
Thesis for doctoral degree (Ph.D.)
2008

Theres Jägerbrink

Thesis for doctoral degree (Ph.D
.)  2008

Theres Jägerbrink

PROTEOMIC ANALYSES OF 
BIOACTIVE MOLECULES IN HEALTH 

AND DISEASEP
R

O
T

E
O

M
IC

 A
N

A
LY

SE
S O

F B
IO

A
C

T
IV

E
 M

O
LE

C
U

LE
S IN

 H
E

A
LT

H
 A

N
D

 D
ISE

A
SE



From the Department of Medical Biochemistry and Biophysics
Karolinska Institutet, Stockholm, Sweden 

PROTEOMIC ANALYSES OF 
BIOACTIVE MOLECULES IN HEALTH 

AND DISEASE 

Theres Jägerbrink 

Stockholm 2008 



2008

Gårdsvägen 4, 169 70 Solna

Printed by

All published papers were reproduced with permission from the publisher. 

Published by Karolinska Institutet. Printed by [name of printer]

© Theres Jägerbrink, 2008
ISBN 978-91-7409-046-8



I may not have gone where I intended to go, 
but I think I have ended up where I needed 
to be. 

Douglas Adams 





ABSTRACT
After the mapping of genomes and knowing the blueprints of the possible gene 
products, focus is shifting from genomics to proteomics. Proteome analyses can be 
used for diagnosis, prognosis and monitoring of diseases and for characterization of 
bioactive compounds and their mechanisms of action.  

Post-translational modifications, as for example phosphorylations, are important 
for activity of many bioactive molecules. In paper I, a novel compact disc (CD) based 
microfluidic method for detection and enrichment of phosphopeptides was tested. 
Peptides were on-CD processed using immobilized metal affinity chromatography 
(IMAC), followed by on-CD MALDI mass spectrometry. In about 200 analyses, with a 
BSA tryptic peptide background, successful detection of phosphopeptides after IMAC 
enrichment was achieved in 94% of the cases. Applied to the ligand-binding domain of 
the human mineralocorticoid receptor the method identified two novel phosphorylation 
sites. 

2D-gel electrophoresis (2-DE) is a well established technique in proteomics. 
Although with limitations, proteome analysis can supply us with important information 
on biological materials. Comparisons of patterns in 2-DE obtained from normal versus 
specific disease states can be used to trace marker proteins. In paper II, a proteome 
analysis of Vernix caseosa by 2-DE and mass spectrometry gave us insight into the role 
of vernix; we identified 41 proteins of which 25 were novel to vernix and nearly 40% 
turned out to have a role in innate immunity. Continuing with 2D-gel separations whole 
cell extracts from isolated drug-treated and from native pancreatic rat islets were 
separated by 2-DE in paper III. The silver stained gels were scanned, processed by the 
image analysis tool PDQuest and 22 differentially expressed proteins were identified by 
mass spectrometry, 15 up-regulated and 7 down-regulated. 

In paper IV, we directly studied molecular interactions of the insulin releasing 
imidazoline compound (BL11282) from paper III using SPR technology and affinity 
purification with magnetic beads. We identified two proteins binding to the drug, 
elongation factor 1 alpha and glucose regulated protein 94. 

In patients with chronic kidney disease (CKD), peptides and proteins circulate in 
elevated concentrations. It is estimated that more than 106 different protein components 
are circulating in the plasma, but a few abundant proteins contribute to 99% of the 
protein mass. A multiple affinity removal system was employed in paper V, followed 
by a workflow including HPLC and SDS-PAGE separation and subsequent protein 
identification by mass spectrometry. We identified 29 proteins present at altered levels 
in CKD plasma compared to the amounts in plasma from healthy individuals. 

In paper VI, we again study molecular interactions in relation to diabetes. An 
oxidative cross linking method was optimized and applied to the proinsulin C-peptide. 
An interaction partner of biological significance (protein tyrosine phosphatase 1B) was 
identified, and the concept of cross-linking affinity purification, CLAP, was introduced. 

Proteome analyses include a wide variety of methods. The selection of methods is 
of great importance for the outcome of proteomic studies, and the need for method 
development is not expected to cease. In this thesis, a selection of both well established 
and novel proteomic methods was used to study bioactive molecules.
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1 INTRODUCTION 

1.1 GENERAL BACKGROUND 
The word protein comes from the Greek word "prota", meaning "of primary 

importance", and with the knowledge we have today on proteins the naming of this 

group of big organic molecules was truly right. Proteins mediate essentially all 

biological functions and to understand how a cell works one must study which proteins 

are present, how they interact with each other, and what they do. It is estimated that we 

have more than 100 000 different proteins in an average cell, most in different variants 

due to alternative splicing and post-translational modifications (Nishimura et al 2005; 

Pierce et al 2007).

The term protein was first described by the Swedish chemist Jöns Jakob Berzelius in 

1838, and the first protein to be sequenced was insulin by Frederick Sanger, who was 

acknowledged for this achievement with the Nobel Prize in chemistry in 1958. Since 

then protein science has become enormous and technique-driven. The field of 

proteomics, as the study of the many and diverse properties of proteins and their 

expression patterns in biological systems is called, although relatively young, is far too 

big to be summarized here. The general scope of the introductory part below is to 

briefly review the major technologies used in this thesis and to highlight important 

concepts.  

1.2 BIOACTIVITY  
The definition of bioactivity is commonly described as “the effect that a substance or 

agent has on an organism or living tissue” and accordingly a bioactive molecule is a 

substance affecting cellular functions. From our history books we know that extracts 

from plants and animals have been used as remedies to cure serious illness already in 

ancient civilizations, and today we have found the secrets in some of those remedies by 

isolation of the bioactive compounds (Rinehart et al 1990). The nature surrounding us 

is full of bioactive substances (Balandrin et al 1985; Kinghorn 1987) and by isolating 

and study their action, important biological discoveries have been made (Agerberth et 

al 1995; Chen et al 1997; Koivusalo 1956). For a little bit more than 100 years ago 

Bayliss and Sterling demonstrated that intravenous injection of an extract of canine 
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upper intestine stimulated secretion of alkaline pancreatic juice, and the corresponding 

postulated blood-borne chemical messenger was named secretin (Bayliss & Starling 

1902). The discovery of secretin established the concept of blood-borne endogenous 

messengers called hormones. But only today, a hundred years later, the understanding 

of this and other hormones isolated in the same era is fairly complete.  

To understand the specific function and effect of a bioactive substance, isolated from 

biological material or synthesized, the active molecule and its mechanism of action 

needs to be characterized structurally and functionally. Since many peptides and 

proteins are described as bioactive, as for example proinsulin C-peptide studied in this 

thesis (Wahren et al 2007), and yet other non-protein/peptide substances perform their 

biological activity on proteins and peptides (Efanov et al 2001; Eliasson et al 1996) 

studying biological activity is often equal to study peptides/proteins. 

1.3 PROTEOMICS 
For many years the approach for solving a medical issue or investigating a specific 

feature in man was to move from observed phenotype or function to the corresponding 

gene(s) and their products causing the phenotype. Rapidly advancing technology 

including gene cloning, sequencing, expression and joint forces by the global HUGO 

project have resulted in the complete map of the human DNA sequence. After the 

mapping of genomes, and now knowing the blueprints of the possible gene products, 

focus is shifting from genomics to proteomics. The term proteome was presented for 

the first time by Mark Wilkings at a meeting in Sienna in 1994 and was defined as “the 

proteins expressed by a tissue, or a genome” and the study of the proteome thus became 

known as proteomics.  

An initial goal of proteomics was to identify all proteins expressed by a cell or a tissue 

and has yet not been fullfilled. Current goals with proteomics is much more varied and 

directed towards the diverse properties of proteins and specific states. Relaying solely 

on the genomic data is inadequate in terms of defining the final product, the protein. 

But the sequence databases created from DNA sequences is a prerequisite for efficient 

proteome studies (Patterson & Aebersold 2003). In combination with genomic data, 

proteomic discoveries are of great benefit for diagnostic purposes, for the identification 

of proteins expressed in specific disease states and the biomarkers associated with these 
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physiological states (Pierce et al 2007). An improved understanding of the functional 

role of the proteins involved in cellular processes has a major impact on the health of 

patients. Proteomics also contributes to drug development since most drugs target 

proteins (Pierce et al 2007; Stubberfield & Page 1999). 

Proteomics like most discovery sciences today move towards a “systems biology” 

approach in the sense that for any given species, the number of possible organizations 

into pathways and processes for a biomolecule are large but finite. In theory, therefore, 

the biological systems can be described comprehensively if a sufficient number of 

observations on all of the elements that constitute the system can be obtained. With 

these holistic goals for proteome studies and todays technology with high throughput 

sample handling our ability to collect large proteomic data sets already outstrips our 

ability to integrate such data for the purpose of creating biological knowledge. One can 

thus compare proteome studies or characterization of proteomes as putting together an 

enormous jig-saw puzzle. In this thesis, I aim at adding a few important pieces with 

proteomic analyses into the puzzle of 5 distinct proteomes.  

In contrast to genomic approaches, sample quantities in proteomics are limited. There is 

no amplification technique for proteins (as PCR for DNA) and the only approach to get 

more of the analyte is by enrichment. In analyses of low-abundant proteins or peptides, 

an increased sensitivity is needed which often leads to problems with background. This 

becomes evident if simple enrichment methods are used, as decreasing the sample 

volume by evaporating solvents or freeze drying also enriches the background. 

Selective enrichment is therefore a key object in proteome analyses. This can be 

performed in many ways. In this thesis, three different methodologies were used, 

immobilized metal affinity chromatography (IMAC) in paper I, used for selective 

enrichment of phosphopeptides, surface plasmon resonance (SPR) in paper IV, and 

cross-linking mediated biotinylation in paper VI (CLAP). In all papers, enrichment by 

evaporating solvents has been used, despite the statement about increased background 

above, but only after other separation methods, such as gel electrophoresis, have 

significantly decreased the background matrices. 

Another challenge in proteomics is the dynamic range (Corthals et al 2000). The 

difference in protein abundance between individual proteins in for example a yeast cell 

is estimated to be five to six orders of magnitude, and for human blood serum even up 



4

to ten orders of magnitude (Patterson & Aebersold 2003). This puts a demand on 

technologies in proteomics to be both sensitive in detection and have a big linear range. 

Usually fractionation and depletion of highly abundant proteins is necessary.   

1.4 MASS SPECTROMETRY 

Mass spectrometry is the workhorse in proteomic studies for identification and 

detection of proteins and their fragments. A mass spectrometer separates ions in gas 

phase based on their mass to charge ratio. The high precision of the mass 

determination allows for identification of closely related species. A mass 

spectrometer consists of essentially three parts; an ion source, where the analytes of 

interest become ionized, an analyzer that determines the mass to charge ratio (m/z) 

and a detector that registers the number of ions at each m/z value. In the early days of 

mass spectrometry, the first step was already a problem for studies of large and heat 

sensitive molecules like proteins and peptides since ionization techniques relied on 

the analyte being in the gas phase. Proteins have poor volatility and do not stand 

heating to temperatures that would bring them in gas phase without destroying their 

structure. Two gas phase ionization techniques used were bombardment with high 

energy electrons in electron impact (EI) ionization (Herbert & Johnstone 2003b) and 

collision with a reagent gas in chemical ionization (CI) (Herbert & Johnstone 2003a).  

