations on granu-
late stationary phases,15,45 monoliths have greatly improved convective mass-transfer 
properties because the entire eluent stream is forced to fl ow through the large pores 
of the separation media.5,12 The concomitant use of pressure assistance increases the 
mobile phase fl ow rate to take advantage of the enhanced mass transfer of the mono-
lithic stationary phases. The combination of the electrophoretic fl at fl ow profi le and 
the pressure-driven parabolic fl ow profi le results in less peak broadening than pressure-
driven fl ow alone.21,28,46,47 

 The columns demonstrated the chemical and mechanical stability of the chro-
matographic surface and polymeric architecture of the monolith, which led to a good 
reproducibility and durability. The monoliths could withstand prolonged exposure to 
different mobile phases at different pH values (pH 2.2–10) for months.21 

 Taking advantage of electroosmotic fl ow, high separation effi ciency for peptides 
(exceeding 300,000 plates per meter) has been achieved using monolithic capil-
lary columns in both modes due to the relatively fl at fl ow profi le with selection of 
appropriate pore sizes (Figure 22.1). Flow rates compatible with ESI allowed direct 
interfacing to MS in order to provide structural information in the MS and tandem 
MS (MS/MS) modes. Coupling to MS requires separation buffers of low conductivity. 
It was observed that the electrospray was more robust when volatile low conduc-
tive acidic buffers prepared from acids with a low ionization constant (e.g., acetic 
acid) were used than with ammonium acetate buffer or buffers prepared from acids 
with high ionization constants (e.g. TFA, formic acid). Low buffer conductivity also 
preserves the electric fi eld strength and reduces Joule heating. The high effi ciency 
of the column, its favorable mass transfer properties, manipulation of the electric 
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fi eld, and gradient conditions allowed separation within 5 to 7 minutes.21 Figure 22.2 
shows an example of protein identifi cation using data-dependent MS/MS scanning 
by high-throughput pCEC/pCE-ESI-MS. The analysis of bovine serum albumin 
(BSA) tryptic digest at the level of 50 fmol followed by database search gave cor-
rect protein identifi cation with sequence coverage of 26% and a SEQUEST score of 
218 using Bioworks 3.0 (ThermoFinnigan) with a search against the whole nonre-
dundant protein database.21 Comparison of results for MS/MS protein identifi cation 
at separation of the BSA digest within 5 and 20 minutes showed that a four-fold 
increase of the separation time yields only 3 to 5% increase in sequence coverage 
for the identifi ed protein. The aforementioned results show potential for pressure-
assisted CEC/CE-ESI-MS using monolithic capillary columns in separation of com-
plex peptide mixtures. 

FIGURE 22.1 Extracted ion electrochromatograms for selected peptide ions of BSA digest 
(50 fmole; injection volume, 10 nL) separated under isocratic elution conditions. Column: 100 �m 
i.d., 365 �m o.d., 19 cm; fl ow rate, 120–130 nl/min; eluent 25% HPLC solvent B (v/v). Solvents: 
A, 0.1% (v/v) acetic acid in water; B, 0.1% (v/v) acetic acid in acetonitrile; applied voltage: 10 kV 
on the inlet, �2.3 kV on the outlet; electric fi eld strength: 647 V/cm. Effi ciencies for peaks from 
top to bottom: 237,000 pl/meter, 386,000 pl/meter, 185,000 pl/meter, 218,000 pl/meter, 176,000 
pl/meter, 802,000 pl/meter. Average effi ciency: 334,000 plates/meter. From Ivanov et al., 2003.21
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 22.3 HIGH-SENSITIVITY ESI-MS ANALYSIS OF 
PROTEIN TRYPTIC DIGESTS USING ULTRA 
LOW I.D. POLYSTYRENE-DIVINYLBENZENE 
MONOLITHIC CAPILLARY COLUMNS 

 The high mass sensitivity identifi cation of large numbers of peptides from protein 
digests is one of the major goals of proteomics. A main characteristic of nanocolumns 

FIGURE 22.2 High-throughput separation of 50 fmole of BSA tryptic digest. Monolithic 
column: 50 �m i.d., 365 �m o.d., 22.5 cm. Solvents: A, 0.1% acetic acid in water; B,– 0.1% 
acetic acid in acetonitrile. Gradient: 0 min, 5% B; 10 min, 30% B; fl ow rate: 180–185 nl/min. 
Applied voltage: an inlet of the column –15 kV, outlet � 2 kV; electric fi eld strength: 755 V/cm. 
(A) 3D overlay CEC/CE-MS electrochromatogram; (B) extracted ion electrochromatograms 
for some selected peptides. Modifi ed from Ivanov et al., 2003.21
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is high mass sensitivity, as a result of the decreased dilution of the chromatographic 
band.45,48 Nanofl ow LC, using commercially available 75 and 100 �m i.d. reversed-
phase columns, offers the advantages of high resolution, high mass sensitivity, and 
low sample and mobile phase consumption. However, analysis of a limited amount 
of sample (e.g., immunoprecipitated protein complexes, laser capture microdissected 
cells, 2D gel spots) can still be challenging with the above columns. For a fi xed lim-
ited amount of sample injected, columns with smaller inner diameter can decrease 
chromatographic band dilution45,48 and thus increase the signal for concentration-
sensitive ESI-MS.49 Theoretically, downscaling from conventional nano-LC columns 
of 75 to 20 �m i.d. should result in a gain in sensitivity of ( d 

 1 
/ d 

 2 
) 2  � 14 (for the same 

injected sample amount, linear column velocity, and column length).39 High effi cien-
cies of the narrow bore capillary columns are found due to decreased fl ow dispersion 
and a homogeneous packing bed structure. The bulk liquid fl ow in ultra narrow i.d. 
capillary columns is reduced by an order of magnitude (15–50 nl/min), relative to 
75–100 �m i.d. columns, which results in analytes being dissolved in much lower 
eluent volume with lower amount of ionic and neutral species of the mobile phase in 
the chromatographic band. The effect is higher mass sensitivity and higher ESI abil-
ity.45,48–54 Thus, highly sensitive detection is achievable when using ultra narrow-bore 
LC-ESI-MS due to the fact that ESI is a primarily concentration-sensitive technique 
over a wide range of fl ow rate.54 However, narrow-bore columns (particularly less 
than 50 �m i.d.) are diffi cult to pack with conventional microparticles because of the 
very high pressure required to overcome the low column permeability.49,55,56 

 Ultra low i.d. monolithic nanocapillary columns can be a good alternative to mic-
roparticle packed columns because of their relative ease of manufacture, without the need 
of high pressure, and their high-performance characteristics without use of ultra high 
pressure LC pumps.4,12,14,17,25,39 Recently, we reported the use of 20 �m i.d. polymeric 
polystyrene-divinylbenzene monolithic nanocapillary columns for the LC-ESI-MS 
analysis of tryptic digest peptide mixtures.39 The procedure for producing the mono-
lithic column was similar to that described previously for cationic ones and consisted of 
( a ) covalent modifi cation of the fused silica capillary inner wall by vinyltrimethoxysi-
lane; ( b ) fi lling the capillary with a degassed polymerization mixture containing mono-
mer (styrene), cross-linker (divinylbenzene), and inert porogens (tetrahydrofuran and 
 n -octanol); ( c ) thermally induced  in situ  polymerization in the presence of initiator in a 
capillary pressurized from both ends to form a macroporous, rigid, and uniform struc-
ture covalently attached to the capillary inner surface; and ( d ) fl ushing out the porogens 
and remaining polymerization mixture. Polymerization and cross-linking led to a phase 
separation to create permanent channels in the rigid polymeric material (Figure 22.3). 
Covalent immobilization helped reduce shrinkage of the monolith during the polymer-
ization4 and eliminated the need for retaining frits. Pressurization during polymeriza-
tion57 reduced monolith structure irregularities by both minimizing shrinkage57,58 and 
bubble formation with porous monoliths in the 20 �m i.d. column. Typically, 40 to 50 
psi applied from both ends of the capillary fi lled with polymerization mixture helped to 
achieve a uniform continuous monolithic structure. 

 Besides the factors improving the sensitivity described above, ultra low i.d. mono-
lithic nanocapillary columns operating at a fl ow rate of 20 to 50 nl/min may also take 
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advantage of nanospray ionization to increase MS sensitivity.54 Stable ESI conditions 
at ultra low fl ow rate can potentially result in the more effi cient transfer of ions into the 
entrance of the mass spectrometer.48–54 The effectiveness of the approach was demon-
strated in protein identifi cation at 1 and 10 attomole amounts of tryptic digest of a pro-
tein mixture (Figure 22.4). Typically, a mass sensitivity of 5 to 10 amol was observed 
for tryptic peptides in the MS mode at a signal-to-noise ration �5 but was very depen-
dent on peptide primary structure, as was shown before.59,60 High mass sensitivity in 
the MS and MS/MS modes using an ion-trap MS was found, a factor of up to 20-fold 
improvement over 75 �m i.d. nanocolumns. The number of peptides identifi ed in the 
MS and MS/MS modes at this level using the 75 �m i.d. column was comparable to 
that at 5 to 10 amol level of injection on 20 �m i.d. monolithic column.39 

 The poly (styrene-divinylbenzene) (PS-DVB) monolithic columns with pseudo-
beads smaller than 1 �m (Figure 22.3) demonstrated high effi ciency, over 100,000 
plates/meter (calculated from extracted ion chromatograms) for peptides using a 10 
cm long column, with typical peak widths at half height of 5 of 15 seconds, as well as 
reasonable backpressure of 100 to 300 bars. A wide linear dynamic range (�4 orders 
of magnitude, 100 fg to 1000 pg) was achieved, and good run-to-run and column-to-
column reproducibility of isocratic and gradient elution separations were found.39 The 
columns could be fl ushed with solvents in either direction up to at least 2000 psi pres-
sure without any damage to the monolithic structure according to our experience, and 
the columns could withstand prolonged exposure to mobile phases from pH 2.0 to pH 
11.5 for at least several months and at least 1000 injections per column. Clogged col-
umns can be reused after cutting a short piece (�1 mm) from the clogged end or after 
grinding the end of the column by a diamond sand lapper. 

FIGURE 22.3 Scanning electron micrographs of the polystyrene-divinylbenzene monolithic 
packing in a 1 cm section of fused-silica capillaries of 20 �m i.d. The images correspond to 
(A) 5000�; and (B) 12,500T magnifi cation. From Ivanov et al., 2003.39
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FIGURE 22.4 Gradient nano-LC-ESI-MS of a tryptic digest of bovine catalase on the mono-
lithic column (10 amol of digest injected on the column). (A) Extracted ion chromatograms for 
selected peptides; (B) MS spectra at the peak maximum of the same peptides. From Ivanov et al., 
2003.39
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 To demonstrate the potential of the ultra low i.d. monoliths in the high-sensitivity 
proteomic analysis, a tryptic digest of protein extract of a breast ductal carcinoma tissue 
section (10 3  cell equivalent) was also analyzed allowing identifi cation of tens of most 
abundant proteins. The above results open the possibility to utilize such narrow bore 
monolithic columns for analysis of tissue samples with a limited number of cells and 
samples diffi cult to access. The column characteristics suggest that ultra narrow-bore 
monolithic columns are highly promising for proteomics and other applications. 

 22.4 POLYSTYRENE MONOLITHIC CAPILLARY 
COLUMNS IN ON-LINE 2D LC-ESI-MS 
PROTEOMIC ANALYSIS 

 Proteomic samples can contain several thousands of proteins resulting in millions of pep-
tides after enzymatic digestion. Bottom-up shotgun LC/MS proteomics strategy requires 
high resolving power of liquid separation at the peptide level. Various separation meth-
ods utilized in proteomics prior to MS include one-dimensional (1D) and 2D polyacryl-
amide gel electrophoresis (PAGE), 1D nano-LC, multidimensional protein identifi cation 
technology (MudPIT), isoelectric focusing (IEF), and SPE, among others. Each method 
has its own limitations, which makes further development of separation methodologies 
in proteomics necessary. Multidimensional LC coupled to MS has become the most 
powerful alternative to 2D PAGE technology because of its higher sensitivity, speed, 
fl exibility, robustness, and ease of automation.61,62 Recently, we reported the use of the 
polymeric monolithic capillary columns for the analysis of complex proteomic samples 
with 2-dimensional liquid chromatography electrospray ionization trap mass spec-
trometry (2D LC-ESI-IT-MS).63 2D separation enhanced the protein identifi cation rate 
approximately three-fold in comparison to single dimension separation, as expected. We 
demonstrated preliminary data for a comparison of two on-line 2D LC-MS approaches: 
2D LC-MS with the salt plug injections vs. comprehensive (dual gradient) 2D LC-MS. 
In fi rst method, digests of cell lysates were injected on a strong cation exchange (SCX) 
column and eluted by the KCl salt plugs of constantly increasing salt concentration from 
0 to 500 mM. Then, they were trapped on a reversed-phase precolumn, desalted, and, 
fi nally, eluted from the trapping column and separated on monolithic nano-LC column 
at gradient elution conditions. In dual gradient experiments, a salt gradient from 0 up to 
500 mM of KCl instead of the salt plug injections and two identical trapping columns 
instead of one were used. Polystyrene monolithic capillary columns were prepared in 
silanized fused-silica capillaries of 75 �m I.D. by thermally induced  in situ  polymeriza-
tion as described above.  Schizosaccharomyces pombe  cell lysates (�0.2 to 0.4 mg of 
total starting protein amount) were subjected to either on-line 2D LC-MS/MS analysis 
with the salt plug injections (Figure 22.5) or to comprehensive (dual-gradient) on-line 
2D LC-MS/MS analysis followed by the database search. The method demonstrated 
that the monolithic columns are feasible to use in various proteomic applications with 
wide dynamic range and high complexity of a sample. The method showed high effi -
ciency in the pressure-driven elution mode for the second dimension (over 100,000 
plates/meter), ease of manufacture in comparison to particulate columns of similar 
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FIGURE 22.5 Base ion chromatograms for reversed-phase separations of 13 salt plug injec-
tion fractions on 75 �m i.d. monolithic column in on-line 2D LC-ESI-MS analysis of S. pombe 
lysate. PS-DVB monolithic column: 75 �m i.d., 365 �m o.d., 15 cm; trapping column: 500 �m 
i.d. � 10 mm, packed with Styros 2R, 5 �m (OraChrom, Mass.); SCX column: 300 �m i.d. � 
1.5 cm, packed with POROS BioX-SCX, 5 �m (LC Packings, Calif.). Solvents for reversed-
phase gradient: (A) 2% acetonitrile, 0.1% formic acid, pH 3.0; (B) 85% acetonitrile, 5% iso-
propanol, 0.1% formic acid, pH 3.0. Reversed phase gradient: 0–45% in 90 minutes, 45–85% 
in 10 minutes. Solvents for IEX salt plugs were prepared from; (C) 5 mM KH2PO4, 5% 
acetonitrile, 0.05% formic acid, pH 3.0; (D) 500 mM KCl, 5 mM KH2PO4, 5% acetonitrile, 
0.05% formic acid, pH 3.0.

DK3068_C022_r04.indd   430DK3068_C022_r04.indd   430 10/23/2005   8:05:15 PM10/23/2005   8:05:15 PM



Polymeric Monolithic Capillary Columns in Proteomics 431

dimensions, good column lifetime (up to 1000 injections per column) and reproducibil-
ity, and ease of a column cleanup under harsh elution conditions, helping to avoid cross-
contamination between different samples injected. The value of the approach was shown 
in dual-gradient elution and salt plug injection 2D-LC-ESI-MS analyses of  S. pombe  cell 
lysate protein digests. Both methods were compared in their resolving power and impact 
on protein identifi cation rate. Thus, dual-gradient 2D LC-MS gave about 10 to 20% 
more protein identifi cations than the alternative 2D LC-MS technique with the salt plug 
injections at the same geometry of the columns used in both experiments, same number 
of fractions eluted from the fi rst separation dimension (SCX), and similar elution con-
ditions (KCl salt concentration increment). An impact of an SCX column length (e.g., 
column effi ciency and capacity) on protein identifi cation rate in the salt plug injection 
2D LC-MS mode was also briefl y compared. The use of 15 cm long 300 �m i.d. SCX 
column instead of 1.5 cm � 300 �m i.d. gave a 10 to 35% gain in protein identifi cation 
with more evenly distributed eluted peptides among the SCX fractions. Moreover, we 
showed that repetitive multiple analyses of the same sample greatly improves protein 
identifi cation rate (up to �40% for two repetitive runs versus a single one), which was 
expected and in agreement with recently published reports.64,65 

 22.5 CONCLUSION 

 Polymeric monolithic capillary columns have become popular as alternatives to 
granulate packed columns due to the simplicity of their preparation and handling, 
advantageous fl ow transfer properties and separation performance at acceptable 
backpressure, diversity of their chemistries and functionalities of their chromato-
graphic surfaces, and the elimination of need for retaining frits. In contrast to packed 
columns, polymeric monoliths demonstrate outstanding chemical and mechani-
cal stability as a result of their highly cross-linked chemical structure and covalent 
attachment to the inner wall of the column. A few examples of peptide separation on 
monolithic columns coupled to ESI-MS shown above demonstrate the potential of 
the monoliths for various proteomic applications. 
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 23.1 INTRODUCTION 

 For nearly fi ve decades, polyacrylamide gel electrophoresis (PAGE) has endured as 
an essential method for macromolecular separations. Obligatory preamble aside, the 
potential of PAGE has not been fully realized. It remains in its formative years, with 
further development still ongoing. 

