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ABSTRACT 

 

 

 

Two-dimensional gel electrophoresis (2-DE) is used to compare the 

protein profiles of different crude biological samples. Narrow pH range 

Immobilized pH Gradient (IPG) strips were designed to increase the resolution of 

these separations. To take full advantage of IPG strips, the ideal sample should 

be composed primarily of proteins that have isoelectric point (pI) values within 

the pH range of the IPG strip. Prefractionation of cell lysates from a human 

prostate cancer cell line cultured in the presence or absence of epigallocatechin-

3-gallate was achieved in fewer than 30 minutes using an anion exchange resin 

and two expressly-designed buffers. The procedure was carried out in a 

centrifuge tube and standard instrumentation was used. The cell lysates were 

prefractionated into two fractions: proteins with pI values above 7 and between 4 

and 7, respectively. The fractions were then analyzed by 2-DE, selecting 

appropriate pH ranges for the IPG strips, and the gels were compared with those 

of unprefractionated cell lysates. Protein loading capacity was optimized and 

resolution and visualization of the less abundant and differentially-expressed 

proteins were greatly improved. 

Furthermore, this technique was applied successfully to eliminate albumin 

from serum samples. Elimination of albumin, constituting more than 50% of total 

serum proteins, allowed for increasing protein loads on polyacrylamide gels. 

Visualization and resolution of lower-abundance proteins that were previously 

masked by albumin was achieved as well.  
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CHAPTER 1 

 
INTRODUCTION TO PROTEOMICS 

 
 

1. Introduction 
 

 
Proteomics is the art of separating and identifying proteins from crude biological 

samples. It is mostly significant when differentially-expressed proteins between two 

samples that belong or that are subject to different conditions are identified. This 

identification will allow for the characterization of biological roles, clarification of 

biological mechanisms, and identification of therapeutic targets and biomarkers. The 

first step of a proteomic study requires almost always the separation of proteins using 

electrophoresis or chromatography techniques followed by the identification step(s) 

which is (are) performed using mass spectrometry. The latter measures accurately the 

masses of peptides generated from the digestion of the protein by trypsin or another 

enzyme followed by the use of softwares that scan the different protein databases 

available to identify the protein. This identification is based on the information collected 

about this protein throughout the study including but not limited to isoelectric point, 

molecular mass, peptide masses, and specie of the biological sample. It is preferable –

even required sometimes- to use immunoblotting techniques or N-terminal sequencing 

to validate the identity of the proteins. Proteomics studies can be applied on any protein 

mixture extracted from any organism including plant, bacterial, and mammalian cells. 

 

1.1 Clinical Proteomics and Biomarkers 

The term clinical proteomics refers to “ the application of available proteomics 

technologies to current areas of clinical investigation” 1 (Figure 1.1). Many diseases 

manifest themselves through severe changes in human physiology, which forms the 

basis for clinical chemistry and bestows its value in diagnoses and subsequent 

therapeutic interventions 2. Clinical proteomics includes the global analysis of proteins 
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expressed by the genome of an organism, with the typical aim being the evaluation of 

quantitative changes that occur as a function of disease, treatment, or environment 3. 

Proteomics strategies were used to identify disease-specific protein markers called 

biomarkers that could provide the basis for the development of new diagnosis 

methodologies, treatments, and early disease detection 3, 4. A biomarker is defined as “a 

characteristic that is objectively measured and evaluated as an indicator of normal 

biological processes, pathological processes, or pharmacological responses to a 

therapeutic intervention” 5. 

 

1.2 Proteomic Significance of Different Mammalian Samples 

 Mammalian samples are the most studied species in terms of protein profiling 

studies. In vitro culture of mammalian cell lines is an important resource for research, 

and have been used for disease-related studies 6-9 as well as technology related ones 
10-12 . The protein profiles of cancerous cell lines have been compared to the profiles of 

normal cell lines 13, and while tumor-derived cell lines can be useful for initial studies 14, 

each line displays a unique evolution that may not truly mimic real in vivo conditions 15. 

A comparison between human prostate cell lines with tumor cells from prostate patients 

showed significant altered protein profiles 16. Differentially-expressed proteins identified 

in human in vivo cancerous tissues when compared to their normal counterparts are by 

far more significant than in vitro ones. A large number of studies have been successful 

in identifying protein signatures of a disease or a condition from in vivo tissues 17, 18 as 

well as patient serum samples 19-21. These differentially-expressed proteins are 

considered either the cause or the effect of the physiological change in the organism. 

Many published proteomic studies of human tumor tissue are associated with 

weaknesses in tumor representation, sample contamination by non-tumor cells and 

serum proteins. Studies often include a moderate number of tumors which may not be 

representative of clinical materials 22.One of the difficulties to identifying a specific 

marker in the human serum is the low abundance of proteins secreted in the serum as a 

result of the disease when compared to the high concentration of albumin that 

constitutes more than 50% (w/w) of the total amount of proteins in the serum. A 
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prefractionation step to eliminate albumin from the serum is therefore required prior to 

the proteomic study.   

 

1.3 Protein Properties 

 Proteins are composed of covalently bound amino acids (Figure 1.2). There are 

20 different amino acids generating an infinite number of possible proteins. Several 

protein physical properties should be taken into consideration for a successful 

proteomic project. These properties are used to separate and to identify proteins from 

crude biological samples. The general structure of an amino acid contains a carbon �., a 

carbonyl group, an amino group, and a side chain. Based on the side chain properties, 

amino acids of a protein can form unstable interactions through electrostatic, hydrogen 

bonding, and hydrophobic affinities. The oxygen of the carbonyl group can form a 

hydrogen bond with the hydrogen of the amino group as well. The sulfur group present 

in cysteines can form disulfide bridges. These interactions result in the folding of 

proteins that hinders their separation and identification necessitating the introduction of 

several reagents to the protein solubilizing buffer to break these interactions. Once 

these interactions are broken, the protein becomes unfolded (denatured). After 

denaturing the proteins, three physical properties remain: 

 1.3.1 Isoelectric point (pI).  Proteins are amphoteric molecules: they can carry 

positive, negative or a neutral charge. At a certain pH, the number of positive charges is 

equal to the number of negative charges: this pH is equal to the pI of the protein. The 

amino acids that affect the value of the protein isoelectric point the most are those with 

ionizable side chains (Figure 1.3): Arginine (pKa = 12.5), Tyrosine (pKa = 10.1), Lysine 

(pKa = 10), Cysteine (pKa = 8.3), Histidine (pKa = 6.0), Glutamic acid (pKa = 4.2), 

Aspartic acid (pKa = 3.9). Proteins can be separated based on their isolelectric point 

using Immobilized pH gradient polyacrylamide gels (see 2.2.1). 

 1.3.2 Hydrophobicity. The highly hydrophobic amino acid side chains are those 

of: valine, leucine, isoleucine, methionine, phenylalanine, tryptophan, and cysteine. 

Proteins can be separated based on their hydrophobicities using Reversed-Phased 

High performance Liquid Chromatography (RP-HPLC). The stationary phase used for 

RP-HPLC is composed of silica beads with carbon chains linked to it. The protein 
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mixture is injected in the column and then an acetonitrile gradient is imposed. More 

hydrophobic proteins require higher concentrations of acetonitrile for their elution (see 

3.2.2 ).    

 1.3.3 Molecular mass (M r) and size. Proteins can be composed of as few as 

tens of amino acids and as many as thousands. Most of the time, denatured proteins 

having a higher number of amino acids will have a bigger size and a higher Mr. Sodium 

Dodecyl Sulfate Polyacrylamide gel electrophoresis (SDS-PAGE) (see 2.2.2 ) as well as 

size exclusion chromatography can be used to separate proteins based on their size or 

Mr. The approximate Mr can be measured using these techniques. However, to 

measure the exact Mr of proteins, a mass spectrometer should be used.    

        

2. Protein Separation and Identification Using 2-DE 

 

2.1 Protein Extraction from Biological Samples 

 The extraction of proteins from a cell requires the disruption of the cell membrane 

and the solubilization of the proteins contained in the cell and the cell membrane. To 

date there is no optimal solubilization buffer due to the heterogeneity among biological 

samples. An extraction buffer should extract all proteins, denature them, and exclude 

nucleic acids and cell debris. The most successful and widely used solubilizing buffers 

contain chaotropic agents that will disrupt the hydrogen bonding, a combination of 

several detergents that prevents hydrophobic interactions between hydrophobic side 

chains and helps solubilize the proteins, and a reducing agent that breaks the disulfide 

bridges initially formed between two cysteine residues 23-27. Such detergents will 

achieve cell disruption, removal of interfering agents, and solubilization and denaturing 

of proteins 28-31. 

 2.1.1 Chaotropic agents.  The use of urea and thiourea (Figure 1.4) increase the 

solubility of proteins by disrupting the hydrogen bonding 32. However, there have been 

conflicting reports as to the effect of thiourea. Reports about the increase in the highly 

hydrophobic membrane proteins solubility due to thiourea use has been reported 33, 34. 

Other reported that the addition of thiourea increases the number and the quality of 
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spots detected but indicated that thiourea has no effect on the solubility of membrane 

proteins 35, 36. 

 2.1.2 Detergents.  Detergents prevent hydrophobic interactions between 

hydrophobic side chains from occurring and allow for better solubility of proteins. SDS is 

considered the most efficient detergent for the solubilization of proteins 37, 38, but due to 

its ionic nature, it may interfere with the first dimension of 2-DE and it has been reported 

to cause horizontal streaks on the gel 31. Non-ionic detergents like OG 

(Octylglucopyranoside) and zwitterionic reagents like CHAPS (3 - [(3 - cholamidopropyl) 

dimethylamino] – 1 – propanesulfonate) are being favored over SDS use 24, 32, 39 (Figure 

1.5). A combination of several non-ionic and zwitterionic detergents should be used 

because no one detergent is perfect for the solubilization of most of the hydrophobic 

proteins 40. 

 2.1.3 Reducing agents.  To obtain well resolved spots, disulfide bridges should 

be cleaved to achieve total denaturing of the protein. This can be done using a reducing 

agent like Dithiothreitol (DTT) (Figure 1.6). However, DTT is a weak acid will migrate to 

the basic region of the IPG strip when the sample is loaded for isoelectric focusing (IEF) 

(see 2.2.1) and will only reduce proteins in that region, necessitating the introduction of 

excess DTT at the cathode 41. Tributyl phosphine (TBP) (Figure 1.7) was reported as an 

alternative reducing agent 42 but is not recommended due to its low solubility, short half-

life, toxicity, and volatility 31.    

 

2.2 Protein Separation Using Two-Dime nsional Gel Electrophoresis (2-DE) 

 Two-dimensional gel electrophoresis (2-DE) is an analytical technique that 

simultaneously separates thousands of proteins and allows comparative protein profiling 

in different crude biological samples. Although labor intensive, this technique is still the 

predominant method for protein profiling. 

2.2.1 Isoelectric focusing (IEF). A protein placed in a medium with a pH 

gradient and subjected to an electric field will move toward the electrode of opposite 

charge. As it migrates, the protein will arrive at the point in the pH gradient equal to its 

pI. There, being uncharged, it will stop migrating 43 (Figure 1.8). A stable, linear, and 

reproducible pH gradient is crucial to successful isoelectric focusing. Immobilized pH 
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Gradient (IPG) strips offer the advantage of gradient stability over extended focusing 

runs. pH gradients for IPG strips are related with sets of acrylamido buffers, which are 

derivatives of acrylamide containing both reactive double bonds and buffering groups. 

The general structure is CH2=CH-CO-NH-R, where R contains either a carboxyl or a 

tertiary amino group. These acrylamide derivatives are covalently incorporated into 

polyacrylamide gels at the time of casting and can form almost any conceivable pH 

gradient 44. Up to 300 µg of cell lysate can be separated using an 11 cm IPG strip. At 

the end of the separation, proteins will be in the region of the IPG polyacrylamide in 

which the pH is equal to the pI of the protein. 

 2.2.2 Sodium Dodecyl Sulfate-Poly acrylamide Gel Electrophoresis (SDS-

PAGE). The proteins resolved in IPG strips in the first dimension will be applied to 

second-dimension gels and separated by MW perpendicularly to the first dimension 

(Figure 1.9). The pores of the second dimension gel sieve proteins according to size 

because dodecyl sulfate coats all proteins essentially in proportion to their mass. The 

net effect is that proteins migrate as ellipsoids with a uniform negative charge-to-mass 

ratio, with mobility related logarithmically to mass. Proteins will therefore be separated 

horizontally based on their isoelectric point and vertically based on their molecular mass 

(Mr). 

 

2.3 Protein Identification  

2.3.1 In-gel digestion.  Protein bands are then excised from the gel using a 

scalpel. The excised gel fragments are destained by incubation for 20 min in a freshly-

prepared 1:1 mixture of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate 

after vortexing for 5 minutes. This step is repeated with fresh destaining solution until 

color is no longer detected. The gel fragments are then covered with water and 

incubated at -20°C until frozen. The tubes are then stored at room temperature, and the 

water is removed once it has liquefied. The tubes are then placed in a thermomixer at 

37°C for 30 minutes after submerging the fragments in a 60% acetonitrile (ACN) and 

200 mM NH4HCO3 solution. The supernatant is then removed, and this step is repeated 

2 additional times. The gels are then dried in a vacuum centrifuge, after removing the 

solution, and 5 µL of 0.5 µg/mL TPCK-treated trypsin are deposited onto the dehydrated 
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gel fragments prior to their submersion in a 200 mM NH4HCO3 solution. The samples 

are then incubated at 37°C for a period of 24 h. Peptides are extracted using a 60% 

ACN and 1% trifluoroacetic acid (TFA) solution and 30 minutes of sonication. C18 

ZipTips (Millipore, Bedford, MA, USA) are utilized to facilitate the removal of excess 

salts from these digests. 

2.3.2 Peptide mass measurement.  Proteins are usually identified utilizing 

Matrix-Assisted Laser Desorption-Ionization Time-of-Flight Mass Spectrometry (MALDI-

TOF-MS). The extracted peptides are first mixed with a matrix (�.-cyano-

hydroxycinnamic acid). This mixture is then spotted onto a plate and allowed to 

evaporate. This will result in the formation of crystals that contain peptides generated by 

the trypsin digestion of the protein. These crystals absorb at the wavelength of a 

nitrogen laser (337 nm), and transfer this energy to the peptides, which are then 

expanded along with the matrix into the gas phase. Ions will be formed through gas 

phase proton-transfer reactions, and most of these ions will be singly charged. A time-

of-flight analyzer measures the elapsed time from the moment an ion enters the 

analyzer to the moment it hits the detector. Given a constant accelerating voltage, this 

time is related to the m/z ratio of the ion. This analysis provides for measurement of the 

peptide fragment masses generated by trypsin digestion of the protein. Finally, having 

obtained the molecular weight, pI, and peptide fingerprints of the protein of interest, 

identification of the protein should be possible using the Peptident tool that scans the 

Swiss-Prot protein database for possible matches. 