In the 1960’s, another ionization method was developed instead dealing with 

desorption, which allowed the sample to be ionized in solid or liquid state. This was 

the foundation for the Matrix Assisted Laser Desorption Ionization (MALDI) first 

described 1988 (Karas & Hillenkamp 1988; Tanaka et al 1987), and today widely 

used in proteomics. MALDI mass spectrometry (MS) is robust, fast and very easy to 

use at a low cost. The sample is co-crystallized with a matrix that has the ability to 

absorb the energy in a pulsed laser. The sample/matrix mixture is applied onto a steel 

target and ionization event is mediated via the energy that is released when matrix 

molecules relax from the exited state. The technique is illustrated in Fig. 1A. 

MALDI-MS has a theoretically unlimited mass range, but in reality the flying 

capacity of large molecular ions still is less than for smaller peptides and fragments.  

Shortly after the introduction of MALDI, Fenn and co-workers presented another 

ionization technique, soft enough for analysis of proteins and peptides, electrospray 
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ionization (ESI) (Fenn et al 1989). The discovery of the two ionizations techniques 

that are the cornerstones upon which proteomics heavily depend, was awarded the 

Nobel Prize in chemistry 2002. In electrospray, the sample is introduced to the ion 

source in liquid form and this system can therefore be directly coupled to a liquid 

separation system, such as HPLC. The capillary from the chromatograph is placed in 

front of the very narrow entrance to the mass analyzer and a strong electric field is 

applied between the sample outlet and the mass spectrometer. The liquid forms a so 

called Taylor cone by combination of the electrostatic field pulling the charged 

peptides in the sample and the surface tension keeping the surface together, Fig. 1B. 

Eventually the electric field will outpower the surface tension and small droplets 

leave the Taylor cone. As the size of the droplets decrease by evaporation of the 

solvent, and increased repulsing forces make the droplets burst into smaller and 

smaller droplets, the analyte is desorbed and enters the orifice as an ion usually with 

multiple charges (Dole et al 1968; Nguyen & Fenn 2007). 

Fig. 1. Ionization techniques compatible with protein analyses, A) electrospray 
ionization (ESI) and B) matrix assisted laser desorption ionization (MALDI). 

MALDI mass spectrometers are commonly coupled to Time-of-Flight (TOF) 

analyzer/detectors whereas ESI is mostly used together with triple quadropole or ion 

trap analyzers or in hybrids of quadropoles and TOF (Patterson & Aebersold 2003). 

The field of mass spectrometry holds many more ionization techniques and mass 

analyzers including sector instruments and Fourier transform-ion cyclotron resonance 

(FTICR) instruments, but describing the whole field is beyond the scope of this 
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thesis. This thesis includes analyses with a MALDI-TOF instrument (Voyager DE-

Pro, Applied Biosystems) (papers I, II, V), an ESI-Q-TOF instrument (Q-TOF Ultima 

API, waters) (papers I-VI) and an LCQ ion trap mass spectrometer (ThermoFinnigan) 

(paper VI) using the conditions described in the Experimental section.  

1.5 PHOSPHOPROTEIN ANALYSIS 
For many bioactive molecules, post-translational modifications (PTM) are important 

for activity (Bonetto et al 1999; Fan et al 2000). More than 200 PTMs have been 

identified but only a few are reversible and important for regulation of biological 

processes (Delom & Chevet 2006). Phosphorylation of tyrosine, serine and threonine 

residues is an important structural modification of proteins. It is regulating stability, 

activity, interactions and localization (Hunter 2000). Phosphorylation of proteins by 

kinases and dephorphorylation by phosphatases often function as a switch to turn on or 

off protein activity and mediating extracellular signaling (Hunter 1995; 2000), and 

these two enzyme-groups constitute almost 2% of the human genome (Delom & 

Chevet 2006; Venter et al 2001). It’s estimated that every third protein is 

phosphorylated at some point in its life cycle (Zolnierowicz & Bollen 2000), and today 

it is well known that almost all cellular processes ultimately are controlled by 

phosphatases and kinases. This makes the phosphoproteome important to study both 

from a clinical perspective (it is likely that many diseases are derived from abnormal 

phosphorylation patterns) and from a general perspective in understanding biological 

processes.  

Characterization of phosphoproteins involves detection and quantification of 

phosphate-containing peptides and localization of their phosphorylation site(s). 

Phosphorylation is a heterogenic and dynamic event. Usually only a small fraction of a 

specific protein is phosphorylated at a given time and the phosphorylation sites on each 

protein may vary over time and by location in the biological system studied. Further, 

the major targets for phosphorylations are commonly receptors or signaling molecules 

that are present at low concentrations in the cell. This leads to low stoichiometry and 

low abundance of phosphorylations in proteins and makes it important to have high 

sensitivity and selectivity in the analysis. The phoshporylation event is, as already 

mentioned reversible, and precautions to prevent dephosphorylation while processing 

the biological material may be necessary. 
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Gel separations 

Phosphorylation of a protein leads to a decrease in its pI. Consequently, its migration 

coordinates on a 2D-gel change. Comparison of differential staining patterns on 2D-

gels can be used to locate phosphorylated proteins, but with limitations in regard to the 

low abundance of phosphorylated species as described above. The choice of staining 

method and its sensitivity is of course crucial. Several specific and unspecific staining 

methods of gels have been described (Agrawal & Thelen 2005; Cutting & Roth 1973; 

Debruyne 1983; Rabilloud 1999). Another difficulty in comparison of 2D-gel patterns 

is gel to gel variation that can be eliminated by using difference gel electrophoresis 

(DIGE) technology. Gel separation techniques can also be combined with isotope 

labelling, phosphatase treatments and immuno-staining with phospho-specific 

antibodies. For the antibody approach, highly selective anti-phosphotyrosine antibodies 

are available, and by Western blotting, a good detection level can be reached, but there 

is still a need for better antibodies towards phosphoserine and phosphothreonine to be 

able to cover all phosphorylations. Finally any gel separation technique requires 

relatively large amount of sample which can be a problem with clinical samples.  

Isotope labelling 

Isotope labelling with either inorganic phosphate (32Pi) in vivo or  -(32P)-ATP in vitro 

is a practical and reliable approach to study protein phosphorylation but has limited 

applicability in human material, and in vitro studies usually have to be confirmed by an 

in vivo study (Delom & Chevet 2006). The most widely used technique to study 

phosphoproteins has been sequencing by Edman degradation combined with isotope 

labelling. It is robust, easy to use and has a high sensitivity (Delom & Chevet 2006; 

Larsen et al 2005). On the other hand, Edman degradation always requires a separation 

of proteins/peptides prior to phosphorylation analysis, which introduces a step reducing 

the overall sensitivity.  

Mass spectrometry 

A number of mass spectrometric strategies have been used to detect and localize 

phosphorylation sites for instance, enzymatic degradation of the proteins to peptides 

using trypsin and then analyses by MALDI mass spectrometry to find a mass shift of 80 

Da per phosphogroup. Sulfonation gives the same mass-shift but with the addition of a 

phosphatase treatment step to specifically cleave off the phosphogroups and then 

comparing phosphatase treated and non-treated samples, monitoring mass shifts of 80 
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or multiples of 80, this problem can be circumvented (Larsen et al 2005). This 

differential mass-mapping can be combined with enrichment strategies. Other mass 

spectrometry based approaches are parent ion scan in ESI-MS negative ion mode, 

looking for the loss of the marker ion (m/z 79), or the loss of the neutral fragment from 

phosphoric acid (m/z 98) in the positive ion mode. Mass spectrometry can also under 

special conditions be used for quantitative measurements of phosphorylation (Delom & 

Chevet 2006). Ion suppression is an obstacle affecting phosphorylated peptides in both 

MALDI and ESI mass spectrometry mainly because of the acid nature of 

phosphopeptides. Other ionization techniques,  such as electron capture dissocation 

combined with a high resolution fourier transform ion cyclotron resonance (FTICR) 

analyzer has successfully been applied to proteins and peptides for analysis of PTMs in 

general and also for phosphorylations (Chalmers et al 2004).  

IMAC and TiO2

A strategy for selective recovery of phosphopeptides is to use the negative charge of the 

phosphate group. One such method, immobilized metal affinity chromatography 

(IMAC) has been successfully used in off-line and on-line platforms (Delom & Chevet 

2006; Sun et al 2005). The method uses the attraction of the positive charge of metal 

ions such as Zn2+, Fe3+ and Ga3+ to the negatively charged phosphopeptides. One draw-

back is the risk of also enriching other acidic peptides that have a negative net charge 

because of high contents of the negatively charged amino acids histidine and cysteine. 

A combination of IMAC with differential mass mapping by MALDI-MS would solve 

this problem as shown in paper I. The efficiency of IMAC has been shown to depend 

on the exact conditions for elution and the type of metal ion and column material used 

(Delom & Chevet 2006). A relatively new strategy is to use TiO2 as a potent chelator to 

phosphopeptides. This approach shows promising results in regard to selectivity and is 

compatible with several types of separation systems and mass spectrometry (Chen & 

Chen 2005; Larsen et al 2005; Pinkse et al 2008). 

1.6 CD TECHNOLOGY 
The amount of sample is, as already mentioned, often limited in proteomic studies. 

Consequently, there is a need for technologies that use very little material and still give 

sufficient performance and resulting in accurate and informative data. In this context, 

miniaturization is a key objective. When working with minute amounts, sample losses 
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due to handling is of course devastating and should be minimized, which makes “all in 

one” solutions with minimal transfers attractive. Furthermore, when dealing with big 

proteome studies samples are many and high throughput is thus a third desirable feature 

in a proteomic instrument/technique. One such method under development is 

microfluidic electrocapture technology (Astorga-Wells et al 2005; Vollmer et al 2008). 

Another approach, compact disc based column chromatography (a product developed 

by Gyros AB) was tested in our lab and within the frame work of this thesis. The CD 

itself is of standard size and material, similar to CDs used for data storage or music and 

contains 96 structures for parallel processing of samples on the surface. Each structure, 

shown in detail in Fig. 2, has one common inlet, where conditioning, washing and 

elution solutions are applied and one individual inlet for sample application. Volumes 

are passed through the system by spinning the CD.  

Fig. 2. Each CD contains 96 structures for parallel processing. The liquid handling is 
through a robotic system and liquids are moved through the system by the force created 
by spinning the CD. 

