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To understand the cellular processes, knowledge of the localization and function of proteins are essential. 
There are several high throughput ventures examining the human proteome. However, there are some 
bottlenecks in these ventures. For example the production and expression of soluble proteins for analysis. 
Another obstacle for affinity proteomics is the generation of high quality antibodies, invaluable tools in 
biotechnological applications. The objective in this thesis was to facilitate protein purification and sample 
preparation before analysis and downstream applications. We also aimed to attain more information on what 
constitutes an ideal immunogen, and on how different immune systems respond to a common amino acid 
sequence.   
 
In one of the projects an automated purification set-up was developed to ensure high recovery of up to 
milligram amounts of protein with high purity. The system allowed up to 60 recombinant proteins to be 
purified under both native and denaturing conditions. In another project, the same developed set-up was 
additionally shown to work with an alternative chromatography resin with small adjustments. Instead of 
immobilized metal ion affinity chromatography, used in the first project, ion exchange chromatography was 
applied under denaturing conditions, with good results. To further automate the production line in high 
throughput projects, an automated sample preparation was set up for mass spectrometry and e.g. gel 
electrophoresis analysis. We showed that a crude cell lysate could be used as input in the magnetic bead based 
system, and totally absent from manual handling, the output was purified and buffer exchanged samples ready 
for mass spectrometry analysis, as well as a fraction of sample that could be used for complementary analyses, 
for example gel electrophoresis to determine the protein concentration and purity.  
 
The other objective was – as noted – to gain better comprehension of antibody generation to foreign proteins, 
and to shed more light over how to design a good antigen. First was a solubility assay developed that 
determined the remaining fraction of soluble protein after reduction of the concentration of denaturing agent. 
The assay was performed in a 96 deep well plate, and only instrumentation available in a standard laboratory 
was necessary. The fact that the assay could be automated on a pipetting robot, increased the throughput and 
reduced the necessary manual handling. Obtained information on antigen solubility was correlated to the 
cognate antibody titers. At average the antibody yield was higher when a soluble antigen was used for 
immunization. Also, the probability of failing in eliciting an immune response was increased if an insoluble 
antigen was used. However, the antibody titers in each solubility class were highly diverse, and thus also some 
insoluble antigens were found that provoked the immune system. To further examine the differences between 
different B cell repertoires, a massive epitope mapping was performed with more than 400 different antisera 
reacting to the same amino acid sequence. Antigenic hot spot regions were discovered, as well as regions 
depleted in antibody recognition. However, in one third of the antisera the most abundant antigenic region 
did not elicit any binding of antibodies. This further validates the conclusion that good antigen design is 
essential, however is it not certain the outcome of immunizations can ever be determined a priori due to the 
variability between hosts. An alternative to immunization is selection of affinity reagents by phage display. In 
the last project an initial parallelized set-up selected antibody fragments that showed high specificity and were 
compatible with several biotechnological applications, making the set-up a promising alternative to 
conventional immunization in proteome-wide endeavors. 
 

Keywords: high throughput, protein purification, sample preparation, antigen solubility, 
immunogenicity, epitope mapping, antigen design.   
 

          © Johanna Steen  
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This thesis is based upon the following seven publications, which are referred to in the text by 

the corresponding roman numerical (I-VII). The papers are included in the Appendix. 

I. Stenvall M, Steen J, Uhlén M, Hober S, Ottosson J.                                                     
High-throughput solubility assay for purified recombinant protein immunogens.          
Biochim Biophys Acta. 2005 Aug 31;1752(1):6-10 

 

II. Steen J, Uhlén M, Hober S, Ottosson                     
High-throughput protein purification using an automated set-up for high-yield affinity 
chromatography.                               
J. Protein Expr Purif. 2006 Apr;46(2):173-8 

 

III. Alm T, Steen J, Ottosson J, Hober S.                                                                                 
High-throughput protein purification under denaturing conditions by the use of cation 
exchange chromatography.                                                                                                                        
Biotechnol J. 2007 Jun;2(6):709-16  

 

IV. Steen J, Ramström M, Uhlén M, Hober S, Ottosson J         
Automated sample preparation method for mass spectrometry on recombinant proteins.       
J Chromatogr A. 2009 May 15;1216(20):4457-64. 

                                                                                               

V. Steen J, Hober S, Ottosson J                  
The correlation between antigen solubility and immunogenicity.                                                                   
Manuscript 

 

VI. Steen J, Larsson K, Wernérus H, Hober S, Ottosson J.                                                                                 
Antigenic mapping and characterization of Albumin Binding Protein                             
Manuscript 

 

VII. Gustavsson E, Ek S, Steen J, Kristensson M, Älgenäs C, Uhlén M, Wingren C, Ottosson J, 
Hober S, Borrebaeck C.A.K                                                                                
Surrogate antigens as targets for proteome-wide binder selection.                                                   
Submitted 

All publications are reproduced with kind permission of the respective copyright holders. 

�



�������������	������ 
Uhlén M, Björling E, Agaton C, Szigyarto CA, Amini B, Andersen E, Andersson AC, Angelidou P, 
Asplund A, Asplund C, Berglund L, Bergström K, Brumer H, Cerjan D, Ekström M, Elobeid A, 
Eriksson C, Fagerberg L, Falk R, Fall J, Forsberg M, Björklund MG, Gumbel K, Halimi A, Hallin I, 
Hamsten C, Hansson M, Hedhammar M, Hercules G, Kampf C, Larsson K, Lindskog M, 
Lodewyckx W, Lund J, Lundeberg J, Magnusson K, Malm E, Nilsson P, Odling J, Oksvold P, 
Olsson I, Oster E, Ottosson J, Paavilainen L, Persson A, Rimini R, Rockberg J, Runeson M, 
Sivertsson A, Sköllermo A, Steen J, Stenvall M, Sterky F, Strömberg S, Sundberg M, Tegel H, Tourle 
S, Wahlund E, Waldén A, Wan J, Wernérus H, Westberg J, Wester K, Wrethagen U, Xu LL, Hober 
S, Pontén F. 
A human protein atlas for normal and cancer tissues based on antibody proteomics. 
Mol Cell Proteomics. 2005 Dec;4(12):1920-32. 
 
Tegel H, Steen J, Konrad A, Nikdin H, Pettersson K, Stenvall M, Tourle S, Wrethagen U, Xu L, 
Yderland L, Uhlén M, Hober S, Ottosson J. 
High-throughput protein production - lessons from scaling up from 10 to 288 recombinant proteins 
per week. 
Biotechnol J. 2009 Jan;4(1):51-7. 

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

� �

�

���������
�������	����




















































































































 ���

����������� ��������������������������������������������������������������������������������������������������������������������������������� ���

������������ ��!����������������������������������������������������������������������������������������������������������������������� �"�

������#��$���%���#�	�������%���������������������������������������������������������������������������������������������� �"�

�����������&�	#��$���%���#& ������������������������������������������������������������������������������������������ �'�

���������$$�����(���)��������������&��#��$���%���#& ���������������������������������������������� �*�

��������+�������#�����#��$���%���#& ���������������������������������������������������������������������������� �,�

����-������.	#��%���#��$���%���#& �������������������������������������������������������������������������������� �/�

��������$���������#�%#0�#���%#�����������������	��������������������������������������������������������� ���

��-�������	��������%� ������������������������������������������������������������������������������������������������������������� ���

��-������&#�����&����%��������������������������������������������������������������������������������������������������������� �-�

��-���1����	���%��������������������������������������������������������������������������������������������������������������������� �'�

-���)�����������)���2 ���������������������������������������������������������������������������������������������������������������� �3�

-�����$�������������������$�������	���$���& ������������������������������������������������������������������� �4�

-���������$�������$����������������$��#��� ���������������������������������������������������������������� �,�

"������������
 5�
��2���6�!�
6��7������������������������������������������������������������������������������������������������� -��

"������������&�����&� �������������������������������������������������������������������������������������������������������������� -'�

"��������+���������&� ����������������������������������������������������������������������������������������������������������� -*�

"��������+�+������&� ������������������������������������������������������������������������������������������������������������ -3�

'���)) ��
�72��������������������������������������������������������������������������������������������������������������������������� -4�

'����������&�����	���������%��������������+�����& �������������������������������������������������������������� "/�

*��������0�������������������� ��������������������������������������������������������������������������������������������������� "��

*����������&0����%���������	���� ����������������������������������������������������������������������������������������� "'�

*�����+����%���������������0��������������	����������������������������������������������������������������������� "3�

*������#�%��������&������������������������������������������������������������������������������������������������������������ "4�

*�������������$�����% ������������������������������������������������������������������������������������������������������ '��

*���������������$�����%������������������������������������������������������������������������������������������������ '-�

*����������������	�����% ������������������������������������������������������������������������������������������������ '"�

*�����-�����	��������&�$�����% ������������������������������������������������������������������������������������ ''�

*�����"�)�������	���$���&�$�����% ����������������������������������������������������������������������������� '*�

*�����'��������	�������	�������%����#$����������������������������������������������������������������������������� '3�

�

�

�

�



�

�������������������� 





































































































 ���

3�����7�����
 5�
��2���6��!!����2����7�������6 ����� ������������������������������������������������������������������ *��

3�������%������������&������$$���%���	��&�8��������9�:; ����������������������������������������������������� *��

3����#���	����(���������#������%���	������$��������������$$���%���8������:�; �������������� *'�

3�-����������(����#�%��������&�%�������������	!+����%����%�#�$�������������%$���0

����%����8������:��; ��������������������������������������������������������������������������������������������������������������� *4�

4�� ��)���6���������� ��!����������6���)�
������������� ���������������������������������������������������������� 3/�

4�������������������&�����$����������	����������	�$����������������8���������9����; �������� 3/�

4�������$�������$���������	�������������������������$�������	���$���&�����%���

���	����#�����������&����8�������:; ��������������������������������������������������������������������������������������� 3-�

	��	�������������� 







































































































 ���

������������� 



















































































































 ���

�	������������� 










































































































 ���

�������	�� 

























































































































 ���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



������������

�

� �

���

�

�

�� !"#$% &"��

�

������������
In the beginning there was RNA. When the first living organisms appeared on earth more than 4 

billion years ago, the genetic carrier DNA and the catalytic and building proteins of today’s world, 

were, in all likelihood, not evolved. Instead there was only – RNA, which now lives on as the linking 

molecule between DNA and proteins, responsible for passing on the genetic information, for the 

catalytic reactions and for the building of macromolecules. Later in evolution, proteins were evolved 

as a more sophisticated builder of macromolecules and catalyst of chemical reactions. DNA was 

formed, less prone to errors because of the double strand. At the dawn of time, the cells were less 

complicated, and in prokaryotes (e.g. bacteria), the protein synthesis and modifications are less 

complicated than in eukaryotes (higher organisms). In early-developed species, the proteins are 

smaller and less complex than in more evolved vertebrates. For instance is the adapted immune 

defense only present in vertebrates (see chapter 5).    

Today, proteins (from the Greek proteios “primary”) are the building blocks of all living organisms, 

and the most abundant molecule of the dry mass of e.g. bacterial and animal cells. Their composition 

is translated from the genetic code, the DNA, via the RNA, and consists of 20 different amino acids. 

Simplified, these twenty molecules are coupled together to form proteins that are responsible for 

many different biological tasks, such as building muscles, signaling, giving us an immune defense, 

and so on. Indeed, proteins execute most of the functions of the cell.  

In the protein, the amino acids are linked to their neighboring amino acids by covalent bonds that 

form the polypeptide backbone. The amino acids have unique side chains that give them their 



�<��������1�������!�����7������������������6��

<�7<��<�� 7<� ����������� ��!��������
���

different properties, for example charge (lysine, arginine, histidine, aspartic acid, and glutamic acid) 

and hydrophobicity (e.g. tryptophan, phenylalanine, and leucine).  

              

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Different levels of structure in proteins. A) The primary structure is the string of amino acids. B) The secondary 

structure is the folding of the neighboring amino acids, here is the �-helix shown. C) The tertiary structure is how these 

structures fold into a globular protein, here exemplified by a human hemoglobin chain. D) The quaternary structure is 

the assembly of several strings to enable functions of the protein. Human hemoglobin PDB id 101N visualized with the 

heme-groups deleted for better visualization of the protein structure. 

Different combinations of the amino acids make the structure and topography of the proteins 

different, and this is why they can perform so many different tasks. The string of amino acids is 

called the primary structure of the proteins, while the secondary structure is how this string of amino 

acids folds in relation to their neighboring amino acids. There are two different main structures, �-

helixes and �-sheets, and between these are unstructured or structured stretches of loops and turns. 

Furthermore does the tertiary structure determine how the string folds to be a globular protein, and 

the quaternary structure how the final form of several different strings come together, making the 

protein functional (however, not all proteins consist of multiple chains) (figure 1).  

Ala Gly Ala Ala

Ala Val Asn Leu

Ala
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In recent years, proteins have arisen as the key molecules for modern drug discovery. For example, 

to be able to make high-quality vaccines, it is important that the design of the vaccine (e.g. a protein 

or protein fragment) is such that it triggers the immune defense accurately and stimulates the 

production of the antibodies (again, proteins). To characterize and analyze potentially interesting 

proteins, among others potential pharmaceuticals, the proteins have to be expressed and purified. 

With the help of robotics, this can nowadays be done with little manual handling, and more proteins 

can be analyzed, increasing the number of potential drug candidates and the throughput in 

proteomic ventures. 

Within the frame of this thesis, automated protein purification set-ups have been developed to 

facilitate high-throughput protein production and analysis. Proteins have been produced and selected 

as targets to generate affinity reagents (antibody fragments) that can be used in biotechnical 

applications and possibly for diagnostics and prognostics in, for example, cancer research. The 

solubility of the antigens has been examined to reveal if this characteristic of the antigen contribute 

the immunogenicity. Finally, the interaction sites between antibody and immunogen have been 

examined to elucidate the characteristics of antigenic determinants.  

Before reviewing the different projects in the Present Investigation chapter, background information 

of the different areas covered within this thesis is further presented in the following parts of the 

Introduction. 
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In most cases, the protein of interest – the target protein – has to be isolated before use or further 

analysis. For recombinant protein production, the target protein is often expressed in a fast-growing 

host, most often the bacterium (prokaryote) Escherichia coli, but also eukaryotic yeast cell are 

commonly used. In addition can baculovirus infected insect cell or mammalian cell be utilized for 

expression (Andersen and Krummen 2002). Either the target protein can be secreted to the growth 

media, or the proteins are maintained inside the cytoplasm or periplasm of the cell. In either way, to 

more or less extent, the target protein has to be purified from the host proteins. In intracellular 

expression the cells have to be lysed, mechanically (using e.g. pressure changes, ultra sound, or 

grinding) or chemically (using e.g. denaturing buffers), and if the target protein is transferred to the 

periplasm most often osmotic shock is utilized to release the proteins. Periplasmatic localization of 

the protein is advantageous due to the lower amount of contaminating proteins, however all proteins 

can not be transported over the inner membrane, the yield is often lower, and a signal peptide has to 

be fused to the protein. The target protein can be purified by precipitation (salting out the protein 

from the solution), preparative centrifugation (separation based on molecular weight), two-phase 

systems (separation based on the preferred solvent of the protein), electrophoresis (separation of the 

differently charged proteins in a electric field), or chromatography (separation based on affinity to a 

stationary or a mobile phase). 

������#��$���%���#�	�������%����

The first chromatographic strategy was developed in 1903 when Mikhail Tswett grinded leaves and 

thereafter separated the different pigments by adding it to a column. Since then, several 

chromatographic methods have been developed, where both column and planar chromatographic 

set-ups have been used.  

