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1 INTRODUCTION 

1.1 Mass spectrometric methods for protein analysis and proteomics 

As initially coined by Mark Wilkins in 1996 [1], the proteome was 

termed as the total number of proteins expressed by a genome, however, 

unlike the genome which is specific for a certain organism, the proteome can 

be considered a snapshot of a cell, an organ or an organism, at a particular 

point in time. The proteome evolves during the life of an organism within 

complex biological mechanisms, particularly via post- translational 

modifications of proteins. The study of proteomes led to the development of 

the proteomics field [2-7], that has comprised a growing number of analytical 

and bioanalytical methods for protein investigation and characterization, which 

may be classified in two major classes: separation techniques and analytical 

methods. The high complexity of the human proteome has led to slow pace 

advancements, compared to the Human Genome Project; recently a draft 

map of a human proteome was discussed by Kim and collaborators [8]. 

There are 20 different amino acids genetically encoded (Appendix 2), 

representing the building blocks of proteins. Amino acids are small organic 

molecules with an amino functional group attached to the α-carbon of a 

carboxylic acid. The rest of the molecule is variable though different side-

chains. Peptides and proteins resulted from gene translation are formed only 

from L-amino acids. Amino acids can form polymer chains via peptide bonds 

and the length of the peptidic chain varies largely, according to the 

functionality of proteins in the organism. However, there are smaller peptides 

and polypeptides with a functional role, e.g.  in cell signaling. 

In order to become biologically active, the polypeptide chains 

synthesized on ribosomes are subject to a series of modifications [9-13]. 

These post- translational modifications define the structure and function of a 

protein and may involve folding and formation of non-covalent bonds, 

formation of covalent bonds  such as disulfide bridges, excision of 
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unnecessary sequence parts after folding (inteins and exteins) [14-16], and 

major chemical modifications (e.g. nitration, glycation, acetylation, alkylation, 

phosphorylation etc.). The amino acid sequence forms the primary structure 

of a protein or peptide; while there are another three levels of protein structure 

and folding (Figure 1). 

 

Figure 1. Protein structure levels: primary structure, the sequence of amino acids; secondary 

structure, three-dimensional form of the amino acid chain given by hydrogen bonds 

(α-helix, β-sheet); tertiary structure, spatial position of each atom in the molecule; and 

quaternary structure, interaction between chains of amino acids [17] 

The chemical bonds along the amino acid chain are free to rotate 

making the protein’s backbone flexible. This enables proteins to fold and bring 

different parts of the chain in close proximity to each other.  For example, CO 

and NH2 groups from the backbone of a protein form hydrogen bonds forcing 

the chain to adopt complex 3D geometries. These specific shapes define the 

secondary structure of a protein. When the folding occurs randomly [18] the 

resulting shape is called a random coil. When the hydrogen bonds form along 

the polypeptide chain, 3 to 4 amino acids apart, the chain adopts a spiral 

structure termed alpha helix. When hydrogen bonds form between two 

sequences of amino acids, the protein folds and the two chains align one to 

another forming a β-sheet. The alignment of the chains is either parallel, 

pointing to the same direction from C-terminal to N-terminal, or antiparallel, 

pointing in opposite directions. Beta sheets can be formed by a minimum of 

two chains but can include any number of parallel chains. A protein typically 



INTRODUCTION 

 3 

consists of a mixture of all or some of these secondary structure subunits in 

different ratios and motifs depending on the type of protein (e.g. membrane 

proteins contain mainly α-helix, immunoglobulins structure is dominated by β-

sheet bound by short random coil regions, etc.). 

Hydrogen bonds are strong enough to maintain the local structure of a 

protein but are not enough to sustain its overall shape. Brownian movement of 

the chain combined with ions and water interactions may perturb the 3D 

structure of a protein. Often, after a high degree of folding, proteins are 

stabilized by covalent bonds across the amino acid chain. The most common 

example are disulfide bridges between -SH groups of cysteins [19-21]. This 

prevents proteins from unfolding and preserves their biological function. The 

final structure of a protein, with exact spatial position for each atom, forms the 

tertiary structure. The quaternary structure of a protein describes protein 

complexes formed by two or more polypeptide chains that act as a single 

protein. During their life time proteins are subjected to different types of 

modifications with importance for their biological activity and later on for their 

inactivation and removal. This increases even more the complexity of 

proteomics with ancillary fields such as glycoproteomics and lipoproteomics. 

Unnecessary (redundant, inactive, degraded) proteins are eliminated 

by various biological mechanisms (e.g. the proteasome pathway [22-24]). In 

certain proteopathies [25], automatic removal mechanisms are disrupted, 

mainly due to unusual chemical modifications. Detection of certain types of 

modifications can be of importance in the detection and diagnosis of several 

diseases. One of the most common alterations of proteins is misfolding [26]. 

When misfolding of proteins prevents their elimination, this could lead to large 

scale peptides or protein accumulation which may harm the cells. The most 

exposed cells in the organism to this impairment are neuronal cells which are 

unable to regenerate. Misfolding proteins often lead to neurodegenerative 

diseases such as Parkinson’s Disease, Alzheimer’s and Huntington’s Disease 

[27, 28]. 
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Initially developed for small molecules, mass spectrometry proved to 

be a highly efficient tool for investigating proteins and peptides due to the 

development of “soft”- ionization techniques, particularly electrospray (ESI) 

ionization and matrix assisted laser desorption (MALDI) ionization. Mass 

spectrometry, as a standalone technique or combined with separation 

techniques (e.g. liquid chromatography, gas chromatography, ion mobility, 

affinity chromatography, biosensor etc), was employed in structural studies, 

but also used with success in studies of protein folding, interactions with 

ligands and other proteins. Other studies employ combinations of mass 

spectrometry with in vitro chemical treatment of proteins to obtain insights into 

their functions, topography (e.g. protein foot-printing, H/D exchange in 

combination with affinity- mass spectrometry to characterize epitope-paratope 

locations and surface exposure [29-31]). 

In “soft” ionization mass spectrometry, the analyte is transferred in 

gaseous ionic form with limited or without in-source fragmentation. Matrix 

assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) 

are based on fundamentally different physical principles and have led to the 

development of many additional ionization methods, including combinations of 

the ESI and MALDI. MALDI-MS is a preferred technique for the analysis of 

biological samples and complex mixtures, due to its high sensitivity and 

relative tolerance of salt-based buffers used in biological studies. The sample 

is typically co-crystallized with the matrix on the target and desorbed by a 

radiation burst produced with a laser [32-35]. Most matrices are organic acids 

in order to provide a proton needed for positive ion formation; however MALDI 

measurements in negative ion mode is also possible [36]. Upon the laser 

burst, molecules of matrix and analyte are spread in a cloud in the front of the 

metal plate on which they are co-crystallized. The matrix/analyte clusters 

rapidly decay to produce a cationic form of the analyte molecule (Figure 2) 

[37]. The desorbed ions are moved through an electric field and directed by 

ion optics to the analyzer (e.g. ToF, FT-ICR). Characteristic for MALDI mass 

spectrum are the predominance of singly charged ions and the presence of 

matrix clusters that renders low masses difficult to analyze. For the 
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development of the MALDI method Koichi Tanaka received the Nobel Prize in 

Chemistry in 2002. 

 

Figure 2. Matrix assisted laser desorption ionization (MALDI). The sample is co-crystallized 

with an UV absorbent matrix on a steel plate and hit with a laser. The matrix absorbs 

the radiation and explodes releasing the analyte molecules and providing them with 

electric charges 

In electrospray ionization (ESI), the ionization takes place by 

converting the analyte solution into a spray under high voltage before the 

entrance into the mass spectrometer (Figure 3). At the exit of the capillary the 

liquid surface tension and the electric field forces shape the liquid into a cone 

known as Taylor cone [38]. At the point where the electric field is higher than 

the surface tension, a jet of droplets are expelled forming a spray of aerosol 

droplets containing the analyte [39, 40]. The electrospray is usually 

accompanied by a jet of dry gas (inert gas) that promotes the evaporation of 

solvent. The analyte molecule is rapidly dehydrated and retains the electric 

charges becoming a multiply charged ion. This effect reduces the charge to 

mass ratio (m/z) increasing the mass range of the mass spectrometer. 

Because of the liquid input of ESI, it can be combined with other analytical 

methods such as liquid chromatography. For developing the electrospray 

ionization method, John B. Fenn [41] received the Nobel Prize for Chemistry 

in 2002. Analyte molecules retaining their native properties from solution are 

of special interest since a folded and an unfolded conformation of a molecule 

may lead to a different surface area and to a different charge state (Figure 3). 
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Figure 3. Principle of Electrospray ionization (ESI).  The analyte is solubilized in an aqueous 

solution and sprayed in an electric field in front of the inlet of the MS instrument. 

When electrostatic repulsion becomes higher than the surface tension the molecules 

are spread in aerosol droplets. Upon solvent evaporation the electric charges are 

transferred to the analyte forming multiply charged ions 

 

1.2 Affinity mass spectrometry methods for protein structure 
identification and characterization 

Affinity –mass spectrometry is a combination method based on the 

capture of biological material with a ligand (mainly coupled to a solid support) 

and its analysis by mass spectrometry [42-44]. The types of ligands used in 

affinity purifications include oligonucleotides, glycans, lipids, peptides or 

proteins, and, most frequently, antibodies. In affinity-MS, a single molecule or 

a group of compounds of interest from a complex mixture is affinity captured 

by using in a specific matrix. There are multiple variations of affinity 

techniques, including immunoprecipitation, affinity chromatography, epitope 

excision/extraction, biosensor etc. 

An antibody (Ab) is a large protein, also known as immunoglobulin, 

with a key role in the immune system. It is capable of recognizing and binding 

specific molecules [45] and trigger the immune response. Antibodies are 

produced by the plasma B cells and may be found in five isotypes (IgA, IgD, 

IgE, IgG and IgM [46-49]) in mammals. Antibodies have distinct Y shape and 
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may occur as a monomer (IgD, IgE, IgG), a dimer (IgA) or a pentamer (IgM). 

The molecule’s structure is composed of two identical heavy chains [50] (HC) 

and two identical light chains (LC) linked by two disulfide bridges in the hinge 

region. All chains have a constant domain at the C-terminal and a variable 

domain at the N-terminal ends. The HC constant region may be one of five 

types (α, δ, ε, γ and μ) and is the one that gives the antibody’s isotype. The 

part of the Ab responsible for recognition and binding the foreign molecules is 

called paratope and is situated at the N-terminus in the variable region. The 

paratope comprises of a set of hyper-variable regions or complementarity-

determining regions (CDR [51-53]) that gives an antibody its specificity 

(Figure 4).  There are six unique CDRs on each antibody molecule, three on 

the light chain and three on the heavy chain (CDR1, CDR2 and CDR3) 

amounting to a total of 12 CDRs for a monomeric antibody and 60 CDRs for a 

pentameric antibody. CDR3 presents the highest variability among all CDRs. 

 

Figure 4. An antibody consists of two pairs of light (LC) and heavy chains (HC) bound 

together by two disulfide bridges. Each chain has a constant domain (CH1, CH2 and 

CH3 for HC and CL for LC) and a variable domain (VH and VL) with three hyper 

variable domains per chain (CDR1, 2 and 3) 



INTRODUCTION 

 8 

In the case when the antigen is a protein, the sequence of amino acids 

recognized by the immunoglobulin is called an antigenic determinant or 

epitope. Depending on the structure, epitopes can be linear or discontinuous. 

Linear epitopes are short, single sequences formed of 5 to 10 amino acids. 

Discontinuous epitopes [54-57] are formed by two or more separate 

sequences of amino acids acting as a one epitope. 

The understanding and characterization of protein-protein interaction is 

of high importance for biochemical and biomedical applications such immune 

system modulation, clinical diagnosis and targeted therapy. Antibody-drug 

conjugates are used to specifically deliver drugs to organs and tissues. 

Monoclonal antibody therapy is used to target foreign molecules or cells in 

order to stimulate the immune response. For example, immune therapies with 

the use of antibodies are developed against different cancer types [58] and 

viruses, e.g. Ebola [59]. On the other hand, clinical diagnoses make use of the 

antibody antigen interaction for the detection of diseases, e.g. malaria [60]. 

 Fabry’s Disease (FD) [61] is a rare lysosomal storage disease (LSD) 

characterized by the deficiency of alpha-galactosidase A. The role of the 

enzyme is to hydrolyze the terminal alpha-galactosyl groups from 

glycoproteins and its absence may lead to the accumulation of galactosyl-

ceramides (Figure 5) in blood vessels and other organs and tissues. Fabry is 

an X-chromosome linked genetic disease which can be treated by enzyme 

replacing therapy [62]. Fabry can be diagnosed by (i) gene sequencing 

(currently expensive), (ii) alpha-Galactosidase activity determination [63] and 

(iii) alpha-Galactosidase quantification with the use of an anti-alpha-

Galactosidase antibody (investigated in this thesis). 
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Figure 5. N-Tricosanoyl ceramide trihexoside, a galactosyl-ceramide that typically is 

accumulating in the tissues of Fabry patients 

A second example of antibodies of high recent interest are antibodies 

against the human leukocyte antigen (HLA). Ankylosing spondylitis [64] is a 

spondyloarthritides caused by the inactivation of HLA [65, 66]. HLA proteins 

are located on the cell surface and are responsible for detection and 

elimination of foreign peptides by exposing them to the immune system 

through the formation of protein complexes (Figure 6). When HLA loses the 

beta-2-microglobulin, it forms homodimers which trigger an inflammatory 

response. HD6 antibody [67] may be used to block the inactivated HLA 

protein and to decrease the inflammation. 

 

Figure 6. HLA complex with beta-2-microglobulin and a foreign peptide to be eliminated used 

to activate the immune response.  
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Antibody-antigen interactions are reversible non-covalent interactions 

and may comprise Van der Waals interactions, hydrophobic interactions and 

ionic bonds. In order to characterize the peptide-peptide interaction site, two 

affinity based methods combined with mass spectrometry have been first 

described and applied in Przybylski group [68-71] : epitope excision [72]  and 

epitope extraction [73] (Figure 7). 

 

Figure 7. Epitope Excision (left): the protein of interest is bound to the antibody column and 

subjected to proteolytic digestion in situ; unbound peptide fragments are washed 

away and the epitope peptide is eluted and identified by mass spectrometry. Epitope 

Extraction (right): the protein of interest is subjected to proteolytic digestion and the 

peptide mixture is loaded on the antibody column; unbound peptide fragments are 

washed away and the epitope peptide is eluted and identified by mass spectrometry. 
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Epitope excision [74-76] is based on selective proteolysis of an 

antibody-antigen complex. Mass spectrometric characterization was used to 

determine the structure of the epitope. The antibody is immobilized on a solid 

support (e.g. silica beads, agarose) in a micro-column and incubated with the 

antigen. A specific enzymatic proteolysis is carried out by the addition of a 

protease to the column. Due to its stability in native form to proteolytic 

digestion, the antibody creates a shielding effect around the epitope against 

enzymatic degradation. The region recognized by the antibody will remain 

undigested and bound to the immobilized antibody. The unbound fragments 

are removed and collected for mass spectrometric analysis. Finally, the 

antibody-epitope complex is dissociated and the eluted fragments are 

identified by mass spectrometry. Antibodies in native state are highly resistant 

to proteases and the antibody column is typically reusable, depending on the 

protease employed, the digestion time and the harshness and the elution 

procedure. Epitope excision combined with mass spectrometry  is the a good 

method of epitope identification for a wide variety of proteins (e.g. prions [77], 

inhibitors [78, 79] and lectins [80, 81]). 

Epitope extraction is based on non-selective proteolysis of an antigen 

in the absence of the antibody. The antibody is immobilized on a solid support 

in a micro-column and the proteolytic digestion mixture is added to the 

column. The epitope peptides recognized by the antibody are retained on the 

column while the unbound fragments are removed and collected for mass 

spectrometric analysis. Finally, the antibody-epitope complex is dissociated 

and the eluted fragments are identified by mass spectrometry. The advantage 

of epitope extraction is that it can be applied in situations where the protein of 

interest is not available in free form (such as proteins separated a priori by 2D 

gel electrophoresis [82]) or when it is unusual resistant to protease attacks 

(when too large, e.g. Her-2 protein, Troponin T [83]). The major disadvantage 

is the possible cleavage of a linear epitope. 