 The samples are placed in the workstation in a 96-well plate and 1 to 5 L of sample 

can be applied but usually 1 L was enough for successful detection of peptides in the 

pmolar range. The use of a reservoir for “common inlet applied fluids” assures the 

correct volume to be applied every time. Each structure contains a column with 10 nL 

of either hydrophobic stationary phase (reversed phase chromatography) or IMAC resin 

(Poros 20 MC) activated by Ga3+ that elutes the captured peptides directly onto a 

conductive MALDI target area of 200 x 400 m. For every sample target area, there is 

one calibration area (in between the sample areas) for application of a MS-peptide 

calibrant. The samples are co-eluted with matrix suitable for MALDI-MS analysis 
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(dihydroxybenzoic acid for phosphopeptide analysis and -cyano-4-hydroxycinnamic 

acid for non-phosphorylated peptides processed on the reverse phase-CD. After 

processing the CD in the robotic work-station with either RPC-mode or IMAC-mode, 

the CD is cut into pieces and mounted in a special MALDI-target holder for insertion 

into the instrument. The MALDI-analysis is operated in a fully automatic manner. The 

MALDI instrument and the robotic work-station are integrated. Sample position and 

other data are automatically transferred to the mass spectrometer software resulting in 

easy access, comprehendible result-lists.  

In the IMAC-CD, half of the structures (48 structures) are used for phosphopeptide 

enrichment while the other half is treated with alkaline phosphatase and the peptides 

are then dephosphorylated. Differential mass mapping by MALDI-MS gives an 

accurate identification of phosphorylated peptides. If a MALDI-TOF-TOF or similar 

instrument is used, the sequence and thereby the phosphorylation site should also be 

possible to determine but this instrumentation was not used in the work included in this 

thesis.  
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Fig. 3. Differential mass mapping of phosphopeptides by MALDI-MS gives accurate 

identification.

1.7 SEPARATION TECHNIQUES 
The complexity of proteomic samples makes sample preparation and separation prior to 

qualitative, quantitative or identification analyses important. Proteins are extracted, by 

addition of detergents, surfactants, chaotropes and reducing agents. Proper sample 

preparation is of special importance in isolations of proteins from membranes and 

organelles. Once in a soluble format, the complexity of the samples usually needs to be 

reduced by separation or enrichment of analytes of specific character. Proteins have 
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been separated by electrophoresis in polyacrylamide gels for almost 40 years (Corthals 

et al 2000; Raymond & Weintraub 1959). In 1969, Margolis and Kenrick showed 2D-

resolution of plasma proteins by combination of  polyacrylamide disc and gradient gel 

electrophoresis and 1975 O’Farrel and Klose independently showed that isoelectric 

focusing (IEF), combined with reducing SDS-PAGE was able to display massive 

numbers of proteins (>1000) (Klose 1975; O'Farrell 1975).  

2D-gel electrophoresis (2-DE) is the primary separation technique in proteomics so far 

(Jörnvall & Jollés 2000), although with limitations, but there are also non-gel 

approaches. Different types of chromatography have long been used, and are still in 

use. Liquid adsorption chromatography was invented in the early 1900s, and in the 

early 1970’s, the concept of high performance liquid chromatography was introduced 

(Snyder 2000). A common set up in proteomic laboratories is HPLC-ESI-MS/MS for 

sequence analysis and identification of tryptic peptides. The next generation of LC 

system, multi dimensional LC systems are connecting two or more different 

chromatographic methods in the same instrument and is commonly also on-line with 

mass spectrometry (Berkowitz 1989). Another non-gel separation is capillary 

electrophoresis (CE) introduced in the early 80’s (Hjertén 2003; Jorgenson & Lukacs 

1981). In CE, open silica capillaries without packing material exposes negatively 

charged silanol groups that form an electrical dubble layer with positive ions from the 

solution. Application of a potential difference separates the analytes by electroosmotic 

flow (Jorgenson & Lukacs 1983).  

The limitation of quantitative analysis by 2-DE lies in the chemistry of the staining-

techniques, co-migration of proteins and gel to gel variations in migration patterns. 

Most detection strategies are coupled with sequence specificity and have a limited 

linear dynamic range. The measurement of the quantity is therefore more limiting than 

the capacity of the bioinformatic software available for differential analysis (Lee 2001). 

Currently, 2-DE is the only method capable of simultaneously resolving several 

thousands of proteins (Delom & Chevet 2006; Gorg et al 2004) but compared with the 

estimated number of proteins in a cell, the 2-DE pattern is the “tip of the iceberg”. 

Low-abundant proteins are rarely detected, co-migration of similar proteins is likely to 

occur and it is well known that membrane proteins are difficult to separate by gel 

electrophoresis. However, by combining pre-fractionation and enrichment, the overall 

sensitivity can be improved. And despite limitations, 2-DE patterns still give valuable 
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information, as shown for example in paper II where many proteins involved in innate 

immunity were found in Vernix caseosa using 2-DE methodology combined with mass 

spectrometry. Proteome analysis has successfully been used in clinical applications to 

find trace marker proteins by comparison of patterns in 2-DE obtained from normal 

versus specific disease states (Hanash 2003; Lexander et al 2005; Roblick et al 2004). 

Other technologies focused on miniaturization and integration of sample preparation, 

separation and detection are emerging and withholds great potential but are not yet 

fully developed (Astorga-Wells et al 2005; Wang et al 2000; Vollmer et al 2008).   

1.8 INTERACTION ANALYSIS 

1.8.1 Biosensors 
Biosensor devises can be used to monitor biological activity in a label-free manner in 

real time and to fish for unknown binding proteins (ligand-fishing). The Biacore 

biosensor technology used in thesis is based on a phenomenon called surface plasmon 

resonance (SPR). A detailed technical description of SPR can be found in (Homola 

2003). Briefly, biomolecular recognition molecules (i.e receptors) immobilized on the 

surface of metal recognises and captures an analyte (i.e an unknown ligand), present in 

a liquid sample that is passed over the sensor surface in reaction channels. This 

produces a local increase in the refractive index at the metal surface. The reflection of a 

polarized light beam sent through the sensor crystal will have a slightly altered 

outgoing angel, Fig. 4.  

Fig. 4. The principle of measurements of bioactivity or ligand fishing with SPR-
technology based biosensor instrumentation. The biomolecule of interest is attached to 
the gold coated surface via a dextran layer. Several binding chemistries are available 
for different types of biomolecules. The refractive index is altered upon binding of 
analyte.
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Several other variants of biosensor instruments have been developed during the past 

two decades and they are frequently used in biotechnology, drug screening and food 

industry (Homola 2003). A combination of SPR and MALDI-TOF was presented by 

Nelson et al. where an immobilized receptor captures the protein of interest, specificity 

and quantity is measured by SPR, and MALDI mass spectrometry on the same surface 

is used to confirm identity of the affinity-captured analyte. The method is referred to as 

SPR-BIA (surface plasmon resonance-biomolecular interaction analysis) (Nelson et al 

2000). Off-line mass spectrometry after elution of bound material is also frequently 

used.  

1.8.2 Crosslinking 
A more classical way to study molecular interactions is different types of affinity 

purification, such as co-immuno-precipitation, key technique for the analysis of 

protein–protein interactions (Miernyk & Thelen 2008). Such methods are often easy to 

perform and do not require costly equipment. Cross-linking, chemically joining 

molecules by a covalent bond, can be used for capture of interacting proteins, to 

determine proximal relationships of proteins and to analyse structures of protein 

complexes. The use of cross-linking methods for studying protein interactions dates 

back to the 60’s (Spirin et al 1965). There are several cross-linking reagents available, 

designed for coupling to different functional groups, with and without spacers of 

variable length, which allow for subsequent isolation procedures such as e.g. 

immunoprecipitation  (Melcher 2004; Miernyk & Thelen 2008) Also, conjugation 

chemistry, including introduction of affinity tags, is a widely used tool to identify 

interacting partners. The cross-linking event can be initiated in different manners such 

as UV-light and chemical agents.  

In the present thesis, an oxidatively mediated cross-linking method using a genetically 

introduced Ni-activated GGH-segment was used to study interaction of proinsulin C-

peptide. The method was described by Brown et al. 1995 (Brown et al 1995) and a year 

later, Fancy et al. presented a similar method with His6-Ni complex (Fancy et al 1996). 

The cross-linking mechanism is thought to be a chain-reaction initiated by oxidation of 

Ni2+ which then becomes highly reactive Ni3+ that will instantaneously extract an 

electron from a nearby aromatic side chain preferably from a tyrosine residue. A 

biotinylated tyramine added to the reaction mimics a tyrosine and serves as electron-
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donor. The subsequent proton release creates a radical that rapidly reacts and forms 

adducts with the backbone of the peptide or protein, thus mediating biotinylation 

(Melcher 2004). The ability to cross-link peptides and proteins is specific for nickel 

ions and the chain-reaction has been shown to be very rapid and local, thus involving 

only proximal molecules (Brown et al 1995; Fancy et al 1996). Other metals such as 

Cu2+, Fe2+ and Mn2+ have been tested, with non-satisfactory results (Gill et al 1997).  

1.9 CHOOSING METHODOLOGY 
Proteome studies usually contain several steps including extraction of 

peptides/proteines, enrichment, quantification, separations, interaction/bioactivity 

studies, and identification. In each step, there are decisions on methodology to be made. 

Parameters, such as sample value (human material, animal model or cell line) and 

amount (bulk or minute), scientific question raised, technology available, costs, time 

prospects have to be taken into consideration. Proteomics is technology-driven and 

technology limits. The trend points towards: miniaturization, through-put, reliability, 

resolution, sensitivity and integration of methodologies. In comparison to genomics, the 

experimental complexity of protomics is far greater and the methodology is not as 

mature (Patterson & Aebersold 2003). In this thesis different methodologies were used 

to extract information in diverse materials, all containing a medical and bioactive 

perspective. 
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2 AIMS OF THIS THESIS 

The overall aim of this thesis was to characterize proteomes and individual bioactive 

molecules of medical importance with proteomic methods and to promote new 

methodology within this field.  

Specific aims: 

-To evaluate and apply a novel method for enrichment of phosphopeptides. (paper I) 

-To characterize the proteome of Vernix caseosa. (paper II) 

-To investigate the effects and molecular mechanisms of an insulinotropic compound. 
(papers III and IV) 

-To characterize the proteome of plasma from CKD patients. (paper V) 

-To investigate whether oxidative cross-linking can be used to study molecular 
interactions of proinsulin C-peptide. (paper VI) 
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3 MATERIALS 

3.1 PHOSPHORYLATION OF PROTEINS 

Paper (I) 

3.1.1 Specific background 
Phosphorylation is an important functional modification of eukaryotic proteins, 

affecting their activity, interactions and localization (Hunter 2000). Protein 

phosphorylation is also the major molecular mechanism for signal transduction by 

which extracellular signals produce their cellular responses (Cohen 2002). 

Phosphoproteins often exist at low abundance in cells and are often mixed with the 

corresponding nonphosphorylated parent form. Another problem is that the 

phosphopeptides are easily suppressed in both MALDI and ESI mass spectrometry. 

The low stoichiometry of phosphorylation in proteins makes it important to increase the 

selectivity in the analysis, and since sample amounts and volumes often are small 

miniaturization is preferred.  