 

2.4 Advantages and Limitations of 2-DE 

 Although imperfect, 2-DE is the only analytical technique that simultaneously 

separates thousands of proteins and allows comparative protein profiling between 

different crude biological samples. 2-DE is incapable of detecting the majority of protein 

components, the ones that are detected are mainly the high abundant ones. The 

limitation in protein loading on the IPG strips as well as the magnitude of protein 

abundance within a cell that differ by up to 10 orders of magnitude are the main cause 

for this discrimination.  
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3. Solutions to Overcome 2-DE Limitations 

 

3.1 Prefractionation and Enrichement Techniques 

 3.1.1 Subcellular prefractionation. Cells contain different organelles: Nucleus, 

cytosol, mitochondria, etc… If the proteins of interest are present in a specific organelle, 

the isolation of this organelle prior to 2-DE enriches the sample with the proteins of 

interest and allows for a better detection. This is usually accomplished by 

homogenization to disrupt the cellular organization followed by the prefractionation of 

the different organelles by gradient centrifugation 45, 46.   

 3.1.2 Prefractionation by Rever sed Phase High Performance Liquid 

Chromatography (RP-HPLC). This technique has been applied in combination with 2-

DE using a multistep elution gradient of increasing acetonitrile concentrations. The 

reproducibility of RP-HPLC allows the pooling of any number of consecutive HPLC runs 

with the aim of enriching the lowly expressed proteins 47, 48. 

 3.1.3 Prefractionation using Ion exchange chromatography. Anion exchange 

chromatography has been used to prefractionate the proteome prior to 2-DE. One of the 

restrictions of separating proteins using column anion exchange chromatography is the 

inability of using high concentrations of urea in the extraction reagent or in the buffers 49. 

This high concentration of urea is required to solubilize the proteins that have a low 

aqueous solubility but when injected in a column chromatography will generate high 

backpressure. This prefractionation is therefore limited to the soluble proteins.  

 3.1.4 Prefractionation using ZOOM TM IEF. This technique uses 

multicompartment electrolyzers with isoelectric membranes (Figure 1.10). This device 

was developed as a preparative version of IPGs, and purifies proteins to homogeneity in 

a liquid vein by capturing them in an isoelectric trap formed by two immobiline 

membranes with pIs encompassing the pI of the species under analysis 50, 51. The main 

disadvantages of this technique are: i. the precipitation of the proteins that have pIs 

close to the pH of the immobiline membrane; ii. the use of high voltage for several hours 
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causes the generation of heat, which transforms urea into isocyanic acid that then 

reacts with the amino terminus of proteins and the side chains of lysine and arginine 

residues, this reaction, known as carbamylation modifies the protein structure; iii. The 

high-maintenance instruments used; iv. The lengthy treatment times.     

 

3.2 Protein Separation Using Two-Dimens ional Liquid Chromatography (2-DLC) 

 Profiling of proteins using 2-DLC can be performed 52  using ion exchange 

chromatography to separate proteins based on their charge and Reversed-Phase Liquid 

Chromatography- Electrospray Ionization Mass spectrometer to separate proteins 

based on their hydrophobicities (Figure 1.11) in the second dimension and measure 

their exact Mr.  

 3.2.1 Chromatofocusing (CF).  Chromatofocusing is an anion-exchange 

chromatography technique in which the proteins are bound to an anion exchanger and 

then eluted by a continuous decrease of the buffer pH so that proteins elute in order of 

their isoelectric points. If a buffer (Elution buffer) initially adjusted to one pH is run 

through an ion exchange column initially adjusted to a second pH by another buffer 

(Start buffer), a pH gradient is formed just as if two buffers at different pH were 

gradually mixed. The separation achieved is based on charge differences between 

proteins. Proteins elute from a chromatofocusing column at a pH, generally termed the 

apparent isoelectric point, which is often close to the actual isoelectric point. Buffers 

should be degassed prior to use. Proteins will elute in decreasing isoelectric point order. 

Dependant upon the quality of the column, up to 10 mg of cell lysate can be applied. 

Fractions are then collected manually or using a fraction collector 

 3.2.2 Non porous silica reverse d phase high performance liquid 

chromatography (NPS-RP-HPLC).  In order to separate large numbers of proteins with 

sufficient resolution, a 1.5 µm NPS-RP-HPLC column will be used. The Non-porous 

silica allows rapid separations of large numbers of proteins with high recovery 

compared to porous columns 52. This separation is compatible with the 

chromatofocusing separation. The samples that would be separated by NPS-RP-HPLC 

are the fractions collected from the first separation (CF). These fractions will have a pH 

between 3.3 and 8. The first step will be to neutralize the pH using HCl or NaOH. The 
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second step is to vacuum centrifuge these fractions. The precipitates will then be 

reconstituted in water 0.1% Trifluoroacetic acid (TFA), 0.05% Octylglucopyranoside 

(OG). The buffers used for this separation are: Water 0.05% OG and Acetonitrile 0.1% 

TFA 0.05% OG.The optimal gradient that should be used for this separation depends on 

the sample injected and is to be determined empirically. The optimal flow rate for this 

column is 0.2 to 0.5 mL/min, which is compatible with Electrospray Mass spectrometry.  

 3.2.3 Protein identification. The fractions collected in the second dimension of 

the separation are vacuum dried and incubated with 0.5 µg/mL TPCK-treated trypsin. 

The peptides generated from the trypsin digestion are first mixed with a matrix (�.-cyano 

hydroxycinnamic acid). This mixture is then spotted onto a plate and allowed to 

evaporate. This will result in the formation of crystals that contain peptides generated by 

the trypsin digestion of the protein. These crystals absorb at the wavelength of a 

nitrogen laser (337 nm), and transfer this energy to the peptides, which are then 

expanded along with the matrix into the gas phase. Ions will be formed through gas 

phase proton-transfer reactions, and most of these ions will be singly charged. A time-

of-flight analyzer measures the elapsed time from the moment an ion enters the 

analyzer to the moment it hits the detector. Given a constant accelerating voltage, this 

time is related to the m/z ratio of the ion. This analysis provides for measurement of the 

peptide fragment masses generated by trypsin digestion of the protein. Finally, having 

obtained the molecular weight, pI, and peptide fingerprints of the protein of interest, 

identification of the protein should be possible using the Peptident tool that scans the 

Swiss-Prot protein database for possible matches. 

 

4. Research Motivations 

 

To increase the resolution of 2-DE, commercially available narrow IPG strips have 

been used. To take full advantage of these IPG strips, the proteins that are loaded on a 

finite pH interval gels should be the ones that have a pI compatible with the pH interval 

of the IPG strip being used. Prefractionating the proteins prior to 2-DE requires: i. An 

isoelectric point-based separation that allows the use of high urea concentrations to 

solubilize as many proteins as possible; ii. Staying away from using high voltages that 
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could trigger the carbamylation of the proteins; iii. The use of common instruments and 

performing the prefractionation in a relatively short time (less than 30 minutes) 

minimizing the hard labor and expense of 2-DE: two factors that are already considered 

a disadvantage of this technique. 

As for serum samples, their prefractionation requires the elimination of albumin. 

Albumin is highly abundant in serum as it constitutes more than 50% (w/w) of the total 

proteins present. Serum biomarkers are generally low-abundance proteins and are 

masked by the presence of albumin. Its elimination will allow for their detection.    
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Figure 1.1:  Overview of clinical proteomics strategies used to separate, analyze, identify and discover disease-associated 
proteins.Technologies include 2DE, immuno-detection, mass spectrometry (MS), and database (DB) searching. 
Abbreviations: 2DE, twodimensionalgel electrophoresis; DIGE, differential gel electrophoresis; MALDI-TOF MS, 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; MS/MS, Tandem mass spectrometry. 
Reproduced from reference 22 (Alaiya, A.; Al-Mohanna, M.; Linder, S., Clinical cancer proteomics: Promises and 

pitfalls. Journal of Proteome Research 2005, 4, (4), 1213-1222). 
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Figure 1.2:  (1) Alanine; (2) Alalnine; (3) Dialanine with the peptide bond squared. 
Proteins are formed of covalently bound amino acids. This peptide bond requires the 

elimination of a molecule of water formed by a hydrogen coming from the amino 
terminal of an amino acid and a hydroxyl coming from the carboxyl group of another 
amino acid. The elimination of this water molecules allows for the formation of the 

peptide bond. 
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Figure 1.3: Structure of the 7 amino acids that affect the value of the protein isoelectric point the most. These amino acids 
have ionizable side chains: (1) Arginine (pKa = 12.5), (2) Tyrosine (pKa = 10.1), (3) Lysine (pKa = 10), (4) Cysteine (pKa 

= 8.3), (5) Histidine (pKa = 6.0), (6) Glutamic acid (pKa = 4.2), (7) Aspartic acid (pKa = 3.9). 
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Figure 1.4:  Structure of (1) Urea and (2) Thiourea, two chaotropic reagents used for the 
protein extraction. The presence of these two reagents in the lysis buffer allows for the 

solubilization of non-soluble proteins by disrupting the hydrogen bonding that are 
formed between the oxygen of the carbonyl group of an amino acid with the hydrogen of 

an amino group of another amino acid. 
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Figure 1.5: Structure of (1) Sodium Dodecyl Sulfate (SDS) an anion detergent; (2) Octyl glucopyranoside (OG) a 
non-ionic detergent; and (3) 3 - [(3 - cholamidopropyl) dimethylamino] – 1 – propanesulfonate (CHAPS) a zwitterionic 

detergent 
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Figure 1.6: Structure of dithiothreitol (DTT), a reducing agent used to cleave the 

disulfide bridges that can form between two cysteine residues to achieve complete 
denaturation of proteins and increase their solubility. 

 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 

 

Figure 1.7: Structure of tributylphosphine (TBP) a reducing agent, not widely used due 
to its low solubility in water. 
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Figure 1.8:  Schematic representation of Isoelectric focusing. Proteins placed on 
Immobilized pH Gradient (IPG) strip and subjected to an electric field will move toward 
the electrode of opposite charge. As it migrates, the protein will arrive at the point in the 
pH gradient equal to its pI. There, being uncharged, it will stop migrating. The resultant 
gel contains proteins that are separated based on their isoelectric point. Reproduced 

from reference 43. 
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Figure 1.9: Schematic representation of the second dimension of the 2-DE separation. 
The proteins resolved in IPG strips in the first dimension will be applied to second-

dimension gels and separated by MW perpendicularly to the first dimension. This will 
result in a gel with proteins separated horizontally based on their isoelectric point and 

vertically based on their size. Reproduced from reference 43. 
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Figure 1.10:  Schematic representation of the ZOOMTM IEF. This technique uses multicompartment electrolyzers with 

isoelectric membranes and purifies proteins to homogeneity in a liquid vein by capturing them in an isoelectric trap 
formed by two immobiline membranes with pIs encompassing the pI of the species under analysis. Reproduced 
from reference 51 (Zuo, X.; Speicher, D. W., Comprehensive analysis of complex proteomes using microscale 

solution isoelectrofocusing prior to narrow pH range two-dimensional electrophoresis. Proteomics 2002, 2, (1), 58-
68). 
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Figure 1.11: Representation of the proteins separated using two-dimensional liquid 

chromatography. The x-axis represents the pH of the first dimension of the 
separation and the y axis represents the hydrophobicity (RP-HPLC retention 

times). Reproduced from reference 52 (Lubman, D. M.; Kachman, M. T.; Wang, 
H. X.; Gong, S. Y.; Yan, F.; Hamler, R. L.; O'Neil, K. A.; Zhu, K.; Buchanan, N. 
S.; Barder, T. J., Two-dimensional liquid separations-mass mapping of proteins 

from human cancer cell lysates. Journal of Chromatography B-Analytical 
Technologies in the Biomedical and Life Sciences 2002, 782, (1-2), 183-196). 
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CHAPTER 2 
 

 ISOELECTRIC POINT-BASED PREF RACTIONATION OF PROTEINS 
FROM CRUDE BIOLOGICAL SAMPLES PRIOR TO TWO-

DIMENSIONAL GEL ELECTROPHORESIS 
 

 

 

1. Introduction 

 

Two-dimensional gel electrophoresis (2-DE) is an analytical technique that 

simultaneously separates thousands of proteins and allows comparative protein profiling 

between different crude biological samples. Although labor intensive, this technique is 

still the predominant method for protein profiling. However, exisiting 2-DE gel methods 

are incapable of detecting the majority of protein components in complex proteomes 

such as mammalian cells, tissues, and biological fluids 51. In order to increase the 

resolution of 2-DE separation, long Immobilized pH gradient (IPG) strips with narrow pH 

ranges have been designed. After separating the proteins by 2-DE, the resultant spots 

can be cut, destained, incubated with trypsin, and analyzed by Matrix-Assisted Laser 

Desorption Ionization-Time of Flight-Mass Spectrometry (MALDI-TOF-MS). Tools like 

ExPASy, that scan the different protein databases available, allow for the identification 

of the protein based on its isoelectric point (pI), molecular mass (Mr), and the masses of 

the different peptides generated from the trypsin digestion of this protein 53-58. The pI 

and Mr can be estimated from the location of the spot on the gel. The masses of the 

peptide fragments are measured by MALDI-TOF-MS.  

One of the main limitations that might hinder the identification of a protein 

separated by 2-DE is its low abundance in the sample. This limitation is a result of the 

finite protein loading limits on commercially available Immobilized pH Gradient (IPG) 

strips, where the first dimension of the separation occurs. A protein placed in a medium 

with a pH gradient (i.e. IPG) and subjected to an electric field will move towards the 
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electrode of opposite charge. The protein will reach a region in the pH gradient 

polyacrylamide gel that has a pH equal to the isoelectric point of the protein. The protein 

will become neutral and therefore stops migrating 43. At the end of the separation, each 

protein will be embedded in the region of the gel that has a pH equal to their pIs.  

The maximum protein load on an 11 cm IPG strip is less than 300 µg, but when 

an IPG strip (pH 7 to 10) is used, most of the proteins contained in the loading capacity, 

particularly those with pIs lower than 7 and higher than 10, will not be separated. 

Proteins outside the boundaries of the pH gradient will be electrostatically pushed to 

both ends of the IPG strip for they remain charged at every point of the IPG 

polyacrylamide gel. Since the proteins with a pI between 7 and 10 are a minority in the 

sample, many will be dragged by the overwhelming majority of proteins migrating to the 

ends of the strip. At the end of the separation, the amount of proteins profiled 

represents a fraction well below the original mass that was loaded. In order to overcome 

this limitation, prefractionating a sample prior to 2-DE is required.  

Several prefractionation techniques prior to 2-DE have been used, including non-

pI based techniques like reversed-phase high-performance liquid chromatography (RP-

HPLC) 47. These methods allowed for increased protein loading, but lacked a correlation 

between the pI of the proteins fractionated with the pH range of the IPG strip used. . 

Anion exchange column chromatography has been used to prefractionate the proteome 

prior to 2-DE. One of the restrictions of separating proteins using anion exchange 

column chromatography is the inability of using high concentrations of urea in the 

extraction reagent or in the buffers 49. This high concentration of urea is required to 

solubilize the proteins that have a low aqueous solubility but when injected in a column 

chromatography will generate a high backpressure. This prefractionation is therefore 

limited to the soluble proteins.  Other pI-based methods that use isoelectric membranes 
59 were successful in prefractionating the sample into narrow pI fractions, but these 

methods take hours and require specialized instrumentation. It is important to point out 

that a successful prefractionation that uses common instruments and that is performed 

in a relatively short time (less than 30 minutes) will be more advantageous, minimizing 

the hard labor and expense of 2-DE: two factors that are already considered a 

disadvantage of this technique.  
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Several batch ion separations were described to fractionate peptides 60, 61 using 

cartridges packed with anion or cation exchangers. High urea concentration cannot be 

added to the protein solubilizing buffer prior to protein fractionation using these 

cartridges because urea will crystallize and clog the cartridge. Therefore, these studies 

were limited to fractionating peptides and low molecular mass proteins that have little 

side chain interactions and are not suitable to prefractionate high molecular mass 

proteins. The precipitation of high molecular mass proteins is required prior to 

prefractionating the remaining peptides and low molecular mass proteins as described 

in reference 61.  