An antibody is characterized by its specificity, affinity and avidity. The 

amino acid sequence of an epitope and its 3D structure gives an antibody its 

specificity. The lower the number of variations allowed in the antigen 
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sequence, the higher the specificity. The affinity is given by the strength of the 

interaction with a single antigen while the avidity is the capacity of binding 

multiple antigen molecules measured by the dissociation constant (KD). KD 

determinations are usually done by immobilizing one of the partners on a solid 

surface and measuring the interaction with the ligand in solution, at different 

concentrations. One of the methods capable of determination of binding 

constants between an Ab and a ligand is the biosensor. Several types of 

technologies are widely used in biosensors such surface plasmon resonance 

[84-86] (SPR), surface acoustic wave [87] (SAW) and quartz crystal 

microbalance [88-90] (QCM). 

Due to the analogous procedures between immobilizing an antibody on 

a chip and immobilizing it on a solid phase column, biosensors can be 

successfully used in proteolytic epitope extraction experiments. Moreover, 

due to use of a solution based sample delivery system, a biosensor can be 

coupled with a mass spectrometer to enable direct MS characterization of the 

eluted ligads [91-93]. On-line coupling of a biosensor and a mass 

spectrometer requires the use of a desalting interface. 

1.3 Analytical methods for amyloid aggregation characterization 

Alzheimer’s disease (AD) is a neurodegenerative disease 

characterized, among other, by the accumulation of beta amyloid (Aβ) fibrils in 

the intra-neuronal space. The presence of the fibrils was first reported in 1906 

by the german neuropathologist Alois Alzheimer [94]. A.A.  studied a 51 years 

old patient, Auguste D., with signs of mental and cognitive degradation 

accompanied by memory loss and paranoia. Upon her autopsy, he noted the 

presence of plaque-like deposits around the neurons (Aβ plaques) and 

filaments inside the neurons (neurofibrillary tangles). 

AD is the most common form of dementia affecting an increasing 

number of the elderly population. In Europe, an estimated 0.8% of persons 

over 65 have Alzheimer’s and the number increases to 28.5% for those over 

90 years of age [95]. The diagnosis of the disease is mainly obtained by 
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cognitive tests, lately completed by computer tomograph investigations. The 

difficulty of diagnosis makes the average life expectancy less than 7 years 

[96]. There are several competing hypotheses for the cause of Alzheimer’s 

disease. The genetic heritability hypothesis refers to early onset cases of AD 

which were associated with certain genetic mutations of APP [97-102]. The 

cholinergic hypothesis suggests that AD is caused by reduced synthesis of 

the neurotransmitter acetylcholine [103]. The tau hypothesis proposes that the 

hyperphosphorylation of the tau protein not only disrupts the microtubules but 

also has a toxic effect leading to neurons death [104]. The amyloid hypothesis 

suggests that the extracellular deposits of beta-amyloid aggregates are the 

main cause of AD [105-108]. 

Amyloid plaques are formed by the aggregation of a small peptide, 39-

43 aa in length, known as beta-amyloid peptide (Aβ). Aβ peptide is formed by 

the miscleavage of the amyloid precursor transmembrane protein APP [109] 

(amyloid precursor protein). The normal, non-amyloidogenic, APP pathway 

involves the α- and γ-secretase [110] that cleave APP in small and soluble 

peptides. In the amyloidogenic pathway of the APP α-secretase is replaced by 

the β-secretase which leads to the formation of more hydrophobic amyloid-

beta peptides [111]. If the A-beta peptides are not eliminated from the brain, 

they start to aggregate, forming low molecular weight (MW) oligomers and 

high molecular weight fibrils. The fibrils further accumulate in the intercellular 

space forming plaques (Figure 8). Although until now the amyloid plaques 

were thought to cause the disease, recent studies suggest that the low MW 

aggregates (oligomers) are the neurotoxic species [112-115]. 
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Figure 8. Scheme of beta amyloid pathway: amyloid precursor protein (APP) is cut by the 

beta- and gamma- secretases resulting in the 40-42 amino acids beta-amyloid 

peptide prone to form aggregates, fibrils and plaques  [116] 

The difficulties of in-vivo monitoring of beta-amyloid pathways makes 

the study of AD cause even harder since the Aβ plaques can be evidentiated 

only by taking a sample of the diseased brain tissue. In-vitro aggregation 

studies offer the possibility of studying the mechanisms of the amyloid fibrils 

formation. For the analysis of such complex mixtures, an efficient method is 

the gel electrophoresis. This method was successfully used to identify the 

oligomerization and degradation degrees in several neurodegenerative 

diseases, including Alzheimer’s disease [117] and Parkinson’s disease [118]. 
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One dimensional sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (1D-SDS-PAGE, GE) is an analysis method based on the 

separation of molecules according to their migration through a gel through an 

electric field. The SDS detergent is used to denaturate the proteins and to 

charge them negatively, proportional to their molecular weight. For complex 

biological mixtures, two dimensional gel electrophoresis was introduced by 

O'Farrell and Klose in 1975 [119]. In order to be identified, the proteins are 

visualized by staining and their migration is compared to a reference 

molecular weight marker (a mixture of proteins with known molecular weight). 

Because the precision of GE is low, often mass spectrometric peptide mass 

fingerprinting is employed for the identification of peptides separated by GE. 

The protein spots are cut from the gel with a scalpel and the stain is removed 

by adequate washing. The gel bands are swollen in a buffer containing an 

enzyme of choice (such as Trypsin) and subjected to in-gel proteolytic 

digestion. The digestion mixture is then analyzed by liquid chromatography - 

mass spectrometry (LC-MS) creating a map of peptides (proteins fingerprint). 

Peptide mass fingerprinting [120-122] refers to the identification of a protein 

based on the map of proteolytic peptides and is done by searching in a 

database [123]. 

Ion mobility spectrometry - mass spectrometry (IMS-MS) [124-128] 

proved to be a powerful method for the analysis of low molecular weight 

aggregates [117, 129] and peptidic complexes. IMS is a separation and 

analysis method based on the mobility of ions inside a low pressure gas tube. 

Ions are accelerated at the beginning of the tube or carried along it by an 

electric field wave. An inert gas (helium) flows in the opposite sense and 

slows down the ions with a bigger collision cross-section. After ion mobility 

separation, the MS section of the instrument identifies the analyses according 

to their m/z ratio. 
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1.4 Electron paramagnetic resonance methods for biomolecular 
characterization 

Electron paramagnetic resonance (EPR) is a method of 

characterization applicable to molecules with an unpaired electron present at 

one of its atoms. This is a rarely occurring situation in nature, and in most 

cases there is the need of using corresponding spin labels. In the case of 

proteins, labeling is a widespread method for preparing a molecule for an 

EPR measurement and data collection [130-133]. When an unpaired electron 

found in the outer layer of an atom is placed in an external magnetic field, the 

magnetic moment of the electron will align itself with this field and will adopt 

one of the two possible positions: parallel, known as spin-up, or antiparallel, 

known as spin-down. These positions are characterized by the electronic 

magnetic moment ms = ±½. The energetic gap between the two states is 

directly proportional to the intensity of the external magnetic field and the 

electron will naturally tend to occupy the lowest energy level, spin-up. The 

transition between the two energy levels is called resonance and may occur if 

an adequate quantity of energy is absorbed (Figure 9) [134]. 

 

Figure 9. Electron paramagnetic resonance: an unpaired electron aligns its magnetic 

momentum with an external magnetic field in a spin-up or spin-down position creating 

two energy levels. The tranzion between the two energy levels is called resonance. 

The electron paramagnetic resonance principle is closely related to that 

of the nuclear magnetic resonance. Thus, closely situated particles may 
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interfere one with each other through quantum effects. In the case of EPR, 

two types of interactions may occur: electron-electron coupling, when two 

unpaired electrons are close to each other, and electron-nucleus coupling, 

when the electron is coupled with the nucleus of an adjacent atom. When the 

electron magnetic moment is perturbed by the nuclear magnetic moment of a 

nearby nucleus, a phenomenon called hyperfine coupling takes place. 

Hyperfine coupling leads to the multiplication of energy levels. The number of 

transitions that may occur between these levels depends on the nuclear spin I 

and is 2I+1. Thus, if the neighboring atom is 14N, with a spin of I=1, then the 

EPR signal will be split in three (Figure 10) [134]. 

 

Figure 10. The source of the triple EPR signal is the electron-nucleus coupling when each 

energetic level splits into 3 new levels allowing for multiple transitions with the same 

energy difference 

When freely moving in solution, the molecules are distributed between 

the three states and may translate from one state to the other at a very fast 

rate. The spectra will present very sharp peaks (Figure 11a). If the molecules 

are cooled, the transition (correlation) time becomes longer and the peaks will 

loose their sharpness and will become broader (Figure 11b). 



INTRODUCTION 

 18 

 

Figure 11. The difference in the EPR spectra shape when the atom is in a fast motion 

transition (a) and in a slow motion transition (b). 

When two unpaired electrons from two separate molecules find 

themselves in proximity of each other, their magnetic moments will couple. 

This is known as double electron-electron resonance (DEER) and can be 

used to determine distances between molecules [135]. EPR measurements 

provide a useful vision about the topology of molecules. For example,   recent 

applications with neuotoxic aggregates such as β-amyloid peptide from 

Alzheimers Disease [117] and α-synuclein from Parkinson disease [136, 137]. 

1.5 Scientific goals of the dissertation 

Protein malfunction diseases are found at all levels of the cell, from 

deep inside the organelle, lysosomal storage diseases, to the outer part of the 

membrane, neurodegenerative diseases. New protein investigation methods 

are required to characterize proteins and protein-protein interactions. We 

present here the development and application of mass spectrometric (MS) 

and electron paramagnetic resonance (EPR) methods for characterization of 

protein aggregation and antigen recognition structures. EPR is based on the 

property of unpaired electrons to absorb and reemit electromagnetic energy 

under the influence of an external magnetic field. Ion mobility spectrometry 

(IMS) is an identification method based on the separation of analyte 

molecules (proteins) carried by an electric field against a counter flowing inert 

gas. Molecules are separated according to their size and shape. MS is a 
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powerful analysis method for characterizing molecules according to their 

mass to charge ratio. The use of multiple ionization methods, matrix assisted 

laser desorption ionization (MALDI) and electrospray ionization ESI, together 

with multiple analyzer types, time of flight (ToF), ion trap and Fourier 

transform - ion cyclotron resonance (FT-ICR), makes MS a versatile analytical 

method. IMS, MS and EPR were used for protein aggregation characterization 

related to Alzheimer’s disease (AD). AD is a neurodegenerative disorder 

commonly found in elderly people. It is characterized by memory loss and is 

caused by the miscleavage of the APP protein and aggregation of the 

resulting beta amyloid peptides. The aggregates accumulate in the brain 

forming plaques and hindering the neuronal activity. 

Affinity analytical methods are based on the antibody-antigen 

interactions. When coupled with MS, Affinity-MS can be used for identification 

and characterization of protein recognition domains (epitopes), with 

applications in diagnoses of diseases like Fabry disease (FD) and ankylosing 

spondylitis (AS). FD is a lysosomal storage disease with an onset at a very 

young age. It is caused by the absence or inactivity of alpha galactosidase 

which leads to the accumulation of ceramide trihexoside in blood vessels and 

various organs and tissues. AS is a chronic inflammatory disease of the axial 

skeleton strongly associated with the expression of human leukocyte antigen 

(HLA) B27.  However, the way in which the antigen triggers the disease is still 

unclear. While 90% of the people with AS posses the HLA-B27 gene, not all 

of those who express the protein develop the disease. 

The scientific goals of this thesis are: 

 Development of ion mobility mass spectrometric methods for 

characterization of beta Amyloid aggregates. This involved synthesis, 

purification and mass spectrometric characterization of synthetic beta 

amyloid (1-40) peptides. The aggregation was monitored by gel 

electrophoresis and Thioflavin T assay. New mass spectrometric and 

ion mobility mass spectrometric methods of aggregates 

characterization were developed. 
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 Development of electron paramagnetic resonance (EPR) 

spectroscopy methods of characterization for beta Amyloid aggregates. 

This involved synthesis, purification and mass spectrometric 

characterization of C- and N-terminal cysteinil beta amyloid (1-40) 

peptides and coupling of 3-(2-iodoacetamido)-2,2,5,5-tetramethyl-1-

pyrrolidinyloxy (IPSL) at the cysteine residue. New EPR methods of 

aggregates characterization were developed based on the influence of 

aggregation on the freedom of movement of IPSL. 

 Development of affinity proteolytic epitope excision mass 

spectrometric determination of alpha galactosidase epitope against 

anti-alpha galactosidase monoclonal antibody with applications in 

alpha galactosidase deficiency diagnosis in Fabry Disease patients. 

This involved determination, synthesis, mass spectrometric and affinity 

characterization of alpha galactosidase epitope peptide. Biosensor KD 

determination for the peptide against the monoclonal antibody. 

 Development of affinity proteolytic epitope excision mass 

spectrometric determination of HLA-B27 epitope with applications in 

ankylosing spondylitis diagnosis. This involved determination, 

synthesis, mass spectrometric and affinity characterization of HLA-B27 

epitope peptides against library selected antibodies. Dimerization of 

discontinuous epitope and affinity and mass spectrometric 

characterization. Biosensor KD determination of the epitope peptides 

against the library of selected antibodies. 
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2 RESULTS AND DISCUSSION 

2.1 Mass spectrometric methods for characterization of beta amyloid 
peptide aggregation  

Gel electrophoresis (GE) is a separation method used primarily for 

large biomolecules. GE is commonly used for DNA, RNA and proteins 

separation. Although very good for samples with a low number of 

components, the estimation of molecular mass is inaccurate and GE lacks the 

resolution to solve multi-components samples. Two-dimensional gel 

electrophoresis is more frequently employed in the characterization of more 

complex mixtures, such as cell lysates [138]. However, if the mixture is too 

complex gel electrophoresis alone is not enough to successfully and 

completely characterize it. In proteomics, due to the large number of peptides 

and proteins with similar molecular weights, a subsequent mass spectrometric 

measurement is often used in order to ascertain the identity of an unknown 

sample. For this purpose, the gel spots of interest are excised and the 

biological samples recovered, either intact through gel extraction or, more 

often, by in-gel peptide digestion. The resulting mixture of digested peptides is 

unique to each protein, forming its fingerprint according to which it can be 

identified. 

Beta amyloid (β-amiloyd, Aβ) peptides are 39 - 43 residues long and 

have a mass of around 4 kDa. This mass is at the lower limit of detection for 

gel electrophoresis but it is well feasible for mass spectrometric 

characterization. Upon aggregation to fibrils, Aβ forms a series of low 

molecular weight oligomers, as well as high molecular weight protofibrils [139] 

and fibrils, all of which being subject of high interest due to their biological 

activity and neurotoxicity [140]. Oligomers are assigned as aggregates with a 

low number of subunits, usually up to 10. Their molecular weights are in 

ranges that enable their direct analyses by ESI and MALDI mass 

spectrometry. For the analysis of Aβ fibrils and high molecular weight 

aggregates an electrophoretic separation is needed as a first step, followed by 

an in-gel digestion, prior to mass spectrometric characterization. 
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2.1.1 Synthesis of β-amyloid peptides 

For the study of oligomer formation of the β-amyloid (Aβ) peptides 

involved in Alzheimer’s disease, several peptide fragments of the amyloid 

precursor protein (APP) were prepared by means of chemical synthesis. To 

this goal, solid phase peptide synthesis [141] (SPPS) was performed using 

the 9-Fluorenylmethoxycarbonyl (Fmoc) N-terminal protection strategy, which 

is suitable for both manual and automated synthesis [142]. The main peptide 

synthesized was β-amyloid(1-40) with the following primary structure [143-

145] (Figure 12).  

