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Depletion strategies prior to proteomic analysis for biomarker 

discovery in human serum samples 

 

Karin Björhall 
 

Sammanfattning 

Plasma innehåller många proteiner vilka kan fungera som indikatorer för olika 
sjukdomar. Idag pågår en ständig jakt på nya proteinmarkörer som kan användas i 
medicinsk diagnostik men också i utvecklingen av nya läkemedel. Att undersöka 
plasmaproteomet är attraktivt eftersom denna kroppsvätska innehåller stora 
proteinmängder och är kliniskt lättillgänglig. Proteinanalys i plasma försvåras 
emellertid på grund av att några få proteiner utgör upp till 90% av det totala 
proteininnehållet. Genom att ta bort några få plasmaproteiner av hög koncentration 
kan man dock förenkla analysen av de kvarvarande proteinerna. I det här 
examensarbetet har olika affinitetskolonner utvärderats som kan användas för att ta 
bort plasmaproteiner av hög koncentration, främst albumin och γ-globuliner (IgG). 
Totalt utvärderades fem olika affinitetskolonner med avseende på bindingskapacitet, 
specificitet och reproducerbarhet.  
 
En av affinitetskolonnerna valdes ut för ytterligare utvärdering med olika proteomik-
separationer som två-dimensionella (2D) geler och SELDI. Resultat från 2D-geler 
visade både ökad laddningskapacitet och ökad upplösning av kvarvarande proteiner 
efter förfraktionering med affinitetskolonnen som tog bort albumin, IgG, transferrin, 
α1-antitrypsin, IgA och haptoglobin. Den ökade laddningskapaciteten gör det enklare 
att detektera och identifiera potentiella proteinmarkörer i plasma. Motsvarande SELDI 
analys kräver ytterligare utvärdering innan affinitetskolonnen kan användas som ett 
förfraktioneringssteg i proteomanalys. Ett två-dimensionell vätskekromatografisystem 
sattes också upp för att kunna användas i proteomeanalys för storskalig identifiering, 
men även detta system kräver ytterligare utvärdering innan det kan användas för 
analys av plasmaproteiner. 
 

Examensarbete 20 p, Molekylär Bioteknikprogrammet 

Uppsala Universitet januari 2004 
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Karin Björhall 

1. INTRODUCTION 
 

1.1 Proteomics 

The term proteome was first coined in 1994 by Marc Wilkins, referring to the total set of 

proteins expressed by a cell, tissue or organism at a given time1. Proteomics, the analysis of 

the entire PROTEin complement expressed by a genOME, involves the systematic separation, 

identification and characterisation of all proteins present in a biological sample. The 

information retrieved from proteomic analysis can be used to build complex networks over 

protein interactions and allows researchers to look at the multiplicity of factors involved in 

disease2. Thereby, proteomics can answer fundamental biological questions at a much faster 

pace than the single-protein approach. 

 

Today, the first steps have been taken in the post-genomic era, and the focus has shifted from 

genomics towards the understanding of gene function, i.e. trying to bridge the gap between 

genome sequence and cellular processes. Proteomics is one of the most important post-

genomic approaches for this purpose since it is the proteins expressed by the genes that are 

ultimately responsible for the processes taking place within the cell. As a contrast to the 

genome, the proteome is dynamic with changing protein expression as a response to different 

conditions. Expression analysis directly at the protein level is necessary to unravel the critical 

changes that occur as part of disease pathogenesis, because proteins are often expressed at 

concentrations and forms that cannot be predicted from mRNA analysis3. Regulation 

mechanisms take place both at the transcriptional and translational level, leading to a complex 

relationship between expression levels of RNA and protein (Figure 1). Before translation into 

proteins, the mRNA from transcribed genes are subjected to a diversity of differential splicing 

mechanisms, giving rise to several distinct proteins. Proteins are themselves characterised by 

a wide range of posttranslational mechanisms, their intracellular location and molecular 

association with other protein products. In addition, the rate of mRNA degradation enables 

cells to quickly respond to different stimuli and the stability of RNA is controlled by its 

interactions with different structural element and RNA-binding proteins4. All these post-

genomic processes result in a poor correlation between the expression levels of mRNAs and 

proteins, generally lower than 0.54.  

 

 

 

 
 

3



Depletion strategies prior to proteomic analysis for biomarker discovery in human serum samples 

 
 
 
 
 
 
 
 
 
 
 
 

Post-translational 
modification

DNA RNA mRNA Protein

Transcription Processing Translation

Transcriptional 
Regulation

Alternative Splicing 
mRNA Editing 
Polyadenylation

Translational 
Regulation

Compartmentalization

Proteolysis

Post-translational 
modification

DNA RNA mRNA Protein

Transcription Processing Translation

Transcriptional 
Regulation

Alternative Splicing 
mRNA Editing 
Polyadenylation

Translational 
Regulation

Compartmentalization

Proteolysis

 
Figure 1:  The complex relationship between genomics and proteomics. A single gene can give rise to multiple 
gene products though alternative splicing or editing of mature mRNA. mRNA can also be regulated by stability 
and efficiency of translation. Proteins are regulated through a diverse range of post-translational modifications, 
proteolysis and compartmentalisation.  The figure was adapted from Graves et al.44 
 

1.2 Proteomics in Biomarker Discovery  

In recent years, there has been a growing interest in applying proteomics to clinical 

diagnostics and predictive medicine5. The goal has been to identify disease markers, or 

biomarkers, which are related to a certain disease mechanism and that can be used to extract 

diagnostic information. Biomarkers can assist medicine by enabling earlier detection and 

treatment of the disease or to identify those patients who are likely to respond to a certain 

treatment. They can also be used in clinical studies of new drugs to measure the effects and 

toxicological responses at an early stage.  

 

Proteins are responsible for almost all processes taking place in an organism, and their 

abundances and/or structures are likely to change as a response to disease, making proteins 

promising targets in biomarker discovery. Because disease often will involve a changed 

expression pattern of several proteins, a combination of several biomarkers is generally more 

effective than a single one. Proteomics enables the study of many proteins simultaneously and 

can unravel such multiple changes. Possible disease-related differences in the proteome that 

can be detected by the use of proteomics are quantitative changes in protein expression 

patterns, abnormally sheds or total removal of a protein/proteins or proteins that have been 

clipped or modified.  

 

Body fluids, such as serum, urine and cerebrospinal fluid, represents acellular, protein-rich 

information reservoirs that contains traces of what has been encountered during its circulation 

throughout the body. Being easy accessible and present in sufficient amounts for protein 

profiling, body fluids offer an attractive approach for biomarker discovery and future clinical 
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applications6. Proteomic technologies have successfully been used to identify novel 

biomarkers in a wide range of diseases from various types of cancer to cardiovascular 

disease7,8. 

 

Early detection is often crucial for control and prevention of many diseases, particularly 

cancer. The use of sets of biomarkers that enables detection at an early stage of disease 

progression imply a higher probability of curing the disease6. Pharmaceutical companies 

envision that biomarkers in the future will become a valuable diagnostical tool in many major 

diseases but also that biomarkers could come to serve as proof for clinical effect of a drug9. 

Thereby, biomarkers could speed up and reduce the cost of clinical trials in drug 

development.  

 
1.3 The Human Plasma Proteome 

The plasma proteome is the largest and deepest version of the human proteome present in a 

single sample10. Plasma contains a myriad of proteins from different origins that appear in 

plasma for a variety of reasons; only a fraction represents true plasma proteins that carry out 

their functions in the circulation. Apart from the true plasma proteins, plasma contains 

proteins leaked by tissue, hormones etc (Table 1). Because of its huge diversity, it contains 

many proteins whose abundances and structures will change in different diseases, and the 

plasma protein pool is often said to contain a molecular signature of the health status of an 

individual. Plasma is also easy accessible with a non invasive technique and contains 

sufficient protein amounts for clinical applications, which makes this body fluid a perfect 

target for biomarker discovery in many major human diseases, especially various types of 

cancer10. 

 

The human plasma proteome has undoubtedly the potential to reveal many important 

biomarkers, but it also offers an extreme analytical challenge on account of dynamic range 

abundances and heterogeneity of glycoproteins. Plasma proteins have a dynamic range higher 

than ten orders of magnitude, reaching from the most abundant protein albumin present in 

concentrations of 35-50 g/l down to ng/l quantities of interleukin-6 (Figure 2). Each 

individual protein also displays a great diversity of posttranslational modifications, especially 

glycosylation (plasma proteins are generally heavily glycosylated) and phosphorylations10. In 

addition, immunoglobulins display a sequence diversity of up to 10^7 possible sequences.  
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Table 1: Putnam’s classification of plasma proteins divided into eight functional groups, as described by 
Anderson et al.10. 
 
Group Description 

 
Proteins Secreted by 
Solid Tissue That Act in 
Plasma 

• Classical plasma proteins that are mostly secreted by the liver and intestines.  
 

Immunoglobulins • Circulate the blood stream in search for foreign material that can raise an immune 
response. 
• A sequence diversity of 10^7 different forms.  
• Immunoglobulin G (IgG) is the most common form, present in 8-9 g/l quantities. 
 

Long Distance Receptor 
Ligands 
 

• Peptide and protein hormones present in a range of sizes, for example insulin. 
 

Local Receptor Ligands • Cytokines and other short mediators of cell responses that mediate local 
interactions between cells followed by dilution into plasma in low ineffective levels. 
• Generally short residence times in plasma, with native protein molecular weights 
often below kidney filtration cut-off.  
 

Temporary Passengers • Proteins that traverse plasma on their way to their primary site of function. 
 

Tissue Leakage Products • Proteins that normally function inside cells but are released into plasma as a result 
of cell death or damage.  
 

Aberrant Secretions • Release of proteins into the blood stream from tumours or diseased tissue, 
presumably not as a result of a functional requirement. 
 

Foreign Proteins • Proteins that come from organisms or parasites that are exposed to or enter the 
bloodstream. 
 

 

Anderson et al.10 calculated that “true” plasma proteins (i.e. proteins that carry out their 

function in plasma) probably would yield around 50 000 forms, but by addition of all proteins 

contributing to the plasma proteome by tissue leakage, one will end up with around a 

theoretical number of around 500 000 protein forms in plasma, including essentially the entire 

human proteome. Then the immunoglobulin diversity is excluded. Thus, the human plasma 

proteome displays a tremendous complexity that cannot by far be compared to that found in 

the genome. Extracellular body fluids also represent a biological system not accessible for 

DNA and RNA approaches, and that can only be approached with protein methods. 
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Figure 2: Major plasma proteins. This figure clearly demonstrates the high dynamic range of 
proteins present in a plasma sample. The figure was taken from the Plasma Proteome Institute 
(PPI) Website (www.plasmaproteome.org), with permission from Leigh Anderson, PPI. 
igh dynamic range of plasma proteins is undesired in proteome analysis since highly 

ant proteins tend to mask the presence of low abundance proteins or peptides. The 

lties that are encountered in the analysis of such complex proteomes have resulted in a 

uous search for new techniques that can display a more detailed version of an entire 

me. The first map of the human plasma proteome by two-dimensional gel 

phoresis (2D-GE) was presented in 197711. Today, 2D-GE of unfractionated plasma 

complished a total 2D-map with the identity 60 plasma proteins, representing 613 spots 

n be seen at the SWISS 2D-Page web site (see us.expasy.org/ch2d). A majority of these 

s were identified by immunodetection and not by mass spectrometric techniques10. 

ctionation and immuno-subtraction of high abundance proteins have increased the 

r of identifications to 289 plasma proteins10. More recently, a total of 490 proteins were 

ed from tryptic digests of plasma by the use of two-dimensional liquid chromatography 

C) and tandem mass spectrometric (MS/MS) detection12.  
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1.4 Aim of the study 

Overall aim 

The overall aim of this master thesis was to evaluate different prefractionation and proteomic 

strategies for biomarker analysis in human serum samples. 

 

Specific aims 

• To evaluate and compare five different depletion columns for removal of high 

abundance serum proteins, mainly albumin and immunoglobulin G (IgG), in order to 

determine which one that offers the best binding specificity, efficiency and 

reproducibility.  

• To evaluate precipitation using acetonitrile (ACN) as a prefractionation method. 

• To determine if the removal of high abundance proteins would improve the pattern of 

serum protein profiling from two-dimensional gel electrophoresis (2D-GE), surface 

enhanced laser desorption/ionisation (SELDI) and two-dimensional liquid 

chromatography (2D-LC) by an increase in resolution of less abundant proteins.  

• To set up a 2D-LC system coupled with matrix assisted laser desorption/ionisation 

tandem time-of-flight (MALDI-Tof-Tof) mass spectrometry for separation and 

identification of complex protein mixtures such as tryptic digests of depleted serum.  
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2. METHODOLOGIES 
 

2.1 Depletion strategies for serum 

The dynamic range present in complex protein samples such as body fluids poses great 

challenges to the analyser. The presence of a relatively small number of high abundance 

proteins in serum tends to mask the presence of lower abundance proteins, thus making their 

detection and identification in proteomic studies more difficult13. The most common 

proteomic techniques used today, including 2D-GE, 2D-LC, SELDI and mass spectrometry 

(MS), all suffer from dynamic range limitations. Potential biomarkers, such as early disease 

markers, are often present at low concentrations (µg/l levels) and prefractionation or specific 

removal of high abundance proteins are therefore required prior to analysis12. Albumin and 

IgG alone constitutes between 60% and 80% of the total protein content in human serum. 

Thus, the removal of relatively few high abundance proteins results in an enriched pool of 

low-abundance proteins for downstream proteomic analysis that greatly increases the sample 

loading of low-abundance proteins and enables improved resolution in comparative analysis 

methods such as 1D-GE, 2D-GE, 2D-LC and SELDI (Figure 3). This makes depletion 

strategies a valuable tool in biomarker discovery. 
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Figure 3: Principle of the depletion process. The figure 
was adapted from Zhang et al.48.   
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2.1.1 Depletion columns for specific removal of high abundance proteins 

Various immunoaffinity columns have been developed for depletion of high abundance 

proteins in human plasma/serum samples, principally for the removal of albumin and IgG. 

The depletion process can be performed in different formats: affinity resins compatible with a 

liquid chromatography system, gravity flow or spin-down columns. There are also several 

major strategies concerning the mechanisms of removal of albumin and IgG. Albumin 

binding columns can constitute of two different stationary phases, either dye-ligands such as 

Cibacron Blue and derivatives thereof or specific antibodies against human albumin. Dye 

affinity resins for removal of albumin has the advantage of high binding capacity as compared 

to an antibody-based system but has been shown to lack specificity13-15. However, a major 

advantage of dye-based ligands are their lack of species specificity, and thus the same column 

can be used to remove albumin and IgG in serum of several mammalian species such as 

human, rat and mouse16. Removal of IgG is commonly achieved by immobilized Protein A 

(from Staphylococcus aureus) or Protein G (from group G streptococci), which binds to the 

Fc region of the IgG. However, specific antibodies can also be used. Protein G displays 

slightly increased binding specificity of IgG in human serum, binding to all four IgG-types 

(IgG1, IgG2, IgG3 and IgG4), as compared to Protein A that binds through high-affinity 

interactions to all IgG-types except IgG3
17. Protein A also binds to other classes of 

immunoglobulins such as IgM and IgA through weaker interactions, whereas protein G does 

not bind any other immunoglobulin classes and is therefore a more versatile and specific 

reagent for complex formation with IgGs. 