In this study, we prefractionate LNCaP cell lysates into two fractions: the first 

containing proteins with pIs higher than 7, and the second containing proteins with pIs 

between 4 and 7. These fractions were then applied to 11 cm IPG strips with a pH 

gradient range appropriate for the pI of the proteins present in the samples.  

 

2. Materials and Methods 

 

Ready IPG Strips, pH 4 to 7 and 7 to 10, 11cm long (cat. # 163-2015); 100 x 

Biolyte 3/10 ampholyte (cat. # 163-2094) and dithiothreitol (cat. # 161-0611) were 

purchased from Bio-Rad. Tris (cat. # BP152-5); acetic acid, glacial (cat. # A38c -212), 

were purchased from Fisher. Polybuffer Exchanger 94 (PBE 94 cat. # 17071201) was 

purchased from Amersham Biosciences Corporation. Dulbecco’s Modified Eagle Media 

(cat. # D-2902); bis-tris propane (cat. # B-9410); pyridine  (cat. # 27040-7); chloroacetic 

acid  (cat. # 40, 292-3); lactic acid (cat. # 25, 247-6); tricine (cat. # T-0377); sodium 

dodecyl sulfate (cat. # L-4509); urea (cat. # U-6504) and bromophenol blue (cat. # B-

7920) were purchased from Sigma-Aldrich. Piperazine anhydrous, 99% (cat. # 13129-

1000) was purchased from Acros. CHAPS (cat. # 220201) was purchased from 

Calbiochem. 

 

2.1 Cell Culture and Lysis 

Human prostate cancer cell line LNCaP cells (CRL-1740) was purchased from 

the American Type Culture Collection (ATCC, Manassas, VA) and was maintained in 
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Dulbecco’s Modified Eagle Media (DMEM) (Sigma, St. Louis, MO) without phenol red 

supplemented with 3.7 mg/mL NaHCO3, 10% fetal bovine serum (FBS) (Hyclone, 

Logan,Ut), 100 U/mL of Penicillin, and 100 µg/mL of Streptomycin (Cambrex, 

Walkersville, MD). Cells were grown in a 100 × 20 mm tissue culture plate with 10 mL of 

media at 37 ºC in a humidified atmosphere consisting of 5% CO2. EGCG was 

purchased from Sigma (St. Louis, MO) and dissolved in double distilled water to the 

final concentration of 50 mM. Cultured cells were washed three times with phosphate 

buffered saline (PBS), then lysed with 1 mL of lysis buffer as described in 26, though 

modified to contain 5 M urea, 2 M thiourea, 1% octylglucopyranoside (OG), 0.25%w/v 

Biolyte 3-10 ampholyte, 12.5% water saturated isobutanol, 10% isopropanol, 5% 

glycerol, and 50 mM  dithiothreitol (DTT). Cells were removed with a cell scraper and 

transferred to a centrifuge tube. Cells were vortexed mixed for 5 minutes followed by 

centrifugation at 17000 x g for 20 min. The supernatant was recovered and the 

precipitate was discarded. 

 

2.2 Titration of the PBE 94 Resin with Start and Elution Buffers 

PBE 94 was originally designed as a packing resin for anion exchange columns 

utilized as a liquid separation method for fractionating proteins according to their pI 52, 62-

64. Chromatofocusing is an ion-exchange chromatography technique in which proteins 

are bound to an anion exchanger (PBE 94), then eluted by a continuous decrease of the 

buffer pH so that proteins elute in order of their isoelectric points 62. Polybuffer 

Exchanger 94 was packed in a 250 x 5 mm column. The buffers used are described in 
65. The column was first equilibrated with Start buffer A (12.5 mM bis-tris propane and 

12.5 mM piperazine in water- adjusted to pH 8 using HCl) at a flow rate of 1 mL/min 

until the eluted solution had a stable pH of 8. The concentration of Elution buffer B (12.5 

mM pyridine, 12.5 mM acetic acid, 12.5 mM lactic acid and 12.5 mM chloroacetic acid in 

water, pH 3.3) was then set from 0 to 100% over 60 minutes, held on 100 % for 30 

minutes, and a 0.1 M HCl solution was pumped at the end to reach extremely acidic 

pHs. The column was quickly reequilibrated with buffer A to avoid any damage 

secondary to the low pH. A pH meter was used to monitor the pH change of the eluting 

solution. 
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 2.3 Prefractionation of the LNCaP Cell Lysate Using PBE 94 

Instead of packing PBE 94 into a column, 1 mL of this resin was pipetted in a 

centrifuge tube, followed by 350 µL of a solution composed of 50% buffer A and 50% 

buffer B. The tube was then vortex mixed for 30 sec, centrifuged at 5000 × g for 30 sec, 

and the supernatant was discarded. This washing step was repeated twice. LNCaP cell 

lysate (330 µL) was then added to the resin along with 150 µL of a solution composed 

of 50% buffer A and 50% buffer B. The tube was vortex mixed for 30 sec, centrifuged at 

5000 × g for 30 sec, and the supernatant was collected. The resin was washed three 

times with 350 µL of the same buffer (50% Buffer A, 50% Buffer B), with each iteration 

followed by vortex mixing for 30 sec, centrifugation at 5000 × g for 30 sec, and 

supernatant recovery. The four supernatant fractions were then combined. The resin 

was then washed four times with 350 µL of buffer B, followed by vortex mixing for 30 

sec and centrifugation at 5000 × g for 30 sec, collecting the supernatant after each 

iteration. 

 

2.4 Protein Assay 

 The protein concentration of the cell lysates and fractions collected was 

determined using bicinchoninic acid assay (BCA) Protein Assay Kit (Pierce, Rockford, 

IL) using bovine serum albumin (BSA) as standards according to the manufacturer’s 

instruction. The concentrations of the proteins in the cell lysates and in the fractions 

were determined using the standard curve generated by the absorbance at 562 nm of 

standards in the Y axis versus the known concentration of the standards in the X axis. 

 

2.5 Two-Dimensional Gel Electrophoresis  

2.5.1 Isoelectric focusing. Prefractionated samples were treated using 

Centricon-3 (Millipore, Danvers, MA), according to the manufacturer’s instructions, to 

exchange their buffers with the rehydration buffer, which is the same as the lysis buffer 

described above. The samples were rehydrated at 50 V for 16 hours at 20 °C using 11 

cm long Immobilized pH Gradient (IPG) strips, pH 4 to 7, 7 to10, or 3 to10. Proteins 

were focused at 250 V for 15 minutes, and then 8000 V was maintained for a total of 
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60,000 Vh per gel. The strips were then equilibrated for 10 minutes in 2.5 mL of a 

solution constituted of 375 mM Tris-HCl pH 8.8, 6 M urea, 2% SDS, and 2% 

dithiothreitol. After this first equilibration, the strips were equilibrated for another 10 

minutes in 2.5 mL of a second equilibration buffer constituted of 375 mM Tris-HCl pH 

8.8, 6 M urea, 2% SDS, and 2% iodoacetamide. 

2.5.2 SDS-Polyacrylamide gel separation. The equilibrated IPG strips were 

washed with cathode buffer (0.1 M Tricine, 0.1 M Tris-HCl pH 8.2, and 0.1% SDS) and 

placed onto a 10% Tris-HCl Criterion® gel (Bio-Rad, Hercules, Ca). The anode buffer 

consisted of 0.2 M Tris-HCl pH 8.9. Gels were electrophoresed at 50 V for 30 min, then 

at 100 mA /gel until the end of the separation. Gels were silver stained for visualization 

of the proteins. 

2.5.3 Silver staining. All the gels were silver stained according to the following 

protocol: Gels were fixed in 50% methanol (v/v) and 12% acetic acid (v/v) for 2 hours, 

then washed 3 times in 50% ethanol (v/v).  The duration of each wash was 20 minutes. 

Gels were then incubated in a 0.02% sodium thiosulfate solution (w/v) for 1 minute, 

followed by 4 one-minute washes in water. Gels were then placed in a solution 

composed of 0.2% silver nitrate (w/v) and 0.075% (v/v) formaldehyde for a period of 20 

minutes, followed by 3 one-minute washes in water. Gels were then developed in a 6% 

sodium carbonate (w/v), 0.005% formaldehyde (v/v), and 0.004% sodium thiosulfate 

(w/v) solution until the protein bands were visualized. A 1% acetic acid solution was 

added to stop development of the gel.  

 

2.6 Imaging Analysis  

The number of individual spots on the gels was determined using ImageMaster 

2D Platinum (Amersham Biosciences Corporation, Uppsala, Sweden). The parameters 

used were: Smooth 5, Min. Area 20, Saliency 1.0000.  

 

3. Results and Discussion 

 

Figure 2.1 shows the pH gradient generated by titration of the anion exchange 

resin with buffers A and B. A gradual increase in the concentration of buffer B resulted 
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in a gradual decrease in the pH of the eluted solution. The same resin (PBE 94) and 

buffers were used for the batch chromatography prefractionation. By adjusting the pH of 

the solution containing the resin and the whole cell lysate to a value slightly below 7 

using buffers A and B, all proteins with a pI higher than 7 will be positively-charged, and 

therefore free in the solution. Those with a pI lower than 7 will either precipitate (if their 

pI is equal to the pH of the solution) or bind to the resin (Fig. 2.2 A). Centrifugation then 

allows for the precipitation of the resin, and for the decantation of the supernatant 

containing proteins with pIs higher than 7. In the second step, by adjusting the pH of the 

solution containing the resin and the remaining proteins, using buffer B to achieve a pH 

slightly lower than 4, all proteins with a pI between 4 and 7 will be positively-charged, 

and therefore free in the solution. Those with a pI lower than 4 will either precipitate (if 

their pI is equal to the pH of the solution) or bind to the resin (Fig. 2.2 B). Centrifugation 

then allows for the precipitation of the resin, and for the decantation of the supernatant 

containing proteins with pIs between 4 and 7.  

LNCaP cell lysates were prefractionated after the adjustment of the resin pH to a 

value slightly below 7, and 330 µL of proteins extracted from LNCaP cells containing 

750 µg were added to the resin. Proteins with pIs above 7 were collected and a 100 µg 

(determined by the protein assay) were loaded onto a pH 7-10 IPG strip. The pH of the 

resin was then adjusted to a value slightly below 4 by washing the resin 4 times with 

350 µL of buffer B, collecting the supernatant each time. These supernatants were then 

combined in one fraction and 100 µg of the proteins in that fraction (determined by the 

protein assay) were loaded onto a pH 4-7 IPG strip. 2-DE gels of the non-

prefractionated LNCaP cell lysates using pH 4-7 or 7-10 IPG strips were then compared 

to those of the prefractionated protein extracts (Fig. 2.3). The number of spots detected 

using Image Master 2D Platinum on the non-prefractionated pH 4-7 gel is 298 spots for 

a loading of 250 µg, 761 spots for a loading of 100 µg of total proteins, and 1334 spots 

for a loading of 100 µg of prefractionated proteins. As for the pH 7-10 gel, the number of 

spots detected was 376 spots for a loading of 250 µg, 262 spots for a loading of 100 µg 

of total proteins, and 538 spots for a loading of 100 µg of prefractionated proteins. 

The prefractionated samples were then applied on wide 3-10 IPG strips to detect 

any cross-contamination between the fractions. The gels (Fig. 2.4) clearly show that 
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proteins having the pI range being prefractionated are enriched, and very little 

contamination is observed for the 4-7 fraction (Fig. 2.4A). As for the 7-10 fraction, the 

gel shows some unresolved contamination (Fig. 2.4B) primarily at the lower pIs, but 

most of the proteins separated are in the 7-10 pI range. 

PBE 94 resin functions as an Anion exchanger. Neutral and positively-charged 

proteins will remain free in the solution, and only negatively-charged proteins will bind to 

this resin. Proteins are amphoteric molecules that can carry positive, negative, or zero 

net charge depending on the pH of their local environment. For every protein there is a 

specific pH at which its net charge is zero, defined as its pI 62. If the pH of the solution is 

higher than the pI of a protein, this protein will be negatively charged and thus bound to 

the resin. Conversely, if the pH of the solution is lower than the pI of a protein, this 

protein will be positively charged and will remain free in solution.  

Based on the pH gradient generated from the titration of the anion exchange 

resin with buffers A and B (Fig. 2.1), we performed the batch prefractionation in a 

centrifuge tube by washing the resin three times by a solution constituted of 50% buffer 

A and 50% buffer B before adding the cell lysate. Vortex mixing allows the proteins and 

the resin to disperse into the solution. Proteins having a pI below 7 will bind to the resin 

and those having a pI above 7 will remain free in solution and will be collected after 

centrifugation (Fig. 2.2 A). The isolation of proteins with pIs between 4 and 7 is carried 

out using similar rationale, as the pH of the solution was adjusted to a value lower than 

4 by washing the resin 4 times with 350 µL of buffer B. Proteins with pIs between 4 and 

7 were positively charged, and thus free in the solution (Fig. 2.2 B). Precipitation and 

decantation allowed for the isolation of the solution containing these proteins. 

2-DE obtained after loading 100 µg of prefractionated sample resulted in a 1.75-

fold increase in the number of spots detected when compared to 2-DE obtained after 

loading 100µg of total cell lysate (Fig. 2.3 C, 2.3 E). In a similar fashion, the 2-DE of 100 

µg of proteins resulting from the use of pH 7 to 10 IPG strips was compared to the 2-DE 

of 100 µg of prefractionated proteins with pIs between 7 and 10 using an IPG strip with 

the same pH range. The increase in the number of spots detected was 2-fold (Fig. 2.3 

D, 2.3 F). In the non-prefractionated samples, most of the proteins loaded had pIs that 

did not fall within the narrow pH range of the IPG strip. This is particularly true when 
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using 7-10 IPG strips as basic proteins are less abundant than acidic ones. Fractions 

isolated from LNCaP cell lysates containing proteins with pIs that fell primarily within the 

pH range of the IPG strip allowed for targeted loading, and as a result, better 

visualization of the less abundant proteins.  

Overloading IPG strips with 250 µg of proteins resulted in poor focusing and as a 

result fewer proteins were detected (Fig. 2.3 A, 2.3 B). Furthermore, loading the acidic 

fraction on wide 3-10 IPG strips revealed minimal cross-contamination (Fig. 2.4 A). 

Loading the basic fraction on wide 3-10 IPG strips revealed some contamination by 

acidic proteins (Fig. 2.4 B). This is mainly due to the fact that in any total cell lysate, 

basic proteins are less abundant than acidic ones.  

Prefractionation of samples based upon protein pI prior to 2-DE helped us 

overcome one of the primary limitations of 2-DE, as it allows for targeted protein 

loading, and results in improved resolution and visualization of the low-abundance 

proteins. When loading a prefractionated sample into an IPG strip, most of the proteins 

being focused during the isoelectric focusing (IEF) step are proteins with a pI consistent 

with the range of the IPG strip. When loading a crude biological sample, however, 

proteins with pIs higher or lower than the IPG strip pH limits are usually dragged to the 

outermost extremes of the strip, and when strips with a narrow pH gradient are used, 

most of the proteins contained in the sample will be dragged to the ends of the strip.   