When purifying proteins, different chromatographic methods can be used, depending on the 

characteristics of the proteins, as well as the aim of the purification. Most often, it is not enough with 

a single chromatographic step to fully purify the target protein. Instead several chromatographic 
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methods can be used in combination, and many different routes can be taken to achieve as few and 

effective steps as possible in order to attain the desired level of purity. The number of steps should 

be as low as possible since every step is associated with sample loss. Preferably the elution buffer of 

the previous step should be compatible with the loading conditions of the next. The final step 

should, if possible and required, have a concentration effect of the eluate in order to avoid an extra 

step in the sample preparation (e.g. freeze-drying, ultrafiltration, or dialysis). 

As the chromatographic steps are determined, optimization of the operating conditions should be 

made for best performance. The adsorption of the protein to the matrix is often dependent on the 

buffer composition, flow rate, the dimensions of the column and properties of the selected matrix, as 

well as the concentration and composition of the sample to be purified. The operation conditions 

determine the resolution (Rs) of the chromatography, which is defined as the difference between the 

peak maxima (V) divided by the mean peak width (W) of the target protein and a contaminating 

protein. 

Rs = 2
V2 �V1( )
(W2 +W1)

          ( eq. 1) 

If the resolution is low, and thus low separation of the peaks is achieved, fractionation of the target 

peak can be utilized and thereafter only selected fractions are collected. This will however lower the 

yield, but will result in higher purity of the target protein.  

Some of the most commonly used chromatographic methods, and the ones used in this thesis, are 

described below.�

�����������&�	#��$���%���#&�

Natural affinity between different proteins or other molecules can be used for purification, and the 

description of the first affinity chromatography venture was published 1968 by C. B. Anfinsen and 

coworker (Cuatrecasas, Wilchek et al. 1968). A drawback with this type of interaction is the harsh 

elution conditions often needed to release the captured proteins, however the purification can be 

very selective. A commonly used affinity pair in affinity chromatography is the interaction between 

antigen and antibody, where the antigen most often is used as a ligand, immobilized on the matrix. 

Exploiting of a ligand that binds to the common Fc part of the antibodies, for example the 
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immunoglobulin G (IgG) binding domains of staphylococcal protein A or streptococcal protein G, 

generate a general purification of antibodies. Before the advent of affinity tags (Uhlen, Nilsson et al. 

1983) only proteins with known interaction partners could be purified; today recombinantly fused 

affinity handles makes it possible to purify most proteins. An alternative to tags is to select binders to 

the target protein from a library of different affinity reagents.  

������������	
�
��������
������
�
������������������

One of the most utilized purification strategies is immobilized metal ion affinity chromatography, 

IMAC, which is a variant of affinity chromatography. This strategy differs from most other affinity 

chromatography schemes because of the relatively inexpensive matrix, the possibility to recharge the 

resin, but also the lower specificity.  

In the 1970´s, R. J. Everson and H. E. Parker (Everson and Parker 1974) adopted the 

immobilization of chelating compounds to be used for separation of metalloproteins. Soon after, J. 

Porath and coworkers (Porath, Carlsson et al. 1975) postulated a purification model based on the 

binding between charged metal ions and the imidazole groups of histidines or the thiol group of 

cysteines. A decade later, with the advent of a robust metal chelate adsorbent (nitrilotriacetic acid, 

NTA) (Hochuli, Dobeli et al. 1987), the method gained supporters and today, this is one of the, in 

lab-scale, most widely used chromatographic purification methods. As postulated by J. Porath and 

coworkers, histidines and cysteines can contribute to the binding to the IMAC matrix. However, 

cysteines are seldom in the reduced state, which is required for binding. In the beginning of the 80´s 

the groups of J. Porath and also E. Sulkowski started to systematically elucidate the importance of 

other residual side chains, and it was demonstrated that numerous of other residues can, to some 

extent, participate in the binding to the metal ions, i.e. glutamic acid, aspartic acid, arginine, lysine and 

methionine. Also the aromatic residues tryptophane, phenylalanine and tyrosine appear to contribute 

to binding if they are in vicinity of accessible histidines (Sulkowski 1989).  

Chelating compounds used today, are most often the tridentate ligand IDA (iminodiacetic acid), or 

the tetradentate ligands NTA (nitrilotriacetic acid) and TALON (carboxymethylated aspartic acid) 

(figure 2). An advantage of tetradentate ligand is the higher affinity for the metal ions, leading to 

lower ion leakage, but due to the loss of one coordination site they suffer from lower protein 

adsorption. However, binding of the target protein is usually not the problem, but the additional 
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hold relatively high ionic strength. In addition, chelators should of course be avoided, as well as Tris-

buffers since these buffers weakly coordinate metal ions, leading to metal leakage (Chaga 2001).  

There are three different ways to elute the target protein from the IMAC resin. i) Protonation. By 

lowering the pH, the histidyl residues are protonated and consequently the coordination bond 

between the ion and the residue is disrupted.  ii) Ligand exchange. If the protein is sensitive to low 

pH, ligand exchange with imidazole might be more favorable. Addition of high concentrations 

(normally 100-250 mM) of imidazole displaces the target protein. Imidazole also acts as a proton-

pump and causes acidification, which might be disadvantageous if the protein is sensitive (Sulkowski 

1996). Therefore a buffer with good capacity is desired. Addition of imidazole will also result in a 

more complex sample, and additional purifications might be necessary to remove the imidazole. iii) 

Extraction of the metal ion. By application of a strong chelator, like EDTA, the metal ions are 

stripped from the column and the target protein is eluted, however will this destroy the binding 

properties of the matrix. Another drawback with this elution method is the co-elution of ions and 

chelator in the sample, which may be unfavorable for further downstream applications and final use 

of the protein. Even though IMAC is fairly selective, host proteins can bind to the matrix or the 

tagged target protein resulting in co-elution of contaminants. Since IMAC can withstand harsh 

conditions, like addition of detergents (Grisshammer and Tucker 1997), organic solvents (Franken, 

Hiemstra et al. 2000), or stringent wash with imidazole, this obstacle can be minimized.  

The affinity between immobilized metal ions and the functional groups of proteins (e.g. the imidazole 

ring of histidines) can also be utilized for other purposes than purification. For example, IMAC can 

be used for purification of DNA and other non-protein molecules, e.g. by fusing six histaminylpurine 

residues as a tag to the nucleic acid in a PCR reaction (Min and Verdine 1996). The surface 

accessibility and topology in the surrounding of histidines can also be studied. Higher abundance of 

histidines as well as histidines in proximity retain the protein longer in the column (Hemdan, Zhao et 

al. 1989). Additionally, IMAC ligands are used on protein chips to enrich proteins before surface 

enhanced laser desorption/ionization-time of flight mass spectrometry (SELDI-TOF-MS) (Merchant 

and Weinberger 2000), in agarose and capillary electrophoresis (Goubran-Botros, Nanak et al. 1992; 

Haupt, Roy et al. 1996), and in selective precipitation in two-phase systems (Van Dam, Wuenschell et 

al. 1989). 



������������ ��!��������

�

� �

�,�

�

Proteins susceptible to oxidation or proteolytic damage might not benefit from IMAC since one 

major drawback is the intolerance of the IMAC media to reducing agents. Alternative 

chromatographic solutions might also be necessary for proteins sensitive to metal ions. Another 

drawback is the binding of RNA and oligonucleotides (DNA only binds weakly) to the matrix due to 

accessible aromatic nitrogens in the bases (Gaberc-Porekar and Menart 2001). Sometimes the target 

protein coordinates and thereby removes the metal ions, referred to as metal ion transfer, which are 

thereby not retained in the column (Sulkowski 1989). If the target protein is produced for 

therapeutics and pharmaceuticals, eluted metal ions is a problem since even minute amounts of, for 

example, Ni2+ compounds are known human carcinogens (Bal, Kozlowski et al. 2000). Furthermore, 

the ion uptake can be increased in the cell through internalization processes via receptors (Gaberc-

Porekar and Menart 2001) and ion channels. Metal ions internalized into the target protein is a 

difficult problem to solve, but ion leakage resulting in free ions can be eliminated through 

diafiltration versus EDTA buffers, or by re-purification on non-charged IMAC columns (Porath 

1992; Oswald, Hornbostel et al. 1997).  

��������+�������#�����#��$���%���#&�

Reversed phase chromatography (RPC) columns in high performance liquid chromatography 

(HPLC) instrumentation is often used when separating small native proteins with slight chemical 

differences, or when separating peptides after, for example, peptide synthesis. Even though RPC is 

the most commonly used, also ion exchange chromatography (IEXC) and IMAC (see chapters 2.1.3 

and 2.1.1.1) can sometimes be used in HPLC. In RPC, the stationary phase is non-polar and the 

mobile phase is polar, usually consisting of aqueous buffers mixed with organic solvents as methanol, 

acetonitrile and tetrahydrofuran. The mechanism of RPC is based on hydrophobicity and resembles 

hydrophobic interaction chromatography (HIC), but the model on how RPC works is still not fully 

understood. Probably it involves both an adsorption and a partition mechanism for the proteins to 

attract to the matrix. The binding is probably based on the balance of free energy and entropy 

changes associated with the adsorption of the protein to the matrix (Wilson and Walker 2005). RPC 

interactions are likely to have a higher affinity than in HIC, since the elution conditions have to be 

harsher (Wilson and Walker 2005).  
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There are different RPC matrices to choose between, but most often are alkylsilane groups linked to 

silica used when separating peptides or proteins. The two most used groups are butyl (C4), mostly 

applied for proteins, and octadecyl (C18), mostly applied for peptides.  

Proteins and peptides have most of their hydrophobic residues buried within the protein, with 

charged amino acids on the surface. As a consequence of this, the hydrophobic interactions are weak 

and it is difficult to achieve a high-resolution separation. However, this can be solved by addition if 

an organic acid, for example trifluoroacetic acid (TFA), to the samples. During acidic conditions, the 

carboxyl groups from the negatively charged C-terminal and aspartic acid and glutamic acid side 

chains will be protonated (-COOH), thereby masking their charge. The positively charged residues 

(lysine, histidine, and arginine) and the N-terminus will pair with the negatively charged 

trifluoroacetyl group (CF3COO-), making these sites hydrophobic. These modifications to enhance 

the hydrophobicity, in combination with the, however few, exposed hydrophobic amino acids on the 

surface of the protein, makes it possible to sequentially eluted all the proteins and peptides in a 

gradient elution with increased organic modifier (hydrophobicity) concentration where the most 

polar proteins/peptides are first eluted.   

����-������.	#��%���#��$���%���#&�

Ion exchange chromatography (Sober and Peterson 1958) is commonly used both in industrial and 

laboratory scales because of its robust and inexpensive matrices. The method is based on the 

attractions between different charges in the analyte and on the matrix. If the matrix holds negatively 

charged groups, then the chromatography is of cation exchange type, and when the matrix holds 

positive charges the chromatography is of anion exchange mode. 

Some amino acids (lysine, arginine, histidine, aspartic acid, and glutamic acid) have ionizable groups 

that give the protein a net charge that is dependent on the pH of the sample buffer; when the pH 

gives a zero charge this is denoted as the proteins isoelectric point (pI). A theoretical pI can be 

calculated based on the constituting amino acids. Most of the charged amino acids are situated on 

the surface, and hydrophobic amino acids constitutes much of the core of the protein, but only 

exposed residues contribute to the actual pI. Therefore, the calculated and the experimental pI 

might differ to some extent. It should also be noted that the pI could diverge over the globular 

protein, with local pI different from the net charge, and that these characteristics are applied in e.g. 
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ion exchange purification tags (see chapter 2.3.2). Because of these characteristics, and since the pH 

can differ within the chromatographic column, there should always be one pH unit between the pI 

of the protein and the pH of the buffer at adsorption to ensure binding of the target protein.  

The pI of most E.coli proteins are grouped in two clusters at pH 4.5-7.5 and 8.0-10.5 (VanBogelen, 

Abshire et al. 1997), where 90% of the expressed proteins have a pI between 4 and 7 (Link, Robison 

et al. 1997). Consequently, by selecting a cation exchange resin at neutral pH most of the 

contaminating proteins are easily removed, since the proteins have a negative charge above their pI 

and are thus repelled by the cation exchanger. However, the target protein has to possess a high pI, 

or a high local pI to be attracted to the cation. Yet, there are two parameters affecting the attractive 

interactions between the matrix and the analyte, pH and conductivity. Salts in the buffer shield the 

forces between the matrix and the protein, and increased concentrations of salts compete for 

binding to the matrix, and by this, weakly charged proteins are eluted. Hence, the pH can be 

constant and only the conductivity can be increased to elute proteins. It can be advantageous not to 

fluctuate the pH since the protein stability is highly dependent on the pH. Conversely, if high salt 

concentrations should be avoided or if a changed pH is desired, it can be appropriate to use a pH 

elution instead of increasing the conductivity.  

Buffer conditions can continuously or stepwise be changed to elution conditions, or proteins can be 

released by isocratic elution. Most often gradient elution is employed, and the continuous change of 

buffer tends to give better resolution with less peak tailing and is often employed at first trial to find 

the right conditions to release the target protein. But on the other hand, stepwise elution does result 

in narrower and more concentrated peaks and needs less complicated equipment.  

��������$���������#�%#0�#���%#�����������������	������

In proteomic projects several different proteins often have to be purified, either for screening or for 

later applications, which results in a need for automated and high throughput protein purification. 

Another application of high throughput purification strategies is to find optimal chromatographic 

conditions, either buffer composition (Kelley, Switzer et al. 2008), or chromatographic resin (Rege 

and Heng 2010).  

In high throughput purification ventures 96 well plates packed with a chromatographic media with a 

vacuum manifold for buffer exchange is often utilized (Nguyen, Martinez et al. 2004; Lin, Moore et 
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al. 2006; Bergander, Nilsson-Valimaa et al. 2008; Hopp, Pritchett et al. 2009). This format is highly 

parallel and several purification systems are commercialized. However, there are some limitations. 

Not all chromatographic methods can be used, for example RPC is not suitable due to the volatility 

of the organic modifiers used. Neither is size exclusion chromatography (SEC) suitable, due to the 

limited number of theoretical plates. Additionally, it is not possible to generate continuous gradients 

when using vacuum manifolds, and gradient elution is often used in IEXC (Rege and Heng 2010). 

Because of these limitations most often affinity chromatography, especially IMAC, is used in these 

systems. There is also a limited amount of resin that can be packed to the well, thus high capacity 

matrices is required for efficient purification. The wells should moreover have enough volume to 

hold buffers.   

An alternative set-up is by using pipetting robotics and larger scale columns for automated and 

parallel purification (Blank, Lindner et al. 2002; Gottstein and Forde 2002), or peristaltic pump 

systems (Sigrell, Eklund et al. 2003; Kim, Dementieva et al. 2004; Bhikhabhai, Sjoberg et al. 2005; 

Jeon, Aceti et al. 2005). The main advantage is higher recoveries due to the larger scale and higher 

resolution due to positive pressure instead of vacuum; the drawback is the reduced throughput.  

A more recent high throughput methodology is the utilization of magnetic beads coated with 

different chromatographic ligands, for example IMAC (Scheich, Sievert et al. 2003; Lin, Moore et al. 

2009), RPC (Wang, Chang et al. 2005), affinity chromatography (Margel and Offarim 1983), et cetera. 

An alternative small-scale high throughput purifications set-up is based on pipetting tips filled with 

chromatographic resin, which can be automatically used in pipetting workstations (Wenger, 

Dephillips et al. 2007). The drawback of both these methods is the achieved low amounts of purified 

proteins, which are often only enough for analytical purposes. However, only small volumes of 

buffers and reagents are needed.  