 Consider that immobilized pH gradients (IPGs) are presently capable of separat-
ing proteins differing in charge by 0.002 isoelectric point (pI) units such that thou-
sands of proteins can theoretically be resolved over the pH 3–10 range. This number 
of hypothetical plates is nearly squared when a second dimension of electrophoresis is 
introduced, such that the number of proteins that can be arrayed by two-dimensional 
gel electrophoresis (2DE) extends into the hundreds of thousands, even by the most 
conservative estimates. Experimentally, however, the resolving capacity of 2DE is 
usually less than 1000 proteins. This is largely attributable to the broad concentration 
range in which proteins are expressed, spanning possibly 12 orders of magnitude. 
While isoelectric fractionation, a divide and conquer strategy for isolating very narrow 

 23 

* Portions of this review were excerpted from an Editorial titled “The Coomassie Chronicles” by 
G.B. Smejkal, Expert Rev. Proteomics, 1, 381–387, 2005. Used with permission from Future Drugs 
Limited, London, U.K., copyright 2005.
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segments of a proteome for individual analyses, and affi nity depletion of interfering 
proteins will eventually lead to the exploration of the subliminal layers of proteomes, 
this must coincide with the development of new detection methods of higher sensitivity 
and improved compatibility with downstream procedures. 

 It is incorrect to assume that most proteins contain acidic, basic, and hydrophobic 
residues in numbers that are directly proportional to polypeptide chain length, and 
therefore, that staining based on electrostatic or hydrophobic interaction will correlate 
with protein mass. To the contrary, proteins are diversifi ed in amino acid composition 
such that the selectivity of a stain for specifi c residues renders attempts to quantify 
one protein relative to another inaccurate. The idealized stain would bind proteins 
nonspecifi cally without infl uence of amino acid composition, relative hydrophobic-
ity, or the capacity to bind sodium dodecylsulfate (SDS), and its interaction would 
necessarily be based on a denominator common to all residues. 

 23.2 ORGANIC DYES 

 Fazekas De St. Groth et al. 1  fi rst used Coomassie Brilliant Blue (CBB) R-250, a wool 
dye borrowed from the textile industry, for staining proteins separated electrophoreti-
cally in cellulose acetate. Logically, this dye would soon be applied to polyacrylamide 
gel staining 2 , as would its dimethylated derivative G-250. 3  The Coomassie dyes, named 
in commemoration of the British occupation of the Ashanti capital Kumasi in Ghana, 
have remained in use for over 40 years. Members of the fi rst Electrophoresis Societies 
often referred to themselves as the Bluefi ngers, and some German practitioners were 
mistaken for counterfeiters because of the residual blue stain on their hands. 

 The single most important advance in CBB staining would come from Neuhoff 
et al. 4  who thoroughly investigated the colloidal properties of these dyes and demon-
strated sensitivity approaching silver staining. Exploiting the relatively low solubil-
ity of CBB G-250, suspensions are produced where the dye exists predominantly in 
micellar form too large to penetrate most gel matrices. These colloids are presum-
ably stabilized by the interaction of H +  ions with SO

 3 
 −  groups aligned at the surface 

of the colloid. This mechanism is analogous to the lowering of the critical micelle 
concentration (CMC) and increase in the molar concentration of micelles of SDS 
that coincides with increasing counterion concentration. Background free staining 
occurs by localized solvation of the dye into protein zones. Suspensions of CBB 
G-250 and R-250 are unsuitable for staining proteins in agarose gels since these 
colloids are small enough to penetrate the macroporous gel structure where they 
remained trapped, resulting in unacceptably high backgrounds that can require days 
to remove. Alternatively, Coomassie Violet R-150 forms extremely large unstable 
colloids impenetrable to agarose gels. 5,6  

 The Coomassie dyes are disulfonated triphenylmethane dyes that bind proteins 
primarily through electrostatic interaction with basic amino acid residues in their 
protonated state, but also through hydrophobic interaction with hydrophobic residues 
and sodium SDS micelles. CBB staining adheres to the Lambert-Beer Law and is 
linear at protein concentrations over at least three orders of magnitude, as indicated 
by its use in the Bradford protein assay. However, different equations derive from 
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linear regression of absorbance vs. mass when different proteins are used to calibrate 
such assays. Differential binding of CBB is demonstrative of selectivity based on 
amino acid composition, and at least one group has reported that CBB staining may 
overestimate relative protein mass in polyacrylamide gels. 7  

 Other triphenylmethane dyes such as Fast Green were also explored, and despite 
their relative insensitivity, these were found useful for differentiating very basic pro-
teins such as histones. 8  Most of the organic dyes bind proteins via the interaction of 
one or more sulfonate groups with protonated amines, and the resulting complex is 
further stabilized by hydrogen bonding and Van der Waals forces. The stability of 
these complexes is related to the number of dye sulfonates. Monosulfonated dyes 
are rapidly dissociated from protein, 9  whereas polysulfonated dyes form more stable 
protein-dye-protein complexes. 10  While most of the organic dyes function by this 
mechanism, an exception is Procion blue, which has the unique property of binding 
covalently to proteins via its dichlorotriazinyl group. 11  

 While it has not gained widespread use, the visible dye calconcarboxylic acid 
has been used to stain proteins during electrophoresis. The addition of 0.01% of this 
reagent to the cathodic buffer facilitates the simultaneous separation and staining of 
proteins. 12  However, because the electrophoretic infl ux of dye is constant, these gels 
must be destained to remove backgrounds. Sensitivity is in the low nanogram range. 
Like CBB, 13  the binding of calconcarboxylic acid to proteins promotes the binding 
of silver ions and enhances silver staining. 14  

 23.3 STAINING PROTEINS WITH TANNINS 

Interestingly, Syed and Sayeed93 stained proteins in polyacrylamide gels with henna, 
an extract from the leaves of Lawsonia inermis used for dying hair and on the Indian 
subcontinent for body ornamentation. Staining was reportedly more sensitive than 
CBB for some proteins and, unlike the sulfonated dyes, was effective over the entire 
pH 2–12 range. 

Staining occurs via the interaction of plant tannins with both proteins and carbo-
hydrates. Arginine, histidine, lysine, and tryptophan residues of proteins bind elec-
trostatically to carboxylic and phenolic groups of tannins. This class of pigments 
chelate certain metal ions at a pH above the pKa of one or more of the substituent 
phenolic groups,94

 
and this induces a hypsochromic shift in staining. 

 23.4 COUNTERION STAINS 

 The use of counterion stains, which pairs anionic and cationic dyes that bind proteins 
by two different charge interactions, appears particularly promising. When used in 
combination, anionic dyes such as CBB form large ion pair complexes with cationic 
dyes. Only a small proportion of each dye remains in free form. This lessens the 
selectivity of the individual dyes, which is otherwise biased by amino acid composi-
tion. Whereas CBB or other anion binds positively charged amino groups, the cation 
simultaneously binds to negatively charged carboxyl groups. Counterion stains using 
CBB and Bismark Brown R 15  or neutral red 16  as the cation are described. (In addition 
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FIGURE 23.2 The propensity of silver staining toward negative staining 
of proteins. (A) Two-dimensional gel of Escherichia coli cytosolic proteins 
(20 micrograms total protein) stained with glutaraldehyde-free silver stain; 
(B) three-dimensional surface plot of integrated spot densities for the region 
outlined in (A) illustrating how negative staining skews quantitation. The 
crater at the right is the negatively stained protein spot. Pixel density is plot-
ted on the z axis. The depression results in an artifi cially lowered value of 
integrated spot density for that protein. The other three major spots are of 
saturated density rendering quantitation unreliable, even on a relative basis. 
Silver-stained gel provided by Myra Robinson of Proteome Systems.
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to electrostactic interactions, neutral red incorporates into SDS micelles.) The most 
effective counterion stain combines zincon and ethyl violet, 17  which is more sensitive 
than staining with zincon alone. 9  

 23.5 SILVER STAINING 

 The fi rst published silver stain by Kerenyi and Gallyas 18  was an emulation of ear-
lier histochemical stains and enabled the visualization of proteins in agarose gels. 
Later, Merril et al. 19  would revolutionize staining with the development of an acidic 
silver nitrate stain for polyacrylamide gels that extended sensitivity into the picogram 
range. Soon thereafter, Oakley et al. 20  described the fi rst ammonical silver stain based 
on the formation of silver diamine complexes. From these initially monochromatic 
stains have evolved the polychromic silver stains 21  in which proteins are differentially 
stained hues of blue, brown, red, and yellow. Coloration results from differences in 
silver ion complexing as it relates to amino acid composition, and subsequently, from 
differences in the rate of reduction and the size of the resulting silver particles. 

 Yudelson 22  reported an alternative photographic process involving the deposition 
of nickel rather than silver. In this process, a catalytic precursor, a metal coordinate 
compound of the platinum series, is fi rst adsorbed to proteins in the polyacrylamide 
gel. Reduction of the adsorbed metal transforms the protein bands into catalytic sites 
for the reduction of nickel to its metallic form. 

 Perhaps the most sensitive stain ever reported used [ 35 S] thiourea for toning 
of silver stained polyacrylamide gels. Adapted directly from the autoradiographic 
method used by astrophysicists to enhance photographs of faint distant galaxies, 
sensitivity was extended into the low femtogram range. Appropriately, Wallace and 
Saluz 23  would title their  Nature  article “Beyond Silver Staining.” 

 Merril and Goldman 24  reported that silver staining is linear only at very low pro-
tein concentrations, spanning over the 0.02 to 2.0 ng/mm 2  range. (This would more 
appropriately be expressed in terms of mm 3,  since sensitivity is also a function of 
gel thickness. Protein bands and spots are three-dimensional entities.) The slopes 
obtained for eight standard proteins had a coeffi cient of variation of 0.78. Moreover, 
silver staining correlates poorly with other stains. Smejkal et al. 25  demonstrated that 
for 944 different bacterial proteins, the correlation coeffi cient of silver staining with 
SYPRO Ruby and CBB staining was 0.48 and 0.66, respectively. 

 Silver ions bind proteins by electrostatic interaction with COO −  groups of Asp 
and Glu or by complexing with the imidazole, SH, SCH

 3 
, and NH

 3  
groups of His, 

Cys, Met, and Lys, respectively. Thermodynamics favor the reduction of free silver 
ions in the gel over the reduction of silver complexed with protein, thus there is 
predisposition toward negative staining of proteins. While silver impregnation may 
be cross-sectional, the reduction of silver occurs only at the gel surface where the 
unbound silver ion concentration is signifi cantly lowered by washing the gel prior 
to development. Hence, reproducible silver staining of proteins and moderation of 
background staining relies on the precise control over these washing steps; prolonged 
washing lowers sensitivity while insuffi cient washing results in high background 
development. 
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 Most importantly, silver stains use aldehydes that covalently modify proteins 
rendering most of these methods incompatible with mass spectrometry. The removal 
of glutaraldehyde improves compatibility with mass spectrometry but coincides with 
decreased sensitivity, and formaldehyde is still necessary for the reduction of silver 
ions. Further, the removal of metallic silver prior to mass spectrometry requires the 
use of strong oxidizing agents. 

 23.6 NEGATIVE STAINS 

 From the use of metal salts have evolved a number of negative stains in which trans-
parent protein zones are formed in contrast to a developing background. (The fi rst 
silver stains were negative stains due to the faster rate at which free silver ions in 
the polyacrylamide gel are reduced.) Other metals such as copper, zinc, nickel, and 
cobalt are not reduced, but instead form insoluble complexes with components of the 
polyacrylamide gel other than the separated proteins. 26  The negative image devel-
ops within minutes and staining is completely reversible. This is in contrast to CBB 
staining, which binds proteins so tenaciously that it may not be completely removed 
from trypsin digested peptides, as evidenced from spectra showing mass shifts cor-
responding to multiples of CBB molecular mass. 27  Since proteins are not precipitated 
in the gel, trypsin digestion and the recovery of peptides is more effective. 

 Divalent transition metals react with carbonates and hydroxides produced during 
electrophoresis to form complexes that are apparently stabilized by Tris and SDS, 
but are dissociated by glycine, dithiothreitol (DTT), or ethylenediaminetetraacetic 
acid (EDTA). 28  In the zinc-imidazole method, SDS at concentrations below its CMC 
stabilizes zinc-imidazolate complexes in the surrounding gel, whereas the localized 
high concentration of SDS associated with proteins prevents the formation of these 
complexes. 29,30  

 Casero et al. 31  described a negative gold stain with sensitivity reportedly equal to 
silver. (Such claims are rather ambiguous, since they usually emanate from compari-
sons with a particular staining method, not necessarily the most sensitive one.) While 
the underlying mechanisms of gold staining remain obscure, it is conjectured that 
mixed gold-detergent micelles are formed within the polyacrylamide matrix, where 
they remain trapped. For this reason, negative gold staining is ineffectual in agarose 
gels where macroporosity impedes the entrapment of nascent micelles. 

 Gombocz and Cortez 32  exploited the intrinsic fl uorescence of carrier ampholytes 
used in isoelectric focusing (IEF) for protein shadowing. Fluorescent scanning of these 
gels during electrophoresis revealed the localized quenching of carrier ampholyte 
fl uorescence by the focused protein zones, which registered as inverted peaks. Similarly, 
Chen and Chrambach 33  described gels fortifi ed with the uncharged fl uorescent com-
pound umbelliferone and the quenching of fl uorescence by unlabeled proteins. 

 23.7 SCHLIEREN OPTICS 

 In 1966, Allen and Moore 34  fi rst used schlieren optics to monitor the electrophoresis 
of unstained proteins in polyacrylamide gels. Sensitivity was in the low microgram 
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range. This approach was revisited two decades later by Takagi et al. 35  for real-time 
visualization of ionic boundaries in SDS PAGE. Using improved schlieren optics, 
bands corresponding to 100–300 ng of protein were detected. 

 23.8 FLUORESCENT STAINS 

 Numerous very sensitive methods for the fl uorescent labeling of proteins prior to electro-
phoresis have been described. Both fl uorescamine and 2-methoxy-2,4-diphenyl-3(2H)-
furanone (MDPF) enable sensitivity in the low nanogram range, 36,37  and because 
these compounds and their hydrolysis products do not fl uoresce, the detection of low 
levels of protein is not impaired by background fl uorescence. The nonfl uorescent 
reagent MDPF reacts with lysine amino groups to form covalent fl uorescent adducts 
that are more photostable than their fl uorescamine counterparts. Signifi cant shifts 
in protein mass and isoelectric point are induced which negate IEF and complicate 
analysis of mass spectra. To overcome the obstacles presented by covalent modifi ca-
tion in a manner that is permissive of IEF, proteins have otherwise been labeled with 
the cyanine dyes Cy2, Cy3, and Cy5 in a limiting reaction in which only 1% to 2% of 
lysines are modifi ed. 38  Another approach enabling IEF is to label the proteins follow-
ing focusing, but prior to second-dimension PAGE. Conrad et al. 39  described DNP 
derivatization of protein carbonyls in IPG strips during the equilibration process that 
precedes PAGE. 

 Yamamoto et al. 40  detected picomolar quantities of proteins in polyacryl-
amide gels based on the labeling of protein sulfhydryls with the fl uorescent thiol 
 N -(7-dimethylamino-4-methylcoumarinyl) maleimide (DACM). Later, the poor 
correlative of thiol-reactive fl uorophores with polypeptide mass was very clearly 
demonstrated by Berggren et al. 41  using monobromobimane for detection of the sub-
units of  Escherichia coli  ATP synthase complex. The application of these reagents 
is limited since they stain only a specifi c residue such as cysteine, and consequently, 
they are insensitive for the detection of polypeptides that do not contain the reactive 
residue in suffi cient numbers. 