The prefractionation of crude biological samples prior to 2-DE, aiming to increase 

the resolution and the visualization of the proteins on the gel, is possible in a centrifuge 

tube using 1 mL of anion exchange resin and two expressly-designed buffers. Our 

prefractionation method is particularly advantageous, as it is carried out using common 

instrumentation, no electrophoretic force, and is performed in less than 30 minutes. In 

addition, the protein extract contains chaotropic agents (urea and thiourea) that makes 

isoelectric prefractionation more efficient. As our prefractionation technique uses no 

voltage, no heating will occur. Therefore, carbamylation of proteins, usually caused by 

the combination of heat and urea, will not occur with this method. Furthermore, the 

prefractionation is carried out based on the pI of the proteins, which correlates with the 

first dimension of separation by 2-DE, so proteins of a certain pI can be targeted to 

match the pI interval of the IPG strip. Two fractions were isolated here: the first 
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containing proteins with pIs above 7, and the second containing proteins with a pI 

between 4 and 7. The advantages of our prefractionation technique are: i. Up to 2-fold 

increase in the number of proteins detected; ii. The prefractionation is carried out in 30 

minutes; iii. Common instrumentation is used; iv. Carbamylation of the proteins is not 

induced. 

 

 
 



 
 

32

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2.1: (a) The pH gradient generated by the mixing of the Start buffer (pH 8) and the Elution buffer (pH 3.3) and (b) 
the concentration of the Elution buffer, set from 0 to 100 % in 60 minutes, maintained at 100% for 30 minutes, followed by 

a 0.1 M HCl solution at the end to reach extremely acidic pHs.
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Figure 2.2 A: Protein prefractionation in a centrifuge tube: at a pH slightly below 7, proteins with pIs above 7 will be 

positively-charged and remain in the supernatant; those with a pI below 7 will be negatively-charged and will therefore be 
bound to the resin. 
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Figure 2.2 B: Protein prefractionation in a centrifuge tube:  at a pH slightly below 4, proteins with pIs between 4 and 7 will 
be positively-charged and remain in the supernatant; those with a pI below 4 will be negatively-charged and will therefore 

be bound to the resin 
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Figure 2.3 A: Silver-stained 2-DE of (A) 250 µg of whole LNCaP cell lysate using 11cm, 4 to 7 pH range IPG strip in the 
first dimension;  A 10% polyacrylamide gel was used in the second dimension.  
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Figure 2.3 B: Silver-stained 2-DE of 250 µg of whole LNCaP cell lysate using a 7 to 10 pH range IPG strip in the first 
dimension; A 10% polyacrylamide gel was used in the second dimension. 
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Figure 2.3 C: Silver-stained 2-DE of 100 µg of whole LNCaP cell lysate using 11cm, 4 to 7 pH range IPG strip in the first 
dimension;  A 10% polyacrylamide gel was used in the second dimension. 
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Figure 2.3 D: Silver-stained 2-DE of 100 µg of whole LNCaP cell lysate using a 7 to 10 pH range IPG strip in the first 
dimension; A  10% polyacrylamide gel was used in the second dimension. 
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Figure 2.3 E: Silver-stained 2-DE of 100 µg of a fraction of proteins with a pI between 4 and 7 isolated from LNCaP cell 
lysate using an identical IPG strip in the first dimension A 10% polyacrylamide gel was used in the second dimension. 
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Figure 2.3 F: Silver-stained 2-DE of 100 µg of a fraction of proteins with a pI between 7 and 10 isolated from LNCaP cell 
lysate using an identical IPG strip in the first dimension. A 10% polyacrylamide gel was used in the second dimension.
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Figure 2.4 A:  Silver-stained 2-DE of 100 µg of a fraction of proteins with a pI between 4 and 7 isolated from LNCaP cell 
lysate using a 3-10 IPG strip in the first dimension and 10% polyacrylamide gel in the second dimension. 
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Figure 2.4 B:  Silver-stained 2-DE of a fraction of proteins with a pI above 7 isolated from LNCaP cell lysate using a 3-10 

IPG strip in the first dimension and 10% polyacrylamide gel in the second dimension. 
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CHAPTER 3 
 

DETECTION OF DIFFERENTIALLY EXPRESSED PROTEINS AFTER 
ANION EXCHANGE BATCH SEPARA TION AS PREFRACTIONATION 

TECHNIQUE PRIOR TO TWO-DIMENSIONAL GEL 
ELECTROPHORESIS 

 

 

1. Introduction 

 

 A proteomics project is mostly significant when differentially-expressed proteins 

between two samples that belong or that are subject to different conditions are 

identified. This identification will allow for the characterization of biological roles, 

clarification of biological mechanisms, and identification of therapeutic targets and 

biomarkers. Increasing the number of detectable proteins and targeting the loaded 

proteins to correlate with the pH range of the proteins is important to identify as many 

differentially expressed proteins as possible.  LNCaP cells were subjected to treatment 

by epigallocatechin-3-gallate (EGCG), a polyphenol known to induce a change in the 

protein expression of LNCaP cells 66, 67. This prefractionation was carried out using 

Polybuffer Exchanger 94 (PBE 94) and two expressly-designed buffers. The buffers 

used were originally used as anion exchange column chromatography buffers 65.   

 

2. Materials and Methods 

 

2.1 Cell Culture, Treatment, and Lysis 

Cell culture and lysis was performed as described in 2.1 page 24. Cells were 

treated with EGCG that was purchased from Sigma (St. Louis, MO) and dissolved in 

double distilled water to the final concentration of 50 mM. Cells were treated with 50 

µMof EGCG when they were at exponentially growing phase. The control was treated 
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with the same volume of water. The volume of added EGCG stock solution was 0.1% of 

the total culture media.  

 

2.2 Prefractionation of EGCG Treated LNCaP Cell Lysate Using PBE 94 

Proteins were prefractionated into two fractions: one containing proteins with 

basic isoelectric points and the second one containing proteins with pIs between 4 and 

7. Prefractionation was performed as described in section 2.3 page 25. 

 

 

2.3 Protein Assay 

 The protein concentration of the cell lysates and fractions collected was 

determined using bicinchoninic acid assay (BCA) Protein Assay Kit (Pierce, Rockford, 

IL) as described in section 2.4 page 26. 

 

2.4 Two-Dimensional Gel Electrophoresis  

 Proteins were electrophoresed and silver-stained as described in section 2.5 

page 26. 

  

2.5 Imaging Analysis  

The number of individual spots on the gels was determined using ImageMaster 

2D Platinum (Amersham Biosciences Corporation, Uppsala, Sweden) as described in 

section 2.6 page 27. 

 

3. Results and Discussion 

 

Prefractionation of the proteins was performed according to the procedure 

described in chapter 2. Each protein fraction was loaded on an IPG strip with an 

overlapping pH range and the number of differentially-expressed proteins detected after 

EGCG treatment of the cells was evaluated before and after prefractionation.    

In chapter 2, the number of spots detected (Fig. 2.3) using Image Master 2D 

Platinum on the non-prefractionated pH 4-7 gel is 298 spots for a loading of 250 µg, 761 
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spots for a loading of 100 µg of total proteins, and 1334 spots for a loading of 100 µg of 

prefractionated proteins. As for the pH 7-10 gel, the number of spots detected was 376 

spots for a loading of 250 µg, 262 spots for a loading of 100 µg of total proteins, and 

538 spots for a loading of 100 µg of prefractionated proteins. 

After EGCG treatment, the number of spots detected on the non-prefractionated 

pH 4-7 gel is 811 spots versus 1458 spots for the prefractionated proteins. As for the pH 

7-10 gel, the number of spots detected was 267 spots for the non-prefractionated 

sample versus 616 spots for the prefractionated proteins (Fig. 3.1). The prefractionation 

resulted in a 1.8-fold and 2.3-fold increase in the number of spots detected respectively 

for the acidic and basic proteome. 

Furthermore, the differential number of spots detected after EGCG treatment 

increased from 60 spots for non-prefractionated samples to 202 spots for 

prefractionated ones, a 3.4-fold increase. 

The advantages of our prefractionation technique are: i. More than 3-fold 

increase in the detection of differentially expressed proteins. ii. Up to 2.3-fold increase in 

the number of proteins detected; iii. The prefractionation is carried out in 30 minutes; iv. 

Common instrumentation is used; v. Carbamylation of the proteins is not induced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

46

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.1 A  Silver-stained 2-DE of 100 µg of EGCG treated whole LNCaP cell lysate using using 11cm, 4 to 7 pH range 

IPG strip in the first dimension and a 10% polyacrylamide gel in the second dimension. 
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Figure 3.1 B: Silver-stained 2-DE of 100 µg of EGCG treated whole LNCaP cell lysate using a 7 to 10 pH range IPG strip 
in the first dimension and a 10% polyacrylamide gel in the second dimension. 
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Figure 3.1 C: Silver-stained 2-DE of 100 µg of a fraction of proteins with a pI between 4 and 7 isolated from EGCG 
treated LNCaP cell lysate using an identical IPG strip in the first dimension.and a 10% polyacrylamide gel in the second 

dimension. 
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Figure 3.1 D: Silver-stained 2-DE of 100 µg of a fraction of proteins with a pI between 7 and 10 isolated from EGCG 

treated LNCaP cell lysate using an identical IPG strip in the first dimension and a 10% polyacrylamide gel in the second 
dimension. 
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CHAPTER 4 
 
 

 In Vivo  SAMPLE LIMITATION: DETE CTION OF DIFFERENTIALLY 
EXPRESSED PROTEINS OF MICROINVASIVE (ER-) AND ADJACENT 
NONINVASIVE (ER+) CELL CLUS TERS DURING THE PROGRESSION 

OF IN SITU LESIONS TO INVASIVE CARCINOMAS IN BREAST 
CANCER PATIENTS 

 
 
 

1. Introduction  

 

1.1 Sample Limitation 

 In some cases, the low amount of biological sample available for analysis does 

not allow the luxury of performing prefractionation prior to 2-DE. This is particularly the 

case of homogeneous in vivo samples where the interest is to study protein differences 

coming from two different kinds of cells present in the organ of one patient. In this case 

the best way to proceed with the proteomics project is to either load the sample on a 

wide pH range IPG strip or combine several homogeneous samples coming from 

several patients that have the same condition. In the latter case, the number of patients 

and the amount of samples collected from them will determine the possibility of 

performing a prefractionation. In some extreme cases, like the one described in this 

chapter, even the combination of samples from several patients does not provide 

enough amounts of proteins for prefractionation.  

  

 

1.2 Normal Ductal Architecture and the Pathology of Early Carcinoma 

A fraction of in situ tumors will become invasive, then metastatic, given time, as 

they encroach upon neighboring tissues, then translocate to distant organs via blood 

vessels or lymphatic ducts 68. Cancer cells frequently exhibit unique gene expression 
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profiles resulting not only in their limitless replication, but also in their ability to actively 

attack other tissues, recruit the collaborating cells necessary for sustained 

angiogenesis, and affording them protection from the immune system of the host 69. 

Consequently, on the molecular level, tumors are never silent, but are constantly 

signaling their presence through the release of a diverse range of proteins 68. A critical 

component in the development of cancer prevention strategies is the identification of 

molecular and biochemical pathways by which normal cells progress to the earliest 

definable stages of cancer 17.  

The epithelium of normal human breast ducts and in situ breast tumors is 

physically separated from the stroma by a layer of myoepithelial (ME) cells and the 

basement membrane 70, 71 (Fig. 4.1). ME cells are joined by intercellular junctions and 

adhesion molecules, forming a continuous layer that encircles the entire duct system, 

and a discontinuous layer or basket-like structure that covers a vast majority of lobules 

and terminal duct-lobular units 70, 71. The basement membrane is composed of laminins, 

type IV collagen, entactin, heparin sulfate proteoglycans, and glycosaminoglycans, 

forming a continuous lining surrounding and attaching to the ME cells via 

hemidesmosomes and focal adhesion 70, 71. This architectural feature confers upon ME 

cells and the basement membrane two essential functions. First, as the epithelium is 

normally devoid of lymphatic ducts and blood vessels, and is therefore totally dependent 

on the stroma for materials to meet its metabolic needs, the ME cells and basement 

membrane function as gate keepers, directly regulating the communication between 

these two cellular compartments. Second, due to the physical interposition of the ME 

cell layer and basement membrane between the stroma and epithelium, ductal tumor 

cells must first force their way through the barriers imposed by the ME cell layer and 

basement membrane in order to reach the stroma and inaugurate the processes of 

tumor invasion or metastasis 72, 73. 

 

1.3 Ductal Carcinoma in situ  

Ductal carcinoma in situ (DCIS) represents the earliest identifiable breast cancer 

lesion, in which tumor cells remain confined to the duct, surrounded by the ME and 

basement membrane layers 74, with no evidence of invasion into the surrounding stroma 
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(Fig. 4.2). This form of disease accounts for nearly 20 % of new breast cancer 

diagnoses 17. DCIS has the potential to develop into invasive ductal carcinoma (IDC) 

(Fig. 4.3) given time, and recently identified small areas of invasion, representing an 

intermediate stage between DCIS and IDC called DCIS microinvasion (DCIS-MI), are 

found in 5-10% of DCIS. Histologically, DCIS-MI presents as DCIS with infiltration into 

the periductal stroma by a few tumor cells, either singly or in clusters, through a focal 

disruption of the ME cell barrier. It has been recently demonstrated that this form of 

early invasion, likely representing a transitory state between true in situ lesions and IDC, 

is frequently associated with a loss of ER expression 75.  

 

1.4 The Potential Roles of the Estrogen Receptor (ER) 

Estrogens play a major role in both the development of sexual glands and in the 

reproductive cycle 76, and the biological effects of estrogen are mediated through the 

estrogen receptor (ER).  ER-�., cloned in 1986 77, 78, was believed to be the sole form of 

this receptor until 1996, when a second ER, called ER-��, was also cloned 79, 80. Since 

that time, five ER-�� isoforms (ER-��1 through ER-��5) have been cloned and 

characterized 81. The exact roles of ER-�. and ER-��  in breast cancer are still unknown, 

though it has been reported that estrogens are involved in the promotion of human 

breast cancer, possibly by way of their mitogenic activity 82. ER-�. and ER-��  have 

structural domains that are not conserved 80 and have different transcriptional activity 83. 

ER-��  requires higher levels of estrogens for activation than does ER-�., and acts as a 

transdominant inhibitor of ER-�. in near-saturating hormone levels 84. Different forms of 

the ER are therefore likely to mediate signal transduction in very different fashions, and 

understanding the role of each ER in the pathogenesis of breast cancer is vital in the 

development of estrogens for use in long-term hormone replacement regimens that do 

not promote breast cancer 85.  Studies performed with mice indicate that ER-�. mediates 

the major proliferative effects of estrogen, as ER-�. knockout mice exhibit rudimentary 

mammary glands and infertility 86, 87. In contrast to this finding, ER-�� knockout mice 

showed normal mammary gland development, but significantly reduced fertility 88. 

