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Abstract 
The great advances in DNA technology, e.g. sequencing and recombinant DNA 

techniques, have given us the genetic information and the tools needed to effectively produce 
recombinant proteins. Recombinant proteins are valuable means in biotechnological 
applications and are also emerging as alternatives in therapeutic applications. Traditionally, 
monoclonal antibodies have been the natural choice for biotechnological and therapeutic 
applications due to their ability to bind a huge range of different molecules and their natural 
good affinity. However, the large size of antibodies (150 kDa) limits tissue penetration and the 
recombinant expression is complicated. Therefore, alternative binders with smaller sizes have 
been derived from antibodies and alternative scaffolds. 

In this thesis, two structurally similar domains, Zbasic and ABDz1, have been used as 
purification tags in different contexts. They are both three-helical bundles and derived from 
bacterial surface domains, but share no sequence homology. Furthermore, by redesign of the 
scaffold used for ABDz1, a molecule intended for drug targeting with extended in-vivo half-life 
has been engineered. In Papers I and II, the poly-cationic tag Zbasic is explored and evaluated. 
Paper I describes the successful investigation of Zbasic as a purification handle under 
denaturating conditions. Moreover, Zbasic is evaluated as an interaction domain in matrix-
assisted refolding. Two different proteins were successfully refolded using the same setup 
without individual optimization. In Paper II, Zbasic is further explored as a purification handle 
under non-native conditions in a multi-parallel setup. In total, 22 proteins with varying 
characteristics are successfully purified using a multi-parallel protein purification protocol and 
a robotic system. Without modifications, the system can purify up to 60 proteins without 
manual handling. Paper I and II clearly demonstrate that Zbasic can be used as an interaction 
domain in matrix-assisted refolding and that it offers a good alternative to the commonly used 
His6-tag under denaturating conditions. In paper III, the small bifunctional ABDz1 is selected 
from a phage display library. Endowed with two different binding interfaces, ABDz1 is capable 
of binding both the HSA-sepharose and the protein A-derived MabSelect SuRe-matrix. The 
bifunctionality of the domain is exploited in an orthogonal affinity setup. Three target proteins 
are successfully purified using the HSA-matrix and the MabSelect SuRe-matrix. Furthermore, 
the purity of the target proteins is effectively improved by combining the two chromatographic 
steps. Thus, paper III shows that the small ABDz1 can be used as an effective purification 
handle and dual affinity tag without target specific optimization. Paper IV describes the 
selection and affinity maturation of small bispecific drug-targeting molecules. First generation 

binders against tumor necrosis factor-  are selected using phage display. Thereafter on-cell 
surface display and flow cytometry is used to select second-generation binders. The binding to 

tumor necrosis factor-  is improved up to 30 times as compared to the best first generation 
binder, and a 6-fold improvement of the binding strength was possible with retained HSA 
affinity. Paper III and IV clearly demonstrate that dual interaction surfaces can successfully be 
grafted on a small proteinaceous domain, and that the strategy in paper IV can be used for 
dual selection of bifunctional binders.  
Keywords: ABD, Zbasic, albumin, TNF- , protein engineering, phage display, staphylococcal 

display, inclusion bodies, refolding, proteomics, orthogonal affinity purification. 
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INTRODUCTION 

1. Proteins  

The proteins are the cornerstones and the machinery of the cell and are responsible 

for many different functions, e.g. structure, defense, signaling, transport, and 

enzymatic catalyzation. The blueprints of the proteins are stored in the genetic code, 

in the deoxyribonucleic acid (DNA). The DNA molecule consists of two strands that 

form a double-stranded helix (Watson and Crick 1953) and is composed of four 

nucleotides, adenine (A), thymine (T), cytosine (C), and guanine (G). The arrangement 

of these four nucleotides constitutes the entire genetic information. In the genome 

there are segments called genes that can be translated into proteins. This flow of 

information is called the Central dogma and was suggested over half a century ago and 

was restated in 1970 (Crick 1970). The Central dogma is illustrated in Figure 1. To 

transfer the genetic code into proteins, the DNA is first transcribed to ribonucleic 

acid (RNA) generating messenger RNA (mRNA). Thereafter the mRNA is translated 

into a protein. The sequence of the mRNA is complementary to the DNA and read in 

triplets. Each triplet matches a codon that corresponds to a certain amino acid. There 

are 20 naturally occurring amino acids used to build proteins. The amino acids are 

joined together to create a long polypeptide chain, a primary structure. The 

polypeptide chain folds into a secondary structure, e.g. an -helix or a -sheet, 

depending on the sequence of amino acids. Finally, as the secondary structures of the 

polypeptide chain are arranged in space, the protein attains its global tertiary structure. 
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Some proteins are composed of two or more polypeptide chains, and the final 

arrangement of these subunits gives the protein its quaternary structure. A number of 

proteins also undergo additional modifications, such as glycosylation or 

phosphorylation, in order to attain the right function. 

Fig. 1.  

The Central Dogma as described by F. Crick in 1958 and restated in 1970. 

Reproduced with kind permission of Dr. Caroline Grönwall. 

 

1.1  Protein Interactions  

Protein interactions are essential for all cells and organisms in order to survive. To 

have a correct function, each molecule must know what to interact with and when, 

often in very complex environments. There are many examples of molecular 

interactions, e.g. between enzyme and substrate, antibody and antigen, or DNA and 

DNA polymerase. Usually the interaction interface between the two molecules is 

maximized and a spherical shape is strived for to minimize the solvent exposed area. 

Small movements occur in the molecules upon ligand binding, but in most cases the 

overall structure of the protein does not change (Janin and Chothia 1990). However, 

when there is a structural change it is often functionally important, e.g. as in the case 

of EGFR dimerization where ligand binding induces a structural change that enables 

dimerization that in turn triggers downstream signaling (Burgess, Cho et al. 2003). 

Structural changes allow a large binding interface to form that does not exist prior to 

association (Lo Conte, Chothia et al. 1999). The same forces acting within a protein to 

keep the three-dimensional structure (electrostatic, hydrophobic, Van der Waal’s or 

hydrogen bonds), also act in the interface between biological molecules. In the 

crowded environment in the cell, molecules collide with each other constantly without 
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the formation of stable complexes. But when collision occurs in the target area of the 

molecules this often results in a stable association. 

1.1.1 Affinity 

In biochemistry affinity describes the interaction between two molecules and 

defines the strength of their interaction. The strength of the affinity is dependent on 

both the association between the interacting molecules and their dissociation from 

each other. The association is diffusion-controlled and is measured as the association 

rate constant, ka (M-1s-1). An increase in the association rate constant can be 

engineered into a molecule by introducing long-range electrostatic forces (Schreiber 

and Fersht 1996). When two molecules collide in the binding area an encounter 

complex is formed, which is stabilized by electrostatic forces and desolvation, whereas 

specific short-range interactions appear to be less significant (Selzer and Schreiber 

2001). Additional desolvation and rearrangement of the side chains allows the final 

complex to form, in which specific short-range interactions are important 

(hydrophobic, Van der Waal’s or hydrogen bonds) (Selzer, Albeck et al. 2000). The 

dissociation rate decides if the interaction is specific and stable and is measured as the 

dissociation rate constant, kd (s-1). The affinity is often described as the dissociation 

equilibrium constant, KD (M), which is the quotient between kd and ka, or association 

equilibrium constant, KA (M-1), which is the inverse of KD. 

 

 

 

 

 

 

 

 

 

 

The above equations describe association and dissociation where the measured 

reaction rates are interaction limited. This is true when interactions are studied in bulk. 

However, when measurements are preformed on a solid support, reaction rates can be 

dependent on mass transport limitations as well. When transportation of target from 

the buffer to the immobilized ligand on the surface is slower than the association, 

measurements will be affected by limitations in mass transport and not reflect the true 

Target +  Ligand
ka   

kd   
TargetLigand

Target[ ] Ligand[ ]
TargetLigand[ ]

 =  
kd
ka

 =  KD
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association rate. Two parameters can be varied to reduce the effect of mass transport 

limitations, the flow rate and the ligand immobilization level. High flow rates will 

decrease mass transport limitations but have no effect on the association rate. Low 

immobilization levels decrease the initial interaction rate but do not affect mass 

transport. Thus, for kinetic measurements of protein interactions, the flow rate should 

be high and the immobilization level low in order for measurements to only be 

interaction rate dependent. During dissociation the same parameters influence the 

measurements as in association. If mass transport is slower than dissociation the 

target will rebind to the surface, and thus the measurement will be affected by mass 

transport limitations. Adding competing ligands in the buffer flown over the surface 

during the dissociation phase will reduce the effective concentration of immobilized 

ligand on the surface, and thus decrease the mass transport limitation. Mass transport 

limitations have the greatest influence on the measurements at the beginning of 

association and at the end of dissociation, when the number of available binding sites 

on the surface is maximal. Another parameter to take into account is avidity. If there 

are two binding sites for target-ligand interaction, the measured interaction includes 

both binding events, and the measured affinity is greater than the sum of the two 

individual bindings. This effect is called avidity and describes the combined strength 

of an interaction. The first binding event is comparable to a one-to-one interaction, 

whereas the second event is favored due to the loss in translational and rotational 

entropy after the first binding. In addition, the effective concentration in the vicinity 

of the interacting molecules will be higher than in the surrounding solution, and 

thereby affect the measured affinity constant. An example of a bivalent binding 

molecule is an antibody.  

1.1.2 Measuring Protein Interactions 

There are many different methods used to investigate protein-protein interactions. 

Some methods can be used in vivo, others in vitro. Some methods can only tell if the 

proteins interact or not, yet others can measure the affinity between the molecules.  

Binding of two molecules to each other can be visualized by spectroscopy. One 

optical method to detect protein interaction is fluorescence resonance energy transfer 

(FRET). Two molecules are labeled with fluorophores having overlapping emission 

and excitation spectra. When the two molecules are in close proximity, energy transfer 

occurs from the excited donor to the acceptor, and the acceptor emits light. When 

using this method, direct binding between the two molecules is not necessary since 
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FRET can also occur if a third molecule brings the two parts in close proximity. 

Another optical method is circular dichroism (CD). This method is label free, but 

limited to detect interactions where a conformational change or stabilization of the 

complex occurs since it only detects secondary structure. To get a visualization of the 

binding region it is possible to use X-ray crystallography or nuclear magnetic 

resonance (NMR). X-ray crystallography detects the diffraction of X-rays in a crystal 

giving an electron density chart, and is only applicable when ordered crystals are 

possible to obtain. For samples where crystallization is difficult, NMR can be used to 

image interacting molecules in liquid samples by measuring the magnetic spin of the 

atoms. 

Several methods are available for measuring binding strength, e.g. isothermal 

titration calorimetry (ITC) and enzyme linked immunosorbent assay (ELISA). A 

method that enables affinity measurements directly on the cell surface is fluorescence-

activated cell sorting (FACS). In a flow cytometer particles are transported in a stream 

that is illuminated by a laser beam, and the light is directed to detectors where it is 

converted to electric signals. The incident light is scattered by the particles, and if any 

fluorescent particles are present, they will emit light. The scattered light and 

fluorescent light is detected and gives the characteristics for each population of 

particles within the sample. A limitation when using FACS for kinetic studies is that it 

is only applicable when the target is present on the surface of a particle large enough, 

e.g. a cell. Another commonly used method to measure protein interactions is surface 

plasmon resonance (SPR). SPR-techniques detect changes of mass as the molecules 

bind to ligands immobilized on a chip surface. Polarized light is reflected at the 

interface of two media with different diffractive indicies, i.e. a gold layer on a glass 

slide (high refractive index) with buffer (low refractive index) on the other side. As the 

light strikes the gold surface an evanescent wave is generated. Free electrons in the 

gold layer absorb the evanescent wave and produce plasmons causing an intensity 

reduction in the reflected light. The angle at which the reduced light is reflected is 

dependent on the refractive index that in turn is affected by the mass bound on the 

other side of the surface. The refractive angle is recorded in a sensorgram and will 

change upon association and dissociation. A great advantage of SPR-techniques is that 

they measure in real-time and are label-free. However, SPR-techniques demand 

immobilization of the target to the surface, which in some cases will give inaccurate 

and misleading results.  
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2. Protein Purification 

When using recombinant techniques for protein production, different methods 

for protein isolation and purification can be used. Disruption of the cells is needed 

when using intracellular production of the target protein. This can be accomplished by 

techniques such as sonication or high-pressure homogenization. It can also be 

accomplished chemically, using a lysis buffer. Either way, this will release the target 

protein together with all host specific proteins from the disrupted cells. If the protein 

production is directed to the periplasmatic space of Escherichia coli (E. coli) only 

disruption of the outer membrane is needed, e.g. using osmotic chock, and a less 

complex mixture of host specific proteins will be released together with the target 

protein. After cell disruption cell debris is removed using centrifugation. The target 

protein can be isolated from the clarified lysate by precipitation and differential 

solubilization, ultra centrifugation, or chromatographic methods. Chromatographic 

methods offer a wide variety of applications, taking advantage of different properties 

of the protein to be purified. 