 

2.1.2 Precipitation of high molecular weight proteins using an organic solvent 

Precipitation of high molecular weight proteins using organic solvents can offer an 

inexpensive and easy alternative to depletion columns if proteins and peptides of low 

molecular weight (below 20 kDa) are investigated. Previous studies demonstrated a high 

depletion efficiency of albumin and other high-molecular weight proteins using ACN as 

precipitant, monitored through size exclusion chromatography combined with UV-detection18.  
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2.2 Proteomic techniques for biomarker discovery 

There are two principal steps in a proteomic strategy. First, the proteins in a sample are 

separated according to different properties. Proteomic separation techniques such as 2D-GE, 

2D-LC and SELDI are described in sections 2.2.1-2.2.3. The second step is the identification 

of the separated proteins, which is today typically performed using mass spectrometric 

techniques and bioinformatics. MALDI-TOF-TOF mass spectrometry for identification of 

peptides and proteins is described in section 2.3. 

 

2.2.1 Two-dimensional gel electrophoresis (2D-GE) 

2D-GE is today still the most high-resolution method for proteomics analysis, capable of 

separating several thousand proteins in a single analysis. 2D-GE separates proteins in a 

complex mixture according to two independent physiological properties, charge and size, in 

two discrete steps: isoelectric focusing (IEF) and sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). The separation results in a distinct pattern of protein spots that 

can be identified using mass spectrometry methods. Each protein spot on the 2D-gel will be 

characterised by pI, molecular weight (Mr) and quantitative information and this enables 

detection of post- and co-translational modifications. It is believed that a separation of as little 

as 0.1 pI unit and 1 kDa in molecular weight can be achieved in the resulting two-dimensional 

array19. 

Isoelectric point (pI)

Size
(Mr)

Isoelectric point (pI)

Size
(Mr)

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Typical appearance of a 2D-gel. The figure 
was kindly provided by Ida Kanmert, Dept. of Molecular 
Sciences, AstraZeneca R&D, Mölndal. 
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2D-GE has been used since the mid-70s, but has undergone extensive improvements in recent 

years20. The technique was first introduced in 1975 by P.H. O’Farrell and J. Klose21,22 but its 

full potential was not realized until the introduction of immobilized pH gradients in the 1980s 

which enabled reproducible experiments to be performed23. 2D-GE has also gained increased 

importance over the past few years due to the increased possibility to identify separated 

protein spots. The developments of mass spectrometry techniques and the access to large 

genome and protein databases have increased the probability to identify proteins visualised on 

2D-gels. The development of narrow-range strips and improved staining dyes combined with 

powerful computer programs have also made a significant contribution to improve detection, 

quantification and identification of proteins on 2D-gels20. 

 

2.2.1.1 Sample preparation 

Sample preparation is of great importance to achieve high-resolution separations by 2D-GE. 

Only proteins that are kept in solution during the separation can be visualised, and this often 

limits the possibility to detect hydrophobic membrane proteins on 2D-gels. Complete 

denaturation and solubilisation is achieved with a mixture of solvents that ensures that each 

protein is present only in one configuration, to minimize protein aggregation and 

intermolecular interactions20. 2D-GE is run under denaturing conditions. A number of 

reagents such as chaotropes, surfactants and reducing agents are used to achieve high 

solubilisation, denaturation and reduction of the proteins. Protease inhibitors are also 

generally added to minimize degradation of proteins by proteases under sample preparation 

that further complicates the analysis of the results.  

 

Chaotropes allows the proteins to unfold and expose their hydrophobic cores and are added to 

minimise absorption of proteins to the gel matrix during IEF. They act by changing the 

hydrogen bound structure in the solution and by doing so decrease the energy cost for 

contacts of hydrophobic residues with the environment24. Urea is an uncharged chaotrope that 

is routinely used to increase protein solubility in 2D-GE. In recent years thiourea has been 

used in a combination with urea to increase the solubility and resolution of proteins on 2D-

gels. Although there have been reports that thiourea do not particularly increase the number of 

hydrophobic proteins on the gel, it increases the total number of spots and seem to be 

important for obtaining distinct spots and thereby improve the gel resolution. Another effect 

obtained with inclusion of thiourea is that serum albumin appeared as more condensed 

spots25.  
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Surfactants are used to prevent interaction between hydrophobic residues that has been 

exposed to the solvent as a result of denaturation by chaotropes. In order not to change the pI 

of the proteins, surfactants need to be non-ionic or zwitter-ionic. The most commonly used 

surfactant today is CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), 

which belongs to a class of linear sulphobetaine zwitter-ionic detergent24. In addition to 

chaotropes and surfactants, reducing agents, most commonly dithiothreitol (DTT), are used to 

reduce disulfide bonds for complete unfolding of proteins. A major problem with the use of 

DTT is that it becomes deprotonated at alkaline pH and will, because of its negative charge, 

start to migrate towards the anode. This can result in streakiness of the basic region of 2D-

gels, but can be avoided through continuous addition of electrode paper soaked in rehydration 

buffer with DTT during IEF26.  

 

2.2.1.2 First Dimension: Isoelectric Focusing 

Proteins are amphoteric molecules consisting of both positively and negatively charged 

residues, depending on their amino acid composition and the pH of the surrounding20. At a 

certain pH, the proteins have no net charge, which is called the isoelectric point (pI). Under 

the influence of an electric current, proteins will migrate in a pH gradient until they reach 

their pI. There, they become neutral and will no longer be affected by the electric field. As a 

result, every protein will end up concentrated and focused at their specific pI and thus 

separation is achieved. Because the resolution in IEF is determined by the slope of the pH-

gradient and the electric field strength, IEF is generally performed at very high voltages20. 

 

2.2.1.3 Equilibration, reduction and alkylation 

After IEF, the strips are equilibrated in a buffer containing SDS and DTT. SDS is an anionic 

detergent that denatures proteins and gives them a constant negative charge proportional to 

the unit mass that is required for separation according to molecular weight in the second 

dimension. DTT reduces the proteins by cleaving the disulphide bonds to completely unfold 

the proteins. A second equilibration with a buffer containing iodoacetoamide (IAA) instead of 

DTT is also generally performed to alkylate the thiol residues and remaining DTT to prevent 

deoxidisation of sulphide groups during electrophoresis that can result in streaking of proteins 

in the alkaline area. This is particularly important since SH-groups in a reduced state are 

unstable at high pH and can react with free unpolymerized acrylamide to form stable 

complexes or form new disulfide bridges, which may results in spurious spots in the alkaline 

pH region27. 

 
 

13



Depletion strategies prior to proteomic analysis for biomarker discovery in human serum samples 

2.2.1.4 Second dimension: SDS-PAGE  

The second dimension in 2D-GE separates proteins based on differences in their molecular 

weights. SDS disrupts hydrogen bonds, block hydrophobic interactions and partially unfolds 

the proteins. By binding to hydrophobic regions of the protein, SDS forms anionic complexes 

with constant negative net charge per unit mass that are independent of the charge of the 

protein itself. The polypeptides will become flexible rods with charged densities and there 

will be an approximately linear relationship between the logarithm of the molecular weight 

and the relative distance of migration in the polyacrylamide gel20. Under the influence of an 

electric field, the proteins will migrate through the gel meshwork towards the cathode. 

Smaller molecules will diffuse more freely through the gel and thus migrate faster than larger 

ones, resulting in separation. The pore size of the polyacrylamide gel can be adjusted for 

optimal separation20.  

 

2.2.1.5 Visualisation and Evaluation of 2D-gels 

To visualise the proteins separated by 2D gels, a wide selection of methods can be used: 

radioactive labelling, Coomassie Brilliant Blue (CBB) staining, silver staining and fluorescent 

staining. The proteins can be labelled prior to the separation, after the first dimension step or 

after the second dimension, but pre- and post-labelling techniques are most commonly used19. 

Selective staining methods are also available, for example Pro-Q Diamond for 

phosphoproteins or Pro-Q Emerald for glycoproteins.  

 

Important parameters to consider when selecting staining method is the sensitivity, the linear 

range for quantification and compatibility with MS20. Comparison of CBB staining, silver 

staining and SyproRuby staining are shown in Table 2. SYPRORuby™ Protein Gel Stain is a 

non-covalent post-electrophoretic fluorescent staining method with a high dynamic range. 

The fluorescent compounds in SYPRORuby bind to the SDS surrounding the proteins with 

little protein-to protein variability and are compatible with mass spectrometric methods, and 

this staining method is therefore usually preferred over the more sensitive silver staining. 
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Table 2: Sensitivity and major advantages/disadvantages of different staining methods. The characteristics of 
different staining methods are reviewed in Moritz et al.28.  
 
Staining methods Sensitivity (detection limits, 

protein amount per spot) 
Major advantages  Major disadvantages 

Coomassie 
Brilliant Blue 
(CBB) Staining 

50-500 ng Simple 
More quantitative than 
silver staining 
 

 Low sensitivity 

SYPRORuby 
Staining 

5-10 ng Wide dynamic range 
MS compatible 
 

Expensive 

Silver Staining 1-10 ng High sensitivity Spot intensity dependent on 
duration of development 
Low dynamic range 
 

 

2D-gels are scanned and subjected to image analysis and evaluation using powerful software. 

These programs can automatically perform labour intensive procedures such as 2D-gel 

warping, spot matching, detection of spot boundaries, background subtraction and 

determination of spot volumes28. However, due to the mechanical instability of the 

polyacrylamide gels and difficulties in correctly defining spot boundaries, manual inspection 

and correction are usually needed.  

 
2.2.2 Two-dimensional liquid chromatography (2D-LC) 

An alternative approach to 2D-GE for resolving complex protein mixtures is 2D-LC coupled 

with tandem mass spectrometry (MS/MS). The separation is performed in a liquid 

chromatographic system consisting of two columns with different separation mechanisms. 

The most common system set-up is a strong cation exchange (SCX) column in combination 

with a reversed-phase (RP) column, i.e. the separation is based on charge and 

hydrophobicity29. Whereas 2D-GE separates intact proteins, 2D-LC is often performed on 

proteolytic digests of proteins. Although the technique has been around for over 20 years, 2D-

LC has recently gained importance for separation of proteolytic peptides due to the rapid 

developments in the field of mass spectrometry and the increased probability to identify 

protein/peptides utilising MS/MS analysis combined with database searching. Identification 

of proteins separated by 2D-LC and subsequent MS/MS analysis in a shotgun approach is 

further described in section 2.3.5.2. 

 

Giddings built up the theoretical framework of multidimensional separations. According to 

his classical definition of multidimensional separations, the two following criteria must be 

satisfied; (i) the components must be subjected to orthogonal separation mechanisms and (ii) 
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the separation obtained by a single separation dimension must not be ruined by the subsequent 

separation dimension30. The peak capacity measures the effectiveness of a separation process 

and is defined as the maximum number of components that can be resolved into a retention 

space with a specified resolution, assuming uniform peak distribution. For an orthogonal 

separation in two dimensions, the total peak capacity would be the product of the peak 

capacity obtained in each dimension. In reality, component peaks are distributed randomly 

over the separation time and the components of complex mixtures that can be resolved by a 

2D-LC system are therefore far less than the theoretical peak capacity due to extensive peak 

overlap.   

 

2.2.2.1 2D-LC system set-up: On-line versus Off-line  

Two types of 2D-LC systems can be distinguished; either an off-line approach where the 

separation is performed in two individual steps or an on-line approach where the columns are 

operated in series. For an on-line 2D-LC approach, an acidified peptide mixture is applied to a 

SCX chromatography column and discrete fractions of the absorbed peptides are then 

sequentially displaced directly onto the RP chromatography column through a step-wise salt 

gradient. One of the first and most powerful on-line 2D-LC systems for identification of 

complex protein mixtures was developed by Yates and colleagues31. They used a biphasic 

microcapillary column that combined SCX and RP material in a single column. This 2D-LC 

system, coupled to a tandem mass spectrometer, has been used for successful identification of 

more than 1484 proteins from the proteome Saccharomyces cerevisae32. Although an on-line 

approach simplifies automation, an off-line 2D-LC system offers several advantages over the 

on-line technique; (i) the chromatographic resolving power is increased due to the possibility 

to use a continuous SCX-gradient in the first dimension, (ii) SCX can be performed with >20 

% acetonitrile in the buffer to linearize peptides and (iii) more peptide fractions can be 

collected29. 

 

2.2.2.2 Sample preparation 

Sample preparation of the proteome prior to 2D-LC separation is similar to that of 2D-GE, i.e. 

to dissolve as many proteins as possible. Complete denaturation and solubilisation are 

achieved with a mixture of chaotropes, surfactants and reducing agents to minimize protein 

aggregation and intermolecular interactions. The samples are also generally reduced with 

DTT and alkylated with IAA to unfold the proteins prior to proteolytic digestion, typically 

performed with trypsin.  
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Trypsin digestion typically yield about 20 peptides per protein, and the resulting peptide 

mixture originating from an entire proteome corresponds to a tremendous large amount of 

peptides. This sample complexity cannot be resolved by any current 2D-LC system33. On the 

other hand, a few peptides of each protein are generally sufficient for proper protein 

identification by MS/MS. Therefore, reduction of sample complexity are often desired in 

large-scale proteome analysis to decrease the number of peptides originating from a single 

protein and thereby increase the throughput for protein identification29. One method for 

sample enrichment that also enables quantitative comparison of different proteomic states is 

isotope-coded affinity tags (ICAT), where only cystein-containing peptides are selected for 

analysis. The ICAT consists of an affinity tag (biotin), a linker incorporated with stable 

isotopes and a reactive group towards thiol groups. Separation of the cystein containing 

residues from the peptide mixture is performed by an avidin affinity column34. 

 

2.2.2.3 First Dimension: Strong Cation Exchange (SCX) chromatography 

Ion exchange chromatography separates proteins and peptides according to the surface 

charges of the proteins or peptides. Proteins/peptides with opposite charge to the ion 

exchanger will interact with the column by coulombic forces. The more highly charged 

proteins/peptides, the stronger the interaction with the column. Bound protein and peptides 

are eluted by an increase in counter ion concentration or a pH-gradient35. Strong cation 

exchangers are designed to function at pH below 4.0. At pH 3, basic residues in peptides (His, 

Arg, Lys) and the amino-termini are positively charged, whereas acidic residues (Asp, Glu) 

and the carboxyl-termini are uncharged. This means that most peptides with free amino-

termini will have a net charge of at least +1 and will bind to the column. The peptides will 

then elute in order of increasing positive net charge. 

 

2.2.2.4 Second Dimension: Reversed-Phase (RP) Chromatography 

RP chromatography separates molecules based on hydrophobic binding interactions between 

the solute molecules (e.g. proteins or peptides) and the immobilised hydrophobic ligand, 

which usually consists of an n-alkyl hydrocarbon or aromatic ligand. The initial mobile phase 

is aqueous, which will promote the binding of the peptides to the immobilised stationary 

phase. Binding will result in a minimized hydrophobic area exposed to the solvent and 

thereby a favourable increase in system entropy. This is due to the fact that water molecules 

adjacent to hydrophobic regions are more highly ordered than bulk water and protein-surface 

interaction will result in an increase of water’s entropy. The distribution of peptides between 
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the stationary and the mobile phase depends on three main factors: (i) the binding properties 

of the stationary phase, (ii) the hydrophobicity of the solute and (iii) the composition of the 

mobile phase. Initial conditions are designed to favour absorption and the mobile phase 

composition is then modified to favour desorption to obtain a high-resolution separation. The 

proteins/peptides will elute in order of increasing hydrophobicity35. 