Even though chromatographic methods are dominantly used in high throughput purifications, also 

other purification methods are used, as demonstrated by for example Singh and coworkers who have 

developed a chip with a two-phase purification system (Meagher, Light et al. 2008). 

��-�������	��������%��

Common purification strategies for different proteins were not possible before the advent of 

recombinant engineering technologies, because of the different intrinsic properties of proteins. 
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Nowadays, a common purification handle (tag) is often recombinantly fused to the proteins to 

enable a universal, and sometimes parallel and automated, purification strategy.  

There are several different proteins, domains, and peptides, which are used as purification tags. 

Plenty of these can also be used for other purposes, e.g. matrix assisted refolding, immobilization, 

enhance solubility, solubility assays, and detection systems (Braud, Moutiez et al. 2005). As an 

example, the HaloTag can be used for – in addition to affinity purification – cell labeling and sorting, 

immobilization, subcellular imaging, and as a solubility tag (Los, Encell et al. 2008; Ohana, Encell et 

al. 2009).  

The disadvantage of larger domains and proteins is the metabolic load of the fused tag on the host 

cell (Malhotra 2009). Another aspect is economy, different tags give different costs depending on e.g. 

whether the resin is reusable or the buffers are expensive.  

Most often, one purification step is not enough to get highly purified target proteins, and then 

multiple tags can be utilized for the same target protein. Tandem affinity purification tags have been 

developed for combined purification protocols, but also for instance, purification and solubility- or 

detection-tags, can be paired (Puig, Caspary et al. 2001; Collins and Choudhary 2008). To ensure that 

only the full-length protein is isolated, the target proteins can be placed in between two tags 

(Hammarberg, Nygren et al. 1989; Mueller, Bussow et al. 2003). Not all tags are functional at both 

termini, so care should be taken on where to place the tag. If the tag should be removed by cleavage 

after purification, it is advantageous to put the tag at the N-terminus since endonucleases cut at, or 

near, the C-terminus of their recognition sites (Malhotra 2009). Care should also be taken on 

maintaining signal sequences and modification sites, as well as on not introducing any restriction or 

interaction sites (Malhotra 2009).  

��-������&#�����&����%��

One of the most common chromatographic strategies – IMAC – is exploiting the interaction 

between charged metal ions and preferably histidine residues (Porath, Carlsson et al. 1975). 

Histidines are weakly hydrophobic and rarely found on the surface of the protein. It has been 

estimated that a regular protein have at average 2 % histidines, and that at average half of them are 

situated on the surface (Klapper 1977; Meirovitch and Scheraga 1980). Some proteins have an 

intrinsic affinity to the IMAC resin, but most often a polyhistidyl tag that consists of six to ten 



�<��������1�������!�����7������������������6��

<�7<��<�� 7<� ����������� ��!��������
�"�

consecutive residues is fused to the target protein, of which the hexahistidyl tag (His6-tag) is the most 

commonly utilized. There are also variants of the tag, one containing inserted tryptophan residues 

(Smith, Furman et al. 1988), the histidine affinity tag (HAT) (Chaga, Bochkariov et al. 1999), histidine 

peptides (Ljungquist, Breitholtz et al. 1989; Patwardhan, Goud et al. 1997), and engineered histidine 

proteins (Lu, DiBlasio-Smith et al. 1996).  

Histidine tags bind to the IMAC resin via the imidazole ring of the histidine and are eluted by a 

molar excess of imidazole (typically 100-250 mM) or by low pH (4.5-6). At pH lower than 6.0 the 

imidazole-ring becomes protonated and thus are the histidines released from the resin.  

Polyhistidyl tags are not dependent on the three-dimensional structure, and is thus suited for 

purification under denaturing conditions, and consequently, the polyhistidyl tag can also be used for 

matrix assisted refolding (Dashivets, Wood et al. 2009). It has been shown that the His6-tag binding 

is even stronger during denaturing conditions, as compared to native, since the tag becomes more 

exposed (Malhotra 2009). The His6-tag can also be utilized for directed immobilization (Kashlev, 

Martin et al. 1993) that increases the tagged proteins stability and re-usability; in addition the tag can 

also be used to investigate interactions (Hoffmann and Roeder 1991). The His6-tag is often used in 

combination with other tags in tandem affinity purification (TAP) where the combined tag thus 

possess dual affinity (Li 2010). Histidyl tags appear to be compatible with all expression systems used 

today, both for intracellular and secreted proteins (Seidler 1994), and consequently histidyl-tagged 

proteins are produced in both eukaryotic and prokaryotic hosts, e.g. Escherichia coli, Staphylococcus aurous 

(Kronqvist, Lofblom et al. 2008), Saccharomyces cerevisiae (Bush, Tassin et al. 1991), mammalian- 

(Janknecht, de Martynoff et al. 1991) and insect-cells (Yet, Moon et al. 1995).  

Several commercial antibodies are available towards the His6-tag, and thus the tag can also be used 

for detection. But the antibodies available are not highly specific (Malhotra 2009), possibly due to the 

low antigenic properties of consecutive stretches of the same residues (Goldsby, Kindt et al. 2000). 

However, there are contradicting reports on the immunogenicity of histidyl tagged proteins. The 

histidyl tagged Pfs25 protein exhibited higher immunogenicity than the native protein (Kaslow and 

Shiloach 1994), conversely was a His6-tagged malaria vaccine peptide reported to not elicit 

production of antibodies (Takacs and Girard 1991). 
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Even though the tag is small and thereby easily fused to the target by PCR, there are some 

disadvantages in using the His6-tag. As earlier described in chapter 2.1.1.1, due to the chelating 

properties of the resin, EDTA and Tris buffers should be avoided in IMAC. Most resins are also 

sensitive to reducing agents such as dithiothreitol (DTT), and only low concentrations of �-

mercaptoethanol (<10 mM) should be used. Another obstacle is the negative effect of His6-tag effect 

on the solubility of some target protein (Woestenenk, Hammarstrom et al. 2004).  
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In IEXC the effectiveness is based on how much the pI (or local pI) of the target protein differs 

from the contaminating proteins. Egmond and coworkers (Egmond, Antheunisse et al. 1994) 

showed that by increasing the number of charged amino acids on the surface of a protein, the 

adsorption to a cation exchanger was increased. However, changes in the native protein can result in 

unwanted attributes, such as loss of function or lower production levels. Additionally, site-specific 

mutagenesis is also time consuming, and it is favorable if the structure is known. To circumvent such 

problems, a highly basic or acidic tag can be recombinantly fused to the protein (Sassenfeld and 

Brewer 1984). The local pI of the tag will make adsorption to the matrix in more extreme pH and 

conductivity environments possible, and thereby an increase in purification efficiency is achieved. 

Instead of constructing a de novo domain as M. Hoshino and coworkers (Hoshino, Yumoto et al. 

1997), a well characterized scaffold with known high stability can be utilized as a template. This has 

been done with the 58 amino acid long Z domain (Nilsson, Moks et al. 1987). The Z domain is 

derived from staphylococcal protein A and consists of a three �-helix bundle, is highly soluble, and 

free of cysteines. Earlier two variants with positive charge characteristics were engineered, denoted 

Zbasic1 and Zbasic2 (Graslund, Lundin et al. 2000). Z basic1 is a modification of ZEB4 (Ahlborg, Sterky et al. 

1997) with removed cysteines, and Zbasic2 have totally ten amino acids, in helix one and two, 

exchanged to arginines (figure 3).  

When using the more positively charged Zbasic2 domain as a purification tag in cation exchange 

chromatography, highly purified samples are achieved, both in expanded bed mode (Graslund, 

Hedhammar et al. 2002) and in packed columns (Graslund, Ehn et al. 2002; Hedhammar, Graslund 

et al. 2004) at pHs down to 6.0 (Hedhammar, Graslund et al. 2004). The Zbasic2 has further been used 

in matrix assisted refolding (Hedhammar, Alm et al. 2006). The tag can be readily removed by site-
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J.J Thompson first described the ability to separate molecules based on their size and charge as early 

as 1912, but not until the 1980´s two ionization techniques for protein identification were developed; 

electrospray ionization (ESI) (Fenn, Mann et al. 1989) and matrix assisted laser adsorption/ionization 

(MALDI) (Karas and Hillenkamp 1988) (Figure 4). In 2002 these two achievements were rewarded 

with the Nobel Prize in chemistry. They both are soft ionizers that allow intact macromolecules to be 

analyzed. A mass analyzers often used in combination with ESI and MALDI are time-of-flight 

(TOF) (separates ions by the time it takes for them to travel a given distance), quadropole (separates 

ion by addition of a fluctuating electric field), and quadrupole-ion trap (separates ions by varying the 

potential in a three-dimensional electric field where ions are trapped). The third part of the mass 

spectrometry (MS) instrument is the detector where the previously separated ions impose and are 

neutralized by collection or by donation of electrons. Thereby an electric flow is amplified and finally 

converted to a measurable signal (Wilson and Walker 2005).  

The field of proteomics can be divided into MS based proteomics (Aebersold and Mann 2003) and 

affinity-based proteomics (Uhlen, Bjorling et al. 2005), where the former, thus far, might had the 

strongest impact in the research society. Mass spectrometry based proteomics often use the analytical 

step of the MS in combination with the preparative and separating step by combining gel/capillary 

electrophoresis (GE/CE) and liquid chromatography (LC) in two-dimensional analysis, which 

separates proteins by their size and pI in two dimensions. Another way of analyzing the proteome is 

by shotgun MS where the samples are digested and thereafter fractionated by chromatography or 

electrophoresis before analysis (Horvatovich, Hoekman et al. 2010). 

Mass spectrometry is today one of the most common ways to analyze, characterize, and verify the 

occurrence of proteins. It is a technique that already plays an important role in drug discovery 

because of its sensitivity and speed (Glish and Vachet 2003), and with the introduction of novel, 

bench-top, user friendly, however not inexpensive MS equipment, more and more researchers will 

use MS for analysis. This will probably lead to new applications and new areas where it will be used 

routinely. Already today there are several areas where MS is crucial. Due to its sensitivity, MS can be 
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used to determine the primary structure of proteins, and nowadays MS sequencing is an optimal 

alternative to Edman degradation. Also post-translation modifications (e.g. glycosylation, 

phosphorylation and disulphide bonds) can be detected and characterized, as well as the binding site 

of two interacting proteins by epitope mapping. In peptide synthesis MS is frequently used as a 

quality control to confirm the path of synthesis and the final product.  

 

 

Figure 4. Schematic overview of electrospray ionization ESI (top left) and matrix assisted laser desorption/ionization 

MALDI (bottom left) and time of flight (TOF) mass analyzer (right). The ions are produced in different ways in the two 

ionization methods. In ESI the sample is injected to the ionizer at a continuous flow and the solvent evaporates as the 

sample leaves the capillary. When the ions reach the mass analyzer they are free from solvent. In MALDI the sample is 

deposited on a target and then co-crystallized with a matrix that absorbs the laser energy and thereby ionize/protonate 

the sample. Time-of-flight mass analyzer is compatible with both ESI and MALDI. The charged samples are separated 

by their mass-to-charge (m/z) and the lowest m/z ratio will first reach the detector and thereafter, in ESI after 

deconvolution of the acquired mass spectrum, the mass can be determined.  
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Fractionation of proteins before MS analysis is often a necessity to be able to interpret the resulting 

spectra. As already noted, a crude protein extract can be purified by capillary electrophoresis and/or 

liquid chromatography. However, a second step might be necessary to change the buffer to a more 
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suitable buffer for ionization. Desalting is often a crucial component in the sample preparation since 

MS is incompatible with high salt concentrations. Particularly ESI is sensitive to contaminants as 

salts, but also MALDI experience quenched signals if the samples are not desalted. Hence, a final 

purification by RPC is advantageous due to the elution buffer that consists of high concentrations of 

organic solvents without any buffering salts.  

There are several ways to prepare the sample for MS analysis, and depending on the starting material 

some are more advantageous than others. Electrospray ionization demands a continuous flow of 

sample, whereas samples analyzed by MALDI are deposited on a target before the laser ionizes the 

proteins or peptides. Because of this, different methods are more or less compatible with ESI and/or 

MALDI. Most often in life science ventures, biological samples are used for MS, and most sample 

preparation methods are developed for naïve proteins or peptide fragments. Since some proteins 

have a very low abundance in biological samples, enrichment is often necessary to detect the target 

protein, even though the sensitivity is high in today’s MS detectors. However, the methods can also 

be modified to suit recombinant proteins. For full-length recombinant protein or peptide detection 

on ESI, most often an on-line reversed phase liquid chromatography (RPLC) column is used. The 

sample is fractionated and the buffer is exchanged to a buffer suitable for MS loading. Often the 

samples are purified from host proteins before adding them to the RPLC column, separating them 

sequentially, which lead to long analysis time. Another obstacle is the risk of clogging and sample-to-

sample carry over. Recombinant proteins or peptides analyzed by MALDI are often desalted by 

RPLC pipetting tips (Pluskal 2000), by dilution, or by on plate sample preparation (Chen, Murawski 

et al. 2006; McComb, Perlman et al. 2007). 

Keratin contamination from skin and hair might also be a problem, but with the introduction of an 

automated sample preparation step this becomes less of an obstacle. Gloves, lab coat, and a clean 

work area must be used to minimize the risk of contamination.  
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Mass spectrometry analysis is easy to automate, and is therefore often an obvious choice as analytical 

tool in high throughput proteomic projects. However, this often requires an automated high 

throughput sample preparation. The first automated sample preparation for MS was made for 

proteins priory separated by gel electrophoresis by Mann and coworkers in 1995 (Houthaeve, 
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Gausepohl et al. 1995). Often the sample preparations earlier manually performed are adapted to 

automated pipetting robotics; however, some are different from the manual set-ups, as for example 

the sample preparation by chromatography in CD discs (Gustafsson, Hirschberg et al. 2004).  

The sample preparation for proteins or peptides analyzed by MALDI is often carried out by RPLC 

pipetting tips (Hsu, Chou et al. 2004; Rappsilber, Mann et al. 2007; Tiss, Smith et al. 2007). The tried 

and used ZipTip tips from Millipore are compatible with several pipetting stations; the 96 well 

ZipPlate is capable of an even higher throughput. Agilent Technologies have a competing pipetting 

tip with the C18 matrix coated inside the tips instead of as a resin, which minimizes the risk of 

clogging. An alternative to pipetting tips is sample preparation directly on the MALDI target 

(Onnerfjord, Ekstrom et al. 1999; Moon, Wheeler et al. 2006). The conventional MALDI target is 

made of stainless steal, but in SELDI the target have been derivatized with planar chromatographic 

chemistry – e.g. IMAC, RPC, HIC and IEXC – and thus can the sample be purified on target. In the 

last years several other alternatives to the steel target have become available, for example targets with 

hydrophobic polymers where the sample can co-crystallize with a preloaded matrix and calibrant, as 

well as be concentrated and washed, and this increase the sensitivity 10-100 fold. The Integrated 

selective enrichment target (ISET) technology has wells with RPC media on the backside of the 

target, which makes it possible to analyze complex samples. The samples are desalted and at elution 

it co-crystallize with the matrix at the front, and thereby, are ready to be analyzed (Ekstrom, Wallman 

et al. 2004).  