 

2.1  Chromatography 

Chromatography is the collective term for a group of separation methods using a 

mobile phase and a stationary phase to separate molecules. Complex mixtures of 

molecules are efficiently separated on columns packed with the stationary phase and 

the mobile phase pumped through the column. Separation of the molecules is 

dependent on their degree of retardation in the stationary phase. The chromatography 

matrix should be chemically and mechanically stable since it has to be inert to solvents 

and buffers. Furthermore, to be able to modify the stationary phase, it needs to 

withstand various coupling chemistries. In addition the uncoupled matrix should be 

hydrophilic and neutral since the non-specific interaction with the matrix has to be 

minimal. The solid supports can be grouped into natural polymers (e.g. agarose, 

dextran, and cellulose), synthetic polymers (e.g. polyacrylamide and polystyrene), 

inorganic material (silica) and composite material (Jungbauer 2005). Different media 

have different advantages and disadvantages, for example natural polymers are very 
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hydrophilic but are less tolerant to high flow rates due to their soft structure, and 

synthetic polymers are relatively hydrophobic and therefore need coating to become 

more hydrophilic but are tolerant to extreme chemical conditions.  

Size exclusion chromatography (SEC), also called gel filtration, separates 

molecules on basis of their size (Porath and Flodin 1959). Matrices used for separating 

molecules according to their size have a controlled size range of their pores. The 

choice of matrix depends on the molecular weight of the molecules to be separated. 

Small molecules diffuse into the solid support and are therefore retarded, whereas 

larger molecules take the shortest way through the support and are consequently the 

first to be eluted from the column. In order to have a good resolution the sample 

volume should be limited to a maximum of 5% of the total column volume. 

Moreover, when using SEC, the sample is diluted and for some applications it might 

be necessary to include a concentration step.  Consequently, adsorption techniques are 

preferred for larger sample volumes and when concentration may be required. 

In adsorption chromatography the matrix should have a large pore structure for 

good flow properties and to allow binding of large proteins. In addition, the matrix 

should offer a large surface area to have a high binding capacity. A number of 

different interaction modes have been exploited in adsorption chromatography. The 

interactions with the stationary phase can be dependent on charge, size, 

hydrophobicity, or biospecific interactions. In hydrophobic interaction 

chromatography (HIC) the stationary phase is hydrophobic and adsorption of the 

protein is achieved through interaction with the hydrophobic side chains of exposed 

amino acids on the protein (Porath, Sundberg et al. 1973). High salt concentration 

favors the hydrophobic interaction and elution is accomplished using low-salt buffers. 

Reversed phase chromatography works similarly as HIC but the stationary phase is 

more hydrophobic and thus organic solvents are usually needed to desorb the protein 

from the stationary phase (Howard and Martin 1950). Ion exchange chromatography 

(IEXC) separates molecules based on their positive or negative charge and elution is 

accomplished by breaking the electrostatic forces using pH change or salt (Sober and 

Peterson 1958). IEXC is a very robust method, but only moderately selective. In 

affinity chromatography the specific interaction between a protein and a particular 

ligand is used for retardation (Cuatrecasas, Wilchek et al. 1968). This method is 

normally very specific and the protein-ligand interaction can be disrupted by e.g. pH, 

salt, denaturating agents, or by adding a competing molecule. In immobilized metal 
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ion affinity chromatography (IMAC), metal ions are immobilized and proteins binding 

to the metal ions are retarded on the column, usually through the use of a poly-

histidine tag (Porath, Carlsson et al. 1975). Other amino acids can also contribute to 

the retention on the IMAC column as well, e.g. glutamate, aspartate, tyrosine and 

cysteine. Some of the most common metal ions used for immobilization are Cu2+, 

Ni2+, Zn2+, Co2+, and Fe3+.  

Although particle based chromatographic media has been dominating so far, a 

promising alternative has emerged, the monolith. Even though the first 

chromatographic experiments with monoliths were performed already in the late 

1980’s (Hjerten and Liao 1988), breakthrough did not come until several years later. 

Monoliths are made in one piece, a continuous stationary phase with pores. The 

macroporous structure of monoliths allows high flow rates and generates efficient 

separations in short time. In addition, mass transfer between the mobile and 

stationary phase is mainly convective and less dependent on diffusion than particle 

based chromatography. Monoliths have a promising future and are already widely 

used in analytical chromatography. However, difficulties in scaling up monoliths have 

so far limited the use in industrial scale.  

The two following sections will cover ion exchange chromatography and affinity 

chromatography in more detail. 

2.1.1 Ion Exchange  

Ion exchange chromatography (IEXC) was initially used for ion recovery, water 

purification, and demineralization. These ion exchangers were made of hydrophobic 

polymers and suffered from high back-pressure, which made them unsuitable for large 

biomolecules such as proteins, polypeptides, and nucleic acids. The hydrophobic 

surface denatured the proteins and the low permeability lead to low capacity of the 

column. When hydrophilic matrices were developed, separation of proteins became 

feasible (Sober and Peterson 1958). Today IEXC is a powerful protein separation 

technique, with high binding capacity and minimal hydrophobic and non-ionic 

interactions. Elution conditions are mild, and the robustness of the matrix allows 

repeated sanitization and reuse of the matrix. The main disadvantage of IEXC is the 

relatively limited selectivity.  

There are two types of IEXC, anion IEXC (AIEXC), where the matrix holds 

positive charges, and cation IEXC (CIEXC), where the matrix holds negative charges. 
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Proteins contain both negative and positive charges along the amino acid sequence. 

The pH at which the net charge of the protein is zero is called the isoelectric point 

(pI) of the protein. At physiological pH arginines, lysines, and histidines contribute 

with positive charges, whereas aspartate and glutamate contribute with negative 

charges. Charged amino acids are usually exposed on the surface of the protein, and 

hydrophobic residues build up the core of the protein. This enables us to use the 

electrostatic interactions for purification without disrupting the target protein. For 

successful adsorption to the matrix, the pH should be one unit above or below the pI 

of the target protein depending on what matrix is used (Bollag 1994). To attract a 

protein to the AIEXC matrix the separation is usually performed at a pH above the pI 

of the protein to give it a negative net charge. Conversely, in order to attract a protein 

to the CIEXC matrix the separation is usually performed at a pH below the pI of the 

protein to give it a positive net charge. However, successful separation can still be 

achieved even though the net charge of the protein is the same as the matrix, if the 

distribution of the charges on the surface of the protein is concentrated to a part of 

the protein. Furthermore, the pH of the separation should be chosen in an interval 

where the target protein is stable. In close proximity of the matrix the pH can differ 

with one unit as compared to the pH of the buffer used. This is due to the Donnan 

effect, the attraction or repulsion of protons to or from the matrix. The optimal ionic 

strength of the buffer is a balance; the buffer should minimize interference with the 

binding between the target and the matrix but at the same time reduce unspecific 

binding to the matrix. AIEXC and CIECX matrices are further classified as strong or 

weak. This classification does not describe the strength of the interaction. Strong 

IEXC matrices have a pKa outside the pH working range (usually pH 4-10), and the 

charge of the matrix is thus not affected by the pH of the buffer. Weak IEXC on the 

other hand have, a pKa within the pH working range and is therefore affected by the 

pH of the buffer. Strong IEXC matrices are a good choice when the target is weakly 

charged and an extreme pH is needed for ionization of the sample. Elution from 

IEXC matrices are accomplished by changing the charge of the protein (using pH), or 

by adding competing ions to the buffer (a non-buffering salt, e.g. NaCl). When using 

an AIEXC matrix, a decrease in pH protonates the bound proteins, which are released 

from the matrix. Vice versa, when using a CIEXC matrix, an increase in pH 

deprotonates the bound proteins, rendering them less positive, and they will elute 

from the matrix. It is important to use a buffer with strong buffering effect to avoid 
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large pH fluctuations when the proteins are released from the matrix, as this would 

decrease the resolution of the purification. Also, when the pH is close to the pI of the 

protein, the risk of precipitation is generally increased. Instead, to avoid pH 

fluctuations, elution with a non-buffering salt can be used. Low salt concentration will 

elute weakly bound proteins, and elevated salt concentrations will elute more strongly 

bound proteins. The composition of the elution buffer can be continuously altered 

using a gradient. A gradient gives good resolution but requires a mixing chamber and 

continuous flow. Instead step-wise elution can be used, increasing the concentration 

using several isocratic steps. When using step-wise elution, the sample is eluted in a 

smaller volume and thus at a higher concentration, but at the expense of the 

resolution. A third alternative is continuous isocratic elution, in which the same buffer 

is used throughout the whole purification. Continuous isocratic elution can be used 

when the sample components are differentially retarded on the matrix under constant 

buffer composition, and can only be used on samples with a starting volume much 

smaller than the bed volume of the column. 

2.1.2  Affinity Chromatography 

Affinity chromatography was introduced in 1968 (Cuatrecasas, Wilchek et al. 

1968). It is a very selective purification method based on the specific interaction 

between two molecules. Large volumes of complex sample mixtures can be purified, 

and due to the significant concentration effect even low abundant proteins can be 

effectively purified. Initially, affinity chromatography was restricted to molecules with 

a natural affinity to another partner, such as enzyme-substrate, metal-binding protein-

metal, antibody-antigen, or carbohydrate-binding protein-carbohydrate. Thus, proteins 

with unknown interaction partners could not be purified using affinity 

chromatography. However, the discovery of restriction enzymes (W. Arber, D. 

Nathans, and H. Smith, Nobel Prize 1978), laid the foundation for genetic engineering 

and made it possible to genetically fuse two gene fragments. In this way, a protein 

with inherent binding could easily be fused to any protein lacking a natural binding 

partner, creating a hybrid protein suitable for affinity chromatography. The first 

affinity tag for affinity chromatography of recombinant proteins was reported in 1983 

(Uhlen, Nilsson et al. 1983). After that, many recombinant fusion systems have been 

developed, both with natural affinity tags and those created using combinatorial 

methods.  
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In order to be able to covalently couple a ligand to a chromatography resin, 

specific chemical groups must be present on the resin. The chemical group is 

activated, which normally introduces an electrophilic group on the matrix. Then the 

electrophilic group reacts with a nucleophilic group on the ligand, such as an amino-, 

thiol-, or hydroxyl-group. And finally, any unreacted groups on the matrix are 

blocked. In some cases, e.g. when coupling a small ligand, it is necessary to include a 

spacer between the matrix and the ligand in order to reduce the risk of steric 

hindrance. There are certain demands on the ligand; a functional coupling group must 

be present and the ligand must tolerate the coupling procedure with retained activity 

after coupling. Furthermore, the coupled ligand should be selective for a single 

molecule or a very limited number of molecules, or alternatively, to a specific group of 

molecules such as immunoglobulins. In addition, the binding between the ligand and 

target should be reversible so that the target protein can be eluted. The interaction 

should be stable enough to stay intact during loading and washing of the matrix, and 

still allow elution conditions that will not harm the target or the ligand. Moreover, the 

composition of the running buffer should promote effective binding of the target 

protein, but minimize the unspecific binding. If the ligand-target interaction is weak, a 

slow flow rate might be needed for effective adsorption. Usually the ligand-target 

interaction is a combination of electrostatic- and hydrophobic interactions, as well as 

hydrogen bonds. Elution can be accomplished by weakening these interactions by 

changing the salt concentration or pH, by adding denaturating agents, or 

competitively by addition of a molecule with affinity for the immobilized ligand (Firer 

2001). Salt and pH disrupt the ionic bonds, altering the structure and interaction 

between the target and ligand on the affinity matrix. Addition of salt will increase the 

ionic strength of the elution buffer and reduce the electrostatic interaction, but can 

also favor hydrophobic interactions. A change in the pH will affect the degree of 

ionization in the ligand and target, and thereby influence the charge, and thus affect 

the structure and interaction. Neutralization of the eluate is recommended when using 

pH for elution. To break hydrophobic interactions, harsh elution methods are 

normally needed. Denaturating agents interact with hydrophobic regions to increase 

the solubility of non-polar substances in water and dissociate the hydrogen bonds. If 

refolding is possible or if functionality of the eluted target is not required, 

denaturating agents can be used. Another less harsh strategy is competitive elution, 

where molecules competing with the ligand or target are added to the elution buffer. 
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This is a very mild elution strategy and allows specific elution of the target. A 

drawback is, however, that further clean up of the eluate may be necessary to remove 

the competing molecule. Moreover, if a large excess of competing molecule is needed 

this strategy might be unpractical or economically unrealistic.  

 

2.2    Purification Tags 

The introduction of recombinant techniques revolutionized the protein 

purification field. Proteins that formerly only could be purified based on their inherent 

characteristics, could now be fused to naturally occurring proteins with known 

binding partners. Later, the fusion partners were extended to include short peptides 

and new domains with both known and designed functions. These fusion proteins 

could now be produced and purified using a generalized method, adopted for the 

common fusion partner. The fusion of a common partner to the protein can be seen 

as putting a tag on the protein. Tagging of the target protein results in simplified 

purification setups with fewer unit operations, enabling purification of any protein at a 

lower expense than before. The part fused to the target protein is commonly referred 

to as a purification tag. When purifying proteins the complexity and cost of the 

purification setup, such as buffer composition and type of matrix, are important and 

therefore much effort should be placed on selecting an appropriate purification 

system. Important to remember is that in some cases it is essential to remove the 

purification tag, as it might interfere with downstream processes. To achieve this, 

extra unit operations need to be included. 