 SYPRO Ruby has traditionally been used to bridge the gap between CBB and 
silver staining sensitivity. SYPRO Ruby has a broader linear dynamic range than 
silver, enables better sequence coverage, and in some instances, stains proteins that 
are poorly stained with silver. For example, SYPRO Ruby stains human epidermal 
keratin with 20 times greater sensitivity than acidic silver nitrate stain and with eight 
times greater sensitivity than alkaline silver diamine stain. 42  Rabilloud et al. 43  demon-
strated a ruthenium II Tris bathrophenanthroline disulfonate complex with sensitivity 
greater than the original SYPRO Ruby, but this was later countered with a report of 
an improved formulation of SYPRO Ruby. 44  The staining mechanism of sulfonated 
lanthanide chelates is primarily through electrostatic interaction. The ruthenium ion 
coordinates three bathrophenanthroline disulfonates resulting in a hexasulfonated 
complex that avidly binds proteins in their protonated state. A correlative of 0.83 
was found between SYPRO Ruby and CBB staining. 25  

 Bell and Karuso 45  recently isolated a compound from the fungus  Epicoccum 
nigrum  useful as a fl uorescent stain for polyacrylamide gels. Distributed by Amersham 
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Biosciences under the trade name Deep Purple, it is reportedly several times more 
sensitive than SYPRO Ruby. 46  The reactive component of the Deep Purple stain is 
epicocconone, a nonfl uorescent azophilone that becomes fl uorescent when it interacts 
with protein. 47  The shift to fl uorescence is induced by the reaction of epicocconone with 
lysine amines. However, more epicocconone apparently binds to the proteins than can 
be converted intrinsically, and subsequently, gels must be incubated in dilute ammo-
nia to fully convert the azophilone to its fl uorescent form. As a consequence, residual 
epicoccone in the gel is also converted in the process, which generates background 
fl uorescence and decreases the signal-to-noise ratio. Another disadvantage of the stain 
is its photoinstability. 25  The primary mechanism of epicocconone binding is through 
hydrophobic interaction with lypophilic tail of SDS bound to protein, similar to the 

FIGURE 23.3 Colloidal CBB staining according to Smejkal et al.51,52 compared to Deep 
Purple fl uorescent stain. The number of spots detected in triplicate gels is shown. CBB detected 
7.3% more protein spots than Deep Purple. Insets show the insensitivity in which Deep Purple 
detects the second, middle protein spot shown in the enlarged regions of the gel. The integrated 
density of each spot from which estimates of relative protein amount were derived for each 
stain are tabulated. First-dimension IEF was performed on IPGs pH 4–7 (left to right, acidic 
to basic proteins). Second-dimension SDS PAGE was performed on 6–15% polyacrylamide 
gradient gels.
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mechanisms of Nile Red 48  and the SYPRO Red and Orange and dyes. 49  Staining based 
strictly on this interaction with SDS makes the incorrect assumption that all proteins 
bind SDS to a similar degree. To the contrary, glycoproteins bind signifi cantly less SDS 
than other proteins, 50  and therefore, would be stained less effi ciently with epicocco-
none. Hence, Deep Purple will be insensitive for some proteins (Figure 23.3, enlarged 
regions). A correlation coeffi cient of 0.84 was estimated between Deep Purple and 
CBB staining. 25    

 23.9 RECENT DEVELOPMENTS IN COLLOIDAL 
COOMASSIE CHEMISTRY 

 The colloidal properties of CBB, or other ionic dyes for that matter, can be manip-
ulated by altering the type of counterion and its concentration relative to the dye 
concentration. The addition of ammonium salts drives the formation of larger, but 
decreasingly stable dye colloids. This is analogous to counterion staining except that 
an ammonium salt, usually ammonium sulfate, substitutes for the secondary dye as 
counterion for stabilization of the primary colloid. Some stabilization occurs when 
the intermolecular repulsion of disulfonates is lowered in the presence of a suitable 
counterion, such that dye molecules can be arranged in closer proximity. The solubil-
ity of the G and R forms of the Coomassie dye in water is 50 and 70 mg/ml, respec-
tively. It is the lower solubility of G-250 that drives the formation of larger colloids 
than are formed with R-250, and this shift from the molecular dispersed form of the 
dye results in lowered background staining. 

 Smejkal et al. 51  described the controlled transition of molecular dispersions of G 250 
to an unstable colloid which nearly completely precipitates over a 10- to 12-hour time 
course. Termed equilibration staining, it was estimated that 99.1% � 0.4% of the dye 
was precipitated leaving the gel to equilibrate in a nearly clear residual staining solu-
tion. Background staining was minimal and the gels could be scanned directly from 
the staining solution. Background staining was increased if the equilibrated gel was 
transferred to methanol, acetic acid, or even water since the dye resolubilized into the 
surrounding media and diffused randomly back into the gel. To counter this effect, 
the stained gels were stored in a dilute ammonium sulfate solution. Distributed by 
Proteome Systems under the tradename ProteomIQ Blue, sensitivity is comparable 
to SYPRO Ruby and Deep Purple fl uorescent stains. 52  

 The Blue Silver stain described by Candiano et al. 53  was more sensitive than any 
of the colloids previously described by Neuhoff et al. 4  Increased binding of CBB was 
attributed to increasing the phosphoric acid concentration, hence lowering the pH, to 
enable more comprehensive protonation of Asp and Glu residues. Unlike the name 
implies, it was not as sensitive as silver staining. 

 Recently, Lazarev and Johnson 54  integrated CBB fl uorescence in gels scanned 
with an infrared laser scanner (LiCor, Nebraska). CBB fl uoresces maximally near 
680 nm excitation wavelength and an increase in sensitivity approaching two orders 
of magnitude was reported (Figure 23.4). As a fl uorescent stain, CBB is at least twice 
as sensitive as SYPRO Ruby.   
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FIGURE 23.4 Two-dimensional gel of Escherichia coli cytosol stained with CBB and visual-
ized by white light transillumination (top). The same gel scanned with a LiCor Odyssey infra-
red laser at excitation wavelength 680 nm (middle) compared to a duplicate gel stained with 
SYPRO Ruby fl uorescent stain (bottom). First-dimension IEF was performed on IPGs pH 4–7 
(left to right, acidic to basic proteins). Second-dimension SDS PAGE was performed on 6–15% 
polyacrylamide gradient gels. Images provided by Alexander Lazarev and Peter Johnson.
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  24.1 INTRODUCTION 

 The detection of posttranslational modifi cations of proteins is becoming increasingly 
important as it is being recognized to play a key role in cell signaling. The two 
most widely studied phenomena are glycosylation and phosphorylation of proteins. 

 24 
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Glycosylation can be divided into O-linked (attached to serine or threonine residues 
through an hydroxyl group) or N-linked (attached to asparagines through a β-amide 
bond) oligosaccharides. 1,2  Changes in N-linked branching structures of the carbohy-
drate moieties have been associated with the malignant transformation of cells 3–6  as 
well as cell–cell adhesion. A variety of methods have been developed both for gel 
electrophoresis and for pure mass spectrometry approaches (reviewed in 7 ) to identify 
the glycoproteins as well as their carbohydrate content. 

 Protein phosphorylation has been studied extensively using a broad range of 
methods from immobilized metal affi nity columns (IMAC) in conjunction with mass 
spectrometry analysis, radiography of incorporated  32 P (or  33 P) to immunoblotting 
against anti-phosphoserine, threonine, or tyrosine residues. Reversible phosphorylation 
plays a critical role in biological regulation (as in the Krebs cycle or cell signaling) 
as well as in the activation of oncogenes. 8–10  

 In order to ease the detection of either glycosylated or phosphorylated proteins 
in polyacrylamide gels or microarrays, we developed the Multiplexed Proteomics ®  
platform consisting of fl uorescent stains that are capable of specifi cally detecting car-
bohydrate (Pro-Q ®  Emerald 300 glycoprotein gel stain) or phosphate groups (Pro-Q 
Diamond phosphoprotein gel stain) after sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) or 2D gel electrophoresis. 11,12  Pro-Q Emerald glycopro-
tein stain is based on a periodic acid and Schiff Base chemistry that leads to a covalent 
bond of the dye to the carbohydrate moiety of the protein. Since the dye does not inter-
act with the amino acids themselves, trypsin digest fi ngerprinting of proteins is still 
possible, especially in conjunction with an endoglycosidase treatment (like PNGase F). 
Pro-Q Diamond stain, on the other hand, is a noncovalent stain and therefore does not 
interfere with mass spectrometry either. Both stains can be sequentially stained for total 
protein detection using SYPRO ®  Ruby protein gel stain, which allows for differential 
display analysis 13,14  and relative quantitation of expression levels as well as subsequent 
mass spectrometric identifi cation of proteins. If the posttranslational protein stains are 
followed by a total protein detection method like SYPRO Ruby, the degree of shift in 
phosphorylation or glycosylation due to the versus normal cells can be determined. 15  

 The three dyes employed in the Multiplexed Proteomics platform span a wide 
range of emission wavelengths. The Pro-Q Emerald 300 dye has a ultraviolet (UV) 
excitation maximum and cannot be used on laser-based gel scanners, whereas the 
Pro-Q Diamond dye is optimally excited with a 532 nm laser. SYPRO Ruby protein 
gel stain is very versatile in that both UV light as well as 473 or 488 nm lasers can 
be used for excitation. This chapter is designed to help both new and experienced 
users of fl uorescent stains to understand the basic principles as well as some pitfalls 
of using the Multiplexed Proteomics platform on 2D gels. 

 24.2 MATERIALS 

 24.2.1 2D Gel Staining 

 Pro-Q Emerald 300 glycoprotein gel stain, Pro-Q Diamond phosphoprotein gel 
stain, and SYPRO Ruby protein gel stain were obtained from Molecular Probes, Inc. 
(Eugene, Oreg.). 
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 Human plasma and dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) 
were obtained from SIGMA Chemical Company (St. Louis). IPG strips used for 
this study were purchased from Amersham Life Sciences (Piscataway, N.J.). The 
volumes used for fi xation and washing large format 2D gels are typically 500 ml/gel. 
For the staining step, a minimum of 350 ml/gel (see protocol below) is required 
(larger volumes of 400 to 500 ml might be advisable, depending on the container size 
used). For smaller gels, a volume of stain that is roughly ten times the volume of the 
gel should be employed. 

 24.2.2 Glycoprotein Detection Using Pro-Q Emerald 
300 Glycoprotein Gel Stain 

 The buffers and solutions needed for glycoprotein detection included in the Multiplexed 
Proteomics glycoprotein gel stain kit are as follows: 

  1. Pro-Q Emerald 300 reagent, component A, enough for 1l of total staining 
solution, which can be used to stain up to three large 2D gels (20 × 20 cm). 

  2. Pro-Q Emerald 300 staining buffer (component B), 1l. 
  3. Periodic acid, 10 g (component C). 
  4.   SYPRO Ruby protein gel stain, 1l. 

 In addition, the following solutions should be made up fresh before use: 

   1.  Fixation solution: 50% methanol, 10% acetic acid in dH
 2 
O. 

   2.  Wash solution: 3% acetic acid in dH
 2 
O. 

   3.  Carbohydrate oxidation solution: 1% periodic acid in 3% acetic acid. Add 
1l3% acetic acid to component C and mix until completely dissolved. This 
solution is stable for several months. 

   4.  Pro-Q Emerald staining solution: Add 24 ml of   DMF to the Pro-Q Emerald 
300 reagent (component A) and mix until completely dissolved. If DMSO 
is used instead of DMF, the gel background might increase. Unused solution 
should be stored in the freezer (�−20°C) and is stable for several months. 
Each large format 2D gel is stained with 350 ml (absolute minimum in 
order to obtain high quality staining and good sensitivity) of diluted Pro-Q 
Emerald 300 dye. 

   5.  Wash solution for SYPRO Ruby protein gel stain: 10% methanol (or ethanol), 
7% acetic acid. 

 24.2.3 Phosphoprotein Detection in 2D Gels 

 The following solutions have to be made up fresh before use: 

  1. Fixation solution: 50% methanol, 10% acetic acid in dH
 2 
O 

  2. Destain solution: 20% acetonitrile, 50 mM sodium acetate pH 4.0 (can 
be stored for several weeks at room temperature). Enough solution for 
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three washes should be prepared ahead of time. It is helpful to have a 1 M 
stock of sodium acetate at hand (pH 4) that can be diluted to 50 mM fi nal 
 concentration in 20% acetonitrile. 

 24.2.4 Total Protein Detection Using SYPRO Ruby 
Protein Gel Stain 

 For washing the gels after staining, enough of a 10% methanol (or ethanol), 7% 
acetic acid solution should be made up fresh for two to three washes. 

 24.2.5 Instrumentation for Imaging Fluorescent Stains 
and Data Analysis 

 In order to image all members of the Multiplexed Proteomics technology family, 
both a UV light based charge-coupling device (CCD) camera system and a laser-
based gel scanner would be ideal. The following instruments can be used for imaging 
the fl uorescent stains. 

  1. Pro-Q Emerald 300 dye: The LumiImager (Roche Biochemicals, 
Mannheim, Germany) or any standard UV light based imaging system 
with a 300 nm excitation is suitable. As an emission fi lter the 520 nm 
bandpass in the LumiImager or a Wratten #9 photographic fi lter are 
well suited. 

  2. Pro-Q Diamond dye: For optimal imaging results, a 532 nm excitation 
wavelength as obtained by a frequency doubled Nd-YAG laser is recom-
mended. In case of the BioRad FX laser based imaging system, a 555 
longpass fi lter is recommended for the emission, whereas the 580 nm 
longpass fi lter is optimally suited when using the FUJI FLA 3000. Optimal 
fi lters on other laser-based imaging systems have to be determined 
empirically. 

  3. SYPRO Ruby dye:   This is the most versatile dye of the family with respect 
to suitable excitation wavelengths. SYPRO Ruby dye can be imaged on 
either a UV light based systems just like the Pro-Q Emerald 300 dye using 
the same emission fi lters or a laser-based imaging system. Optimal exci-
tation using laser scanners is obtained with either a 473 nm (FUJI FLA 
3000) or a 488 nm laser (BioRad FX). To match the emission wavelength, 
the same fi lters as used for Pro-Q Diamond dye are best suited. 

  4. Data analysis software:   The number of good 2D analysis software pack-
ages has increased in the last fi ve years, and the pros and cons cannot be 
discussed in this chapter. Some of the commercially available software 
packages include: Delta 2-D (Decodon, Greifswald Germany), Progenesis 
(Nonlinear dynamics, Newcastle upon Tyne, UK), Z3 (Compugen, TelAviv, 
Israel), and PDQuest (BioRad Laboratories, Hercules, Calif.). Virtual over-
lays for visual inspection can also be performed in Adobe Photoshop, but it 
is a bit more tricky than using the specialized  software. 
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 24.3 METHODS 

 Multiplexed Proteomics technology staining can be performed by sequential staining 
for one posttranslational modifi cation combined with total protein poststain as well as 
by combining both posttranslational specifi c stains sequentially followed again by a 
total protein detection. It is important to image one stain before continuing to the next 
because the Pro-Q Diamond dye signal is removed during the second fi xation. Doing 
the glycoprotein and phosphoprotein specifi c stains on separate gels is defi nitely the 
most reliable way, if quantitative data are the goal, as well as obtaining maximum 
sensitivity and specifi city. However, it is possible to stain a single 2D gel fi rst for gly-
coproteins, followed by an overnight fi xation, before continuing on to the glycoprotein 
and total protein detection. This approach can lead to an increase in unspecifi c stain-
ing in the glycoprotein detection, as well as a reduction in signal intensity and loss in 
sensitivity in the Pro-Q Emerald 300 dye staining. The fi xation in between the phos-
phoprotein stain and the glycoprotein stain was found to be extremely important in 
obtaining reliable results. For the untrained user, it might be helpful to stain one set of 
gels for each posttranslational modifi cation separate at fi rst as a control, before doing a 
sequential three color stain on a single gel. Simultaneous imaging of any of the stains 
is not possible. 