                                                                                                                                                                       

2.2.3 SELDI-TOF MS 

Surface enhanced laser desorption/ionisation time-of-flight mass spectrometry (SELDI-TOF 

MS) is a novel approach to biomarker discovery that combines chromatographic methods 

with mass spectrometry36. The technique was introduced by Hutchens and Yip and is based 

on protein chip technology37. Today, a total system solution for SELDI is commercially 

available from Ciphergen. Their SELDI protein chip system consists of a protein chip array, a 

protein chip reader comprising a linear time of flight mass spectrometer and dedicated 

software (Figure 5).  
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Figure 5: Principles of SELDI-Tof MS. An additional prefractionation, eg. elution chromatography, 
may be used to achieve further separation on the protein chip array. The figure was provided by  
Mikael Caspersen at Ciphergen®. 

 
main component of the SELDI technology is the protein chip array that contains eight 

s, 2 mm in diameter. Each spot chip array surface contains either a chemically pre-

ated surface (ionic, hydrophobic, chelating metal etc.) or a protein specific surface 

body, receptor etc) for selective capture of proteins (Figure 6). The chemical surfaces are 

 to capture subsets of proteins for protein profiling analysis and the biological surfaces 

apture of specific proteins.  
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 a) Chromatographic surfaces for general profiling

(PS-1 or PS-2)

(Reverse Phase) (Cation Exchange) (Metal Ion) (Normal Phase)(Anion Exchange)

(Antibody - Antigen) (Receptor - Ligand) (DNA - Protein)

b) Preactivated surfaces for specific protein interaction studies
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Figure 6: Various ProteinChip array surfaces. A) Chromatographic surfaces are composed of 
reversed-phase, ion exchange, immobilised metal affinity capture (IMAC) or normal-phase 
chemistries. This surfaces extract proteins using quasi-specific means of affinity. Preactivated 
surfaces (PS) contain reactive chemical groups capable of forming covalent linkages with primary 
amines or alcohols. Specific protein interaction studies can be achieved by the use of antibodies, 
receptors or oligonucleotides. The figure was provided by Mikael Caspersen at Ciphergen®. 

 

ple volume of 0.5- 200 µl is typically added to the surface on the protein chip array. 

binding and subsequent washing to minimise unspecific binding, energy-absorbing 

ules (the matrix) are added to the spots. The dried spots with matrix forms crystals that 

e the peptide/protein of interest. The proteins that are retained on the surface are 

uently ionised and detected by MALDI-Tof-MS6. In protein profiling analysis, the ion 

a are analysed by advanced software to classify subsets of spectra by their characteristic 

s of relative abundance6. The resulting spectra can contain thousands of proteins and 

equire high-order data mining for analysis to find significant changes in protein 

sion related to disease shaded by natural variations occurring in clinical material. 

ELDI technique allows for protein profiling of proteins up to 20 kDa in a variety of 

ex biological materials such as blood, serum, intestinal fluid, urine, cell lysates and 

r secretion products. Protein profiling using SELDI is widely used in disease research, 

mparing normal versus diseased tissue in order to find patterns, e.g. valuable 

rkers, that are characteristic to disease groups38. However, SELDI-Tof MS also has a 

ange of other applications, such as the study of specific protein-protein and protein-

interactions.  
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2.3 Mass spectrometry (MS) 

MS measures the mass of molecules by the mass-to-charge ratio (m/z). Mass spectrometers 

consist of three basic components: an ion source, a mass analyser and a detector (Figure 7). 

The ion source converts sample molecules into ions in the gas phase, while the mass analyser 

separates the ionised analytes according to their m/z. The detector registers the number of 

ions and measures their abundances, which is presented as a mass spectrum. 

 

ION SOURCE
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MASS 
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Sorting of ions
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Detection of ions
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Sorting of ions
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DETECTOR

Detection of ions

 

 

 

 
Figure 7: Principle components of a mass spectrometer. A small amount 
of sample is introduced into the mass spectrometer, ionised by an ion 
source, separated by a mass analyser and the masses are registered by the 
detector. The detector signals are then processed to a mass spectrum. 

  

 

 

Electrospray ionisation (ESI) and matrix-assisted laser desorption/ionisation (MALDI) are the 

two most commonly used soft ionisation techniques to volatise and ionise proteins and 

peptides. In addition, there are many different combinations of ion source, mass analyser and 

detector. These combinations will determine the sensitivity, resolution, mass accuracy and 

ability of the system to generate information-rich mass spectra from peptides39. Here, the 

focus will be on describing the MALDI process.  

 

2.3.1 Matrix-Assisted Laser Desorption/Ionisation (MALDI) 

MALDI was introduced independently in 1988 by Tanaka et al.40 and Karas et al.41. The 

technique has several advantages such as high mass range, low noise level, high sensitivity, 

little sample consumption, high throughput and tolerance to salt contamination42. MALDI 

involves the inclusion of analytes into a large molar excess of a small organic compound 

called matrix. The matrix generally consists of an aromatic acid that effectively absorbs the 

photon energy at the wavelength of the laser. The function of the matrix is not yet fully 

understood, but two properties are considered to play important roles: (i) analyte molecules 

are isolated from each other since the matrix is present in large molar excess and (ii) matrix 

molecules absorb the laser energy and mediate energy during the desorption/ionisation 

process, facilitating protonation of analyte molecules42. The irradiation by a laser pulse and 

the subsequent absorbtion of energy by the matrix/analyte mixture causes translational motion 

and ionisation of both the matrix and the analyte molecules. This results in an expanding gas-
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phase plume that is emitted from the surface, which is illustrated in Figure 8. Ionisation by 

MALDI predominantly results in the formation of single-charged peptide/protein ions. 
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Figure 8: The desorption/ionisation process 
upon laser desorption. The figure was kindly
provided by Tasso Miliotis42. 
ht analyser 

 of the solid phase sample into gas phase ions, a mass analyser is used for 

he time-of-flight (Tof) analyser is the most common mass analyser for 

nts because of its ability to simultaneously detect ions over the whole m/z 

anning. The ions are accelerated by an electric field prior to entering the 

be, which typically has a length of 1-3 m. Their velocity becomes a function 

rding to the relationships shown in Figure 9, and results in different drift 

 the flight tube. The lighter ions will reach the detector first because of their 

 

 

rinciples of a Tof mass analyser. Mass, charge and kinetic energy all play a part in the arrival 
or.  The figure was kindly provided by Tasso Miliotis42. 
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The equations in Figure 9 assume that two ions with identical m/z ratio will have the same 

kinetic energy when entering the field-free flight tube. In reality, ions of the same m/z ratio 

often acquire different initial kinetic energies and thus hit the detector at slightly different 

times, resulting in peak broadening. This kinetic energy distribution will increase with 

increasing molecular mass. The introduction of a reflectron, consisting of a series of grids and 

ring electrodes (electrostatic mirror), can compensate for the differences in initial kinetic 

energies and improve the resolving power. The reflectron is positioned at the end of the field-

free region and produces an electric decelaration field that retards the ions and reverses their 

path, directing them towards the detector. The penetration of the ions into the mirror before 

reversing is correlated to their initial kinetic energy (high initial kinetic energy ions will 

penetrate deeper), and the reflector will thereby compensate for initial energy differences42.  

 

Delayed extraction (time-lag focusing), today a standard feature of mass spectrometers, is 

another factor that improves the resolution and the mass accuracy of MALDI-Tof. After the 

desorption/ionisation event, ions are first allowed to expand from the source into a field free 

region. After a short time delay (50-500 ns), the electric field is turned on and the ions are 

accelerated towards the ground potential. When the voltage is turned on, ions with lower 

initial velocity will have travelled a shorter distance from the sample plate but will be at 

higher potential as compared to initially faster ions. By tuning the delay time and the 

extraction voltage, the initially slower ions can reach the faster ones of the same mass at the 

detector plane. 

 

2.3.3 Detector 

The separation in time between ion packages reaching the detector surface is in the order of a 

few nanoseconds, and fast electronics is a prerequisite for digital data collection. Rapid 

response times and high detection sensitivity is the main requirements of the detector. The 

main type of detector employed in MALDI-Tof instruments is the microchannel plate 

detector, which is normally designed as two parallel microchannel plates made of glass that 

are coated by lead oxid42. The collision of ions on the exposed surface of the channels 

belonging to the first plate initiates a release of electrons. These electrons are accelerated by 

an applied voltage across the two micro channel plates and create successive striking of the 

channel surface, resulting in a cascade of electrons that is further amplified by the second 

micro channel plate. The burst of electrons produced results in a current proportional to ion 

abundance and the signal is transferred to a computer that ultimately creates a mass spectrum.   
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Figure 10: Schematic presentation of a MALDI-Tof-Tof. The picture was kindly provided by Helena von 
Bahr, Department of Molecular Sciences, AstraZeneca R&D, Mölndal. 

 

 

2.3.4 MALDI-Tof-Tof 

MALDI mass spectrometers together with TOF/TOF optics combines the advantages of 

high sensitivity for peptide analysis associated with MALDI and comprehensive 

fragmentation information provided by high-energy collision induced dissociation (CID)44. 

The schematics of the Tof/Tof instrument design are illustrated in Figure 10. The components 

of the instrument can broadly be divided into three sections according to their functionality: 

ion selection, collision region and fragment detection. An Einzel lens located in the first 

source focus the ion beam along the center axis of the flight tube immediately after the first 

Tof acceleration region, resulting in high transmission efficiency. The second source 

comprises the collision cell region including the collision cell itself and the ion optics 

necessary to transfer ions between the two mass analyzers (Figure 10). A timed ion selector 

(TIS) allows only ions of a specific m/z to pass through the detector. It consists of two 

deflection plates (gates) to which positive or negative voltages are applied to deflect specific 

ions. Voltages are turned off to “open the gate” and allow ions to pass and turned on to “close 

the gate”. The synchronization of the opening and closing of these deflection gates is 

computer controlled and based on calculations of the expected arrival time of the selected ion 

at each gate. For MS/MS acquisition, a gas (e.g. argon, nitrogen, helium, or air) is introduced 

into the field-free collision cell region that provides the fragmentation of precursor ions 

during MS/MS mode. An acceleration aperture is located in source two that reaccelerate the 

ions after leaving the collision cell. The fragment ions are accelerated to a faster velocity than 

the precursor ions. A metastable suppressor is activated in the MS/MS mode for suppression 

of precursor ions and deflects the metastable fragments formed after the second source. The 

 
 

23



Depletion strategies prior to proteomic analysis for biomarker discovery in human serum samples 

suppressor turns on (closes) after the fragment ions have passed through and before the arrival 

of the precursor and metastable fragment ions. 

 

Two main types of ions are formed in MS/MS experiments, y- and b- ions, corresponding to 

the fragmentation of the peptide backbone. If the charge is maintained on the N-terminus of 

the ion, it is designated a b-ion, whereas if it is maintained on the C terminus, it is a y-ion45 

(Figure 11). Generally, fragments up to 2500 Da can be used to obtain sequence information.  
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Figure 11: Fragmentation of peptides. Low-energy collisions promote fragmentation of the peptide 
primarly along the peptide backbone, mainly y- and b-ions. High energy collision provide additional 
information that can be used to elucidate the amino acid sequence. Picture was kindly provided by Helena 
von Bahr, Dept. of Molecular Sciences, AstraZeneca R&D, Mölndal.
.5 Protein Mapping by MS and MS/MS 

S has greatly improved the analysis of proteins and peptides. Until recently, Edman 

gradation was the only method for protein sequencing and obtaining a full sequence could 

e a month. Today, mass spectrometry is the method of choice for protein mapping. MS and 

S/MS analysis enables structural information such as peptide masses and amino acid 

uence information to be obtained. Recent years have seen an explosive growth in 

logical data, which has been deposited in databases. MS and MS/MS data can be used to 

rch against the information available in these databases through computational 

orithms45. However, the protein identification relies on matches within sequence databases, 

d high-throughput proteomics are therefore restricted to species where comprehensive 

uence databases are available.  

ere are three major methods in mass spectrometry for protein identification and 

aracterisation: (i) molecular weight determination of intact proteins, (ii) peptide mass 

gerprinting (PMF) of proteolytically digested proteins and (iii) amino acid sequencing 
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(MS/MS) of digested proteins. Molecular weight information of the entire protein/peptide is 

not sufficient for identification, but is useful in protein profiling techniques such as SELDI-

Tof MS to find differentially expressed protein patterns between two groups. For 

identification of proteins, PMF or amino acid sequencing is required. These methods are 

described in section 2.3.5.1-2.3.5.2. 

 

2.3.5.1 Peptide mass fingerprinting (PMF) 

Peptide mass fingerprinting experiments refers to the protein digestion with a specific 

protease and accurate measurements of the molecular weights of the resulting peptides. 

Because this technique requires purified protein targets for accurate protein identification, it is 

most often used in conjunction with one- or two-dimensional gel electrophoresis. In a typical 

experiment, protein spots of interest are excised from a polyacrylamide gel and cleaved with a 

protease, most often trypsin that cleaves specifically after arginine and lysine residues. The 

resulting tryptic peptides are then extracted from the gel and identified by mass spectrometry. 

The proteins are identified by software that matches a list of experimental peptide masses 

with a theoretically calculated list of all peptide masses of each protein entry in a database. 

Reliable protein identification is primarily dependent on the mass accuracy of peptide 

fragments, protein coverage and agreement with measured Mr- and pI-values from for 

example 2D-gel analysis. The requirements of m/z resolution and mass accuracy make 

MALDI-Tof the preferred technique for generating mass mapping data46. 

 

2.3.5.2 Tandem mass spectrometry (MS/MS) 

Protein identification using MS/MS spectra of peptides are more informative and specific than 

those from peptide mapping since a CID spectrum provides sequence information. The 

MS/MS spectra are scanned against protein sequence databases using algorithms that compare 

the matching and non-matching amino acids at each position of the protein sequence. MS/MS 

spectra can also be interpreted manually and the sequence can be used for a homology search 

in protein sequence databases. 

 

Protein digests subjected to 2D-LC separation coupled with MS/MS analysis are identified 

through a “shotgun” approach that has been developed for analysis of complex peptide 

mixtures. In this method, all generated MS/MS spectra are submitted together to the database 

for similarity search. Match of a protein by several MS/MS spectra corresponding to different 

precursor peptides increases the probability to obtain positive protein identifications. Since a 
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large number of MS/MS spectra is generated, massive computing power is required to 

effectively compare and evaluate the statistical significance between the tandem mass spectra 

experimentally generated and the predicted fragmentation patterns of peptides resulting from 

in silico digestion of all entries in a given database43. 
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2.4 Comparison of different proteomic techniques for biomarker discovery 

Unlike genomics, proteomics has no automated and enabling technique such as the 

polymerase chain reaction and automated sequencing. Therefore, proteomics must deal with 

unavoidable questions such as limited sample material, vast dynamic range, post-translational 

modifications etc.  