Because of the continuous flow mode of ESI-MS, the most utilized sample preparation is on-line LC 

desalting (Chen and Pramanik 2009) or capillary electrophoresis (Simpson and Smith 2005; Ahmed 

2009). Also off-line sample preparation can be used, for example can pipetting tip desalting or 

magnetic bead sample preparation be implemented, however, the samples have to be manually 

transferred to the MS before analysis. The advantage of off-line sample preparation is the decreased 

analysis time on the MS instrument.  
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In 1972 C. B. Anfinsen received the Nobel Prize for discovering that protein structures are defined 

by the amino acid sequence and that proteins fold spontaneously, with a few exceptions (Anfinsen 

1973). However, the folding is also dependent on the solvent, and it is both the intrinsic properties 

of the protein and the milieu that assign the solubility of the proteins. A good example is membrane 

proteins that fold correctly in their native milieu, but are nearly unable to fold in water-based 

solvents. The solubility of a folded protein is determined by the possibility of polar residues to 

interact with water and the success to submerge the hydrophobic core amino acids of the protein.  

Several diseases are associated with misfolded proteins, for example Alzheimer’s disease (Harper and 

Lansbury 1997), Parkinson’s disease (Galvin, Uryu et al. 1999), cystic fibrosis (Thomas, Ko et al. 

1992), Creutzfelt-Jacob disease (Prusiner 1998), and other prion and amyloid fibril diseases. When 

the cell is working properly, chaperones assist to render the aberrant protein to the native 

conformation (Morimoto, Kline et al. 1997). If this is unsuccessful however, misfolded proteins are 

ubiquitinylated and cleared from the cell by protease degradation by the proteasome (Hochstrasser 

1996; Hershko and Ciechanover 1998). Proteins are also unfolded in vivo and this is an important 

feature for protein degradation of e.g. short-lived regulatory proteins and translocation of proteins 

from the cytosol to other organelles of the cell (Matouschek 2003). Nevertheless, not all proteins in 

the cell need to be folded to function, some fold upon binding and activation. These proteins are 

often involved in regulatory functions in higher eukaryotes and it is hypothesized that the disorder 

provides the protein with the ability to bind several different targets, precise control over the binding 

process, a simple mechanism for inducibility by post-translational modifications, and faster tuning of 

the response (Wright and Dyson 1999; Dyson and Wright 2002). The intrinsically unfolded proteins 

have a biased amino acid composition with high homogeneity and flexibility, and resemble the 

random coil in its hydrodynamic properties (Garner, Cannon et al. 1998). These characteristics might 

help these proteins to evade the proteolytic degradation machinery (Dyson and Wright 2002).  

Because of the large number of possible conformations a protein can obtain upon folding, the search 

for the true native structure would be infinite if this was done at random without intermediates. This 
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was first described in 1969 by C. Levinthal and was thereafter named “the Levinthal’s paradox” 

(Levinthal 1969).  

Several models have been proposed to describe the folding pathway e.g. (Ptitsyn 1973; Wetlaufer 

1973; Ohgushi and Wada 1983; Kim and Baldwin 1990; Karplus and Weaver 1994; Ptitsyn 1994; 

Fersht 1997) and one of the most resent is the energy landscape and folding funnel model (Wolynes, 

Onuchic et al. 1995). Several investigations using for example NMR favors different mechanisms and 

thus are not one of the proposed models valid for all proteins. Indeed, most of the models are only 

valid for small proteins (Sali, Shakhnovich et al. 1994).  

When the protein folds, the enthalpy (�H) is negative as the amino acids come in close proximity 

and can make hydrogen and van der Waals bonds or salt bridges. Also the entropy (�S) is negative 

as the water molecules becomes ordered around the folded protein and because of the more 

constrained conformation of the folded protein as compared to the unfolded. As seen in equation 2, 

the free energy, �G, is the difference between the enthalpy and entropy at constant temperature (T), 

and due to the two negative changes they work against each other. The free energy (G) decreases as 

the protein folds, with an energy minimum at the native conformation.  

         (eq. 2) 

The proteins have evolved to be stable in their natural environment. For example, the milieu for 

human protein folding is not optimal at recombinant protein production in E.coli. In bacteria, the salt 

concentration fluctuates between 0.3 and 0.6 M, whereas in eukaryotes the concentration is around 

0.15 M (Schein 1990). Also chaperones (proteins assisting folding and unfolding) and cofactors 

(molecules helping folding) specific for the target protein are regularly missing in bacteria. Protein 

aggregates within the cell are called inclusion bodies and were first described in the late 1960’s in 

research on patients with abnormal hemoglobin (Carrell, Lehmann et al. 1966; Schneider, Ueda et al. 

1969). Inclusion body formation is most often related to recombinant expression of foreign proteins 

in bacteria, but can also be found in the proteins’ natural environment. Inclusion bodies originate 

from protein folding intermediates resulting in fairly pure protein aggregates (Speed, Wang et al. 

1996). The inclusion bodies are mostly formed by hydrophobic interactions and can be solubilized by 

denaturation and the protein can subsequently be refolded (Mitraki and King 1989). There are 

�G = �H �T�S
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several different ways to succeed in refolding, for example by dilution, dialysis, and by matrix assisted 

refolding (Jungbauer and Kaar 2007). 

In recombinant protein production, the solubility during production can be increased substantially in 

two different ways. One way is to optimize the physical conditions for the native protein. Important 

properties of buffers and environment that affect the solubility are first and foremost temperature, 

time, conductivity, denaturing agents, and pH. The availability of ribosomes, cofactors, chaperones, 

and cytoplasmic membranes can all influence the in vivo folding (Mitraki and King 1989) and the 

cofactors and chaperones can be added to the cultivation media, or be co-expressed, to increase the 

solubility (Wynn, Davie et al. 1992; Brown, Hong-Brown et al. 1997). Increased solubility can be 

achieved by changing the expression conditions, e.g. low-temperature expression (Vasina and Baneyx 

1997; Ferrer, Chernikova et al. 2004) and modifying growth media (Georgiou and Valax 1996; 

Makrides 1996), by optimizing the promoter strength (Jana and Deb 2005), or the induction level 

(Weickert, Doherty et al. 1996), changing host strains (Miroux and Walker 1996; Stewart, Aslund et 

al. 1998; Arechaga, Miroux et al. 2000), and other physical conditions. After expression, additives in 

the buffer can increase the in vitro solubility. Ionic compounds stabilizing the proteins by shielding 

the surface charges, and larger ions (for example sulfates, acetates and phosphates) have a better 

stabilizing effect than smaller (for example chlorides, nitrates), but it is difficult a priori to determine 

the exact concentrations and which ions that are best suited for a particular protein. Osmolytic 

stabilizers – e.g. sugars, polymers and amino acids – do seldom interact with the proteins, but instead 

affect the solution properties. Osmolytes, most frequently glycerol, are often added to the buffers 

and affect the viscosity and surface tension of water, thereby increasing the solubility of the proteins 

(Schein 1990). A mixture of L-arginine and L-glutamine has also been successfully utilized to increase 

the solubility almost ten-fold (Golovanov, Hautbergue et al. 2004). Moreover is the pH of the buffer 

important, for example are proteins prone to precipitate around their pI. Sometimes detergents are 

added to buffers to enhance the solubility, especially for membrane proteins.  

Another way of changing the solubility of a recombinant protein is to increase the proteins intrinsic 

solubility by directed evolution (Pedelacq, Piltch et al. 2002; Savchenko, Yee et al. 2003), or rational 

site directed mutagenesis if the structure is known (Dale, Broger et al. 1994). There are several 

properties of the proteins that contribute to their solubility. In the folding procedure, cysteine 

bridges are a limiting factor, and are therefore often avoided when constructing recombinant 
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proteins that should be easy to produce. However, the disulfide bridges do stabilize the folded 

protein, and therefore is it not always advantageous to exclude them. Highly hydrophobic proteins, 

for example membrane proteins, are also often difficult to produce as soluble proteins. It has also 

been shown that peptides of more than eight residues are more soluble when forming �-helixes and 

random coils than when forming �-sheets (Schein 1990). Some proteins are not able to fold correctly 

if the environment is changed, and then mutagenesis is the only way to assist the target protein in the 

folding process and thereby make it more soluble. Mutations of, most often, hydrophobic amino 

acids into more polar residues can increase the solubility and should preferably not interfere with the 

activity. It has been shown that a dramatic increase in solubility of the proteins is possible with one 

or several mutations without altering the general wild-type structure of the protein (Murby, 

Samuelsson et al. 1995). The solubility can also be enhanced by fusing a solubility tag to the protein, 

and a fraction of these are listed in table 1. 

Table 1. Examples of available tags to increased solubility of the target protein by recombinant fusion. 

Solubility tag Origin 
Size  
(Length, MW) 

References 

Maltose binding protein (MBP)  E.coli MalE 396 aa, 40kDa 
(di Guan, Li et al. 
1988) 

N-utilizing substance A (nusA)  E.coli NusA 495 aa, 55 kDa 
(Davis, Elisee et al. 
1999) 

Z-domain Staphylococcus protein A 56 aa, 7 kDa 
(Uhlen, Nilsson et al. 
1983) 

BG1-tag Streptococcus protein G 56 aa, 7 kDa 
(Huth, Bewley et al. 
1997) 

Small ubiquitin-like modifier (SUMO)  Saccharomyces Smt3 100 aa, 11.5 kDa  
(Malakhov, Mattern et 
al. 2004) 

HaloTag7 Rhodococcus DhaA �290 aa, 34 kDa 
(Ohana, Encell et al. 
2009) 

Thioredoxin E.coli TrxA 109 aa, 11.7 kDa 
 (LaVallie, DiBlasio et 
al. 1993) 

 

It can be useful to screen several tags to find the best suited for the target protein (Hammarstrom, 

Woestenenk et al. 2006). A solubilizing tag can also be coupled to the protein in vitro, for example a 

polyethylene glycol (PEG) tag (Knauf, Bell et al. 1988).  

It should however be remembered, that the intrinsic folding of the proteins is not improved by the 

strategies when the proteins are not mutated, and thus when the solubilizing agents or tags are 

removed, the protein regains its native characteristics (Malhotra 2009).  
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There are several different ways to monitor and assay the solubility of proteins, both native and 

recombinantly expressed. Both how the milieu within the cell influences the solubility of the proteins 

(in vivo) or how different solvents and conditions affect the solubility after lysis (in vitro) can be 

investigated. However, some of the methods are indeed in vitro, but aim to refer to the in vivo 

solubility, as for example in the methods by Nordlund and coworkers (Knaust and Nordlund 2001; 

Cornvik, Dahlroth et al. 2005) where the solubility is determined directly after lysis of the cells. The 

solubility can also be predicted by in silico methods (Yin, Ding et al. 2007), but this method should 

only be used as indicator of solubility since the solubility thus far can not be predicted solely from 

the primary sequence. Some of the assays to determine the solubility are dependent on knowledge of 

the function and structure of the proteins, for example when using functional screening of the 

protein, however most of the solubility assays are only determining the solubility and not if the native 

conformation is achieved. It should be stressed that if a functionality assay is not performed, the 

soluble proteins are not verified to be operative.  

There are two main applications for solubility assays. The first is biotechnological applications, where 

production of soluble proteins is one of the cornerstones. Solubility assays are often developed to 

screen libraries for soluble protein variants, which will later be characterized by x-ray crystallography. 

Therefore, most of the assays are based on screening where the aim is to get a high-throughput. 

Another important application is within the pharmaceutical industry where research on the 

solubilizing effects on proteins is a new challenge of highest importance in drug development for 

protein-folding diseases. 

An ideal method would be able to screen a large number of variants (up to 109), be sensitive to small 

changes in solubility, inexpensive, applicable to any protein, not alter the proteins functions, work 

well in both in vivo and in vitro, and have a good prediction power on which variant that would stay 

soluble in downstream applications. Today, no screening method for solubility holds all these 

characteristics. However, when screening large libraries or quantities for soluble proteins, the 

methods can be used in tandem, with a high-throughput method initially, followed by a more 

sensitive method to refine the findings (Waldo 2003).  
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One of the most used, and least laborious, in vitro solubility assays is to separate the soluble and the 

insoluble fraction of proteins by centrifugation (Knaust and Nordlund 2001; Shih, Kung et al. 2002). 

Thereafter the fraction of soluble protein is analyzed by SDS-PAGE analysis (Hammarstrom, 

Hellgren et al. 2002; Hammarstrom, Woestenenk et al. 2006) or dot-blot analysis (Braun, Hu et al. 

2002; Doyle, Murphy et al. 2002; Vincentelli, Bignon et al. 2003). Another assay, utilizing 

ultracentrifugation, has also been designed for membrane protein where, for example, different 

buffers can be screened for optimal conditions for crystallization (Gutmann, Mizohata et al. 2007). 

Instead of centrifugation, filtration of the proteins can be made in high throughput on total cell 

lysate (Knaust and Nordlund 2001), or directly on lysed colonies (Cornvik, Dahlroth et al. 2005). 

Solubility can also be measured by resistance to proteolysis (Kristensen and Winter 1998) and by 

screening the hydrophobicity by ribosome display (Matsuura and Pluckthun 2003). 

The rapid and sensitive S-protein split protein assay can be used in vitro to screen the expression and 

solubility of target proteins by a complementation between the S-peptide and the S-protein, where 

the fluorescence is increased dramatically when a quencher is inactivated by the complemented S-

protein (FRETWorks S.tag Assay Kit from Novagen) (Kelemen, Klink et al. 1999; Raines, 

McCormick et al. 2000). If the protein to be investigated is insoluble, the S-peptide fused to this 

target protein will be inaccessible and thus no increase of fluorescence is detected. It is also easy to 

incorporate the assay in automated 96-well micro plate expression and screening systems (Braud, 

Moutiez et al. 2005). 

In vitro solubility can also be determined after protein purification, and the soluble proteins can be 

fractionated by filtration (Bondos and Bicknell 2003) or centrifugation. A recently developed method 

utilize GFP to detect proteins of interest after centrifugation of the lysate, and thereby erase the 

tedious purification step (Moreau, Morin et al. 2010). Since inclusion body formation is a common 

obstacle when producing recombinant proteins, there are several assays to investigate the solubility 

of proteins potentially refolded after denaturation of these aggregates. These assays are refolding 

assays and often several different buffer compositions are screened to find the optimal buffer for the 

proteins to fold within. However, many of them are actually measuring the solubility after the 

refolding strategy e.g. by light scattering (OD340-390), and thus they resemble the solubility assays. 

Often circular dicronism (CD), dynamic light scattering, and chrystallogenesis are subsequently used 
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to determine the folding, aggregation state, and the homogeneity of the proteins in solution 

(Tresaugues, Collinet et al. 2004; Vincentelli, Canaan et al. 2004; Lin, Seehra et al. 2006).  
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There are several ways to determine the in vivo solubility. Protein solubility can be analyzed by fusing 

a reporter tag C-terminally to the target protein that is functional only if the protein is soluble. For 

example green fluorescent protein (GFP) can be utilized, where the solubility can be determined by 

flow cytometry (Hedhammar, Stenvall et al. 2005) or spectrofluorimetry (Waldo, Standish et al. 1999) 

due to the functional GFP. Other reporter tags can also be used, e.g. ZsGreen, a reef coral 

fluorescent protein (Heddle and Mazaleyrat 2007); chloramphenicol acteyltransferas (CAT) where 

the solubility is conferred by increased growth on cloramphenicol agar plates (Maxwell, Mittermaier 

et al. 1999); or the twin-arginine transporter (TAT) that gives the cells resistance to ampicillin when 

the protein is correctly folded (Fisher, Kim et al. 2006). A drawback with fusion protein based 

methods is the need to remove the tag before structural studies, and that the tag might affect the 

solubility of the target protein, with an intrinsic solubility different than the one anticipated after 

removal of the tag (Sachdev and Chirgwin 1999; Nomine, Ristriani et al. 2001; Waldo 2003). Refined 

methods have been developed where the reporter tag is minimized by complementation of two 

fragments of the reporter tag in the cell. Examples are the � peptide (54 residues) of �-galactosidase 

in the lacZ� complementation solubility reporter assay (Wigley, Stidham et al. 2001) or the split GFP 

reporter (Cabantous and Waldo 2006) which recently have been implemented in a high-throughput 

assay suitable for screening (Listwan, Terwilliger et al. 2009). Another variant is the GFP insertion 

constructs where the protein is inserted into the GFP scaffold to ensure full-length proteins and to 

reduce falsely predicted soluble proteins (Cabantous, Rogers et al. 2008). In yeast, a system to select 

soluble single chain antibodies (ScFv) has been developed which resembles the two-hybrid system 

(Auf der Maur, Escher et al. 2001). If the scFv is soluble the reporter will associate and thereby 

activate transcription of the reporter genes, where the selection is survival (HIS3) or screening of 

blue/white (insoluble/soluble) colonies (LacZ). Instead of a reporter in fusion with the protein, 

stress-reporter methods can be used. In these methods a stress-promoter (for example ibpA) is 

cloned in front of a detectable gene product (for example LacZ). As misfolded target proteins are 

accumulating in the host, the intrinsic stress response induces the reporter (Lesley, Graziano et al. 