Aβ(1-40): 1Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr10 

11Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-Phe20 

21Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala30 

31Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val40 

Figure 12. Aβ(1-40) aminoacid sequence 

In addition to the Aβ(1-40) peptide (1), prolonged versions of amyloid-

beta peptides were synthesized by the addition of one extra cysteine residue 

at the N- and C- terminal ends: Cys-Aβ(1-40) (2) and Aβ(1-40)-Cys (3). The 

addition of Cysteine was necessary to covalently attach the 3-(2-

iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (IPSL) radical to the Aβ 

peptide via a condensation coupling reaction. IPSL is a stable radical with an 

unpaired electron present at the oxygen atom. The unpaired electron is 

capable to absorb and reemit electromagnetic energy when placed in a 

magnetic field in a process called electron spin resonance (ESR) or electron 

paramagnetic resonance (EPR). 

SPPS uses a series of coupling reactions between the carboxyl group 

of one aminoacid and the amino group of another aminoacid in order to 

prolong the peptide chain. The yield of peptide synthesis typically decreases 

with the length of the aa sequence. In order to improve the yield, a double 

coupling strategy was employed. All peptides were successfully synthesized. 
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2.1.2 Purification of beta amyloid peptides 

After the solid phase peptide synthesis, all peptides were subjected to 

a purification step. This was necessary in order to increase the purity and to 

decrease the presence of interfering peptides with truncated or incomplete 

sequences. Purification was performed by reversed phase high performance 

liquid chromatography (RP-HPLC) using a C4 Vidaq column. To elute the 

peptides from the column a gradient of increasing concentration of acidified 

acetonitrile (ACN) was used. The peptide’s distribution between the mobile 

and stationary phase is highly dependent on the mobile phase composition, 

thus the retention time is dependent on the organic component concentration 

in the mobile phase.  

All HPLC elution fractions were collected and characterized by MALDI-

ToF mass spectrometric measurements in order separate the Aβ from the 

impurities. The Aβ(1-40) peptide showed a retention time of 21 minutes as 

shown by the chromatogram and mass spectrum (Figure 13). 

 

 

Figure 13. RP-HPLC purification chromatogram profile and the MALDI-ToF mass spectrum of 

(1) peptide 

The pure Aβ(1-40) HPLC fractions were combined and lyophilized for 

better storage and for use in further studies. After various necessary chemical 

modifications, the peptides were subjected to further purification as shown in 

par. 2.2.3. 
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2.1.3 Mass spectrometric characterization of beta amyloid peptides 

After synthesis and purification, the Aβ peptides were subjected to 

mass spectrometric characterization. Low resolution methods such as MALDI-

ToF MS were employed during the synthesis and purification steps in order to 

monitor the status and purity of the products (Figure 13). High resolution MS 

methods were used for detailed characterization of the structure. Ion Trap and 

FT-ICR mass spectrometry was performed with ESI and MALDI ionization 

methods. 

Using ESI-MS, the [M+6H]6+ and [M+7H]7+ ions were observed on the 

Ion-trap instrument (Figure 14) while predominantly the [M+5H]5+ on the FT-

ICR-MS (Figure 15). Compared to the soft, ESI ionization mode, MALDI-FT-

ICR mass spectrum shows only the singly charged ion (Figure 16). 

 

Figure 14. ESI Ion Trap mass spectrum of Aβ(1-40) peptide, showing the [M+6H]6+ and 

[M+7H]7+ ions 
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Figure 15. High resolution ESI-FT-ICR mass spectrum of synthetic Aβ(1-40) peptide showing 

the predominant [M+5H]5+ ion and its isotopic distribution. 

 

 

Figure 16. High resolution MALDI-FT-ICR mass spectrum of synthetic Aβ(1-40) peptide (0.92 

ppm) showing only the [M+H]1+ ion was present and its isotopic distribution. 
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2.1.4 In-vitro aggregation of β amyloid (1-40) peptide 

After the synthesis and purification of the Aβ(1-40) peptide, different 

oligomerization and fibrilization assays were tested in order to find the 

optimum conditions for obtaining both low and high molecular weight 

aggregates. To establish a reproducible method, a series of experiments were 

conducted under different aggregation conditions. 

The incubation buffer and the pH play a key role in the composition of 

the aggregates. A series of different buffers were chosen and prepared 

according to Table 1. The second incubation parameter was the incubation 

time. The incubation time was varied within a wide range from zero (freshly 

solubilized peptide) and a few minutes to several hours and up to 16 days. 

Table 1. Buffers used in A β (1-40) aggregation studies  

Buffer composition pH 

10 mM Tris, 150  mM NaCl  8.8 

10 mM Tris 8.0 

50 mM Na3PO4, 150 mM NaCl, 0.02% NaN3 7.5 

10 mM HCl, 150 mM NaCl 2.0 

Aβ(1-40) was solubilized at a concentration of 1 µg/µL in fibrillization 

buffer with the help of several vortex and sonication steps. After solubilisation, 

the peptide was incubated at 37°C for varying periods of time. The 

aggregation degree depended on the incubation period yielding an opaque 

solution or a white precipitate. The aggregates were centrifuged for 15 

minutes at 13,000 rpm and the supernatant containing soluble specimens was 

removed and replaced with an equivalent amount of MilliQ water. 
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2.1.5 Gel electrophoresis analysis of beta amyloid aggregates 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) is widely used in analytical chemistry to separate synthetic 

macromolecules and biopolymers. SDS is an anionic detergent used to supply 

a negative charge to proteins and to unfold them. The charge is usually 

proportional to the proteins size and proteins mass. A polyacrylamide gel is 

prepared between two glass plates and the proteins are placed at the top of 

the gel. By applying an electric field between the top and bottom of the gel, 

the proteins are forced to migrate across the gel from the negative electrode 

(cathode) to the positive electrode (anode). The size of the proteins causes 

them to migrate at different migration rates, the smaller molecules faster and 

the larger molecules slower, creating the separation (Figure 17). 

 

Figure 17. SDS-PAGE: One dimensional gel electrophoresis: proteins are separated 

according to their molecular weight by loading them at the top of a polyacrylamid gel 

and applying an electric field 

For the electrophoretic analysis of a complex mixture such as the Aβ 

aggregation study, different types and concentrations of gels were used. In 

order to ascertain a set of standard conditions through the experiments two 

methods of SDS-PAGE were chosen for comparison: Tris/Glycine (Laemmli) 
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and Tris/Tricine (Schägger and von Jagow). Coomassie Brilliant Blue staining 

was used as a method of visualization for all the PAGE gels during this study. 

The most used SDS-PAGE method is the Laemmli Tris/Glycine 

system, which proved insufficient in separating the low molecular weight 

oligomers and the high molecular weight aggregates simultaneously (Figure 

18.a). By substituting Glycine with Tricine an improuved separation in the low 

molecular weight region of the gels was obtained (Figure 18.b). Therefore 

Tris/Tricine-PAGE was used for all subsequent experiments. 

 

Figure 18. Poly-acrylamide gel tryptic characterization of Aβ(1-40) aggregation after 5 days of 

incubation at 37 °C by SDS-PAGE Tris/Glycine – Laemmli (a) and Tris-Tricine (b) 

methods. The second method has a higher power of separation in the low molecular 

weight range 

After selecting the electrophoretic conditions, the aggregates were 

prepared in the following manner: 1 µg/µL Aβ(1-40) solution was prepared 

using several aggregation buffers (Table 1). The incubations were carried on 

at 37 °C for 5 and 16 days, respectively. 

As shown in Figure 19, all buffers yielded low and high molecular 

weight aggregates after prolonged incubation time (16 days). For shorter 

periods of time however, only the buffer with a pH closer to physiological 

conditions showed both low and high molecular weight aggregates. Therefore 
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50 mM Na3PO4, 150 mM NaCl, pH 7.5 buffer was chosen for the next set of 

experiments. 

 

Figure 19. Aβ(1-40) aggregates after 5 (a) and 16 (b) days of incubation at 37 °C in 10 mM 

Tris, 150  mM NaCl, pH 8.8  (lane 1), 10 mM Tris (lane 2), 50 mM Na3PO4, 150 mM 

NaCl, pH 7.5 (lane 3) and 10 mM HCl, 150 mM NaCl (lane 4) respectively 

 

2.1.6 In-gel digestion and mass spectrometric characterization of Aβ 
agreggates 

When gel electrophores is not sufficient to determine the composition 

of a protein mixture, mass spectrometry is the key method for identification. 

The peptides and proteins are subjected to prior in-gel proteolytic digestion 

followed by a peptide mass fingerprint performed by MALDI-MS. 

After Aβ(1-40) aggregation was carried out by in vitro incubation, the 

resulting aggregate mixture was subjected to polyacrylamide gel 

electrophoretic separation. In order to identify the composition of the 

separated species comprising the Aβ peptide, in-gel tryptic digestion was 

performed on the gel spots cut from the gel bands. As shown in Figure 18.a 

four gel bands were identified after gel electrophoresis. After destaining, the 

gel bands were swollen in a buffer containing Trypsin and incubated overnight 

at 37 °C. The digestion mixture was concentrated by freeze-drying and 

subjected to MALDI-ToF-MS analysis. The fragments identified by MS (Table 

2) were searched against the National Center for Biotechnology Information 
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non-redundant protein database (NCBInr) using the MASCOT search engine. 

All four bands proved to consist only of beta-amyloid (1-40) peptide. 

Table 2. Peptides from tryptic digestion of Aβ(1-40) SDS-PAGE gel bands identified by 

MALDI-MS 

Gel band No. Tryptic peptide masses [M+H]+ Aβ-peptides sequences 

1 1084.6 

1326.0 

1337.0 

2393.7 

2643.6 

[29 – 40] 

[17 – 28] 

[6 – 16] 

[17 – 40] 

[6 – 28] 

2 1084.7 

1326.0 

1337.0 

[29 – 40] 

[6 – 16] 

[17 – 40] 

3 1085.8 

1336.3 

2392.6 

[29 – 40] 

[6 – 16] 

[17 – 40] 

4 1085.6 

1326.5 

1337.3 

2393.4 

3709.9 

[29 – 40] 

[17 – 28] 

[6 – 16] 

[17 – 40] 

[6 – 40] 
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2.1.7 Mass spectrometric characterization of aggregated beta-amyloid 
peptides 

The Aβ(1-40) monomer peptide can be characterized by MS using any 

type of ionization technique.  Aβ(1-40) gives singly charged ions under matrix 

assisted laser desorption ionization and multiple charged ions, between four 

and seven, in electrospray. 

Low molecular weight Aβ aggregates in aqueous solutions are in 

equilibrium with the monomers. Due to electrostatic repulsions of the 

hydration sphere, the lower number oligomers are unstable during 

electrospray ionization and, in contrast, more stable in MALDI-MS. High 

molecular weight aggregates are insoluble and precipitate making it 

impossible to detect via mass spectrometry alone. 

In order to identify amyloid oligomers via MS, Aβ(1-40) was solubilized 

at a concentration of 50 µM in 10 mM ammonium acetate. The buffer was 

chosen in order to avoid salt concentrations that would interfere with matrix 

formation and desorption/ionization. The Aβ(1-40) peptide was incubated for 5 

days at 37 °C, which yielded soluble aggregates. After incubation the Aβ(1-

40) aggregates were prepared for MALDI-MS analyses (the sample was 

mixed with saturated alpha-cyano-4-hydroxycinamic acid (CHCA) matrix 

solution (1:1, v:v) on a MALDI target and left to dry. The target was introduced 

into a MALDI mass spectrometer and the sample measured.  

As shown in Figure 20, the Aβ(1-40) yielded low molecular weight 

aggregates upon incubation at physiological pH in ammonium acetate buffer. 

In addition to the monomer, the Aβ(1-40) dimers and trimers could be 

observed in the mass spectrum together with traces of the Aβ(1-40) tetramer. 

Direct mass spectrometric identification of Aβ(1-40) oligomers is a direct proof 

of the oligomerization. 
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Figure 20. MALDI-TOF mass spectrum of Aβ(1-40) oligomers after 5 days of incubation at 37 

°C (50 µM Aβ in 10 mM ammonium acetate buffer): singly charged ions of the dimer, 

trimer and tetramer and the doubly charged ion of the trimer are detected 

. 
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2.2 Electron paramagnetic resonance and ion mobility mass 
spectrometry analyses of beta amyloid aggregation 

Although mass spectrometry is still the best method for proteomics 

analysis, new analytical methods like electron paramagnetic resonance and 

ion mobility mass spectrometry are used in parallel. Electron paramagnetic 

resonance is an investigation method base on the fact that unpaired electrons 

are able to absorb and reemit electromagnetic energy when placed in a 

magnetic field. Unpaired electrons are present only in radical molecules. 3-(2-

iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (IPSL) is a stable radical 

with an unpaired electron present at the oxygen atom. IPSL can be attached 

to a peptide or protein via a condensation reaction with the thiol group of a 

Cysteine. A cysteinyl residue was inserted at the N- and C-terminal of the 

Aβ(1-40) sequence in order to make EPR determinations of Aβ oligomers. Ion 

mobility spectroscopy is an analytical method able to separate molecules 

according their shape. Molecules are ionized and pushed by an electric field 

through a neutral gas. The ions are loosing kinetic energy by the collisions 

with neutral gas molecules and slow down. The higher the collision cross 

section of an ion is, the higher the chances of a collision are and the slower its 

speed is. When combined with MS, ion mobility mass spectrometry is able to 

separate ions both according to their m/z ratio and their size and shape. 

2.2.1 Synthesis of cysteine derivates of beta amyloid peptides 

In order to attach the IPSL to the backbone of the Aβ(1-40) peptide a 

cysteine (Cys) had to be inserted in the sequence. In the first part of this study 

a Cys was attached to the N-terminal of the peptide. Cys-Aβ(1-40) was 

synthesized by SPPS, Fmoc chemistry, on a 50 µM scale. The raw peptide 

was purified by RP-HPLC and the composition and purity of the eluted fraction 

was established by MALDI-ToF-MS investigations (Figure 21). 
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Figure 21. Cys-Aβ(1-40) RP-HPLC purification chromatogram profile and the MALDI-TOF 

mass spectrum 

After synthesis and purification, the N-Cysteinyl-Aβ(1-40) peptide was 

further characterized by ESI-IonTrap-MS (Figure 22). The peptide proved to 

be pure, mass spectrum presenting peaks corresponding to both the intact 

and dehydrated analyte. 

 

Figure 22. ESI-ion trap-MS spectrum of the Cys-Aβ(1-40) synthetic peptide  
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2.2.2 Attachment of the spin label 

In order to perform electron paramagnetic resonance measurements, a 

label containing an unpaired electron has to be inserted in the peptide 3-(2-

iodoacetamido)-2,2,5,5-tetramethyl-1-pyrolidinyloxy (Figure 23), also know as 

IPSL (iodo-proxyl spin label), is a stable radical with an unpaired electron 

present at the oxygen atom. IPSL has an iodoacetamido group that can react 

with the thiol group of a cysteine. A cysteinyl residue was inserted at the N- 

and C-terminal of the Aβ(1-40) sequence in order to make the attachment of 

IPSL to the Aβ(1-40) peptide possible.  

 

Figure 23. 3-(2-iodoacetamido)-2,2,5,5-tetramethyl-1-pyrolidinyloxy, also knowns as iodo-

proxyl spin label (IPSL) has an unpaired electron at the oxygen atom 

The coupling of the IPSL label to the Cys-Aβ(1-40) molecule was done 

through an alkylation reaction of the thiol group (Figure 24). To ensure the 

complete alkylation of the peptide a 6-fold molar excess of IPSL was used. A 

solution of 200 µM Cys-Aβ(1-40) and 1200 µM IPLS was prepared in a 25 mM 

Tris buffer, pH 9, and incubated at 4 °C for 12 h [146]. 



RESULTS AND DISSCUSSION 

 36 

 

Figure 24. Alkylation reaction between IPSL (1200 µM) and beta amyloid peptide (200 µM) in 

25 mM Tris buffer, pH 9 upon incubation at 4 °C for 12 h 

 

2.2.3 Purification and mass spectrometric characterization of IPSL-Cys-
Aβ(1-40) 

To isolate the pure product after the labeling reaction, the reaction 

mixture was purified by RP-HPLC. A semi-preparative Vydac C4 column was 

used as stationary phase and acetonitrile based solvents as mobile phase. 