 

2D-GE has traditionally been the primary method for proteomic analysis and is still the 

highest resolution technique used to resolve complex protein mixtures, well suited for 

comparison of differential protein expression patterns and analysing post-translational 

modifications. Although the technique has undergone extensive progress in recent years with 

the usage of immobilised and narrow pH gradient, the technique is still only capable of 

visualising a small percentage of the proteome. Many large or hydrophobic proteins will not 

enter the gel in the first dimension and the technique has difficulties of resolving proteins with 

extreme pI or low molecular weight (below 15 kDa)45. In addition, 2D-GE is a time- and 

labour intensive process that is to a large extent dependent on the skills of the performer. 

 

The limitations of 2D-gels have raised a need for the development of new strategies in 

proteomic and biomarker discovery research for improved detection, identification and 

characterisation in order to discover new areas of the proteome. Due to limitations in all 

present proteomic techniques, a combination of different proteomic approaches increases the 

chances to acquire biological useful insights into protein functions47.  A brief comparison of 

2D-GE, 2D-LC and SELDI is presented in Table 3. 

 

In biomarker discovery, identification and validation has until recently been carried out by 

2D-GE to compare and identify differences in protein expression patterns between diseased 

and normal samples36. Although 2D-GE offers high resolution, its need for protein staining 

and subsequent sample handling results in limited sensitivity. SELDI-TOF MS offers a 

complementary visualisation technique to 2D-GE, requiring small amounts of sample and is 

particular effective for characterisation of both hydrophobic and low molecular weight 

proteins (<20kDa). In addition, SELDI allows for automation and detection with high 

throughput that can be used to screen a large number of patients for biomarkers. 

 

2D-LC also offers a complement to 2D-GE in resolving hydrophobic and low molecular 

weight proteins42. However, 2D-LC is time-consuming, and this technique is therefore not 

 
 

27



Depletion strategies prior to proteomic analysis for biomarker discovery in human serum samples 

particularly suitable for clinical testing where throughput and cost are important parameters6. 

Instead its major advantages include the capability of identifying a large number of proteins in 

a complex mixture. 2D-LC can be used to identify proteins/peptides that have been 

discovered as biomarkers by the SELDI-approach. Differential expression studies is also 

possible by radio labelling or by using the ICAT approach34. However, it should be noted that 

today’s use of mass spectrometry to quantify amounts of individual proteins present in a 

complex mixture is problematic due to several factors such as incomplete proteolytic 

digestion, unequal loss of peptides and differences in peptide ionisation efficiencies31. 

 
Table 3: Comparison of different proteomic technologies and their contribution to biomarker discovery.  
Information mainly retrieved from Wulfkuhle et al.6 

 
 2D-GE 

 
2D-LC SELDI (Protein Profiling) 

Sensitivity Overall low, particularly for 
less-abundant proteins. 
Sensitivity limited by 
detection method 
 

High Medium sensitivity with 
diminishing yield at higher 
molecular weights 
 

Direct 
identification 
of biomarkers 

Yes Yes No 
Newer MS technologies 
may make it possible 
 

Use Detection and identification 
of potential biomarkers 

Detection and identification 
of potential biomarkers 

Diagnostic pattern analysis, 
detection of potential 
biomarkers 
 

Throughput Low 
 

Low High 

Advantages/ 
Drawbacks 

Increased reproducibility and 
dynamic range of fluorescent 
dyes are desirable. 
Time-consuming 

Higher sensitivity than 2D-
GE, resulting in large 
proteome coverage.  
Time-consuming 

Protein IDs not necessary 
for diagnostic pattern 
analysis. 
Reproducibility issues need 
to be addressed, need for 
validation, coupling to 
adaptive informatics tools 
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3. MATERIALS AND METHODS 
 

3.1 Serum samples 

Serum samples were provided from a healthy donor at AstraZeneca R&D, Mölndal. The 

samples were vortexed and then spun down at 2000 rpm for 10 min in a MSE MicroCentaur 

(Sanyo, Japan) prior to splitting into aliquots of 250 µl, and stored at -20˚C. Because no 

additives were added to the plasma samples, fibrinolysis will occur and the resulting protein 

solution will be referred to as serum (plasma without fibrin). Following thawing, the samples 

were vortexed and for the columns that were used in an LC-system, the serum was filtered 

using 0.45 µm cellulose acetate micro-spin filters (Alltech, Deerfield, IL, US) to avoid 

clogging of columns. 

 

3.2 Depletion columns 
 
3.2.1 Materials  

Five different depletion columns were evaluated in this study: Aurum Serum Protein minikit 

(Bio-Rad, Hercules, CA, USA), ProteoExtract™ Albumin/IgG Removal Kit (provided by 

Rob Hendriks, Merck, Darmstadt, Germany), Multiple Affinity Removal Column (provided 

by Jeremy Bailey, Agilent Technologies, San Diego, CA, US), POROS® Affinity Depletion 

Cartridges (Applied Biosystems, Framingham, MA, USA) and Albumin and IgG Removal Kit 

(Amersham Biosciences, Uppsala, Sweden). Major characteristics of the different columns 

are listed in Table 4. All depletion procedures were performed at room temperature according 

to manufacture’s instructions and then immediately frozen to -20°C. All buffers for the liquid 

chromatography columns were degassed prior to usage. A Centrifuge 5415C (Eppendorf, 

Hamburg, Germany) was used for spin-down columns and a Rotixa/RP centrifuge (Hettich 

Zentrifugen, Bäch, Germany) for concentration of samples with spin concentrators (molecular 

weight cut-off (MWCO) 5000 Da) from Millipore (Billerica, MA, USA). The LC system used 

for the chromatographic depletion columns consisted of a binary Gynkotek P580 HPLC pump 

(Gynkotek, Munchen, Germany), a Gilson Aspec XL autosampler (Gilson, Villies-le-Bel, 

France) and a Gynkotek UV 340U detector (Gynkotek, Munchen, Germany). Data acquisition 

as well as gradient control was performed with the Chromeleon software, version 6.0 

(Dionex, Sunnyvale, CA, US). 
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Table 4: Major characteristics of evaluated depletion columns. For POROS Affinity Depletion cartridges, the 
HSA and IgG binding properties were separated into two different columns and run in series. pAb is 
abbreviation for polyclonal antibodies. 
 

Binding Specificity Column Name 
(Supplier) 

Albumin 
 

IgG Anti- 
trypsin 

IgA Trans- 
ferrin 

Hapto-
globin 

Loading capacity  
in µl serum 

Serum dilution 
before loading onto 
the column 
(N-fold) 

Aurum Serum Protein 
minikit (Bio-Rad) 

dye-
ligand, 
F3GA 

Protein 
A 

- - - - 50 4 

ProteoExtract™ 
Albumin/IgG Removal 
Kit (Merck) 

novel 
affinity 
ligand 

Protein 
A 

- - - - 35 10 

Multiple Affinity 
Removal System  
(Agilent Technologies) 

pAb 
 

pAb 
 
 

pAb 
 

pAb pAb pAb 30 5 

POROS® Affinity 
Depletion cartridges: 
Anti-HSA and Protein G  
(Applied Biosystems)  

pAb Protein 
G 

- - - - 5 10 

Albumin and IgG 
Removal Kit  
(Amersham Biosciences) 

pAb pAb - - - - 15 No dilution 

 

3.2.2 The Aurum Serum Protein Kit  

The Aurum Serum Protein Kit (Bio-Rad) contained Micro Bio-Spin™ columns, filled with 

Affi-gel® Blue and Affi-Gel Protein A, and Aurum serum protein binding buffer. The 

manufacturer provided the following binding capacities: greater than 11 mg/ml albumin for 

the Affi-gel Blue affinity gel (a Cibacron Blue F3GA dye) and 15 mg/ml IgG for the Affi-Gel 

Protein A. The depletion procedure was performed using one-time usage spin-down columns. 

Briefly, crude serum was diluted four times in protein binding buffer to a final volume of 240 

µl, of which 200 µl was applied to the resin and incubated 15 minutes with mixing every 5 

minutes. The unbound protein fraction was then collected by centrifugation. For elution of 

bound proteins, 500 µl of Laemmli buffer (62.5 mM Tris buffer, 2% SDS, 25% glycerol and 

1% bromophenol blue) was used. The column was gently vortexed every 10 min for a total 

incubation time of 30 min and the bound protein fractions were collected by centrifugation. 

 

3.2.3 ProteoExtract™ Albumin/IgG Removal Kit  

The ProteoExtract™ Albumin/IgG Removal Kit (Merck, Darmstadt, Germany) contained 

gravity flow resins and a low concentration phosphate-binding buffer. Ten times diluted 

serum samples were applied to the columns and allowed to pass the pre-equilibrated resin 

beds by gravity flow. After washing of the resin, the bound protein fraction was eluted by 

allowing 1000 µl of Laemmli buffer (see section 3.2.2) to pass the resin bed.  
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3.2.4 Multiple Affinity Removal Column  

The Multiple Affinity Removal Column (Agilent Technologies) was an LC-column that 

simultaneously bound six high abundance proteins using immobilised polyclonal antibodies 

(Table 4). The depletion kit contained a 4.6x100 mm column, binding buffer A (a salt-

containing buffer, pH 7.4) and elution buffer B (a low pH urea solution). The column could 

be re-used up to 200 runs according to manufacturer48. The depletion procedure was 

performed according to the chromatographic details given by the manufacturer (Table 5). The 

serum samples were diluted five times in binding buffer and filtered using 0.45 µm cellulose 

acetate micro-spin filters prior to injection. A total of 150 µl was injected into the LC system, 

corresponding to 30 µl of crude serum. The entire depletion process was monitored by UV-

detection at 280 nm (Figure 12). Spin concentrators (MWCO 5000 Da) were used to 

concentrate depleted serum samples prior to downstream analysis. 

 

Table 5: LC timetable for the Multiple Affinity Removal Column. 
Buffer A consisted of a salt-containing buffer, pH 7.4 and Buffer B 
of a low pH urea solution. 

Time (min) % B Flow rate (ml/min) 
 

Comment 

0.00 0 0.5 Injection 
10.00 0 0.5 Wash 
10.01 100 1.0 Elution 
17.00 100 1.0 Stop Elution 
17.01 0 1.0 Wash 
28.00 0 1.0 End 
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 Figure 12: Typical chromatogram obtained from the Multiple Affinity Removal 
Column. The first peak represents the unbound protein fraction that passes through 
the column without interaction. The second peak origins from the eluted fraction of 
six bound proteins. The third peak is unspecific and contains no protein48. Collection 
times: Unbound fraction: 1.5-4 min, Bound fraction: 12-15.5 min. 
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3.2.5 POROS Affinity Depletion Cartridges  

The POROS Affinity Depletion Cartridges (Applied Biosystems) contained a 0.2 ml Anti-

HSA cartridge, with a specified binding capacity of 2 mg/ml, and a 0.2 ml Protein G 

cartridge, with a specified binding capacity of 15 mg/ml. The two columns were connected in 

series by the use of a cartridge kit provided by Applied Biosystems. Phosphate Buffered 

Saline (PBS: 0.15 M NaCl in 0.1 M phosphate buffer, pH 7.2) was used as equilibration 

buffer and 12 mM HCl as elution buffer. The columns were equilibrated prior to injection in 

PBS for 2-5 min, at a flow rate of 1ml/min. Cleaning of the columns (Anti-HSA: 1M NaCl 

and Protein G: 2M Urea in 1M NaCl, 1ml/min for 2 min) was performed manually after every 

second run and required a post equilibration step of 10 min. Briefly, the serum samples were 

diluted ten times in PBS and filtered using 0.45 µm cellulose acetate spin filters prior to 

injection of a volume of 50 µl onto the LC column. This corresponded to 50% of the 

saturation capacity of the HSA column. The chromatographic details of the depletion 

procedure, as recommended by the manufacturer, are listed in Table 6. The entire depletion 

process was monitored by UV-detection at 280 nm (Figure 13). Spin concentrators (MWCO 

5000 Da) were used to concentrate depleted serum samples prior to downstream analysis. 
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Table 6: LC Timetable, 0.2 ml cartridges with anti-HSA and Protein G.
Buffer A consisted of Phosphate buffered saline (PBS), pH 7.2 and 
Buffer B of 12 mM HCl for elution of bound proteins.  
Time (min) % B Flow rate (ml/min) 
 

Comment 

0.00 0 0.5 Injection 
10.00 0 0.5 Wash 
10.01 100 1.0 Elution 
12.00 100 1.0 Stop Elution 
12.01 0 1.0 Wash 
17.00 0 1.0 End 
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Figure 13: Typical chromatogram obtained from the POROS Affinity 
Depletion cartridges. The first peak represents the unbound protein fraction 
that passes through the column without interaction. The second peak origins 
from the eluted fraction of  bound proteins albumin and IgG. Collection times: 
Unbound fraction: 0.3 – 1.4 min, Bound fraction: 11.3-14.3 min. 
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3.2.6 Albumin and IgG Removal Kit  

The Albumin and IgG removal kit (Amersham Biosciences) consisted of a suspended 

polyclonal antibody affinity resin. The depletion procedure was performed according to 

manufacture’s instructions using one-time usage microspin columns. The suspended resin was 

added directly to 15 µl of crude serum and incubated for 30 minutes under mixing. After 

incubation, the sample/resin mixture was transferred to a microspin column and spun down in 

a Rotixa/RP centrifuge at 2500 g for 15 minutes to collect the unbound protein fractions. For 

elution of bound proteins, Laemmli buffer (see section 3.2.2) was added to the dried resin and 

incubated under mixing for 30 minutes before elution and subsequent centrifugation for 

collection of bound protein fractions. 

  

3.3 Precipitation of high-molecular weight proteins using acetonitrile (ACN) 

Addition of ACN was tested in serum:ACN ratios of 1:0.5, 1:1, 1:2 and 1:3. All ratios were 

tested in four replicates. The different volumes of ACN were added to 100 µl of serum with 

gentle mixing. The mixtures were incubated at room temperature for 30 min and then spun 

down at 12 000 rpm for 4 minutes. The supernatants were immediately removed with a 

pipette, dried for 2 h in a SpeedVac Plus SC210A centrifuge (Savant, USA) and dissolved in 

100 µl of 1M PBS, pH 7.2. The precipitated protein pellet were also partially dissolved in 100 

µl of 1M PBS, pH 7.2. To evaluate the depletion efficiency and the reproducibility of the 

precipitation, one-dimensional SDS-PAGE gels were run as described below (Section 3.5). 

 

3.4 Protein quantification  

To determine the total protein concentration of crude and depleted serum samples, the DC 

Protein Assay (Bio-Rad, München, Germany) was used in a microplate assay mode. The 

standard curve was made up of four concentrations of bovine serum albumin (Pierce, 

Rockford, IL, USA), ranging from 0.1 to 1.5 mg/ml of protein. Both samples and standards 

were diluted in 20 mM Tris-HCl, pH 6.8, 1% SDS buffer. The assay was performed according 

to manufacturer’s instructions and the UV-absorbance was measured at 750 nm. 

 

3.5 1D SDS-PAGE analysis 

SDS-PAGE was used to visualise the protein pattern before and after depletion with different 

depletion columns. Bound and unbound protein fractions were loaded onto the gel in 

concentrations corresponding to 1:100 times dilution of starting material, i.e. crude serum. 