 24.3.1 Detection of Phosphoproteins 

 When considering the protein load for 2D gels, it is advisable to start with a load 
appropriate for a Colloidal Coomassie stain, which is similar to the sensitivity of Pro-Q 
Diamond phosphoprotein gel stain for singly phosphorylated proteins. We routinely 
load 150 to 250 µg of protein of a cell lysate for large format 2D gel (4–7 or 3–10 IPG 
strips). After running the 2D polyacrylamide gels, it is important to fi x the gels in 50% 
methanol, 10% acetic acid overnight. All steps are conducted with gentle agitation 
(50 rpm). Complete removal of SDS ensures specifi c staining especially if a lower 
grade SDS is used. In some cases a second fi x for 1 hour might be needed. The next 
day the fi xative is washed out with three 15-minute washes in dH

 2 
0. The washes can be 

extended for up to 30 minutes each without negative infl uence on the fi nal results. The 
gels are then stained for 1.5 to 2 hours in Pro-Q Diamond dye solution followed by 
three 30-minute destainings. Before imaging, it is important to wash the gels in dH

 2 
O 

to prevent corrosion of the instruments due to vapors. Gels are then imaged using a 
532 nm laser excitation and a 580 nm longpass fi lter (FUJI FLA 3000) or a 555 nm 
longpass fi lter (BioRad FX). If the background is still high or uneven, perform another 
destaining step for 30 minutes and repeat the water wash before imaging the gel again. 
If a UV light source is used for excitation, the sensitivity can be up to ten-fold lower, 
which has to be adjusted for with the protein load on the gel. It is helpful to have a 
positive control on the gel either as a 1D marker lane or a known phosphoprotein in the 
lysate that can be seen easily in order to adjust the grayscale correctly. If the gel back-
ground is brought up to extreme levels, low amounts of unspecifi cally labeled proteins 
can appear as very dark spots. Since the stain is of a noncovalent nature, proteins can 
still be identifi ed after staining by trypsin digest and mass spectrometry methods. 
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 24.3.2 Detection of Glycoproteins 

 Gels are fi xed in 50% methanol, 10% acetic acid overnight like for Pro-Q Diamond 
dye staining. The next day, the gels are washed three times 15 minutes in 3% acetic 
acid, followed by an oxidation step for 1 to 2 hours. The periodic acid is removed 
by three to four 20-minute washes in 3% acetic acid. This step is very important to 
ensure good labeling with the Pro-Q Emerald dye. The staining step is performed 
for 2.5 to 3 hours in the diluted Pro-Q Emerald dye using the provided staining buffer. 
To remove the background staining of the gels, two to three 20-minutes of washing 
in 3% acetic acid is performed, before imaging. Again the gels could be imaged after 
two washes and again after three wash steps if necessary. 

 For gel imaging a UV light source is used for excitation in combination with a 
520 nm band pass fi lter or a Wratten #9 longpass fi lter. Even though the stain binds 
covalently to carbohydrates, proteins can still be identifi ed by mass spectrometry, 
especially, if the carbohydrate moiety is cleaved of before trypsin digestion using 
PNGaseF, for example, for N-linked carbohydrates. 

 24.3.3 Detection of Total Protein 

 After obtaining satisfactory images, each of the stains described in the previous 
 sections can be directly followed by SYPRO Ruby protein gel stain (or any other 
total protein stain) without further fi xation. It is advisable to stain the gels overnight 
to ensure the brightest signal. The next day the background signal has to be reduced 
by two to three 20-minute washes in 10% methanol, 7% acetic acid followed by 
another 15 minutes in dH

 2 
O before imaging the gels. 

 24.3.4 Three-Color Staining of Gels 

 In some cases it might be desirable to stain a sample for glycol as well as phospho-
protein content followed by total protein staining. In those cases, the gel fi rst has to 
be stained with the Pro-Q Diamond dye as described in section 24.3.1 followed by 
the complete protocol described in 24.3.2 including the fi xation step, which is very 
important to be repeated. This ensures better specifi city. The SYPRO Ruby dye stain-
ing can be performed straight after the Pro-Q Emerald 300 dye without another fi xa-
tion. The brightness of the Pro-Q Emerald 300 dye signal is compromised to some 
extent if used in a three-color staining setup (see Figure 24.1 B, C) Human plasma is 
a very nice test case due to the presence of reasonable amounts of glycosylated and 
phosphorylated proteins. 

 24.4 CONCLUSIONS 

 A variety of methods for posttranslational modifi cation identifi cations have evolved 
over the past fi ve years, including mass spectrometry methods, Western blot based 
analysis with improved antibodies, as well as affi nity-based purifi cations methods. The 
Multiplexed Proteomics technology platform is a good addition in regard to sensitivity, 
specifi city, and ease of use. Through mixing and matching of the three different protein 
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  FIGURE 24.1  Human plasma after albumin depletion was separated on a 2D gel using 4–7 IPG 
strips and a 10% SDS-PAGE gel. (A) Gel stained with Pro-Q Diamond dye; (B) gel stained only 
with Pro-Q Emerald 300 dye; (C) gel stained with Pro-Q Emerald 300 dye after Pro-Q Diamond 
dye; (D) SYPRO Ruby dye staining of gel shown in B; (E): SYPRO Ruby dye staining of the 
gel shown in C. HG, haptoglobin β chain; HS, α2 HS glycoprotein; HP, hemopexin. Images for 
Pro-Q Emerald dye were obtained on the LumiImager (Roche Biochemicals). All other images 
were obtained using the BioRad FX (see Methods for details). 

stains involved, this technology is fl exible and adaptable to different questions. It can 
also be used as the front end of any mass spectrometry based analysis by streamlining 
the number of proteins that have a potentially interesting posttranslational modifi ca-
tion, rather than using a shotgun approach. It can also be used in conjunction with 
Western blot analysis (e.g., the identifi cation of the global glycoprotein pattern fi rst, 
followed by specifi c lectin Western blots or in the case of phosphoprotein identifi cation 
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the Pro-Q Diamond dye can be paired with antibody detection of phosphor-Ser, -Thr, 
or -Tyr residues). Using this approach, more posttranslationally modifi ed proteins can 
be  identifi ed with less complicated methods. 
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 25.1 INTRODUCTION 

 Large proteins do not penetrate gels for polyacrylamide gel electrophoresis (PAGE), 
and small proteins and peptides cannot be fi xed by blotting for detection or measure-
ment. Even molecular weight markers do not transfer reliably, but their transfer is 
inversely dependent on molecular size. 1  We were driven to develop an alternative to 

 25 
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PAGE and Western blotting because fi brinogen and its multimeric derivatives, the 
proteins of principal interest to us, do not blot-transfer at all. By example, studies 
using Western blotting failed to detect all but degraded forms of fi brin(ogen), while 
our studies using direct immunoprobing showed that degraded fi brinogen comprise 
a miniscule percentage of the total (Figure 25.1) and intact fi brinogen and its cross-
linked polymers comprise nearly all of the deposits. 2  The intact fi brinogen and its 
oligomers remain in the poyacrylamide gels like highly insoluble, precipitated blocks 
of coal as they separate from the SDS. Our solution was to develop an agarose-based 
derivative with acetaldehyde substituent groups that interact too weakly with amino 
groups to interfere with electrophoresis but could covalently link the protein and 
 peptide to the gel matrix as alkyl amine adducts by simply immersing the gel in buffer 
containing cyanoborohydride to catalyze reductive amination of the aldehyde substit-
uent groups. 3,4  Further, the gels could be used for multiple immunoprobing for tricolor 
staining of fi brinogen α, β, and γ chains 5  and enhancing sensitivity because retained 
antibody can be fi xed in-place for multiple processing without loss. The advantages are 
illustrated by their utility for detecting numerous fi brin(ogen) derivatives not known 
before 2,6,7,8  and detection of small peptides such as heme-octapeptide that cannot be 
fi xed by conventional fi xatives. 4  Even the usual molecular weight standards have vari-
able blot-transfer characteristics, varying inversely with molecular size. 1  However, 

  FIGURE 25.1  Glyoxyl agarose electropherograms of saline (SAL) and SDS-urea (SDS-U) 
extracts of three atherosclerotic aortic intimas probed directly with anti-fi brinogen antibody 
showing only intact fi brinogen and oligomers, and virtually no degraded forms. The two lanes 
at the right (designated PL) are of a normal plasma sample run at indicated dilutions. Prior 
studies using Western blotting uncovered only degraded forms from intimal extracts because 
intact fi brinogen does not blot transfer. 2  Likewise, reduced gels failed to reveal degraded poly-
peptide chains of fi brinogen, only intact chains and cross-linked high molecular weight oligo-
mers, which also do not blot-transfer well at all. 
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direct probing of thick gels is much more time consuming and requires more attention 
to detail than the much simpler probing of thin blotting membranes. Yet, blotting fails 
to reveal many proteins. We have devised a simplifi ed approach to direct immuno-
probing by converting the thick electrophoresis gels to thin membranes that can be 
probed as easily and more certainly than blotting membranes. 

 25.2 PREPARATION OF GLYOXYL AGAROSE 

 Glyoxyl agarose is best prepared by reaction of agarose gels, rather than powders 
or molten solutions, with glycidol and oxidation of resultant glyceryl agarose, as 
described. 3  A simple method involving derivatization of agarose powder was described, 4  
but this approach yields a low melting form that can partially dissolve in SDS solutions. 
The gels used for derivatizing have protected hydroxyls involved in aggregation of the 
agarose, whereas those hydroxyls are left unprotected in the powders and in molten 
agarose. Importantly, the glycidol should have low polymer content (viscosity below 4 
centipoise at 20 � C), obtained either from fresh lots from the manufacturer or purifi ed 
by vacuum distillation and stored at �70 � C. The derivatized agarose can be stored at 
4 � C for years in 0.1 mM HCl. For gel preparation, the glyoxyl agarose should be mixed 
with twice as much unmodifi ed agarose prior to melting. 

 25.3 COMPOSITE GELS 

 Agarose gels, by themselves, do not adequately sieve proteins of moderate molecu-
lar size. To enhance sieving we constructed composites with degradable (removable) 
polyacrylamide fi llers, as described. 4,7  These fi llers are constructed using dihydroxy-
ethylene-bis-acrylamide (DHEBA) as a cross-linker because it is easily hydrolyzed 
at alkaline pH. We also add 1-allyloxy-2,3-proparnediol to the polymerization mixture 
because it helps produce small polyacrylamide fragments that are easily washed out of 
the glyoxyl agarose matrix with its retained (immobilized) proteins or peptides. 4  Upon 
fi xing the protein or peptide and removal of the PAG fi ller, the gels are open to direct 
probing with antibody. 

 25.4 SIMPLIFIED IMMUNOPROBING WITH 
COMPRESSED GELS 

 The problem with direct immunoprobing is that gels are thick (nominally 1.5 mm), 
and because of dissociability of antigen and antibody, complexes require special-
ized washout procedures, best achieved by precise suctioning buffer through the 
gels. That imposes a burden, and except where necessary for fi brinogen and von 
Willebrand factor 7,9  the approach has been ignored. To remove that obstacle, we 
devised a method for constructing gels that could be compressed from 1.8 to 0.3 mm, 
which enabled washout of unbound antibody in 20 seconds and made direct immu-
noprobing as simple as Western blotting. 10  However, this simplifi ed approach needs 
prefabricated gels to become adopted because few laboratories prepare their own 
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gels and want gels that can be run in a standard format for comparing results with 
international databases, regardless of the defi ciencies of the gels. 

 25.5 MASS PRODUCTION OF THE COMPOSITES 

 The simplest approach, in our opinion, would be to photopolymerize the acrylamide 
fi ller in the composite gels using methylene blue as chromophore, 11  which was shown 
to be superior to persulfate-catalyzed polymerization in both acid and basic buffers. 
Further, by using a moving illumination shield, it should be possible to create gradi-
ent gels that can separate and fi x proteins from 10 <1  to 10 8  kDa without worrying 
about fi xation or blot-transfer characteristics. 

 25.6 CURRENT AVAILABILITY 

 Glyoxyl agarose was initially available as NuFix from FMC Bioproducts (now Cambrex); 
however, they discontinued production because their method of preparation yielded a 
low-melting form, synthesized in molten form, which proved no better than other 
immobilizing media despite its low cost for beaded affi nity gels. Glyoxyl agarose is 
currently available from Hispanagar (Madrid, Spain) distributed in the U.S. by Global 
Imports (Tampa, Fla., www.Abtbeads.com). 

 25.7 CONCLUSION 

 What do you do when PAGE or Western blotting fails your research efforts because 
your proteins do not enter the gels or blot transfer effi ciently? Consider glyoxyl aga-
rose and its composites, which are permeable to anything and also eliminate, by 
direct probing, the uncertainties of Western blotting. Glyoxyl agarose and its com-
posites can also be probed repetitively for either enhanced sensitivity or multicolor 
discrimination. 4,10  
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 26.1 INTRODUCTION 

 Typically in biochemistry, protein purifi cation is followed by functional studies to 
characterize a purifi ed protein. Likewise, in the emerging fi eld of proteomics, sepa-
ration of the many proteins in the proteome will need to be followed with functional 
characterizations, but now on a much larger scale since more proteins are involved. 
To this end, the fi eld of chemical proteomics 1,2  has emerged as a subdiscipline of 
proteomics, devoted to the study of protein–ligand interactions in a proteome-wide 
or systems-based manner. We defi ne systems-based strategies broadly to include not 
only the simultaneous study of proteins related by metabolic or regulatory pathway, 3  
but also those defi ned by binding site shape and chemical make-up (pharmaco-
phore). 4–6  Thus, proteins are grouped by the network of interactions that occur either 
directly between them or indirectly through the ligands they bind. Studies can be of 
either ( a ) mixtures of proteins (either in cells or cell lysates) analyzed as a pool, or 
( b ) purifi ed proteins analyzed in parallel. 

 While chemical proteomic strategies were initially developed using methods such 
as affi nity- or activity-based profi ling, 7,8  nuclear magnetic resonance (NMR) methods 
are increasingly being used to broadly explore protein function. 9,10  We explore these 
methods in this chapter. Strategies include ( a ) NMR-guided design of gene-family 
focused libraries of chemical proteomic probes using NMR SOLVE; 4,11,12  ( b ) affi nity 
fi ngerprinting with Cofactor fi ngerprinting with saturation transfer difference (CF STD) 
NMR; 9,10,13  ( c ) NMR-constrained docking studies; 12,14  and ( d ) methods for assaying 
protein–ligand interactions  in vivo  ( in cell  NMR 15  and magnetic resonance imaging 13 ). 
Studies of protein–ligand interactions across gene families are discussed as a means 
for understanding the basic biochemical roles of proteins and the design of drugs and 
chemical genomic probes and inhibitors to determine function  in vivo.  With regard to 
drug and inhibitor design, proteins and protein families are presented as targets and 
antitargets in terms of whether desired or undesired protein–ligand interactions occur 
in the biological milieu. 

 26.2 BACKGROUND 

 26.2.1 Chemical Proteomics as Systems-Based 
Characterization of Protein Function 

 The fi eld of chemical genomics (or chemogenomics) relies on chemical probes to 
explore biological function in the context of a whole organism—effectively using 
chemicals to destroy the function of a protein target, thereby generating the chemical 
equivalent of a genetic knockout. 16  To the extent that the underlying biology of an 
organism is determined by the biochemical functions of all its proteins (its proteome), 
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the strategy of chemical genomics is to probe the biological function by chemically 
knocking out one protein at a time and studying the biological consequences of each 
knockout. Likewise, chemical proteomics (or chemoproteomics) relies on chemical 
probes to address protein function at the level of the protein itself, rather than the 
whole organism. It does this in a systems-based or parallel manner within an organ-
ism, organ, or organelle, or on panels of purifi ed proteins. Emphasis is on protein sys-
tems related by metabolic or regulatory pathways or by binding-site pharmacophore. 
Networks of proteins related by binding site tend to bind the same ligands or chemi-
cal probes and are called pharmacofamilies. 4–6  The fi eld of chemical proteomics was 
defi ned by Jeffery and Bogyo as being focused on the method or mechanism through 
which the structure, function, and role of proteins in different biological systems can 
be studied using chemical probes. 1  These are typically affi nity-based probes used 
to label proteins with some detectable label such as a fl uorescent label that can be 
detected in the context of a protein gel (Figure 26.1). Examples of such probes have 
been used to label active site thiol nucleophiles of proteases. 17  Isotope coded affi nity 
tags (ICATs) are another widely used chemical proteomic strategy, used to label proteins 
either in the solid or solution phase and then later identifi ed using mass spectrometry. 18  
Such global labeling has been used to detect changes across a proteome in response 
to some effector such as a drug. Solution-phase studies of protein function using 
chemical probes are too numerous to review here, but include most prominently mass 
spectrometry, 19  ultraviolet spectroscopy, 20  and NMR. 21  The new challenge that pro-
teomics presents to the fi eld of biochemistry is how to perform such studies either 
on pools of proteins or in broadly executed parallel studies of many related proteins. 
This chapter focuses on some current uses and future potential of NMR methods for 
such studies in chemical proteomics.   