The solvents were acidified with 0.1% TFA and the flow rate was set at 4 

mL/min. The unreacted IPSL in excess eluted first (RT: 13.6 min), followed by 

the labeled IPSL-Cys-Aβ(1-40) (RT: 21.5 min). After elution, the fraction of 

interest was subjected to MALDI-ToF-MS analysis for composition and purity 

confirmation. The chromatogram and mass spectrum showed that the labeling 

reaction was total (Figure 25) and no byproducts were observed. The purified 

IPSL-Cys-Aβ(1-40) was subjected to further mass spectrometric analysis by 

ESI-IonTrap-MS (Figure 26). The spectrum confirmed the high purity of the 

analyte. 
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Figure 25. IPSL-Cys-Aβ(1-40) purification chromatogram profile and the MALDI-TOF mass 

spectrum 

. 

 

Figure 26. ESI-ion trap-MS spectrum of IPSL-Cys-Aβ(1-40) peptide 
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2.2.4 Electron paramagnetic resonance characterization of spin labeled 
beta amyloid (1-40) 

To analyze the local mobility of the spin label coupled to the Aβ(1-40) 

peptide before and after aggregation, an IPSL-Cys-Aβ(1-40) sample was 

subjected to aggregation as described in 2.1.4. After five days of incubation 

the labeled amyloid peptide yielded a white opaque solution. High molecular 

weight components were separated by centrifugation for 15 min at 13000 rpm 

and a white pellet was separated from the supernatant. A freshly prepared 

IPSL-Cys-Aβ(1-40) solution was also used for comparison. The insoluble high 

molecular weight aggregates were suspended in MilliQ water before the 

samples were loaded into glass capillaries for EPR measurements. After 

acquirement, the spectra were exported in Matlab (The MathWorks Inc., 

Natick, Massachusetts, USA) and were fitted against theoretically calculated 

spectra using the EasySpin [147] package (Figure 27). The fitting experiments 

were set to simulate a complex composition similar to that observed in the gel 

electrophoresis in 2.1.5. 

 

 

Figure 27. CW-EPR spectra (black) and fitted theoretical curves (red) of freshly solubilized 

IPSL-Cys-Aβ(1-40) (a) and aggregates after 5 days incubation, centrifuged precipitate 

(b) and supernatant (c) 
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Four species could be calculated from the simulations: a fast moving, 

small component, with a small correlation time of 0.036 ns, a slow moving, 

large component, with a correlation time of 5.46 ns, and two intermediate 

species with correlation times of 0.394 and 0.803 ns, respectively (Table 3) 

[117].    

Table 3. Composition of amyloid beta incubation fractions.  Four components with different 

rotational correlation times are contributing to the EPR spectra. 

IPSL-Cys-Aβ 

0-5 day 

Component 1 

0.036 ns 

Component 2 

0.394 ns 

Component 3 

0.803 ns 

Component 4 

5.46 ns 

Fresh 0.19 0.30 0.51 0.00 

Precipitate 0.01 0.02 0.21 0.76 

Supernatant 1.00 0.00 0.00 0.00 

From the EPR spectra interpretation it was concluded that after five 

days of incubation and centrifugal separation, the supernatant fraction 

contains only free, non aggregated peptide, while the precipitate contains high 

molecular weight aggregates (76%) consistent with fibrils and some lower 

molecular aggregates (21%) consistent with oligomers. The freshly prepared 

peptide showed an even composition of monomers (19%) and oligomers 

(30% and 51%) which indicates that the aggregation process starts instantly 

during the solubilisation of the peptide. 

2.2.5 Aggregation study of modified beta amyloid peptides by Tris-
tricine gel electrophoresis 

The spin label attachment to the amyloid beta peptide is a perturbing 

factor for its natural aggregation pattern. To compare to which extent this 

affects the peptide folding, N-terminal and C-terminal labeled Aβ(1-40) 

peptides were synthesized by SPPS and purified by RP-HPLC. 

Three samples of modified and unmodified peptides, Aβ(1-40), IPSL-

Cys-Aβ(1-40), and Aβ(1-40)-Cys-IPSL were subjected to aggregation by 
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solubilisation in  fibril growth buffer at 200 µM and incubation for five days at 

37 °C. After incubation the aggregates were separated by centrifugation from 

the free monomers. For comparison, a series of freshly solubilized peptides 

were prepared and were briefly incubated for one minute and one hour 

respectively. The samples were mixed with sample buffer and Tris-Tricine 

PAGE was performed. The gels were stained with a Coomassie Brilliant Blue 

solution for visualization (Figure 28). 

 

Figure 28. Tris-Tricine PAGE of IPSL-Cys-Aβ(1-40), (a), Aβ(1-40)-Cys-IPSL, (b), and Aβ(1-

40), (c), after successive times of incubation: 1 minute, 1 hour and 5 days. After 5 

days the samples were centrifuged and the precipitated fibrils separated from the 

supernatant 

The gel electrophoresis showed that the amyloid peptides start to 

aggregate immediately after solubilisation with no difference between the 

three peptides. After five days of incubation, however, an effect of the Aβ 

sequence modification was visible. While the N-terminal modified peptide 

showed a high yield in high molecular weight aggregates, the C-terminal 

modified peptide shows a much lower yield. This is an indication that the C-

terminal end of the amyloid beta peptide is highly packed inside the fibrils 

structure and any modification in this region would prevent the transition from 

oligomers to fibrils. 
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2.2.6 Aggregation study of modified beta amyloid peptides by Thioflavin 
T assay 

Thiolavin T (ThT) is a specific dye for amyloid beta sheets. It is used to 

characterize the presence of misfolded proteins in Alzheimers Disease[148]. 

When this hydrophobic molecule aligns itself along the beta sheets, a red shift 

appears in its fluorescence[149]. Free ThT absorbs at 342 nm and emits at 

430 nm while when bound to fibrils it absorbs at 442 and emits at 482 nm. 

This ThT property makes the method a good approach to quantify the amyloid 

plaques present in tissue and to diagnose Alzheimers Disease. 

 

Figure 29. Thioflavin T molecule, chloride salt 

To better characterize the difference between N- and C-terminal 

modified amyloid beta peptides and the influence of the modification upon 

aggregation, the aggregates were investigated using the Thioflavin T assay. 

Peptide samples were solubilized at 200 µM in fibrilization buffer and 

incubated for 5 days at 37 °C. After separation by centrifugation, the fibrils 

were suspended with 50 µL MilliQ water. Thioflavine T was solubilized in 50 

mM Glycine solution (pH 8.5) at 100 µM. Before the measurement 50 µL 

peptide samples were mixed with 50 µL Thioflavin solution and measured on 

a Wallac 1420 Victor 2 (PerkinElmer) reader. A 450 nm filter was used for 

excitation and 486 nm for emission readings for 0.1 seconds. 
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Figure 30. Thioflavin T fluorescence monitoring of spin labeled Aβ peptides during incubation 

over different periods of time at 37°C 

The Thioflavin T fluorescence measurements (Figure 30) showed an 

increase in signal with time indicating the formation of fibrils. After five days of 

incubation, the IPSL-Cys-Aβ(1-40) showed a three fold higher emission 

intensity than the Aβ(1-40)-Cys-IPSL. The supernatant showed lithe to none 

emission. These experiments show that prolonging the Aβ sequence with a 

Cysteine residue at the C-terminal and attaching the spin label to it has a 

direct effect on fibrilization. This conclusion s in full agreement with the Tris-

Tricine PAGE experiment. 

2.2.7 Electron paramagnetic resonance characterization of N-terminal 
and C-terminal labeled beta amyloid peptide 

The influence of the spin label position on the peptide backbone can be 

also observed by electron paramagnetic spectroscopy. In this case the 

mobility of the spin label can determine which of the N- and C-terminal ends 

of the Aβ(1-40) peptide is more freely moving in the aggregates. Two samples 

of N- and C-terminal labeled amyloid beta peptides were incubated for 5 days 

at 37 °C in fibrilization buffer.  
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The supernatant rich in monomers was separated from the precipitated 

aggregates and subjected to EPR measurements. The two supernatant 

samples showed no difference in signals (Figure 31) proving that there are 

only free moving monomers in the solutions. 

 

Figure 31. CW-EPR spectra of the centrifuged supernatant solution containing the IPSL-Cys-

Aβ(1-40) (a) and Aβ(1-40)-Cys-IPSL (b) monomers after 5 days of incubation at 37°C 

EPR signals of the precipitates, on the other hand, were different in 

shape. The C-terminal labeled Aβ(1-40)-Cys-IPSL peptide showed a more 

fluctuating EPR signal than the N-terminal labeled IPSL-Cys-Aβ(1-40), as 

observed in Figure 32. The more distorted a signal is from the three sharp 

peaks characteristic to the free moving IPSL, the more hindered and fixed into 

position the label is. This is consistent once again that the C-terminal of Aβ 

peptide is at the core of the fibrils structure. 

 

Figure 32. CW-EPR spectra of the centrifuged precipitate containing the IPSL-Cys-Aβ(1-40), 

(a), and Aβ(1-40)-Cys-IPSL (b) aggregates after 5 days of incubation at 37 °C 



RESULTS AND DISSCUSSION 

 44 

2.2.8. Ion mobility spectroscopy mass spectrometry of beta amyloid 
aggregates 

Ion mobility mass spectrometry is a new mass spectrometric method 

that uses the advantage of a drift tube to separate ions prior to MS 

measurement. The drift tube uses the drag of a counter flowing neutral gas to 

slow down the charged analyte ions and to separate them upon their average 

cross-section. Depending on the technology, the ions can be accelerated at 

the beginning of the drift tube, or could be pushed along the tube by a caring 

voltage wave generated by a set of ring electrodes (Figure 33). The later 

method is a more flexible solution permitting several drift tubes to be coupled 

together for a tandem IMS-IMS characterization by fragmentation.  

 

Figure 33. Ion mobility instrument with an ESI ion source, a carrying wave drift tube and a 

time of flight mass spectrometer. 

Before the IMS-MS measurements two Aβ(1-40) solutions were 

prepared. One Aβ(1–40) peptide solution (220 µM) was incubated  for 5 days 

at 37 °C and soluble oligomers were separated by centrifugation. The other 

solution was similar in concentration but freshly prepared. The soluble fraction 

of the Aβ(1–40) fibril preparation and the fresh one were subjected to 

comparative analysis by ion mobility spectroscopy mass spectrometry (Figure 

34) [117, 150]. 
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Figure 34. Ion mobility MS analysis of (a), freshly prepared Aβ(1-40); (b), supernatant after 5 

days of incubation 

In the case of freshly prepared Aβ(1–40) the 5+ charged ion was found 

to be the most abundant, while in the fibril preparation supernatant the 6+ 

charged ion was the predominant one. The signal to noise ratio of the 

[M+5H]5+ and [M+6H]6+ ions was higher in the freshly prepared Aβ(1–40) 

sample than in the fibril preparation supernatant, confirming that a consistent 

amount of Aβ(1–40) monomer formed aggregates in the later sample.  

Analyzing the IMS-MS drift scope of the Aβ oligomers supernatant 

(Figure 35) two conformational states with different mobility drift times could 

be observed. One conformation had the predominant ion charge 5+ and a 

second one 6+ which may be indicative of a change in shape due to unfolding 

during the oligomerization process. 
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Figure 35. Drift time profile of the Aβ(1-40) supernatant after 5 days of incubation. (a), the ion 

mobility profile for the [M+5H]5+ ion and, (b), the drift scope 

To compare the evolution of the two conformational states analyses of 

the extracted mobility profiles of the Aβ sample were performed before and 

after incubation. From the peak area of the 5+ charged ion from the freshly 

prepared Aβ(1-40) (Figure 36.a) and the incubated peptide (Figure 36.b), it 

was observed that upon incubation the proportion of the first conformation (A) 

was decreased compared to the second conformational state (B).  

From the mass spectrometric data of the ion mobility two modifications 

of Aβ peptide were observed in the deconvoluted spectrum of the fibril 

preparation: the oxidation at the Met35 residue of Aβ(1-40) and the loss of one 

water molecule (Figure 37). 
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Figure 36. Extracted ion mobility profiles for m/z 866.6, [M+5H]5+ from freshly prepared Aβ(1-

40) solution (a) and supernatant after 5 days of incubation (b) 

 

Figure 37. Ion mobility MS analysis of the Aβ(1-40) supernatant after 5 days of incubation. 

The deconvoluted spectrum showed the presence of the Met 35 – sulfoxide oxidized 

product. 
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2.3 Identification of antigen recognition domains by affinity mass 
spectrometry 

2.3.1 Affinity – mass spectrometric approaches for protein epitope 
identification 

Antibody compexes with proteins or peptide antigens are interactions 

of non-covalent nature. The antibody domain involved in the interaction is 

called paratope while the antigen binding domain(s) is called epitope. Each 

antibody recognizes a single epitope. A monoclonal antibody is an Ab 

produced by identical immune cells (clones). A polyclonal antibody is an 

antibody produced by different B cells lines and recognizes the same antigen. 

Proteolytic epitope excision and – extraction are two complementary chemical 

methods for the identification of antibody-antigen interaction sites () initially 

developed in our laboratory [68-71, 83]. 

2.3.2  Affinity mass spectrometric determination of alpha galactosidase 
epitope 

2.3.2.1 Preparation of anti-alpha-galactosidase antibody affinity column 

Alpha galactosidase (A-Gla) is an enzyme that hydrolyses the terminal 

alpha-galactosyl groups from glycoproteins. The genetic information for this 

enzyme is encoded on the X-chromosome and its absence (e.g., through 

mutations) can lead to Fabry disease, one of the many members of the 

lysosomal storage diseases (LSD) family. In order to determine the alpha 

galactosidase epitope against a monoclonal antibody, the alpha galactosidase 

enzyme and anti-alpha galactosidase antibody, obtained from Sino Biological 

(Beijing), were employed. The anti- alpha galactosidase antibody was 

immobilized on an activated sepharose micro column by incubation for two 

hours at 37 °C under agitation. After coupling, the excess unbound antibody 

was washed away and the remaining active binding sites were blocked with 

ethanolamine.  
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After preparation, the antibody column was tested with the A-Gla 

protein antigen. The enzyme was loaded onto the affinity column and 

incubated for two hours at 37 °C. The unbound protein was removed from the 

column and the column washed with PBS and water. The bound protein was 

then eluted from the column by changing the pH from 7 to pH 1 with 0.1% 

TFA in water. The supernatant, last wash and elution fractions were 

lyophilized and prepared for SDS polyacrylamide gel electrophoresis analysis. 

After staining with Coomassie Brilliant Blue a set of bands with molecular 

weights of 50, 150 and over 200 kDa were observed in the supernatant and 

elution fractions, but none in the washing fraction (Figure 38). 

 

Figure 38. A-Gla affinity column testing: lane 1 supernatant, lane 2 last wash and lane 3 

elution, and the three horizontal bands marked for excision and in-gel digestion 

To determine the composition of the unknown protein gel bands, they 

were excized and prepared for digestion. First the bands were destained by a 

series of alternating steps of de- and re-hydration with acetonitril and trypsin 

solutions. After destaining the bands were dried and swollen in a cooled 

solution containing Trypsin. The in-gel digestion was performed for 12 hours 

at 37 °C. After extracting the digestion mixture from the gel bands, the 
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samples were subjected to MALDI-ToF mass spectrometric characterization 

(Figure 39, Figure 40 and Figure 41).  

After mass spectrometric analyses the identified masses were 

searched using the MASCOT peptide mass fingerprint against the NCBInr 

database,and alpha galactosidase enzyme was identified in all three gel 

bands as being the only constituent (Figure 42).  

 

Figure 39. MALDI-ToF mass spectrum of in-gel tryptic digestion of A-Gla SDS band 1  
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Figure 40. MALDI-ToF mass spectrum of in-gel tryptic digestion of A-Gla SDS band 2 

 

 

Figure 41. MALDI-ToF mass spectrum of in-gel tryptic digestion of A-Gla SDS band 3 
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Figure 42. Database search identification scores of A-Gla in-gel digestion band 1 (a), 2 (b) 

and 3 (c) respectively 

2.3.2.2 Epitope determination of alpha-galactosidase by epitope excision 
mass spectrometry 

For the determination of the A-Gla epitope against the anti-A-Gla 

antibody, 20 µg alpha galactosidase was loaded onto the anti-A-Gla column. 