These studies suggest distinct but overlapping biological actions for these two 

receptors.  
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Several in vitro studies have been performed to study the effects of these two 

ERs in human breast cancer cells. Studies with MCF-7 breast cancer cells, which 

express ER-�., revealed that estradiol stimulates proliferation in these cells 89. Additional 

studies with the MCF-7 cell line revealed cessation of proliferation when the ER-�. gene 

was knocked out, and a resumption of proliferation when the ER-�. gene was 

reintroduced 90. A recent study utilizing ER-��-transfected MCF-7 cells revealed inhibition 

of proliferation in vitro, and in vivo inhibition of tumor formation in a nude mouse 

xenograft model, in response to estradiol 85. Studies performed with cervical cancer-

derived HeLa cells indicate that estrogens activate cyclin D1 when complexed with ER-

�.. However, the expression of cyclin D1, a major regulator for entry into the proliferative 

stage of the cell cycle, is inhibited in the presence of ER-��  
91. In vitro studies using the 

breast cancer cell line T47D have shown reduced estradiol-stimulated proliferation 

when the expression of ER-�� mRNA equals that of ER-�.. This reduction in proliferation 

correlates to a decrease in proliferation-associated cell cycle components such as cyclin 

E, Cdc25A, and Cdk2 92. Additional studies utilizing the MDA-MB-231 breast cancer cell 

line have shown that ER-�. and ER-��  are both capable of reversing the invasive 

phenotype of this breast cancer cell line through the inhibition of  migration and invasion 
93. Combined, these studies suggest that ER-�. and ER-��  may have opposing effects in 

terms of breast cancer cell proliferation, but similar effects in terms of in vitro inhibition 

of migration and invasion. 

Immunohistochemical staining for ER-��  in normal human breast tissues, DCIS, 

invasive cancers, and lymph node metastases has revealed a gradual reduction in ER-��  

expression during the transition from normal tissue to pre-invasive lesions to invasive 

cancers, and ER-��  was totally lost in 21% of the invasive cancers studied 94. Another 

study utilizing similar techniques revealed that the percentage of cells positive for ER-��  

was high in normal mammary glands and in non-proliferative benign breast disease, but 

decreased significantly in proliferative benign breast disease and in carcinoma in situ. 

The ratio between ER-��  and ER-�. was high in normal glands, but decreased 

significantly in proliferative lesions 95. These results are in total agreement with results 

obtained when analyzing mRNA levels of ER-�� in normal mammary, benign breast 
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disease, breast cancer, and metastatic lymph nodes 96. This study revealed that ER-��  

expression was significantly decreased in breast cancer and metastatic lymph node 

tissues when compared with normal mammary and benign breast disease tissues. All of 

these results suggest that ER-��  might exert a protective effect against the mitogenic 

activity of estrogens mediated by ER-�., and may therefore function as a tumor 

suppressor, as the loss of ER-�� expression seems to correlate with the progression of 

breast carcinomas.   

Some studies showed that a small fraction of in situ ER negative breast tumor 

cell clusters showed signs of stromal and vascular invasion but lacked many 

differentiation makers, suggesting that these clusters may contain mutated cancer stem 

cells 72. Cancer stem cells are a minor population of tumor cells that retain the stem cell 

property of self-renewal, however, pathways that regulate the self-renewal of normal 

stem cells are deregulated in cancer stem cells, leading to the continuous expansion of 

self-renewing cancer cells and new tumor cluster formation 97. Targeting cancer stem 

cells may improve the effectiveness cancer therapies 98. 

 

1.5 The Importance of Cancer Markers and the Advent of Proteomics Approaches 

To identify new breast cancer biomarkers, the protein profiles of nipple aspirate 

fluids 99, or the serum of breast cancer patients 100, have been compared to that of 

healthy donors. Identifying biomarkers by these less invasive methods is of great 

importance, but questions remain as to how early differences in the protein profiles of 

these samples might manifest to detectable levels. The protein profiles of breast cancer 

cell lines have also been compared to the profiles of normal breast cell lines 13, and 

while tumor-derived cell lines can be useful for initial studies 14, each line displays a 

unique evolution that may not truly mimic real in vivo conditions 16. Comparisons have 

also been made between microdissected breast tissues composed of either normal 

ductal epithelium or ductal epithelium containing DCIS lesions 17. However, the samples 

collected for this study, composed of 50,000-100,000 cells, were unlikely to be 

homogeneous, and were likely composed of multiple cell types with divergent 

expression profiles.   
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Many diseases manifest themselves through severe changes in human 

physiology, which forms the basis for clinical chemistry and bestows its value in 

diagnoses and subsequent therapeutic interventions 2. Proteomics includes the global 

analysis of proteins expressed by the genome of an organism, with the typical aim being 

the evaluation of quantitative changes that occur as a function of disease, treatment, or 

environment 3. Proteomics strategies were used to identify cancer-specific protein 

markers that could provide the basis for the development of new diagnosis 

methodologies, treatments, and early disease detection 3, 4. Marker detection and 

correlation with tumor growth is less obstinate for advanced tumors, but the true value 

of these developing applications lies in early tumor detection and the prompt 

identification of invasive phenotypes 2.  

To identify markers specific to the initiation of invasion by DCIS cells, we must 

identify the proteins differentially expressed by the ER(-) cell clusters overlying focally 

disrupted ME cell layers and the adjacent ER(+) cells overlying non-disrupted ME cell 

layers within the same duct. The identification of in vivo differences in protein 

expression between these microdissected ER(+) and ER(–) tissues is a necessary and 

vital step towards understanding the mechanisms governing ME cell layer disruptions, 

which are a prerequisite for invasion, and in determining the biomarkers that herald the 

initiation of invasion.  

 

2. Materials and Methods 

 

2.1 Immunohistochemical Staining for Estrogen Receptor and Microdissection 

Freshly frozen DCIS breast tissue microdissected samples and corresponding 

slide-mounted, serial-sectioned paraffin-embedded tissues were provided by our 

collaborator, Yan-Gao Man, M.D., Ph.D., Director of the Gynecologic and Breast 

Research Laboratory at the Armed Forces Institute of Pathology and American Registry 

of Pathology in Washington, D.C. Serial sections of 5 to 7 µm thickness were cut and 

placed on positively-charged microscopic slides and rehydrated by ethanol gradient. 

One section was immunohistochemically stained for ER.  Nonspecific antibody binding 

was blocked with blocking buffer (0.2% Triton X-100, 5% normal goat serum, and 3% 
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bovine serum albumin in Tris-buffered saline) for 1 hour at room temperature prior to 

overnight incubation at 4ºC with a monoclonal mouse anti-human ER antibody (NCL-

ER-6F11, Vector, Burlingame, CA) diluted into the same buffer (10 µg/mL). Samples 

were then incubated with an alkaline phosphatase-conjugated secondary antibody 

diluted 1: 5000 in blocking buffer for 4h at room temperature, and positive signals were 

detected using Fast-Red (Sigma). Clusters of cells overlying myoepithelial disruptions, 

composed primarily of ER(–) cells, were excised by laser-capture microdissection from 

adjacent, unstained serial sections. Clusters of ER(+) cells from the same duct, but 

bound by an intact ME layer, were similarly obtained as shown in figure 4.4. 

 

2.2 Protein Extraction 

Microdissected tissues were homogenized  then vortexed for 10 min in a lysis 

buffer described in reference 26, though modified to contain 5 M urea, 2 M thiourea, 1% 

octylglucopyranoside (OG), 0.25%w/v Biolyte 3-10 ampholyte, 12.5% water saturated 

isobutanol, 10% isopropanol, 5% glycerol, and 50 mM  dithiothreitol (DTT), followed by 

centrifugation at 17000 x g for 20 min. The supernatant was recovered and the 

precipitate was discarded. 

 

2.3 Two-Dimensional Gel Electrophoresis  

Proteins were electrophoresed and silver-stained as described in section 2.5 

page 26. 

  

2.4 Imaging Analysis  

The number of individual spots on the gels was determined using ImageMaster 

2D Platinum (Amersham Biosciences Corporation, Uppsala, Sweden) as described in 

section 2.6 page 27. 
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3. Results and Discussion 

 

3.1 Sample Limitation 

 The low amount of biological sample available for analysis did not allow for the 

performance of either 2-D liquid chromatography or prefractionation of the sample prior 

to 2-DE. This is particularly the case of profiling proteins extracted from homogeneous 

cells microdissected from in vivo samples where the typical aim is to study protein 

differences coming from two different kinds of cells present in the organ of one patient. 

In this case the best way to proceed with the proteomics project was to either load the 

sample on a wide pH range IPG strip or combine several homogeneous samples 

coming from several patients that have the same condition. In the latter case, the 

number of patients and the amount of samples collected from them will determine the 

possibility of performing a prefractionation prior to 2-DE. In some extreme cases, like 

the one described in this chapter, even the combination of samples from several 

patients does not provide enough amounts of proteins for prefractionation.  

 

3.2 Loading the Samples on 3 to 10 IPG Strips  

 Approximately 5,000 cells overlying myoepithelial disruptions, composed 

primarily of ER(–) cells, were excised by laser-capture microdissection from adjacent, 

unstained serial sections. 5000 ER(+) cells bound by an intact from the same duct, were 

similarly obtained. The proteins were extracted from these tissues belonging to the 

same duct of the same patient and loaded on a 3 to 10 IPG strip. The amount of 

proteins loaded was not sufficient for an obvious differentiation of the proteins extracted 

from ER+ and ER- tissues. 2-DE of these samples (Fig. 4.5) show very little spots with a 

very high background as a consequence of the prolonged staining.  

 

3.3 Sample Combination of Several Patients  

 To overcome the limitation that hindered the detection of differentially-expressed 

proteins between ER+ and ER- tissues microdissected from the duct of one breast 

cancer patient, tissues belonging to 5 patients were microdissected and combined 
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together to contain 25,000 ER+ and 25,000 ER- cells in the hope to get detectable 

levels of these differentially-expressed proteins. The resulting 2-DE (Fig. 4.6) shows   

  

4. Concluding Remarks 

 

The determination of differences in protein expression within these divergent cell 

clusters, and the identity of these proteins, could provide major benefits for all patients 

diagnosed with DCIS, as there is currently no way to differentiate between dangerous 

lesions and those that are likely to remain less threatening.  If the initiation of invasion 

could be understood, the presence of early markers for invasion might be identified by 

less invasive methods, and therapeutic targets might be singled out to help block the 

progression of DCIS to an invasive carcinoma.  Lesions that are likely to develop into 

invasive carcinomas could then be treated early, as swift diagnosis and management 

are the hallmarks of effective therapy, and those with non-threatening lesions could 

avoid the agonizing decisions that are often associated with radical therapeutic options. 
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Figure 4.1: The architectural relationship of the basement membrane, myoepithelial 
(ME) cells, and epithelial cells of ducts in a normal human mammary gland. A paraffin 
section double-immunostained for ME cells and basement membrane with anti-smooth 
muscle actin (red) and collagen IV (brown) antibodies, respectively. The arrow identifies 
the basement membrane (brown), the arrowhead designates a ME cell (red), and blue 

nuclei stained by hematoxylin are those of the luminal epithelial cells (400X). 
Reproduced from reference 72 (Man, Y. G.; Sang, Q. X. A., The significance of focal 
myoepithelial cell layer disruptions in human breast tumor invasion: a paradigm shift 
from the "protease-centered" hypothesis. Experimental Cell Research 2004, 301, (2), 

103-118). 
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Figure 4.2:  Ductal Carcinoma in situ. A DCIS paraffin section was double-
immunostained for ER (black or brown) and smooth muscle actin (SMA: to stain ME 
cells and vascular smooth muscle cells) (red) (100X). Reproduced from reference 72 

(Man, Y. G.; Sang, Q. X. A., The significance of focal myoepithelial cell layer disruptions 
in human breast tumor invasion: a paradigm shift from the "protease-centered" 

hypothesis. Experimental Cell Research 2004, 301, (2), 103-118). 
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Figure 4.3:  Focal disruptions in ME cell layers and the loss of ER expression in 
overlying tumor cells. A paraffin section was double-immunostained for ER (brown) and 

SMA (red). An ER(–) cell cluster (blue) is seen overlying a focally disrupted 
myoepithelial cell layer (red). Adjacent cells within the same duct are ER(+) (brown). 

Reproduced from reference 73 (Man, Y. G.; Shen, T.; Weisz, J.; Berg, P. E.; Schwartz, 
A. M.; Mulshine, J. L.; Sang, Q. X. A.; Nieburgs, H. E., A subset of in situ breast tumor 

cell clusters lacks expression of proliferation and progression related markers but shows 
signs of stromal and vascular invasion. Cancer Detection and Prevention 2005, 29, (4), 

323-331).  
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Figure 4.4:  Microdissection of tissues. (A) H&E staining of a duct with atypical 
intraductal hyperplasia (AIDH); (B) Immunostained section adjacent to section A, prior 
to microdissection; (C) Microdissection of ER(+) cells;(D) Microdissection of adjacent 

ER(-) cells overlying a disrupted ME layer. All figures are 200X. Reproduced from 
reference 72 (Man, Y. G.; Sang, Q. X. A., The significance of focal myoepithelial cell 

layer disruptions in human breast tumor invasion: a paradigm shift from the "protease-
centered" hypothesis. Experimental Cell Research 2004, 301, (2), 103-118). 
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Figure 4.5 A: Silver-stained 2-DE of 5000 ER(+) cells bound by an intact myoepithilial layer 
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Figure 4.5 B: Silver-stained 2-DE of 5000 ER(-) cells bound by a disrupted myoepithilial layer 
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Figure 4.6 2-DE of (left) 25,000 ER(+) cells bound by an intact and (right) 25,000 cells overlying myoepithelial disruptions, 
composed primarily of ER(–) cells. Both samples were collected from 5 patients. 
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CHAPTER 5 

 

 ALBUMIN ELIMINATION FROM  HUMAN SERUM USING BATCH 
ANION EXCHANGE CHROMATOGRAPHY 

 
 

1. Introduction 
 

                      

Two-dimensional polyacrylamide gel electrophoresis (2-DE) is a widely used 

technique for large-scale protein separation and identification allowing for qualitative 

and quantitative analysis of the proteome 101, 102. However, the separation of proteins 

from plasma or serum samples by 2-DE or Sodium Dodecyl Sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) is complicated by the high abundance of albumin that 

constitutes approximately 60% of the total proteins present in human serum 103. 

Analysis of low-abundance proteins present in physiological samples is hindered by 

limitations in protein loading despite the high sensitivity afforded by current 

instrumentation 101. By depleting the majority of albumin present in a serum sample, 

increased total protein load will be afforded, and visualization of the remaining serum 

proteins, particularly the less-abundant proteins, will be improved 103. The detection of 

less-abundant proteins could be of major importance, as visualization of specific 

biomarkers might be greatly enhanced. This need is particularly urgent in research 

related to cancer and other progressive diseases, where early diagnosis is the 

cornerstone of successful patient management 104. In addition to that, if the level of a 

low-abundance protein is being analyzed in serum samples of healthy versus diseased 

patients using mass spectrometry, immunoblotting or other techniques, elimination of 

albumin would allow for a higher protein loading and therefore better visualization of this 

protein.   