3.1.2 Preparation of phosphopeptides 

Bovine - and -casein, bovine serum albumin (BSA), bovine brain myelin basic 

protein (MBP), ovalbumin, phosphorylase b, enolase (yeast), and bovine alkaline 

phosphatase were purchased from Sigma. A synthetic peptide with a single 

phosphorylation site at a tyrosine residue (pYQQVDEEFLR) was a gift from Ulf 

Hellman, Ludwig Institute for Cancer Research, Uppsala. A phosphopeptide test 

sample (PRG03) consisting of 5 pmol tryptic digest of bovine protein disulfide 

isomerase (PDI), spiked with 1 pmol each of two synthetic phosphopeptides derived 

from the PDI sequence was obtained from the Association of Biomolecular Resource 

Facilities (ABRF) Proteomics Research Group (PRG). BSA and -casein tryptic 

peptides were prepared by in-solution digestion. MBP was phosphorylated at threonine 

residues 94 and 97. Recombinant human mineralocorticoid receptor-lipid binding 

domain (MR-LBD) was produced in a baculovirus expression system (Kauppi et al 

2003). A protein stock solution with 5.0 M each of MBP, - and -casein, ovalbumin, 

phosphorylase b, enolase and MR-LBD was prepared in water.  



  17 

3.2 VERNIX CASEOSA  

(Paper II) 

3.2.1 Specific background 
Vernix caseosa is a white creamy substance that covers the skin of the foetus during the 

last trimester of pregnancy. The human is the only species known to produce this 

substance, and its function has been debated for decades. Many protective functions 

have been proposed, such as antimicrobial protection, heat insulation, moisturization 

and protection of the skin from macerating effects of the amniotic fluid. Other functions 

have also been suggested, such as hormonal effects, anti-inflammatory effects, nutritive 

functions, and facilitation of passage through the birth canal (Shulak 1963). 

Furthermore, vernix has been suggested to constitute a mechanical obstruction to 

bacterial passage (Joglekar 1980). Recently, it was reported that vernix exhibits a skin 

cleansing function (Moraille et al 2005).  

3.2.2 Vernix sample collection  
Vernix caseosa was collected from the skin of newborns shortly after delivery, and 

before washing the neonates. The vernix samples were placed in sterile plastic 

containers and were immediately frozen and stored at -20°C until analysed. All 

newborns selected for vernix analysis were without prenatal or perinatal complications, 

and without clinical signs of infection. The study was reported to the Data Protection 

Authority and the sample collection was approved by the parents.

3.3 INSULINOTROPIC COMPOUND BL11282  

(Papers III and IV) 

3.3.1 Specific background 
Type 2 diabetes is characterized by insufficient insulin utilization in periferal organs 

(Efanov et al 2002; Efendic et al 2002; Efendic et al 1988). The compound BL11282 is 

an imidazoline derivative that increases insulin secretion selectively at high glucose 

levels (Efendic et al 2002). This is of particular interest in treatment of type 2 diabetes, 

since stimulation of insulin release at low or normal blood glucose levels will cause risk 

of hyperinsulinemia and resulting hypoglycemia. BL11282 has been selected as a 

reference compound for evaluation of glucose-dependent insulinotropic compounds 

(Bahekar et al 2007). Therefore, the mechanisms underlying the insulin-releasing effect 

of this compound are of special interest.  
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BL11282BL11282

3.3.2 Pancreatic islets (paper III) 
The study was approved by the Ethics Committee for Animal Research at Karolinska 

Institutet. Pancreatic islets were isolated from 2-3 months old male Wistar rats (200-

250 g) by collagenase digestion (Sutton et al 1986). Samples of 150 islets from normal 

rats were placed into Petri dishes and incubated in RPMI 1640 culture medium 

supplemented with 5.5 mM glucose, 10% (v/v) heat-inactivated fetal calf serum, 2 mM 

glutamine, 100 g/mL streptomycin and 100 U/mL penicillin without (control islets) or 

with 50 M BL11282 (treated islets) at 37C for 18-20 h. These conditions give 

desensitization without noticeable apoptosis (Sharoyko et al 2005) and maximal insulin 

response to the compound (Efanov et al 2001). Each experiment required 2-4 rats, the 

pooled islets of which were divided for the treatment and the control. Following 

incubation the islets were transferred to Eppendorf tubes and washed 3 times in PBS 

buffer. Samples were stored at -80C. 

3.3.3 MIN6 cells (paper IV) 
BL11282 was modified to give a 3-aminopropargyl derivative (Fig. 5) used for 

covalent attachment to prepare an affinity medium. The -cell line MIN6 (passages 33-

36) was cultured as described (Sharoyko et al 2005). The cells were grown to 90% 

confluence before harvesting. 

Fig. 5. The insulinotropic imidazoline compound BL11282 and the 3-amino-propargyl 
derivative synthesized for covalent amino coupling. 

CCCH2N

Modified BL11282 
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3.4 PLASMA OF PATIENTS WITH CHRONIC KIDNEY DISEASE   

(Paper V) 

3.4.1 Specific background 
Two mechanisms exist for removal of circulating plasma proteins by the kidney. 

Plasma proteins with a molecular mass of up to about 20 kDa are freely filtered in the 

glomeruli, while there is a gradually decreasing permeability (and thus glomerular 

filtration) for proteins of up to around 40 kDa. In the healthy kidney a large fraction of 

filtered proteins is taken up and degraded by tubular cells (Renkin & Gilmore 1973). In 

addition, biologically active proteins may be removed from the circulation by 

peritubular uptake (Martin et al 1977; Waldmann et al 1972). Several proteins are also 

produced in the kidney (Lin et al 1985; Persson 2003; Xu et al 2005). Thus, decreased 

protein handling in chronic kidney disease may result in both increased and decreased 

circulating concentrations of many proteins. In addition, in kidney failure patients, 

plasma protein concentrations may be altered by metabolic disturbances from retained 

“uremic toxins” (Alvestrand & Stenvinkel 1997). However, because of the complex 

nature of the human plasma proteome, specific protein patterns have been difficult to 

detect and have been studied only to a limited extent (Haubitz et al 2005; Kaiser et al 

2003; Mischak et al 2004; Molina et al 2005; Nguyen et al 2005; Park et al 2006; 

Rossing et al 2005; Weissinger et al 2006; Weissinger et al 2004). 

3.4.2 Sample collection 
Patients were recruited from the Karolinska University Hospital Huddinge, and control 

individuals from local advertisement. Incident patients had a glomerular filtration rate 

(assessed as the mean of urea and creatinine clearances from a 24 h urine collection) of 

5-15 mL/min/1.72 m2, were 30-70 years old, had renal failure from polycystic kidney 

disease, nephrosclerosis or chronic glomerulonephritis (diagnosed by routine renal 

biopsy). Control volunteers were free from known hereditary and chronic diseases, and 

had a glomerular filtration rate >90 mL/min/1.72 m2. Venous blood (20 mL after an 

overnight fast) was collected in EDTA-containing glass tubes, centrifuged (1200 g at 

5 C for 10 min) and supernatants were stored at -80  C. 
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3.5 INTERACTION STUDIES OF C-PEPTIDE 

(Paper VI) 

3.5.1 Specific background 
C-peptide is a bioactive and signal transducing peptide (Johansson et al 2002; Shafqat 

et al 2002; Wahren et al 2007) secreted in plasma together with insulin. C-peptide binds 

to the cell membrane (Rigler et al 1999) and is known to be internalized and to mediate 

cellular functions (Lindahl et al 2007; Rigler et al 1999). However, how its biological 

functions are mediated still needs to be clarified, and further investigations are 

necessary to identify proteins interacting with C-peptide. 

C-peptide has previously been shown to inhibit protein tyrosine phosphatases in L6 

myoblasts, giving an increased autophosphorylation of the insulin receptor (IR) (Li et al 

2001). Protein tyrosine phosphatase 1B (PTP-1B) is implicated as a negative regulator 

of IR signaling (Galic et al 2005), and dephosphorylates the epidermal growth factor 

receptor (EGFR) at positions with sequence similarities to the N- and C-terminal of C-

peptide (Huyer et al 1998). 

3.5.2 C-peptide and PTP-1B  
Synthetic C-peptide and N- and C-terminal fragments thereof (EAEDL and EGSLQ, 

respectively), with a glycine-glycine-histidine (GGH) tripeptide segment introduced N-

terminally, were purchased from CASLO Laboratory ApS. DADEpYL was purchased 

from Bachem AG. Peptides were diluted in water, aliqouted and stored in -20°C 

(concentration determined by amino acid analysis). The pGEX-PTP403 plasmid was a 

kind gift from J. Chernoff (Fox Chase Cancer Center, Philadelphia, USA). Plasmid 

DNA was purified using a Flexiprep kit (GE Healthcare). The plasmid was amplified in 

E.coli XL1blue and expressed in E.coli BL21 (Stratagene, Agilent) according to the 

manufacturer’s instructions. Recombinant GST-PTP-1B expressed by isopropyl -D-1-

thiogalactopyranoside (IPTG) stimulated E.coli BL21 was purified with GST-

Sepharose (GE Healthcare) and a PD-10 column (GE Healthcare). 
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4 EXPERIMENTAL PROCEDURES 

4.1 PROTEIN EXTRACTION 
The vernix samples (paper II) were homogenized in 60% acetonitrile containing 1% 

(v/v) aqueous trifluoroacetic acid (TFA) and extracted during shaking over night at 

4°C. After centrifugation of the extracts at 10.000  g, supernatants were lyophilised. 

The lyophilised material was dissolved in 0.1% TFA and loaded onto OASIS HLB 

cartridges (Waters). Bound proteins were eluted with 80% acetonitrile in 0.1% TFA.  

Samples of pancreatic islets (paper III) were thawed and resuspended in ultra-pure de-

ionized water. Cell lysis was carried out by 4-5 cycles of freeze-thawing. After the last 

freezing cycle, 10% sodium dodecyl sulfate (SDS) in 33.3% mercaptoethanol and 

DNase/RNase solution was added. The sample was thawed slowly and incubated 5 min 

on ice followed by freezing and lyophilization over night. Samples were dissolved in 

solubilisation buffer containing 9 M urea, 65 mM dithiothreitol (DTT), 0.5% 

octylphenyl-polyethylene glycol (Igepal CA 630), 1.5 % 3-[(3-cholamido propyl)-

dimethylammonio]-1-propane sulfonate (CHAPS), 5% ampholyte 3-10, 35 mM Tris 

and complete mini proteinase inhibitor mix (Roche Diagnostics). Protein extracts were 

centrifuged to remove cell debris and supernatants were carefully transferred to new 

Eppendorf tubes.  

MIN6 cells (paper IV) were extracted with ProteoExtractTM subcellular proteome 

extraction kit (Calbiochem) into four fractions (cytosolic, membrane, nuclear and 

matrix). Cells detached from the plate during the extraction procedure were extracted as 

suspended cells according to the manufacturer´s protocol. The fractions obtained were 

frozen at -20°C in aliquots and were used for analysis within a month. 