The column was incubated for two hours at 37 °C under agitation and the 

supernatant discarded. After washing, a solution of trypsin in PBS was added 

to the column. To allow the protease to digest the A-Gla, the column was 

again incubated for two hours at 37 °C under agitation. The supernatant was 

collected and lyophilized. Subsequently the supernatant was desalted and 

concentrated using a desalting pipette tip (ZipTip) in preparation for mass 

spectrometric characterization (Figure 43). 
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 Figure 43. MALDI ToF mass spectrum of A-Gla tryptic digestion epitope excision supernatant 

fraction 

The MALDI-ToF mass spectrum revealed a large number of peaks that 

were identified as A-Gla tryptic digestion fragments. The identification was 

confirmed by peptide mass-fingerprinting and database search (Figure 44). 

 

Figure 44. Database search identification score of A-Gla tryptic digestion epitope excision 

supernatant fraction 

After the on-column digestion, the affinity antibody column was washed 

and the washing fraction analyzed by MS (Figure 45). The spectrum showed 

only a few signals from the MALDI matrix and no digestion fragments 

meaning that the column was clean. 
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Figure 45. MALDI ToF mass spectrum of A-Gla tryptic epitope excision last washing fraction 

showing no signals but CHCA matrix  

After washing the column, the epitope bound fraction was eluted with 

0.1% TFA in MilliQ by incubation for ten minutes under agitation for four 

times. The collected elution fractions were combined, lyophilized and co-

crystallized on a target with CHCA matrix solution for MALDI-ToF mass 

spectrometry. The MS measurement identified the alpha galactosiase epitope 

as the A-Gla(309-332) fragment. As shown in Figure 46 the epitope contained 

two Lysine residues which were not digested, indicating the shielding by the 

antibody upon digestion. 

 

Figure 46. MALDI-ToF-MS of A-Gla tryptic epitope excision elution fraction showing the 

identified epitope peptide 
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After identifying the alpha galactosidase epitope, the affinity was 

characterized by the strength of its binding to the antibody. Since the epitope 

sequence contains two tryptic cleavage sites which were protected by the 

antibody (Lys314 and Lys326) the epitope was expected to be shorter. 

Therefore three epitope peptides A-Gla(309-332), A-Gla(317-332) and A-

Gla(325-332) were chosen for synthesis and affinity characterization. 

2.3.2.3 Synthesis and purification of alpha galactosidase epitope 
peptides 

Automated solid phase peptide synthesis using Fmoc chemistry, was 

used to synthesize three A-Gla epitope peptides, one full length A-Gla(309-

332) and two shorter variants, A-Gla(317-332) and A-Gla(325-332). After 

synthesis, the peptides were purified by RP-HPLC and their homogeneity 

verified by mass spectrometric analysis. Alpha galactosidase (309-332) was 

purified on a Vidaq C8 column with a retention time of 16 minutes (Figure 47), 

while A-Gla(317-332) and A-Gla(325-332) were purified on an Vidaq C18 

column with retention times of 19 minutes (Figure 48) and 12 minutes (Figure 

49), respectively.  

 

Figure 47. RP-HPLC purification chromatogram profile (left) and the MALDI-TOF mass 

spectrum (right) of A-Gla(309-332) synthetic peptide 
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Figure 48. RP-HPLC purification chromatogram profile (left) and the MALDI-TOF mass 

spectrum (right) of A-Gla(317-332) synthetic peptide 

 

Figure 49. RP-HPLC purification chromatogram profile (left) and the MALDI-TOF mass 

spectrum (right) of A-Gla(325-332) synthetic peptide 

 

2.3.2.4 Affinity characterization of alpha-galactosidase epitope peptides 

After purification, synthetic A-Gla epitope peptides were tested for 

affinity properties against the anti-A-Gla antibody. 5 µg of each peptide in 50 

µL PBS, pH 7.5, were separately loaded on the affinity microcolumn and 

incubated for 2 hours at 37 °C under agitation. After removing the supernatant 

the column was washed and the peptide eluted by decreasing the pH. All 

affinity fractions were characterized by MALDI-ToF mass spectrometry to 

verify that no unbound peptides were present on the column. The elution 
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fraction mass spectra showed a clear affinity for the A-Gla(309-332) (Figure 

50), as well as for the shorter epitope peptide fragments A-Gla(317-332) 

(Figure 51), and A-Gla(325-332) (Figure 52).  

 

Figure 50. MALDI-TOF mass spectrum of affinity elution of synthetic A-Gla(309-332) peptide 

 

 

Figure 51. MALDI-TOF mass spectrum of affinity elution of synthetic A-Gla(317-332) peptide 

(unmarked peaks are of CHCA matrix origin) 
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Figure 52. MALDI-TOF mass spectrum of affinity elution of synthetic A-Gla(325-332) peptide  

 

2.3.2.5 Determination of affinity binding constants by SAW biosensor 
analysis for alphagalactosidase epitope peptides 

After establishing the affinity properties of the synthetic A-Gla epitope 

peptides, the shortest sequence, A-Gla(325-332) was selected for affinity 

determination of dissociation constant KD. The KD value was measured using 

an Ssens K5 SAW biosensor (SAW Instruments, Bonn, Germany). In 

preparation of the experiment a gold plated quartz chip was covered with a 

self assembling monolayer of 12-mercaptododecanoic acid by incubation for 

12 h at RT in a 10 mM 12-mercaptododecanoic acid solution in CHCl3. The 

chip was then introduced in the microfluidic cell and activated by injecting a 

solution of 200 mM N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) 

and 50 mM N-hydroxysuccinimide (NHS). Alpha-Gla(325-332) was then 

covalently immobilized on the active layer of the chip and the remaining active 

sites were blocked with ethanolamine (EA). A series of 8 anti-A-Gla antibody 

solutions with increasing concentrations (5-200 nM) was prepared and 

injected on the chip (Figure 53). 
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Figure 53. SAW-Biosensor sensorgram of anti A-Gla antibody injectios on A-Gla(325-332) 

gold plated chip 

After measurement, the recorded data were fitted according to the 

theoretical 1:1 Langmuir binding model (Figure 54). The extracted observed 

rate constants (kObs) were plotted against the analyte concentrations and the 

linear regression (Figure 55) of the data points yielded the association rate 

constant kon and dissociation rate constant koff. The equilibrium dissociation 

constant KD of A-Gla – anti-A-Gla interaction was calculated from the 

association and dissociation rate constants, KD = koff / kon, and it proved to be 

28.5 nM.  
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Figure 54. Fitting-curves analysis of the SAW-Biosensor sensorgram of anti A-Gla  antibody – 

A-Gla interaction 

 

 

Figure 55. Plot of anti-A-Gla kObs values versus concentration; KD=koff/kon (black) and linear 

regression (red)  
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2.3.3 Epitope Identification of human leukocyte antigen B27 by affinity 
mass spectrometry 

The major histocompatibility complex (MHC) is a set of proteins 

capable of binding foreign peptide fragments and to expose them for antibody 

recognition. The MHC proteins are encoded in the human leukocyte antigen 

(HLA) genes from which were given their names. There are three major 

classes of HLA (noted I, II and III) and several subclasses. The class I B27 

protein is believed to be a factor for the development of Ankylosing spondylitis 

(AS) and other Spondyloarthritides [151], which are inflammatory diseases 

which affects the axial skeleton, and cause pain in the joints and fusion of the 

spine. 

The functional HLA forms a heterotrimer of HLA-B27 (heavy chain) with 

β2-microglobulin (light chain) and a short foreign or self peptide. This complex 

migrates to the cell surface where it is recognized by T cells. The HLA-B27 

complex may dissociate, resulting in free heavy chains which may lead to 

heterodimer formation. It is believed that the heterodimers trigger the 

inflammatory response of the disease. However, while 90% of the ankylosing 

spondylitis patients express the HLA –B27 [152], not all persons possessing 

the gene develop the disease.  

Two monoclonal antibodies were selected from a phage display1, the 

monoclonal HD5 mAb, which binds specifically to HLA-B272 homodimer, and 

HD6 mAb which recognizes both HAL-B272 and HLA-B27 free heavy chains. 

 

 

                                                 
1 Provided by our collaborators from Prof. Renner’s group from University of Zurich 
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2.3.3.1 Anti- human leukocyte antigen B27 antibodies affinity columns 
preparation  

Two affinity columns were prepared by packing 0.6 g of NHS-activated 

sepharose on two 1 mL micro-columns. The HD5 and HD6 monoclonal 

antibodies were loaded onto the columns in sodium phosphate buffer (PBS), 

pH 7.15, and immobilized by incubation for 2 h at 37 °C. The unbound free 

active sites of the matrix were blocked with ethanolamine after the incubation 

and removal of supernatant. The columns were washed with PBS and stored 

at 4°C. 

In preparation for experiments aimed at epitope identification, a sample 

of the free heavy chain HLA-B272 homodimer was loaded on the HD5 

antibody microcolumn and incubated for 2 h at 37 °C. The supernatant was 

separated and prepared for gel electrophoresis characterization and the 

column was washed and prepared for further epitope excision experiments. 

The unbound HLA-B27 from the supernatant was loaded on a SDS 

polyacrylamide gel and after electrophoretic separation the gel was staind 

with Coomassie Blue. A large band around 30 kDa and a fainted band about 

60 kDa could be observed in the gel (Figure 56) corresponding to the 

monomeric and dimeric forms of free HLA-B27 heavy chain. This showed that 

the HLA homodimers from the sample were immobilized on the HD5 antibody 

column while the free monomers remained in the supernatant.  

 

Figure 56. SDS-PAGE of HLA-B27 affinity column testing and the marked band for excision 

and in-gel digestion 



RESULTS AND DISSCUSSION 

 63 

The HLA-B27 monomer band was cut out from the gel, destained and 

dehydrated. The band was then further swollen in a trypsin containing buffer 

and incubated for 12 h at 37 °C for digestion. After incubation, the tryptic 

mixture was extracted from the gel, concentrated and prepared for MALDI-

mass spectrometric characterization (Figure 57).  

 

Figure 57. MALDI-ToF mass spectrum of tryptic in-gel digestion of HLA-B27 gel band 

The masses identified by MS corresponding to the HLA-B27 digested 

protein were searched against the NCBInr database using the MASCOT 

search engine. The search ascertained with a high identification score that the 

sample was identified as HLA-B27 protein (Figure 58). 

 

Figure 58. Database search identification score of HLA-B27 tryptic in-gel digestion 



RESULTS AND DISSCUSSION 

 64 

2.3.3.2 Epitope identification of Human leukocyte antigen B27 by affinity 
epitope excision – mass spectrometry 

The previously prepared HD5 antibody column with the HLA-B272 

protein bound to it was further subjected to tryptic epitope excision. A solution 

of trypsin in PBS was added to the column and it was incubated for two hours 

at 37 °C. The supernatant was collected and desalted and concentrated by 

zip-tip enrichment. After zip-tip, the sample was characterized by MALDI-ToF 

mass spectrometry (Figure 59) showing the presence of HLA-B27 digestion 

fragments: [274-309], [274-311], [7-44] and [257-309]. 

 

Figure 59. MALDI-ToF-MS of HLA-B27 tryptic epitope excision supernatant fraction 

Before epitope elution the column was thoroughly washed with PBS 

and water. The solution from the last washing step was collected and 

subjected to mass spectrometric characterization (Figure 60) showing the 

absence of any fragments on the column. 
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Figure 60. MALDI-ToFMS of HLA-B27 tryptic epitope excision washing fraction 

After washing, the epitope peptide was eluted from the affinity micro-

column by changing the pH to a lower value. A 0.1% TFA in water solution 

was used, 250 µL at a time. The elution was performed four times by 

incubation for 10 minutes at RT under agitation. The combined elution 

fractions were lyophilized and resolubilized in 10 µL MALDI solvent. Using 

CHCA matrix the epitope sample was crystallized and prepared for MALDI-

ToF analysis. The mass spectrum (Figure 61) is showing the identification of 

the eluted epitope peptide with a molecular weight of 4042.92 kDa.  

 

Figure 61. MALDI-ToF-MS of HLA-B27 tryptic epitope excision elution fraction showing the 

identified disulfide linked epitope peptide 
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Upon analyzing the results it could be deduced that the epitope is not 

comprised of a single, continuous sequence. The epitope proved to be formed 

from two discontinues peptides bound together by disulfide bridge: HLA-B27 

(203-219)-SS-(257-273). When visualized on the 3D crystal structure of the 

HLA-B27 trimer (Figure 62) we can observe that the epitope is situated at the 

surface of the protein where it can easily be accessed by the 

antibody.

 

Figure 62. HLA-B27 proteine crystal structure (cyan) with the epitope (red), disulfide bridge 

(yellow), beta gamma globulin (green) and antigen peptide RPHERNGFTVL (blue) 

marked on it 
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2.3.3.3 Synthesis and purification of HLA epitope peptides 

HLA-B27 epitope peptides were synthesized on an automated peptide 

synthesizer, 50 µM scale on Rink amide MBHA resin, Fmoc chemistry. The 

peptides were purified via RP-HPLC and the purity verified by MALDI-ToF 

mass spectrometric characterization. HLA-B27 (203-219) was purified on a 

C18 Vidaq column and had a retention time of 22.5 minutes (Figure 63) while 

HLA-B27 (257-273) had a retention time of 37 minutes (Figure 64). 

 

Figure 63. RP-HPLC purification chromatogram profile and the MALDI-TOF mass spectrum of 

HLA-B27(203-219) synthetic peptide 

 

 

Figure 64. RP-HPLC purification chromatogram profile and the MALDI-TOF mass spectrum of 

HLA-B27(257-273) synthetic peptide 
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2.3.3.4 Affinity determination of synthetic epitope peptides 

HLA-B27(203-219) and HLA-B27(257-273) peptides were subjected to 

a preliminary affinity test on the HD5 and HD6 antibody columns. 5 µg peptide 

were solubilized in 50 µL PBS and loaded on the column. After two hours of 

incubation at 37 °C under agitation the supernatant was removed and the 

column washed. The elution was done by lowering the pH with 0.1% TFA 

solution in deionized water, four times of 250 µL under agitation. All elution 

fractions were combined and concentrated via lyophilization. 

 

Figure 65. MALDI-ToF mass spectra of affinity testing of HLA-B27(203-219) peptide on HD5 

(a) and HD6 (b) antibody columns 

The success of the affinity experiment was ascertained by mass 

spectrometric measurements of the elution fractions. A small amount of 

sample (0.8 µL) was mixed with 0.8 µL saturated CHCA matrix solution on a 

MALDI target and left to co-crystallize. After measurement, the spectra 

showed that both the HLA-B27(203-219) epitope peptide (Figure 65) as well 

as the HLA-B27(257-273) peptide (Figure 66) presented affinity for the HD5 

and HD6 antibodies. 
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Figure 66. MALDI-ToF mass spectra of affinity testing of HLA-B27(257-273) peptide on HD5 

(a) and HD6 (b) antibody columns 

Beside the monomeric species, the MALDI-ToF mass spectra revealed 

that the HLA-B27 epitope peptides tend to form homodimers in solution during 

the affinity experiments and that these dimers have also affinity for the two 

antibodies. In order to determine which epitope peptide has a stronger affinity, 

a competitive affinity experiment was designed using a mixture of the two 

peptides. The mixture was loaded on the two columns and left to interact with 

the antibodies. The mass spectrometric analysis of the elution fractions 

revealed not only the presence of both monomers, but also the presence of 

the HLA-B27(203-219)-SS-B27(257-273) disulfide linked heterodimer as the 

major component of the elution fraction (Figure 67). 

 

Figure 67. MALDI-ToF mass spectra of affinity testing of HLA-B27 ((203-219) and (273-257) 

peptide mixture on HD5 (a) and HD6 (b) antibody columns showing the major 

formation of disulfide linked heterodimer in the presence of the antibodies 
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The formation of the heterodimer in the presence of the antibodies 

shows that both peptides are part of the epitope and play a major role in the 

affinity binding. 

2.3.3.5 Synthesis and purification of HLA disulfide linked epitope 

Since the epitope peptides showed a high tendency to form the 

disulfide linked heterodimer upon binding to the antibody, it was decided to 

synthesize it for further investigations. A mixture of HLA-B27(203-219) and 

HLA-B27(257-273) peptides 1:1 (molar ratio) were solubilized at 1 mg/mL in a 

solution of DMSO/ammonium acetate 1:1 (v:v) and incubated at RT for 24 h 

under agitation. After incubation, the reaction mixture was diluted with 0.1% 

TFA in water to reduce the DMSO concentration under 20% and to ensure 

compatibility with reverse phase HPLC. The separation of reaction mixture 

components was done on a semi-preparative Vidaq C18 column with a 

gradient increase of 1% per min organic solution (80% acetonitril, 0.1% TFA 

in water). HLA-B27(257-273) components eluted first, with a retention time of 

24 min and HLA-B27(203-219) components eluted last with 44 min retention 

time. The mixed disulfide linked peptides eluted in the middle with a retention 

time of 34 min (Figure 68). 