A number of purification tags with different advantages and disadvantages are 

available, and the choice of tag will affect the result of the protein purification 

strategy. The selectivity of the purification system is dependent on the tag, the target 

protein, and the contaminants in the initial sample. The purification tag can influence 

the expression level, solubility, and stability of the target protein. Some tags function 

well both C- and N-terminally, whereas others only work well at one side or the other. 

There are tags independent on structure that have the ability to bind their target under 

denaturating conditions, making purification of proteins produced as inclusion bodies 

possible. Some tags are large, and others are small, and for some applications tag 

removal is crucial. If the tag needs to be removed, either chemical or enzymatic 

cleavage can be used.  



TOVE ALM 13 

Protein A was the first affinity tag used for affinity chromatography of 

recombinant proteins (Uhlen, Nilsson et al. 1983) and thereafter many more systems 

have been created. A few commonly used examples will be mentioned in this text. 

Porath was the first to describe the interaction between proteins and metals 

(Porath, Carlsson et al. 1975). The imidazole group of histidine forms a complex with 

transition metal ions (e.g. Ni2+, Zn2+, Cu2+, Co2+), and the interaction can be broken 

by decreasing the pH or by competition using e.g. imdazole. In addition to histidine, a 

few other amino acids, e.g. cysteine and tryptophan, can interact with the metal ions, 

but with lower affinity. The polyhistidyl tag, e.g. hexahistidyl (His6), is one of the most 

widely used purification tag (Hochuli, Bannwarth et al. 1988). A great advantage when 

using the polyhistidyl tag is that it is structurally independent and thus can be used 

under denaturating conditions, allowing purification of inclusion bodies. 

Unfortunately the polyhistidyl tag can only be considered to be moderately specific. 

Other disadvantages are the risk of reactions catalyzed by the metal ions in the 

column, and the reduced capacity of the column when using reducing agents. The 

leaching of metal ions from the column, or metal ions trapped in the purified protein, 

is also a drawback due to risk of cleavage reactions and toxicity of metal ions (Gaberc-

Porekar and Menart 2001). 

Another affinity tag is the maltose-binding protein (MBP) (di Guan, Li et al. 

1988), a carbohydrate binding protein with affinity for maltose or matodextrins. The 

MBP-tag is eluted under mild conditions using maltose as competitor and the 

amylose-based matrices are inexpensive. Another advantage is the increased solubility 

experienced when fusing MBP N-terminally (Kapust and Waugh 1999). However, 

biological activity of MBP is required for successful purification, and the large size of 

the tag may affect the structure and function of the fusion protein. 

Stable enzyme-substrate interaction pairs are also possible partners for affinity 

chromatography. One example is Glutathione S-transferase (GST), which binds to 

glutathione and competitively elutes using reduced glutathione (Smith and Johnson 

1988). However, there are several drawbacks such as restrictions in flow rate during 

loading due to slow kinetics between GST and glutathione, and the binding 

interaction is destroyed if denaturating agents are present during purification. In 

addition, the reduced glutathione used for elution may impair the function of the 

target protein if it contains disulfides. Furthermore, dimerization of GST may impair 

the binding to the matrix resulting in poor purification yields. Moreaover, 
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dimerization after purification may affect the target protein function and therefore 

removal of the tag may be necessary. 

Smaller tags are less likely to interfere with target structure and function, and 

therefore a small protein or peptide may be a good choice. One example is the eight 

amino acids long FLAG-tag (Hopp, Prickett et al. 1988). The FLAG-tag binds to the 

monoclonal antibody M1 in a Ca2+-dependent manner when fused N-terminally, 

allowing mild elution with ethylenediaminetetraacetic acid (EDTA). A minimal 

FLAG-tag of four amino acids, functional at either end of the fusion protein, has also 

been created with affinity for the monoclonal antibody M2 (Brizzard, Chubet et al. 

1994). This interaction is not Ca2+-dependent, and thus elution is performed using low 

pH or competitively with a FLAG peptide. Unfortunately, the antibody matrices are 

expensive and usually susceptible to harsh cleaning conditions. If instead a charged 

peptide is used as fusion partner, an inexpensive ion exchange matrix can be used. 

The poly-Arg-tag can be used for cation exchange chromatography (Sassenfeld and 

Brewer 1984). Since it has been shown that most E. coli proteins have a pI between 

four and seven (Link, Robison et al. 1997), only few of them will be co-purified at 

high pH. But still, this has to be considered a less specific method than affinity 

systems. Mild elution conditions are accomplished using a salt gradient. Low ionic 

buffers are not recommended since this can promote precipitation due to charge-

charge interactions. In order to avoid proteolysis, production is preferably performed 

in an OmpT-deficient strain since this enzyme cleaves between two basic residues 

(Grodberg and Dunn 1988). More examples of purification tags and their advantages 

and disadvantages can be found in Table 1. 

 



TOVE ALM 15 

Table 1 

Examples of peptide-tags and protein-tags. 

 

2.2.1 Z 

Staphylococcal protein A (SPA) is a cell surface receptor consisting of five 

homologous IgG-binding domains, A-E, (Uhlen, Guss et al. 1984), illustrated in 

Figure 2. The structure of domain B is a three helical bundle with a hydrophobic core, 

contributing to the stability of the domain (Gouda, Torigoe et al. 1992), (Tashiro, 

Tejero et al. 1997). Using directed mutagenesis, the B domain has been modified 

Tag Size Ligand Elution Advantages Disadvantages Ref. 

PETPTIDE-TAGS 
Poly-

Arg 

5-15 aa CIEXC Salt, pH, 

comp. 

Small 

Inexpensive 

Sensitive to 

proteases 

Sassenfeld  

1984 

His6 6 aa Metal ions Low pH 
Imidazole 

EDTA 

Inexpensive 
Mild elution 

Native and 
denaturating 

Low specificity 
Low solubility 

Hochuli 
1988 

Strep-

tag 

8 aa Streptavidin Desthio-

biotin 

Small 

Mild elution 

Expensive Schmidt 

1993 

FLAG 8 aa mAb EDTA, low 

pH, comp. 

High 

specificity 

Expensive 

 

Hopp 

1988 

PROTEIN-TAGS 
CBP 4 kDa 

26 aa 

Calmodulin EGTA Small 

Mild elution 

Expensive Stofko-

Hahn 
1992 

ABD 6 kDa 
46 aa 

HSA Low pH Small Harsh elution 
No commercial 
matrix 

Nilsson 
1997 

Zbasic 7 kDa 
56 aa 

CIEXC Salt See Section 
2.2.2 

See Section 
2.2.2 

Gräslund 
2000 

Z 7 kDa 

56 aa 

IgG Low pH Small 

Group 
specific 

Harsh elution Nilsson 

1987 

Protein 
A 

14-31 
kDa 

IgG Low pH Group 
specific 

Harsh elution Uhlén 
1983 

GST 26 kDa 

201 aa     

Glutathione 

 

Reduced 

glutathione 

Inexpensive 

Mild elution 

High metabolic 

burden  
Dimer 

Smith 

1988 

MBP 40 kDa 

396 aa 

Amylose Maltose 

 

Inexpensive 

Mild elution 
Enhances 

solubility 

High metabolic 

burden 

Guan 1988 
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creating the Z domain (Nilsson, Moks et al. 1987). The B domain is originally resistant 

to cyanogen bromide treatment due to absence of methionines, but contains an 

asparagine-glycine sequence which is sensitive to hydroxylamine. By substituting the 

glycine at position 29 for an alanine, the domain becomes chemically resistant to 

cleavage by hyroxylamine without altering the function of the molecule. In order to 

introduce a restriction site, an additional substitution was made replacing the alanine 

at position one with a valine and two extra amino acids were introduced C-terminally. 

 

Fig. 2.  

An overview of the staphylococcal protein A. The five homologous domains A-E 

possess immunoglobulin-binding. S is a singal peptide, and XM a cell wall 

anchoring structure. 

 

The Z domain has a high melting temperature and has shown to have good 

chemical stability in analyses using denaturant (Cedergren, Andersson et al. 1993). It 

has been used in a variety of contexts; as an affinity tag, as an affinity ligand on 

chromatographic matrices, and also as scaffold for library construction. The Z domain 

was initially used in affinity chromatography as a purification tag (Hammarberg, 

Nygren et al. 1989; Stahl, Sjolander et al. 1989; Sjolander, Stahl et al. 1993). When 

used as an affinity tag, it has been shown to improve the solubility and refolding 

ability of the target protein (Samuelsson, Wadensten et al. 1991; Samuelsson, Moks et 

al. 1994; Samuelsson and Uhlen 1996). In addition, the Z domain also increases the 

stability against proteolytic degradation of the target protein (Murby, Cedergren et al. 

1991). Moreover, the Z domain has been used as an affinity ligand coupled to 

chromatographic media. The combination of high stability and selectivity for IgG-



TOVE ALM 17 

molecules, has made protein A matrices commonly used for antibody purification 

(Hober, Nord et al. 2007). Furthermore, in the context as ligand on affinity matrices 

for IgG-purification purposes, directed mutagenesis was used in the loop between 

helix two and three, to create two destabilized variants of the Z domain allowing 

milder elution (Gulich, Uhlen et al. 2000). Moreover, the Z domain has been 

engineered to be stable in alkaline conditions in order to withstand harsh cleaning-in-

place procedures when coupled as ligand on affinity media (Linhult, Gulich et al. 

2004). Furthermore, the Z domain has been randomized at 13 solvent exposed amino 

acids in helix one and two, creating a library (Nord, Nilsson et al. 1995) that has been 

used for phage display selection. A large number of binding proteins, i.e. Affibody 

molecules, devoid of immunoglobulin binding and with new binding characteristics 

have been selected from this library, e.g. molecules able to bind Taq DNA 

polymerase, human factor VIII, Her2, Alzheimer amyloid beta peptides, and EGFR 

to mention a few (Nord, Gunneriusson et al. 1997; Nord, Nord et al. 2001; Wikman, 

Steffen et al. 2004; Friedman, Nordberg et al. 2007; Gronwall, Jonsson et al. 2007). 

2.2.2 Zbasic 

Affinity chromatography is a commonly used method for protein purification due 

to its high selectivity. However, harsh elution conditions are often needed and the 

affinity matrices are usually susceptible to cleaning and sanitation. Ion-exchange 

chromatography (IEXC) matrices on the other hand are resistant to harsh conditions 

and are cheap compared to other matrices. In addition, elution can be performed 

under mild conditions. A drawback with IEXC is, however, that contaminants with 

the same adsorption characteristics will bind to the matrix and be co-purified. To 

circumvent this disadvantage, charged amino acids can be engineered into the target 

protein (Egmond, Antheunisse et al. 1994) or a tag with multiple charges can be 

added to the protein (Sassenfeld and Brewer 1984). Nevertheless, engineering of the 

protein can affect its function and multiple positive charges are known to introduce 

protease sensitivity (Grodberg and Dunn 1988; Sugimura and Higashi 1988). A 

promising alternative would be a small robust purification tag that could be used for 

IEXC, without interfere with the function or the stability of the protein,. 

Zbasic (Graslund, Lundin et al. 2000) is a polycationic protein domain derived from 

the Z domain (Nilsson, Moks et al. 1987). Multiple positive charges have been 

introduced in the three-helical Z domain at ten positions in helix one and two, 



18 INTERACTION-ENGINEERED THREE-HELIX BUNDLE DOMAINS FOR PROTEIN RECOVERY   

AND DETECTION 

creating a positively charged purification tag. The molecular surface of Zbasic is highly 

positive and the domain has a measured isoelectric point (pI) beyond 9.3 and a 

calculated pI of 10.5 (Graslund, Lundin et al. 2000). The molecular surfaces of the Z 

domain and Zbasic are illustrated in Figure 3.  

 

 

Fig. 3.  

Molecular surface of the Z domain and Zbasic showing the electrostatic surface: 

negatively charged areas in red and positively charged areas in blue. 

 

Circular dichroism spectroscopy revealed a slightly lower helical content in Zbasic than 

in the parental Z, and thermal denaturation showed a decrease in melting temperature. 

Cation exchange chromatoghraphy has successfully been performed with Zbasic as 

purification handle for several proteins, e.g. the Klenow fragment, 3C protease and 

cutinase, resulting in fusion proteins with different pIs (Graslund, Ehn et al. 2002). 

These fusion proteins were all purified at physiological pH and eluted at 

approximately the same conductivity, giving pure and active target protein. 

Purification using Zbasic, either N-terminally or C-terminally, has been successful and 

both intracellular and periplasmic production is possible (Graslund, Ehn et al. 2002). 
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Zbasic has also been used in fed batch fermentation in fusions with Klenow and 3C, 

and purified using expanded bed adsorption (EBA) with subsequent enzymatic 

removal of the purification tag from Klenow using Zbasic3C (Graslund, Hedhammar et 

al. 2002). Moreover, the tag has a solubilizing effect as compared to the His6-tag 

(Hedhammar, Stenvall et al. 2005). 