2002). It should be noted that this reporter is only reporting misfolded proteins, and not solubility. 
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Louis Pasteur founded the field of experimental immunology in the early 1880’s when he proposed 

the theory that bacterial virulence was attenuated by culture in vitro and the attenuated bacteria could 

be used as vaccines to prevent disease. However should perhaps not Pasteur, but his rival Toussaint, 

have the credit for these findings. Instead of his own theory of oxidative inactivation of the bacteria, 

Pasteur used Toussaint’s method of inactivation by heat attenuation when he prepared the vaccines 

(Pasteur, Chamberland et al. 2002). A decade later, Emil von Behring and Shibasaburo Kitasato 

found immunity substances in blood that they called antibodies (von Behring and Kitasato 1890). 

They also discovered that these substances could be transferred to individuals and prevent disease. 

Consequently, E. von Behring received the first Nobel Prize for Physiology or Medicine in 1901.  

All living organisms have a defense response for recognition and elimination of foreign substances, 

and in higher organisms, also to malignant cells. The most basic defense, the innate (non-adaptive) 

immune defense, is highly conserved in as evolutionary distant species as plants and vertebrates, for 

example production of antimicrobial peptides. The innate immune system is often divided in three 

mechanisms; i) the anatomical/physiological barriers, e.g. skin, temperature, pH, mucous membranes, 

and cilia activity; ii) specialized cells, e.g. phagocytes and natural killing cells; and iii) inflammation, e.g. 

detection molecules, amplification and effector mechanisms.  

Invertebrates have only the innate immune response; in the more evolved vertebrates the innate 

immune defense is complemented with an adaptive immune defense. The adaptive system possesses 

a memory and can thereby fight priory encountered foreign substances with elevated strength. It is 

built up by lymphocytes; T-cells (cell mediated immune response) and B-cells (humoral immunity). 

The cell-mediated immune response kill cells that is different than self (i.e. non-self). Cytotoxic T-

cells kills for example virus infected cells and cancer cells. T helper (Th) cells activate macrophages 

to eliminate intracellular microorganisms by cytokine excretion, and the Th-cells can also activate and 

help B-cells in the humoral immune defense.  
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A protein that provokes the immune response upon immunization is immunogenic. Some 

substances, called haptens, can react with antibodies but are not capable of eliciting an immune 

response by themselves, and are thus antigenic but not immunogenic. To raise antibodies against 

these molecules they have to be fused to a carrier. Both T-cells and B-cells recognize foreign 

substances by receptors on the cells. The T-cell receptors (TcR) can only recognize peptides (i.e. the 

primary sequence) since the immunogen is fragmented before display on major histocompatibility 

complex (MHC) presenting cells. The B-cell receptors, the immunoglobulins (Ig) or antibodies (Ab), 

can both recognize continuous epitopes (affinity to the primary structure) and conformational 

epitopes (affinity dependent on structure) since they recognize undigested immunogens. If the naïve 

B-cell does not encounter an immunogen, the cell will die after a few weeks by apoptosis. However, 

if the naïve B-cells comes across and binds an immunogen the B-cell will be activated and proliferate. 

Activated B-cells becomes both memory B-cells that hold membrane bound antibodies, and plasma 

cells that secrete antibodies to fight the infection and immunogen (figure 5).  

 

 

 

 

 

 

 

 

Figure 5. B-cell generation of antibodies. When the naïve B-cell encounters an immunogen which crosslink two 

membrane bound Ig-receptors, a signal is sent for differentiation into memory cells and plasma cells. However, this 

signal is not enough, a second signal that is initiated by the presentation of digested antigen to a Thelper cell is obligatory 

to produce IgG. After differentiation the plasma cells secrete Ig molecules to fight the infection. Memory B-cells are 

produced to fight later encounters of this foreign substance. 

There are several safety systems within the immune response to avoid generation of antibodies 

against self-molecules. Before the B-cells are released from the bone marrow the B-cells undergo a 
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negative selection where B-cells recognizing self die. After encountering the foreign immunogen two 

signals are needed to activate differentiation of B-cells to memory cells and plasma cells (figure 5). 

However, the system is not always perfect, an immune defense that recognizes self can lead to severe 

autoimmune diseases. 

'����������&�����	���������%��������������+�����&�

Two larger chains (heavy chains) and two smaller (light chains) build up the immunoglobulin that has 

a Y-shaped quaternary structure (figure 6). Moreover, the antibody has a variable part (Fv) that 

primarely binds the antigen in the complementary determining region (CDR), and a constant effector 

part (Fc) that differ between different Ig isotypes (IgA, IgD, IgE, IgG, and IgM) in the heavy chain. 

The dominant isotype IgG is the preferred antibody in many applications due to its stability (Cragg, 

French et al. 1999), and if not stated otherwise, IgG was the antibody investigated and utilized in this 

thesis. 

  

 

 

 

 

 

 

 

 

Figure 6. Schematic overview of an IgG antibody. The variable part (Fv) is situated at the N-terminal of the heavy and 

light chains. At the tip of the Fv part is the complementarity determining region (CDR) where the main interactions to 

antigen occurs. The constant part of the antigen, the Fc region, is the effector region that mediates clearance of the 

invading protein by the immune system.  

Antibodies can recognize an almost infinite number of antigens. Since unique genes cannot generate 

this due to the limited space in the genetic code of DNA, the generation of diversity in antibodies is 
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made by rearrangements of several variable regions. The recombination process is somewhat 

different in different vertebrates. In many of the domesticated animals (e.g. rabbit, chicken, and 

cattle) the antibody variability differs from that of man and mice. However, the domestication is not 

the source of this divergence because the time span from when man domesticated animals is too 

short for this to evolve.  

In man and mice, the combinatorial joining of multiple germline genes (V, D, and J segments in 

heavy chain and V and J in light chains), junctional flexibility, P- and N-region nucleotide addition, 

somatic hypermutations and combinatorial association of the light and heavy chain contribute to the 

estimated potential of diversity to be above 1010 (Goldsby, Kindt et al. 2000). However, the possible 

variants of antibodies do not reflect the diversity in the immune defense, but instead the number of 

B-cells in the body (Silverstein 2003).  

In the domesticated animals on the other hand, the variability is believed to be achieved mainly by 

somatic diversification by gene conversions and mutations (Tunyaplin and Knight 1995). The general 

idea of today is that in rabbits (used for antibody production in articles V and VI) the diversity of the 

variable region is somewhat different than in man. Instead of depending on rearrangement of gene 

fragments, only three VH fragments are utilized, of which one is used in 80-90 % of the antibodies 

(Knight 1992; Friedman, Tunyaplin et al. 1994). Instead of gene rearrangements, a gene conversion-

like mechanism transfers a region of nucleotides from donor segments into the rearranged VH gene 

(Becker and Knight 1990). Also somatic hypermutations (as in man) distributes mutations through 

the entire variable region (V(D)J gene) to increase the variability (Lanning and Knight 1997). 

There are two theories on how the antibody antigen recognition works, the clonal selection theory 

(Jerne 1955; Burnet 1957) and the instructive hypothesis (Breinl and Haurowitz 1930; Pauling 1940). 

The clonal selection theory suggests homogenous and rigid antibodies that recognize a specific 

antibody, and since antigens bind specific antibodies from a repertoire of functional receptors, this 

theory is regularly accepted. But then again, because of the limited number of B cells, at least some 

antibodies must be polyspecific and accordingly possess some plasticity. This favors the instructive 

hypothesis that argues that antibodies only bind the antigen when encountered, are thus flexible and 

rather conformationally heterogeneous. The interaction between antibodies and antigens are further 

reviewed in chapter 6.1.                                                                                                                                           
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Proteins mainly function by interacting with other molecules, and without formation of complexes 

and signal transduction through pathways, the entire cell would malfunction and cease to exist. The 

proteins do not only interact with other proteins, but also with e.g. small molecules, nucleic acids, 

sugars, and carbohydrates. However, these interactions are not reviewed here.  

In nature, the affinity between two interacting proteins is evolved to be just enough to perform the 

task the interaction is intended for, and thus the native interactions often have lower affinity than 

engineered protein-protein interactions. In fact, in the cell high affinity interactions are not favorable 

since the interactions have to be reversible in many cases (e.g. signaling pathways and enzyme 

activity). However, there are exceptions. The interaction between antibodies and antigen is often of 

high affinity – especially after affinity maturation – since this interaction preferably should be 

irreversible. Naturally, high affinity binders rather form a complex than stay apart. The fraction of 

the interacting proteins in unbound state and in complex is determined by the equilibrium between 

the rate of association (ka) and dissociation (kd) of the proteins, and with increased affinity the 

equilibrium is dislocated in favor of the complex (equation 3).  

A + B
kd

� � � 

ka� � � 

AB           (eq.3) 

For protein interactions the dissociation equilibrium constant KD (M) is often utilized to measure the 

strength of the binding in the complex (equation 4), and is the quotient of the dissociation and 

association rate constants. 

A[ ] B[ ]
AB[ ]

=
kd
ka

= KD          (eq. 4) 

Due to the importance of binding events within the cell, several efforts have been made to map these 

interactions in order to elucidate the functions of the proteins (Plewczynski and Ginalski 2009). 

There are numerous methods developed to analyze interactions between proteins, and one of the 
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most frequently utilized and best known is the yeast two-hybrid system (Chien, Bartel et al. 1991). 

One of the proteins of interest – the bait – is attached to the DNA-binding domain of a 

transcription factor that lacks the activation domain. The other protein of interest – the prey – is 

attached to the activation domain that is co-expressed in the cell. Only if the bait and the prey 

interact, the transcription is activated. Transcription is in turn monitored by a reporter gene and thus 

gives information on the putative interaction between the two target proteins. There are also several 

other reporter systems that examine interactions, for example the protein fragment complementation 

assay (PCA). In PCA, the �- and �- fragment of �-lactamase associate when the two fragments 

interact, which upon association gives resistance to ampicillin (Wehrman, Kleaveland et al. 2002). All 

these assays elucidate whether protein A interacts with protein B, but they do not explain how or 

where. For this information other assays have to be employed, e.g. epitope mapping assays which are 

described in chapter 6.2.2.  

Different mechanisms of protein-protein recognition and association have been proposed, e.g. the 

venerable lock-and-key mechanism (Fischer 1894), induced fit model (Koshland 1958), and the more 

recent conformational selection mechanism (Ma, Kumar et al. 1999; Bosshard 2001). Also the 

principle of minimal frustration and the energy landscape model describing folding can be applied on 

protein-protein binding (Levy, Wolynes et al. 2004), showing that the topology of the interface is 

important in the interaction mechanism. The lock-and-key mechanism requires rigid and 

conformation restrained structures, whereas the other two require more flexible and plastic 

conformations. All these models are based on at least partly folded subunits, however many proteins 

appear to be unfolded in the cell (Wright and Dyson 1999). These unfolded proteins fold at binding, 

which could be beneficial since this binding may result in high specificity and low affinity (Dyson 

and Wright 2002). This in turn might have an essential physiological role for, e.g., enzymes to avoid 

aberrant signaling or failure in receptor recycling. The fly-casting mechanism describes the event of 

association when the proteins are unfolded (Shoemaker, Portman et al. 2000), and argues that the 

unfolded protein has a greater capture radius of the binding site than the more restrained folded 

protein.  

Protein interfaces – i.e. the determinant – can be dissected as the structural epitope (not to be 

mistaken with the conformational, discontinuous epitope) and the functional epitope. The structural 

epitope is the amino acids that are in contact with the ligand (e.g. antibody), and the functional 
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epitope, sometimes referred to as the hot spot of the epitope, is the few amino acids that have the 

strongest impact on the binding energy (Cunningham and Wells 1993; Clackson and Wells 1995). 

Another dividing of the determinant is in the rim residues and the core residues, where the first are 

amino acids that remain accessible of solvent and the latter residues that are shielded from solvent 

(Chakrabarti and Janin 2002).  

Protein-protein interfaces, especially antibody-antigen interfaces, are more similar in character to the 

rest of the surface than to the interior of the protein. However, the core region is normally distinct 

from the surface with increased number of aromatic amino acids and is depleted in charged amino 

acids except arginine (Chakrabarti and Janin 2002). Proteins that are unfolded upon encounter tend 

to have a more hydrophobic interaction interface than proteins already folded upon association 

(Jones and Thornton 1996). Also homodimers tend to have more hydrophobic interaction interfaces 

as compared to heterodimers, probably because they are often inactive as monomers and are more 

likely to be obligatory dimers than heterodimers (Jones and Thornton 1996; Tsai, Xu et al. 1997). 

Recognition between two proteins is possibly initiated by long-range electrostatic interactions 

(Schreiber and Fersht 1996; Janin 1997). The association rate in complex formation is dependent on 

the electrostatic interactions, which might also be involved in the specificity in the recognition 

between proteins (Sheinerman, Norel et al. 2000). Protein-protein association is most often driven by 

enthalpy with opposition from an entropic cost due to the increased order, in the same way as 

folding (Davies and Cohen 1996). However, the entropy penalty due to folding is much larger than 

the entropy loss of interfacial side chains in complex interfaces. As a consequence, much smaller 

forces are required to form a complex than to fold a protein (Sheinerman, Norel et al. 2000).  

The structural epitope is suggested to be at least 600 Å2, as this is believed to be the minimum area 

required to make a water-tight seal around the interaction site which is required for high-affinity 

interactions (Bogan and Thorn 1998). This water-tight seal is achieved by burying small molecules in 

binding clefts, but since protein-protein interaction topology is often flat in comparison to binding to 

smaller molecules (Jones and Thornton 1996), an o-ring of residues preventing solvent to access the 

interacting residues is proposed (Bogan and Thorn 1998). The role of this o-ring has however been 

discussed, and it has been argued that residues in the periphery are just more easily replaced with 

solvent, and it has also been pointed out that such replacements can act as the driving force for 

association in the same way as the side chains of the protein (Janin 1999; DeLano 2002). Anyway, the 
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amino acids in the interface periphery have a conformational role during the interaction event, and 

are also suggested to be involved in the specificity of the interactions, since hydrophobic contacts are 

relatively non-specific and non-directional (Clackson, Ultsch et al. 1998).  