 

Figure 68. RP-HPLC chromatographic separation of disulfide bridge reaction mixture showing 

three major reaction products: HLA-B27(257-273) homodimer (a), HLA-B27(203-

219)-SS-(257-273) heterodimer (b) and HLA-B27(203-219) homodimer (c) 

respectively 
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To ascertain the identity of eluted RP-HPLC fractions, they were 

immediately analyzed by MALDI-ToF mass spectrometry. For the 

homodimeric forms it was hard to estimate the conversion rate since the 

dimer 2+ ions are over imposed on the monomers 1+ ions (Figure 69a and c). 

The homodimer mass spectrum on the other hand, is able to show, beside the 

homodimer 2+ ion, the two monomers 1+ ions present in the sample (Figure 

69b). The sample however, beside the presence of a few monomeric species, 

is totally composed of the heterodimeric form of the disulfide linked epitope 

and no homodimers are present in the sample. 

 

Figure 69. MALDI-ToF mass spectrometric identification of RP-HPLC chromatographic 

fractions from the disulfide bridge reaction mixture showing the HLA-B27(257-273) 

homodimer (a), HLA-B27(203-219)-SS-(257-273) heterodimer (b) and HLA-B27(203-

219) homodimer (c) respectively 

2.3.3.6 Affinity determination of HLA disulfide linked epitope peptides 

Before KD determinations could be done, the HLA-B27(203-219)-SS-

(257-273) peptide was tested for affinity against the HD5 and HD6 antibodies. 

A 20 µg HLA-B27 epitope peptide sample was solubilized in PBS (pH 7.5) and 

loaded on each affinity column. After incubation at 37 °C for 2 h under 

agitation, the columns were washed and the epitope was eluted by lowering 

the pH with a 0.1% TFA aqueous solution. After concentration by 

lyophilisation, the samples were measured by MALDI-ToF-MS in the presence 

of CHCA matrix. The spectra showed that both antibodies have affinity for the 

synthetic HLA-B27(203-219)-SS-(257-273) epitope peptide (Figure 70). 
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Figure 70. MALDI-ToF mass spectra of affinity testing of HLA-B27 ((203-219)-SS-(273-257) 

mixed epitope on HD5 (a) and HD6 (b) antibody columns 

2.3.3.7 Determination of binding constants using SAW Biosensor 
analysis 

The KD values of HLA-B27 epitope peptides were determined using an 

Ssens K5 surface SAW biosensor (SAW Instruments, Bonn, Germany). Five 

binding partners were chosen for the KD determination studies: HLA-B27(203-

219) and HLA-B27(257-273) monomers, HLA-B27(203-219)-SS-(203-219) 

and HLA-B27(257-273)-SS-(257-273)  homodimers and the HLA-B27(203-

219)-SS-(257-273) heterodimeric disulfide linked epitope peptide. 

For each peptide, a gold plated quartz chip was covered with a self 

assembling monolayer of 12-mercaptododecanoic acid and the peptide was 

covalently immobilized to it. A series of 8 HD6 mAb solutions with ascending 

concentrations (5-150 nM) were prepared and loaded into the instrument for 

affinity measurements. After the measurements were completed, the 

sensorgrams were fitted according to the theoretical 1:1 Langmuir binding 

model (Figure 71). The extracted observed rate constants (kObs) were plotted 

against the analyte concentrations. The KD values for each antibody-antigen 

pair was calculated from the linear regression of kObs versus concentrations 

(Table 4). 
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Figure 71. Fitting-curves analysis of the SAW-Biosensor sensorgram of HD6 antibody – HLA-

B27(203-219)-SS-(257-273) interaction 

 

Table 4. KD values of HD6 antibody against HLA-B27 epitope peptides 

HLA-B27 peptide KD HD6 antibody x10-9 M (R2) 

(203-219)-SS-(257-273) 

heterodimer 
41.3 (0.98) 

(203-219)-SS-(203-219) 

homodimer 
339.2 (0.93) 

(257-273)-SS-(257-273) 

homodimer 
- 

(203-219) monomer - 

(257-273) monomer 100 (0.85) 
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3 EXPERIMENTAL PART 

3.1 Materials and reagents 

3.1.1 Chemical reagents 

For this work the following commercially available reagents were used: 

Urea, Dithiothreitol (DTT), iodoacetamide (IAA), TEMED, Coomassie 

Brilliant Blue G250, NHS-activated Sepharose, activated CH-Sepharose 4B, 

polyoxyethylen-sorbitanmonolaureat (Tween20), 2,2,2-trifluoroethanol (TFE), 

trichloroacetic acid (TCA), dimethylsulfoxide (DMSO), ammonium persulfate 

(APS), diethanolamine (min 98%), alpha-cyano-4-hydroxycinamic acid 

(CHCA), phosphoric acid 85% (H3PO4) were purchased from Sigma (St. 

Louis, MO, USA). Bromophenol Blue, t-butylmethylether, N-methylmorpholine 

(NMM), piperidine, 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU), trifluoroacetic 

acid (TFA), triethylsilane, triisopropylsilane, dihydroxy benzoic acid (DHB) 

were purchased from Fluka Chemie (Buchs, Switzerland). Ammonium sulfate 

– (NH4)2SO4), glycerol, glycine, acrylamide/bis solution (30% acrylamide), 

sodium dodecyl sulfate (SDS), trichloroacetic acid (TCA), acetonitrile (ACN), 

acetic acid, sodium chloride, silver nitrate, formic acid (FA), tris-

hydroxymethyl-aminomethane (2-Amino-2-hydroxymethyl-propane-1,3-diol) 

(Tris) and ethanol were purchased from Roth. N-α –Fmoc protected amino 

acids, NovaSyn TGR, TGA, Rink Amide MBHA resins, Benzotriazole-1-yl-oxy-

tris-pyrrolidino-phosphonium hexafluoro-phosphate (PyBOP) were purchased 

from NovaBiochem (Läufelfingen, Switzerland) or GL Biochemicals 

(Shanghai, China). Disodium hydrogen  rypsin t-2-hydrate (Na2HPO4 x 

2H2O) was from Riedel-de Haen. N, N-dimethylformamide (DMF) was 

purchased from Acros Organics (Geel, Belgium). Hydrochloric acid (37% 

p.a.), sodium hydroxide (99%), urea, thiourea: Merck (Darmstadt, Germany). 

Trypsin was purchased from Promega (Madison, WI, USA). OxyBlot 

2,5dihydroxybenzoic acid (DHB) was from BrukerDaltonics (Bremen, 

Germany). Urea and thiourea were from Merck (Darmstadt, Germany).  

Dichloromethane (DCM): VWR. Deionized water (Millipore, Bedford, MA, 
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USA) with a minimum electric resistance at 18.2 MΏ (Ώ: Ohm) was used for 

all solutions. 96 well Optiplate black: Perkin Elmer; Low binding test tubes: 

Sigma Aldrich; OMIX™ Pipette Tips C18 were from Varian (Walnut Creek, 

CA, USA). 

The reagents and solvents used were of analytical grade, or highest 

available purity. 

3.1.2 Buffers and stock solutions 

Phosphate buffer saline (PBS): 0.1 M phosphate, 0.15 M NaCl, pH 

7.15. Prepare a 8.89 g Na2HPO4 x 2H2O and 4.36 g NaCl in 500 mL  rypsi 

solution and a 2.75 g NaH2PO4 x H2O and 1.75 g NaCl in 200 mL  rypsi 

solution and mix the two solutions until reaching a pH of 7.15. 

Affinity column preparation buffers: Coupling buffer 0.2 M NaHCO3, 0.5 

M NaCl, pH 8.3, Blocking buffer (A) 0.1 M Ethanolamine, 0.5 M NaCl, pH 8.3. 

Washing buffer (B) 0.2 M NaOAc, 0.5 M NaCl, pH = 4. 

Buffers used for SDS PAGE: Sample buffer, 4% SDS, 25% Glycerol, 

50 mM Tris, 0.02% Coomassie, 6 M Ureea, pH 6.8; 4x Stacking gel buffer, 0.5 

M Tris-HCl, 0.4% SDS (w/v), pH 6.8; 4x Separating gel buffer, 1.5 M Tris-HCl, 

0.4% SDS (w/v), pH 8.8; Running buffer, 25 mM Tris, 192 mM Glycine, 0.1% 

SDS.  

Buffers used for Tris Tricine gels: 2x Sample buffer, 100 mM Tris pH 

6.8, 24% Glycerol, 8% SDS, 0.02% Coomassie Brilliant Blue G-250; 1x 

Catode buffer (upper chamber), 100 mM Tris, 100 mM Tricine, 0.1% SDS; 

10x Anode buffer (lower chamber) 2 M Tris, pH 8.96; Tris-HCl/SDS 3 M Tris, 

0.3% SDS. 

Coomassie Brilliant Blue staining: Buffer A, 10% NH4SO4, 2% H3PO4; 

Coomassie Blue Solution, 20% methanol, 0.1% Coomassie Brilliant Blue G-

250 in buffer A; Fixing solution, 30% ethanol, 10% acetic acid; Incubatin 
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solution, 11.2% CH3COONa x 3 H2O, 30% ethanol, prior to use add 0.2% 

Na2SO3 x 5H2O. 

For 2 small 15% Tris-tricine gels: Separation gel, 7.5 mL acrilamide, 5 

mL Tris-HCl/SDS, 0.9 mL Milli Q water, 1.58 mL Glycerol, 75 µL APS (10%), 

10 µL TEMED; Stacking gel, 978 µL acrilamide, 1.86 mL Tris-HCl/SDS, 4.67 

mL Milli Q water, 40 µL APS (10%), 7.5 µL TEMED. 

ZipTip solutions: wetting solution, 50% ACN in Milli Q; washing 

solution, 0.1% TFA in Milli Q; elution solution, 50% ACN, 0.1% TFA in MilliQ. 

SPPS deprotection solution: 2% DBU, 2% piperidine in DMF, or 20% 

pipeidine in DMF. Side chain group deprotection and cleavage of peptide from 

the resin was done in acidic conditions with a 5% TIPS, 5% water, 90% TFA 

solution. 

RP-HPLC solutions: Solvent A, 0.1% TFA in MilliQ water; Solvent B, 

80% ACN, 0. 1% TFA in MilliQ water. 

MALDI solvent: ACN/0.1% TFA in MilliQ water (2:1, v:v) 

3.1.3 Proteins and antibodies 

Mouse, anti human alpha galactosidase, monoclonal antibody was 

purchased from Sino Biological, Beijing, China. 

Human alpha galactosidase was purchased from Sino Biological, 

Beijing, China. 

HD5 and HD6 antibodies were obtained by screening a human 

antibody phage display against the HLA-B27 protein by Ossiris Maroquin at 

University Spital Zürich. 

HLA-B27 heterotrimers and free heavy chains (dimers) were expressed 

by recombinant DNA in e-Coli. 
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3.2 Peptide synthesis 

Solid phase peptide synthesis (SPPS) is a synthetic method for small 

proteins and peptides. It involves the use of a resin (solid phase) as the 

support for the synthetic molecule because it makes it easier to move the 

product from one reaction to another by washing the resin without the need to 

separate, purify and resolubilize the peptide.  The resin must be insoluble to 

the solvents and reagents used to carry on the chemical reactions and the 

washing of byproducts and excess reagents. 

NovaSyn TGR resin was used to synthesize the Aβ(1-40) peptide and 

its variants and RynkAmid RMBH was used for the synthesis of the epitope 

peptides identified through the tryptic epitope excision experiments. The 

synthesis was done on a 50 µM scale using Fmoc chemistry. The amino 

group of the resins and amino acids used are protected by a Fmoc group 

while the carboxy group is free. Each amino acid was added to the sequence 

through a complex reaction cycle involving several steps: (i) removal of the 

Fmoc protecting group from the amino group of the amino acid or resin with 

20% piperidine in DMF, (ii) washing of the resin with 8 – 10 mL DMF, (iii) 

addition of the next Fmoc N-α-protected amino acid with 0.9 M PyBOP 

(Benzotriazol-1-yl-N-oxy-trispyrrolidino-phosphoniumhexafluorophosphat) and 

1.3 M NMM (N Methyl-morpholine) in DMF and incubation for 30 min to allow 

the formation a new peptidic bond, (iv) washing with DMF. To increase the 

yield of the peptide synthesis, each amino acid was added twice in two 

consecutive reactions (double coupling). To verify the completion of each 

coupling, a bromo-phenole blue test was done after each manually added 

amino acid. 

At the end of the synthesis the resin was washed with DCM and 

ethanol and dried. The side chain protecting groups were cleaved all together 

under acidic conditions using a mixture of TIPS (tri-iso-propil-sylane) / water / 

TFA (2.5: 2.5: 9.5, v: v: v); 2.5 mL / 100 mg resin incubated at RT for 2 h 

under agitation. In these conditions takes also place the finished peptide 

cleavage from the resin. The resin was removed by filtration and the peptide 
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was precipitated by addition of 20 folds cold diethylether. The solid peptide 

was filtered, resolubilized using 10% acetic acid and lyophilized. 

Automated SPPS was carried out on two semiautomated peptide 

synthesizers, EPS 221 (Abimed/Intavis, Langenfeld, Germany) and 

ResPepSL (Intavis Bioanalytical Instruments, Koeln, Germany). 

3.3 Gel electrophoretic separation 

Gel electrophores is the most widespread separation method to 

analyze high molecular weight complex biological mixtures. It is mostly used 

in genetics, for DNA and RNA, and proteomics, for proteins and peptides 

separation. It is a fast, nondestructive method that can be used in tandem with 

other methods such as electro-bloting or in-gel peptide digestion. The proteins 

are mixed with an anionic detergent that would give the molecules a negative 

electric charge directly proportional to their molecular weight. When an 

electric field was applied, the proteins would migrate through the gel 

according to their electrophoretic mobility toward the anode. The gels were 

made between two glass plates (90 x 60 x 1 mm, size of the final gels) and 

were run using a Mini-Protean II gel electrophoresis system (Biorad, 

München, Germany). 

The molecular weight estimation was done by comparing the migration 

distance with a molecular weight ladder formed from known molecular weight 

proteins. A PageRuler TM unstained protein ladder (Fermentas) with a span of 

10 – 200 kDa was used as a molecular weight marker. 
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3.3.1 Tris/Glycine gel electrophoresis 

SDS Tris/Glycine PAGE gels were prepared according to the Laemmli 

method (Table 5). A 12% running gel was pored between the glass plates, 

covered with water and allowed to polymerize for 15 minutes. On top of it the 

stacking gel was poured, a comb was inserted to create the sample pockets 

and allowed to polymerize for another 15 minutes. The comb was removed 

and the samples were poured into the pockets. The gel was set to run at 80 V 

until the samples entered the separating gel and then at 100 V until the end of 

the run. 

Table 5. SDS Tris/Glycine PAGE gel receipe 

 10% gel 12% gel 15% gel Stacking gel 

4 x Stacking 

gel buffer 
- - - 2.5 mL 

4 x Separating 

gel buffer 
6 mL 6 mL 6 mL - 

MilliQ water 10 mL 8.4 mL 6 mL 5.8 mL 

Acrylamide/bis 8 mL 9.6 mL 12 mL 1.7 mL 

10% APS 125 µL 125 µL 125 µL 85 µL 

TEMED 20 µL 20 µL 20 µL 20 µL 

 

3.3.2 Tris/Tricine gel electrophoresis 

SDS Tris/Tricine PAGE gels were prepared according to the Schägger 

and von Jagow method (Table 6). A 15% running gel was pored between the 

glass plates, covered with water and allowed to polymerize for 15 minutes. On 

top of it the stacking gel was poured, a comb was inserted to create the 

sample pockets and allowed to polymerize for another 15 minutes. The comb 

was removed and the samples were poured into the pockets. The gel was set 
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to run at 60 V until the samples entered the separating gel and then at 120 V 

until the end of the run. 