2.2.3 ABD 

Streptococcal protein G (SPG) is a cell surface receptor with repetitive regions of 

albumin- and IgG-binding properties, illustrated in Figure 4. Protein G has a signal 

peptide (Ss) N-terminally, a cell wall anchoring region C-terminally (W), and a spacer 

region (S) that separates the albumin-binding motifs from the IgG-binding motifs 

(Olsson, Eliasson et al. 1987). Protein G has three homologous albumin-binding 

regions covering A1, B1, A2, B2, and A3 (Akerstrom, Nielsen et al. 1987), and three 

homologous IgG-binding regions covering C1, D1 C2, D2, and C3 (Guss, Eliasson et 

al. 1986). Different constructs from the albumin-binding part of protein G have been 

created, BB (25 kDa), the albumin-binding protein (ABP, 15 kDa), and the albumin-

binding domain (ABD, 5 kDa) (Nilsson, Stahl et al. 1997). 

 

Fig. 4.  

An overview of the streptococcal protein G. Serum albumin-binding can be found 

in three homologous regions spanning A1, B1, A2, B2, and A3, and 

immunoglobulin-binding in three homologous regions spanning C1, D1 C2, D2. 

Constructs of varying sizes have been created from the albumin-binding region, 

BB, ABP, and ABD.  
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The albumin-binding parts of protein G have been functionally well characterized. 

Truncated versions of protein G work well in intracellular, as well as secreted protein 

production, giving high production levels (Stahl, Sjolander et al. 1989; Sjolander, Stahl 

et al. 1993; Larsson, Brundell et al. 1996). Affinity chromatography on human serum 

albumin (HSA) sepharose was introduced in 1988 (Nygren, Eliasson et al. 1988) and 

after that, various domains of protein G have been used for successful protein 

purification. When fused to albumin-binding motifs the target proteins were shown to 

have increased solubility and improved stability (Hammarberg, Nygren et al. 1989; 

Stahl, Sjolander et al. 1989; Murby, Cedergren et al. 1991; Larsson, Brundell et al. 

1996). In addition, the domains have also been shown to be robust enough to refold 

after denaturation in 7 M guanidine hydrochloride and can thus be used for 

purification of proteins with low solubility (Murby, Samuelsson et al. 1995). 

Furthermore, increased immunogenicity was shown for weak immunogens when 

fused to BB (Sjolander, Nygren et al. 1997), (Libon, Corvaia et al. 1999). 

The minimal albumin-binding motif is the ABD. It is a stable 46 amino acids long 

three helical bundle, devoid of stabilizing features such as disulfide bridges, metal-ions 

or bound ligands (Kraulis, Jonasson et al. 1996). Using alanine scanning, the binding 

site to HSA has been postulated to be mainly in helix two (Linhult, Binz et al. 2002). 

In the same study, retained or improved HSA-binding was achieved when triple 

alanine mutants were made in helix one and three at positions pointing away from the 

suggested binding site. A crystal structure of HSA and the GA module, a structurally 

and functionally closely related protein domain, corroborated with earlier results, 

showing that the binding interface is located mainly in helix two (Lejon, Frick et al. 

2004). The ABD has been shown to bind albumin from a wide variety of species 

(Johansson, Frick et al. 2002). When fused to a ligand, ABD improves the 

pharmacokinetics by increased half-life of the complex in circulation due to its serum 

albumin-binding properties (Stork, Muller et al. 2007; Tolmachev, Orlova et al. 2007). 

Furthermore, to be used as a ligand on affinity matrices, ABD has been engineered to 

a variant denoted ABD*. Asparagine has been proposed to be the most sensitive 

amino acid to chemical reactions (Geiger and Clarke 1987). Therefore, four 

asparagines in ABD were exchanged for other amino acids selected by comparison 

with homologous sequences (Gulich, Linhult et al. 2000). The new molecule, ABD*, 

have the same structural content as ABD and is even more thermally stable. The 

association rate constant to HSA was slightly lower than for ABD. However, ABD* 
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has increased stability towards alkaline conditions which makes it suitable for protein 

production and cleaning-in-place procedures (Gulich, Linhult et al. 2000). 

Furthermore, a variant with greatly improved affinity for HSA ( 120 fM), that can be 

used as an “molecular anchor” together with albumin in a similar way as the 

streptavidin and biotin interaction, has been engineered using combinatorial protein 

engineering in combination with rational design and phage display (Jonsson, Dogan et 

al. 2008). 
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3. Folding of Proteins 

The first three dimensional structure of a protein was published half a century ago 

(Kendrew, Bodo et al. 1958). A few years later the resolution of the technique had 

improved and soon the atomic details of a protein’s structure could be revealed 

(Kendrew, Dickerson et al. 1960). After several years of work on the refolding of fully 

denatured ribonuclease, Anfinsen concluded that the three dimensional structure of a 

protein was determined by its amino acid sequence (Anfinsen 1973). Levinthal aimed 

to predict the three dimensional structure by predicting the folding path and stated 

that it seemed impossible for a protein to gain its three dimensional structure by 

random folding within a reasonable biological time line. This is known as Levinthal’s 

paradox (Levinthal 1969). Several folding models have been proposed on how the 

unstructured peptide folds to a structured protein, but it appears as protein folding 

cannot be described by only one model. However, the folding is driven by entropic 

and entalphic forces resulting in the burial of hydrophobic residues in a hydrophobic 

core. Before the protein reaches is final native state, residues that later will be buried 

are exposed and free to interact. This can result in improper interactions and 

aggregation. Regardless of folding pathway, there will always be a balance between 

unfolded, folded and aggregated states. 

 

3.1  Inclusion Bodies 

The introduction of recombinant techniques made it possible to use different 

hosts for protein production. The choice of host influences the quantity and quality of 

the product. Mammalian proteins produced in eukaryotic cells usually are biologically 

active but the yield is typically low and the processes generally expensive. Instead 

prokaryotic cells, such as E. coli, can be used for protein production. Yields are usually 

high and production costs low, but sometimes at the expense of the function of the 

protein. The high production rate of a foreign protein in bacterial systems can 

generate aggregates called inclusion bodies (Williams, Van Frank et al. 1982; Marston 

1986). Inclusion bodies are formed when there is an imbalance between synthesis, 

folding and aggregation (Carrio and Villaverde 2001). The folding of a protein is a first 
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order reaction and competes with higher order aggregation reactions and is 

concentration dependent. At increased concentrations of unfolded protein the folding 

rate will remain constant whereas the aggregation reaction rate will increase. 

Aggregates are formed when the folding rate is dependent on the number of 

chaperones, foldases, and proteases available. There is a simultaneous deposition and 

solubilization of inclusion bodies (Carrio, Corchero et al. 1999). As the synthesis stalls, 

inclusion bodies are solubilised and the proteins are refolded or degraded by the help 

of chaperones or proteases (Carrio and Villaverde 2001). Aggregation of misfolded or 

partly folded proteins occurs when the normally buried hydrophobic patches are 

exposed, giving rise to intermolecular interactions (Villaverde and Carrio 2003). Some 

of the states accessible to a polypeptide chain after synthesis are illustrated in Figure 5. 

Estimates of secondary structure in inclusion bodies show increased -sheet content 

and decreased -helical content as compared to the native protein (Przybycien, Dunn 

et al. 1994). Initially it was thought that inclusion body formation could be avoided 

through secretion to the periplasmic space since the pH, redox potential and 

composition is different from the cytosol. Periplasmatic production may favor soluble 

protein production, but inclusion bodies can be formed in the periplasmatic space as 

well (Georgiou, Telford et al. 1986). Some proteins are more prone to form inclusion 

bodies, e.g. proteins with large hydrophobic regions (especially membrane proteins), 

proteins with time limiting steps in protein folding (e.g. disulfide formation), and 

proteins that normally are glycosylated (Fahnert, Lilie et al. 2004). The formation of 

inclusion bodies can to some extent be controlled by altering the cultivation and 

expression conditions, such as temperature, strength of promotor, degree of 

induction, choice of fusion partner, or coexpression of chaperones (Fahnert, Lilie et 

al. 2004). Chaperones work in a complex network. They aid in folding of proteins by 

repeated binding and release of hydrophobic regions on the protein. Apart from 

aiding in folding, they can also direct proteins to aggregation and degradation, as well 

as resolubilize proteins from inclusion bodies (Carrio and Villaverde 2003). Naturally 

occurring inclusion bodies should be looked upon as temporary deposits where 

protein intermediates are stored until further processed to correctly folded and 

functional proteins or degraded. Aggregates are mainly built up of the recombinant 

protein but coprecipitation of cellular proteins also occurs. Chaperones can be found 

both in the aggregates and on the surface of the inclusion bodies (Carrio and 

Villaverde 2005). In some cases inclusion body formation is preferred over soluble 
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production. Inclusion bodies are generally more resistant to proteases than soluble 

protein, although not completely protected (Carbonell and Villaverde 2002). 

Furthermore, production of inclusion bodies usually gives high amounts of protein 

and the insoluble part can easily be separated and purified. But for correct function 

the protein must be refolded. 

 

  

 

 

 

 

 

 

 

 

 

Fig. 5.  

A schematic representation of some of the states accessible to a polypeptide chain 

after synthesis.  

 

3.2  Refolding Techniques 

Folding and unfolding of proteins in vivo regulates the biological activity such as 

cell growth and differentiation. In the crowded environment of a cell, interaction with 

neighboring proteins is inevitable. To avoid improper association or aggregation to 

nearby proteins by unfolded, partly folded or misfolded proteins, folding catalysts and 

enhancers have evolved. Folding catalysts, also called foldases, enhance time-limiting 

steps such as formation of disulfide bonds or isomerization of peptide bonds 

involving proline residues. Chaperones do not improve the folding rate but rather 

prevent aggregation through repeated binding and releasing from the protein. In vivo 

folding is not fully understood and in vitro refolding is therefore not straightforward. 

So far no successful refolding method exist that is universal for all proteins. However, 

there are a number of different refolding techniques, and conditions can be varied to 

find a suitable environment for each protein. Usually proteins to be refolded are fully 
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denatured using chaotropes, such as urea or GdnCl, before refolding. If cysteins are 

present in the protein, redox systems, such as glutathione (GSH/GSSG), or reducing 

agents, such as DTT or ß-mercaptoethanol, are added as well. In some cases, where 

the inclusion bodies contain a high degree of secondary structure, starting from only 

partly unfolded proteins can improve refolding yield (Patra, Mukhopadhyay et al. 

2000). Folding is accomplished by removal of denaturants and reducing agents either 

by dilution or buffer exchange (dialysis, diafiltration, gel filtration, or washing after 

immobilization onto a solid support). The folding of a protein competes with higher 

order aggregation reactions and is concentration dependent (Kiefhaber, Rudolph et al. 

1991). At increased concentrations of unfolded protein the aggregation reaction rate 

will increase whereas the folding reaction rate will remain constant hence low 

concentration should be used to favor folding. To improve refolding yields additives 

can be used. Additives either inhibit aggregation or promote refolding, but do not 

affect the refolding rate. They improve the refolding yield by destabilization of 

incorrect formations, increased solubility of unfolded and intermediately folded 

proteins, or stabilization of the native structure. Some examples of additives are non-

denaturing concentrations of chaotropic agents (e.g. urea and GdnCl), salt (e.g. 

ammonium sulphate), stabilizers (e.g. L-argenine, glycerol, and sucrose), and 

detergents (e,g. Tween, SDS, and Triton X-100) (Cabrita and Bottomley 2004). Also, 

addition of chaperones and foldases that aid in in vivo folding can be added to improve 

the yield of in vitro refolding (Thomas, Ayling et al. 1997). 

3.2.1 Dilution 

Refolding by dilution is the simplest refolding method. The simple equipment, 

only a stirred tank and a feeding pump, renders the method commonly used in 

industry. Dilution of the protein sample decreases the concentration of denaturants 

and the protein. In this way intermolecular interactions are reduced and 

intramolecular interactions promoted. A drawback is the large volume of buffers 

needed and the following handling of waste. Reduction of the required working 

volume can to some extent be accomplished by controlled addition of the dentured 

sample in pulses or continuously and with good mixing (Fischer, Perry et al. 1992). In 

addition a purification step to remove additives, e.g. chaotrops and reducing agents, 

and a concentration step, e.g. ultrafiltration or IEXC, is usually required. 
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Dialysis is another low-tech method that can be used to remove denaturant from 

the sample to allow refolding. However, the equipment and the low yield of the final 

protein due to product binding to the membrane makes dilution unpractical on a 

larger scale. 

3.2.2 Matrix-Assisted Refolding (MAR) 

Proteins that are not correctly folded expose hydrophobic patches that in a 

natively folded state are buried. In a crowded environment this will lead to non-native 

hydrophobic interactions and aggregation. Matrix-assisted refolding (MAR) physically 

separates the proteins from each other by capture of the protein on the matrix, and 

thereby limits aggregation. A great advantage of MAR is that purification and 

refolding is carried out in one step. Another advantage over dilution is that the final 

concentration of the sample is higher. There are two distinct groups of MAR, size 

exclusion chromatography (SEC) and adsorption. 

In SEC the denatured sample is fractionated based on the hydrodynamic volume. 