Tyrosine, tryptophan, and arginine are postulated to be key residues in the interface’s energetic hot 

spot, whereas valine, leucine, serine and cystein are infrequent (Bogan and Thorn 1998). The 

environment in the interface hot spot is often shielded from the solvent water and thereby residues 

capable of hydrogen bonds and hydrophobic interactions are favored, attributes possessed by the key 

interaction residues tryptophan, tyrosine and arginine (Bogan and Thorn 1998). Tryptophan and 

tyrosine both contribute with aromatic interactions, they can form hydrogen bonds, and have a large 

hydrophobic surface. These features permit them to interact with diverse amino acids (Mian, 

Bradwell et al. 1991). The aromatic residues have a rigid structure and thus are the entropic penalty 

small since rotating bonds are absent. The positively charged arginine is also common in interacting 

surfaces. Arginine can contribute with up to five hydrogen bonds, and its guanidium group has 

pseudo aromatic characteristics and can form a salt-bridge (Bogan and Thorn 1998). Phenylalanine 

self-interacts frequently and is also often found in subunit interfaces, but the inability to form 

hydrogen bond might explain why phenylalanine is not as common as tyrosine in interaction sites 

(Alexander, Fahnestock et al. 1992; Bogan and Thorn 1998). 

*����������&0����%���������	�����

The antibody-binding site on the antigen is called the antigenic determinant or the epitope and can 

be linear or conformational. Linear, or continuous, epitopes are independent of the structure and 

consist of a stretch of amino acids in the primary sequence of the protein, typically six to nine 

residues (Haste Andersen, Nielsen et al. 2006). Conformational, or discontinuous, epitopes consist of 

scattered amino acids usually from two to five regions in the sequence that come in close proximity 

when the protein folds (Van Regenmortel 1996).  

As for most protein-protein interactions, good shape complementarity between the interacting 

regions and reasonable juxtaposition of the polar residues to permit hydrogen bond formation is 

essential. The topology of the interface is commonly flat (Levy, Wolynes et al. 2004), and the 

antigen-antibody interface consist of fewer residues and have a higher degree of solvent exposure 

than many other protein-protein interfaces (Lo Conte, Chothia et al. 1999). Antigenic determinants 
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are often located in flexible regions of the polypeptide chain (Tainer, Getzoff et al. 1985), but it has 

also been shown that cystine-noose formation is often highly antigenic because of its constrains, 

which makes binding less costly in entropy (Chao, Cochran et al. 2004). 

On the antibody, the binding site is called the paratope. It is situated at the far end of the Fv-region, 

at the CDR that are consisting of six loops (Figure 6), of which, most often, all six are involved in 

binding to the antigen (Davies and Cohen 1996). The amino acid composition of the paratope has 

been investigated for decades, and in the late 1970’s Kabat and coworkers analyzed the relative 

frequency of amino acids in the CDRs and concluded that asparagine and histidine were twice as 

common in the CDRs as in the framework (Kabat, Wu et al. 1977). In the 1990’s the number of 

complexes determined by x-ray crystallography increased, and thereby made it possible to further 

examine interaction sites at amino acid resolution. Padlan concluded after examination of x-ray data, 

that arginine and histidine were eight times more frequent, and that tyrosine were three times more 

likely to be located in paratopes (Padlan 1990). It was also recognized that a high proportion of 

aromatic amino acids were present (34%) in antibody-antigen complexes as compared to other 

protein-protein interactions (Janin and Chothia 1990; Davies and Cohen 1996). In agreement with 

these results, Mian and coworkers found that tyrosine, tryptophan, serine and asparagine were most 

frequent in antibody-antigen interactions (Mian, Bradwell et al. 1991). All these studies have been on 

a limited number of complexes, and perhaps it is presumptuous to expect that these few examples 

can explain the characteristics of the interacting sites of the diverse immune system. Today, 

researchers as S.S Sidhu and others, examine the amino acid repertoire in recombinant antibody 

fragments instead of native antibodies (Fellouse, Li et al. 2005). They have concluded that tyrosine 

and other aromatic residues indeed have a positive contribution to recognition, as well as serine, 

glycine, and, to some extent, alanine that have conformational properties that favor binding 

(Fellouse, Barthelemy et al. 2006; Birtalan, Fisher et al. 2010). In these libraries of recombinant 

antibody fragments, the specificity can be examined as well. Tyrosine and tryptophan are both more 

specific than arginine (Birtalan, Fisher et al. 2010), and this is supported by the findings that arginine 

rich CDR loops often are self-reactive (Wardemann, Yurasov et al. 2003).  

The interaction between antibodies and antigens are utilized in several different biotechnical and 

immunological applications and are also probably the most investigated interaction. Within this 

thesis, peptides or proteins that are used for in vivo immunization or for in vitro selection systems, are 
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denoted antigens or surrogate antigens. However, if the antigen has proven to be reactive with the 

immune system, this antigen is thereafter denoted immunogen. Thus, only antigens verified to elicit 

an immune response are referred to as immunogens. 

*�����+����%���������������0��������������	������

In the search for affinity reagents, conventional immunization and polyclonal antibody generation 

was, for long, the only alternative. When the first monoclonal antibodies were derived from 

hybridoma mouse cells (Kohler and Milstein 1975), antibodies became an infinite source, and could 

thus be used more readily in biotechnical applications. However, foreign antibodies are often highly 

immunogenic and thus could not be used for therapeutical applications. New scaffolds arose, 

chimeric antibodies among others, which could be produced in fast growing cells, but still no 

selection system was developed to enrich high affinity binders in vitro. Finally, in the 1980’s the first 

recombinant selection system was invented (phage display) and today, there are several in vitro 

selection systems available, although phage display is still the most commonly utilized. Simplified, 

display systems possess a library of protein or peptide variants expressed and displayed on a surface, 

and after display the library is let to interact with the target protein (surrogate antigen). Bound 

proteins or peptides with affinity to the antigen are thereby selected, and later often enriched by 

several rounds of selection. There are several display systems, for example phage display (further 

described in chapter 6.2.1), yeast surface display (Boder and Wittrup 1997), staphylococcal carnosus 

display (Samuelson, Hansson et al. 1995), E.Coli display (Francisco, Campbell et al. 1993), mRNA 

surface display (Nemoto, Miyamoto-Sato et al. 1997) and ribosome display (Hanes and Pluckthun 

1997). Alternatives to display systems are for example the yeast two-hybrid system and protein 

fragment complementation assay (PCA) (described in chapter 6). Both are primarily used for studies 

of protein interactions, but recently the PCA assay was used to select and affinity maturate an affinity 

reagent against TNF-� (Lofdahl, Nord et al. 2009; Lofdahl and Nygren 2010). 

In protein-protein interaction studies, the affinity between the two molecules is often of high 

interest, especially when designing affinity reagents and at mutagenesis studies. Surface plasmon 

resonance (SPR) and enzyme linked immunosorbent assay (ELISA) is regularly used to determine the 

binding constants.  
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determined. However phages can not endure without infection into host bacteria, where the phage 

uses the transcription machinery of the host to make replicas of its genome. The phage genome is 

later extruded through the host cell membrane where it acquires the coat proteins needed to build up 

the phage coat and to infect a new host.  

 

 

 

 

 

 

 

 

 

 

Figure 8. Schematic picture of biopanning. A library of phages displaying different protein or peptides is incubated with 

the immobilized target. After binding the unbound phages are removed and the bound phages are collected and 

amplified. However, one round of biopanning is regularly not enough to select high affinity binders, and consequently 

one to three iterations are often performed. 

The concept of phage display is straightforward (figure 8), and the method is inexpensive and request 

solely basic microbiological techniques. Most often the filamentous phage strain M13 is used as 

vector to create peptide and protein libraries (Pande, Szewczyk et al. 2010), but also the phage strains 

fd and f1 are commonly used (Smith and Petrenko 1997). These rod shaped phages possess several 

characteristics that make them suitable for display of proteins and peptides. Phage packing is not 

disrupted by insertion of a foreign peptide or protein in the non-essential gene regions in the coat 

proteins, and their genome can be extracted as single or double stranded DNA at library 

construction and cloning. Their coat proteins can hold foreign entities to be displayed on the surface 

without loss of infectivity, the phages are stable under a range of conditions (e.g. pH and 
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temperature), and they can accumulate in high concentrations in the infected bacteria and in the 

media since a continuous secretion of progeny phages are achieved due to non-lytic propagation 

(Lowman 1997; Kehoe and Kay 2005).  

Peptide and protein libraries – the collection of different clones inserted into a vector – are displayed 

on the phage by fusion to a coat protein, either the highly abundant pVIII (approx 2700 copies in 

wild type phages) or the minor pIII that only holds five copies at the tip of each virion. How many 

of these coat proteins that should in average possess inserted peptides can be regulated by selecting 

different types of systems, e.g. insertion of the library genes into the phage genome (wild-type phage 

vectors) or into a plasmid (phagemid vectors). Today is the phagemid system the most commonly 

used, and it contains a gene encoding the fusion coat protein, a phage origin of replication, a gene 

encoding the phage-packing signal, and a gene encoding antibiotic resistance. All other genes 

necessary for phage assembly are held by a helper phage that typically has a deficient phage-packing 

signal or origin of replication. The produced virions display only a few number of foreign peptides, 1 

copy on 1-10% of the phages, and this is advantageous when avidity affects are unwanted (Clackson 

and Wells 1994). The advantage of the phagemid concept is the possibility to display larger peptides 

and proteins and the increased transformation frequency as compared to insertion of the peptide 

into phage genome systems, however, a drawback is the need of a helper phage.  

Most commonly the phage display libraries are a set of random peptides. Sometimes the library is 

restrained by adding cysteines to the C- and N- terminals, which form a cysteine bridge (Pande, 

Szewczyk et al. 2010). Sometimes the randomized residues are inserted to a scaffold. Other variants 

of libraries are genomic libraries (fragments of total chromosomal DNA), cDNA libraries (DNA 

copies of mRNA extracted from tissue or cells), or small libraries of fragments of a target protein 

(used in e.g. epitope mapping, see chapter 6.2.2.3) (Smith and Petrenko 1997).  

After deciding the type of phage, vector, and library to use, the selection criteria are set to enrich the 

variants with usually increased affinity to a target protein. The most common screening method is 

biopanning (figure 8). Firstly the target protein is immobilized on a solid support by passive 

adsorption to e.g. polystyrene 96 well plates. Targets can also be immobilized by directed binding by 

e.g. biotinylated targets to a streptavidin coated matrix, by amine coupling of lysines and the N-

terminus, and by polyhistidine tagged target proteins. The target (or rarely phage) can also be 

immobilized on a SPR sensor chip to detect interactions (Pande, Szewczyk et al. 2010). After 
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washing and blocking with an unrelated protein or non-ionic detergent, the phages are added in high 

diversity and allowed to bind in a buffer that disfavor non-specific binding of the phages. The 

unbound phages are removed, and in the first round of panning often the stringency of the wash is 

lower to ensure capture of all possible variants with superior characteristics than the large 

background. After washing, the phages are eluted and this can be done in a variety of ways. Specific 

elution is achieved by addition of solvents to release bound target, e.g. excess of free target or by a 

competitor ligand. Non-specific elution is often accomplished by addition of buffers with extremes 

of pH, added denaturants, increased ionic strength, with limited proteolysis, or sonication (Pande, 

Szewczyk et al. 2010). The eluted phages are amplified after infection into E.coli, and after 

amplification the phages are ready for another round of selection (Pande, Szewczyk et al. 2010). 

Most often two to four rounds of biopanning are performed to find the clones with the desired 

features. To minimize the number of phages that bind unspecifically to the target protein or to other 

components in the system, the solid support can be exchanged between selection rounds, buffers 

and blocking reagents that limit unspecific binding can be used, and a negative selection (selection of 

e.g. tag specific clones and collect the flow through) can be made in the beginning of each selection 

cycle. Even though biopanning is regularly used for phage display, other screening protocols are 

available.  

When the final selection and release of phages are completed, the phages are again amplified and the 

inserted cognate genes are sequenced, and accordingly the amino acid composition is determined. 

Several assays to characterize the interaction between the selected peptides or proteins and the 

surrogate antigen are also performed, for example by ELISA and by SPR determination of the 

binding constants. If the affinity of the selected clone is not as high as desired, mutagenesis can be 

used to create a maturation library created through mutagenesis where clones with the desired 

characteristics can be selected.  

Phage display is one of the most utilized selection systems, and due the low cost and almost infinite 

source of libraries, several applications have emerged; drug discovery, protein-protein interaction 

analysis, determination of enzyme specificity and inhibitors, antibody generation, epitope mapping, 

and identification of receptors are some of the applications of phage display, and more and more 

applications are added to the list (Pande, Szewczyk et al. 2010).  
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Most of the functions, as well as malfunctions, of proteins are mediated by interactions, and the 

interaction site can be disclosed by several different epitope mapping techniques. Usually the 

antigenic determinant in the interface between an antigen and an antibody is located, but also the 

paratope of the antibody are regularly investigated, especially for recombinant production of affinity 

reagents (e.g. phage display) where information of the amino acid composition is useful to improve 

e.g. the affinity of the reagent. However, determinants are found in all interacting proteins, and not 

only antibody-antigen interactions are examined. The information provided from epitope mapping 

undertakings can be used both in pharmaceutical and biotechnological endeavors.  

Even tough antibodies are specific, some antibodies cross-react with other proteins or have dual 

affinity, and this can be due to similarities in shape or sequence of the antigenic determinant. It is 

therefore highly important to determine the interaction site between the monoclonal antibody, or 

other affinity reagent, and the target protein when to use the reagent for e.g. deliverance of 

therapeutic agents to cancerous cells or to affect protein-protein interactions, thereby preventing 

disease (Nelson, Reynolds et al. 2000). As a consequence, epitope mapping is a prerequisite for 

affinity reagents to be used in therapeutic applications. Knowledge about the epitopes derived from 

epitope mapping, can also be used to examine synergetic effects of several monoclonal antibodies. 

Indeed, it has been shown that the combination of two therapeutic antibodies (Herceptin and 

Pertuzumab in phase II preclinical trials for breast cancer treatment) with different binding sites 

increased the clinical benefit and divergence of the pharmaceuticals as compared to the single use of 

one antibody (Baselga and Swain 2009).  

Additionally, as mentioned above, it is important to gain knowledge about the interaction site in 

many biotechnological applications. For instance, knowledge about the location of epitopes on a 

target protein renders it possible to avoid overlapping antibody binding sites in e.g. sandwich ELISA 

or other sandwich assays. Epitope mapping also provides information whether the epitope is located 

in an active site, required for the target protein’s function. 

There are several ways to determine the binding site between two proteins, e.g. an antigen and an 

antibody. Depending on the technique chosen, different amounts of information are acquired, 

regarding the exact amino acids involved, their importance, and what kind of interactions there are. 

Furthermore, all techniques are not able to find discontinues epitopes.  
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Pioneering epitope mapping methods were based on competitive binding analysis using synthetic 

peptides (Kay, Marchalonis et al. 1990) or fine specificity studies with panels of evolutionary variants 

of recombinant proteins (Cunningham, Jhurani et al. 1989). Today’s mapping techniques are mainly 

based on two different approaches. Either are peptides – often of the full-lenght antigen but also 

randomized peptides – used to find the epitope, or the antigen is mutated and thereafter analyzed by 

loss of function experiments. In site-directed masking, amino acids are mutated to cysteines that 

thereafter are tethered to a solid phase and thereby become masked for the antibodies (Paus and 

Winter 2006). However, there are also other methods and variants to find the antigenic site.  

Perhaps the best way to determine the epitope and exactly which residues that are involved in the 

binding, are by x-ray crystallography of the antigen-antibody complex. This technique is however 

seldom used since it is fairly laborious and time-consuming technique, as well as it is not possible to 

analyze all complexes. A somewhat easier method is to use hydrogen exchange in two-dimensional 

NMR (Paterson, Englander et al. 1990), but then the antigen have to be small and only antibody 

fragments can be used not to exceed the size limit of NMR. 