Table 6. SDS Tris/Tricine PAGE gel recipe 

 10% gel 15% gel Stacking gel 

Acrylamide/bis 4.9 mL 7.5 mL 978 µL 

Tris-HCl/SDS 5 mL 5 mL 1.86 mL 

MilliQ water 3.8 mL 0.9 mL 4.67 mL 

Glycerol 1.58 mL 1.58 mL - 

10% APS 75 µL 75 µL 40 µL 

TEMED 10 µL 10 µL 7.5 µL 

 

3.3.3 Colloidal Coomassie staining 

Coomassie Brilliant Blue G-250 is a dye that nonspecifically binds to all 

peptides and proteins. It may be used for visualization, but also for 

quantification because it binds stoichiometrically to the proteins by interacting 

with amino acids such as arginine, lysine, tyrosine and histidine. Before 

staining, the gels were separated from the glass plates and incubated for ½ h 

at RT in fixing solution (12% TCA). After fixation, the gels were stained by 

overnight incubation with Coomassie Brilliant Blue solution under gentle 

agitation. After 12 hours the excess stain was removed by several washing 

steps and the gels were scanned for data storage and interpretation. The 

proteins appeared as blue bands against a transparent background. 
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3.4 Chromatographic methods 

3.4.1 Reverse phase high performance liquid chromatography  

 High performance liquid chromatography (HPLC) is a widely used 

method for separation and purification of chemical compounds. In the case of 

peptides and small proteins, a reverse phase is used because of their 

hydrophobicity. The stationary phase comprises a hydrophobic layer of short 

saturated hydrocarbons. The proteins are loaded onto the column in a polar 

solvent and than they were eluted from the stationary phase by decreasing 

the polarity with the addition of an organic solvent. Two solvents were used: 

A, 0.1% TFA, and B, 80% acetonitrile, 0.1% TFA (v:v) and an increasing 

gradient (1 – 2% Solvent B/min) of elution solution was used to elute the 

peptides from the columns (Table 7). Before purification, synthetic peptides 

were solubilized in Solvent A or a mixture of Solvents A and B (4:1, v:v) 

depending of the solubility. The column was equilibrated with the same 

solution for 10 minutes and than the sample injected.  Analytical RP-HPLC 

was performed with a 1 mL/min flow and semi-preparative RP-HPLC with a 3-

5 mL/min. After each run, the column was washed with Solvent B until the 

signal returned to zero. 

Table 7. Gradient used for RP-HPLC purification 

Time %A %B 

0 100 0 

5 100 0 

55 0 100 

60 0 100 

The experiments described in this thesis were performed on an 

UltiMate 3000 system (Dionex, Germering, Germany), equipped with LPG-

3400A pumps, and on a Thermo Scientific SpectraSystem (Thermo Scientific, 

Bremen, Germany) instruments. Depending on the hydrophobicity of the 

synthetic peptides, Vydac C4, C8 and C18 columns were used for the 
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purification of the samples. The chromatograms were registered by UV 

detection at 220 nm and the sample fractions were collected manually. Before 

use, the solvents were degassed by sonication under vacuum for 15 min. 

3.4.2 ZipTip desalting 

ZipTip pipette tips are solid phase micro columns that fit inside a 

pipette tip. They are widely used as solid support [153] for sample desalting 

and enrichment when only a very small amount of sample is at disposal. The 

desalting was performed using ZipTipR® 10 µL pipette tips with a reverse 

phase media embedded at the end.  C4 and C18 tips were used for various 

peptide sizes. The solutions needed were wetting solution, 50% ACN in Milli 

Q, washing solution, 0.1% TFA in Milli Q and elution solution, 50% ACN, 0.1% 

TFA in Milli Q. The sample must be prior solubilized in 0.1% TFA in Milli Q 

and the ZipTip tip wetted 5 x in wetting solution. The sample was loaded onto 

the tip by inserting it into the sample solution and aspiring 10-15 times 

(without air intake).  The tip was washed by 10 x aspiration in washing 

solution and the sample eluted by 10 x aspiration in 5 µL elution solution. The 

tip was washed before the process is repeated 3-5 times. 

3.5 Proteolytic digestion 

In order to identify protein bands from SDS-PAGE, in-gel tryptic 

digestion was done. The bands were manually Trypsin with a scalpel from the 

gel and washed with MilliQ water. Destaining was performed by alternatively 

dehydrating the gel pieces with 60% acetonitrile (v:v) and destaining with 50 

mM NH4HCO3, 3 x 15 min on a shaker. After destaining, the gel pieces were 

dried in a vacuum centrifuge and rehydrated with digestion buffer (12 ng/µL 

Trypsin in 50 mM NH4HCO3) on ice for 45 minutes. Digestion was carried out 

by incubation overnight (12 h) at 37 °C. The following day the tryptic mixture 

was extracted 3 x with ACN/0.1% TFA in MilliQ (3:2, v:v) and lyophilized.  
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3.6 Thioflavin T measurement 

Thioflavin T (ThT) was used to ascertain the presence of β-sheet rich 

Aβ oligomers and fibrils. A 10 mM aqueous stock solution was used to make 

one time use aliquots. The aliquots were stored at -20 °C in the dark until use. 

Fresh 100 µM Thioflavine T solution was made before each measurement by 

dilution with 50 mM Glycine solution (pH 8.5). Aβ aggregates samples were 

mixed with ThT solution (1:1, v:v) in a 96 well plate and measured on a Wallac 

1420 Victor 2 (PerkinElmer) fluorescence reader. A 450 nm filter was used for 

excitation and 486 nm for emission readings for 0.1 seconds. 

3.7 Affinity methods 

The antibody – antigen affinity is a non-covalent interaction of much 

interest. It plays an important role both in-vivo, offering an immune response, 

and in-vitro, immuno-affinity chromatography, circumstances. The 

investigation of such an interaction can be done using direct measurement 

methods (ELIZA, Plasmon resonance, SAW) or indirect methods (proteolytic 

epitope excision and extraction) 

3.7.1 Activated sepharose affinity columns 

Antibody columns were prepared using NHS-activated 6-

aminohexanoic acid-coupled Sepharose 4B (Sigma-Aldrich) as a solid support 

to covalently attach the antibodies. Free amino groups available on the 

surface of the antibody react with the Sepharose to form a stabile amide bond 

and release N-hydroxysuccinimide. 66 mg Sepharose were swollen in 200 µL 

coupling buffer with 50 µg antibody and incubated for 2 h at RT under 

agitation. The matrix was than transferred into a 0.8 mL micro-column 

(Mobitec, Germany) and washed 14 x 6 mL with blocking buffer (0.1 M 

ethanolamine, 0.5 M NaCl, pH 8.3) and washing buffer (0.2 M NaOAc, 0.5 M 

NaCl, pH 4) alternatively. The columns can be stored at 4 °C for future use. 

Before each affinity experiment the column was washed with 20 mL 

PBS and incubated with the peptide of interest for 2 h at RT under agitation. 
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The supernatant was collected and the column washed with 100 mL PBS and 

30 mL MilliQ, collecting the last mL of wash. The elution from the column was 

made incubating 4 x 15 min x 500 µL 0.1% TFA and combining elution 

fractions for lyophilization. The column regeneration was done by washing 

with an additional 20 mL 0.1% TFA and 20 mL PBS. 

3.7.2 Proteolytic epitope excision 

For the proteolytic epitope excision experiment three antibody columns 

were prepared using Anti-human alpha galactosidase antibody for one column 

and HD5 and HD6 antibodies for the other two. After preparation, the proteins 

of interest were loaded onto the columns, alpha galactosidase and HLA-B27 

respectively, for affinity bonds formation. Due to the antibody – antigen 

interactions, the epitope region from the proteins is shielded by the antibody 

and can be isolated for identification by proteolytic excision. For this, 0.1 µg 

Trypsin in 200 µL PBS was added to each column and incubated for 2 h at 37 

°C under agitation. After collecting the supernatant the columns were washed 

with PBS and MilliQ. The elution took place with 500 µL 0.1% TFA in MilliQ 4 

x 15 min and the combined elution fractions were lyophilized. The epitope 

fragments obtained were further identified via mass spectrometric 

characterization. 

3.7.3 Surface acoustic wave - determinations of dissociation constant 

The bio-affinity family of investigations is able to detect the interaction 

between single molecules and to measure the strength of that interaction. 

One of the newest members of this family is the surface acoustic wave (SAW) 

biosensor. This molecular “scale” is a device that is able to quantify the 

deposition of material on a gold plated chip. Using a piezo-electric effect an 

acoustic wave is generated at one end of a quartz chip and registered at the 

other. The middle of the chip is coated with a layer of gold that acts as the 

active surface. The preparation of the chip is multi-step process. 
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1. Before activation, the chip was cleaned by insertion in piranha 

solution (98% H2SO4:30% H2O2, 1:1, v:v) for 45 minutes. Afterwards it was 

washed with MilliQ water and ethanol and dried. The functionalization of the 

chip was done by generating a self assembling monolayer (SAM) of 16-

mercaptohexadecanoic acid on the gold surface. The chip was incubated for 

12 h at RT in a 10 mM SAM solution in CHCl3, washed with ethanol and dried. 

In this stage the chips could be stored at 4 °C before use. 

2. The activation of the chip and immobilization of the peptides was 

done inside the biosensor instrument under automated control. The activation 

was performed by injecting a freshly prepared mixture of 200 mM EDC:50 mM 

NHS (1:1, v:v) for 5 minutes with a 20 µL/min flow. The peptides of interest 

were added as a 10 µM solution and let to covalently bind to the active NHS 

surface during a 5 min injection. The un-reacted active sites were neutralized 

by capping with 1 M ethanolamine, ph 8.5. Once the attachment completed, 

the chips could be stored for later use and reuse. 

3. The KD determinations were done using an Ssens K5 SAW 

biosensor (SAW Instruments, Bonn, Germany). Dilutions of 10-200 nM 

antibody were prepared in PBS and injected on the chip. After each injection, 

a dissociation step was performed using 0.1 M HCl. 

4. Data interpretation was done by generating fitting curves with Origin 

7.5 and FitMaster plug-in. A residual affinity bound antibody was taken into 

account during the calculations of kObs, a pseudo first order kinetic constant. 

By plotting kObs against ligand concentrations a linear regression was 

calculated with the following equation: 

kObs = koff + kon * C 

koff [s-1] is the intercept with the y axis and kon [c-1s-1] is the slope of the 

regression. The KD was then calculated as being the ratio: 

KD = koff / kon 
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3.8 Mass spectrometric methods 

Mass spectrometry has proven over the years to be the best method 

for the identification of peptides and proteins. It is a fast and sensitive method 

capable to adapt to a variety of circumstances, especially when it is coupled 

with other biochemical methods such as HPLC and proteolytic degradation. A 

mass spectrometer consists of three major parts responsible for the 

generation of ions, separation and/or analysis and detection of ions.  The ion 

source is the place where the analyte is prepared to enter the mass 

spectrometer, with the matrix assisted laser desorption ionization (MALDI) 

and electro spray ionization (ESI) being the oldest and most used two 

methods among an ever increasing number of new ionization methods. The 

analyzer is the main part of a mass spectrometer and it is responsible with the 

capture, guidance and separation of ions according to their mass to charge 

ratio (m/z) while the detector will count the number and register the number of 

ions for each m/z value. 

3.8.1 Matrix assisted laser desorption ionization ion source 

MALDI ionization is an ionization method which implies the use of laser 

as an energy source for the ionization process. In order to transfer the energy 

to the analyte, the sample must be co-crystallized with a matrix that would 

absorb at the wavelength of the laser. When hit by the energy beam, the 

matrix crystals would explode releasing the molecules of analyte inside the 

vacuum of the mass spectrometer. The matrix also provides the hydrogen 

ions that give charge to the analyte molecules. The major ion charged species 

produced by MALDI is singly charged, with doubly charged being the second. 

A saturated alpha-cyno-4-hydroxi-cinamic acid (CHCA) solution in MALDI 

solvent (ACN/0.1% TFA, 3:2, v:v) was used for sample preparation. On a 

stainless steel target 0.8 µL samples were mixed with 0.8 µL matrix and let to 

air dry for 5 min at RT. The target was subsequently introduced into the mass 

spectrometer for analysis. 
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3.8.2 Electrospray ionization source 

ESI ionization is a soft ionization method that allows analyte molecules 

to form multiply charged anions. The samples were solubilized in ESI solvent 

(10% acetonitrile, 0.1% formic acid, 89.9% MilliQ, pH 2.5) and injected into 

the ionization chamber. Between the needle and the entrance into the 

instrument an electric potential is applied to charge and guide the ions. A jet 

of heated dry gas (Nitrogen) is blown around the needle to help the solvent 

evaporate. The ionization chamber is at atmospheric pressure and the heated 

gas can reach temperatures between 200-300 °C. The repulsion between 

charged droplets leads in the end to the formation of independent ions in a 

process known as the Taylor cone. 

3.8.3 Time of flight analyzer 

Time of flight (ToF) is a mass spectrometric analyzer that monitors the 

time needed for ions to travel a certain distance. It is best suited to work in 

tandem with a MALDI ion source but can be adapted to work with other 

methods as well by the use of temporarily ion traps. The ions are accelerated 

through a series of extraction lenses and the beam is focused with the help of 

a second series of electric potentials. After this, the ions travel freely through 

a flight tube under vacuum. The length of the tube can be between a few tens 

of centimeters up to three meters with one meter being the most common. 

The ions however may travel a longer distance than the length of the tube if 

reflector lenses are used. This helps eliminate neutral molecules from the ions 

beam and increase the resolution by increasing the flight distance. If a circular 

tube is used, the ions may travel several hundred meters before being 

directed to the exit. At the end of the tube is a detector that monitors the 

arrival time of the ions. Based on the mass to charge ratio, heavier ions will 

travel slower and lighter ion ions will travel faster if the same accelerating 

impulse is received. 
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Figure 72. MALDI-ToF instrument: ions are accelerated in an electric field and are separated 

according to the time of flight inside a one meter vacuum tube. 

MALDI-ToF mass spectrometric measurements were carried out on a 

Micromass Tof Spec 2E (Waters, Eschborne, Germany).  

3.8.4 Fourier transform – ion cyclotron resonance analyzer 

An ICR cell is a complex analyzer cell that traps and detects ions inside 

a mass spectrometer. The cell consists of six electrode plates arranged in 

three opposing pairs to form a cage. Two plates are used for trapping the ions 

and must be parallel one to another and perpendicular to the direction of the 

ion beam. The rest of the plates may have different shape and are used for 

activation of ions and for detection. 

 

Figure 73. Ion cyclotron resonance (ICR) cell: ions are trapped in a circular motion between 

the two trap plates; two excitation plates maintain the ions in motion inside the cell 

while they are scanned by two detection plates 
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MALDI-FT-ICR mass spectra were recorded on a Bruker APEX II 

FTICR instrument (Bruker Daltonik, Bremen, Germany). An actively shielded 

superconducting magnet was used to generate a 7 T magnetic field inside a 

cylindrical ICR analyzer cell. The ions were generated using an external Scout 

100 fully automated X-Y target stage MALDI source and a pulsed nitrogen 

laser operated at 337 nm. A saturated 100 mg/mL DHB matrix solution in 

MALDI solvent was used to prepare the sample spots on the MALDI target. 

 

Figure 74. FT-ICR instrument: the ICR cell is placed in a magnetic field inside a 7 T 

supermagnet cooled with liquid helium; the ions are produced by a MALDI or ESI 

source and guided through a hexapole to the ICR cell  

3.8.5 Ion trap analyzer 

An ion trap analyzer consists of a 3D quadrupole trap cell where the 

RF electric field is applied between one ring electrode and two cap electrodes. 