Several techniques have been used for the elimination or reduction of albumin 

from serum samples, such as Cibacron blue and antibody-related methods. An example 

of a Cibacron blue-related method is Affi-Gel Blue (Bio-Rad, Hercules, CA, USA), which 
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is a crosslinked agarose bead with covalently attached Cibacron Blue F3GA dye. The 

attached dye functions as an ionic, hydrophobic, aromatic, or sterically active binding 

site for proteins 104. Given all these functions, the total removal of albumin using the Affi-

Gel Blue method will not only clear albumin and all proteins with the same pI, but also 

the proteins that have affinity to the planar ring structure of Cibacron Blue F3GA dye via 

a combination of electrostatic, hydrophobic, and hydrogen-bonding interactions 104. The 

binding of proteins such as interferon, lipoproteins, hemopexin, antithrombin III, and 

blood coagulation factors have been reported 103, 105-107. Other reports indicate that 

Cibacron Blue F3GA dye has a specific affinity to most proteins that contain a 

dinucleotide fold, therefore mimicking nicotinamide adenine dinucleotide and other 

purine dinucleotides 105.  

Several methods for albumin removal using antibody-based techniques w ere 

described as well 108, 109. These methods use albumin-antibody to remove albumin. If 

albumin is to be removed from 10 µL of serum sample containing in average 0.45 mg of 

albumin, more than 1 mg of antibody should be used for that purpose. These methods 

are therefore extremely expensive and cost-effective only when the proteins of interest 

have pIs in the same range as albumin and cannot be recovered using other 

techniques.    

 Isoelectric trapping and gradiflow are two additional methods for the elimination 

of albumin. Isoelectric trapping uses multicompartment electrolyzers with isoelectric 

membranes 59, 110, 111. This device was developed as a preparative version of IPGs, and 

purifies proteins to homogeneity in a liquid vein by capturing them in an isoelectric trap 

formed by two immobiline membranes with pIs encompassing the pI of the species 

under analysis 59. The Gradiflow allows the selection of membrane cut-off size and 

adjustment of the pH system to separate proteins on the basis of their molecular weight 

and charge 103. The main disadvantages of these two techniques -other than the loss of 

several serum proteins- are the high-maintenance instruments used and the lengthy 

treatment times 59, 103. 

Here we describe a novel procedure for the elimination of albumin without 

significant loss of the remaining serum proteins using Polybuffer Exchanger 94 (PBE 

94) resin and two expressly-designed buffers. PBE 94 was originally designed as 
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packing resin for chromatofocusing columns, which is a liquid chromatography method 

for fractionating proteins according to their pI 52, 63, 64, 112-116. The buffers used for this 

albumin elimination procedure were also originally used as chromatofocusing buffers 65. 

This serum protein treatment is carried out under non-denaturing conditions, making the 

purified serum proteins suitable for further structural, functional, chemical, and biological 

analysis. 

 

2. Materials and Methods 

 

Criterion® Empty Cassettes (cat. # 345-9906); Ready IPG Strips, pH 4 to 7, 

11cm long (cat. # 163-2015); 100 x Biolyte 3/10 Ampholyte (cat. # 163-2094) and 

dithiothreitol (cat. # 161-0611) were purchased from Bio-Rad. Dialysis tubing 500 

molecular weight cut-off (MWCO); Tris (cat. # BP152-5); acetic acid, glacial (A38c -212), 

acetonitrile (cat. # A998-4) and trifluoroacetic acid (cat. # O4902-100) were purchased 

from Fisher Scientific. Polybuffer Exchanger 94 (cat. # 17071201) was purchased from 

Amersham Biosciences Corporation, Uppsala, Sweden. Bis-tris propane  (cat. # B-

9410); pyridine  (cat. # 27040-7); chloroacetic acid  (cat. # 40, 292-3); lactic acid (cat. # 

25, 247-6); tricine (cat. # T-0377); sodium dodecyl sulfate (cat. # L-4509); and urea (cat. 

# U-6504) were purchased from Sigma-Aldrich. piperazine anhydrous, 99% (cat. # 

13129-1000) was purchased from Acros. CHAPS (cat. # 220201) was purchased from 

Calbiochem. These studies were performed using a human serum protein sample 

(Sigma-Aldrich, St. Louis, Mo)  

 

2.1 Determination of Pr otein Concentrations 

  Protein concentrations was determined using bicinchoninic acid assay (BCA®) 

(Pierce, Rockford, IL) with bovine serum albumin (BSA) standards according to the 

manufacturer’s instructions. The concentration of proteins in human serum and different 

fractions was determined using the standard curve generated by the absorbance at 562 

nm. 
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2.2 Chromatofocusing of Human Serum Protein Samples 

The system used for this analysis is an Äkta purifier (Amersham Pharmacia 

Corporation, Uppsala, Sweden). Chromatofocusing is an ion-exchange chromatography 

technique in which the proteins are bound to an anion exchanger (PBE 94), then eluted 

by a continuous decrease of the buffer pH so that proteins elute in order of their 

isoelectric points. PBE 94 is a weak anion exchange resin. The matrix is polystyrene/ 

divinyl benzene. The ion exchanger type is mixed quaternary and tertiary amines. The 

working range of this resin is pH 4 to 9. PBE 94 was packed in a 250 mm x 5 mm 

column according to the manufacturer’s instructions. Buffers used are described by 

Shan, L. and Anderson, D.J 65. The column was first equilibrated with buffer A (12.5 mM 

bis-tris propane and 12.5 mM piperazine, pH 7.8) at a flow rate of 1 mL/min until the 

solution eluted had a stable pH of 7.8. A volume of 22.5 µL of the serum protein sample 

containing 1.375 mg of proteins was dissolved in 500 µL of buffer A, injected in the 

column, and the concentration of buffer B (12.5 mM pyridine, 12.5 mM acetic acid, 12.5 

mM lactic acid and 12.5 mM chloroacetic acid, pH 3.3) is set from 0 to 100% in 60 

minutes, held on 100% for 30 minutes, then a 0.1 M HCl solution was pumped to elute 

the acidic proteins. The column was quickly reequilibrated with buffer A to avoid any 

damage secondary to the low pH. Fractions were collected every 2 minutes. A UV 

detector at 215 nm and a pH meter were used respectively for the detection of eluting 

proteins and to monitor the pH change of the eluting solution. 

 

2.3 Nonporous Silica-Reversed-Phase-High Performance Liquid Chromatography-

Electrospray Ionization-Time of Fli ght-Mass Spectrometry (NPS-RP-HPLC-ESI-

TOF-MS) 

A nonporous silica column allows for the rapid separation of a large number of 

proteins with high recovery compared to porous columns 52. A System Gold 125 S 

solvent module (Beckman Coulter Inc., Fullerton, CA, USA) pump and a 4.6 mm x 33 

mm nonporous column (Eprogen Inc., Darien, IL, USA) were used for the RP-HPLC 

separation. The injection volume was 10 µL, solvent A was water-0.1% trifluoroacetic 

acid (TFA) and solvent B was acetonitrile-0.1% TFA. The gradient was run from 0 to 

40% B in 5 minutes, 40% to 70% in 20 minutes, 70% to 100% in 2 minutes, and was 
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held on 100% for 5 minutes at a flow rate of  200 µL/min. The temperature of the 

column was held constant at 60 ºC to improve the resolution and reduce the pressure. 

The detector used was a Beckman gold UV detector; proteins were detected at 215 nm. 

The outlet of the detector was connected to the inlet of a T100LC (Jeol, Dearborn, MA, 

USA), electrospray ionization time of flight mass spectrometer. The mass spectrometer 

parameters were: Source capillary 3000 V, sample cone 20 V, RF lens 100 V, 

Extraction cone 5 V, Desolvation temperature 250 ºC, and source temperature 80 ºC. 

Deconvolution was carried out using the Jeol ESI Deconvolution V2 program.   

 

2.4 Sodium Dodecyl Sulfate-polyacrylam ide gel electrophoresis (SDS-PAGE) of 

the Fractions Collected from the Chromatofocusing Separation 

A volume of 400 µL out of the 6 mL fractions representing albumin (Fig. 1 *) were 

vacuum dried and reconstituted with 30 µL of 50 mM Tris-HCl (pH 6.8), 2% SDS, 0.1% 

bromophenol blue, and 10% glycerol. This mixture was then subjected to SDS-PAGE 

on a 10% gel. Gels were electrophoresed at 30 V for 30 minutes, then at 50 mA per gel 

for 45 minutes.   

 

2.5 pH Calibration for the Batch Chromatography 

1 mL of the PBE 94 resin was pipetted into a 1.5 mL centrifuge tube. The resin 

was then washed twice with buffer A. The tube was vortexed for 30 sec, centrifuged at 

5000 × g for 30 sec, and the supernatant was aspirated after each wash. 100 µg of 

serum proteins was diluted with buffer A to a volume of 350 µL and added to the resin. 

The resin was vortexed for 30 sec, centrifuged at 5000 × g for 30 sec, and the 

supernatant was pipetted out. Then, 350 µL of a series of different buffer compositions 

with increasing percentages of buffer B were sequentially added to gradually decrease 

the pH of the solution as described in Table 1. Following each buffer addition, the tube 

was vortexed for 30 sec, centrifuged at 5000 × g for 30 sec, and the supernatant was 

removed. Fifteen fractions were collected, vacuum dried, reconstituted with 30 µL of 50 

mM Tris-HCl (pH 6.8), 2% SDS, 0.1% bromophenol blue and 10% glycerol, and applied 

to a 10% polyacrylamide SDS gel. Gels were electrophoresed at 30 V for 30 minutes, 

then at 50 mA per gel for 45 minutes.   
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2.6 Albumin Elimination from Serum Protein Samples 

2.6.1 Procedure.  One mL of the PBE 94 resin was pipetted into a 1.5 mL 

centrifuge tube. Then, 350 µL of a solution composed of 25% Buffer A and 75% Buffer 

B was added to the resin, the tube was vortexed for 30 sec, and this was followed by 

centrifugation at 5000 × g for 30 sec. The supernatant was discarded. This equilibration 

step was repeated twice. Following equilibration, 100 µg of serum proteins was added 

to 350 µL of a solution composed of 25% Buffer A and 75% Buffer B. This mixture was 

then added to the resin, followed by vortexing for 30 sec. The tube was then centrifuged 

at 5000 × g for 30 sec and the supernatant was recovered. The resin was washed three 

times with the same buffer (25% Buffer A, 75% Buffer B), with each iteration followed by 

vortexing for 30 sec, centrifugation at 5000 × g for 30 sec, and supernatant recovery. 

The supernatant from this phase contained proteins with a pI higher than that of 

albumin. The resin was then washed with 350 µL of  a solution composed of 10% Buffer 

A and 90% Buffer B, vortexed for 30 sec, and centrifuged at 5000 × g for 30 sec. The 

supernatant from this phase, containing albumin, was also recovered. This step was 

repeated three times. Finally, four washes of 350 µL of a 0.1 M HCl solution were 

performed, and the same procedures were followed to recover the supernatant. The 

supernatant from this phase contained the acidic proteins. This separation yields 12 

fractions.  

2.6.2 SDS-PAGE analysis of  the collected fractions.  For this analysis, the 

fractions were vacuum dried, reconstituted with 30 µL of 50 mM Tris-HCl (pH 6.8), 2% 

SDS, 0.1% bromophenol blue, and 10% glycerol, and applied to a 10% polyacrylamide 

SDS gel. Gels were electrophoresed at 30 V for 30 minutes, then at 50 mA per gel for 

45 minutes. 

2.6.3 Two-dimensional gel electrophoresis . For this analysis, fractions 1 to 4 

and 9 to 12 were combined in one tube, while the four albumin-containing fractions (5 to 

8) were combined in another. The two solutions were dried using a vacuum centrifuge 

and were then reconstituted in 185 µL of rehydration buffer consisting of 8 M urea, 50 

mM dithiothreitol, 2% CHAPS, 0.2% Bio-lyte 3/10 Ampholyte, and 0.001% bromophenol 

blue. In addition to these two solutions 100 µg of the original human serum protein 
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sample was diluted with 185 µL of the same rehydration buffer. 2-DE was performed on 

all three samples. The IPG strips were rehydrated at 50 V for 16 hours at 20 °C using 

an Immobilized pH Gradient (IPG) strip 11 cm long, pH 4 to 7. The proteins were 

focused at 250 V for 15 minutes; an 8000 V was then maintained for a total of 42,000 

Vh per gel. The strips were then equilibrated for 10 minutes in 2.5 mL of a solution 

composed of 375 mM Tris-HCl pH 8.8, 6 M urea, 2% SDS and 2% dithiothreitol. After 

this first equilibration, the strip was equilibrated for another 10 minutes in 2.5 mL of a 

second equilibration buffer composed of 375 mM Tris-HCl pH 8.8, 6 M urea, and 2% 

SDS. The equilibrated IPG strips were washed with cathode buffer (0.1 M Tricine, 0.1 M 

Tris-HCl pH 8.2 and 0.1% SDS) and placed onto a 10% Tris-HCl Criterion® gel (Bio-

Rad). The anode buffer consisted of 0.2 M Tris-HCl pH 8.9. Gels were electrophoresed 

at 20 mA/gel for 1 hour, then 100 mA /gel until the end of the separation.  

 

2.7 Gel Silver Staining 

All the gels were silver stained according to the following protocol: Gels were 

fixed in 50% methanol (v/v) and 12% acetic acid (v/v) for 2 hours, then washed 3 times 

in 50% ethanol (v/v).  The duration of each wash was 20 minutes. Gels were then 

incubated in a 0.02% sodium thiosulfate solution (w/v) for 1 minute, followed by 4 one-

minute washes in water. Gels were then placed in a solution composed of 0.2% silver 

nitrate (w/v) and 0.075% (v/v) formaldehyde for a period of 20 minutes, followed by 3 

one-minute washes in water. Gels were then developed in a 6% sodium carbonate 

(w/v), 0.005% formaldehyde (v/v), and 0.004% sodium thiosulfate (w/v) solution until the 

protein bands were visualized. A 1% acetic acid solution was added to stop 

development of the gel.  

 

2.8 Imaging Analysis 

The number of individual spots on the gels was determined using ImageMaster 2D 

Platinum (Amersham Biosciences Corporation, Uppsala, Sweden). The parameters 

used were: Smooth 5, Min. Area 5, Saliency 1.0000.  
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2.9 Western Blotting 

Human serum samples were diluted with a buffer composed of 25% buffer A and 

75% buffer B to a volume of 400 µL and were each added to 1 mL of the PBE94 resin 

that was previously washed with the same buffer composition. The mixture was then 

vortex mixed and centrifuged. The supernatant was collected. The resin was then 

washed three times with 350 µL of the same buffer compositions vortex mixed and 

centrifuged as described above. After performing BCA assay on this fraction, 10 µg of 

proteins were reconstituted with 15 µL of SDS-PAGE buffer and loaded on a 10% 

polyacrylamide gel against 10 µg of total serum proteins as control. The gel was 

electrophoresed at 30 V for 30 minutes, then 50 mA until the end of the separation. 

Proteins contained within the gel were then electroblotted onto a nitrocellulose 

membrane (50 V for 50 minutes). Western blot analysis for MMP-26 was accomplished 

utilizing a 1 µg/mL dilution of rabbit anti-MMP-26 117 followed by incubation with horse 

radish peroxidase-conjugated anti-rabbit antibody. Visualization of the bands was then 

accomplished by the addition of a 1 to 1 ratio of Super Signal West Pico-Stable 

Peroxidase Solution and Luminol/Enhancer Solution (Pierce, Rockford, IL) and by 

developing the chemiluminescent signal on a Kodak film in the dark using Kodak 

Scientific Imaging Film (Kodak cat. 1651496), Fixer and Replenisher/Developer and 

Replenisher (Kodak cat. 1901859) according to the manufacturer’s instructions. 