Often several techniques are used in combination to verify or to increase the gained knowledge 

about the epitope (Baerga-Ortiz, Hughes et al. 2002; Chao, Cochran et al. 2004), and some of them 

are described below.  

�����������
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Synthesis of numerous overlapping peptides followed by investigation of the interacting antibodies is 

one of the most common mapping methods of linear epitopes (Geysen, Meloen et al. 1984) (figure 

9). In peptide mapping (also called peptide scanning or Geysen scanning) commonly six to 15 

residue peptides are immobilized on solid supports and the interaction is commonly analyzed by 

ELISA or by dot blot analysis (Geysen, Meloen et al. 1984; Christmann, Wentzel et al. 2001; Ramos, 

Cheong et al. 2003). Mapping resolution is set by the overlap; finer mapping is accomplished if larger 

overlap is employed. The method is technically easy and can be done in most laboratories, however it 

is sometimes tedious, time-consuming, cost-intensive, and the sequence of the antigen has to be 

identified a priori. Peptide mapping is easy to automate, and in combination with for example the 

SPOT synthesis (spot synthesis of several peptides in parallel on a membrane) (Frank 2002), large 

libraries of peptides can be synthesized with reduced cost. Recently an array was developed with 
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lysed cell colonies expressing a library of peptides (Maier, Maier et al. 2010), with recombinant 

peptides, instead of the frequently used synthetic peptides, to find the interacting peptides. This is 

thus not a classical Geysen mapping with synthesized peptides, but the advantage with the 

recombinant peptides is the higher cost-effectiveness of recombinant libraries.  

 

Figure 9. Peptide mapping. The epitope is shown in black bold (pos 36-42). The 15 aa peptides have a 10 aa overlap. 

Peptide 7 and 8 possess the epitope, but the epitope read-out will however be aa 36-45 (dotted line) due to the 5 aa 

resolution. 
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Both conformational and linear epitopes can be investigated by mutagenesis, most often done by a 

method denoted alanine scanning (Cunningham and Wells 1989), that originated from the more 

inexact homology-scanning method (Cunningham, Jhurani et al. 1989). Directed mutations are made, 

exchanging single potentially important amino acids in the antigenic site to alanine. The small residue 

alanine does not have any extreme electrostatic or sterical effects, and this in combination of lack of 

side chain after the � carbon, makes alanine the top candidate for mutagenesis (Cunningham and 

Wells 1989). A drawback with alanine scanning is that all amino acids cannot be investigated. For 

example are proline, glycine, cystein and of course alanine not often analyzed, because of 

conformational changes and lack of difference to the replacing alanine.   

The mutated protein is expressed and thereafter probed with the antibody. The potential change in 

affinity between the antigen and the antibody is determined as a measured difference in affinity, 

often by SPR, and indicates if the residue is important for binding. However, mutating 

conformational residues might cause affinity alterations. The change to alanine leads to changes in 

the structure and alter the affinity, even though the residue is not situated in the epitope. This can 
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however be investigated by for example circular dichroism (CD), where conformational changes can 

be detected due to changes in the CD spectra as compared to the native protein. Alanine scanning is 

a quite tedious method where the approximate site of the epitope preferably is determined a priori 

and structural information is advantageous, but it gives information on how important the analyzed 

residues are and gives residual resolution.  

When several alanine mutations are made at the same time, the method is named alanine shaving (Jin 

and Wells 1994). This method can for example be used when investigating protein-protein 

interaction at assembly of subunits (Zhang, Raudah et al. 2010) or to experimentally test affinity inert 

amino acids at binding sites, where mutations of up to 16 residues to alanine did only somewhat 

change the affinity to the target (Jin and Wells 1994; Clackson, Ultsch et al. 1998). These amino acids 

are thus situated in the structural epitope, and not in the functional epitope. However, it is 

troublesome to elucidate the results, as the overall affinity does not always change (Bogan and Thorn 

1998). Another variant of alanine scanning is shotgun scanning mutagenesis, utilizing a phage display 

library which makes it high throughput and rapid since many residues can be investigated 

simultaneously from a library of alanine mutants, without having to purify any protein (Weiss, 

Watanabe et al. 2000; Vajdos, Adams et al. 2002). Even computational alanine scanning can be 

performed (Huo, Massova et al. 2002), but due to the simplifications that have to be performed 

(solvent dependence etc.) their reliability and applications can be questioned. 
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Also surface display mapping techniques can be utilized in the search for conformational epitopes. 

Several different surfaces can be used to display the antigen or antigen fragments; herein are the 

techniques utilizing the surface of phages, bacteria and yeast reviewed. In surface display the 

fragmentation or randomization of the antigen is made on the DNA level. The clone is inserted and 

displayed as a peptide or randomized protein and allowed to bind to the antibodies. Thereafter, the 

clones possessing the epitope are selected due to their affinity to the antibody, and because of the 

link to the vector (the phenotype linked to the genotype), the gene can be sequenced and the amino 

acids involved in binding can be determined by alignment to the full-length antigen. The epitope is 

determined by finding the common sequence in found clones. 
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The first display system for epitope mapping utilized phages as carrier of the peptides (de la Cruz, 

Lal et al. 1988). Bacterial cell display mapping methods started to be utilized in the 1990’s (Georgiou, 

Stathopoulos et al. 1997), and a few years later Wittrup and coworkers demonstrated the use of yeast 

display for epitope mapping (Chao, Cochran et al. 2004; Cochran, Kim et al. 2004). There are two 

different set-ups when using surface display for mapping the epitopes, either partition of the antigen, 

or mutagenesis to determine the interacting site.  

Fragmentized display libraries can both be a collection of synthetic randomized peptides or a target 

gene that is randomly fragmented (van Zonneveld, van den Berg et al. 1995). The later might be 

more advantageous for finding epitopes (Fack, Hugle-Dorr et al. 1997). However, the advantage of 

random peptide libraries is the possibility to scan several antibodies (targets) with the same library. 

Fragmentation of the full-length antigen can be done in two ways; by enzymatic cleavage 

(Christmann, Wentzel et al. 2001) or by sonication (Rockberg, Lofblom et al. 2008). The sensitivity is 

dependent on the fragmentation, the size of the library, and the number of sequences aligned. 

Instead of displaying peptides, randomization can be used to find residues important for binding 

both on cells (Chao, Cochran et al. 2004) and on phages (Jespers, Jenne et al. 1997). Discontinuous 

epitopes can be mapped by randomization of the antigen by error-prone PCR, and loss of function 

experiments discovers the interacting residues. In contradiction to alanine scanning, no knowledge of 

the potential interacting residues is necessary. 

One of the benefits of using phage display instead of cell display is the possibility to create larger 

libraries, which regularly results in better sensitivity when determining the epitope. This is of course 

more important when utilizing the randomization approach than the fragmentation approach, since 

the full-length antigen is covered in fairly small libraries when using fragmentation. In cell display 

mapping, the binding clones can be selected by fluorescence activated cell sorting (FACS), an 

advantageous method in both time and labor compared to biopanning, which is regularly used in 

phage display mapping since phages are not compatible with FACS analysis. 

������#���������������������
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If conformational epitopes should be mapped, not all above-mentioned epitope mapping techniques 

can be used. Peptide mapping can not be used to find these discontinuous epitopes; instead 

mutations of domains or the full-length protein has to be made, or the interaction can be analyzed 
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with mass spectrometry. There are several different approaches to find the searched epitope when 

utilizing MS, and below are some described.  

Antibodies exhibit some resistance to proteolytic degradation and therefore proteolysis does not lead 

to dissociation of immune complexes. Mass spectrometry analysis in combination with the shielding 

properties the antibody has given to the antigenic determinant, can be used for epitope mapping 

(Jemmerson and Paterson 1986). Epitope excision by limited proteolysis on immune complexes is 

nowadays often used for epitope mapping and the achieved fragments are analyzed by MS due to the 

high resolution available (Suckau, Kohl et al. 1990). Before the advent of ESI and MALDI, 

fragments were separated and analyzed by PAGE (Sheshberadaran and Payne 1988) or HPLC 

(Jemmerson and Paterson 1986). Instead of fragmentation of the antigen after binding to the 

antibody, the fragmentation can be done prior probing the antigen with the antibody (Macht, Fiedler 

et al. 1996). However, only continuous epitopes can be detected if the antigen is fragmentized before 

reaction with the antibody.  

An alternative approach to detect conformational epitopes is to chemically modify amino acids 

(differential chemical modification) in the complex and compare the size of the modified amino acid 

with the free antigen. An amino acid that has not increased in size is protected from chemical 

modification, and this indicates that the amino acid is situated in the antigenic site (Fiedler, Borchers 

et al. 1998). 

In the H/H2 exchange mass spectrometry method, linear and discontinuous epitopes can be 

determined. Antibodies block the epitope and retain the deuterium, and MS analysis reveals the 

peptides possessing deuterium instead of hydrogen after cleavage (Baerga-Ortiz, Hughes et al. 2002; 

Coales, Tuske et al. 2009).  
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Instead of experimentally determining the binding site, the epitope can be predicted by in silico 

algorithms. The first computerized antigenic predictive model was published by Hopp and Woods in 

the early 1980´s (Hopp and Woods 1981). Based on experimental data are amino acids assigned 

numerical values, depending on their probability of being part of the epitope. Different algorithms 

use different characteristics of the amino acids, e.g. hydrophilicity (Hopp and Woods 1981), 

accessibility, flexibility, turn propensity (Pellequer, Westhof et al. 1993) or combinations of several 
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characteristics (Jameson and Wolf 1988; Alix 1999). The methods are fast with little labor, but 

unfortunately the prediction accuracy is low (Rockberg and Uhlen 2009). However, in silico prediction 

is an excellent first step when designing wet laboratory epitope mapping experiments.    
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This thesis is based on the work presented in publications I-VII. In all of these projects sample 

throughput and numerous samples are essential. My projects can be divided as i) technical 

development to minimize the manual sample handling and to enhance the throughput and ii) 

exploration of the antigen characteristics to determine features that improves the generation of 

affinity reagents. 

The Human Protein Atlas endeavor at the Royal Institute of Technology and Uppsala University 

challenged us to find an automated parallelized protein purification set-up that was robust and gave a 

high enough protein yield to enable down-stream applications. The set-up developed (paper II) 

fulfills all requirements needed in the Human Protein Atlas project, and now almost 300 antigens are 

purified each week. Recombinant protein purification with an alternative purification tag to the one 

utilized in the first project, requiring different chromatography, has also been implemented with the 

purification set-up (paper III). Indeed, the set-up is regularly utilized within the department when 

parallelized purification is desired (Hamsten, Westberg et al. 2008; Lofdahl and Nygren 2010). 

Additionally, protein analysis in high throughput endeavors needs to be automated not to become a 

bottleneck within the production line. In paper IV we have developed an automated sample 

preparation for mass spectrometry and gel electrophoresis analysis.  

We have not only been challenged with technical developments to reduce bottlenecks within the 

production in the Human Protein Atlas, the endeavor have also provided us with unique data not 

found elsewhere. Numeral antigens within the Human Protein Atlas project have been exposed to a 

solubility test developed to monitor this characteristic of proteins (paper I). High protein solubility is 

often essential to succeed in many applications, e.g. x-ray crystallography and NMR, and low 
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solubility also reduces the available soluble proteins since the precipitates become inaccessible. 

However, even though the solubility test can be utilized to screen the solubility of proteins, we had 

larger visions for the information received. We wanted to investigate how – and if – antigen 

solubility correlated to immunogenicity (paper V). To further evaluate important characteristics the 

antigens should possess to be able to efficiently generate antibodies, a massive epitope mapping was 

performed on the purification and solubilization tag (paper VI). With the Human Protein Atlas a 

unique opportunity arose of comparing the results from a vast number of different immunizations 

with the same antigen, and this provided us with an antigenicity map over this antigen. Nonetheless, 

immunization is not the only approach to generate high-quality affinity reagents. In paper VII affinity 

reagents – ScFvs – were selected by phage display towards the antigens within the Human Protein 

Atlas. We have also shown that the throughput can be increased in the selection process and thus is 

this method a promising alternative to the immunization strategy used today within the Human 

Protein Atlas project. 
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Proteins are much more diverse molecules than e.g. nucleic acids that are also frequently used in 

biotechnical applications. Instead of a dominant single structure – as the double helix in DNA, 

which is structurally very similar over the entire entity – proteins consist of 20 different building 

blocks that generate a repertoire of different structures. Folding in the proteins native milieu is 

mediated by different means to facilitate the process, and since proteins are more diversely charged 

than DNA, and have both charged, polar, and hydrophobic residues, proteins have a tendency to 

precipitate when recombinantly produced with a strong promotor. To address the different solubility 

of proteins, an assay was developed to be used for high throughput determination of the solubility of 

recombinantly produced proteins (paper I). The solubility was determined before and after dilution, 

in conditions where the concentration of a chaotropic agent thus was reduced, i.e. monitoring to 

what extent the proteins form precipitates in the decreased denaturing agent concentration (figure 

10).  

To facilitate the read-out of the assay, the proteins were divided into five different classes depending 

on their inclination to precipitate. The most soluble antigens – where more than 80% stayed in 

solution after dilution and incubation – were denoted solubility class 5. The least soluble antigens – 

where less than 20% of the proteins remained in the supernatant after dilution and incubation – were 

designated solubility class 1. In solubility class 2 to 4, 21-40%, 41-60%, 61-80% respectively were still 

soluble after dilution and incubation. It should also be noted that protein solubility is not only 

dependent on the success in correct folding, but also on the hydrophobic characteristics of the 

protein surface. To examine the hydrophobicity of the proteins within each solubility class the 

GRAVY score, which is in essence based on the constituting amino acids’ hydrophobicity, of each 

protein sequence was compared to the proteins experimentally determined solubility (Kyte and 

Doolittle 1982). The hydrophobicity was somewhat higher for the least soluble proteins, but since 
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the hydrophobicity within each solubility class was diverse, it was not possible to use hydrophobicity 

algorithms to elucidate if a protein has a propensity to precipitate upon dilution of chaotropic agents. 

 

 

 

Figure 10. Solubility assay. Protein samples are 

firstly diluted from 1 M urea to 0.2 M urea. Before 

incubation the protein concentration is determined. 

After over night incubation, the samples are 

centrifuged and the concentration of the remaining 

soluble proteins in the supernatant is determined. 

When more than 80% of the proteins stay soluble 

the proteins are sorted in solubility class 5, and the 

least soluble proteins are sorted in solubility class 1.  

 

The objective when setting up the solubility assay was to utilize the known solubility of the proteins 

to examine if a correlation with the immunogenicity attained with the antigen could be found. With 

increased number of immunizations, this was possible. In paper V, nearly 5000 polyclonal antibody 

sera were utilized to study the correlation with the determined solubility of the antigen.  

 

 

 

 

Figure 11. Box-plot analysis on the amount of 

acquired antibody purified from antisera, generated 

with the cognate antigens of different solubility 

classes, Sol 1-5, where the most soluble antigens are 

found in solubility class 5.  
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At average, increased solubility of the antigens resulted in increased titers of purified antibodies 

(figure 11). The variability of antibody titers was however large within the solubility groups, and thus 

also some of the least soluble antigens did result in high antibody titers, in this set for example the 

second most immunopotentiating antigen came from solubility class 1 (6 mg antibody was recovered 

after purification as compared to the average recovery that was 0.43 mg in the total set, when zeros 

were excluded). This high antibody recovery was however an extreme value, only 0.2% of the eluates 

held more than 3 mg of antibodies. The diversity is large, but the probability of the antigen to not 

succeed at all in provoking the immune system is higher for low solubility antigens (table 2). Almost 

one third of the insoluble antigens (solubility class 1) did not result in any antibodies, as compared to 

solubility class 5 where less than 10% failed to provoke the immune system.  