SDS-PAGE was run under denaturing conditions using NuPAGE® Bis-Tris gels 4-12 % and 
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NuPAGE® MES (3-[N-morpholino] ethane sulfonic acid) SDS Running Buffer, both from 

Novex (San Diego, CA, USA). 1x NuPAGE® MES Sample Buffer, 0.05M DTT and proteins 

samples were mixed and denatured for 3 minutes at 95˚C prior to loading. NuPAGE® 

Antioxidant was added to the running buffer in the upper buffer chamber of the Xcell 

SureLock™ Mini-Cell (Novex, San Diego, CA, USA) to keep the proteins in a reduced state. 

Gels were run at 200 V for 35 minutes using a POWER PAC 1000 (Bio-Rad, Hercules, CA, 

USA) power supply. Staining was performed using Colloidal Blue Staining Kit  (Novex, San 

Diego, CA, USA). Precision Plus Protein Unstained Standards was used as molecular weight 

standard and the gels were scanned using a Fluor-S MultiImager and Quantity One Software, 

all purchased from Bio-Rad (Hercules, CA, USA). 

 

3.6 Nephelometric quantification of albumin and IgG 

Nephelometric quantification of albumin and IgG concentration in crude and depleted serum 

samples was performed using the Behring Nephelometer Analyzer (Behringwerke AG, 

Marburg, Germany) by Mariann Wall, Clinical Chemistry, Sahlgrenska University Hospital.  

 
3.7 Two-dimensional gel electrophoresis (2D-GE)  

 
3.7.1 Materials  

The IsoDalt system, including gel cassettes, the DALT II Gel Caster and equipment for 

isoelectric focusing (IEF): Ettan IPG-Phor II, Immobiline Dry Strips (18 cm, pH 4-7, linear), 

Immobiline Drystrip Reswelling Tray, IPG buffer 4-7, DeStreak rehydration solution and 

DryStrip cover fluid were all purchased from Amersham Biosciences (Uppsala, Sweden). In 

the second dimension, a Protean Plus Dodeca cell, TRIS/Glycine/SDS running buffer and a 

Molecular Imager® FX for scanning of SYPRO Ruby™ stained gels were used, all from Bio-

Rad (Hercules, CA, USA). For cooling in the second dimension, a peristaltic pump from 

Millipore (Billerica, MA, USA) and a circulation pump Cooler Ecoline RE 307 from Lauda 

(Lauda-Köninghofen, Germany) were used. The power supply was from Consort (Turnhout, 

Belgium). Iodoacetamide (IAA) and TEMED were purchased from Sigma (St. Louis, MO, 

USA), Duracryl (30%, 0.65% BIS), SDS, Tris buffer, urea, DTT, APS and bromophenol blue 

(BPB) from Genomic Solutions (Chelmsford, MA, USA), acetic acid and methanol from 

Scharlau Chemie (Barcelona, Spain), low-melting temperature agarose from Cambrex 

BioSciences (Rockland, ME, USA), glycerol and isobutanol from Merck (Darmstadt, 

Germany) and SYPRO Ruby™ protein gel stain from Molecular Probes (Eugene, OR, USA). 
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Sequencing grade modified trypsin for in-gel digestion of protein spots was purchased from 

Promega (Madison, WI, USA). All water used was deionised. 

 

3.7.2 Sample Preparation  

Depleted serum samples from the Multiple Affinity Removal Column were concentrated 

using 5000 Da MWCO centrifugal concentrators. The total protein concentrations were 

measured by the DC Protein Assay as described in section 3.4. The depleted serum samples, 

corresponding to 100 µg of protein, were mixed with ice-cold ethanol in 1:4 v/v ratios and 

precipitated at –20ºC for 2 hours. Precipitated proteins were then spun down at 10 000 x g for 

10 min. The air dried pellets were dissolved in 20 µl of a buffer containing 2.5% SDS and 

2.3% DTT, denatured at 95ºC for 3 minutes and left to dissolve for 1 h before addition of 

rehydration solution. IPG Dry Strips (18 cm, pH 4-7) were used for the isoelectric focusing. 

Prior to focusing, the strips were rehydrated together with protein extract to ensure that the 

protein mixture was uniformly distributed across the whole strip. Rehydration solution was 

prepared by adding 60 µl of ampholytes (IPG buffer, pH 4-7) to 3 ml of DeStreak rehydration 

solution. Each sample was mixed to a final volume of 350 µl with rehydration solution and 

the mixture was applied to the Immobiline DryStrips, 4-7 (18 cm, linear), in an Immobiline 

Drystrip Reswelling Tray. The strips were covered with DryStrip cover fluid and rehydrated 

over night at room temperature. 

 

3.7.3 First Dimension: Isoelectric focusing 

The rehydrated strips were taken out of the Immobiline Drystrip Reswelling Tray and aligned, 

with gel side facing up, in the focusing tray. Electrode paper wicks were hydrated in 

deionised water and put at the ends of the strips to ensure electrode contact. The gels were run 

under a layer of DryStrip cover fluid, at 20°C. The focusing was carried out in an IPG-Phor 

unit in three steps: 500 V for 1 h, 1000 V for 1 h and 8000 V for 12 h.  

 

3.7.4 Equilibration of IPG gel strips and reduction of disulphides 

Equilibration, reduction of disulphides and alkylation of sulphydril groups were performed in 

two steps. In the first step, the IEF strips were incubated with 6 M urea, 2% SDS, 50 mM Tris 

HCl pH 8.8, 65 mM DTT, 30% glycerol w/v and 0.02% BPB for 15 minutes, gently shaking. 

As a second step, alkylation of sulphydril groups was carried out for another 15 minutes in the 

same solution except that DTT had been replaced with 260 mM IAA. 
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3.7.5 Second Dimension: SDS-PAGE 

Polyacrylamide gels were casted using a Dalt II gel casting system. Twelve Duracryl 12.5% 

gels were cast in the format of 200x200x1 mm from a prepared gel mix of 417 ml Duracryl 

(30%, 0.65% BIS), 250 ml Tris-Slab gel Buffer (130.8 g TrisBase (Mw 121) and 66.3 g 

TrisHCl (Mw 158) for 1L, filtered through 0.2 µm filter), 320 ml H2O, 10 mL 10% SDS, 0.5 

ml TEMED and 2.5 ml 10% APS. The gel surfaces were covered with isobuthanol after 

casting to obtain a straight edge where the IPG strip was to be applied. The gels were allowed 

to polymerise for a minimum of 3 hours before the gels were taken out of the gel casting 

system and rinsed with water to remove excess of gel. When the gels were casted in advance, 

they were stored in a sealed container with some deionised water at 4°C.  

 

To run the second dimension, the equilibrated IPG strips were immersed in SDS running 

buffer for approximately 10 s and sealed on top of the casted polyacrylamide gels with 0.6% 

agarose in SDS running buffer. The gels were then placed into the Protean Plus Dodeca tank 

filled with 23 L of Tris/Glycine/SDS (24 mM Tris base, 0.2 M glycine and 0.1% SDS) 

running buffer. Electrophoresis was conducted with continuous cooling and mixing at 700 

mA (maximum 600 V and 300 W, 21.5°C) for about 5 h until the track dye, BPB, reached the 

anodic end of the gels. 

 

3.7.6 Staining and Image Analysis 

Staining of gels with SYPRO Ruby™ Protein Gel Stain was performed in three steps. First, 

the gels were fixed in a solution of 10% methanol, 7% acetic acid for 30 min. Staining with 

SYPRO Ruby™ (approximately 250 ml/gel) was performed over night in the dark. The next 

day, all gels were rinsed, first with a solution of 10% methanol, 7% acetic acid for 2x30 min 

and then by 2x30 min rinses with deionised water. Scanning of gels was performed with a 

Molecular Imager FX System, using a 532 nm laser. Scanned gels were stored in sealed 

plastic bags with water at 4°C. PDQuest was used to detect, normalize and compare spot 

intensities between gels. A spot with a small radius and one with a large radius was chosen for 

each set of gels. The program then detected spots on all gels using the same parameters for 

both crude and depleted serum gels. For comparison of spot intensity in between different 

gels, the gels were normalized with the total intensity of all spots matched in the match set. 
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3.7.7 Excision of gel spots and in-gel digestion 

To punch out spots for MS analysis, holes were made along the sides of the wet gel and an 

image were captured and printed in scale 1:1. The spots of interest were punched out 

manually and placed in a 96-well Thermo-Fast tube plate (Advanced Biotechnology Ltd, 

UK). By rescanning the gel it was confirmed that the spots had been correctly excised.  

 

The gel pieces were subjected to a washing procedure using a MultiPROBE II Automated 

Liquid Handling system (Perkin Elmer Packard Instruments, Wellesley, MA, USA) according 

to in-house developed methods. For Coomassie Brilliant Blue (CBB) stained 1D-SDS-PAGE 

protein gel bands, the gel pieces were washed one time with 150 µl of deionised water and 

then destained by three washes of 150 µl of 35 % ACN in 25 mM ammonium bicarbonate 

buffer. For SYPRORuby stained 2D-gels, the gel pieces were simply destained two times 

with 70 % ACN in 25 mM ammonium bicarbonate buffer. Conductive tips (Perkin Elmer 

Packard Instruments, Wellesley, MA, USA) were used for mixing. The gel pieces were 

dehydrated in a SpeedVac Plus SC210A centrifuge (Savant, USA) for approximately 30 min 

before 0.075 µg of trypsin (Promega, US) was added to each well for digestion over night at 

37°C.  The next day, peptide extraction was performed directly in well by adding 15-20 µl of 

1% acetonitrile, 1% of formic acid solution followed by 1 h incubation.  

 

3.7.8 Mass spectrometric analysis and database searching  

MS and MS/MS analysis were performed on a 4700 Proteomics Analyser MALDI-TOF/TOF 

mass spectrometer (Applied Biosystems, Framingham, MA, US). The samples, generally 2x2 

µl, were spotted manually or by using the MultiPROBE II Automated Liquid Handling 

system on a MALDI-TOF-TOF 100-position steel target plate and allowed to dry at room 

temperature. Approximately 1.25 µl of matrix solution (α-cyano-4-OH-cinnamic acid 

(Agilent Technologies, Waldbronn, Germany) diluted 1:1 with 50%ACN, 0.1%TFA and with 

0.2mg/ml of diammoniumcitrate) was then manually applied onto the samples to allow co-

crystallisation. For in gel digest, masses were corrected by using two trypsin autodigestion 

fragments (Mr 842.51 and 2211.10 Da) as internal calibration standards. MS/MS analysis was 

performed to increase the score for the protein identifications. 

 

MS and MS/MS data analysis was performed using the GPS Explorer™ Software (Applied 

Biosystems, Framingham, USA), which utilizes the Mascot peptide mass fingerprinting and 
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MS/MS ion search software (Matrix sciences, UK). The search method used database 

information from in-house Genseq P, PDB, PIR, SwissProt and TREMBL databases. For 

peptide mass fingerprinting, a peptide mass tolerance of 35 ppm and suitable modifications 

(generally carbamidomethylation (fixed) and oxidation on methionine (variable)) were used. 

Manual inspection was also used to see that the match fulfilled criteria such as corresponding 

molecular weights and pI-values. When MS/MS spectra were obtained they were submitted 

together with the MS spectra in a combined search in the GPS Explorer™ Software to 

increase the score for positive hits. A peptide mass tolerance of  ±50 ppm and a fragment 

mass tolerance of ±0.2 Da were set as criteria to accept an identification in MS/MS 

sequencing.  

  

3.8 2D-LC analysis of crude and depleted serum samples 
 

3.8.1 Materials  

The first dimension of the 2D-LC system consisted of an Agilent 1100 system (Agilent 

Technologies, Waldbronn, Germany) comprising a binary pump equipped with a vacuum 

degasser and a well-plate autosampler. Fractions were collected by an in-house developed 

fraction collector. The second dimension consisted of an Agilent 1100 Series nano system 

(Agilent Technologies, Waldbronn, Germany) comprising a nano pump equipped with a 

micro vacuum degasser and a thermostated micro well-plate autosampler. In the first 

dimension, a 150x1 mm polysulphoethyl aspartamide column from PolyLC (Columbia, MD, 

USA) was used and in the second dimension a Zorbax 300 SB-C18 5x0.3 mm, 5 µm particle 

size was used as the enrichment column (Agilent Technologies, Waldbronn, Germany) and a 

GROM-SIL 200 ODS4 HE 150x0.2 mm, 3 µm particle size (Grom Analytik GmbH, 

Rotenburg-Hailfingen, Germany) as the analytical column. An in-house developed robotic 

fraction collector performed the fractionation of the RP column effluent onto the MALDI 

target plate. MS and MS/MS analysis was performed on a 4700 Proteomics Analyser 

MALDI-TOF/TOF mass spectrometer (Applied Biosystem, Framingham, MA, US).  ACN 

and water of HPLC grade were purchased from Rathburn Chemicals (Walkerburn, Scotland). 

Sequencing grade modified trypsin was purchased from Promega (Madison, WI, USA) and α-

cyano-4-hydroxycinnamic acid from Agilent Technologies (Waldbronn, Germany). 
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3.8.2 Sample preparation 

A volume corresponding to 100 µg of serum proteins, determined by the DC Protein Assay as 

described in section 3.4, was first denatured at 95°C for 5 minutes. The samples were then 

reduced by addition of 10 mM DTT for 1 h at room temperature and alkylated with 50 mM 

IAA in dark for 1 h, also at room temperature. Samples were diluted in 25 mM ammonium 

bicarbonate to achieve a pH around 8 and digestion with trypsin was performed over night at 

37°C in a substrate:enzyme ratio (w/w) of 1:50. Samples were desalted prior to strong cation 

exchange chromatography using C18 solid phase extraction column (ThermoHypersil, San 

Diego, CA, USA) and then diluted to a final concentration of 25 % ACN. 

 

3.8.3 First Dimension: Strong Cation Exchange Chromatography 

The 100 µg of digested peptides were injected onto a 150x1 mm polysulphoethyl aspartamide 

column. Fractions were then collected every 2 minutes during a 40 minutes gradient from 0-

20 % Buffer B for 30 minutes, then 20-100% for 10 minutes (Buffer A: 25 % ACN, 0.1 % 

TFA, Buffer B: 500 mM KCl, 25 % ACN, 0.1 % TFA) at a flow rate of 0.1 ml/min (Table 7). 

The column was re-equilibrated for 15 minutes between each run. Collected fractions were 

concentrated through vacuum centrifugation for 2 h prior to injection onto the RP 

chromatography system. 

 

3.8.4 Second Dimension: Reversed-Phase Chromatography 

Volumes of 4-8 µl of SCX separated peptides were injected onto the RP-LC system, trapped 

on a Zorbax 300 SB-C18 5x0.3 mm enrichment column and then transferred to the analytical 

column, a 150x0.2 mm GROM-SIL 200 ODS4 HE. Fractions were collected directly onto a 

100-steel target plate every 90 seconds during a 30 minutes gradient from 2 to 80 % of Buffer 

B (Buffer A: 2% ACN, 0.1% TFA; Buffer B: 95% ACN, 0.1% TFA) at a flow rate of 2 

µl/min (Table 7). Starting the gradient 12 minutes after injection desalted the samples. The 

columns were also washed for 10 minutes with 95 % ACN and re-equilibrated for 22 minutes 

after each run. 
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Table 7: Chromatographic details of the off-line 2D-LC system. 
 