4.2 COLUMN SEPARATIONS 

4.2.1 Immunodepletion of plasma 
Plasma samples (paper V) were applied to a Multiple Affinity Removal System 

(MARS) HPLC column (4.6 mm x 50mm, 0.83 mL bed volume) from Agilent 

Technologies, containing immobilized polyclonal antibodies to human albumin, 

transferrin, haptoglobin, -1-antitrypsin, immunoglobulin G and immunoglobulin A. 
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Aliquots of plasma (80 µL) were diluted four-fold, filtered through a 0.22 µm 

microcentrifuge filter tube, and injected into the MARS column.  

4.2.2 HPLC 
Proteins of immunodepleted plasma were separated on a macroporous reverse phase 

(mRP-C18) HPLC column, 4.6 mm x 50 mm (Agilent Technologies) (Zolotarjova et al 

2007) at a flow rate of 0.75 mL/min and a column temperature of 80 C, with a linear 

multisegment gradient. Fractions from sequential separations of each sample were 

collected, pooled and concentrated.  

4.2.3 CD-based phosphopeptide enrichment 
For phosphopeptide enrichment a novel Gyrolab MALDI IMAC Compact Disc (CD) 

was used in a Gyrolab Workstation (Gyros AB). (For description of the IMAC-CD see 

Introduction). Model peptides ( -casein tryptic phosphopeptides at 0.1 µM, a 

phosphotyrosine peptide at 0.015 µM, and BSA tryptic peptides at 0.4 µM) were used 

to test the capacity of CD-based IMAC to enrich phosphorylated peptides for MALDI-

MS analysis. The columns were conditioned with 50% acetonitrile / 0.6% acetic acid in 

water, and a sample of 1 L peptide solution was applied to sample inlets on the CD. 

Samples were loaded onto the columns and solvents passed by spinning the discs. 

Columns were washed twice (50% acetonitrile / 5% acetic acid, followed by 50% 

isopropanol / 5% acetic acid) followed by subsequent dephosphorylation on half of the 

CDs structures by addition of 200 nL 0.1 U/ L alkaline phosphatase in 50% 

acetonitrile / 25 mM ammonium bicarbonate (Ambic). Peptides were eluted from the 

columns using 200 nL 50% acetonitrile / 1% H3PO4 containing 10 mg/mL 

dihydroxybenzoic acid (DHBA) MALDI matrix. Concentration and clean up with a 

RPC-CD were used as described (Gustafsson et al 2004).  

4.3 GEL SEPARATIONS 

4.3.1 SDS-PAGE 
In paper I, a protein stock solution was diluted to different concentrations ranging from 

0.005 to 0.5 M and mixed with sample buffer (NuPAGE 4 LDS sample buffer, 

Invitrogen) and DTT. The samples were heated (70oC, 10 min) and then separated on 

Tris-buffered (pH 6.4) 12% polyacrylamide gels. The running buffer (2.5 mM Tris 
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base, 19 mM glycine and 0.1% SDS) was also supplemented with 1.25 mM DTT to 

prevent re-oxidation of reduced proteins. Electrophoresis was carried out in a Mini-

Protean II system (BioRad). Bound material on the BL11282 labelled beads (paper IV) 

extracted with NaCl, NaOH and by boiling in 1 SDS-PAGE were analysed on Bis-Tris 

SDS-PAGE gels. HPLC-fractions of immunodepleted plasma (paper V) separated by 

reversed phase and cross-linking products (paper VI) were separated on 4-12% 

NUPAGE-gels (Invitrogen) using the manufacturer’s MES buffer system. 

4.3.2 2D-gel electrophoresis 
The following protocol was used in papers II and III. Isoelectric focusing was 

performed with pre-casted immobilized pH-gradient (IPG) strips (non-linear gradient 

from 3-10, Bio-Rad). Samples, 75 g protein for analytical gels and 340-480 g for 

preparative gels, in 9 M urea, 65 mM DTT, 0.5% Igepal CA 630, 1.535% CHAPS, 5% 

ampholyte 3-10, 35 mM Tris, and complete proteinase inhibitor mix (Roche), were 

diluted in rehydration buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS, 0.5% Igepal 

CA 630, 0.5% ampholyte 3-10 and 2.8 mg/mL DTT) to a final volume of 300 L and 

applied via active in-gel rehydration. The isoelectric focusing was carried out on a 

PROTEAN IEF (Bio-Rad) at 20C as follows: 12 h at 50 V (active rehydration), 0-500 

V for 1 h, 500 V for 1 h, 500-2000 V for 2 h, 2000-8000 V for 1 h, and finally 8000 V 

for 3.5 h. All gradients were linear. After isoelectric focusing the strips were incubated 

with 2% DTT for reduction followed by incubation with 2.5% iodoacetamide for 

alkylation, both in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6M urea, 30% 

glycerol, 2% SDS and a trace of bromphenol blue). For the second dimension, proteins 

were separated in 12 or 15% polyacrylamide gels (1.5 x 260 x 200mm) in an Ettan™ 

DALTsix system (GE Healthcare). Electrophoresis was carried out at a constant 

current, 15 mA/gel for 1 h and after that 40 mA/gel until the bromophenol blue dye 

front was one cm from the gel bottom. 

4.3.3 Staining of gels, scanning and excision of gel spots/bands 
Colloidal Coomassie staining (Coomassie brilliant blue G-250) was used for 

preparative gels in papers I, II and V, and Sypro RubyTM fluorescent dye (Bio-Rad), for 

preparative gels in paper III. Silver nitrate staining (“Long method A” in (Rabilloud et 

al 1994) was used for analytical 2D-gels in paper III and a mass spectrometry 

compatible kit, SilverQuestTM (Invitrogen) for SDS-PAGE gels in paper IV and VI 

according to the manufacturer’s instructions. 
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Coomassie and silver nitrate stained gels were scanned with a flat-bed scanner GS-710 

(Bio-Rad) and Sypro Ruby stained gels with a fluorescent scanner, Molecular Imager 

FX (Bio-Rad). Protein spots were picked manually on Coomassie gels and by a spot 

cutter robot (Bio-Rad) on Sypro Ruby stained gels. 

4.3.4 Image analysis and spot selection 
Scanned gel images (paper III) were analysed with the PDQuestTM software (Bio-Rad, 

version 7.3.0) for spot quantification and matching using a Gaussian model for spot 

detection. Background was subtracted and spot intensity quantified as ppm of the total 

integrated optical density. Individual quantity of resolved protein spots were 

normalized to the total intensity of valid spots. Quantitative analysis tools within the 

PDQuest software were used to find spots that differed between treated and control 

islets. The scanned gel images in the match set were analysed as two groups, control 

(A) and treated (B), each group containing gel-images from six islet isolates. The 

analysis tool “outside limits” was used and ±1.5-fold change was set as limit.  A 

threshold value is thereby established by multiplying or dividing A by the factor. B is 

then compared to the threshold. The selected spots were manually examined and only 

selections where the spot of interest was of good quality and present in the entire match 

set were included. The histograms created from the analysis were examined manually 

to verify that the trend was accurate. The PDQuest software was also used to create a 

digitalized visualization of the spots in Vernix caseosa. 

4.3.5 In-gel digestion 
Gel pieces were processed and digested with trypsin using a robotic protein handling 

system (MassPREP, Waters). Gel pieces were destained twice in 100 L 50 mM 

Ambic / 50% (v/v) acetonitrile at 40oC for 10 min. Proteins were reduced by treatment 

with 10mM DTT in 100 mM Ambic for 30 min, gel pieces were shrunk in acetonitrile, 

and alkylation was carried out with 55 mM iodoacetamide in 100 mM Ambic for 20 

min. Trypsin (12 ng/ L solution in 50 mM Ambic) was added, and digestion was 

allowed to proceed for 4.5 h at 40oC. Peptides were extracted with 30 L 1% acetic 

acid / 50% isopropanol, followed by 24 L 1% acetic acid / 50% isopropanol. 

Alternatively, the peptides were extracted with 30 L 5% formic acid / 2% acetonitrile 

followed by 24 L 2.5% formic acid / 50% acetonitrile. The first approach was used for 

the CD-based IMAC phosphopeptide enrichment, the latter for ESI MS/MS peptide 
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sequence analysis. The digests were concentrated under a stream of nitrogen. In paper 

III, peptide extracts from equivalent spots on 1-4 gels were pooled and concentrated to 

5-10 µL. 

4.3.6 In-solution digestion 

To 80 µL of the protein stock solution (paper I) diluted to 0.5 M in water, 10 L 0.5 

M Ambic and 3 L 20 mM DTT were added and the solution was incubated for 15 min 

at room temperature. Iodoacetamide (5 L, 55 mM) was added followed by incubation 

for 15 min at 37oC. Trypsin (2 L of a 1 g/ L solution in 0.5 M Ambic) was added 

and digestion was allowed to proceed for 4.5 h at 37oC. 

4.4 OXIDATIVE CROSS-LINKING 

4.4.1 Cross-linking reaction 
Cross-linking reactions were performed in a total reaction volume of 15 L.

Concentrations in brackets denote final concentrations. Peptide (20 M) diluted in 

ammonium acetate (50 mM, pH 8.5) was incubated with Ni(Ac)2 (100 M) on ice for 

minimally 1h. The samples were diluted in cross-linking buffer (50 mM sodium 

chloride, 150 mM sodium phosphate, pH 7) and mixed with additives (antibodies 

and/or proteins as indicated in paper VI and Result section) and biotinylated tyramine. 

Cross-linking was initiated by the addition of magnesium monoperoxyphthalate 

(MMPP) (100 M) and quenched after 2 min with 4 NuPage LDS sample buffer 

(Invitrogen). The samples were boiled, separated on SDS-PAGE gradient gels (4-12%, 

NuPage, Invitrogen) and transferred to PVDF membranes using the iBLOT  system 

(Invitrogen). The bands were visualized with an avidin-HRP antibody 

(Calbiochem/Merck) and enchanced chemiluminescense (ECL, GE Healthcare). A 

monoclonal anti-C-peptide antibody was used to establish the protocol and a low 

molecular weight (LMW) calibration kit for electrophoresis (GE Healthcare, Uppsala, 

Sweden) containing phosphorylase b, BSA, ovalbumin, carbonic anhydrase, trypsin 

inhibitor  and -lactalbumin was added to the reaction in different concentrations (5 - 

20 ng/ L) to challenge the system.  
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4.4.2 PTP-1B activity assay.  
C-peptide and C-peptide fragments (EAEDL and EGSLQ, N-terminal and C-terminal, 

respectively) were mixed with enzyme in pre-heated (37 C) buffer (50 mM NaCl, 0.1 

mM EDTA, 1 mM DTT, 50 mM Hepes, pH 7.5). The phosphatase substrate p-

nitrophenol phosphate (pNPP) was added to a final concentration of 10 mM and the 

reaction was allowed to proceed for 60 min, at 37 C. The reaction was quenched by the 

addition of NaOH, and the amount of product (p-nitrophenol) formed was calculated 

from the absorbance at 405 nm.  