 26.2.2 NMR-Based Characterization of 
Protein Structure 

 NMR spectroscopy offers the fl exibility of studying either the chemical probe or the 
protein receptor, or both. NMR methods have been used widely to determine protein 
structures, dating back four decades, 21  and NMR as a tool for such studies was the 
topic of the shared 2002 Nobel Prize in Chemistry. The fi rst structures of biological 
macromolecules determined by NMR spectroscopy were based solely on [  1 H, 1 H ] cor-
relation experiments for proteins up to a size of about 10 kDa. However, for larger 
proteins, the increased resonance overlap made structure determination increasingly 
diffi cult. The introduction of isotopic labeling of proteins with the  15 N and  13 C NMR 
active nuclei has now extended the molecular weight range to beyond 20 kDa, by 
reducing resonance overlap through separation of the peaks along one or more het-
eronuclear frequency dimensions. 22  Suitable protein samples can be expressed in 
bacteria that are grown on minimal media that contains  15 N-labeled ammonium salts 
as the sole nitrogen source and  13 C-labeled glucose as the sole carbon source. For 
larger proteins, deuteration is necessary, which can be achieved by growing bac-
teria in D

 2 
O. An additional problem with even larger proteins (�20 kDa) is they 

display broad lines due to slower tumbling rates and effi cient transverse relaxation. 
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Transverse relaxation optimized spectroscopy (TROSY) 23  has now enabled the 
recording of high-resolution NMR spectra of macromolecules and multimolecular 
assemblies with good resolution for masses up to 100 kDa. The diminishing molecu-
lar weight constraints and the ability to study amorphous, nanocrystalline or micro-
crystalline materials (as opposed to crystalline solids for X-ray diffraction) has also 
led to the use of solid state NMR as an additional tool for the study of biological 
systems, especially membrane-bound proteins. 24  

 NMR structures now constitute 15 to 20% of those submitted to the Protein Data 
Bank (PDB), and the method is making signifi cant contributions in the fi eld of struc-
tural proteomics. 25,26  Since there is a direct relationship between protein structure and 
protein function, it is felt that function can be better addressed in a broad manner if 
we have access to the structural complement of the proteome, or at least for a repre-
sentative subset of proteins in the proteome. NMR along with x-ray crystallography 
are central in this effort, 25  and NMR is especially useful for smaller proteins that are 
not easily crystallized. But NMR structural studies extend beyond full characteriza-
tion of the three-dimensional (3D) structure of a protein. Recently, there has been 
much interest in using NMR as a tool to guide the modular design of protein inhibi-
tors for drug discovery    26  and to probe the function and mechanism of proteins. 4  Such 

  FIGURE 26.1  Examples of chemical probes used in chemical proteomic studies to label 
 proteins with detectable groups. Electrophilic groups in the right column are attacked 
by active site nucleophiles, yielding proteins that are tagged with a detectable group. 
Reproduced with permission from. 1  
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studies are discussed later in the chapter, while here we turn next to studies of the 
dynamic or mobile nature of protein structures. 

 26.2.3 Protein Dynamics: From Snapshots to Movies 

 Although NMR is playing a vital role in structural proteomics efforts, its main con-
tribution may be in a related effort. In the actual proteome as it exists in the cell, 
proteins are not static structures but rather are constantly in motion—and NMR is 
able to characterize protein motions on various timescales. Proteins are constantly in 
motion, with entire domains and regions of secondary structure and even sidechains 
moving, to accommodate binding events as well as changes in structure needed for 
the protein to accomplish its function as a receptor, enzyme, ion channel, molecular 
motor, and so forth. Dynamic motion is vital to protein function, which depends on 
alterations in 3D structure in response to specifi c molecular interactions with other 
proteins or with small molecule ligands—the focus of chemical proteomic studies. 
Multidimensional NMR methods, combined with isotope labeling, can provide access 
to dynamic information for virtually every atom in a protein. 22  Typical experiments 
involve measurements of the relaxation rates of  15 N nuclear spin and of the  1 H– 15 N 
cross relaxation rate, the latter being measured via the steady state  15 N{ 1 H} nuclear 
Overhauser effect (NOE). 22 15 N relaxation studies of proteins are typically performed 
at protein concentrations approaching the millimolar range. This is a considerable 
drawback, as it is not always possible to obtain labeled protein in suffi cient quantities 
or to be able to create protein solutions that are concentrated enough for the required 
measurements. However, there has recently been a revolutionary improvement in 
sensitivity, made possible with cryoprobe technology. The receiver coil is cooled to 
near liquid helium temperatures (�25 K), thus decreasing electronic thermal noise in 
the receiver and resulting in increased signal-to-noise ratio without affecting temper-
ature in the sample chamber. The sensitivity enhancement available with cryoprobe 
technology is an impressive 3.1- to 3.3-fold, compared with the 2-fold improvement 
obtained in going from 500 to 800 MHz. 

 26.2.4 NMR-Based Fragment Assembly: Modular 
Inhibitor Design in NMR Legoland TM  

 NMR-based modular approaches to drug design began in the mid-1990s with the intro-
duction of the structure activity relationship (SAR) by NMR technique, 26  although 
the general modular approach to inhibitor design predates this and was elaborated 
on extensively in the fi eld of enzymology by Jencks et al. 27  SAR by NMR is based 
on the use of protein chemical shift changes to screen for low-affi nity ligands, fol-
lowed by structural characterization to determine which ligands are proximal to each 
other, then these are chemically joined through a linker. Thus, structural information 
is used to direct a linked fragment approach to enhancing binding affi nities. Other 
NMR-based fragment screening methods have been reported in recent years, such as 
SHAPES. 28  In SHAPES, the goal is to assess the binding of a fairly small but diverse 
library of low molecular weight scaffolds to a drug target using NMR techniques 
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that detect ligand. An important aspect of the SHAPES strategy is that the fragments 
being screened for binding are carefully preselected to be druglike building blocks 
that represent a basis set of fragments that were chosen from an analysis of preexist-
ing drugs. This can be done by choosing fragments that are easily joined, to address 
ease of synthesis earlier in the process. To facilitate methods such as SHAPES, vari-
ous ligand-screening methods have been reported that rely on one-dimensional NMR 
experiments to detect transfer of magnetization between the protein and the ligand, 
as an indicator of binding. Among these methods, saturation transfer difference 
(STD), 13  and water ligand observation by gradient spectroscopy (WaterLOGSY) 29  
are widely used, due to their high sensitivity and ease of implementation. NMR has 
also emerged as a tool to address the needs of functional genomics and proteomics 
by extending these fragment assembly strategies into the realm of combinatorial 
chemistry, with application to families of proteins. To enable the focusing of com-
binatorial libraries of chemical probes to a particular gene family, nuclear magnetic 
resonance–structurally oriented library valency engineering (NMR SOLVE) 4,11,12  was 
developed and is discussed further in section 26.3. 

 26.2.5 The Emerging Role of NMR Spectroscopy 
in Chemical Proteomics 

 The fi eld of chemical proteomics is about studying protein–ligand interactions on a 
large scale, and NMR is emerging as a powerful method for such studies. NMR plays 
a role not just in designing chemical proteomic probes, as just discussed, but also in 
the biophysical characterization of protein–ligand interactions. An important asset of 
NMR spectroscopy in chemical proteomics is its ability to detect ligand binding for 
tight binding ligands as well as compounds with lower affi nities. This unique property 
makes NMR-based studies an extremely fl exible tool for both modular inhibitor and 
drug design and subsequent drug discovery (screening). 9  Methods for detecting bind-
ing fall into two main categories: those that monitor NMR signals from the protein, 
such as chemical shift mapping, and those that monitor the ligand signal. The latter 
exploit either magnetization transfer from protein to ligand or the large differences in 
the rates of rotational and translational motions of a small molecule in the free-state 
relative to when it is bound to a macromolecule. The utility of NMR in chemical pro-
teomics therefore includes studies of protein structure and dynamics as well as design 
of inhibitors that can be used as functional probes or as drug leads. NMR can also 
be used to help defi ne a protein’s function by using cofactor fi ngerprinting methods 
described subsequently, which identify the major cofactors required for function and 
therefore provide a starting point in defi ning the chemical mechanism for an enzyme. 
These  in vitro  NMR studies of biochemical function can even be extended to chemical 
proteomic studies  in vivo  by probing protein ligand interactions within cells using  in 
cell  NMR15 or within the context of a whole organism using molecular imaging. 13,30  
The next section discusses experimental details for a few of these chemical proteomic 
applications that make central use of NMR methods. 
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 26.3 CHEMICAL PROTEOMIC APPLICATIONS 
OF NMR  IN VITRO  

 26.3.1 A NMR-Guided Design of Gene-Family-Focused 
Libraries of Chemical Proteomic Probes Using 
NMR SOLVE 

 The NMR SOLVE method exploits the fact that large families of cofactor-dependent 
proteins have adjacent binding sites, of which one is conserved throughout the family 
since it binds the cofactor. An advantage of the method is that it derives structural 
information in a very pragmatic way by using selective isotope labeling to observe and 
assign only a small number of key protons in a binding site and mapping the binding 
sites with chemical shift perturbations by cofactor reference ligands. 4,11,12  It can thus 
derive structural information in the absence of complete NMR assignments and avoid 
the complexity of NMR spectra of uniformly isotope-labeled large proteins. NMR 
SOLVE fi nds greatest utility in chemical proteomics, in the sense that it can be used 
to design chemical probes that are useful across a whole family of proteins related by 
a common cofactor binding site, such as oxidoreductases. The NMR SOLVE strategy 
therefore differs from SAR by NMR in that it allows the development of a library of 
inhibitors for a family of proteins. This kind of parallel production of inhibitors across 
a gene family, such as oxidoreductases, will have applications in chemogenomic and 
functional genomic efforts to defi ne protein functions, as well as in drug design. 

 NMR SOLVE was recently used to design biligand libraries off of a privileged 
scaffold for the oxidoreductases. 4  Oxidoreductases comprise two adjacent binding 
sites: the NAD(P)H cofactor binding site and the substrate-binding site. The bind-
ing site for the nicotinamide ring of the cofactor is always close to the substrate 
site, since the nicotinamide ring is involved in a hydride transfer reaction with the 
substrate. After assigning cross-peaks for the cofactor and substrate binding sites, the 
next step is to appropriately orient or dock a cofactor mimic with NOE and chemi-
cal shift perturbation data so that a linker can be placed on it next to the substrate 
site. This linker will serve as an attachment point for expanding a combinatorial 
library, directed from the privileged scaffold into the substrate site. Fragments to be 
attached here are a diverse library of druglike fragments, and because of the chelate 
effect, attachment of even a weak binding fragment can lead to high-affi nity binding. 
This type of joining of two weak binding fragments has been proposed to provide a 
contribution as large as 45 entropy units to the binding energy, corresponding to an 
increase in affi nity of 10 8  fold. 4,27  The realization of this 10 8 -fold increase in affi nity 
is under ideal thermodynamic conditions and will be diffi cult to obtain in a practical 
sense. Factors that can decrease the magnitude of this effect include fl exibility of 
linkers, nonoptimal placement of ligands, and molecular repulsions between binding 
site residues and ligands or linkers. Still, this combinatorial strategy for fragment 
linkage is an effi cient way of focusing a library, since even an imperfect linkage can 
produce large affi nity boosts. Figure 26.2A shows a cofactor mimic of NADH docked 
into the binding site of the enzyme dihydrodipicolinate reductase (DHPR), overlaid 
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on NADH to show relative binding mode. The structures of cofactor mimic-1 and 
biligand inhibitors are shown in Table 26.1, along with dissociation constants for 
binding to three oxidoreductases. The propylamide derivative of this cofactor mimic 
shows a clear NOE (Figure 26.2B) between its terminal methyl group and 2,6-pyri-
dinedicarboxylate (PDC, reference substrate antagonist). Based on this NOE to PDC, 
the end of the propylamide functionality can be structurally placed next to the sub-
strate binding site. Furthermore, since PDC shows the same NOEs to protein methyl 
groups as it had when NADH was bound, it seems likely that the DHPR structure has 
not changed dramatically from that of the native ternary complex. It should be noted 
that the NMR SOLVE experiments would have suggested the same library expan-
sion point in the absence of any protein structural information, since cross-peaks for 
threonine residues were assigned based on proximity to reference ligands (NADH 
and PDC). The last step of this systems-based approach to inhibitor design is the 
expansion of a biligand library on this portion of the linker. After construction and 
screening of such a biligand library, potent and selective inhibitors were identifi ed 
for three different oxidoreductases, with three different fragments attached to this 
linker (Table 26.1). It is also evident from Table 26.1 that the cofactor mimic binds 
weakly to the three enzymes with  K 

 d 
 values in 25 to 100 µM range, making it a good 

  FIGURE 26.2  NMR SOLVE–based design of biligand libraries. (A) The binding site region 
of  E. coli  DHPR, with reference ligands NADH and 2,6-pyridine dicarboxylate (PDC) shown 
adjacent to each other. The NADH cofactor mimic (CM) was computationally docked using 
MOE (Chemical Computing Group) software using the MMFF94 forcefi eld and coordinates 
for DHPR (1arz), and overlaid on NADH. The threonines present in the binding site are 
 rendered as balls and sticks. Proximity of PDC to the methyl group on the CM’s propyl amide 
is indicated with a dashed line; (B) NMR SOLVE experiments provided the data needed to 
orient the cofactor mimic (CM) into the binding site, relative to PDC. The NOESY spectrum 
of the ternary complex shows that the methyl terminus of the propylamide functionality is 
positioned close to the substrate-binding site, suggesting this as the location for expanding a 
combinatorial library. Adapted from. 4  
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TABLE 26.1 Chemical Structures of the Cofactor Mimic (CM) and Biligand 
Inhibitors Containing the CM Skeleton
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Designed using NMR SOLVE. Dissociation constants are given for three oxidoreductases. LDH, lactate 
dehydrogenase; DHPR, dihydrodipicolinate reductase; DOXPR, 1-deoxy-D-xylulose-5-phosphate reduc-
toisomerase. Adapted from. 4 
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privileged scaffold. Hence, using NMR SOLVE, a biligand library can be built with 
an appropriately chosen cofactor mimic and well-placed linkers, which will produce 
nM inhibitors for any given enzyme family with adjacent binding sites. Such inhibi-
tors can be used for chemical proteomic or chemogenomic studies of proteins in the 
oxidoreductase gene family, so the value of NMR SOLVE is in the effi cient construc-
tion of such chemical probes. 

 26.3.2 Cofactor Fingerprinting with STD NMR: 
Addressing the Needs of Functional 
Proteomics by Identifying Binding Preferences 

 Functional proteomics efforts are devoted to assigning functions to the proteins iden-
tifi ed in genomics and subsequent proteomics projects. In a recent review article, 
Stockman and Dalvit proposed a means by which NMR screening could be used in 
functional genomics efforts, by screening a basis set of 200 small molecule ligands 
to identify those that bind to proteins of unknown function. 9  An ideal NMR-based 
screening tool for such studies might be the STD method discussed above. STD is 
a methodology for screening a pool of ligands against a target protein in a combi-
natorial fashion. 31  It is based on transfer of magnetization from protein to the bound 
ligand. Saturation of a single protein resonance can result in rapid spread of the 
saturation over the entire protein and then to ligand, via spin diffusion, thereby iden-
tifying which ligands in a pool bind to the protein. It identifi es the tightest binding 
ligands, as long as they are in fast exchange on the NMR timescale. 