The refolding is achieved through (i) the buffer change, (ii) the dilution effect due to 

different retention times on the column, and (iii) displacement of the equilibrium 

through isolation of the folded protein (Werner, Clore et al. 1994). As the protein 

folds, its hydrodynamic radius will decrease and unfolded proteins will therefore elute 

more rapidly than folded proteins. Denaturating agents are gradually removed as they 

have longer retention times in the column. In order to improve renaturation yield, 

aggregated and partly folded protein can be recycled (Schlegl, Iberer et al. 2003). To 

avoid aggregation at the sample injection, the sample can be applied onto a plug of 

high denaturant containing buffer (Liu and Chang 2003). Compared to dilution and 

dialysis, SEC offers an additional dimension, the size separation. However, small 

sample volumes and low flow rates are essential to achieve high-resolution 

separations, which limits the technique. 

Adsorption techniques allow larger sample volumes to be applied and are suitable 

for proteins that fold slowly or are aggregation prone. Folding catalysts and artificial 

chaperones can be immobilized on the matrix to aid folding. The protein is adsorbed 

to and refolded on the matrix. Due to the physical separation of the molecules the 

aggregation is reduced. In addition, the buffer composition is easily controlled and 

automation is straightforward. Aggregated and folded protein usually elutes separately 

and after resolubilization the aggregated fraction can be recycled on the column to 
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increase yield. Different adsorption techniques can be exploited depending on the 

sample. One method is ion exchange chromatography (IEXC) (Creighton 1986), 

which works well under denaturating conditions. Binding to the matrix is 

accomplished in low ionic buffers with suitable pH. Non-ionic denaturants, e.g. urea, 

must be used in order to not interfere with the matrix. Prior to refolding the 

denaturant concentration should be reduced, either gradually or in a conditioning step, 

to improve the refolding yield (Schmoeger, Berger et al. 2009). Refolding is preferably 

accomplished under weakly dissociating conditions by addition of salt or change of 

pH. As the ionic strength is increased the hydrophobic interactions are favored and 

the protein folds gradually as it is released and rebound to the matrix. Elution is 

accomplished using a salt gradient. Too high salt concentrations during folding should 

be avoided in order to minimize aggregation. A two buffer system can be used where 

denaturant concentration is decreased and salt concentration is increased to allow 

correct folding. Buffers can also be varied using redox systems to allow correct 

disulfide formation. In order to minimize the interaction of the target protein with the 

matrix, it can be fused to a charged tag. IEXC can also be used in expanded bed 

adsorption (EBA) mode. EBA chromatography is suitable for crude samples, the 

protein is adsorbed to the matrix and cell debris and unbound proteins are washed out 

(Cho, Ahn et al. 2001). Hydrophobic interaction chromatography (HIC) can also be 

used for on column refolding (Geng and Chang 1992). The sample is loaded in a 

buffer with high salt concentration, which is gradually decreased to weaken the 

interaction with the matrix and thus allow intramolecular interactions. A drawback 

with both IEXC and HIC is the risk of unspecific binding of non-target molecules to 

the matrix. Immobilized metal ion affinity chromatography (IMAC) and affinity 

chromatography are more selective methods that can be used if a tag is fused to the 

target protein (Rogl, Kosemund et al. 1998; Berdichevsky, Lamed et al. 1999). Since 

specific affinity is essential in both methods there are certain restrictions in buffer 

composition and choice of affinity pair. Affinity chromatography is highly selectivity 

and offers specific capture of the target protein. However, both interaction parts in 

the affinity complex must be denaturant resistant in order to work well for refolding, 

which limits its use. In IMAC the interaction is independent on structure and thus the 

method works well under denaturating conditions. However, only restricted use of 

redox conditions can be used due to reduction of metal ions in the matrix. In addition 

no chelating agents are allowed and high concentration of ions in the buffer 
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competing with the metal binding should be avoided. Furthermore, trace amounts of 

metal ions can affect downstream applications, and can be exceptionally troublesome 

if the metal ion is incorporated in the refolded protein.  
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4. Engineering protein 

domains 

A number of DNA techniques; e.g. the deciphering of the genetic code using 

sequencing (Maxam and Gilbert 1977; Sanger, Air et al. 1977), the possibility to 

change specific positions in a DNA sequence, i.e. in vitro mutagenesis (Hutchison, 

Phillips et al. 1978), and the polymerase chain reaction (PCR) (Saiki, Scharf et al. 

1985), have made engineering of proteins feasible. In many situations it can be 

valuable to be able to modify the amino acid sequence of proteins. Protein 

engineering can be used to modify and investigate the structure and function of 

proteins. Proteins are diverse molecules and can be used in medicine for diagnostics, 

therapy, or imaging, and in biotechnology as research reagents for detection or 

separation. Engineering of proteins can be used to investigate folding patterns, 

modulate the stability or solubility, enhance an inherent characteristic, or create a new 

feature such as binding ability. Two different approaches can be used when 

engineering proteins, rational design or combinatorial methods. 

Rational design is based on preexisting knowledge of the protein and usually only 

one or a few modifications are made (substitutions, deletions or insertions). 

Advantage is taken of the structural, biochemical and biophysical knowledge of the 

protein and generally computational methods are used to predict the effects of a 

modification in the protein. Rational design is preferably used to alter an existing 

structure or function, rather than to create completely new characteristics. 

In contrast, combinatorial methods use an evolutionary approach and are less 

dependent on structural, biochemical and biophysical knowledge. Large libraries of 

protein variants are created and proteins with altered or new characteristics are 

selected through iterative iterative selection cycles. A number of techniques can be 

used to introduce randomizations in a molecule to create a pool of variants. Error-

prone PCR can be used to randomly incorporate mutations (Leung, Chen et al. 1989). 

Here, a low fidelity DNA polymerase is used and reaction conditions can be varied to 

alter the error rate. A more controlled method is oligonucleotide directed mutagenesis 

(Oliphant, Nussbaum et al. 1986).  In each randomized position all nucleotides (A, T, 

C, G = N) can be permitted or restricted to only allow certain nucleotides in order to 
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control the final degeneracy, e.g. the codon NN(G/T) will allow all 20 amino acids 

and one stop codon using 32 different codons and (C/A/G)NN will generate 48 

possible codons but exclude aromatic amino acids, cysteins and stop codons. Futher 

flexibility on codon variability can be achieved with trinucleotide blocks (Virnekas, Ge 

et al. 1994). A novel technique for gene syntehesis is the Slonomics technology (Van 

den Brulle, Fischer et al. 2008). This method uses oligonucleotides with self-

complementary regions creating hairpin-like secondary structures with single stranded 

trinucleotide overhang. The oligonucleotide is ligated to an anchor with a 

complementary overhang. The oligonucleotide is then cleaved off, now elongated 

with the trinucleotide and a new overhang. Then a new anchor is added starting a new 

cycle. Another method is exon shuffling. Exon shuffling can be used on homologous 

genes to either create a novel library or to diversify an existing library (Stemmer 1994). 

First, random DNA fragments are created by digestion of a pool of related genes 

using DNAse I, repeated PCR cycles not including primers reassembles the fragments 

to full length genes, and finally the genes are amplified with traditional PCR. 

Protein engineering can obviously be employed to modify almost any property of 

a protein, e.g. solubility, stability, enzymatic activity, or interaction characteristics. This 

thesis will restrict its description to the engineering of binding proteins, and various 

scaffolds investigated in this respect are briefly presented below. In general, the larger 

the library, the greater the probability that the desired molecule exist within the 

population. In fact, it has been shown that for engineering binding proteins, the size 

of the library is in relation to the strength of the isolated binder (Griffiths, Williams et 

al. 1994; Ling 2003).  But since no selection method has the capability of sorting an 

infinite number of variants it may be advantageous to use rational design in order to 

restrict the size of the library and only make valuable mutations. The number of 

possible library variants can be limited by directing the mutations to certain residues 

or areas in the molecule. In this way mutations can be directed to residues in the 

interaction interface. Directing the modifications to surface exposed residues or loops, 

avoiding modifications of core residues that potentially could perturb the structure, 

can also restrict the size of the library. This, of course, is only possible if there is 

structural information available on the molecule used as scaffold. There are a number 

of scaffolds, with known structure, used for library construction. The scaffolds can be 

native binding proteins, such as antibodies, antibody derivatives (e.g. Fab, scFv), or 

non-antibody scaffolds (e.g. short peptides and proteins). 
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4.1  Scaffolds 

Antibodies have evolved to bind to pathogens and unknown substances presented 

in the body. Their ability to bind a huge range of different molecules, their natural 

good affinity, and their ability to recruit various cells and molecules to destroy 

pathogens, make them a natural choice for biotechnological and therapeutic 

applications. The antibodies have a Y-shaped structure, composed of two heavy 

chains and two light chains held together by disulfide bonds. The Y shape can be 

divided into three parts, the stem of the antibody, called fragment crystallizable (Fc), 

and the two arms, fragment antigen binding (Fab). The tips of the Fab-fragment are 

variable, one part from the heavy chain, variable heavy (VH) and one part from the 

light chain, variable light (VL). Each variable segment has three hypervariable loops 

and the six loops (from VH and VL) are referred to as the complementarity 

determining region (CDR). A schematic representation of an antibody is illustrated in 

Figure 6. Traditionally antibodies have been the most widely used binding molecules, 

mainly due to their natural diversity and good affinity. However, for certain 

applications antibodies have some limitations, e.g. the large size of antibodies (150 

kDa) that limits tissue penetration, the cloning for recombinant expression is 

complicated, and the constant Fc-region may give rise to interactions that are 

undesired (e.g. poor contrast in imaging applications and toxic effect due to cytokine 

release) (Holliger and Hudson 2005). Smaller antibody fragments have been generated 

to circumvent these limitations. Initially proteolysis was used to digest the antibody. 

Pepsin treatment resulted in a F(ab)2-fragment (110 kDa), and papain treatment 

resulted in two Fab-fragments (55 kDa) (Porter 1959; Haber and Stone 1967). Genetic 

engineering has enabled the creation of monovalent and multivalent antibody 

fragments, e.g. Fab (55 kDa), scFv (28 kDa), and bivalent scFv (diabody) (50 kDa). In 

addition, genetic engineering has enabled the creation of non-antibody libraries from 

alternative scaffolds. In order to challenge antibodies as binding molecules the 

synthetic binding domains should be stable and fold easily, have flexible loops or 

surface exposed residues that can be varied to create a library, and be easily produced 

in recombinant systems with high yield.  
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Fig. 6.  

Schematic representation of an antibody (IgG) and an scFv. The two heavy chains 

and the two light chains of the Y shaped IgG molecule are held together by 

disulfide bonds (left figure). The heavy chain and the light chain are composed of 

a constant part and a variable part (CH and VH, and CL and VL, respectively). The 

stem is called fragment crystallizable (Fc) and the arms are called fragment antigen 

binding (Fab). The variable part of the Fab-fragment, Fv, has six hypervariable 

loops referred to as the complementarity determining regions (CDR) and are 

responsible for the antigen binding. An scFv consist of one VH and one VL 

coupled by a linker (right figure). 

Reproduced with kind permission from Dr Emma Lundberg. 

 

There are a number of scaffolds used to create libraries from which alterative 

binders are selected, (Gronwall and Stahl 2009), and here a selection of scaffolds will 

be presented. One of the first scaffolds used in engineering of alternative binders was 

the Z domain derived from staphylococcal protein A. The Z domain is a 58 amino 

acid three helical bundle where 13 solvent exposed residues, in helix one and two, 



TOVE ALM 33 

have been randomized for binding (Nord, Nilsson et al. 1995). These molecules are 

called Affibody molecules. For a more detailed description of the history on the Z 

domain see section 2.2.1. Another natural binding protein that has been used as 

scaffold is the fibronectin type III domain (FnIII). This 94 amino acid domain has a 

-sandwich structure resembling the variable heavy domain of the antibody and was 

randomized in the interconnecting loops to create a library (Koide, Bailey et al. 1998). 

The FnIII domain has no disulfide bonds and can easily be produced in E. coli. These 

molecules are known as Trinectins, Monobodies, and AdNectins. Another antibody-

mimicking scaffold is the lipocalin. The lipocalin scaffold has a -barrel structure with 

loops connecting each strand, and the loops have been randomized to create a library 

(Beste, Schmidt et al. 1999). The lipocalin is 174 amino acids long and contains 

disulfide bonds, and therefore the production is directed to the periplasm of the 

bacteria. These molecules are called Anticalins. Designed ankyrin repeat proteins, 

called DARPins, have a different structure than the above described, where each 

repeat unit is a -turn and two -helices that are repeated two or more times between 

an N-and a C-terminal cap (Binz, Stumpp et al. 2003). Six amino acids, three in the -

turn, two in the first -helix and one at the end of the construct, are randomized. The 

multiple domains create a large potential binding surface. Each unit is 33 amino acids 

long, contains no cysteines, and has high expression levels in the bacterial cytoplasm. 

An entirely different type of linked domains is the Avimers, evolved from a large 

family of exracellular receptor domains (A-domains). Each subunit is about 40 amino 

acids long and 28 positions are variable (Silverman, Liu et al. 2005). The three 

disulfide bonds and the binding of calcium determine the structure. After each 

selection cycle a new domain (random or fixed) is added creating a structure of 

multiple domains. Despite their high disulfide content, they are expressed in the 

cytoplasm of E. coli and the cysteines are oxidized directly after cell lysis. 