The cap electrodes have to offer an entrance for ions to the trap cell and an 

exit to the detector. The RF field is use to stabilize the ions on a circular orbit 

and to destabilize them according to their m/z ration and direct them toward 

the detector. Inside an ion trap tandem MS-MS measurements can be 

performed using a fragmentation method such as collision induced 

dissociation (CID). ESI-Ion trap mass spectrometric measurements were 

performed on an Esquire 3000+ ion trap mass spectrometer (Bruker Daltonik, 

Bremen, Germany). The samples were introduced by direct infusion with a 

syringe pump. 
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Figure 75. ESI-Ion Trap instrument: ions are formed by an ESI ion source and guided through 

ion optics to a 3D quadrupole trap 

 

3.8.6 Ion mobility spectroscopy – mass spectrometry analyzer 

Ion mobility spectroscopy – mass spectrometry (IMS-MS) is a tandem 

analysis method that combines an MS analyzer with an IM drift tube. While 

the mass spectrometer part of the instrument is able to determine the m/z 

value of an ion, the ion mobility is able to tell more about its shape and 

collision cross section. An ESI ion source is usually used to produce the ions 

before entering IMS section of the instrument. The drift tube is a low pressure 

linear flight tube where the ions must migrate against a current of inert gas. 

The driving force may be an electric impulse is given at the beginning of the 

drift tube, or a caring potential wave along the entire length of the drift tube. In 

both cases the ions will encounter a series of frontal collisions with the inert 

gas molecules which will slow them down and make them arrive at the end of 

the tube at different time points. The bigger the size of an ion is, the higher the 

chances of impact are and the slower the migration through the drift tube will 

be. After drifting, the ions are pushed into the mass spectrometric analyzer to 

identify them by m/z. 

Ion mobility mass spectrometric measurements were carried out on a 

Waters SYNAPT G1 HDMS (high definition mass spectrometer) IMS-MS 

instrument (Waters, Manchester, UK). It consists of a quadrupole, a drift tube 
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called a Triwave and a ToF analyzer. The Triwave section is a set of three 

carrying T-waves which gives the instrument the capability of doing ion 

mobility of the analyte followed by ion fragmentation and ion mobility 

separation of the resulting fragments. The Aβ samples measurements were 

performed at Waters Corporation (Manchester, UK) by Waters personnel. 

Five µL samples (0.5 µg/µL) were injected in a desalting cartridge and eluted 

with a gradient of 10 to 90% acetonitrile, for 10 min with a flow of 20 µL/min. 

IMS-MS was performed in the m/z range of 350–4,000 Da at a pressure of 

0.45 bars. The cone voltage was 25 V and the drift voltage (T-wave height) 

was 5 to 15 V. 

3.9 Electron paramagnetic resonance 

Electron paramagnetic resonance is the electrons equivalent of NMR. It 

is less common because an unpaired electron is needed to be present, 

usually inserted by labeling the molecule of interest, but this gives the 

advantage of less interference and easier to interpret data. 

 

Figure 76. CW-EPR instrument: the sample is situated inside a variable magnetic field while 

monitoring the absorbance of microwave radiation 

The EPR spectra were obtained by measurements on a MiniScope 

MS200 (Magnettech GmbH, Berlin, Germany) spectrometer at 25°C. Each 

spectrum consists of an accumulation of 60 x 1 min scans. Modulation 
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amplitude was set at 400 G and the attenuation at 23 dB. Following 

acquisition, the spectra were exported to the Matlab (The MathWorks Inc., 

Natick, Massachusetts, United States) software and fitted by simulations 

using the EasySpin package. The following simulation parameters were kept 

constant: g-tensor g=[2.01 2.0068 2.0027], hyperfine tensor A=[13 13 108.4] 

MHz, and intrinsic line width 0.14 mT. 

3.10 Bio-informatics tools 

3.10.1 GPMAW 

The molecular weight calculation for all proteins and peptides was 

carried out with the use of GPMAW 5.0 (General Protein – Mass Analysis for 

Windows) (Lighthouse Data, Denmark) software[154]. The program facilitates 

the calculation of average and monoisotopic masses for neutral or multiply 

charged ions. Chemical modifications could be easily added to any amino 

acid and disulfide bonds could be applied to molecules. The software is also 

able to predict the hydrophobicity of a protein and the theoretical cleavage 

sites and digestion mixture for a number of different proteases. 

3.10.2 Mascot database search 

When an unknown protein is subjected to proteolytic degradation 

followed by mass spectrometric characterization, the resulting peaks list forms 

the peptide fingerprint of that protein. In order to identify the protein starting 

from its peptide fingerprint the Mascot (Matrix Science Inc, Boston, MA, USA) 

database search engine was used[155].  

3.10.3 Matlab with EasySpin plug-in 

EPR spectra interpretation and fittings were done using the Matlab 

(The MathWorks Inc., Natick, Massachusetts, USA) software backed by the 

EasySpin package. The plug-in is able to generate theoretical fitting curves 

starting from a set of components. 
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3.10.4 Origin 7.5 with FitMaster plug-in 

For data interpretation of the SAW biosensor measurements the 

sensorgrams were exported to the Origin 7.5 software (OriginLab, 

Northampton, Massachusetts, USA). This is a powerful tool for advanced 

mathematical calculations and wit the help of the FitMaster plug-in it was 

possible to obtain the Kon and Koff values from the sensorgrams and to 

calculate the KD values. 

3.10.5 UCSF Chimera 

UCSF Chimera (Resource for Biocomputing, Visualization, and 

Informatics at the University of California, San Francisco, USA) is a 3D 

visualization tool for pdb crystal structures [156, 157]. This software was used 

to highlight sections of the structure and to render graphical images for this 

thesis.  
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4 SUMMARY 

In present days mass spectrometry (MS) has evolved beyond the 

status of just an analytical tool. MS is now part of complex interdisciplinary 

analytical methods. The development of soft ionization methods such as 

electrospray ionization (ESI) has played a key role in MS expansion, like the 

coupling with liquid chromatography (LC-MS). The ions of intact molecules 

obtained by soft ionization have made possible the targeted fragmentation 

and the development of tandem MS-MS. Recently, a new wave of 

interconnected methods have appeared around MS. Ion mobility spectrometry 

- mass spectrometry (IMS-MS) is just one combination, characterized by high 

resolution and speed of analysis. Even biochemical methods like bio-affinity 

determination can now be coupled with MS thanks to the development of 

biosensor instruments. 

The first part of this thesis focuses on the development of ion mobility 

mass spectrometric methods for the characterization of beta Amyloid (1-40) 

aggregates. The peptide was synthesized by solid phase peptide synthesis 

and subjected to oligomerization in physiological conditions. The aggregates 

were identified and characterized successfully by Thioflavin T test, by 

polyacrylamide gel electrophoresis, in-gel digestion and mass spectrometry. 

The second part of the thesis investigates new analytical methods for 

aggregates characterization based on electron paramagnetic resonance 

(EPR) spectroscopy. Modified beta amyloid peptides were synthesized by the 

prolongation of the chain with a cysteinyl residue: Cys-Aβ(1-40) and Aβ(1-40)-

Cys. In order to perform EPR measurements, a spin label capable of 

absorbing electromagnetic radiation was attached to the cysteinyl residue. 

The modified peptides were subjected to aggregation. The peptide and the 

aggregates were characterized by EPR measurements. 

In the third part of the thesis the epitope of anti-alpha-galactosidase 

mAb against alpha-galactosidase was determined and characterized by 

affinity-MS investigations. An affinity micro-column with the mAb was 
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prepared and the epitope was obtained by affinity proteolytic epitope excision. 

Mass spectrometry was used to identify the epitope. The epitope peptide was 

synthesized by SPPS in full length and in truncated versions. The shortest 

peptide with affinity was selected by running the peptides on the same mAb 

affinity column. The dissociation constant of this peptide was determined with 

the use of a surface acoustic wave biosensor instrument. 

The last part of the thesis deals with the affinity of HLA-B27 protein 

against HD5 and HD6 phage display selected antibodies. Two affinity 

columns were prepared with the two monoclonal antibodies and the HLA-B27 

affinity tested. The epitope peptide was determined by affinity proteolytic 

epitope excision followed by mass spectrometric characterization. The epitope 

proved to be composed of two separate peptides linked together by a 

disulphide bridge. The two epitope peptides were synthesized by SPPS and 

purified by RP-HPLC. To simulate the physiological conditions, the two 

peptides were linked by a disulphide bridge resulting three possible 

combinations, two homodimers and one heterodimer. The disulphide linked 

epitope peptides and the monomeric peptides were tested for affinity against 

the HD6 mAb column. All dissociation constants of the five peptides were 

determined by surface acoustic wave biosensor measurements, proving that 

the specific epitope for the investigated antibodies is the disulphide linked 

hetero peptide HLA-B27 (203-219)-SS-(257-273). 
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5 ZUSAMMENFASSUNG 

Die Massenspektrometrie (MS) hat sich in den letzten Jahren als ein 

Höchstleistungsgerät zur Analyse von Biopolymeren entwickelt. Insbesondere 

ist die MS ist jetzt Teil von komplexen interdisziplinären Analyseverfahren. Die 

Entwicklung von „sanften“ Ionisationsverfahren, vor allem die Elektrospray-

Ionisation (ESI) hat hierbei eine Schlüsselrolle gespielt, wie zB die Kopplung 

der ESI-MS mit der Flüssigkeitschromatographie in der Entwicklung der LC-

MS. Die durch ESI erhaltenen intakten Molekül- Ionen ermöglichen eine 

selektive Fragmentierung durch die Entwicklung der Tandem-MS-MS. Vor 

kurzem wurde eine Reihe von kombinierten Methoden der MS entwickelt, von 

denen die Ionenmobilitäts- Massenspektrometrie (IMS-MS) besonderes 

Interesse als Gasphasen- Trennmethode mit hoher Auflösung und 

Geschwindigkeit findet. Auch biochemische und biophysikalische Methoden 

wie Bioaffinitätsbestimmung mittels Biosensoren wurden vor kurzem mit der 

MS gekoppelt. 

Der erste Teil der vorliegenden Arbeit beschäftigt sich mit der 

Entwicklung von Ionenmobilitäts- massenspektrometrischen Methoden zur 

Charakterisierung von Beta-Amyloid (Aß)- Aggregaten, einem Schlüselprotein 

der Alzheimer- Krankheit. Aß- Peptide wurden durch 

Festphasenpeptidsynthese synthetisiert und ihre Oligomerisierung unter 

physiologischen Bedingungen untersucht. Die Aggregation wurden durch 

Thioflavin-T Test, sowie durch Polyacrylamid-Gelelektrophorese Abbau im 

Gel und Massenspektrometrie analysiert. 

Im zweiten Teil der Arbeit wurden neue analytische Methoden zur 

Charakterisierung der Aß-Aggregation mit Hilfe der Elektronenspinresonanz 

(EPR) –Spektroskopie untersucht. Modifizierte Beta-Amyloid-Peptide wurden 

durch Verlängerung der Peptidkette mit einem Cysteinrest synthetisiert, an 

den eine geeignete Spinmarkierung (Spinlabel) zur EPR- Analyse gekuppelt 

wurde. Mit den modifizierten Spinlabel- Peptiden wurden eine Aggregation 

durchgefuhrt, und das Peptid und die Aß-Aggregate durch EPR-Messungen 

analysiert. 
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Im dritten Teil der Arbeit wurde das Epitop eines monoklonalen 

Antikörpers gegen die Alpha-Galactosidase identifiziert und mittels Affinitäts- 

MS charakterisiert. Hierzu wurde eine Affinitäts- Mikrosäule des Antikörpers 

hergestellt, und das Epitop wurde durch proteolytische Epitop- Exzision und 

Massenspektrometrie identifiziert. Das Epitop-Peptid wurde mittels SPPS mit 

vollständiger Sequenzlänge und in verschiedenen verkürzten Versionen 

synthetisiert, und die Minimalsequenz mittels Antikörper- Affinitätssäule 

identifiziert. Ferner wurde die Dissoziationskonstante des Epitop- Peptids 

mittels SAW- Biosensoranalyse bestimmt. 

Der letzte Teil der Arbeit befasst sich mit der Epitopaufklärung und 

Affinitätscharakterisierung des HLA-B27-Proteins gegenüber zwei mittels 

Phagendisplay selektierten Antikörpern, HD5 und HD6. Zwei Affinitätssäulen 

wurden mit den monoklonalen Antikörpern hergestellt und die Affinität des 

HLA-B27 Proteins charakterisiert. Das Epitop-Peptid wurde durch 

proteolytische Epitop-Exzision und anschliessende MALDI- 

massenspektrometrische Analyse identifiziert. Die Epitopstruktur erwies sich 

als ein Disulfid- Dimerpeptid, das durch eine Disulfidbrücke verknüpft ist. Die 

beiden Peptidkomponenten des Epitops wurden durch SPPS synthetisiert und 

mittels RP-HPLC gereinigt. Um die physiologischen Bedingungen zu 

simulieren, wurden beide Peptide durch eine Disulfidbrücke oxidativ 

verknüpft; dabei entstehen drei mögliche Kombinationen, zwei Homodimere 

und eine Heterodimerstruktur. Die Disulfid- gebunden Epitop- Peptide und die 

monomeren Peptide wurden auf ihre Affinität gegen den HD6- Antikörper 

getestet, und die Dissoziationskonstanten der fünf Peptide mittels SAW- 

Biosensoranalyse bestimmt.
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7 APPENDIX 

7.1 Abbreviations 

 

°C centigrade 

3D three-dimensional 

Aβ amyloid beta peptide 

aa aminoacid 

AA Alois Alzheimer 

Ab antibody 

can acetonitrile 

AD Alzheimer’s Disease 

A-Gla Alpha-galactosidase 

APP amyloid precursor protein 

APS ammoniumperoxodisulfat 

CDR complementarity determining region 

CHCA alpha-cyano-4-hydroxycinamic acid 

CID collision induced dissociation 

CW continuous wave 

Da dalton 

DHB dihydroxybenzoic acid 

DMF dimethylformamide 

DTT dithiothreitol 

EA ethanolamine 
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EDC N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) 

EF electrophoresis 

e.g. exempli gratia (for example) 

ELISA enzyme linked immunosorbent assay 

EPR electron paramagnetic resonance 

ESR electron spin resonance 

ETD electron transfer dissociation 

ESI electro-spray ionization 

FA formic acid 

FD Fabry Disease 

Fmoc 9-Fluorenylmethoxycarbonyl 

FT-ICR fourier transform ion cyclotron resonance 

G gauss 

h hour 

HLA human leukocyte antigen 

HPLC high performance liquid chromatography 

IAA iodoacetamide 

IMS Ion mobility spectroscopy 

M molar (concentration) 

mAb monoclonal antibody 

MALDI Matrix assisted laser desorption ionization 

MHC major histocompatibility complex 

min minute 

mM milimolar 

MS  mass spectrometry  
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MW molecular weight 

µM  micromolar  

NCBInr National Center for Biotechnology Information non-

redundant (protein database) 

NHS N-hydroxysuccinimide 

NMM N-Methyl-morpholine 

nm nanometer 

nM nanomolar 

ns nanosecond 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffer saline 

pH negative logarithm of H3O+ ions concentration 

pI isoelectric point 

PyBOP benzotriazol-1-yloxy-tris-pyrrolidinophosphonium-PF6 

QCM quartz crystal microbalance 

RF radio frequency 

RP reverse phase 

s second 

SAW surface acoustic wave 

SDS sodium dodecyl sulfate 

SPPS solid phase peptide synthesis 

SPR surface plasmon resonance 

TCA trichloroacetic acid 

TEMED N,N,N',N'-Tetramethylethylendiamine 

TFA trifluoroacetic acid 
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TFE 2,2,2-trifluoroethanol 

ToF time of flight 

Tris tris-(hydroxymethyl-) aminomethane 

UV ultra violet 
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7.2 Amino acids abbreviations 

 

Name Oen letter code Three letter code Monoisotopic mass (Da) 

Alanine A Ala 71.037 

Arginine R Arg 156.101 

Asparagine N Asn 114.042 

Aspartic acid D Asp 115.026 

Cysteine C Cys 103.009 

Glutamine Q Gln 128.058 

Glutamic acid E Glu 129.042 

Glycine G Gly 57.021 

Histidine H His 137.058 

Isoleucine I Ile 113.084 

Leucine L Leu 113.084 

Lysine K Lys 128.094 

Methionine M Met 131.040 

Phenylalanine F Phe 147.068 

Proline P Pro 97.052 

Serine S Ser 87.032 

Threonine T Thr 101.047 

Tryptophan W Trp 186.079 

Tyrosine Y Tyr 163.063 

Valine V Val 99.068 
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