Several investigations were subsequently performed in order to rule out that the observed correlation 

between soluble antigens and higher antibody titers was merely caused by advantageous purification 

conditions. The antigen is not only used for immunization, it is also used as the affinity ligand in 

purification of the antibodies. Soluble antigens as ligands in the affinity resin could potentially have a 

higher capacity than when insoluble ligands are used. The fraction of co-eluted contaminating 

proteins was determined to be constant, the amounts of non-eluted antibodies were determined to 

be low, and the tag-specific antibodies were shown to have similar correlation to the solubility of the 

total antigen as the antibodies to the target human protein fragment. It was consequently verified 

that the high antibody titers within the purification eluate was indeed caused by elevated 

concentrations within the antisera. Thus, our results indicate that a soluble antigen is superiorly 

presented to the immune defense than insoluble antigens.  

Table 2. Summary of antibody characteristics in different solubility classes.  

Solubility class 
Number of 

immunizations 
Average amount of 

antibody 
Median amount of 

antibody 
% failed in affinity 

purification 

1 897 0.19 0.10 29 

2 627 0.25 0.15                 18 
3 559 0.34 0.23 14 
4 1528 0.41 0.25 10 
5 1324 0.49 0.30 9 

 

With the solubility determination of several thousands of proteins, it was also possible to evaluate 

differences in the amino acid composition. Not surprisingly, hydrophobic amino acids were indeed 
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represented in the interaction site (Lo Conte, Chothia et al. 1999). This correlation between amino 

acid compostion and solublity (increased chance of high immunogenicity) was performed on the 

entire entity. For a more correct correlation only the surface residues should be utilized, however was 

not the structural information avaliable. Conversely, a finer mapping of the amino acids involved in 

the binding to antibodies would elucidate if the localization of these under-represented binding 

residues were concentrated to the binding site.  

3����#���	����(���������#������%���	������$�������������
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In antigen design, prior knowledge of which sequences of the proteins that elicits an immune 

defense is desirable. Different available prediction algorithms based on the properties of the 

constituting amino acids, provides information on which parts of the antigen that have 

characteristics to be possibly antigenic. However, so far these algorithms are just slightly better than 

selecting the region at random (Rockberg and Uhlen 2009). It seems as if it is not just the sequence 

of the antigen that determines the success in producing antibodies, but also other factors, for 

example the immune receptor repertoire of the host.  

Each month 600 rabbits are immunized within the Human Protein Atlas project, and all antigens 

have an identical purification tag (His6ABP) at the N-terminal. Characterization of the interaction 

sites of the cognate antibodies on the tag-antigen would answer how different T-cell and B-cell 

repertoires react to a common sequence of an antigen.  

Four hundred eleven antisera were investigated by peptide mapping. Only 2.4% of the antigens did 

not elicit any immune response, thus can His6ABP tag be referred to as an immunogen. Four 

antigenic hot spot regions were found, of which two were in the same loci of two homologous 

albumin binding domains present in the tag. Interestingly, the most dominant epitope was only 

present in 70% of the antisera, thus this epitope is not seen as antigenic in almost one third of the 

immunized hosts. Much effort has previously been put into characterization of the interface between 

an antibody and the cognate antigen (Janin and Chothia 1990; Bogan and Thorn 1998; Lo Conte, 

Chothia et al. 1999). Different protein complexes from x-ray crystallography and mutagenesis data 

have been examined, and some properties have been found in common for most of these regions, 

e.g. the size, and the amino acids present at these sites. However, the dynamics between different 
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Concluding, His6ABP is immunogenic with several antigenic hot spot regions and epitope silent 

regions with dissimilar amino acid compositions. It was shown that a single amino acid substitution 

from histidine to tyrosine resulted, at average, in increased immunogenicity. Also, the variability of 

antigenic regions between different antisera was shown to be large, indicating the need of good 

antigen design.  

3�-����������(����#�%��������&�%�������������	!+����%����%�
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An alternative to the conventional polyclonal antibody generation by immunization and generation 

of monoclonal antibodies by hybridoma technology is generation of affinity reagents by selection 

systems. In publication VII the antigens within the Human Protein Atlas project were used as targets 

for single chain fragment variable (scFv) in phage display. The lack of target antigens of the human 

proteome is one of the main bottlenecks in proteome wide selection ventures (Hammarstrom, 

Hellgren et al. 2002). However, within the Human Protein Atlas, there are antigens designed to 

almost all human genes, and so far, almost 18 000 have been successfully expressed. This resource of 

antigens will in the coming years cover the vast majority of the human proteins, and thus provide an 

excellent source of surrogate antigens for phage display. In this set-up – to respond to the demand of 

increased throughput in proteomic ventures – the selection has been parallelized in the initial round 

of biopanning to increase the throughput of selected affinity reagents.  

To be useful in also biotechnical applications, the scFv has to be compatible with different methods. 

The selected scFvs were evaluated by protein microarray analysis and western blot analysis, and the 

scFvs were used in immunohistochemical (IHC) to verify that the selected scFv targets the native 

full-length protein. All scFv worked well in scFv micro arrays. Of these, half worked in the western 

blot analysis, and thus these scFv probably recognized linear epitopes.  

To further validate the quality, IHC staining with scFv was also compared with the antibody 

generated to the cognate antigen within the Human Protein Atlas project, and to literature. The 

staining pattern was most of the time as anticipated, verifying the specificity of the scFv.  

Concluding, this proof of principle of using antigens derived from the Human Protein Atlas as 

surrogate antigens pave the way for proteome-wide production of affinity reagents. The compatibility 

of the scFv with several biotechnical applications extends of course the research area where the 



3������7�����
 5�
��2���6��!!����2����7�������6 ������

�

� �

*,�

�

scFvs can be utilized. Much can be gained with affinity reagents selected in vitro. In contrast to 

antibodies generated through immunization, an infinite source is generated with no batch-to-batch 

variation. Moreover, not all antigens have the power to provoke the immune system and problems 

and toxicity issues in the host are circumvented. Indeed, no host is needed for in vitro selection 

systems. Perhaps phage display selected scFv will be the key to the completion of the mapping of the 

human proteome. 
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By reducing the manual handling of samples, a increase of throughput in proteomic ventures is 

achieved. Automated purification of the proteins is essential and within this thesis some potential 

purification and analysis bottlenecks have been solved with retained high protein yield and purity 

(papers II-IV).  

4�������������������&�����$����������	����������	�$�������
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Within the Human Protein Atlas project, IMAC purification is utilized, and a hexahistidyl tag is 

recombinantly fused to the N-terminal of the human protein fragment. Addition of a tag to the 

proteins facilitates the sample treatment – it is basically a prerequisite – in parallel purification with a 

common protocol. At the initial phase of the Human Protein Atlas project all antigens were manually 

purified by gravity column IMAC chromatography. However, early an automated pipetting 

workstation was set up, evaluated and optimized (paper II). The workstation was originally built for 

solid phase extraction (SPE), but with some tailor-made modifications the bench top pipetting 

station was made functional for protein purification (figure 17). There are several protein purification 

workstations commercially available that utilize vacuum or centrifugation as the driving force in 

washing and elution. However, the negative pressure is complicated to control, and thus the flow 

rate is not well regulated. By utilizing the positive pressure obtained by addition of buffers to the 

sealed column, the flow rate can be controlled, and this was shown in the optimization to be highly 

important for good chromatography. A increased flow rate resulted in decreased binding of target 

protein to the IMAC resin. Single columns are also advantageous since clogging of a single well in a 

plate will result in carry-over to the neighboring samples.  
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To further challenge the set-up, the chromatography resin was exchanged from IMAC to IEXC 

(paper III). The pipetting workstation is user-friendly, can take 60 samples at each run, but lacks 

monitoring of e.g. the absorbance or possibility to use gradient elutions. Thus, as for the IMAC 

purification, a purification handle was a prerequisite for the IEXC to work. In high throughput 

ventures also the possibility to use denaturing conditions is favorable since many recombinant 

proteins expressed in e.g. E.coli are produced as insoluble inclusion bodies, however not all tags are 

compatible with denaturing conditions since the tertiary structure has to be retained for many tags to 

function. However, the Zbasic tag has previously been used for sample purification at denaturing 

conditions (Hedhammar, Alm et al. 2006), and was in this project proved to work well in parallel 

purification under denaturing conditions with stepwise elution (figure 19).  

                             

Figure 19. SDS-PAGE analysis of seven IEXC purified Zbasic tagged human protein fragments (1-2, 4-5, 9-11). The lysate 

(L) is loaded in every second row followed by the eluate (E). Purification was performed under denaturing conditions. 

For optimization of the chromatographic conditions, four model proteins with a Zbasic tag was 

purified on the more advanced ÄKTAexplorer system, where monitoring of absorbance by the 

samples are possible, but no parallelization. Elution profiles from the model proteins were 

comparable, with elution of the target protein at approximately the same conductivity. This 

encouraged us to use a stepwise elution on the parallelized workstation, where loosely interacting 

host proteins could be removed before elution of the target protein. Indeed, all expressed Zbasic 

tagged proteins were also eluted at high purity and concentration on the parallelized workstation 

(figure 18). 
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In conclusion, the set-up performed on the workstation was in these two papers shown to work with 

different chromatographic methods. It was shown that the set-up could be utilized as a robust, 

parallel, and cost-effective purification for differently tagged recombinant proteins in high 

throughput ventures.     

4�������$�������$���������	�������������������������$����
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Expression, purification and characterization (amount, purity, size, et cetera) are cost intensive tasks 

for high throughput ventures. To reduce the cost and labor, a screening of the target proteins can be 

made to identify the candidates that will be successful, prior to full production. A small-scale 

expression and purification of targets can be used to verify that the targets have the expected size by 

MS. In article IV an automated sample preparation method was developed that possesses the 

possibility to use crude cell lysates in deep well plates as input, and get information on the exact size, 

as well as the purity, as output.  

Mass spectrometry is one of the most utilized methods for characterization and identification of 

proteins in biotechnology and life science. For the identification of macromolecules, as proteins, 

MALDI and ESI is most often utilized, and they both are possible to use in a highly automated 

mode. However, the samples need to be cleared from contaminants, primarily salts that interfere 

with the ionization but also other proteins. Fractionation of the protein sample facilitates the data 

handling as the complexity of the samples is reduced. Sample preparation is however not as easily 

automated as the MS analysis.  

In article IV we develop an automated sample preparation of recombinant proteins prior to MS 

analysis where the input is crude cell lysate, and the output is a target protein ready for MS and gel 

electrophoresis analysis. This could be useful for screening, and also as quality control of the 

produced proteins in high throughput projects. 
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Figure 21. MALDI (left) and ESI (right) spectra of a purified and desalted protein with a theoretical Mw of 27.2 kDa. In 

the MALDI spectrum are both the single charged peak and the smaller double charged peak visible. The ESI spectrum is 

deconvoluted to a single peak.  

In this article a set-up is described for analysis of purified recombinant full-length proteins. Currently 

most MS-analysis ventures within life science work with complex biological samples for the 

identification of e.g. potential biomarkers or to elucidate the protein, or other compound, content. 

Mass spectrometry instrumentation has previously been laborious, cost-intensive and not very user 

friendly. Thereby not much has been done on recombinant proteins detection and characterization. 

However, with the advent of more high throughput ventures and screening of larger amounts of 

samples – as well as the advent of bench-top, user friendly MS instrumentations – the area of use can 

be broadened, and now other applications can be initiated, for example quality control in high 

throughput proteomic projects (Sundqvist, Stenvall et al. 2007) or in the way suggested in paper IV.  
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With the increased knowledge about the human – and other species’ – genome, the task of 

elucidating the functions of the proteins is well begun. Several high throughput projects have taken 

different roads to reveal the functionality of the proteins. Structural genomics ventures generate x-

ray determined structures that subsequently are used to elucidate the function of proteins. Some 

mass spectrometry based ventures determine the interactome, and thus by identifying binding 

partners functionallity of the proteins can be revealed. Within the Human Protein Atlas project the 

tissue and cellular localization of the proteins within the human body is examined to reveal the 

functions of the proteins (Berglund, Bjorling et al. 2008). With these efforts a better picture on how 

the proteins work within the body will be gained, which will give a clue to why some people get ill or 

why some patients react differently to treatment. However, to realize these endeavors, many 

bottlenecks and technical improvements have to be overcame, and the work presented in papers II-

IV has been performed to fill part of this need.  

Also, the generation of affinity reagents is a huge endeavor for the research community. Affinity 

reagents can be used for clinical applications in prognostics and diagnostics. Furthermore, affinity 

reagents are valuable tools in biotechnical applications. Methods and intelligent selection algorithms 

to find the ideal antigen sequence to increase the generation of antibodies through immunizations is 

of course an amazing scenario, however not realized yet. In paper I, a solubility assay made it 

possible to elucidate if antigen solubility affect the presentation of antigens to the immune system. 

In publication V and VI, soluble antigens and a distinct amino acid composition at the antigenic 

sites were identified as important parameters to be successful in generating high titers of antibodies. 

However, it was also discovered that not all antisera recognized the same regions on a common 
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immunogen as antigenic, indicating the need of multiple potential antigenic determinants. When 

immunization fails, in vitro selection systems can be utilized (VII).   

My hope is that the discoveries and method developments within this thesis will contribute to more 

efficient immunization and affinity reagent selection strategies, and for efficient protein purification 

in numerous high throughput proteomic projects and laboratories. Because, at the end of the day, all 

these above mentioned techniques and applications are developed to increase the health and well 

being of you and me. 
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aa   amino acid                
ABD   Albumin Binding Domain 
ABP   Albumin Binding Protein                       
CDR   Complementarity-Determining Region          
CE   Capillary Electrophoresis 
DNA   DeoxyriboNucleic Acid 
DTT   1,4-dithiothreitol 
E.Coli   Escherichia Coli 
EDTA   EthyleneDiamineTetraacetic Acid         
ELISA    Enzyme-Linked ImmunoSorbent Assay             
ESI   ElectroSpray Ionization                 
FACS   Fluorescence Activated Cell Sorting 
Fc   Fragment crystallizable                 
Fv   Fragment variable              
GFP   Green Fluorescent Protein                   
GRAVY   GRand Average of HydrophatY                   
HIC   Hydrophobic Interaction Chromatography          
His6   Hexahistidyl 
HPLC   High Performance Liquid Chromatography          
IEXC   Ion EXchange Chromatography           
IHC   ImmunoHistoChemistry 
IMAC   Immobilized Metal ion Affinity Chromatography                
LC   Liquid Chromatography 
NMR   Nuclear Magnet Resonance                    
MALDI   Matrix Assisted Laser Desorption/Ionization                           
MS   Mass Spectrometry              
PCR   Polymerase Chain Reaction                 
pI   Isoelectric point 
RNA   Ribonucleic acid 
RPC   Reversed Phase Chromatography 
scFv   Single Chain Fragment Variable 
SDS-PAGE  Sodium Dodecyl Sulfate PolyacrylAmide Gel Electrophoresis 
SELDI   Surface Enhanced Laser Desorption/Ionization 
SPR   Surface Plasmon Resonance 
SpG   Streptococcal Protein G 
TNF-�   Tumor Necrosis Factor alfa 
TOF   Time-Of-Flight 
VH   Variable domain of the antibody Heavy chain 
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Jenny och Sophia, tack för allt under alla dessa år. Ni gjorde det roliga ännu roligare. Tack. 

Alla Ni andra som har motiverat, finansierat, instruerat och inspirerat mig till denna bok. Tack. 
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