1st dimension : SCX chromatography Agilent 1100 Series analytical system 
             Solvents A: 25 % ACN, 0.1 % TFA 

B: 500 mM KCl, 25 % ACN, 0.1 % TFA 
             Gradient 0-20 % Buffer B for 30 minutes, then 20-100% for 10 minutes   
             Column PolyLC polysulphoethyl aspartamide column, 150 mm * 1 mm  
             Injection volume 100 µl (100 µg peptides) 
             Flow rate 100 µl/min 
             Fraction collection Every 2 minutes during the entire gradient (20 fractions) 
2nd dimension: RP chromatography Agilent 1100 Series micro system with nanopump 
            Solvents A: 2% ACN, 0.1% TFA 

B: 95% ACN, 0.1% TFA 
           Gradient 2-80 % Buffer B for 30 minutes 
           Columns Enrichment column: Zorbax 300 SB-C18 5mmx0.3mm 

Analytical column: GROM-SIL 200 ODS4 HE 150mmx0.2mm 
           Injection volume 4-8 µl of concentrated SCX fractions 
           Flow rate 2 µl/min 
           Fraction collection Every 90 seconds directly onto MALDI 100-position steel plate 

during the entire gradient 
 
 

3.8.5 Mass spectrometric analysis and database searching 

MS and MS/MS analysis was performed on the 4700 Proteomics Analyser MALDI-TOF/TOF 

mass spectrometer (Applied Biosystems, Framingham, MA, USA). 1.25 µl of matrix solution 

(α-cyano-4-OH-cinnamic acid diluted 1:1 with 50%ACN, 0.1%TFA and with 0.2mg/ml of 

diammoniumcitrate) was manually applied onto the dried fractionated samples on a MALDI-

Tof-Tof 100-positions steel target plate and allowed to co-crystallise. Angiotension III  (Ang 

III, Mr 897.523 Da) and Adrenocorticotropic hormone 18-39 (ACTH, Mr 2465.199 Da), both 

purchased from Sigma (St Louis, MO, USA), were used as internal calibrants and added 

directly to the matrix solution.  

 

MS/MS data analysis was performed by using the GPS Explorer™ Software (Applied 

Biosystem, USA). This software provides the capability of matching identified peptides from 

all collected spectra across the sample plate, i.e. 100 spots. LC-based precursor selection was 

performed manually to avoid selection of false precursor ions. 
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3.9 SELDI-Tof MS analysis of depleted and crude serum samples 

 

3.9.1 Materials  

The SELDI ProteinChip System, consisting of a protein chip array, a protein chip reader with 

Tof mass analyser and dedicated software was from Ciphergen (Freemont, CA, USA). For 

protein chip preparation, a Beckman Coulter BioMek® 2000 Laboratory Automation 

Workstation from Beckman Coulter (Fullerton, CA, USA) was used. 

 

3.9.2 SELDI-Tof MS analysis 

Crude and depleted serum was profiled on three types of chip surfaces: the cationic (CM10), 

the anionic (Q10) and the hydrophobic (H50) protein chip surfaces using 50 mM ammonium 

acetate pH 6, 50 mM Tris-HCl pH 9 or 10 % ACN, 0.1% TFA respectively. A volume of 5 µl 

of crude serum and 20 µl of depleted serum were mixed with 195 µl and 180 µl binding 

buffer, respectively, and the mixture was added to protein chip surfaces and incubated for 30 

minutes. The spots were then washed three times with 100 µl binding buffer for 5 minutes to 

remove unspecific binding. The CM10 protein chips were also washed two times with 100 µl 

of deionised water. Sinapinic acid (Ciphergen, Freemont, CA, USA) was added to dried 

sample spots to form crystals and the arrays were subsequently subjected to Tof-MS analysis. 
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4. RESULTS AND DISCUSSION 

 

4.1 Evaluation of Depletion Columns 

In this study, five different depletion columns were investigated in order to compare the 

binding efficiency, specificity and reproducibility of the different columns for removal of 

high abundance proteins present in serum. The columns included were the following: Aurum 

Serum Protein minikit (Bio-Rad), ProteoExtract™ Albumin/IgG Removal Kit (provided by 

Rob Hendriks, Merck), Multiple Affinity Removal Column (provided by Jeremy Bailey, 

Agilent Technologies), POROS® Affinity Depletion Cartridges: Anti-HSA and Protein G 

(Applied Biosystems) and Albumin and IgG Removal Kit (Amersham Biosciences). 

Properties of the different columns are listed in Table 8. All the depletion columns removed 

albumin and immunoglobulin G (IgG), but the Multiple Affinity Removal Column also 

removed four additional proteins, namely α1-antitrypsin, IgA, transferrin and haptoglobin. 

Two columns, the Multiple Affinity Removal Column and the POROS Affinity Depletion 

Cartridges, could be regenerated and used for up to 200 rounds, whereas all the others were 

for one-time usage only.  

 
Table 8: Major characteristics of evaluated affinity columns. pAb is abbreviation for polyclonal antibodies.  
 

Binding Specificity Column Name 
(Supplier) 

Albumin 
 

IgG α1-
anti- 
trypsin 

IgA Trans- 
ferrin 

Hapto-
globin 

Loading 
capacity  
in µl serum 

Method for 
depletion 

Aurum Serum Protein minikit (Bio-
Rad) 

dye-
ligand, 
F3GA 

Protein 
A 

- - - - 50 Spin-down 
columns 

ProteoExtract™ Albumin/IgG 
Removal Kit (Merck) 

Novel 
affinity 
ligand 

Protein 
A 

- - - - 35 Gravity flow 
columns 

Multiple Affinity Removal System  
(Agilent Technologies) 

pAb 
 

pAb 
 
 

pAb 
 

pAb pAb pAb 30 LC-column 

POROS® Affinity Depletion 
cartridges: Anti-HSA and Protein G  
(Applied Biosystems)  

pAb Protein 
G 

- - - - 5 LC-column 

Albumin and IgG Removal Kit  
(Amersham Biosciences) 

pAb pAb - - - - 15 Spin-down 
columns 

 

Evaluation of the five depletion columns was made through SDS-PAGE image analysis, total 

protein quantification, nephelometric quantification of albumin and IgG and protein 

identification by mass spectrometry in order to select the most efficient depletion strategy. 

The main purpose was to determine depletion capacity, specificity and reproducibility of the 
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different depletion columns, but the ease of use, loading capacity and the time consumed for 

the depletion process was also considered. One depletion column was selected for further 

investigation using 2D-GE, 2D-LC and SELDI in order to determine if the removal of high 

abundance proteins would improve the pattern of serum profiling by an increase in resolution 

of less abundant proteins.  

 

4.1.1 Total protein quantification 

The total protein content was used to investigate the reproducibility and protein recovery in 

unbound protein fractions. The measurements were performed in four replicates from each 

depletion column using the DC protein assay. The calculated serum protein recoveries are 

listed in Table 9. 

 
Table 9: Serum protein recoveries after depletion of high abundance proteins using different depletion columns. 
Recoveries were calculated from total protein content determinations using the DC protein assay. All values 
were calculated based on four independent depletion experiments. The recovery of the injected crude serum in 
the unbound fraction was calculated from a measured crude serum concentration of 67 mg/ml (Cv 3.3 %). The 
Cv-score in percent gives an indication of the reproducibility between four replicates. 
 
Column 
 
 

Serum protein recovery 
after depletion (%) 

Cv % 

Aurum Serum Protein Kit 
 

15.4 26.7 

ProteoExtract™ Albumin/IgG Removal Kit 
 

31.2 7.7 

Multiple Affinity Removal Column 
 

12.8 8.4 

POROS Affinity Depletion Cartridges 
 

19.0 9.9 
 

Albumin and IgG Removal Kit  
 

66.5 6.2 

 

All columns except the Aurum Serum Protein Kit showed a reproducibility of around ten 

percent in the determination of total protein content. In addition to low reproducibility, the 

Aurum Serum Protein Kit also displayed a low protein recovery, which was later confirmed 

by SDS-PAGE (see section 4.1.2). Only the Multiple Affinity Removal column had the lower 

protein recovery, but this was expected since this column removes additional high abundance 

proteins as compared to the other columns. The protein recovery after depletion with the 

Albumin and IgG Removal Kit was surprisingly high. Complete depletion of albumin and IgG 

corresponds to a removal of 60-80 % of total serum protein content. Thus, 66.5 % recovery of 

serum proteins would be a result of low depletion efficiency. However, SDS-PAGE image 

analysis indicated a serum protein recovery lower than what was observed for the 
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ProteoExtract™ Albumin/IgG Removal Kit, i.e. around 30% (see section 4.1.2). In addition, a 

recovery of 15-22 % (150-220 µg protein) was given by the manufacturer. It was therefore 

concluded that the depletion buffer used in this kit somehow caused interference in the protein 

concentration measurements using the DC protein assay.  

 

4.1.2 Visualization of the depletion process through SDS-PAGE  

SDS-PAGE 4-12 % gradient gels were run on both unbound and bound protein fractions after 

depletion of human serum to study the binding efficiency, recovery, reproducibility and 

possible unspecific interactions of the different depletion columns (Figure 14). A protein 

concentration corresponding to a 1:100 dilution of the starting material was loaded into each 

lane. Thus, unbound (depleted) and bound protein fractions did not correspond to equal 

protein amounts but visualised the actual protein recoveries after each depletion experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1   2    3   4    5   6   7   8   9  10 

CA B

D E

1   2    3   4   5    6  7   8  9  10 1   2    3   4    5    6   7   8    9  10

1   2    3   4    5    6   7   8    9  10 1   2    3   4    5   6   7   8    9  10 1   2    3   4    5   6   7   8   9  10 

CA B

D E

1   2    3   4   5    6  7   8  9  10 1   2    3   4    5    6   7   8    9  10

CA B

D E

1   2    3   4   5    6  7   8  9  10 1   2    3   4    5    6   7   8    9  10

1   2    3   4    5    6   7   8    9  10 1   2    3   4    5   6   7   8    9  10

Figure 14: Human serum proteins after depletion of high abundance proteins using different depletion columns. 
Protein amounts corresponding to a 1:100 dilution of starting material (i.e. crude serum) were loaded onto each 
lane and separated by 4-12 % NuPAGE Bis-Tris gels. A: Aurum Serum Protein Kit (Bio-Rad), B: 
ProteoExtract™ Albumin/IgG Removal Kit (Merck), C: Multiple Affinity Removal Column (Agilent 
Technologies), D: POROS Affinity Depletion Cartridges (Applied Biosystems) and E: Albumin and IgG 
Removal Kit (Amersham Biosciences). Lanes: 1. Precision Plus Protein Unstained Standard (Bio-Rad; 250, 150, 
100, 75, 50, 37, 25, 20, 15 and 10 kDa), 2. Crude serum, 3-6. Depleted serum in four replicates, 7-10. Bound 
proteins eluted from depletion columns. All columns were tested in four replicates. 
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From SDS-PAGE of unbound and bound serum protein fractions, it was clearly visualized 

that several columns displayed unspecific binding. Unspecific binding was most prominent 

for the Aurum Serum Protein column that bound albumin by the use of a Cibacron Blue dye-

ligand. From the SDS-PAGE analysis it was possible to observe almost complete unspecific 

removal of several high molecular weight proteins. The lack of specificity of dye-based 

albumin binding resin has been demonstrated previously13,15,48. Zolotarjova et al.14 compared 

the specificity of Cibacron Blue and immunoaffinity column approaches for proteomic 

sample preparation using LC-MS/MS and demonstrated that over 50 proteins unspecifically 

bound to the Cibacron Blue resin tested, and six proteins were removed almost quantitatively.  

 

The depletion columns with the least observed unspecific binding were antibody-based, liquid 

chromatography columns, i.e. the Multiple Affinity Removal column and the POROS Affinity 

Depletion Cartridges. Unfortunately, there was a lack of reproducibility both in unbound and 

bound protein fractions from the POROS column. UV-spectra from chromatography runs and 

total protein determinations did not show any signs of lack in reproducibility of eluted 

proteins from the POROS column and it is possible that the protein loss occurred in the 

concentration step with spin-down concentrators (MWCO 5000 Da). Concentration of 

depleted serum samples clearly adds an additional, undesired step to the depletion process that 

can decrease the recovery and affect reproducibility. Therefore, a high loading capacity of the 

depletion column is desired, something that often is in contradiction to the limited binding 

capacity of antibodies.  

 

The ProteoExtract™ Albumin/IgG Removal Kit showed the highest recovery, a good 

reproducibility and little unspecific binding in bound protein fraction, as monitored by SDS-

PAGE. Similar results were seen for the Albumin and IgG Removal Kit, but with somewhat 

lower recoveries and more unspecific binding in the high molecular weight area. Based on 

SDS-PAGE analysis, it was concluded that the Multiple Affinity Removal column and the 

ProteoExtract™ Albumin/IgG Removal Kit displayed the most promising results with high 

depletion efficiency, satisfactory unbound protein recoveries, promising specificity and 

reproducibility. 
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4.1.3 Nephelometric quantification of albumin and IgG in depleted serum samples 

Nephelometry determines the concentration of individual serum proteins by turbidimetry 

measurements. The protein of interest is allowed to react with its specific antibody, which will 

lead to the formation of large immune complexes. These complexes scatter light and the 

reduction in light passing through the solution can be correlated to the concentration of the 

protein. Nephelometric quantifications of albumin and IgG were performed in four replicates 

of unbound serum fractions originating from the depletion procedure. Albumin and IgG 

concentrations in crude serum were determined to 41.0 and 8.2 g/l, respectively. Due to the 

high protein dilution after the depletion procedure as compared to crude serum, the 

concentration of remaining IgG in depleted serum samples were below detection limits for 

almost all samples. However, the lack of or the low IgG quantitative values in the depleted 

serum samples stated a minimum IgG depletion of 94 % by any column. Quantification of the 

remaining albumin content in unbound serum fractions are shown in Table 15. 
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Table 15: Nephelometric quantative analysis of albumin/IgG in depleted serum. 
Crude serum had an albumin concentration of 41 g/l .Albumin concentrations were 
measured from four depleted serum samples from each column.  
Depletion kit Minimum achieved albumin depletion of 
four replicates (%) 

Aurum Serum Protein Kit 
 

96.3 % 

ProteoExtract™ Albumin/IgG 
Removal Kit 
 

97.4 % 

Multiple Affinity Removal 
Column 
 

99.4 % 

POROS Affinity Depletion 
Cartridges 
 

96.0 % 

 Albumin and IgG Removal Kit 
 

99.5 % 

 

ication of depleted serum proteins from 1D-gel bands 

in gel bands from bound protein fractions were excised from the SDS-PAGE gels, 

 in-gel trypsination and subsequently analysed by MS and MS/MS analysis for 

n of proteins binding to the affinity resins. Theoretical molecular weight 

 of the identified proteins was also compared to molecular weights obtained from 

veral protein identifications in a single gel band could sometimes occur due to the 

n resolution of 1D-SDS-PAGE. 
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Analysis of the bound protein gel bands originating from depletion with the Aurum Serum 

Protein Kit, which displayed an extensive unspecific binding, identified proteins such as 

complement C3 and transferrin as two of the major high molecular weight proteins that were 

unspecifically retained by the column (data not shown). MS and MS/MS analysis of bound 

proteins from other albumin and IgG removal columns resulted only in the identification of 

albumin, IgG heavy chain and IgG light chain. This was due to limited protein amounts 

present in gel bands corresponding to unspecific binding, i.e. too little material was available 

for in-gel digestion and subsequent protein identification through MALDI-Tof-Tof analysis. 