 

4.2  Selection Systems 

Initially, polyclonal antibodies derived from animal antiserum were used for 

medical and research applications. The first monoclonal antibodies were produced 

using hybridoma technology (Kohler and Milstein 1975).  Antibody producing cells 

from immunized mice are fused to tumor cells creating hybridomas, which produce 

monoclonal antibodies. These antibodies were not optimal in therapeutics as they 
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gave rise to immunological reactions and had short half-lives in humans. To overcome 

these problems chimeric antibodies were created through grafting of the variable 

mouse domains to the constant parts of a human antibody (Morrison, Johnson et al. 

1984). Further development of antibody generation techniques resulted in transgenic 

mice producing fully human antibodies (Green, Hardy et al. 1994). Another approach 

is to use gene technology and production in mammalian, yeast, or bacterial cells to 

create antibodies and antibody fragments. The development of scFv display on phages 

allowed enrichment and isolation of rare phages (McCafferty, Griffiths et al. 1990). 

This technique was soon proven to be an alternative to immunization and hybridomas 

as the first human scFv was selected (Marks, Hoogenboom et al. 1991). Today there 

are a number of alternative scaffolds to antibodies and antibody-derived molecules, 

from which unique binders have been selected. 

Several systems have been developed for the selection of unique binders. 

Common for all selection systems is that they link the genotype to the phenotype, 

meaning that the function of the protein is physically linked to the corresponding 

DNA. This is an important characteristic as techniques for DNA sequencing are far 

more straightforward than sequencing of proteins. All selection systems are built on 

three basic principles, i) library construction (a pool of distinct variants), ii) screening 

and selection from the library, and iii) amplification of selected binders. Aside of 

binding affinity, the selected variants usually have good expression, and also high 

stability and solubility under the conditions they were selected in. Therefore, great 

care should be taken when designing the selection conditions. Selections should be 

done under conditions mimicking the environment in which the binder later will be 

used. The selection can also be directed towards certain biophysical properties using 

e.g. high temperature, proteases, reducing agents or denaturants. Today’s selection 

systems can be grouped into cell based, cell free, and non-display systems. 

4.2.1 Cell Based Systems 

Cell based systems can be grouped into phage display, bacterial display, yeast 

display and mammalian display. Common to all cell based systems, and a limitation of 

the techniques, is that the library has to be transformed into the cell and then 

displayed on the surface of the microorganism, being a phage or a cell. As a result the 

library size is limited by the transformation efficiency and all the displayed variants are 

biased in the sense that they are secretion competent. 
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The oldest and most widely used selection technique is phage display, (Smith 

1985). Most phage display work has been done with filamentous M13 phages. They 

solely infect E. coli cells bearing F-pili. The phage genome is a single stranded circular 

DNA molecule encapsulated by five different coat proteins. The major coat protein is 

pVIII, present in about 2700 copies. About five copies each of pIII and pVI, and 

pVII and pIX are displayed at one end each. The pIII is responsible for the phage’s 

ability to infect bacterial cells by attaching to the F-pilus. In phage display the library 

members are displayed on the phage surface, in fusion with one of the outer coat 

proteins, most commonly pIII. Phage libraries are constructed in vitro and the target is 

placed in frame with the coat protein. The circular DNA is transformed into E. coli 

and phage proteins are produced by the bacterial machinery and assemble into phages 

that are released to the growth medium. Binders are selected and captured on a solid 

support and unbound or weakly bound phages are washed away. Thereafter bound 

phages are eluted and E. coli cells are reinfected. Usually the stringency of the washing 

is increased in each cycle in order to only capture the stronger binders. Since each 

phage displays about five copies of pIII, the target protein will in theory be displayed 

in equal frequencies (in practice proteases remove some of the displayed molecules). 

The multivalent display leads to avidity effects and high-affinity binders may be 

difficult to select for, but allows a greater diversity of binders to be selected. Another 

drawback is that the infectivity may be hampered if displayed molecules block all 

pIIIs. Furthermore, the transformation of the phage DNA is cumbersome due to its 

large size and instability, therefore large libraries are difficult to obtain. To overcome 

these limitations a phage display system using a phagemid has been developed. The 

phagemid carries an origin of replication for both E. coli and for the phage, an 

antibiotic resistance gene, and the gene for the target protein in fusion with the coat 

protein, but lacks all other genes coding for the proteins essential for phage 

replication. In order to replicate, a helper phage must be present in the bacterium 

together with the phagemid. The helper phage contains all genes coding for phage 

proteins and also an antibiotic resistance gene, but has a disabled packing signal. In 

contrast to the normal phage system, the phagemid system only displays 1 copy on 1-

10% of the phages, giving no avidity effects and no risk of diminished infectivity 

(Clackson and Wells 1994). Furthermore, the phagemid is smaller than the phage 

DNA and thus easier to transform and also more stable. However, selection with 

phagemid is more time consuming since addition of helper phage is required. 
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Moreover, due to the bacterial heterogeneity when using phagemid, double antibiotics 

must be used to select for bacteria with both the phage and the phagemid. 

An advantage using bacterial, yeast, or mammalian cells, as compared to phages 

and other systems using biopanning in the selection, is that their size is large enough 

to be sorted and analyzed using a flow cytometer. The flow cytometer is a fluidic 

system with at light source and a light detector. The cells are transported in a liquid 

stream and scattered and emitted light is detected. Sorting of the cells is possible using 

fluorescence-activated cell sorting (FACS). When using a FACS system, the liquid 

stream is divided into droplets, each containing a cell. Each droplet can be charged 

and sorted out from the rest of the droplets using an electric field. Another advantage 

is the multivalent display on the cell surface, that would give rise to avidity effects in 

biopanning, but here enables relative quantification of the affinity directly on the cell 

using flow cytometry. This omits the process of subcloning and protein production to 

determine the affinity of the selected variant. Variations in expression level affecting 

the affinity determination are normalized using two fluorophores, one for expression 

level and the other for target protein binding (Boder and Wittrup 1997).  

Among Gram-negative bacteria E. coli is the most extensively used host for 

display. Successful display of scFv and enrichment using FACS was accomplished in 

1993 (Francisco, Campbell et al. 1993), and since then a large number of carriers have 

been tested (Lee, Choi et al. 2003), but only a limited number of library scaffolds 

(Daugherty 2007). The translocation across the cytoplasmic membrane, through the 

periplasm, to the outer membrane is crucial for effective display. The size, folding, 

and disulfide content of the protein will affect the efficiency of the translocation. 

Apart from the drawback of transportation over two membranes in Gram-negative 

bacteria, E. coli is a good choice for creating and screening of large libraries due to the 

high transformation efficiency, rapid growth, and ease of manipulation. 

Gram-positive bacteria have also been used as hosts for display. The thick cell 

wall of Gram-positive bacteria offers greater rigidity as compared to Gram-negative 

bacteria and there is only one membrane to traverse. But the lower transformation 

efficiency of Gram-positive bacteria has been a drawback when creating recombinant 

libraries. However, transformation efficiency to Staphylococcus carnosus has been greatly 

increased from 102 to 106 per transformation (Lofblom, Kronqvist et al. 2007), which 

enables creation of libraries comparable in size to the first phage display libraries. A 

system for selection and fine affinity discrimination has been created using 
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staphyloccocal display (Lofblom, Wernerus et al. 2005) and the first selection using 

Gram-positive bacterial display of a novel affinity protein was recently published 

(Kronqvist, Lofblom et al. 2008). 

Yeast surface display (Boder and Wittrup 1997) was one of the first alternatives to 

phage display. As it is an eukaryotic system it is better suited for functional expression 

of complex mammalian proteins than bacterial surface display. It has mainly been 

used for improving inherent ligand characteristics, such as affinity, stability, or 

expression, but selection of novel binders from non-immune libraries has also been 

reported (Feldhaus, Siegel et al. 2003). However, the system suffers from low 

transformation efficiency and the posttranslational modifications are different as 

compared to mammalian cells. 

The majority of therapeutic antibodies are produced in mammalian cells and 

production of proteins selected in microbial systems is not always successful when 

transferred to a mammalian system. Microbial surface display suffers from limitations 

in folding and posttranslational modifications, and a difference in codon usage 

compared to mammalian proteins. Those limitations would be overcome in a 

mammalian surface display system. A few years ago, successful display and affinity 

maturation of an scFv using embryonic kidney cells was published (Ho, Nagata et al. 

2006). However, mammalian cell cultivation is time consuming and the cells are more 

fragile and therefore less suitable for display purposes.  

4.2.2 Cell Free Systems 

The limitations encountered in cell dependent display systems (e.g. transformation 

efficiency, biases due to culture conditions, or translocation efficiency) are 

circumvented in cell free systems. The main advantage of cell free systems is the 

possibility to create large libraries since no transformation is needed. The most widely 

used cell free display system is ribosome display. This system was initially described in 

1994 using a peptide library, (Mattheakis, Bhatt et al. 1994). The first selection of a 

correctly folded protein was in 1997, as a proof-of-concept the mRNA of an scFv was 

enriched 108-fold for binding to its natural peptide ligand (Hanes and Pluckthun 

1997). Since then ribosome display has been used for successful selections from many 

different kinds of libraries. In principle ribosome display is an in vitro translation 

reaction. In the absence of a stop codon the translation stalls at the end of the mRNA 

and the mRNA and polypeptide chain remain linked to each other through the 
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ribosome. A C-terminal polypeptide spacer is used to provide the displayed protein 

space and flexibility to fold outside of the ribosome tunnel. The complexes are 

exposed to a target, captured on a solid support, and then weakly bound or unbound 

library members are washed away. The mRNA is eluted by dissociation of the 

complex and rescued using reverse transcription. New DNA for the next round of 

selection is prepared using PCR. A disadvantage of this system is the instability of the 

mRNA in the presence of RNases and the instability of the mRNA-ribosome-protein 

complexes. The stability can be improved by the use of RNase-free extracts for in vitro 

translation, the addition of Mg2+ and lowering the temperature.  

Another cell free system is mRNA display. It uses the same principle as ribosome 

display but a covalent mRNA-polypeptide complex is created through a DNA or 

PEG spacer with a puromycin adaptor (Nemoto, Miyamoto-Sato et al. 1997). As the 

ribosome reaches the end of the mRNA it stalls and the puromycin binds to the 

ribosome and is attached to the polypeptide chain as if it was an amino acid. After in 

vitro translation the covalent mRNA-protein complexes are purified, reverse 

transcribed and binders are selected. The DNA is released by RNA hydrolysis and 

PCR amplified to the next round of selection. For both methods, the number of 

DNA template molecules prepared and ribosomes available for translation are the 

only parameters limiting the library size. Apart from the possibility to create large 

libraries, ribosome display and mRNA display have the inherent advantage of 

introducing additional diversity through the PCR step. However, there are some 

disadvantages such as pre-terminal stalling of the ribosome, resulting in truncated 

molecules, and mRNA instability due to RNase susceptibility.  

 Some other, but not as widely used, cell free systems are avaible, such as DNA 

display, (Bertschinger, Grabulovski et al. 2007), and microbead display, (Nord, Uhlen 

et al. 2003), both using the more stable DNA to link genotype to phenotype. 

4.2.3 Non-Display Systems 

In order to investigate and map the interactions within a cell, non-display systems 

have been created. Non-display systems are dependent on the interaction between the 

two reporter molecules, which must interact for the correct phenotype to appear, such 

as color, fluorescence, or cell survival. One such system is yeast two-hybrid. The first 

version of this system used the two domains of a transcription factor, the DNA 

binding domain and the activation domain (Fields and Song 1989). On separate 
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plasmids, the proteins of interest are genetically fused to either the DNA binding 

domain or the activation domain and transformed into the yeast cell. If the proteins 

interact the DNA binding domain and the activation domain are close enough to 

produce a functional transcription factor. A number of different yeast two-hybrid 

systems have been created to allow a broader range of protein interactions to be 

investigated (Suter, Kittanakom et al. 2008).  

Another non-display system is the protein fragment complementation assay 

(PCA). In PCA the reporter is genetically split into two parts, and the gene product 

cannot fold independently but need to come in close proximity to fold correctly and 

acquire its function. The first in vivo PCA used a split version of Ubiquitin (Johnsson 

and Varshavsky 1994). Two plasmids are constructed, as in the yeast two-hybrid 

system, and transformed into the cell. Several different reporters and organisms have 

been used (Michnick, Ear et al. 2007). 