 Recently, we have shown 10  that STD-NMR screening could be used to measure 
the competitive binding of cofactors relative to one another, thereby enabling one 
to assess the specifi city of a protein for these cofactors. In this method, cofactor 
fi ngerprinting with STD NMR (CF STD NMR), a prior knowledge of protein func-
tion is not required, since binding rather than enzymatic activity is being monitored. 
In general, most enzymes use cofactors in the chemical reactions that they catalyze, 
and these cofactors bind at the active site. Therefore, the binding preferences for cer-
tain cofactors can give signifi cant insights into the function of a particular enzyme. 
Furthermore, since most cofactors bind with  K 

 d 
 values greater than 1 µM, cofac-

tor binding will be in fast exchange on the NMR timescale so STD NMR screen-
ing should work well. For CF STD NMR screening, one could either use pools of 
intact cofactors, or even pools of cofactor fragments. A basis set of potential cofactor 
fragments that could be used in CF STD NMR is given in Figure 26.3. Although 
screening against the smaller set of fragments might be more effi cient for higher 
throughput functional genomics efforts, our preliminary validation studies with pro-
teins of known function suggest that it is safer to screen with full size cofactors, since 
affi nity for fragments is sometimes so weak that binding is not observed in STD 
NMR experiments.10   

 We have applied the CF STD NMR strategy to determine the cofactor prefer-
ence for a protein suspected of binding cyclic nucleotides, based on a bioinformatics 
analysis. 32,33  A set of 13 cofactors and 8 cofactor fragments were studied using CF 
STD NMR with this protein. In a typical CF STD NMR experiment, a difference 
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spectrum is generated with and without preirradiation of proton resonances for pro-
tein atoms in  1 H NMR spectrum, in a region where cofactor protons do not resonate. 
As most cofactors have proton resonances above 3 ppm, we choose to irradiate at 1 
to 1.2 ppm, a region usually occupied by methyl groups of amino acids such as Ala, 
Val, Thr, Leu, and Ile. Figure 26.4 shows the CF-STD spectrum, where the cofac-
tors cCMP (peaks 7, 10, 13) and 5′ AMP (peaks 1, 4, 9) are observed to bind to the 
protein. This CF STD NMR study therefore provides a starting point for further 

  FIGURE 26.3  Heterocyclic ring fragments that comprise the commonly used cofactors in 
biochemistry. Fragments in the top panel were obtained using the fragmentation tool  contained 
in the Pipeline Pilot software package (SciTegic, Inc., San Diego). In the bottom panel, some 
of these fragments were decorated with additional functional groups that are likely to be 
important for protein binding. These fragments serve as a basis set of compounds for affi nity 
fi ngerprinting proteins of unknown function. 
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characterization of the biochemical function of this protein and validates the utility 
of CF STD NMR as a chemical proteomic tool. 10    

 26.3.3 Ligand Docking Using NMR Constraints:  T  1  
Relaxation or NOE Data 

 While CF STD NMR can be used to identify which ligands bind to a protein, fur-
ther functional insights can be obtained if there is structural information about the 
protein–ligand complex. Although NMR is a powerful tool for determining protein 
structures (see section 26.3.2) and is playing a prominent role in structural proteomics 
efforts, 25  it can also provide the structural data needed to guide the docking of a 
ligand into a protein structure. Thus, it serves the chemical proteomic role of provid-
ing information about protein–ligand interactions in a manner that lends itself to high 
throughput and potentially highly parallel studies of many proteins. The distance 
data used to guide the docking of a ligand can come from either  T 

 1 
 relaxation data or 

NOE data. With regard to the former, one can measure the distance between a para-
magnetic center such as the iron atom of a heme cofactor and the protons on a bound 
substrate or inhibitor. Roberts 14  has used  T 

 1 
 relaxation effects induced by the iron of 

  FIGURE 26.4  Probing protein function with CF-STD NMR. (A) 1D proton NMR spectrum 
of a sample containing RSP2 and a mixture of six cofactors (ATP, GTP, cAMP, cGMP, cCMP, 
and 5′ AMP). Based on individual proton spectra of cofactors, the peaks were assigned as follows: 
5′ AMP (1, 4, 9), ATP (2, 4, 9), cAMP (4, 8), GTP (5, 12), cGMP (6, 11), and cCMP (7, 10, 13); 
peak 3 corresponds to an impurity present in cCMP. The concentration of RSP2 was 10 µM, 
and each cofactor was 1 mM; (B) the CF-STD NMR spectrum recorded in the presence of 
4 mM Mg 2+ , with irradiation at 1.21 ppm. The NMR buffer used was 20 mM sodium phosphate, 
200 mM NaCl, 100% D

 2 
O, pH 7.4. Spectra obtained at 298 K and 600 MHz. 
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the heme in cytochrome P450D6 to dock the drug codeine into its binding site (Figure 
26.5A). Such studies could be done in a fairly high throughput manner to generate 
large databases of cheminformatic information that could be used to describe the 
binding preferences for families of proteins like the cytochromes P450, as we have 
recently proposed. 33  Such data would complement an affi nity fi ngerprint 34  by providing 
a complementary structural fi ngerprint that could be used as a 3D quantitative struc-
ture activity relationship (QSAR) descriptor to guide the design of molecules for or 
against binding to a certain protein. 33    

 In addition to  T 
 1 
-based strategies, one can measure NOEs between a ligand and 

a protein to generate distance constraints to guide the docking process. This can be 
done either using a crystal or NMR structure of the protein without ligand bound, or 
even a homology modeled protein, as the docking target. A fi rst step is to assign some 
key protons in the protein binding site, either using traditional sequential assignment 
methods 22  or cofactor mapping and chemical shift perturbation methods. 12,35  As a 
demonstration of the latter strategy, we have assigned methyl protons in the binding 
site of DHPR and measured NOEs between these protons and protons on a furoic 
acid mimic of the NADH cofactor, in order to guide the docking of this ligand into 
the binding site (Figure 26.5D). The presence of an NOE between two protons indi-
cates that they are within 5 angstroms, so pairs of protons on ligand and protein are 
therefore constrained in this way as part of a docking calculation. 

  FIGURE 26.5  NMR-based docking studies. Docking of codeine into the binding site 
of cytochrome P450 2D6, using  T 

 1 
 relaxation data for codeine protons. (A) Overlay of 

multiple orientations of codeine, all consistent with the  T 
 1 
 data, as well as; (B) the most 

representative codeine structure (open circles) relative to the heme (closed  circles). 
Reproduced with permission from; 14  (C) a furoic acid NADH cofactor mimic was 
docked into the binding site of; (D) DHPR, based on NOEs measured between protein 
methyl groups and protons on the ligand. Adapted from. 12  
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 26.4 CHEMICAL PROTEOMIC APPLICATIONS OF NMR 
 IN VIVO  

 26.4.1  In Cell  NMR: Chemical Proteomics in the 
Cellular Milieu 

 NMR is the only method that can provide high-resolution structures of biological 
macromolecules in solution under near physiological, solution conditions. 21  Still, 
there is concern that  in vitro  studies in solution do not fully reproduce the native 
environment inside a cell, and that this could on occasion have functional implica-
tions for the protein being studied. 36  This is because the buffer conditions are not 
selected for their closest match to the natural environment of the protein but instead 
to optimize experimental parameters such as solubility and sensitivity or to minimize 
NMR buffer signals that could interfere with the spectrum. The protein being stud-
ied may be sensitive to interactions that occur in the cell, but are not being properly 
reproduced in the NMR tube. Such effects could range from the presence of coactiva-
tor proteins, unrecognized cofactors, or prosthetic groups including metal ions, the 
physical environment in the cell (pH, ionic strength, viscosity, water activity), and 
interactions with structural elements in the cell, such as cytoskeletal components 
or membranes. Recent developments in NMR technology have led researchers and 
clinicians to study protein–ligand interactions in living systems, giving rise to new 
fi elds of study such as  in vivo  or  in cell  NMR 15,37,38,39  and molecular imaging. 16,30  

  In cell  NMR is a tool for monitoring changes in protein structure that occur upon 
interactions with other cellular components such as ligands, coactivators, and pros-
thetic groups, in the context of the cellular environment (Figure 26.6). In one elegant 
demonstration of how the cellular environment can yield a protein conformation that 
differs from that observed  in vitro,  Serber et al. 15  have measured the [  1 H, 15 N] -HSQC
 in cell  NMR spectrum of calmoduline selectively labeled with  15 N on all lysine resi-
dues, measured in living  Escherichia coli  cells. They observed more than the expected 
eight cross-peaks expected for the eight lysines in calmodulin, suggesting that dif-
ferent conformations exist for calmodulin in  E. coli  relative to the NMR tube. This 
work also demonstrates the utility of using selectively labeled amino acids as NMR 
structural probes within cells.   

 In terms of the utility of  in cell  NMR for chemical proteomic studies, Hubbard 
et al. 39  performed studies of protein–ligand interactions. The aim of their study was 
to use  in cell  NMR to probe  in vivo  conformation and changes that occur upon ligand 
binding by cheY in  E. coli.  To our knowledge, this study represents the fi rst observation 
of structural changes that occur upon ligand binding to a protein in its native host, using 
NMR. Figure 26.7 shows regions of the   [ 1 H, 15 N]  -HSQC spectrum of cheY, obtained 
after addition of a ligand to growing  E. coli  cells, compared with those obtained after 
addition of the compound  in vitro.  Comparison of the   [ 1 H, 15 N]  -HSQC spectra for 
 in vivo  versus  in vitro  binding suggests that the mode of binding of the ligand to 
cheY is similar in both environments, thereby providing important information that 
suggests the ligand has quite similar interactions both  in vitro  and  in vivo.  Also this 
observation suggested that the ligand is able to penetrate through the cell membrane 
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and selectively bind to the cheY protein. These results show that  in cell  NMR also has 
the potential for answering questions about the bioavailability of both drug molecules, 
as well as chemical proteomic probes, within a living biological system.   

 26.4.2 Molecular Imaging: Magnetic Resonance 
Contrast Agents as Chemical Proteomic Probes 
in Whole Organisms 

 Molecular imaging is simply imaging at the molecular level, where proteins interact 
with ligands. Molecular imaging methods are likely to have profound impact on both 
basic research and advanced drug discovery efforts because they allow the probing of 
protein–ligand interaction within the context of a whole organism. Several examples 
are described in this section from the chemical proteomics perspective, where imag-
ing is serving to report on protein–ligand binding events. The image is formed on the 
basis of the  1 H NMR signal from the protons of bulk water, as is typically the case 
in traditional magnetic resonance imaging (MRI). The signal intensity is a function 
of the water concentration and the relaxation times ( T 

 1  
and  T 

 2 
) but is often quite 

  FIGURE 26.6  Schematic representation of  in cell 
 NMR changes due to possible posttranslational (left), 
conformational (middle), or binding (right) mechanisms, 
which induce changes in 2D NMR spectra relative to 
an unperturbed state (top). Reproduced with permission 
from. 36  
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low. 40  Therefore, in order to increase the intrinsic contrast observed in an MRI scan, 
a paramagnetic contrast agent is often administered before performing the MRI scan. 41  
One widely used class of contrast agents are gadolinium chelates. Gd 3+  is ideal since 
it is paramagnetic and has a very strong magnetic moment and causes signifi cant 
relaxation of water protons—an effect called high relaxivity. 41  The relaxation effect 
only occurs signifi cantly for water molecules that bind in the fi rst coordination sphere 
of the metal, but since they exchange fast with bulk water the effect is amplifi ed. 
Although general use of gadolinium chelates provides useful anatomical information 
in MRI scans, the innovation that molecular imaging offers is to somehow trigger 
relaxivity increases in response to some biological event. Such events have included 
changes in metabolism, pH, pO

 2 
, protein expression levels, and Ca 2+ . 13  

 For purposes of  in vivo  chemical proteomics, the most interesting changes  monitored 
with molecular imaging have involved measurement of enzyme activity or direct moni-
toring of protein–ligand interactions. With regard to the latter, the binding to a mac-
romolecule substantially slows molecular rotation of a Gd 3+  complex, resulting in an 
additional increase in the relaxivity and therefore tissue contrast, a phenomenon know 
as receptor-induced magnetization enhancement (RIME). 42  Though this enhance-
ment is signifi cant, the RIME approach alone cannot produce images with adequate 
sensitivity since most protein targets under study exist at nanomolar concentrations. 
To address this sensitivity issue, Meade et al. 13  and Louie et al. 43  introduced enzyme 
activation of contrast agents. In this approach, the enzyme substrate or chelating 
agent occupy all nine coordination sites, inhibiting water access to the paramagnetic 
ion, as shown in Figure 26.8. The substrate that caps the Gd 3+  ion is a sugar that can 

  FIGURE 26.7  Two regions of the   [ 1 H- 15 N]   HSQC spectra of the CheY protein in the presence 
and absence of a ligand, acquired under (A)  in vitro ; and (B)  in vivo  conditions. The fi gure 
shows the overlay of two separate experiments, the red spectrum corresponding to the presence 
of ligand and the black spectrum to the control (no ligand). Adapted from. 39  
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be cleaved by the enzyme β-galactosidase. When this happens the cap is removed, 
thereby freeing up coordination sites on the Gd 3+  so that water can exchange. In this 
manner, it was possible to monitor  in vivo  levels of β-galactosidase enzyme, since 
enzymatic activation of the contrast agent yielded a high relaxivity state producing 
signifi cant signal ( T 

 1 
) contrast in images of  Xenopus laevis . 43  In a related approach 

Nivorozhkin et al., 42  created a contrast agent containing lysine masking groups that 
could be removed  in vivo  by carboxypeptidase B. 42  When this happened, the contrast 
agent was then able to bind to human serum albumin (HSA). When bound to HSA, 
the molecular weight increase caused a large increase in the rotational correlation 
time (τ

 R 
) of the Gd 3+  chelate complex, thereby increasing relaxivity. Therefore, 

while the fi rst example of enzyme activation yielded increased relaxivity through 
increased water exchange by freeing up coordination sites on Gd 3+ , this example 
relies on an increase in size of the complex to increase relaxivity. Thus, the general 
strategy of enzyme activation can be used in various ways to increase contrast in 
imaging studies.   

 While the above examples provide information on the presence of  in vivo  
enzyme activities, they only provide measurements of enzyme–ligand interactions 
indirectly by effectively measuring enzyme-catalyzed increases in relaxivity. Direct 
protein–ligand interactions were observed in one case by linking the Gd 3+  chelate to 
a peptide ligand for Gal20, 44,45  and relying on the increase in relaxivity afforded by 
increases in τ

 R 
, as discussed above with binding to HSA. Strategies such as this hold 

great promise for the  in vivo  characterization of protein–ligand interactions, thus 
extending the reach of NMR-based chemical proteomic studies to whole organisms. 

  FIGURE 26.8  Enzyme-activated magnetic resonance contrast agents. The 
Gd-tetraazamacrocycle complex, having a galactopyranosyl ring at the apex 
position, creates the off state, since the inner sphere cannot interact with the 
bulk water. Upon cleavage of the sugar residue by β-galactosidase, the complex 
switches to an on state, where the Gd 3+  becomes more accessible to surrounding 
water, allowing exchange between bulk water and the inner coordination sphere, 
thereby increasing the relaxivity effect on bulk water, since Gd 3+  is paramagnetic. 
Reproduced with permission from. 13  
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One fi nal note on sensitivity issues relates to the use of chemical exchange saturation 
transfer (CEST), whereby amide or hydroxyl protons are irradiated, thereby transfer-
ring magnetization to bulk water via exchange. 46–49  Such strategies provide another 
avenue for improving contrast in imaging studies and could well be of great utility in 
chemical proteomic studies. 

 26.5 SUMMARY 

 The fi eld of chemical proteomics exists to characterize protein function using small 
molecule probes in a systems-based manner. Although the fi eld originally made little 
use of NMR technology and is still currently dominated by fl uorescence and mass 
spectrometric methods, NMR techniques are playing an increasingly important role 
both  in vitro  and  in vivo. In vitro  studies of protein–ligand interactions focus on highly 
parallel approaches to the structural characterization of protein–ligand complexes, 
based on  T 

 1 
- or NOE-derived distance constraints that can guide docking calculations. 