 

3. Results and Discussion 

 

3.1 Albumin Depletion Using Chromatofocusing 

The chromatogram of separation of the human serum proteins based upon pI 

generated several peaks (Fig. 5.1). The peak with the largest area (Fig. 5.1 *) is thought 

to represent albumin, as albumin constitutes 65% of this sample, and this peak is 

formed at a pH of eluant close to the pI of albumin (pI 5.92). To test the purity of 

albumin separated using chromatofocusing, NPS-RP-HPLC-ESI-TOF-MS was carried 

out for the fraction labeled * (Fig. 5.1), in which 10 µL of the 6 mL representing the peak 

of interest were injected. This separation yielded two peaks (Fig. 5.2 A): a peak at 1 

min. representing the salts and ions from the buffers used for the chromatofocusing, 
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and a peak at 12.5 min. The deconvolution of the measured spectrum (Fig. 5.2 B) of this 

peak showed a molecular mass ranging from 65 to 70 kDa (Fig. 5.2 C), corresponding 

to the molecular masses of the different glycation states of albumin. This was taken as 

proof that the peak in question represents albumin. Other low-intensity peaks were 

present as well. SDS-PAGE analysis of this fraction reveals several proteins other than 

albumin (Fig. 5.3). Therefore, albumin cannot be isolated from the other serum proteins 

using chromatofocusing.  

 

3.2 Batch Anion Exchange separat ion of Human Serum Proteins 

Instead of packing PBE 94 resin into a column, 1 mL of this resin was pipetted 

into an eppendorf tube, where calibration of the batch chromatography was 

accomplished according to the experimental procedure described above. This resin 

functions as an anion exchanger. When the pH of the solution is lower than the pI of a 

protein, this protein will be positively charged. Conversely, when the pH of the solution 

is higher than the pI of a protein, this protein will be negatively charged, and it will 

therefore bind to the PBE-94 resin. A series of different buffer compositions, with 

increasing percentages of buffer B, were used to gradually decrease the pH of the 

solution as described in Table 1. For pHs above 5.4, corresponding to a percentage of 

buffer B lower than 75%, no major 65 kDa bands were shown on a silver-stained gel 

(Fig. 5.4 A). An increasing 65 kDa band appears when the pH is adjusted to values 

lower than 5, corresponding to a percentage of buffer B higher than 80% (Fig. 5.4 B), 

and this band becomes the dominant feature when the pH is adjusted to a value of 4.7 

(90% B). The resolubilization of albumin in the aqueous phase occurred between the 75 

and 90% concentrations of buffer B. 

 

3.3 Albumin Depletion 

The separation of 100 µg of serum proteins was then performed by washing the 

resin 4 times with a solution composed of 75% B, followed by 4 washes with a solution 

composed of 90% B, and 4 washes with a pH 1 solution. The 12 fractions were then 

separated by SDS-PAGE. At 75% buffer B, no major 65 kDa bands appeared on the gel 

(Fig. 5.5 A). At 90% buffer B, dominant bands appear at 65 kDa (Fig. 5.5 B). At pH 1, a 
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large band appeared at 65 kDa (Fig. 5.5 B).This band is thought to represent albumin or 

other proteins that have molecular masses comparable to that of albumin such as �.1-

antitrypsin and �.1-antichymotrypsin. 

The 8 fractions collected after the 75% B and pH1 washes were then combined 

in one tube; the four fractions collected after the 90% B washes were combined in 

another, and 2-DE was performed on these 2 pooled fractions, as well as on 100 µg of 

the original serum protein sample. The 2-DE of the original serum protein sample shows 

the presence of albumin and all the other proteins (Fig. 5.6 A), and served as control for 

2-DE of the two remaining fractions. The 2-DE of the combined 8 fractions collected 

after the 75% B and pH1 washes shows little albumin presence (Fig. 5.6 B). Large spots 

at acidic pIs close to 65 kDa represents �.1-acid glycoprotein, �.1-antitrypsin, and �.1-

antichymotrypsin. The presence of proteins that have a pI similar to that of albumin was 

noticed as well. 2-DE of the combined 4 fractions collected after the 90% B washes 

shows mainly albumin (Fig. 5.6 C), with traces of bands corresponding to other proteins 

in the original sample. The identification of the proteins was done by comparing their 

position on the gel to that of the Swiss2-DPAGE database (http://us.expasy.org/tools/ ). 

Proteins with a pI similar to albumin, such as antitrypsin (pI 5.37), 

antichymotrypsin (pI 5.33), transthyretin (pI 5.52), and �.1-acid glycoprotein (pI 5.65), 

were recovered after the separation procedure described here, in which Polybuffer 

Exchanger 94 resin was used to eliminate albumin from the human serum protein 

sample. By adjusting the pH of the buffer-resin-human serum sample mixture to a pH 

near the theoretical pI of albumin (5.92), by adding a 350 µL mixture consisting of  25% 

Buffer A and 75% Buffer B, all of the proteins that have a pI higher than that of albumin 

will be positively charged, and therefore, will remain in solution. Proteins that have a pI 

equal or close to that of albumin will be zero-charged, and will therefore precipitate. 

Some albumin molecules will be zero-charged, others with different glycation states will 

be slightly positively or negatively charged, depending on their pI, and will possibly 

precipitate during centrifugation due to their high molecular mass and low charge 

density. Proteins that have a pI lower than that of albumin will be negatively charged, 

and will therefore bind to the resin. The centrifugation allows for the formation of 2 

layers: the bottom layer is the resin with the proteins bound to it, in addition to the 
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precipitated albumin, and the top layer is the solution containing free proteins. This 

supernatant is recovered.  

After this first step, the pH of the buffer-resin- human serum sample is adjusted 

to a value that is approximately one unit lower than the pI of albumin (pH = 4.7) by 

adding 350 µL of a mixture composed of 10% Buffer A and 90% Buffer B. Albumin, as 

well as proteins that share the same pI, will be positively charged and will therefore be 

soluble in the solution. Centrifugation then allows for the isolation of the supernatant 

solution containing primarily albumin. The last step is the addition of 350 µL of 0.1 M 

HCL solution. All acidic proteins bound to the resin will then be released and recovered 

by centrifugation. The recovery of several proteins or fragments that are in the same pI 

range as albumin is thought to be due to their higher solubility in the solution than 

albumin when their net charge is close to zero. When the pH is adjusted to a pI that is 

approximately equal to the theoretical pI of albumin, the net charge of some albumin 

molecules of certain glycation states, in addition to these recovered proteins and 

fragments, will be close to zero, and are therefore theoretically insoluble. The 

centrifugation at 5000 × g results in the precipitation of albumin, but not of some smaller 

proteins and fragments, because these molecules have smaller sizes and may be 

soluble in the relatively high ionic strength of the buffers (approximately 50 mM).  

 

3.4 Qualitative Analysis 

ImageMaster 2D Platinum was used for the spot counting and detected 62 spots 

in the 2-DE of total serum protein versus 215 spots for the 2-DE of albumin-depleted 

serum which represents a 3.4-fold increase in the number of spots detected. 

 

3.5 Quantitative Analysis and Protein Recovery 

A quantitative analysis of protein concentration showed that 27.63 µg of proteins 

were present in the mixture containing fractions 1 to 4 and 9 to 12 (Fig. 5.6 B), and 

68.36 µg in the mixture containing fractions 5 to 8 (Fig. 5.6 C). This represents a protein 

recovery of 96%.  
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3.6 Increased Low-Abundance Protein Det ection in Albumin-Depleted Sample 

MMP-26 has a theoretical pI of 6.2, a molecular weight of 19 kDa for the active 

form and 26 kDa for the latent form, and has 3 potential glycosylation sites 118. Two 

bands were visualized between 22 and 36 kDa in the albumin-depleted sample (Fig. 

5.7) corresponding to the glycosylated latent and active forms of MMP-26. The 

elimination of not only albumin but also all the other proteins that have pIs below 6 

allowed increased loading of human serum proteins that is crucial for enhancing the 

detection of low-abundance proteins like MMP-26.  

 

4. Concluding Remarks 

 

The procedure outlined in this paper is successful in eliminating albumin from a serum 

protein sample without significant loss of other serum proteins, using PBE 94 resin, two 

expressly-designed buffers, a centrifuge, and a vortex mixer. The protein recovery was 

96%, and a fraction containing albumin with a purity of 92% was isolated. The 

procedure takes fewer than 30 minutes and uses very common instrumentation. Using 

our procedure, not only proteins that have a pI close to that of albumin (�.1-antitrypsin, 

�.1-antichymotrypsin, MMP-26), but also proteins and fragments that have a pI falling in 

the same range as albumin, were recovered. Furthermore, the sample treatment is 

carried out under non-denaturing conditions, making the purified serum proteins suitable 

for further structural, functional, chemical, and biological analysis. Resolution and 

visualization of low-abundance proteins usually masked by the presence of albumin 

were successful when increased detection of active and latent forms of MMP-26 was 

observed in albumin-depleted human serum samples and not in that of total human 

serum.  

 

 

 

 

 



 
 

78

 

 

 
 
 
 
 

Table 5.1: The pH values of the solution eluting out of the column, obtained by mixing 
different proportions of buffer A (12.5 mM bis-tris propane and 12.5 mM piperazine 

adjusted with HCl to a pH of 7.8) and buffer B (12.5 mM pyridine, 12.5 mM acetic acid, 
12.5 mM lactic acid and 12.5 mM chloroacetic acid pH 3.3). These buffers were first 

described by Shan, L. and Anderson, D.J.  65. 
 

% 
buffer A

% 
buffer B

column 
pH 

100 0 7.58 
50 50 7.38 
40 60 6.85 
30 70 5.87 
25 75 5.39 
20 80 5.07 
15 85 4.84 
10 90 4.68 
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Figure 5.1 : Chromatogram of the chromatofocusing separation of 1.375 mg of proteins contained in 22.5 µL of a human 
serum protein sample. (a) Concentration of buffer B set from 0 to 100% in 60 minutes; (b) pH gradient generated by the 

mixing of buffer A (pH 7.8) and buffer B (pH 3.3); and (c) 215 nm absorption of the eluting serum proteins. 
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Figure 5.2 A : Nonporous Silica - Reversed Phase – HPLC (NPS-RP-HPLC) chromatogram of the “*” fraction from Figure 
1 (10µL). The first peak at t �§ 1 minute represents salt ions, and the peak at t �§ 12.5 minutes represents albumin 
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Figure 5.2 B : ESI-TOF-MS measured spectrum for the peak shown at 12.5 minutes in the chromatogram. The 

number at the top of each peak represents the ionization state of the 66,804.84 Da albumin present in the fraction 
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Figure 5.2 C : Deconvolution of the measured spectrum showing the masses of the different glycosylation states of 
albumin. Deconvolution parameters: Threshold 10%, Resolution 1 Da
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Figure 5.3 : 10% SDS-PAGE of the “*” fraction from the chromatogram shown in Figure 1. The gels were electrophoresed 
at 30 V for 30 minutes, then at 50 mA/gel for 45 minutes. The gels were then silver stained and a typical example is 

shown. 
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A                                                                                                                  B 

 

 

 

Figure 5.4: 10% SDS-PAGE of the fractions collected after each wash of the batch chromatography resin mixed with 275 
µg of serum proteins. The percentages of buffer B used for the washes are written on the top of the gel, and the molecular 

mass (kDa) of the protein markers are labeled on the left of the gels. Gels were silver stained for the visualization of 
protein bands. 
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A                                                                                            B 

  

 
Figure 5.5: 10% SDS-PAGE of the fractions collected after washing the batch chromatography resin mixed with 275 µg of 

serum proteins 4 times with a solution composed of 75% B, followed by 4 washes with a solution composed of 90% B, 
and 4 washes with a pH 1 solution. The percentages of buffer B used for the washes are written on the top of the gel, and 

the molecular mass (kDa) of the protein markers are labeled on the left of the gels. Gels were silver stained for the 
visualization of protein bands. 

 

 

 

 



 
 

86

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 A: 2-DE of an original 100 µg human serum protein sample before the albumin-elimination procedure. The IPG 

strips used are 11 cm long, pH 4 to 7. The 10% gels used for SDS-PAGE in the second dimension of separation were 
silver stained. The pI range is shown at the bottom of the gels. The molecular masses (kDa) are labeled on the left of the 

gels. 
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Figure 5.6 B: 2-DE of the combined 8 fractions collected after the 75% B and pH1 washes. The IPG strips used are 11 
cm long, pH 4 to 7. The 10% gels used for SDS-PAGE in the second dimension of separation were silver stained. The pI 

range is shown at the bottom of the gels. The molecular masses (kDa) are labeled on the left of the gels. 
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Figure 5.6 C: 2-DE of  the combined 4 fractions collected after the 90% B washes. The IPG strips used are 11 cm long, 
pH 4 to 7. The 10% gels used for SDS-PAGE in the second dimension of separation were silver stained. The pI range is 

shown at the bottom of the gels. The molecular masses (kDa) are labeled on the left of the gels.
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Figure 5.7 : Western blotting of MMP-26 in human patient sera contained in (1) 
10 µg of an albumin-depleted human serum sample and (2) 10 µg of total human 
serum. Numbers on the left indicate molecular masses in kDa. Band a represents 

the glycosylated active form of MMP-26; band b represents the glycosylated 
latent form of MMP-26. 
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CHAPTER 6 
 
 

 DETECTION OF A LOW-ABUNDANCE PROTEIN-MMP-26- IN 
ALBUMIN-DEPLETED HUMAN SERU M OF PROSTATE CANCER 

PATIENTS  
 
 
 

1. Introduction 
 

 
Human serum is the most researched in vivo crude biological sample in 

terms of biomarker investigation for cancer 21, 119-123 and other diseases 124, 125. 

enzyme-linked immunosorbent assay (ELISA) is the method of choice in 

investigating the levels of a certain biomarker in the serum. ELISA allows for 

validation and a quantitative determination of expression of the proteins of 

interest. Human serum is usually added to wells previously coated with an anti-

human monoclonal primary antibody specific for the protein of interest. After 2 h 

of incubation, excess liquid is removed, and nonspecific binding sites are blocked 

by the addition of 200 µL of PBS containing 1% bovine serum albumin for 1h at 

room temperature. After blocking, the plates will be washed twice with PBS. 

Wells will then be incubated with an appropriate enzyme-linked secondary 

antibody. Following another wash, a substrate solution will be added to the wells 

and color will propagate in proportion to the amount of protein bound in the initial 

step. The plate is then be read by a Dynex plate reader measuring absorbance at 

450 nm. Sometimes, antibodies used in ELISA to target specific proteins bind 

nonspecifically to other proteins than the ones being analyzed especially when 

analyzing a biological sample as complex as serum. ELISA cannot discriminate 

between specifically and non-specifically bound proteins because the end result 

is an absorbance proportional to the number of proteins bound to the secondary 
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antibody. This results in a reduced accuracy of the information obtained by 

ELISA. 