An advantage with both yeast two-hybrid and PCA is the high-throughput 

screening that can be done directly on the phenotype. Another advantage is that the 

target is coexpressed with the library members omitting the need to separately 

produce the target protein. Drawbacks are false positives that are detected due to non-

specific intracellular interactions, and false negatives due to difficulties in 

discriminating the affinities. Novel binding proteins have been selected using both 

systems, (Portner-Taliana, Russell et al. 2000), (Koch, Grafe et al. 2006), but yeast-

two-hybrid and PCA are mostly used for interactome studies. Nevertheless, Nygren 

and coworkers recently demonstrated successful generation of TNF- -binding 

Affibody molecules from a naive library using PCA (Lofdahl, Nord et al. 2009), with 

subsequent PCA-mediated affinity maturation giving a 10-fold improvement in 

affinity (Lofdahl and Nygren). 
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PRESENT INVESTIGATION 

The main objective of this thesis has been to explore the possibilities in design 

and method development, using small -helical protein domains, for different 

applications. Two structurally similar domains, but with different sequence and 

specificity, have been used as purification tags in different contexts. Furthermore, by 

engineering a protein domain, a potential drug-targeting molecule with inherently 

extended half-life was created. One of the tags, Zbasic, is derived from a domain in 

staphylococcal protein A. Zbasic is a three-helical bundle that previously has been 

charge engineered to be used as a purification handle in ion exchange chromatography 

(Graslund, Lundin et al. 2000). A more detailed description of the history on the Z 

domain and Zbasic can be found in Section 2.2.1 and 2.2.2, respectively. In this thesis 

the possibilities of using Zbasic as purification handle under denaturating conditions 

and as a handle for capture of target proteins in solid phase refolding was investigated 

(Paper I). Furthermore, Zbasic was challenged as a general purification tag in a multi-

parallel protein purification using an automated setup with a pipetting robot (Paper 

II). From a small and stable scaffold, a library of potential dual-binders was created by 

randomization of almost one fourth of the amino acids (Paper III). The small alkali 

stabilized albumin-binding domain (ABD*) was selected as scaffold for this due to its 

stability and intrinsic binding to human serum albumin (HSA). ABD* is a three helical 

bundle derived from a domain in streptococcal protein G. A more detailed description 

of the history on ABD can be found in Section 2.2.3. Previous studies on ABD have 

shown that the binding to human serum albumin is mainly located in helix two 

(Johansson, Frick et al. 2002; Linhult, Binz et al. 2002; Lejon, Frick et al. 2004). 
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Therefore, residues located distant from the albumin-binding interface were chosen 

for randomization to create a phage display library with potential dual binders. From 

this library the small bifunctional ABDz1 was selected using a dimeric Z domain as 

target. Furthermore, ABDz1 was evaluated as a purification tag in orthogonal affinity 

purification using two different affinity matrices. Paper III describes the library 

construction, the selection and characterization of the bifunctional ABDz1, and the 

orthogonal affinity purification strategy. In paper IV the possibilities in the ABD-

library were further explored. Phage display selections were done using TNF-  as 

target. Bifunctional ABDTNF- -variants were characterized and two were chosen for 

affinity maturation using staphylococcal surface display. On-cell selections from the 

second-generation library resulted in several dual-binders with nanomolar affinities for 

TNF-  and HSA respectively. 
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5. Paper I & II 

Great advances in DNA technology, e.g. sequencing and recombinant DNA 

techniques, have given us the genetic information and the tools needed to effectively 

produce recombinant proteins. Production of recombinant proteins using easily 

cultivated microorganisms such as Escherichia coli (E. coli) offers cost effective 

production setups. However, proteins are a heterogeneous group of molecules, and 

therefore general strategies for protein purification and characterizations are difficult 

to develop. In order to simplify the purification of proteins, a purification handle can 

be added to the protein. In this way, the characteristics of the purification handle can 

be used to create a general purification method. Nevertheless, just any protein is not 

suitable as a purification handle. The effective protein production in bacteria often 

results in the formation of protein aggregates called inclusion bodies. Prior to protein 

purification the inclusion bodies need to be solubilized, which can be accomplished 

using denaturating agents. This will of course also denature the purification handle. 

Therefore, a purfication handle active under denaturating conditions is preferably 

used to achieve successful protein purification. Immobilized metal ion affinity 

chromatography (IMAC) is the most commonly used protein purification method 

used under denaturating conditions since the method has the advantage that the 

affinity between the His6-tag and the resin is not structure dependent (Gaberc-Porekar 

and Menart 2001). However, when solubilizing the inclusion bodies, reducing agents 

are usually added to prevent non-native intramolecular and intermolecular disulfide 

bond formation. This is not compatible with IMAC since the chelated metal ions are 

displaced by reducing agents (Yip, Nakagawa et al. 1989). Instead ion exchange 

chromatography (IEXC) can be used, which is a robust and inexpensive technique. It 

has previously been shown that Zbasic, a protein domain with multiple positive charges, 

can be used as a highly selective purification handle in cation IEXC (Graslund, Ehn et 

al. 2002). Regardless of adsorption technique, proteins purified under denaturating 

conditions usually lack structure and function. However, the protein can without 

further processing be analyzed and used in applications where structure and function 

is not needed. Conversely, in some downstream applications the structure and 

function of the protein is necessary. In these cases the solubilized proteins need to be 
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refolded. This is a major drawback with expression resulting in inclusion bodies since 

refolding is not straightforward. Native folding of proteins is not fully understood, 

and refolding in vitro is not a simple task. Refolding can be accomplished by gradually 

removing the denaturating agents, e.g. by dilution or dialysis. In order to avoid 

aggregation in this process, very dilute samples are used to limit the intermolecular 

interactions. However, this requires large reaction vessels. Another approach is to 

separate the molecules by adsorption to a solid phase. The buffer is gradually changed 

as the proteins refold on the solid support before they are released. One way to 

control in what direction the molecules are adsorbed to the solid support, is to couple 

the target molecules to a domain and use a solid support with affinity for the domain. 

This will direct the capture of the molecules to the support in a controlled manner. In 

the first paper we investigate if Zbasic can be used as a purification tag under 

denaturating conditions and if it is possible to use the domain for directed capture in 

matrix-assisted refolding. 

 

PURIFICATION UNDER DENATURATING CONDITIONS AND 

MATRIX-ASSISTED REFOLDING (PAPER I) 

 

To investigate how strongly Zbasic interacted with the cation IEXC matrix, experiments 

were performed under denaturating conditions. Urea was used as denaturating agent 

since it is non-ionic in order to minimize the interference with the electrostatic 

interactions needed for successful IEXC. Purified Zbasic was buffer exchanged to 

highly denaturating buffer at pH 7.5. The denatured Zbasic was loaded onto a cation 

matrix and eluted using a NaCl-gradient. Several concentrations of denaturant were 

investigated and the elution profiles are illustrated in Figure 7. In each experiment 

Zbasic was loaded onto a cation matrix in 8 M urea, and prior to elution, the buffer was 

changed to lower concentration of urea. Elution was accomplished at gradually higher 

conductivity, which shows that Zbasic retains its ability to bind the cation matrix under 

denaturating conditions and is able to regain its original binding strength when 

decreasing the denaturant concentration. 
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Fig. 7.  

Elution profiles of Zbasic at different urea concentrations. Elution was 

accomplished using a NaCl-gradient. As the concentration of denaturant was 

decreased, increased conductivity was needed to accomplish elution. 

 

The results encouraged us to explore Zbasic as a purification handle under 

denaturating conditions. Zbasic was fused to three target proteins, protease 3C, ABP, 

and ABPeGFP, and expression was carried out in E. coli. After harvest the cell pellets 

were resuspended in 8 M urea. Two purification setups were used, one at 6 M urea 

and one at 4 M urea. It is not unusual that inclusion bodies have some degree of 

secondary structure (Singh and Panda 2005). To not disrupt the secondary structures 

less denaturating conditions can be used. Using a step-gradient, weakly bound 

contaminant proteins were eluted first and the target protein secondly. Finally the 

column was regenerated and tightly bound material was released. To elute weakly 

bound molecules the pre-elution buffer was supplemented with NaCl and elution was 

accomplished using a buffer with higher NaCl concentration. At 6 M urea few 

contaminating proteins were adsorbed to the matrix. In the 4 M setup it was possible 

to use a higher concentration of NaCl in the pre-elution buffer in order to more 

stringently release weakly bound proteins. The target proteins were eluted at increased 

NaCl concentration. Interestingly, all fusion proteins were eluted at approximately the 

same conductivity implying that the multiple positive charges on Zbasic are responsible 

for the adsorption to the matrix. In addition, to challenge the Zbasic-method it was 

compared to His6-tag fusions and IMAC. His6-tagged target proteins were purified 

using IMAC at 6 M urea. Two of the His6-tagged proteins had higher expression 

levels, except for ABP that was expressed in similar amounts regardless of fusion tag. 
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The eluted peaks from both methods were analyzed on SDS-PAGE and little or no 

contaminants were found. Successful purification, using either method, demonstrates 

that the His6-tag is no longer unchallenged under denaturating conditions. 

Chromatograms and SDS-PAGE are illustrated in Figure 8 and 9.  
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Fig. 8.  

A) Chromatogram from the ÄKTAExplorer showing purification of 

ZbasicABPeGFP at 4 M urea. The target protein is eluted in the second peak, 

denoted with a star. Similar chromatograms were generated for all three 

constructs. 

B) Chromatogram from the ÄKTAExplorer showing purification of 

ZbasicABPeGFP at 6 M urea. The target protein is eluted in the second peak, 

denoted with a star. Similar chromatograms were generated for all three 

constructs. 

C) SDS-PAGE analysis of the loaded and eluted target protein shows little or no 

contaminants. M=marker, in kDa. L=Loaded. 4M and 6M eluted protein. 
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Fig. 9.  

A)  Chromatogram from the ÄKTAExplorer showing purification of 

His6ABPeGFP at 6 M urea. Similar chromatograms were generated for all 

three constructs. 

B) SDS-PAGE analysis of the loaded and eluted target protein shows little or no 

contaminants. M=marker, in kDa. L=Loaded. 4M and 6M eluted protein. 

 

The ability of Zbasic to reversibly bind to the cation IEXC matrix under 

denaturating conditions and refold while captured on the matrix encouraged us to 

challenge Zbasic for directed capture in matrix-assisted refolding (MAR). Matrix 

assisted refolding offers physical separation of the molecules, thus minimizing 

intermolecular interactions. In addition, the distance to the matrix provided by the 

capture moiety, in this case Zbasic, offer the molecules freedom to move. The limited 

interaction with the matrix allows the proteins to fold unconstrained and improves 

folding yield. Furthermore, while the molecules are adsorbed to the matrix, the buffer 

composition can be gradually changed to allow refolding. As a model protein 

enhanced green fluorescent protein (eGFP) was selected. The chromophore of eGFP 

stays intact under denaturating conditions, but the fluorescence is quenched when the 

protein around the chromophore is denatured (Fukuda, Arai et al. 2000). Initial 

experiments were carried out with natively purified ZbasiceGFP.  In order to 

completely denature ZbasiceGFP the buffer was changed to 8 M urea pH 7.5 and 

incubated at 95°C for 5 minutes. After this treatment no fluorescence could be 

detected and the structure of ZbasiceGFP was therefore assumed to be denatured. The 

denatured ZbasiceGFP was loaded on a column equilibrated with 6 M urea and 

unbound protein was washed out. To allow formation of a hydrophobic core and 

folding of intermediates the urea concentration was gradually decreased. Before 
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complete removal of denaturant, the conductivity of the buffer was gradually raised 

using NaCl in order to avoid electrostatic interactions with the matrix and promote 

correct folding. Finally all urea was removed and thereafter the protein was eluted 

using an increasing NaCl-gradient. The refolding strategy is illustrated in Figure 10. 

The renaturation yield was approximately 60%, 10-15% was eluted as non-functional 

protein in separate peaks, and the remaining part was released during regeneration of 

the matrix. 

 

 

 

 

 

 

 

 

Fig. 10.  

Refoldning gradient for ZbasiceGFP and Zbasic3C. Denatured protein was loaded 

and unbound protein was washed out (LW). First the denaturant concentration 

was decreased (D1), thereafter the conductivity was increased (S), followed by 

complete denaturant removal (D2). Finally the protein was eluted with a NaCl-

gradient (E). 

 

Using the same refolding setup, without modifications, another target protein was 

refolded, Zbasic3C. Overproduction of Zbasic3C in E. coli resulted in inclusion body 

formation. After resolubilization of the inclusion bodies the sample was loaded on the 

cation IEXC and unbound molecules were washed out. The Zbasic3C was eluted with 

the refolding gradient under identical conditions as the native Zbasic3C implying that 

the protein was correctly refolded. The renaturation yield was approximately 62%, and 

the remaining was eluted as non-active protein in separate peaks. The protease activity 

of Zbasic3C was tested on Zbasic-QG-Klenow, which has a 3C-cleavage site C-terminally 

of Zbasic. Restriction efficiency of refolded Zbasic3C was compareable to natively 

purified Zbasic3C. No difference in efficiency could be detected implying correct 

refolding. 
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Zbasic shows promising results as a versatile purification handle under denaturating 

conditions and can be used as an alternative to the His6-tag. Moreover, it can be used 

for direct capture on the cation IEXC matrix in solid phase refolding. 