Such strategies are a nice complement to initial binding studies using STD NMR, 
which can provide early clues as to protein function. Although these methods are 
powerful ways to characterize protein function, they attack the functional proteomics 
problem one isolated protein at a time. For this reason, some of the most exciting 
NMR applications in chemical proteomics involve studies of protein–ligand interac-
tions  in vivo,  as with  in cell  NMR or molecular imaging. The latter is perhaps in the 
earliest stages of development but holds the greatest promise since there are tremen-
dous benefi ts to being able to study protein–ligand interactions in the context of the 
whole proteome, in the context of a living organism. This may be where NMR meth-
ods have their greatest impact in chemical proteomics, if it is possible to overcome the 
sensitivity issues associated with the low concentrations of receptors and enzymes in 
cells. And an effi cient source of small molecule probes for such  in vivo  studies could 
be from the systems-based design of inhibitors that systematically target different pro-
teins in a gene family, as with NMR SOLVE. These can then be used for complemen-
tary chemical proteomic studies of protein–ligand interactions and chemical genetic 
studies of phenotypic changes, thereby allowing whole-organism structure-function 
studies to be made by correlating phenotype with  in vivo  protein–ligand interactions. 
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 27.1 INTRODUCTION 

 The postgenomic research quickly expands to characterize the human proteome, 
including the posttranscriptional modifi cations of all human proteins. Many clinical 
proteomic projects are launched to search for new biomarkers of human diseases and 
drug targets for personalized therapies for the future years of molecular medicine. 
Successful proteomic analysis of human serum and urine samples have shown feasibil-
ity to reveal distinctive protein profi les of healthy human subjects and cancer patients. 2  

 27 
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The proteomic samples are analyzed with effective separation techniques such as 
the surface-enhanced laser desorption and ionization time-of-fl ight mass spectroscopy 
(SELDI-TOF MS), 3,4  and two-dimensional gel electrophoresis. 5  The disease protein 
profi les were identifi ed from cell extracts employing laser capture microdissection to 
catch cells from tissue specimens. 6  Certain biological signaling networks were mapped 
to depict a delicate balance of protein–protein, protein–RNA, and protein–DNA 
interactions. 1,7–9  An example signaling pathway is displayed here for the tumor necro-
sis factor TNF-� that actives the transcriptional factor NF-�B (Figure 27.1). 1,10  Such a 
proteomic map may serve as a guide to design effective anti-cancer therapies. 11,12  

FIGURE 27.1 The TNF-�/NF-�B signaling pathway visualized as a net-
work. From Ref.1, with permission.
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 The proteomic endeavor continues the research of the pregenomic era using 
high-resolution x-ray crystallography, nuclear magnetic resonance (NMR) spectros-
copy, and other techniques such as atomic force microscopy to study protein fami-
lies and genetic evolutions across species by examining relationship between protein 
structures and functions. 13–16  Nuclear magnetic resonance is perhaps the most suit-
able method to study biological signaling events and protein interactions in aqueous 
solution 17  and  in vivo  in human and animals. 18–20  To map the conformational changes 
of the interacting proteins, however, we encounter paramount technical challenges 
due to overlapping NMR signals from different proteins coexisting in solution. In 
this chapter, we present an emerging technology of electrophoretic NMR (ENMR) 
for structural and clinical proteomic research. The multidimensional NMR spectra 
of coexisting proteins can be sorted out without physical separation of the pro-
tein components. 21,22  In principle, the ENMR techniques can be used to identify the 
chemical structure for each protein detected from body fl uid and cell extracts in 
the electrophoretic fl ow dimension of an ENMR spectrum. Therefore, the ENMR 
proteomic profi les may be potentially used for early diagnosis of human diseases. 
In addition, structural visualization of protein interactions  in situ  is possible by the 
three-dimensional (3D) conformational mapping at the protein reaction interfaces 
(or so-called active pockets). Thus, structural characterization of biological signal-
ing events by ENMR is possible in the presence of the entire proteomic assembly 
of biomacromolecules.   

 27.2 SEPARATING PROTEIN SIGNALS WITHOUT 
PHYSICAL SEPARATION 

 Multidimensional electrophoretic NMR (nD-ENMR) was initially designed to study 
3D structures of coexisting proteins and protein conformations in solution without 
physical separation of the protein components. By applying a DC electric pulse, the 
NMR signals of the proteins can be resolved in a new dimension of electrophoretic 
fl ow at different resonant frequencies proportional to their electrophoretic migration 
rates (Figure 27.2). 21  In a 3D-ENMR experiment, for example, the overlapping two-
dimensional (2D) NMR spectra of different molecules can be resolved into  different 
subspectral planes as if they were independently obtained from pure protein solutions. 
Each subspectrum of the component protein gives the NMR parameters of chemical 
shifts, spin J-coupling constants, or dipolar coupling parameters for sequential and 
stereospecifi c structural assignments. 

 The feasibility of separating protein signals in the electrophoretic fl ow dimension 
by ENMR was demonstrated using a protein mixture of bovine serum albumin (BSA) 
and ubiquitin (Figure 27.3A). The data were acquired from a modifi ed stimulated echo 
sequence (Figure 27.3B), which was composed of three 90� RF pulses, two  spatial-
encoding gradients (g 

1 
, �

 1 
), and a spoiler (crusher) gradient (g 

2 
,
 
�

 2 
) in the storage 

period of the  z -magnetization. An incrementing DC electric fi eld ( E 
 dc 

,  � ) was inserted 
in this period between the two spatial-encoding gradients to drive the  electrophoretic 
migration of proteins. In the  z -storage period (�), the  T 

1
 process dominates the spin 
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FIGURE 27.3 (A) A contour plot of the 2D stimulated echo ENMR spectrum acquired from 
0.15 mM BSA and 1 mM ubiquitin mixed with 26 mM ethylenediamine in D

2
O. The solution 

conductivity � � 0.692 mS·cm�1 and pH � 10.37. E
dc

 � 0 to 38.45 V cm�1 with 21 incremen-
tations, � � 0.4085 s. � � 2.535 ms, �

D
 � 0.4111 s, T

R
 � 1.5 s, NS � 128, g

1 
� g

2
 � 48.72 

Gauss cm�1, �
1
 � 2 ms, and �

2
 � 8 ms. (B) The stimulated-echo ENMR pulse sequence. From 

Ref.21, with permission.

FIGURE 27.2 Two-dimensional NMR spectra of four 
different proteins (represented by ♦, •, *, and �, respec-
tively), sorted by their electrophoretic mobilities (µ).21 
(with permission)
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relaxation, permitting a long period of electrophoretic fl ow of the proteins. The elec-
trophoretic fl ow introduces a cosine factor that modulates the amplitude of the stimu-
lated echo as a function of electric fi eld amplitude ( E 

 dc 
) and duration ( t 

 1 
), the gradient 

strength ( K  � 	 g �), and electrophoretic mobility (
) of the molecule, 

 
M K E

M
DK

T T
KE tD, ,

( )
exp cos�

�
dc dc3

( ) ⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥= − − − −

0

2

22

2 1
1�

� � (( )⎡⎣ ⎤⎦


 
(27.1)

 where  M (0) is the initial magnetization after the fi rst 90� pulse, 	 is the gyromagnetic 
ratio,  D  is the diffusion coeffi cient, �

 
 
D
 
 
 is the diffusion delay between the two spatial-

encoding gradients, and � is the delay between the fi rst two 90� pulses, during which 
spin  T 

 2 
 relaxation dominates. U-shaped electrophoretic cells were used (Figure 27.4A), 

with a cross-sectional area  A  � 3.758 mm2. Two platinum electrodes were inserted 
into the protein solution in the U-tube arms. The ENMR experiment was carried out 
on a Bruker AM 500 NMR spectrometer, using a commercial 5 mm NMR probe. 
To eliminate electroosmotic effect, the inner U-tube glass surface was coated with 
(	-glycidoxypropyl) trimethoxysilane and methylcellulose. 26  

 This experiment proves the feasibility of ENMR applications in studying pro-
tein mixtures and its potential to provide unique proteomic profi les from human 

FIGURE 27.4 U-shaped electrophoretic cells for vertical bore magnet. The two Pt-electrodes 
are vented to the atmosphere at the top of the U-tube arms to avoid gas bubbles. Different 
variations such as concentric ENMR tubes are used to give phase sensitive mode ENMR spec-
tra in the fl ow dimension;22,23 (B) The CA-ENMR sample cell was constructed from parallel 
capillaries to block the convective current and increase electric fi eld for biological samples of 
high ionic strength.24 A horizontal CA-ENMR confi guration has also been proposed to maxi-
mize the effective electric fi eld applied to the sample.25
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serum, urine, and cell extract samples. The 1D- or nD-NMR spectra of the com-
ponent proteins are displayed in the conventional NMR dimensions to identify the 
chemical nature of the protein components. Since no protein ionization would occur 
(as in the SELDI-TOF MS experiments) and no protein separation is required (as 
in the 2D gel electrophoresis), the ENMR proteomic profi les would be generated 
from native  protein conformations, including the spectral features of protein interac-
tions to probe the biological signaling pathways. We have recently demonstrated that 
the high-resolution ENMR separation in the fl ow dimension can be achieved using 
the maximum entropy method for signal processing (unpublished results), or the new 
ENMR devices using the high-voltage electric fi eld generator (He  et al.,  unpublished 
results). A low-voltage electric fi eld device would also produce the high-resolution 
proteomic profi les using the horizontal ENMR cell chambers and the constant-time 
ENMR pulse schemes to remove the spectral  artifacts from electric current induced 
magnetic fi eld gradient. 25    

 27.3 STRUCTURAL CHARACTERIZATION OF 
COEXISTING PROTEINS IN SOLUTION 

 A 3D ENMR experiment is necessary to give the two-dimensional correlation spec-
tra of different protein components in solution that can be used for simultaneous 
sequential and stereospecifi c assignments of small proteins (�20 kD) coexisting in 
solution. To study large proteins, multinuclear multidimensional NMR sequences 
can be employed and modifi ed accordingly for the ENMR experiments. 28  The fi rst 
3D ENMR experiment was demonstrated using the 3D electrophoretic COSY pulse 
sequence (Figure 27.5). 28  A DC electric fi eld pulse was applied between a pair of 
pulsed magnetic fi eld gradients for spin coherence selection and spatial labeling of 
the moving molecules. The time evolution of the spin chemical shift correlations and 
J-coupling during the evolution period (t

 1 
) and the detection period (t

 2 
) generated the 

2D COSY type of chemical shift correlations in the fi rst two dimensions. In the fl ow 
dimension, the electrophoretic modulation of each COSY resonance was produced as 
the electric fi eld was stepwise increased to separate signals of different molecules. For 
a weakly coupled two-spin system (I

1
 � I

2
 � ½ and � �

1 
� �

2
 �  � 2�J �), the fi nal spin 

density matrix ( � ) of the 3D EP-COSY sequence is the product of the spin density 
matrix of the conventional 2D COSY experiment and a cosine factor, cos( K 
 E 

dc
�), 

which describes the electrophoretic modulation of the COSY resonances using a 
U-shaped ENMR sample cell: 

� t t
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1 2

1 1 2 1 1 2 1
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 The COSY resonances of molecules { i, i  � 1, 2, 3…} migrating at different 
electrophoretic mobilities were distinguished and displayed at different frequencies
{ V

 i 
 } in the third dimension of electrophoretic fl ow velocity, where v

i 
� �(KI

�
��

2��A)

i 
and I

�
 is the increment of the applied DC electric current. The experiment 

was  carried out using a solution mixture containing  l -aspartic acid and 148 mM 
4,9-dioxa-1,12-dodecanediamine in D

 2 
O on a Bruker 500 NMR spectrometer 

equipped with an actively shielded z-magnetic fi eld gradient. Capillary array ENMR 
(CA-ENMR) sample cells (Figure 27.4B) were uncoated after cleaning the capillaries 
with 1 M HCl, deionized water, and 1 M NaOH. The migration rates of  L -aspartic acid 
and 4,9-dioxa-1,12-dodecanediamine were enhanced by the solution electroosmotic 
fl ow in the capillaries. 29    

 In the 3D EP-COSY experiment, chemical shifts and J-coupling constants can 
be measured for the two molecules in the separated COSY planes (Figure 27.6). 
Similarly, the 3D EP-COSY can sort out the COSY subspectra of individual mol-
ecules in the solution mixture for simultaneous structural assignments of proteins. 
We have also developed     a 3D electrophoretic HSQC (EP-HSQC) scheme to obtain 
the pure-absorption mode HSQC spectra of different molecules (Zhang, Li, and He, 
unpublished results). In principle, the multidimensional NMR spectra of proteins 
and protein conformations can be obtained simultaneously to characterize protein 
conformational changes and protein interactions.   

 27.4 HEAT-INDUCED CONVECTION IN BIOLOGICAL 
BUFFER SOLUTIONS 

 The heat-induced convection due to electric power deposition in an ENMR experi-
ment may hamper the ENMR studies of protein samples in biological buffer solutions 

FIGURE 27.5 Pulse sequence for 3D electrophoretic mobility ordered COSY. E
dc

 and � are 
the amplitude and duration of the applied electric fi eld pulse.28 (with permission)
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of high salt concentrations. When electric conductivity (�) is high, the electric fi eld 
( E 

 dc 
   � I

 e 
�� A ) may become too low to detect the cosinusoidal electrophoretic signal 

modulations. Generation of suffi cient electric fi eld in high salt buffer  solutions of 
proteins requires relatively large electric current, I

 e 
, and causes unavoidable sample 

heating. In an ENMR experiment, fast heat removal at the edge of the sample tube 
by cooling air (or cooling fl uid) produces a temperature gradient across the sample, 
which in turn generates a fl uid density gradient to cause bulk solution convection. 
It is diffi cult, if not impossible, to measure the electrophoretic fl ow superimposed 
on an irregular convective fl ow. To solve the convection problem, we have devel-
oped the capillary array electrophoretic NMR (CA-ENMR) 24  and the convection 
compensated ENMR (CC-ENMR) 30  techniques. In CA-ENMR, the sample cham-
bers were made of capillary bundles to break the convective current loops and the 
electrical eddy  current. In addition, the reduced cross-sectional area of the sample 
chamber increases the strength of electric fi eld. In an experimental demonstration, 
the reduced bulk convection and increased electric fi eld were observed in high salt 
conditions, using a sample solution of 1 mM protein lysozyme in 50 mM NaH

 2 
PO

 4 
�

D
 2 
O (Figure 27.7).   

 An alternative CC-ENMR method was developed to sensitize the electrophoretic 
motion in the presence of certain amount of bulk convective fl ow (Figure 27.8). 30  
This was accomplished by gradient moment nulling and switching polarity of the 
applied DC electric fi eld. In the previous ENMR experiments, the spin-echo forma-
tion requires that the zeroth gradient moment, m

 0 
, be zero, whereas the electropho-

retic fl ow measurement requires that the fi rst gradient moment, m
1
, to be nonzero. The 

values of the higher-order terms of the gradient moments are nonzero in the presence 

FIGURE 27.6 (A) A control 2D COSY spectrum from the mixture of L-aspartic acid and 4, 
9-dioxa-1, 12-dodecanediamine using conventional 2D COSY method; (B) & (C) the two 2D 
COSY planes from the 3D Electrophoretic COSY matrix displaying the COSY spectrum of 
each component molecule.28 (with permission)
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of convection (and zero otherwise). 30  Therefore, these ENMR sequences were prone 
to the heat-induced convection. To reduce the convection artifacts in the ENMR 
spectra, we have constructed a CC-ENMR sequence by connecting back-to-back the 
two spin-echo ENMR sequences (Figure 27.9). Because the coherence order,  p (t), had 
opposite signs in the two halves of the CC-ENMR sequence, the gradient moments, 
m

n
 � �t

0 
p (t) G (t) tn dt, changed signs in the middle of the experiment. As a result, all 

order terms of the gradient moment were zero:  m 
k
 � 0, where k � 0, 1, 2, 3. . . . The 

FIGURE 27.7 Electrophoretic interferograms of 1 mM lysozyme in a D
2
O 

solution of 50 mM NaH
2
PO

4
. Data were obtained at 25°C with (A) a 12-bundle 

capillary array U-tube (I.D. � 250 µm) that gives electrophoretic signal oscilla-
tion; (B) as a comparison, the same sample in a conventional glass U-tube did 
not receive suffi cient electric fi eld to generate the electrophoretic signal modula-
tions. Sample conductivity is 4.21 mS • cm�1. pH � 5.89.24 (with permission)

FIGURE 27.8 Switching the polarity of electric 
fi eld altered the electrophoretic fl ow direction (solid 
arrows); however, the procedure exerted no infl uence 
on the convective fl ow circulation (curled arrows).30 
(with permission)
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convection-induced spin phase accumulation in the fi rst half of the experiment (�c
k,a

)  
was refocused in the second half (�c

k,a
) :

 
� 	

�

� � �

k,a
c c

k
c

k,b
c c

k
c

k,
c

k,a
c

k,b
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m

m

� �

� 	� �

� � �

0

0

0

( )
tot

 (27.3)

  where c denotes convection and �
0
c the convective fl ow velocity. However, the 

 electrophoretic fl ow was selectively detected by switching the polarity of the DC 
electric fi eld in the two halves of the CC-ENMR sequence. The change of the ionic 
migrating direction canceled the phase-refocusing effect from the gradient moment 
nulling. Consequently, the phase accumulation of the transverse magnetization from 
the electrophoretic fl ow was maintained: 
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�
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 (27.4)

FIGURE 27.9 The CC-ENMR pulse sequence to remove 
the convection artifacts.30 (with permission)
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where E designates electrophoretic fl ow at the velocity, �
0
E. The polarity change of the 

electric fi eld did not affect the heat-induced convection, which originated from tem-
perature gradient and gravitational forces, and the gradient moment nulling remained 
effective to remove convection artifacts. 