4.4.3 CLAP-cross-linking affinity purification.  
The cross-linking reaction of GGH-C-peptide (20 M) and GST-PTP-1B (130 nM) was 

performed as described above with the exception that the reaction was quenched with 

2-mercaptoethanol (0.25 M). The reaction mixture was incubated with magnetic 

streptavidin beads (Dynabeads M-280, Invitrogen, Carlsbad, USA) that were pre-

equilibrated with cross-linking buffer. The mixture was kept on rotation for 30 min at 

RT, and beads were then washed 3 times with cross-linking buffer. Proteins/protein-

complexes bound to the beads were eluted in 4 NuPage LDS sample buffer 

(Invitrogen) and subsequently boiled (5 min). The protein/bead mixture was added onto 

SDS-PAGE gradient gels (4-12%, NuPage, Invitrogen). Bands were visualized with 

SilverQuest (Invitrogen), a mass spectrometry compatible silver-staining kit. Protein 

bands were manually excised and destained in a Massprep robotic system (Waters), 

according to the manufacturer’s standard protocol with the addition of three steps for 

compatibility to the digestion protocol (dehydration by 100% methanol for 5 min, 

rehydration in 30% methanol for 5 min, and washing with ultrapure water for 2x10 

min). Subsequently, proteins were digested with trypsin in the MassPREP system as 

described above. Tryptic digests were concentrated by evaporation solvents under a 

stream of nitrogen and analysis by liquid chromatography tandem mass spectrometry 

(LC-MS/MS).  

4.5 SURFACE PLASMON RESONANCE 
Binding activities of sub-cellular fractions (paper IV) were determined in a Biacore 

3000 instrument. The modified BL11282 compound was immobilized on a CM5 sensor 

chip surface by amine coupling. Two lanes on the chip surface were activated 
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according to the standard procedure with an injection of 0.05 M N-hydroxysuccinimide 

(NHS)/0.2 M ethyl-N´-[3-dimethylamino propyl] carbodiimide (EDC) HCl. Lane 1 was 

kept as control and the modified BL11282 compound (40 g/mL in 10 mM sodium 

acetate, pH 5) was immobilized on lane 2 at a flow of 5 L/min. After immobilization 

remaining activated carboxylic groups were deactivated by injection of ethanolamine. 

The surface was regenerated after each cycle with 6 M guanidine-HCl, pH 6.8, and 

frequently treated also with diluted trypsin to remove proteins non-specifically 

adsorbed onto the chip surface. Binding experiments were performed after fractionation 

and after incubation of labelled beads or control beads (see below). 

4.5.1 Binding experiments using beads.  
For recovery of the BL11282 binding protein(s) (paper IV) magnetic Dynabeads M-

270 (Dynal Beads, Invitrogen) were used. The beads were activated with NHS/EDC 

and labelled with BL11282 in a manner similar to that for the Biacore chips described 

above. Membrane fractions prepared from MIN6 cells were incubated with both 

labelled and unlabelled (control) beads for 4 h at room temperature. After incubation 

the beads were washed, once with extraction buffer and twice with TBS. Bound 

material on the beads was extracted, first with 1 M NaCl for 15 min and then with 50 

mM NaOH for 30 min at room temperature with rotation. In both steps the beads were 

settled with a magnet and the supernatants collected. Finally, the beads were boiled in 

1 SDS-PAGE sample buffer to extract remaining bound proteins. Competition 

experiments using Biacore and labelled beads were carried out by pre-incubation of the 

membrane fraction with 0 - 5 mM of free BL11282 for 1 h at room temperature. 

4.6 MASS SPECTROMETRY 

4.6.1 MALDI-MS 
Tryptic fragments were analysed by MALDI-MS (Voyager DE-Pro, Applied 

Biosystems) using -cyano-4-hydroxycinnamic acid or dihydroxybenzoic acid (DHBA) 

as matrix on a steel target plate.  For on-CD MALDI analysis (paper I), the CD was cut 

and placed in a special target holder. For peptides with m/z less than 4000, the MALDI 

instrument was operated in reflectron mode, while larger peptides were analysed in 

linear mode. Database searches were carried out utilizing the ProteinProspector MS-Fit 

program (http://prospector.ucsf.edu/).  
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4.6.2 ESI MS 
ESI MS was used to verify the Ni2+-binding to GGH-C-peptide (paper VI). Samples 

were introduced at a flow rate of 5-10 L/min into an LCQ ion trap mass spectrometer 

(ThermoFinnigan), operated in negative ion mode with data acquisition over a mass 

range of m/z 150-2000.  

4.6.3 ESI MS/MS 

Tryptic fragments of the MR-LBD (paper I) were analysed by ESI quadrupole time-of-

flight tandem MS in a Q-Tof instrument (Waters). The Q-Tof tandem MS instrument 

was equipped with an orthogonal sampling ES-interface (Z-spray, Waters). Samples 

were introduced via gold-coated nano-ES needles (Proxeon). A capillary voltage of 

1200-1500 V was applied together with a cone voltage of 40-45 V. The sample aerosol 

was desolvated in a stream of nitrogen. The collision energy was 15-30 eV, and argon 

was used as collision gas. 

Prior to ESI MS/MS, digests were desalted employing C18 ZipTips (Millipore). The 

ZipTips were activated and equilibrated using two times 10 L of 70% acetonitrile / 

0.1% trifluoroacetic acid (TFA), 10 L 50% acetonitrile / 0.1% TFA, and finally 10 L

0.1% TFA. The samples were loaded onto ZipTips by pipetting 20 times and washed 

twice using 10 L 0.1% TFA. The tryptic fragments were eluted with 60% acetonitrile / 

1% acetic acid. 

4.6.4 LC-ESI MS/MS 
Tryptic digests (papers II-VI) were analysed by liquid chromatography tandem mass 

spectrometry using Waters CapLC and Q-TOF Ultima API instruments. Prior to LC-

separation, digests were desalted with an LC-Packings Nano-Precolumn Cartridge (300 

m ID x 1 mm; 5% Acetonitril/0.1% formic acid; 20 L/min). A Waters Atlantis C18

column (3 m, 100 Å, 75 m ID x 15 cm) was used for LC separation and the peptides 

were eluted with a linear gradient of 14-50% acetonitrile in 0.1% formic acid for 20 

min at 200 nL/min. Peptides were introduced into the mass spectrometer using a Pico 

Tip sprayer and data-dependent acquisition was employed over a mass range of 300-

2000 Da (m/z). Data analysis was performed using ProteinLynx Global SERVER 2.1 

software (PLGS 2.1, Waters) and MassLynx peptide sequence software (version 4.0, 

Waters). Data sets were analysed using the NCBI BLAST and Mascot search engines.  
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The Mascot search was set for carbamidomethylation of cysteine residues and to allow 

for oxidation of methionine residues without limitations regarding molecular weight or 

pI. The sequences found by Mascot were manually confirmed to be of sufficient quality 

for identification. Mascot compares the mass values of observed product ions with 

mass values calculated for theoretical product ions from peptide sequences present in a 

genomic database. The Mascot score for an MS/MS match is based on the probability 

that the observed match between the experimental data and the database sequence is a 

random event. The threshold for significance was chosen as p<0.05. For identification, 

we required either a significant match in the Mascot search or a peptide acquired from a 

high quality spectrum with a length of minimally 10 amino acid residues and in both 

cases combined with a BLAST search showing only one relevant protein-match with a 

low Expect value. The Expect value reflects, like the Mascot score, the probability that 

the sequence match, is a random event and should consequently be low. Expect values 

were typically in the order of 10-4 to 10-10 (with the next match 3-5 orders of magnitude 

higher and in most cases above 1). 
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5 RESULTS AND DISCUSSION 

5.1 DETECTION OF PHOSPHORYLATED PEPTIDES IN PROTEOMIC 
ANALYSES USING MICROFLUIDIC COMPACT DISC TECHNOLOGY 
(PAPER I) 

A novel compact disc (CD) based microfluidic IMAC method was used for detection of 

phosphopeptides. In test experiments, phosphopeptide samples were mixed with BSA 

tryptic fragments at concentrations 4- and 25-fold greater than the concentration of 

phosphopeptides. In spite of the contaminants, the spectra after IMAC treatment do not 

show significant signals from BSA tryptic fragments, proving that the method works. 

However, at m/z 927, 1283, 1749 and 3026, minor signals were detected, 

corresponding to peptides with 10-20% Asp- and/or Glu-residues, showing that the 

method also enrich acidic peptides to some extent, but because of the differential mass 

mapping this does not pose a problem. Fig. 6 shows a comparison of desalting and 

concentration of the peptide mixture. 

Fig. 6. Comparison of desalting/concentration of the peptide mixture by on-CD RPC 
(A) and the efficient enrichment achieved with the on-CD IMAC (B) and the 
corresponding dephosphorylated peptides (C) after alkaline phosphatase treatment.  

Of about 200 analyses, with and without BSA tryptic peptide background, successful 

detection after IMAC enrichment was achieved on the average in 94% of the analyses 
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at MALDI-MS signal-to-noise ratios of at least 3:1. Detection of the dephosphorylated 

peptides after alkaline phosphatase treatment was achieved on the average in 84% of 

the analyses at minimally 10:1 signal-to-noise ratios.  

The on-CD IMAC method was used to identify possible novel phosphorylation sites in 

the recombinant protein MR-LBD (mineralocorticoid receptor-lipid binding domain). 

The protein was purified by affinity and ion exchange chromatographies, digested with 

trypsin and analysed by on-CD IMAC and MALDI-MS. Mass-shifts of 80 and 160 Da 

after the phosphatase treatment were detected for two of the tryptic fragments. From a 

comparison of the peptide mass data with the amino acid sequence of MR-LBD, it was 

clear that the two phosphopeptides correspond to residues 733-771, with one and two 

phosphate groups attached, respectively. Tandem MS data showed that the 

phosphorylations are at positions Thr735 and Ser737. Phosphorylation at these sites has 

not previously been reported for recombinant human MR-LBD.  

To challenge the system a bit more a protein mixture (myeline basic protein, - and -

casein, ovalbumin, phosphorylase b, enolase and MR-LBD) in-gel trypsin-digested 

from gel separations or in-solution digested without pre-fractionation were processed 

on the IMAC-CD. The detection limit was about 15 fmol for in solution digested and 5 

pmol when loaded on gel. 