In the bound fractions from the Multiple Affinity Removal Column, all proteins except for 

IgA were identified (Table 16). IgG and IgA heavy and light chains can only be identified 

through their constant regions, and MS/MS analysis are therefore required. This generally 

makes their identification through mass spectrometry difficult.  
 

Table 16: Protein identification of bound protein fractions from the Multiple Affinity Removal column, 
separated on a 1D-SDS-PAGE gel. Protein bands were excised from the gel, washed and digested with trypsin as 
described in material and methods. No proteins corresponding to unspecific binding were identified. Further 
mass spectrometric details and database entries are found in Appendix I. 
 

No Protein Name 

1 Transferrin 

2 Serum albumin  

3 IgG1 and IgG3 heavy chains  

Alpha-1-antitrypsin  

4 Haptoglobin 1  

5 Ig kappa light chain  

6 Haptoglobin 2  

7 Ig kappa light chain  

Haptoglobin 2  
1 Sequence coverage only across β-chain (sequence coverage 171-401) 

1 
 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
 
 

2 Sequence coverage only across α-chain (sequence coverage 58-153) 
 

4.1.5 Selection of one depletion column for further proteomic analysis 

Based on SDS-PAGE analysis, total protein quantification, nephelometric quantification of 

albumin and the identification of proteins in bound protein fractions, the Multiple Affinity 

Removal Column (Agilent Technologies) and the ProteoExtract™ Albumin/IgG Removal Kit 

(Merck) displayed the most promising results with high depletion efficiency, satisfactory 

protein recoveries, specificity and reproducibility. However, simultaneous removal of six high 

abundance proteins offered an even higher depletion than that of the ProteoExtract™ 
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Albumin/IgG Removal Kit. A column coupled to a chromatographic system was also 

considered to be compatible with automation and enabled monitoring of the depletion process 

through a UV-detector. In addition, the possibility to regenerate the Multiple Affinity 

Removal Column for up to 200 times according to manufacturer48 results in a lower cost of 

this approach. Therefore, the Multiple Affinity Removal Column was selected for further 

proteomic studies by 2D-GE, SELDI and 2D-LC.  

 

4.1.6 Precipitation of high-molecular weight proteins using acetonitrile (ACN) 

Organic solvents such as ACN can be used for selective precipitation of high molecular 

weight proteins, and could possibly offer an easy and inexpensive alternative to depletion 

columns. Our precipitation experiments were conducted according to a method developed by 

Alpert et al.18. From SDS-PAGE analysis it was shown that proteins of molecular weights 

above 80 kDa were efficiently removed in the unprecipitated protein fractions (Figure 15). It 

was also concluded that a serum:ACN ratio of 1:2 displayed the best depletion efficiency of 

albumin, while still leaving proteins below a molecular weight of 50 kDa in solution (data not 

shown). Unfortunately, the gels were run under reducing conditions, and thus do not clearly 

demonstrate the relationship between precipitation and molecular weight. However, the 

experiments using ACN to precipitate high molecular weight serum proteins displayed a high 

overall protein loss and low reproducibility. In addition, the precipitated proteins were not 

fully resolubilised and consequently represent only a fraction of their total amount on the 1D-

gel.  
1      2     3      4      5     6      7     8  
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Figure 15: Precipitation of high molecular 
weight proteins by acetonitrile. Precipitation 
was performed in a 1:2  relationship of serum: 
ACN. Lanes: 1. Size Marker, 2. Crude serum 
1:100 dilution,  3-5. Non-precipitated proteins, 
1:5 dilution, 6-8. Partially dissolved 
precipitated proteins, 1:5 dilution. It should be 
emphasised that the gel picture shown had the 
best reproducibility of all experiments 
conducted. Precipitation with acetonitrile 
showed very high variability for all 
concentrations tested: 50, 100, 200 and 300 µl 
of acetonitrile added to 100 µl of crude serum. 

 

pert et al.18 showed that filtration through solid phase extraction (SPE) cartridges was 

nificantly more effective at removal of precipitated protein as compared to centrifugation. 

was thought that the centrifugation step might have caused the irreproducibility of the 
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precipitation experiments due to insufficient removal of precipitate. Filtering of supernatants 

after centrifugation was therefore tested but this did not result in a better reproducibility. Due 

to the high variability and low protein recoveries, it was concluded that precipitation using 

ACN was not a good alternative to specific binding columns. Precipitation also depends on 

protein concentration in a critical way, due to the fact that there is a finite solubility of a 

protein also after the addition of the precipitant. Precipitation is therefore not suitable for 

quantitative measurements but could possibly be used for identifications of low molecular 

weight proteins/peptides when material availability is not limited. However, sample 

accessibility is often limiting when analyzing clinical samples, and thus precipitation is not a 

suitable method for biomarker discovery. 

 

4.2 2D-GE of crude and depleted serum samples 

 

4.2.1 Image analysis of crude and depleted serum 2D-gels 

Removal of high abundance proteins in serum was expected to improve the resolution on 2D-

gels in two major ways: (i) by enabling visualisation of proteins that co-migrate with the high 

abundance proteins and (ii) by increasing the protein load of the less abundant proteins. 

Depleted samples from the Multiple Affinity Removal column were selected to study the 

improvement in resolution and the appearance of new protein spots on 2D-gels as compared 

to crude serum samples. Two gel sets were run on 12.5 % Duracryl gels. The first gel set was 

used to determine a suitable loading amount of the depleted serum proteins on a two-

dimensional gel and the second set was used for reproducibility evaluation of crude and 

depleted serum separated samples. Results from the initial gel set determined that a protein 

amount of around 100 µg was suitable for qualitative image analysis of 2D-gels, whereas no 

more than 70 µg was loaded onto the crude serum 2D-gels.  

 

In Figure 16, it is clearly visualised how albumin obscures the protein pattern on crude serum 

2D-gels, resulting in a streaky protein pattern, especially in the high molecular weight region. 

Depletion of albumin enabled the separation of its neighbouring spots, resulting in the 

detection of several new spots in the albumin area of the 2D-gel. The Multiple Affinity 

Removal Column removed a total of six proteins: albumin, IgG, IgA, transferrin, α1-

antitrypsin and haptoglobin. Complete removal of these proteins, representing 85 - 90 % of 
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total serum protein content48, was expected to increase the loading capacity of low abundance 

proteins with up to a factor of ten.  
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Figure 16: 2D-GE protein profiles for crude (70 µg protein) and depleted (100 µg protein) serum samples. The 
Multiple affinity removal column (Agilent) was used to deplete a total of six high abundance proteins, namely 
albumin, IgG, IgA, α1-antitrypsin, transferrin and haptoglobin, corresponding to a removal of 85 % of total 
protein content. Removal of these high abundance proteins clearly improved the resolution and increased the 
intensity of low abundance proteins. Enlarged 2D- gel images are found in Appendix II. 
 
 

Image analysis using PDQuest was performed in triplicates of crude serum and depleted 

serum 2D-gels. Due to the large differences in protein pattern between crude and depleted 

serum gels, only about 50 % matching was achieved between these two sets of gels. 

Therefore, matching was performed in two separate match sets, one for crude serum 2D-gels 

and one for depleted serum 2D-gels, using the same spot detection criteria. Matching of the 

three depleted gels resulted in a match of 317 protein gel spots and a quantitative CV-value of 

20.6 %. This deviation was concluded to correspond well to the deviation usually observed in 

image analysis of 2D-gels, and is a result of method variation rather than lack of 
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reproducibility in the depletion process. The corresponding crude serum gels matched 197 

protein gel spots, with a CV for the quantifications as high as 26.9 %. This high variation was 

accredited to albumin interference, resulting in streaky protein spots and thereby rendering 

accurate intensity measurements more difficult. 
 

4.2.2 Protein identifications of crude and depleted serum protein spots on 2D-gels 

Increased loading capacity of low-abundance proteins and increased resolution in the high 

molecular weight protein area due to albumin removal significantly increases the chances for 

positive identification of low abundance proteins, such as potential biomarkers, on 2D-gels. 

Excision, tryptic digestion and subsequent identification using MS and MS/MS of selected 

protein spots were performed to demonstrate this. Identified proteins were confirmed by 

theoretical pI and Mw information obtained from the gels. 

 

On crude serum 2D-gels, the efforts were concentrated in locating those proteins that were 

depleted by the affinity chromatography column, but a few additional spots were also excised 

and subjected to MS and MS/MS analysis (Figure 17). However, only two proteins were 

identified in addition to those that were removed by the Multiple Affinity Removal column 

(no 13, α-1-B-glycoprotein and no 11-12, apolipoprotein AI).  
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Figure 17: Identification of proteins on crude plasma 2D-gels. In addition to those proteins that were 
depleted with the Multiple Affinity Removal Column, Apo-AI and α-1-B-glycoprotein were identified. 
Details on identification scores and database entries are found in Appendix III. 
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Protein spots corresponding to IgA and IgG were not identified on crude serum gels. IgG 

protein spots were not expected on the gel since this protein’s pI range from 6.5 to 8.3 (see 

SWISS 2D-Page web site at us.expasy.org/ch2d), which is outside the pI-gradient used (pI 4-

7). The high diversity of immunoglobulins also makes it difficult to achieve positive 

identification by mass spectrometry, since only the constant regions can be used for database 

matching. 

 

Identifications of protein spots on depleted serum 2D-gels were performed on spots with 

increased intensity after depletion (Figure 18). Some protein spots, such as those of 

hemopexin, fibrinogen γ-chain and antithrombin-III, had not been resolved on crude serum 

2D-gels due to albumin interference but were now seen as clear, distinct spots. 
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3-4.  α-1B-glycoprotein 
5-7.  Antithrombin-III 
8.  Vitamin-D-binding 

protein 
9-11.  Fibrinogen, γ-chain 
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2-glycoprotein I 
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15.  Serum amyloid P-
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16-17.  Apolipoprotein AI 
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(prealbumin) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18: Identifications of proteins with increased abundancy after depletion 
of albumin, IgG, IgA, transferrin, α1-antitrypsin and haploglobin. Removal of 
high abundance proteins clearly improves the spot resolution and results in an 
increased  chance of identification of lower abundance proteins. Details on 
identification scores and database entries are found in Appendix IV. 

 
 
 
 
 
 

None of the depleted proteins were detected on the depleted serum 2D-gels, and it was 

concluded that the depletion had been highly efficient. The lack of clear albumin spots 

confirmed the high depletion efficiency determined by nephelometric quantification. It was 

concluded that depletion of six high-abundance serum proteins by the Multiple Affinity 

Removal Column resulted in a highly efficient removal of desired proteins with subsequent 
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increased loading capacity of low-abundance proteins on 2D-gels. Image analysis showed that 

the depletion was performed in a highly reproducibly fashion. A dramatic increase in 

resolution of albumin neighbouring spots was also observed, with subsequent identification of 

many new proteins in high molecular weight areas. 

 

4.3 2D-LC of crude serum samples 

An off-line approach was selected for the 2D-LC set-up employing SCX chromatography in 

the first dimension and RP chromatography in the second dimension. There were several 

reasons why an off-line approach was chosen. The use of a linear SCX-gradient enables 

increased chromatographic resolution in the first dimension. This will result in a higher 

overall peak capacity and thereby a higher probability to identify proteins of different 

dynamic ranges 29,49,50. In an on-line approach, peptides are eluted from the SCX column by 

injecting discrete salt plugs of increasing ionic strength. These peptides are then trapped on a 

RP enrichment column and finally separated on an analytical RP column. An off-line 

approach also offers higher flexibility since the fractions from the first dimension can be 

stored prior to subsequent analysis.  

 

The 2D-LC system was interfaced with MALDI-Tof-Tof using an in-house developed x/y/z 

robot. Electrospray has been the natural choice of coupling liquid chromatography to mass 

spectrometry due to the availability of a wide range of instruments that are capable of 

performing tandem mass spectrometry. However, the introduction of MALDI-Tof-Tof 

instruments has enabled the interfacing of liquid chromatographic separation with MALDI, 

which offers unique possibilities concerning data acquisition. In automated LC/ESI-MS/MS 

experiments, there is always a trade-off between collection of redundant data and excluding 

ions of interest from MS/MS experiments. In a MALDI approach, the rate of data collection 

of MS/MS is decoupled from the flow rate of the effluent since the chromatographic 

separation is “frozen” in a crystallized format on a MALDI target plate. This enables a more 

sophisticated selection of precursor ions and can increase the depth of coverage when 

complex mixtures are analysed. In addition, re-analysis of samples of interest after initial 

interpretation is possible. 

 

The off-line 2D-LC-MS/MS system is illustrated in Figure 19. 
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Figure 19: System set-up for proteome identification by off-line 2D-LC-MS/MS. The figure was adapted from 
Moritz et al.49. 
 
Normally a simplified model protein, e.g. a tryptic digest of bovine serum albumin, would 

have been used for optimisation of a 2D-LC-MS/MS system. However, due to shortage of 

time, a tryptic digest of human serum was directly employed to test the separation efficiency 

and the dynamic range of detection. Typically, 100 µg of digested human serum was injected 

onto the first dimension (SCX column) and 20 fractions were collected, concentrated and re-

injected into the second dimension (RP capillary column). Unfortunately, the UV monitoring 

at 214 nm of the SCX-column effluent was unsuccessful due to unknown malfunction. It 

would have been valuable to obtain UV information in the first dimension in order to 

determine the concentration of peptides in each fraction and hereby correlate the sample 

loading onto the second dimension.  

 

A high peak capacity was observed with the off-line 2D LC-MS/MS system. However, a 

failure to estimate the peptide concentration of each SCX-fraction from the first dimension 

resulted in overloading of the analytical capillary RP column in the second dimension. 

Accordingly, the retention time of peptides was unpredictable and the reproducibility was not 

satisfactory.  
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In 2D-LC experiments, employing a shotgun approach for identification of complex samples, 

the results are highly dependent on the selection of precursor ions. To minimize variation, 

precursor selection needs to be carried out in an automatic mode. However, due to limitations 

in the automatic selection of precursor ions in the MALDI Tof-Tof instrument software, 

precursor selection had to be carried out by manual inspection of individual MS spectra. The 

MS/MS data analysis was performed by using the GPS Explorer™ Software, a software that 

provides the capability of matching identified peptides from all collected spectra across one 

sample plate/sample set. 