 Matrix metalloproteinases (MMPs) are a group of zinc-containing 

enzymes that can collectively degrade all components of extracellular matrices 

(ECM) and some cell surface proteins 126. MMPs participate in tumor invasion 

and metastasis by hydrolyzing the basement membrane and other proteins, 

allowing the cancer cells to gain access to blood and lymph vessels 127. The 

detection of MMPs in the serum samples is important since studies on MMP-2 

and MMP-9 showed that increased expression of these enzymes in the serum of 

prostate cancer patients detected using (ELISA) is associated with advanced 

tumor stages 128. The detection of MMP-26, the smallest member of the MMP 

family also known as endometase/matrilysin-2 118 was attempted using Western 

Blotting in albumin-depleted samples coming from prostate cancer human 

patients.  

Human serum samples collected from 38 prostate cancer patients were 

normalized according to their protein contents and then albumin was depleted 

according to the method outlined in the previous chapter. Wetstern blotting was 

then performed to detect relative MMP-26 levels in these serum samples.  

 

2. Materials and Methods 

 

2.1 Sample Collection and Protein Quantitation 

  Serum samples collected from 38 prostate cancer patients were supplied 

by Dr. Kenneth A. Iczkowski, a prostate cancer pathologist at the Dept. of 

Pathology, Immunology and Laboratory Medicine, University of Florida College of 

Medicine. Protein concentrations was determined using bicinchoninic acid assay 

(BCA®) (Pierce, Rockford, IL) with bovine serum albumin (BSA) standards 

according to the manufacturer’s instructions. The concentration of proteins in 

human serum and different fractions was determined using the standard curve 

generated by the absorbance at 562 nm. 
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2.2 Isoelectric Prefractiona tion of Serum Proteins  

A volume of each human serum sample containing 700 µg of serum 

proteins was diluted with a buffer composed of 25% buffer A and 75% buffer B to 

a volume of 400 µL and was added to 1 mL of the PBE94 resin that was 

previously washed with the same buffer composition. The mixture was then 

vortex mixed and centrifuged. The supernatant was collected. The resin was then 

washed three times with 350 µL of the same buffer compositions, vortex mixed 

and centrifuged, collecting the supernatant after each iteration. The supernatants 

were then analyzed by BCA, vacuum centrifuged and reconstituted in SDS 

sample buffer containing 50 mM Tris-HCl (pH 6.8), 2% SDS, 0.1% bromophenol 

blue, and 10% glycerol.  

 

2.3 Western Blotting 

10 µg of each sample was then loaded on a 10 %SDS polyacrylamide gel. 

The gel was electrophoresed at 30 V for 30 minutes, then 50 mA until the end of 

the separation. Proteins contained within the gel were then electroblotted onto a 

nitrocellulose membrane (50 V for 50 minutes). Western blot analysis for MMP-

26 was accomplished utilizing a 1 µg/mL dilution of rabbit anti-MMP-26 117 

followed by incubation with horse radish peroxidase-conjugated anti-rabbit 

antibody. Visualization of the bands was then accomplished by the addition of a 1 

to 1 ratio of Super Signal West Pico-Stable Peroxidase Solution and 

Luminol/Enhancer Solution (Pierce, Rockford, IL) and by developing the 

chemiluminescent signal on a Kodak film in the dark using Kodak Scientific 

Imaging Film (Kodak cat. 1651496), Fixer and Replenisher/Developer and 

Replenisher (Kodak cat. 1901859) according to the manufacturer’s instructions. 

 

2.4 Densitometric analysis 

 The bands density was then analyzed using Metamorph software. 
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3. Results and discussion 

 

3.1 Serum Prefractionati on and Western Blotting 

The protein quantitation allowed for the normalization of the study 

according to the amount of proteins present in each serum sample. The protein 

concentrations of the different serum samples varied between 51 and 106 mg/mL 

(Table 6.1). 700 µg of proteins from each sample were then prefractionated. This 

amount was contained in a volume between 6.5 and 13.5 µL of serum sample 

(Table 6.1). The prefractionation allowed for the elimination of all the proteins that 

have pIs below 5.9. This includes 4 highly abundant proteins: albumin, �.1-anti-

trypsin, �.1-anti-chymotrypsin, and �.1-glycoprotein. This allowed for an increased 

sample loading on the SDS-PAGE. 10 µg of each fraction collected was then 

loaded on a 10% polyacrylamide gel for electrophoretic separation and western 

blot analysis.  

 

3.2 Advantages of Western Blotting Versus ELISA 

The western blots allowed for the visualization of two doublets between 22 

and 36 kDa (Figure 6.1). Several other bands were detected at higher molecular 

weights. These bands represent either dimer forms of the enzyme or are non-

specific bands. ELISA technique cannot differentiate between these bands and 

cannot therefore provide details about the signals caused by non-specific 

binding. ELISA is therefore problematic and cannot provide an accurate measure 

of MMP-26.     

 

3.3 MMP-26 levels and correlati on with the patient condition 

The densities were measured for each band using Metamorph software 

after setting an appropriate threshold. Table 6.2 represents the arbitrary units for 

each band’s relative density along with the patients’ conditions. Table 6.3 shows 

MMP-26 average relative density and standard deviation for each patient 

condition. MMP-26 level is highest for the prostate cancer patients followed by 

Benign Prostate Hyperplasia (BPH) patients, and then patients with no 
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cancerous condition. The standard deviation of the relative MMP-26 densities for 

patients that underwent prostatectomy and those with bladder cancer was higher 

than the average. This is mainly caused by the insufficient number of analysis 

performed on samples collected from patients with these 2 conditions: The 

number of samples for patients that underwent prostatectomy and those with 

bladder cancer is 3 and 4 respectively. 

 

3.4 Advantages of Western Bl otting After Prefractionation  

Figure 6.2 shows the difference I the result of a western blot performed 

before and after prefractionation.10 µg of total serum samples coming from 6 

different patients are loaded on the first six lanes and 10 µg of prefractionated 

samples belonging to the same 6 patients are loaded in the next 6 lanes. The 

western blot shows vertical streaks for the total serum and defined bands for the 

prefractionated ones. MMP-26 bands with molecular weights between 25 and 36 

kDa are only detected in the prefractionated lanes and not on the total serum 

ones.  

A correlation was found between the patient condition and MMP-26 levels 

but he number of samples analyzed is not statistically significant to conclude that 

MMP-26 is a prostate cancer biomarker. This study was performed to show that 

analyzing biomarkers can be done more efficiently using western blotting after 

albumin elimination.   
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Table 6.1:  
Column 1: Sample 
number; each sample 
belongs to a different 
patient; Column 2: The 
absorbance measured 
at 562 nm for the BCA 
assay; Column 3: The 
concentration calculted 
from the calibration 
graph of the known 
concentration; Column 
4: The corrected 
concentration after 
accounting for the 
samples dilution. 
Column 5: The volume 
of serum sample that 
contains 700 µg that 
underwent 
prefractionation.       

 
 

Sample ABS  (ug/ml) 
conc. 

(mg/ml) 
 700 ug 
protein 

1 0.311 262.703 78.811 8.88 
2 0.271 227.982 68.395 10.23 
3 0.28 235.795 70.738 9.89 
4 0.293 247.079 74.124 9.44 
5 0.305 257.495 77.249 9.06 
6 0.279 234.927 70.478 9.93 
7 0.375 318.257 95.477 7.33 
8 0.35 296.556 88.967 7.86 
9 0.321 271.383 81.415 8.59 
10 0.3 253.155 75.947 9.21 
11 0.281 236.663 70.999 9.85 
12 0.358 303.500 91.050 7.68 
13 0.328 277.460 83.238 8.41 
14 0.388 329.541 98.862 7.08 
15 0.299 252.287 75.686 9.24 
16 0.332 280.932 84.279 8.30 
17 0.308 260.099 78.030 8.97 
18 0.31 261.835 78.551 8.91 
19 0.208 173.297 51.989 13.46 
20 0.345 292.216 87.665 7.98 
21 0.462 324.239 97.272 7.19 
22 0.415 290.372 87.112 8.03 
23 0.444 311.268 93.380 7.49 
24 0.497 349.458 104.838 6.67 
25 0.446 312.709 93.813 7.46 
26 0.481 337.929 101.379 6.90 
27 0.474 332.885 99.866 7.00 
28 0.49 344.415 103.324 6.77 
29 0.505 355.223 106.567 6.56 
30 0.44 308.386 92.516 7.56 
31 0.433 303.342 91.003 7.69 
32 0.442 309.827 92.948 7.53 
33 0.431 301.901 90.570 7.72 
34 0.393 274.519 82.356 8.50 
35 0.44 308.386 92.516 7.56 
36 0.355 247.138 74.141 9.44 
37 0.437 306.224 91.867 7.62 
38 0.351 244.255 73.277 9.55 
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Table 6.2: Column 1: Sample 
number; each sample belongs to a 
different patient; Column 2: 25 kDa 
Band density in arbitrary unit for each 
sample; Column 3: 36 kDa Band 
density in arbitrary unit for each 
sample; Column 4: The condition of 
each patient. Abbreviations: PCA, 
Prostate cancer; BPH, Benign 
Prostate Hyperplasia; no PCA, no 
cancerous condition; PX, patient 
underwet prostatectomy; BCA, 
Bladder Cancer.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Sample 25 kDa  36 kDa condition
1 10956 7805 PCA 
2 2652 5774 PCA 
3 10999 7342 BPH 
4 7578 5401 BCA 
5 355 0 BCA 
6 2281 4515 no PCA 
7 1203 3309 no PCA 
8 3692 706 BCA 
9 8884 5526 PX 
10 6625 639 BPH 
11 9068 4109 no PCA 
12 10331 6346 PCA 
13 4640 1776 BPH 
14 7855 4078 PCA 
15 4965 3573 BPH 
16 4307 4887 PCA 
17 7076 945 BPH 
18 7422 1544 PCA 
19 6740 3837 PCA 
20 5275 3412 PCA 
21 2143 3849 PCA 
22 5531 4857 PCA 
23 5444 4722 no PCA 
24 5786 4627 no PCA 
25 2489 1581 BPH 
26 2310 828 PCA 
27 3945 3916 BPH 
28 1423 1509 no PCA 
29 1876 2327 BPH 
30 1194 1028 PX 
31 0 0 PCA 
33 912 1325 BPH 
34 0 0 BCA 
35 194 0 no PCA 
36 1271 1423 no PCA 
37 0 0 PX 
38 1478 2521 no PCA 
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Table 6.3: MMP-26 average relative density and standard deviation for each 
patient condition for the bands at 25 and 36 kDa. Abbreviations: PCA, Prostate 

cancer; BPH, Benign Prostate Hyperplasia; no PCA, no cancerous condition; PX, 
patient underwet prostatectomy; BCA, Bladder Cancer.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Average density Standard deviation 
Bands 

@ 25 kDa 36 kDa 25 kDa 36 kDa 
PCA 5956 4292 3043 2005 
PX 3359 2184 4821 2938 

BCA 2906 1526 3530 2604 
BPH 4836 2602 3096 2096 

noPCA 3127 2970 2954 1375 
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Figure 6.1 A : MMP-26 western blot: 10 µg of prefractionated samples belonging to 20 patients were each loaded on a 
10% polyacrylamide gel. Western blot analysis for MMP-26 was accomplished utilizing a 1 µg/mL dilution of rabbit anti-
MMP-26 followed by incubation with horse radish peroxidase-conjugated anti-rabbit antibody. Visualization of the bands 

was then accomplished by the addition of a 1 to 1 ratio of Super Signal West Pico-Stable Peroxidase Solution and 
Luminol/Enhancer Solution (Pierce, Rockford, IL) and by developing the chemiluminescent signal on a Kodak film in the 

dark using Kodak Scientific Imaging Film (Kodak cat. 1651496), Fixer and Replenisher/Developer and Replenisher 
(Kodak cat. 1901859) according to the manufacturer’s instructions. 
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Figure 6.1 B : MMP-26 western blot: 10 µg of prefractionated samples belonging to 17 patients were each loaded on a 
10% polyacrylamide gel. Western blot analysis for MMP-26 was accomplished utilizing a 1 µg/mL dilution of rabbit anti-
MMP-26 followed by incubation with horse radish peroxidase-conjugated anti-rabbit antibody. Visualization of the bands 

was then accomplished by the addition of a 1 to 1 ratio of Super Signal West Pico-Stable Peroxidase Solution and 
Luminol/Enhancer Solution (Pierce, Rockford, IL) and by developing the chemiluminescent signal on a Kodak film in the 

dark using Kodak Scientific Imaging Film (Kodak cat. 1651496), Fixer and Replenisher/Developer and Replenisher 
(Kodak cat. 1901859) according to the manufacturer’s instructions. 
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Figure 6.2 : MMP-26 western blot: 10 µg of total serum samples coming from 6 different patients are loaded on the first six 
lanes and 10 µg of prefractionated samples belonging to the same 6 patients are loaded in the next 6 lanes. Western blot 

analysis for MMP-26 was accomplished utilizing a 1 µg/mL dilution of rabbit anti-MMP-26 followed by incubation with 
horse radish peroxidase-conjugated anti-rabbit antibody. Visualization of the bands was then accomplished by the 

addition of a 1 to 1 ratio of Super Signal West Pico-Stable Peroxidase Solution and Luminol/Enhancer Solution (Pierce, 
Rockford, IL) and by developing the chemiluminescent signal on a Kodak film in the dark using Kodak Scientific Imaging 

Film (Kodak cat. 1651496), Fixer and Replenisher/Developer and Replenisher (Kodak cat. 1901859) according to the 
manufacturer’s instructions. 
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CHAPTER 7 

 
 

CONCLUSION 
 
 

The prefractionation of crude biological samples prior to 2-DE, aiming to increase 

the resolution and the visualization of the proteins on the gel, was performed in a 

centrifuge tube using 1 mL of anion exchange resin and two buffers. Our 

prefractionation method is advantageous since it is performed in less than 30 minutes, 

using common instrumentation, no electrophoretic force. Carbamylation of proteins, 

usually caused by the combination of heat and urea, will not occur with this method. 

Furthermore, the prefractionation is carried out based on the pI of the proteins, which 

correlates with the first dimension of separation by 2-DE, so proteins of a certain pI can 

be targeted to match the pI interval of the IPG strip. Crude biological samples can be 

prefractionated into two fractions: the first containing proteins with pIs above 7, and the 

second containing proteins with a pI between 4 and 7. Our prefractionation technique 

resulted in more than 3-fold increase in the detection of differentially-expressed proteins 

and in a 2.3-fold increase in the number of proteins detected.  

 

The application of this prefractionation technique was limited to proteins 

extracted from in vitro cultured cells that can provide an amount of protein higher than 

100 µg that can be subjected for prefractionation. In the particular case of 

homogeneous in vivo samples microdissected from breast cancer tissues, the amount 

of protein extracted did not allow for their prefractionation.  

 

The same principle was applied successfully to eliminating albumin from a serum 

protein sample without significant loss of other serum proteins. The protein recovery 

was 96%, and a fraction containing albumin with a purity of 92% was isolated. 

Resolution and visualization of low-abundance proteins usually masked by the presence 
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of albumin were successful when increased detection of active and latent forms of 

MMP-26 was observed in albumin-depleted human serum samples and not in that of 

total human serum. 

 

Prefractionation of proteins based on their isoelectric point will be attempted in 

the near future using cation exchange resin with carboxymethyl exchangers. The same 

rational will be used to conduct these experiments.     
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