 The effectiveness of CC-ENMR for convection compensation was assessed with 
a high-salt solution containing 100 mM  l -aspartic acid and a 100 mM 4,9-dioxa-1,
12-dodecanediamine mixed in D

 2 
O. As the electric fi eld increased, convection arti-

facts grew progressively more pronounced in the control spin-echo ENMR experi-
ment, as seen from the phase distortions of the water signal and the signal decays of 
the ionic species (Figure 27.10A). These convection artifacts were clearly reduced in 
the CC-ENMR spectrum (Figure 27.10B), with detectable consinusoidal electropho-
retic signal oscillations of  l -aspartic acid and 4,9-dioxa-1,12-dodecanediamine. 

 27.5 HIGH-THROUGHPUT STRUCTURAL 
DETERMINATION OF PROTEIN ACTIVE POCKETS 

 Since NMR is a major tool for high-resolution structural determination of proteins, 
ENMR has an unique advantage for proteomic studies—not only can a group of pro-
teins be identifi ed as disease markers (as in SELDI-TOF-MS and 2D electrophoresis 
methods), but also the identifi ed proteins can be characterized for their chemical iden-
tifi cation with detailed structural information. In addition, ENMR experiments can 
be designed to visualize protein conformational changes during protein interactions 
in the presence of the other proteomic molecules. By applying a DC electric fi eld, 
multicomponent protein interactions can be studied using established intermolecular 
NOE-based screening methods for reactive residues in polypeptide chains, or other 

FIGURE 27.10 (A) the control proton spin-echo ENMR spectrum; and (B) The proton 
CC-ENMR spectrum with reduced convection artifacts. From Ref.30, with permission.
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structural mapping methods based on altered chemical shifts, dynamic parameters, 
and residual dipole coupling patterns. 17  For example, ENMR can detect drug-binding 
affi nities to different proteins in the same solution by comparing the interacting spec-
tral patterns of the molecules. 

 In this section, we focus our discussion on exchange ENMR (Ex-ENMR) for 
high-throughput structural mapping of the active reaction interfaces of proteins. In 
the fast-exchange limit, the signals from reactive residues can be obtained in the 
exchange ENMR spectral planes at the average migration rates of the interacting 
proteins in the fl ow dimension. In principle, Ex-ENMR can solve structures of the 
active pockets without determining full structures of the proteins. Since an increasing 
number of protein structures are deposited into protein banks, we will eventually have 
a full scaffold structure available from the entire human proteome. However, study-
ing protein interactions and reaction kinetics still needs a high-throughput approach 
for structural characterization of protein reactivities to understand biological signal-
ing pathways in normal and pathological conditions. 

 Our mathematical model of Ex-ENMR was derived based on a hypothetical 
case of a two-site protein exchange: A(in protein A) 

k
AB

k
BA

 B(in protein B), where 
k

AB
 and k

BA
 are the chemical exchanging rates, assuming the reactive protein A and 

protein B have different electrophoretic mobilities, v
a
 and v

b
, respectively. When 

the chemical exchange rate is much faster than the difference of the two protein 
migration rates (k

AB
 � k

BA
 �� 1�2 �v

a
�v

b
�), the signals from the interacting residuals 

would appear at the average migration rates at v
exchange

 � 1�2(v
a 
� v

b
) in the fl ow 

dimension, assuming the two states are equally populated. In the slow exchange 
limit when k

AB
 � k

BA
 �� 1�2 �v

a
�v

b
�, the signals of the interacting proteins can be 

distinguished at v
a
 or v

b
 in the electrophoretic fl ow dimension (unpublished results). 

In practice, many protein reactions are in fast-exchange limit in the ENMR time 
scale (ca. 50–1000 milliseconds). Therefore, the exchanging spin resonances would 
be extracted into separate 2D ENMR planes in a 3D ENMR spectrum, if such case 
were tested experimentally. 

 In most situations, protein interactions involve at least two proteins A � B  AB. 
The two-site exchange model needs to be applied twice to the two exchange reactions 
A  AB and B  AB to predict the spectral outcome in an nD-ENMR experiment 
(Figure 27.11). When A and AB or B and AB are equally populated (A:AB � 1:1 
or B:AB � 1:1), ENMR planes will appear at the average resonant frequencies of 
1�2(
(A)�
(AB)) and 1�2(
(B)�
(AB)) in the fl ow dimension. If the two states 
are not equally populated, the more populated molecule will contribute more to its 
exchange spectral plane, with a location near its intrinsic migration rate in the fl ow 
dimension. By comparing the spectra from solutions containing different populations 
of interacting molecules, we can obtain the NMR resonances and thus structures of 
reaction interfaces in both proteins. In practice, this can be achieved by titrating a pro-
tein (or a drug) into the solution of its interaction partners (Figure 27.12), similar to 
the chemical shift mapping method. This ENMR approach can map multiple reactive 
proteins in a signaling network without selective labeling of the interested proteins. 
Of course, molecular diffusion and spin relaxation also affect the spectral outcome of 
the Ex-ENMR exchanging planes. 31    

500 Qiuhong He and Xiangjin Song
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 27.6 CONCLUSIONS 

 Electrophoretic NMR proteomics is potentially a powerful tool for studying protein 
interactions in system biology and may be combined with the current in-cell NMR 
techniques. 32–34  to map biological signaling events across cell membranes mediated by 

FIGURE 27.12 The effective electrophoretic migration rates of protein A and protein B 
changes when they are involved in a chemical reaction using A � B  AB as a model system. 
The schematic 3D Exchange electrophoretic 1H-15N HSQC spectrum gives 2D-NMR spectral 
planes of A

ex
 and B

ex
, which differ from that of the pure protein spectra A or B. The simula-

tion plots a case when protein A, B, and their complex AB are equally populated. The protein 
resonances involved in the chemical exchange are represented with fi lled circles, while those 
not involved with open circles. (unpublished results)

FIGURE 27.11 Schematics of two interacting proteins A and B undergoing chemical exchange 
processes, where 
(A), 
(B), and 
(AB) are the electrophoretic migration rates of free protein 
A, free protein B, and protein complex AB, respectively.
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interactions of cell protein receptors and other proteins, ligands, or drugs. 35  Without 
physical separation of the proteins in a free solution (or in gel matrix), ENMR can map 
unique proteomic profi les of coexisting proteins and protein conformations, retaining 
information of protein interactions. Thus, the protein markers of diseases identifi ed 
in a proteomic sample can be characterized at the structural level to defi ne their 
chemical identities and functional roles in cellular biochemistry and organ physiol-
ogy. Clinically, the abnormal protein expression profi les in different biological sig-
naling pathways of cancerous cells in a specifi c physiological microenvironment can 
be identifi ed with detailed 3D structural characterizations. High-resolution ENMR 
proteomic profi les from spontaneous human cancer cells can be compared to that 
from their normal cell origin to obtain a picture of the altered cellular biochemical 
events in pathological conditions. Such information will be extremely valuable for 
effective drug designs and therapeutic interventions. As demonstrated in the prelimi-
nary experiments of 3D electrophoretic COSY and HSQC methods, the structures 
of coexisting proteins can be studied simultaneously in solution. In addition, high-
throughput structural determination of protein–protein interactions can be performed 
to map 3D conformational changes of the protein active pockets. Ultimately, through 
proteomic characterization of proteins, protein interactions, and biological signaling 
pathways, we may begin to understand what makes an individual special and how to 
discover personalized drugs and therapies to manage human diseases. 
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acrylamide gel (2D PAGE)— 
see Electrophoresis, 2D

Electrophoretic migration of proteins, 491, 
501

Electrophoretic Nuclear Magnetic 
Resonance (ENMR), 491–502

Electrophoretic Nuclear Magnetic 
Resonance, Capillary Array (CA-
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Electrophoretic Nuclear Magnetic 
Resonance, Multi-dimensional  
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Glycoprotein detection, 321, 326, 350, 453
Glycoprotein enrichment, 346, 353
Glycoprotein staining, 326, 345, 349, 350, 
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Glycoproteins, 258, 315, 320, 321, 326, 

328, 329, 332, 333, 345–355, 357, 357, 
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192
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135–137, 142, 153
Ion exchange (IEX), 19–27, 33, 64, 65, 70, 
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Immune system disorders, 235–267
Immunodepletion, 43, 44, 63, 66–74, 77
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73–77
Immunoglobulin detection, 240–259
In cell NMR, 467, 468, 472, 480, 481, 484, 
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Isoelectric Focusing (IEF), 20–22, 27, 45, 
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207–210, 212–215, 222, 241, 252, 269, 
270, 274, 275, 279–282, 288–290, 
293–296, 304–308, 314, 315, 391, 429, 
445–447, 449

J-coupling, 491, 494, 495, 500

Labeling, fluorescent, 269, 274, 278, 279, 
311, 312, 350, 446, 458

Lectin(s), 64, 224, 226, 326, 345–347, 
349, 352, 355, 357

Ligand, 10, 15, 20, 29, 30, 32–35, 37,  
38, 70, 347, 467–469, 471–476, 
478–484
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Spectrometry (LC-MS/MS), 63, 59, 
69–71, 74, 75, 86, 293, 301, 309–316, 
365, 366, 373, 377, 380, 381, 429

Llama, 29, 31, 32

Mass spectrometry, tandem, 64, 76, 78, 84, 
86, 93, 97, 98, 101, 102, 138, 160, 223, 
224, 227, 230, 309, 313, 314, 321, 327, 
328, 322, 324–339, 351, 352, 355–358, 
365, 366, 370, 371, 373, 377, 380, 381, 
389, 423, 424, 427, 427, 429

Matrix-Assisted Laser Desorbtion 
Ionization (MALDI), 13, 41, 45, 52, 55, 
74, 90, 92–98, 100–102, 208, 222–225, 
227, 230, 295, 309, 313, 314, 326, 
329–331, 337–339, 350, 351, 389–391, 
393–396, 401, 404–407, 409

MCF-7 cells, 82–85
M-component (Paraprotein), 237, 240, 

242, 246–248, 254
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110, 136, 140, 152, 303, 305–316, 480, 
501

Membrane media, microporous, 21–26, 
64, 90, 91, 95, 100, 119, 126, 127, 137, 
152, 153, 159, 161, 163, 193, 222, 227, 
229, 231, 274, 326, 327, 410, 463

membrane proteins, 11, 13, 81, 112, 113, 
115, 123, 147, 151, 152, 157, 158, 160, 
163, 166, 171, 174, 176, 181, 182, 191, 
213, 214, 292, 301, 302–316, 325, 470

Membrane, synovial, 220, 221
Microorganisms, 9, 11, 31, 110
Molecular imaging, 468, 472, 480, 481, 

482, 484
Molecular weight cut-off (MWCO), 91, 

95, 100, 101, 348
Monolithic columns, 419–431
Monolyths, Polymeric, 420–423, 426, 429
Multicompartment electrolyser (MCE), 

11, 108, 126, 127, 135–153, 159–182, 
219–231, 315

Multidimensional Protein Identification 
Technology (MudPIT), 42, 312, 390, 429

Multiplexed Proteomics, 453–460
Myelin Basic Proteins (MBPs), 136, 142, 

150

Nano LC-MS/MS, 84, 85, 86, 310, 311, 
314, 315, 401, 428, 429

NMR, Cofactor Fingerprinting with 
Saturation Transfer Difference (CF STD 
NMR)—see Cofactor fingerprinting 
with saturation transfer difference

NMR SOLVE, 467, 468, 472–476, 484

Oligosaccharides, release of, 321, 327, 
331–333, 346, 349–352, 355, 357

Optic nerve, 135–153, 157, 182

Peptide analysis, 84, 89–102, 390, 394, 
405, 407, 419, 421, 422

Peptide(s), 30, 38, 45, 52, 55, 56, 64, 70, 
74, 75, 76, 84, 85, 86, 89–102, 138, 
142–150, 160, 165–181, 187, 190, 191, 
201, 208, 210, 212, 215, 222, 227, 228, 
236, 247, 259, 270, 273, 288, 292, 295, 
302, 309–313, 323, 326–333, 349–351, 
358, 363–382, 388–401, 404–407, 409, 

[Peptide(s)] 
410, 419, 421, 422–429, 431, 440, 445, 
446, 461–464, 483

Peptide Mass Fingerprinting (PMF), 45, 
52, 95, 123, 215, 309, 326–329, 331, 
333, 350, 351, 391, 393, 394, 401, 
404–406, 409

Phosphoprotein, detection of, 165, 167, 
183, 341, 453–460

Plasma, human, 19, 20, 22, 24, 27, 29, 30, 
35–37, 39, 42, 43, 53, 55, 58, 120, 132, 
188, 196, 242, 251, 345, 348, 349, 352, 
354, 355, 377, 379, 455, 458, 459

Plasma cell disorders, 237–239
Plasma membrane—see Membrane, 

plasma (cellular)
Plystyrene-Divinylbenzene, 419, 420, 

425–427, 429
Posttranslational modification, 15, 30, 

42, 47, 56, 59, 77, 108, 111, 124, 152, 
182, 214, 224, 225, 244, 270, 303, 310, 
316, 322, 325, 328, 345, 376, 388, 389, 
392, 395, 405, 410–413, 416, 453, 454, 
457–460, 472, 481

Prefractionation, of proteins, 19–23, 27, 
93, 105, 107–127, 194, 196, 225, 227, 
233, 252, 259, 273, 293, 310, 315, 
316, 325, 390, 391, 394, 397, 398, 
400, 407

Pressure cycling, 3–17
Pro-Q Diamond, 454, 456–460
Pro-Q Emerald, 327, 341, 453–459
Protein Active Pockets, 489, 499, 502
Protein digestion, 41, 45, 52, 69, 72, 

74–76, 84, 95, 121, 142, 215, 225, 227, 
229, 230, 273, 309–311, 313, 326, 333, 
349, 351, 357, 376, 388–390, 392, 398, 
400, 404, 429, 445, 458, 388, 389, 390, 
392, 400

Protein dynamics, 325, 467, 471
Protein Sequencing, 321, 322, 327
Protein solubilization, 11, 107, 109, 

111–115, 117, 120–123, 128, 139, 152, 
153, 181, 183, 191, 208, 210, 212–214, 
239, 269, 274, 277, 293, 297, 302–308, 
311–313, 315, 316, 348

Proteins, reduction and alkylation of, 111, 
113, 122, 129, 137, 208, 210–215, 256, 
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404

Proteomics, Middle-Out, 387, 392, 394, 
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Proteomics, Top-Down, 382, 387–389, 
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160, 223, 385, 389
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400, 402, 404, 410, 421, 426, 432, 470, 
480, 491, 494, 499, 502

Retina, 157–183
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Ribosomal Proteins, analysis of, 293, 392, 

393, 398, 402–407, 409
RPMI 8226 cells, 82, 84

Saccharomyces cerevisiae, 31, 32, 111, 
151, 269, 272, 279, 312, 314, 315, 392

Sample application, by cup loading, 208, 
209, 280, 287, 290–291, 296, 306
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128, 209, 287, 290, 291, 293

Sample preparation, 1, 3–5, 15, 16, 21, 
27, 32, 38, 59, 63, 68, 78, 90, 107–133, 
135, 136, 157, 158, 187, 192, 195, 214, 
215, 242, 294, 295, 297, 372, 378, 398
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Schlieren Optics, 439, 445, 446
SDS-PAGE, 9, 12, 14, 20, 23, 24, 26, 

33, 35, 44, 45, 49, 51, 53, 69, 70, 72, 
74–76, 78, 84, 86, 118, 119, 124, 125, 
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421, 423
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394
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Staining, phosphoprotein—see 

Phosphoprotein, detection of
Stains, colloidal, 23, 24, 81, 82, 83, 159, 

160, 161, 162, 213, 222, 224, 225, 305, 
349, 439, 440, 447, 448, 457

Stains, counterion, 20, 439, 440, 442, 444, 
448

Stains, fluorescent, 439, 446–447, 453, 
456

STD NMR, 467, 468, 476–478, 484
Synovial, 219–222, 224–230
Synoviocytes, 221
SYPRO Ruby, 25, 45, 196, 305, 444, 

446–449, 453–456, 458, 459
Systemic irreproducibility, 2D gels, 271

Tandem mass spectrometry—see Mass 
spectrometry, tandem

Tissue, 35, 7, 9, 14, 16, 25, 42, 56, 64, 86, 
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140, 142, 151, 153, 157, 158, 160, 182, 
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Electrophoresis, 2D
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(2DGE)—see Electrophoresis, 2D
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