 

The 2D-LC system that was set up requires additional evaluation and optimisation concerning 

sensitivity and reproducibility to improve system stability. Nevertheless, it is clear that this 

2D-LC system has a high resolving power that enables positive identification of a large 

number of proteins. The initial experiences acquired in this study, will be used for future 

efforts in the development of a stable 2D LC-MS/MS system that is capable of consistent 

performance with reproducible retention times. 
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4.4 SELDI-TOF MS analysis of crude and depleted serum sample 

Protein profiling of depleted serum from the Multiple Removal Affinity column (Agilent 

Technologies) was performed on H50, Q10 and CM10 protein chips to compare the profile 

appearance with crude serum. The results from the different protein chips are shown in Figure 

20. Unfortunately, the different chips showed a high similarity, which was most probably a 

result of unspecific protein interactions. This could have been explained by interference of the 

depletion buffer, and precipitation of proteins before application onto the chips was therefore 

tested. Unfortunately, the precipitation resulted in low protein recovery (data not shown). The 

depletion process resulted in approximately forty times dilution of the serum samples, and this 

in turn limited the sample loading onto the protein chip if no concentration or precipitation 

methods were used. In conclusion, further evaluation of depletion strategies as a pre-

fractionation step prior to SELDI analysis is needed to determine the compatibility of 

depletion prior to serum/plasma protein profiling using SELDI-Tof MS.  
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Figure 20: SELDI-Tof MS analysis of depleted and crude serum samples. a) Crude plasma separated on a 
cation exchange surface (CM10), b) depleted serum separated on a hydrophobic chip (H50), c) depleted 
serum separated on an anion exchange surface (Q10) and d) depleted serum separated on a cation 
exchange chip (CM10). 
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4.5 Prefractionation strategies in proteomic analysis  

Proteomic profiling techniques are currently evolving to increase sensitivity and throughput. 

Capturing the dynamic state of a proteome represents a tremendous technological challenge. 

It is not likely that one ultimate proteomic technology will emerge that can meet all types of 

investigations8. Instead, a combined approach of several proteomic techniques increases the 

probability to detect changes occurring at the molecular level as a consequence of disease or 

special medical treatment.  

 

One of the main challenges in proteomics includes the wide dynamic range in analyte 

concentration and the range of protein properties, including mass, isoelectric point, extent of 

hydrophobicity and post-translational modifications8. Reduction of sample complexity prior 

to analysis will improve the resolution of less abundant proteins, and can be done by using a 

variety of pre-fractionation steps, e.g. depletion strategies, different types of chromatography, 

ultracentrifugation and/or liquid phase isoelectric focusing. However, for proteomic studies 

involving plasma/serum samples, a depletion strategy is particularly attractive because a few 

proteins constitute more than 80 % of the total protein content. This study shows that there are 

today several commercially available depletion columns with high binding efficiencies and 

specificities that can be used to deplete high-abundance proteins in a reproducible fashion.  

 

Recently, Tirumalai et al.51 presented a study of the low molecular weight human serum 

proteome in which centrifugal ultrafiltration was used for the removal of proteins with a 

molecular weight above 30 kDa. The ultracentrifugation was conducted under solvent 

conditions resulting in the disruption of protein-protein interactions, resulting in the recovery 

of the components that interact with serum/plasma transport proteins. This 

fractionation/depletion strategy resulted in the identification of 341 proteins by 2D-LC.  Even 

though this approach appears attractive at first sight, it may not be suitable for biomarker 

discovery due to limitations in reproducibility. Reproducibility is a prerequisite for accurate 

quantitative protein profiling analysis of clinical samples for biomarker discovery. 

Ultrafiltration membranes have nominal pore-size that represents the average of a normal 

distribution of smaller and larger pores. Therefore, it is not unusual to observe suboptimal 

retention rates particularly for high protein concentration such as serum/plasma samples52.  
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Depletion strategies are one way of reaching into the areas of low abundance proteins in 

serum, but depletion also results in a risk of losing proteins of interest others than those 

specifically depleted. It is well known that albumin interacts with a diverse number of ligands 

such as fatty acids, amino acids, steroids and small peptides53. These compounds may be 

physiologically important and of great interest in biomarker discovery51. Thus, the depletion 

of the transport and carrier protein albumin under non-denaturing condition may lead to the 

depletion of many other potentially interesting compounds. On the other hand, proteomic 

analysis is never capable of visualising every component of a proteome and compromises are 

therefore always needed. Each technique displays a different analytical window of proteins 

and the depletion of high abundance proteins is simply one way of extending the analytical 

window so that more potentially interesting proteins can be seen.  
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5. CONCLUDING REMARKS 

In this study, five different columns for depletion of high abundance serum proteins were 

evaluated in terms of binding efficiency, specificity and reproducibility. Based on SDS-PAGE 

analysis, total protein quantification, quantification of albumin and identifications of depleted 

proteins through MS and MS/MS analysis, it was concluded that the Multiple Affinity 

Removal Column from Agilent Technologies offered the most promising depletion approach 

with good depletion efficiency, specificity and reproducibility. Through immuno-affinity 

interaction, this column depleted a total of six high abundance proteins, corresponding to up 

to 85 % of total protein content in serum. The column also showed satisfactory recovery of 

low-abundance proteins and minimal unspecific binding. 2D-GE analysis of depleted serum 

samples demonstrated an increased resolution and loading capacity of low-abundance proteins 

in a highly reproducibly fashion. Protein profiling of depleted plasma samples through 

SELDI-Tof MS and off-line 2D-LC was also attempted but both methodologies needed 

further optimisation and evaluation.  
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7. ABBREVIATIONS 

1D-GE   One-dimensional gel electrophoresis 

2D-GE   Two-dimensional gel electrophoresis 

2D-LC   Two-dimensional liquid chromatography 

ACN   Acetonitrile 

CBB   Coomassie Brilliant Blue 

CID   Collision induced dissociation  

DTT   Dithiothreitol  

IAA    Iodoacetoamide  

ICAT isotope-coded affinity tags 

IgG Immunoglobulin G 

Mr  Molecular weight 

m/z Mass-to-charge ratio  

MALDI-Tof-Tof Matrix assisted laser desorption/ionisation time-of-flight time-of-flight 

MS Mass spectrometry  

MS/MS Tandem mass spectrometry 

MWCO Molecular weight cut-off 

PBS Phosphate buffered saline 

RP Reversed phase  

SCX Strong cation exchange  

SDS Sodium dodecyl sulphate  

SDS-PAGE           Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SELDI   Surface enhanced Laser Desorption/ Ionization 

TIS   Timed ion selector 
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9. APPENDIX  
 
APPENDIX I: Identification of depleted serum proteins 
 
Table AI: Protein identification of bound protein fraction from the Multiple Affinity Removal 
column, separated on a 1D-SDS-PAGE gel. Protein bands were excised from gel, washed and 
digested with trypsin as described in material and methods. Peptide mass fingerprinting and 
MS/MS ion scores were combined in one search by using the GPS Explorer™ software. 
Following search settings were used; enzyme: trypsin, allowed for one missed cleavage, 
monoisotopic mass values, variable modification: oxidation (M), peptide mass tolerance ±50 
ppm and fragment mass tolerance ±0.3 Da. Combined score greater than 65 are significant 
(p<0.05), whereas for MSMS-search scores are significant above 35. 

No Protein ID in 
SwissProt 
database 

Protein Name Mw Mowse score, 
Combined PMF 
and  
MSMS-score 

Sequence 
coverage (%) 

1 TRFE_HUMAN Serotransferrin precursor 
(Transferrin) 
 

77 000 333 22 

2 ALBU_HUMAN Serum albumin precursor 
 

69 321 559 30 

3 GC1_HUMAN 
 
A1AT_HUMAN 
 
GC3_HUMAN 

Ig gamma-1 chain C region 
 
Alpha-1-antitrypsin 
precursor 
Ig gamma-3 chain C region 
 

36 083 
 
44223  
 
32310 

196 
 
193 
 
80 

26 
 
23 
 
14 

4 HPT_HUMAN Haptoglobin precursor  
 

45177 241  27 

5 KAC_HUMAN Ig kappa chain C region  
 

11602 56 (MSMS-score) - 

6 HPT_HUMAN Haptoglobin precursor  
 

45177 120  11 

7 KAC_HUMAN 
 
HPT_HUMAN 

Ig kappa chain C region 
 
Haptoglobin precursor (α1-
chain) 

11602 
 
45177 

56 (MSMS-score)  
 
99  

- 
 
8 

1 
 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
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APPENDIX II: 2D-gel pictures of crude and depleted serum  

 

Figure AII.1: Crude serum proteins separated by two-dimensional gel electrophoresis. pI 4-7, low pI to 
the left and high molecular weights towards the top of the gel. 
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APPENDIX II, continued 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure AII.2: Depleted serum proteins separated by two-dimensional gel electrophoresis. pI 4-7, low pI to the 
left and high molecular weights towards the top of the gel. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

67



Depletion strategies prior to proteomic analysis for biomarker discovery in human serum samples 

APPENDIX III: Identification of proteins in crude serum 2D-gels 
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Figure AIII: Identifications of 
serum proteins on crude serum 
2D-gel. The numbers in the figure 
related to No in Table below. 

 

 

 

 

 

 
Table AIII: Complete table over identifications of proteins on crude serum 2D-gels, including database entry, 
peptide mass fingerprinting Mowse score and sequence coverage. Peptide mass fingerprinting and MS/MS ion 
scores were combined in one search by using the GPS Explorer™ software. Following search settings were used; 
enzyme: trypsin, allowed for one missed cleavage, monoisotopic mass values,  modifications: 
carbamidomethylation (fixed) and oxidation of methionine (variable), peptide mass tolerance ±35 ppm. Peptide 
mass fingerprinting (PMF) scores greater than 65 are significant (p<0.05). 
 
No Protein ID Protein Name Mw 

(kDa) 
pI PMF 

score 
Sequence 
coverage 
(%) 

1 
 
2 
 
3 
 
4 
 
5 

SWISSPROT: ALBU_HUMAN 
 
SWISSPROT: ALBU_HUMAN 
 
SWISSPROT: ALBU_HUMAN 
 
SWISSPROT: ALBU_HUMAN 
 
SWISSPROT: ALBU_HUMAN 
 

Serum albumin precursor 
 
Serum albumin precursor 
 
Serum albumin precursor 
 
Serum albumin precursor 
 
Serum albumin precursor 

71.3 5.92 106 
 
174 
 
190 
 
316 
 
226 
 

20 
 
28 
 
28 
 
43 
 
38 

6 
 
7 
 
8 
 

SWISSPROT: TRFE_HUMAN 
 
SWISSPROT: TRFE_HUMAN 
 
SWISSPROT: TRFE_HUMAN 

Serotransferrin precursor  
 
Serotransferrin precursor  
 
Serotransferrin precursor  

79.3 6.81 185 
 
222 
 
295 

24 
 
25 
 
32 

9 
 
10 

SWISSPROT: A1AT_HUMAN 
 
SWISSPROT: A1AT_HUMAN 

α-1-antitrypsin precursor 
 
α-1-antitrypsin precursor 
 

46.9 5.37 74 
 
89 

19 
 
21 

11 
 
12 

SWISSNEW: APA1_HUMAN 
 
SWISSNEW: APA1_HUMAN 

Apolipoprotein AI precursor 
(APO-AI) 
Apolipoprotein AI precursor 
(APO-AI) 

30.8 5.56 73 
 
152 

27 
 
40 

13 PIR:OMHU1B Alpha-1-B-glycoprotein 52.5 5.65 86 17 

14 SWISSPROT: HPT_HUMAN Haptoglobin precursor 
(β-chain) 

45.9 6.13 88 11 
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APPENDIX IV: Identification of proteins in depleted serum 2D-gels 
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Figure AIV: Identifications 
of serum proteins on crude 
serum 2D-gel. The numbers 
in the figure related to No in 
Table below. 

 
 

 

 

 

 

 

 

 
Table AIV: Complete table over identification of proteins from depleted serum 2D-gels, including database 
entry, peptide mass fingerprinting Mowse score and sequence coverage. Peptide mass fingerprinting and MS/MS 
ion scores were combined in one search by using the GPS Explorer™ software. Following search settings were 
used; enzyme: trypsin, allowed for one missed cleavage, monoisotopic mass values,  modifications: 
carbamidomethylation (fixed) and oxidation of methionine (variable), peptide mass tolerance ±35 for PMF and 
±50 ppm for combined search and fragment mass tolerance 0.2 Da. Both peptide mass fingerprinting (PMF) 
scores and combined PMF/MSMS scores greater than 65 are significant (p<0.05). 
 

No Protein ID Protein name Mw 
(kDa) 

pI PMF 
score  

Sequence 
coverage 
(%) 

Score, 
combined  
MS and 
MS/MS 
search 

1 
 
 
2 

SWISSPROT:HEMO_HUMAN 
 
 
SWISSPROT:HEMO_HUMAN 

Hemopexin precursor (beta-
1B-glycoprotein) 
 
Hemopexin precursor (beta-
1B-glycoprotein) 

52.4 6.55 81 
 
 
68 

17 
 
 
15 

91 
 
 
- 

3 
 
4 

PIR:OMHU1 
 
PIR:OMHU1 

α-1B-glycoprotein 
 
α-1B-glycoprotein 
 

52.5 5.65 118 
 
150 

21 
 
25 

116 
 
- 

5 
 
 
6 
 
 
7 

SWISSPROT:ANT3_HUMAN 
 
 
SWISSPROT:ANT3_HUMAN 
 
 
SWISSPROT:ANT3_HUMAN 

Antithrombin-III 
precursor 
 
Antithrombin-III 
precursor 
 
Antithrombin-III 
precursor 
 

53.0 6.32 95 
 
 
108 
 
 
150 

23 
 
 
24 
 
 
41 

114 
 
 
173 
 
 
76 

8 SWISSPROT: 
VTDB_HUMAN 

Vitamin D-binding 
protein precursor 
 

54.5 5.4 125 27 - 
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No Protein ID Protein name Mw 

(kDa) 
pI PMF 

score  
Sequence 
coverage 
(%) 

Score, 
combined  
MS and 
MS/MS 
search 

9 
 
 
10 
 
 
11 

SWISSPROT: FIBG_HUMAN 
 
 
SWISSPROT: FIBG_HUMAN 
 
 
SWISSPROT: FIBG_HUMAN 

Fibrinogen, gamma chain 
precursor 
 
Fibrinogen, gamma chain 
precursor 
 
Fibrinogen, gamma chain 
precursor 

52.1 5.37 147 
 
 
130 
 
 
70 

31 
 
 
25 
 
 
18 

237 
 
 
165 
 
 
117 

12 SWISSPROT:APOH_HUMAN Apolipoprotein H 
precursor (beta-2-
glycoprotein I precursor) 

39.6 8.34 42 13 75 

13 SWISSPROT: APA4_HUMAN Apolipoprotein A-IV 
precursor 
 

45.3 5.28 179 30 - 

14 SWISSNEW: APE_HUMAN Apolipoprotein E 
precursor 
 

36.2 5.65 124 30 - 

15 SWISSPROT:SAMP_HUMAN Serum amyloid P-
component precursor 
(SAP) 

25.5 6.10 93 28 - 

16 
 
 
17 

SWISSNEW: APA1_HUMAN 
 
 
SWISSNEW: APA1_HUMAN 

Apolipoprotein AI 
precursor 
 
Apolipoprotein AI 
precursor 
 

30.8 5.56 206 
 
 
150 

55 
 
 
41 

283 
 
 
159 

18 SWISSPROT:RETB_HUMAN Serum retinol-binding 
protein precursor 
 

23.4 5.76 50 22 87 

19 SWISSPROT:TTHY_HUMAN Transthyretin 
(prealbumin) 
 

16.0 5.52 99 50  
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