A phosphopeptide tryptic digest of 5 pmol bovine protein disulfide isomerase (PDI) 

spiked with two synthetic phosphopeptides (1 pmol each), obtained from the 

Association of Biomolecular Resource Facilities (ABRF, sample PRG03 part of a 

worldwide investigation of protein identification in 2003), was on-CD concentrated and 

desalted (Gyrolab MALDI RPC-CD) followed by MALDI-MS. The peptide mass list 

was searched using Mascot at 120 ppm mass accuracy which resulted in correct 

identification (PDI) and 48% sequence coverage, corresponding to 23 peptides 

identified at a MOWSE score of 267. After successful protein identification, the 

PRG03 sample was diluted (final concentration 250 and 50 fmol/ L respectively, of 

sample and phosphopeptide spikes) and applied to the IMAC-CD. The two 

phosphopetides were efficiently enriched and dephosphorylated using on-CD IMAC 

and subsequent MALDI-MS analysis. Peptide sequences were shown to be residues 

266-273 phosphorylated at Ser268, and 257-273 phosphorylated at Ser266, 

respectively.  
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5.2 PROTEOME ANALYSIS OF VERNIX CASEOSA (PAPER II) 

Research on Vernix caseosa has mainly focused on the lipid fraction (Downing & 

Greene 1968; Haahti et al 1961; Kaerkkaeinen et al 1965; Oku et al 2000) but also 

contains potent bioactive antimicrobial polypeptides (Tollin et al 2005; Yoshio et al 

2003). In paper II, we focus on the protein content of vernix with a novel approach of 

unbiased proteome characterization. Vernix caseosa was collected from newborns 

directly after birth. The vernix proteins were extracted and separated by 2D-gel 

electrophoresis. Using MALDI mass spectrometry and LC-MS/MS, 41 proteins were 

identified in a total of 78 spots (Table 1). Of these proteins, 16 (39%) are involved in 

innate immunity and 12 (29 %) have been demonstrated to have direct antimicrobial 

activities.  

In total, we detected approximately 350 spots in each gel using the PDQuest software 

spot detection wizard. However, because of high background in particular areas of the 

gels not all of these spots could be analysed. 117 distinct protein spots (essentially all 

spots that were clearly visible) were excised from two preparative gels and proteins 

were in-gel digested with trypsin. The high background staining is probably derived 

from the lipid content and an abundance of hemoglobin and profilaggrin, giving a 

trailing effect. Fragments of these proteins were found over a large area of the gels. The 

use of a clean-up kit (2-D Clean Up kit, GE Healthcare) did not reduce the background. 

Many of the non-analysed spots are concluded to be modified versions of the identified 

proteins as typical sets of spots with the same molecular size but multiple pIs were 

observed. Most proteins of vernix are of low molecular size (Tollin et al 2005), and are 

consequently located to the lower region of the 2D-gel. However, the 2D-gel reveals 

that many large proteins are also present in the vernix extract.  

Pre-term infants lacking vernix have a higher rate of nosocomial and community 

acquired infections (Hoeger et al 2002). Several (39%) of the proteins identified are 

components of the innate immune system, compatible with a protective role of vernix 

against infection. 
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Table 1 Proteins identified in vernix. Proteins reported to exhibit antimicrobial activity 
are shown in bold.

 Protein Accession 
number Mr (kDa) / pI 

1 Ubiquitin P62988 8.6 / 6.6 
2 Cystatin A* P01040 11.0 / 5.4 
3 Calgranulin A P05109 10.8 / 6.5 
4 Calgranulin B P06702 13.2 / 5.7 
5 Caspase 14** P31944 27.7 / 5.4 
6 Lysozyme P61626 16.5 / 9.4 
7 Transthyretin P02766 15.9 / 5.5 
8 Glycosylasparaginase† P20933 37.2 / 5.9 
9 NGAL/lipocalin2  P80188 22.6 / 9.0 
10 Psoriasin P31151 11.3 / 6.3 
11 PLUNC Q9NP55 26.7 / 5.4 
12 Hem  P69905 15.1 / 8.7 
13 Hem  P68871 15.9 / 6.8 
14 Hem -1 chain  P69891 16.0 / 6.7 
15 Hem -2 chain  P69892 16.0 / 6.7 
16 Pulmonary surfactant-associated protein B P07988 42.1 / 5.3 
17 Apolipoprotein A-1 P02647 30.8 / 5.6 
18 Proteasome subunit beta type 2 P49721 22.8 / 6.5 
19 Serotransferrin P02787 77.0 / 6.8 
20 Arginase 1 P05089 34.7 / 6.7 
21 Histone H2A P02261 14.0 / 10.9 
22 Histone H2B P62807 13.8 / 10.3 
23 Histone H3 P68431 15.3 / 11.1 
24 Histone H4 P62805 11.2 / 11.4 
25 RNase 4 P34096 16.8 / 9.3 
26 RNase 7 Q9H1E1 17.5 / 9.7 
27 SLPI P03973 14.3 / 9.1 
28 hCAP18/ LL-37 P49913 19.3 / 9.5 
29 Thioredoxin P10599 11.6 / 4.8 
30 Cytokeratin 10 P13645 59.5 / 5.1 
31 Cytokeratin 9 P35527 62.0 / 5.1 
32 Cytokeratin 1 P04264 65.9 / 8.2 
33 Super oxid dismutase P00441 15.8 / 5.70 
34 Serum albumin P02768 69.4 / 5.92 
35 SCCA 1/2 P29508/ 

P48594 
1:  44.6 / 6.4             
2: 44.9 / 5.9 

36 Zn-alpha 2-glycoprotein P25311 33.9 / 5.6 
37 IGFBP-1 P08833 27.9 / 5.11 
38 Annexin A1 P04083 38.6 / 6.6 
39 Alpha 1- antitrypsin P01009 46.7 / 5.4 
40 Epididymal secretory protein P61916 16.6 / 7.6 
41 Mucin 7 ‡ NP_689504 39.2 / 9.0 

It should be noted that the origin of the proteins in vernix are multiple. Since the 

samples are obtained from neonates born by vaginal delivery, the risk of blood 

contamination from the mother is high which explains the identification of -

hemoglobin in vernix. However also the - hemoglobin was identified which is only 

expressed by the fetus during the last two trimesters. The neonates’ skin is in direct 

contact with the amniotic fluid which is also in contact with the fetal lungs. The finding 

of proteins normally expressed in the respiratory tract is therefore not surprising, but 
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regardless of the source of the proteins found in vernix they still have a biological 

activity in situ. The proteins now identified include 25 protein components novel to 

vernix. This constitutes a substantial improvement of our knowledge of vernix. 

5.3 DIFFERENTIAL PROTEIN EXPRESSION IN PANCREATIC ISLETS 
AFTER TREATMENT WITH AN IMIDAZOLINE COMPOUND
(PAPER III) 

Protein extracts from BL11282-treated and non-treated isolations of pancreatic islets 

were separated by 2D-gel electrophoresis. The resulting images were analysed and 

evaluated with the PDQuestTM software. Differentially expressed proteins were 

identified by LC-MS/MS. On the average, 600 matched spots were detected on each 

gel and 53 were found to differ consistently in expression level between the two 

groups, showing that treatment with the insulin-releasing drug has considerable cellular 

effects. Of the 53 spots, 30 were over-expressed (more than 1.5-fold) in treated islets 

and 23 were under-expressed. A total of 43 spots were successfully matched to and 

excised from preparative gels, and 22 proteins were identified by LC-MS/MS. Many of 

the differentially expressed protein spots were among those faintly stained with Sypro 

Ruby. Sypro Ruby is considered to have sensitivity in the range of silver-staining and 

we are therefore close to the detection limit of the instrumentation used. Even so, we 

have identified no less than half of all excised spots. Of the 22 proteins identified, 15 

were up-regulated and 7 down-regulated (Fig. 7). 

Three proteins involved in protecting the cell from misfolded proteins, Hsp 60, 

calreticulin and protein disulfide isomerase (PDI), were found to be up-regulated in 

drug-treated islets. This is an interesting finding, as type 2 diabetes is a risk factor for 

developing depository Alzheimer’s disease. The incidence of Alzheimer’s is more than 

twofold increased in type 2 diabetes (Ott et al 1999; Peila et al 2002). Furthermore it 

has been suggested that the destruction of pancreatic beta-cells also may be due to 

deposition of proteins (Porte & Kahn 2001). PDI has also other functions that may be 

of benefit for insulin secretion and uptake (Kurokawa et al 2000; Solomon et al 2005). 

We found four Ca2+ binding proteins to be up-regulated in drug treated cells: annexin, 

calcyclin, calreticulin and calgizzarin. Ca2+ binding proteins are known to be involved 

in insulin secretion (Okazaki et al 1994; Reddy et al 1997) and it has even been 
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suggested that annexin is bioactively involved in the secretion of insulin (Ohnishi et al 

1995). A third group of interest contains important house-keeping enzymes or 

inhibitors of enzymes, such as pyruvate kinase, alpha enolase, RhoA and protein kinase 

C (PKC) inhibitor 1. 

Fig. 7. Master image containing the spot data of six BL11282-treated and six native 
islet isolates separated on 2-DE The numbers assigned to proteins down-regulated 
after treatment with the drug are shown in squares; upregulated proteins are indicated 
by numbers without squares.  
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The glucose-dependent insulinotropic activity of the present compound is not based on 

a K+
ATP-channel activity (Efanov et al 2001), but is dependent on PKC. Inhibition of 

this kinase blocks the effect of the compound. Histidine-triad nucleotide binding 

protein 1, also known as PKC inhibitor 1, was found to be down-regulated which 

supports a role of PKC and may reflect an up-regulation of PKC-activity. Other 

differentially expressed proteins, not mentioned above, are involved in protein 

synthesis/degradation, energy homeostasis and proliferation/cell growth. 

5.4 PROTEINS IN THE INSULIN-SECRETING CELL LINE MIN6 BIND THE 
IMIDAZOLINE COMPOUND BL11282 (PAPER IV) 

BL11282 binding activity in different fractions of MIN6 cells was determined by SPR 

using a Biacore 3000 instrument. The cells were fractionated into four parts, cytosolic, 

membrane, nuclear and matrix, with a subcellular proteome extraction kit, and binding 

activities were monitored for each fraction. For the identification of binding proteins, 

BL11282-labelled magnetic beads were employed. Binding experiments were 

performed after fractionation and after incubation of labelled beads or control beads. 

Most of the binding activity was found in the membrane fraction, while some was also 

detectable in the cytosolic fraction. Protein extractions from the beads with 1M NaCl, 

50 mM NaOH, and by boiling, showed bands on SDS-PAGE, and a strong band of 

about 50 kDa was specifically present in different MIN6 cell preparations. The 

presence of a weak ~100 kDa band was also observed. These bands were identified by 

peptide mass spectrometric analysis after trypsin digestion. The 50 kDa band was found 

to be elongation factor 1 alpha (eEF1A) by recovery of the sequence of three peptides, 

and the 100 kDa band was identified as glucose regulated protein 94 (GRP94) by the 

Mascot search engine (significance threshold p = 0.05). Two peptide sequences and an 

additional mass corresponding to a third peptide were recovered from the 100 kDa 

band. These two identified binding proteins are involved in the same functional systems 

(protein synthesis and folding) as a number of the proteins found to be differentially 

expressed in paper III. EF1A has a major function in delivery of aminoacyl-tRNA to 

the ribosome but also possesses other functions (Gross & Kinzy 2005; Moore et al 

1998). Biosynthesis of insulin has been reported to be controlled at the translational 

level (Itoh & Okamoto 1980). The control of mRNA translation through 

phosphorylation of eukaryotic initiation factor 2 (eIF2 ) has been found essential for 
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increased insulin secretion (Scheuner et al 2005). The role of GRP94 in the synthesis is 

not firmly established but a decrease in GRP94 is accompanied by a loss of glucose-

responsiveness in insulin-secreting cells (Dowling et al 2006). GRP94 and eEF1A was 

not found in the overall 2D-based proteome study in paper III, but this is not surprising 

because of the low abundance of these two proteins also in the affinity enriched 

preparations. 

Competition experiments were performed by pre-incubation of the membrane fraction 

with free BL11282. In Biacore analysis, the free compound failed to compete with the 

binding, presumably because the BL11282 derivative on the chip is present in a very 

high concentration making it highly available on the chip. However, competition with 

the same concentration of free compound (1mM) on the labelled beads showed removal 

of the ~50 kDa band, resulting in the ~100 kDa band becoming the strongest one seen.  

5.5 PROTEOME PATTERNS IN UREMIC PLASMA (PAPER V) 

Plasma from CKD patients and matched controls were analysed using a three-step 

fractionation including immunodepletion of abundant proteins, subsequent HPLC and 

SDS-PAGE before in-gel digestion and mass spectrometric identification of proteins. 

Comparison of LC-patterns before and after the immunodepletion showed removal of 

the abundant proteins. Peptide mass fingerprinting identified the major post-depleted 

plasma components. These findings were in agreement with previous reports  (Adkins 

et al 2002; Anderson & Anderson 1977). Comparison of protein patterns of the plasma 

from patients and control subjects showed differences in 19 HPLC-fractions. Multiple 

proteins that quantitatively differed between patients and control subjects were 

identified by mass spectrometry (MALDI-MS and LC-ESI-MS/MS). 

Four protein components, albumin (insufficiently depleted), apolipoprotein A-II, and 

complement factor C8  and  chains, were less and 25 proteins more abundant in CKD 

patients than in controls. Many of the differing proteins are involved in transports 

(apolipoproteins A1 and E, ceruloplasmin, transthyretin), immune responses 

(complement factors C3 and C4-A, complement factor H related protein) and protease 

inhibition ( -1 microglobulin and -1 antichymotrypsin). At least 6 of the protein 

components found have previously not been reported to be altered in CKD, 
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complement factor H related protein 1, inter- -trypsin inhibitor heavy chains H1 and 

H4, leucine-rich 2-glycoprotein and complement component C8 - and -chains. One 

of these proteins, complement component C8, has been identified as the triggering 

factor for the complement activity against invading microorganisms, constituting a 

critical part of the innate immune response. As CKD is associated with an increased 

susceptibility to infections (Foley et al 2004) because of dysfunction of the innate 

immune response (Cohen et al 1997; Deppisch et al 2001) our findings suggest that C8 

production and metabolism is important in uremic patients with infection. 

In addition to the functional findings in this study our results demonstrates the 

importance and success of using an efficient fractionation method to remove the most 

abundant proteins when working with plasma. It is estimated that plasma contains 106

protein components. Still, a handful abundant proteins constitutes 99% of the total 

amount of protein in plasma.  

5.6 OXIDATIVELY MEDIATED BIOTINYLATION OF PEPTIDE-PROTEIN 
INTERACTIONS IDENTIFIES BINDING OF PROINSULIN C-PEPTIDE 
TO PROTEIN TYROSINE PHOSPHATASE 1B (PAPER VI) 

An oxidative cross-linking method was optimized and applied to the proinsulin C-

peptide. Nickel, bound to an N-terminally introduced glycine-glycine-histidine (H2N-

GGH) peptide tag, oxidized by MMPP, starts a chain reaction leading to a biotinylation 

of interacting proteins. The pH is important in this type of reactions since NH2-GGH 

can only efficiently coordinate nickel ions above pH 6.5, because of the charge state of 

the histidine residue. We found that there was a 10-fold higher binding of Ni to the 

GGH-tagged GGH-C-peptide at pH 8 than at pH 4. C-peptide, with a pI of 3.5,

significantly lowers the pH of a water solution and a suitable buffer system is needed to 

keep pH sufficiently high for the Ni-mediating cross-linking to occur. To establish 

whether this cross-linking method was feasible to use for labelling of proteins 

interacting with C-peptide, the labelling of a monoclonal anti-C-peptide antibody was 

first studied. GGH-C-peptide and antibody was activated and allowed to react. The 

products were separated by SDS-PAGE, blotted, and bands visualized with a 

streptavidin antibody. One band corresponding to the biotinylated heavy chain of the C-

peptide antibody could be seen. Further investigations on the specificity of the cross-



  39 

linking reaction showed that the cross-linking only labels truly interacting proteins 

since no binding could be detected with a second antibody (against the antibacterial 

peptide LL-37). To challenge the system, an LMW protein mixture was added to the 

reaction in concentrations of 5-20 ng/µL. The cross-linking efficacy of the C-peptide 

antibody was not affected by addition of the protein mixture at concentrations up to 5 

ng/ L, but some biotinylation of phosphorylase b, ovalbumin and carbonic anhydrase 

was observed. However, when the LMW mixture was added to a GGH-C-peptide 

solution without presence of anti-C-peptide antibody, no cross-linking was detected, 

showing that C-peptide does not bind to proteins randomly. The biotinylation of LMW 

proteins seen in the presence of antibody thus seems to be related to unspecific binding 

to the C-peptide antibody rather than to the GGH-C-peptide itself.  

The ability of the GGH-peptide tag to interact with proteins, and thus capability of 

causing cross-linking on its own, was investigated by letting Ni-activated GGH react 

with the C-peptide antibody. This resulted in a strong signal from biotinylated antibody. 

However, this signal was the same regardless of which protein or antibody was added 

to the reaction, indicating that it represented an unspecific binding of GGH. This is 

supported by the fact that free C-peptide added to the cross-linking reaction of GGH 

and the C-peptide, completely abolished the antibody signal. 

C-peptide has previously been shown to inhibit protein tyrosine phosphatases in L6 

myoblasts, giving an increased autophosphorylation of the insulin receptor (IR) (Li et al 

2001), is implicated as a negative regulator of IR signaling (Galic et al 2005), and 

dephosphorylates the epidermal growth factor receptor (EGFR) at positions with 

sequence similarities to the N- and C-terminal regions of C-peptide (Fig. 4a) (Huyer et 

al 1998). We tested whether C-peptide interacts with protein tyrosine phosphatase 1B 

(PTP-1B), both pure and in the LMW mixture, and cross-linking showed that it does. 

When adding free N- and C-terminal pentapeptides, the cross-linking efficacy was 

reduced in both cases. The postulated inhibition of the enzyme upon C-peptide and 

fragment binding was investigated in an enzyme activity assay. C-peptide had no effect 

on the activity, but a small decrease in PTP-1B activity was seen with the C-terminal 

pentapeptide. With the N-terminal pentapeptide, the activity of PTP-1B was reduced 

further. No effect was seen with a control scrambled C-peptide. 
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Further, we integrated the cross-linking mediated biotonylation in a MS-compatible 

work flow we refer to as CLAP, cross-linking affinity purification. Proteins are cross-

linked and biotinylated proteins enriched with streptavidin labelled magnetic beads. 

Using this work-flow we identified PTP-1B (with 5 peptides, minimally 9 amino acid 

residues each) as a binding partner to C-peptide. Non cross-linked PTP-1B directly 

applied to the gel was identified with only one more peptide. Thus, there is virtually no 

loss of fragments or sensitivity in the workflow described. 

The use of nickel mediated cross-linking labelling to study protein interactions has been 

established (Brown et al 1995; Fancy et al 1996), but has only to a limited extent been 

applied to biologically relevant systems. Our results showed that nickel-mediated cross-

linking affinity labelling is robust and specific for studies of interactions between 

proteins and constitutes a feasible method for interaction studies even of small acidic 

peptides like C-peptide.  
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6 CONCLUSIONS 

Proteomic analyses include a wide variety of methods in many areas of applications. 

The selection of methods is of great importance for the outcome of a proteomic study 

and needs for method development is not expected to cease. In this thesis, a selection of 

both well established and novel proteomic methods was used to study bioactive 

molecules.

Knowing that an average cell contains many tens of thousands of different proteins, the 

result, with a few thousand spots detected and even fewer identified, may sound like 

conclusions from a “tip of the ice-berg”. Insolubility of membrane proteins, 

insensitivity in the staining techniques, co-localization of proteins, losses in sample 

handling, and limitations in ionization or detection are factors preventing a full 

proteome profile.  But even with these limitations, the “tip of the ice-berg” can still 

provide important information as shown in papers II and III. In paper II, proteins 

extracted from Vernix caseosa were separated on 2-DE and 25 novel proteins were 

identified with mass spectrometry. Nearly 40% of totally 41 proteins identified turned 

out to have a role in innate immunity. These findings support the conclusion that 

antimicrobial protection of the fetus is a major function of Vernix caseosa and 

constitutes a substantial improvement of our knowledge of vernix.  

Biological function of the antidiabetic compound BL11282 was investigated by a 2-DE 

approach and by SPR combined with enrichment on magnetic beads in papers III and 

IV, respectively. It was found that BL11282 significantly alters the protein expression 

in pancreatic -cells and specifically binds to elongation factor 1A and glucose 

regulating protein 94. From the proteins found to be altered upon treatment with the 

compound we can conclude that imidazoline compounds not only act as insulin 

secretagogues but also affect many other events in the pancreatic islet cells.  

Perhaps most important in proteomic studies is choosing the proper strategy for sample 

preparation. From the papers presented in this thesis, we can conclude that pre-

fractionation and enrichment are important, but it has to be done with cleverness. 

Adding another enrichment step or separation step also increases the risk of sample to 

sample variations and/or loss of material. The combination of on-CD IMAC and 
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subsequent MALDI-MS was found to be powerful, sensitive and easy to handle for 

enrichment of phosphopeptides. Many samples could be analysed in an efficient 

manner both in terms of time and sensitivity/recovery. Successful identification of 

biologically relevant samples shows the feasibility of selective methods. Two novel 

phosphorylation sites in the lipid binding domain of mineralocorticoid receptor were 

identified and the overall success rate in detecting phosphopeptides in the evaluation of 

that technique was high (94% in about 200 analyses).  

Human plasma is a challenging proteome to study. The protein quantities stretch over 

10 orders of magnitude and the presence of a few very abundant proteins makes pre-

fractionation the key object. We have successfully made a differential proteome study 

comparing the plasma from CKD patients and healthy individuals by the use of a three-

step fractionation, including immunodepletion of abundant proteins, subsequent 

HPLC and finally SDS-PAGE. 29 proteins of different occurrence in the patient 

samples were identified, adding at least 6 protein components that were previously 

not known to be altered in CKD. 

The use of nickel-mediated cross-linking affinity labelling is a robust and specific 

method to study interactions between proteins. Affinity-based cross-linking and mass 

spectrometry (MS) in a workflow, CLAP (cross-linking affinity purification), was 

used to identify protein tyrosine phosphatase1B as a biologically active interaction 

partner to C-peptide.  Nickel-mediated cross-linking works well for interaction studies 

even of small acidic peptides like C-peptide. 

In summary, this thesis has added methods and solved a few missing pieces in the jig-

saw puzzle of proteomics. 

There is more than one way to catch the fish. 
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