 

MULTI-PARALLEL PROTEIN PURIFICATION (PAPER II) 

 

To further assess Zbasic as a flexible purification handle under denaturating 

conditions it was challenged in a multi-parallel protein purification setup. To establish 

a general purification method initial experiments were done using four model 

proteins. Purification was carried out on an ÄKTAExplorer in order to be able to 

monitor the different purification steps. The cell pellets were resuspended in a lysis 

buffer with 8 M urea, and diluted to 4 M urea prior to loading. By including 4 M urea 

in all buffers it is also possible to purify proteins with moderate and low solubility. At 

4 M urea Zbasic binds tightly to the matrix and weakly bound proteins can efficiently be 

washed out. Unbound sample was washed out before elution of target protein using a 

linear gradient of NaCl, the chromatogram is shown in Figure 11. Weakly bound 

contaminants were washed out in a first peak, P1. Since the model proteins were 

fused to an eGFP it could be concluded by visual inspection that the target proteins 

were in the second peak, P2, which was also confirmed by SDS-PAGE. Gradient 

elution usually gives good resolution and is valuable when scouting for an optimal 

elution conditions. However, gradient elution requires pumps and mixing chambers, 

and is therefore not optimal for high-throughput setups. In order to simplify the 

purification method a step-wise elution based on the result from the gradient elution 

was suggested. The samples were loaded as before. Weakly bound proteins were 

released (W1) using a pre-elution buffer supplemented with NaCl before elution of 

target protein (E) using a buffer with higher NaCl concentration. The column was 

regenerated using 2 M NaCl (W2). The peaks were examined by SDS-PAGE. The 

chromatograms and the SDS-PAGE are illustrated in Figure 11. 

 



TOVE ALM 49 

A 

  

 

 

 

  

B 

 

 

 

 

 

C 

 

 

 

 

 

 

 

 

Fig. 11.  

A) Chromatogram for ZbABD141377eGFP when using a gradient elution from 

0 M to 2 M NaCl. Elution of target protein (P2) starts at approximately 18 

mS/cm. Similar chromatograms were generated for all four constructs. 

B) Chromatogram for ZbABD141377eGFP when using a step elution. Weakly 

bound proteins are released using a buffer supplemented with 200 mM NaCl 

(W1) and target proteins are eluted using an elution buffer supplemented with 

500 mM NaCl (E). Similar chromatograms were generated for all four 

constructs. 

C) SDS-PAGE of loaded (L) ZbABD141377eGFP and collected fractions. The 

following three lanes are from gradient elution (g); flow through (FT(g)), peak 

1 (P1), and peak 2 (P2) diluted 1:10. The last four lanes are from step elution 

(s); flow through (FT(s)), wash 1 (W1), and wash 2 (W2). 



50 INTERACTION-ENGINEERED THREE-HELIX BUNDLE DOMAINS FOR PROTEIN RECOVERY   

AND DETECTION 

The successful purifications using the step elution setup encouraged development 

of an automated protein purification system. To enable multi-parallel sample 

processing a robotic system was used for transfer of buffer to the columns and 

collection of the eluate. The robot can handle four samples simultaneously and up to 

60 samples in total without any manual handling. The purification of all samples can 

be carried out simultaneously, or serially, purifying four proteins at a time. The serial 

setup limits sample-to-sample contamination and was therefore chosen for this 

system. Time consumption is less than 80 minutes for each cycle and thus 60 samples 

can be purified in less than 20 hours. For the setup and evaluation of the robotic 

system a total of 22 samples were purified using an N-terminal Zbasic and cation IEXC. 

Care was taken to select target proteins with different characteristics, e.g. molecular 

weight, pI, and solubility. All proteins, except one, were eluted with high purity. The 

amount of purified protein ranged from 2.0 mg to 8.9 mg depending on the target 

protein.  

 

In this paper, the robustness of IEXC is combined with the selectivity of an 

affinity matrix. The positively charged Zbasic is used as a purification handle in cation 

IEXC under denaturating conditions. Successful purification of 22 samples in a multi-

parallel strategy shows the flexibility of Zbasic as a purification handle. Moreover, the 

success of purifying many different proteins using one protocol and a multi-parallel 

robotic system makes Zbasic suitable for high-throughput strategies. In summary, Zbasic 

offers a good alternative to the more commonly used His6-tag under denaturating 

conditions. 
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6. Paper III 

ORTHOGONAL AFFINITY PURIFICATON (PAPER III) 

 

Mapping the structure and function of all proteins is a challenge. In order to 

minimize associated costs multi-parallel strategies are needed. High-throughput 

systems demand general production and purification methods, without the need for 

individual optimization. Unfortunately, proteins cannot be grouped by one 

characteristic and therefore general production, purification, and characterization 

methods are difficult to establish. However, recombinant techniques allow efficient 

protein production and affinity chromatography offers a selective purification 

method. Proteins with different characteristics can efficiently be purified by fusion to 

a purification handle. In addition to facilitate purification of the target protein, the 

purification handle can influence protein solubility, stability, function, and amount 

produced. Therefore, the purification handle should be selected with care. Generally, a 

small tag is less likely to interfere with the target protein and the used downstream 

applications. In addition the purification handle should be robust and fold easily 

regardless of target protein. For some applications a highly pure protein is essential 

and therefore more than one purification method is generally used. In a classical 

orthogonal purification strategy the separation methods used take advantage of 

distinctly separated characteristics, e.g. charge (IEXC) and hydrophobicity (HIC). 

Endowing a purification handle with two distinct affinities would enable purification 

on two different affinity matrices. Here we introduce the term orthogonal affinity 

purification to describe the purification of a target protein on two different affinity 

matrices. 

To create a bispecific purification handle we wanted a small and robust domain as 

scaffold for library construction. The albumin-binding domain (ABD) originates from 

streptococcal protein G and has been used in affinity chromatography (Nilsson, Stahl 

et al. 1997). The HSA-binding interface has been located by directed mutagenesis, and 

the results showed that the binding was mainly situated in the second helix (Linhult, 

Binz et al. 2002). Structural studies using both NMR and X-ray crystallography 

confirmed the results (Johansson, Frick et al. 2002; Lejon, Frick et al. 2004). 
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Moreover, a variant with improved resistance to alkaline conditions denoted ABD*, 

capable of withstanding the harsh conditions when cleaning-in-place of the column, 

has been engineered (Gulich, Linhult et al. 2000). ABD* was chosen as scaffold for 

the construction of a library of potential dual binders due to its improved 

characteristics and inherent binding to HSA. A phage display library was constructed 

using an NNK degeneracy in 11 positions pointing away from the albumin-binding 

interface, illustrated in Figure 12. 

 

  

 

  

Fig. 12.  

Sequence of ABD*. Randomized positions are indicated by increased font size. 

Helix 1, 2, and 3 are indicated by shaded boxes (H1, H2, and H3). 

Numbering according to Kraulis, Jonasson et al. 1996. 

 

As target in the phage display selection another protein also used for protein 

purification was selected, the Z domain. The Z domain originates from staphylococcal 

protein A (SPA) (Uhlen, Guss et al. 1984; Nilsson, Moks et al. 1987). SPA, and 

variants thereof, bind IgG and have been used both as purification tags and as affinity 

ligands in affinity chromatography (Nilsson, Stahl et al. 1997; Hober, Nord et al. 

2007). Protein A-based matrices are commonly used for antibody purification and a 

number of matrices are available. Due to the vast number of protein A-based matrices 

avaible the Z domain was chosen as target. In the selection procedure a dimer of the 

Z domain was used as target protein. 

Based on previous work where the binding interface to HSA was located, 11 

amino acids on the opposite side were chosen for randomization, illustrated in Figure 

13. An NNK-degeneracy was used allowing all amino acids and one amber stop using 

32 different codons.  
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Fig. 13.  

Amino acids pointing away from the albumin-binding interface were chosen for 

randomization. 

A)  Bottom view with albumin-binding residues pictured as balls. 

B)  Bottom view with randomized positions pictured as balls. 

C)  Front view with randomized positions indicated with dark areas and numbers. 

Numbering according to Kraulis, Jonasson et al. 1996.  

 

Initial experiments were performed to assess the quality of the library. Sequencing 

confirmed that the amino acid composition in the randomized positions were close to 

theoretical values. Furthermore, exposure of the library on the phage surface and 

retained HSA-binding was confirmed by selection against HSA followed by western 

blotting. The good quality of the library and the retained HSA-binding ability of a 

large part of the library encouraged further experiments. In order to select for 

potential dual binders four rounds of phage display selection against the Z2 domain 
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was performed. The selection resulted in one dominant binder, ABDz1. The sequence 

is shown in Figure 14. 

In cycle three, two additional sequences were found, ABDz83 and ABDz86, 

shown in Figure 14. These three variants were selected for further evaluation. The 

variants were subcloned to a vector with a T7 promotor and an N-terminal His6-tag in 

order to facilitate production and purification. Surface plasmon resonance (SPR) was 

used to investigate if the inherited HSA-binding was retained and if selection against 

the Z2 domain had been successful. All three variants showed retained HSA-binding, 

and ABDz1 was also capable of binding the Z2 domain. In addition, ABDz1 had the 

fastest on-rate to HSA of the three variants. Biacore sensorgrams are illustrated in 

Figure 15. 

 

Fig. 14.  

Sequence of ABDz1, ABDz83 and ABDz86, generated form phage display 

selections against the Z2 domain. Note that a cystein is present in all variants. 

Positions indicated by – are identical with the parental ABD*, shown in figure 12. 

Numbering according to Kraulis, Jonasson et al. 1996. 

 

Based on these results, the bispecific ABDz1 was selected for further evaluation. 

In positon 25 a cystein has been introduced (shown in Figure 14), which makes 

intermolecular disulfide formation possible. By SDS-PAGE analysis it was concluded 

that ABDz1 appear as almost 100% homodimer. To investigate the importance of the 

dimerization for Z2-binding, a cystein-free variant was constructed. SPR experiments 

showed that ABDz1C25S could still bind HSA, but was unable to bind to the Z2 

domain. Sensorgrams are shown in Figure 16. Thus dimerization seems crucial and 

therefore a head-to-tail dimer of ABDz1C25S was created, ABD1C25SDim. 

However, no binding to the Z2 domain could be detected using SPR, but the binding 
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to HSA was improved due to the avidity effects. Sensorgrams are illustrated in Figure 

16. These results indicate that the intermolecular dimerization through the cystein-

bridge creates a conformation that is crucial for Z2-binding that is not easily 

mimicked. Avidity effects could be seen for both the cystein dimer and the genetic 

dimer in the binding to HSA. The genetic dimer excludes the N-terminal linker of one 

of the ABDz1C25S, and therefore the molecular weigh is 13.3 kDa for the genetic 

dimer and 14.4 kDa for the cystein dimer. This could explain the difference in 

response units seen in the sensorgram. However, the cystein dimer has a slightly 

slower off-rate as can be seen in the sensorgram in Figure 16 A, indicating a 

conformational dependency here as well. 

 

A     B 

 

 

 

 

 

 

 

 

Fig. 15.  

Sensorgrams from surface plasmon resonance experiments. ABDz1, ABDz83, 

and ABDz86 are diluted to 500 nM and injected over the surface. Black: ABDz1; 

Grey: ABDz83; Light grey: ABDz86.  

A)  HSA immobilized on the surface. 

B)  Z2 domain immobilized on the surface.  

 

Kinetic studies on the binding of ABD* and ABDz1C25S to HSA were 

performed using SPR. ABDz1C25S was used instead of the dimer-forming ABDz1. 

The measured values for ABDz1C25S are assumed to be close to the affinities of 

monomeric ABDz1 since the amino acids in the HSA-binding interface of the two 

molecules are identical and they only differ in one amino acid. The calculated 

dissociation equilibrium constant, KD, was in the low nM-range for both ABDz1C25S 

and mid nM-range for ABD* (in concordance with previous measurement on ABD* 
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(Gulich, Linhult et al. 2000)). The off-rate was about the same for ABD* and 

ABDz1C25S indicating that the stability of the ABD*/ABDz1C25S-HSA complex 

was approximately the same. However, the on-rate was faster for ABDz1C25S than 

for ABD*, and this underlies the difference in KD. A closer examination of the 

randomized positions revealed conservation in two randomized positions, Arg29 and 

Tyr34. Amino acids Lys33 and Lys54 were exchanged to His33 and His54, they are 

structurally different but both are basic amino acids. In the middle of helix one Val25 

was replace by Cys25, thus enabling intermolecular disulfide formation. All acidic 

amino acids, Glu22, Glu30, and Asp58, were replace by uncharged amino acids. 

Glu30 was replaced by Gly30, known to destabilize -helices (O'Neil and DeGrado 

1990; Bishop, Koay et al. 2001). The replacements increased the theoretical pI, and 

the theoretical net charge was decreased. At the selection conditions and in the 

Biacore setup, HSA had a negative theoretical net charge. This could explain the 

improved on-rate of ABDz1 to HSA (seen in Figure 16 A and also determined by 

kinetic measurements) since long-range electrostatic interactions are known to affect 

the association rate (Schreiber and Fersht 1996). A similar setup for the measurement 

of the binding between ABDz1 and the Z2 domain is not possible since ABDz1 

dimerization appears to be crucial for binding. However, using a one-to-one model to 

interpret the data from kinetic analysis of the ABDz1 binding to the Z2 domain gave 

an apparent KD of high nM. Furthermore, circular dichroism (CD) was used to 

investigate the secondary structure of ABDz1, ABDz1C25S, and ABDz1C25SDim. 

The parental ABD* was also included as a reference. ABD* shows high -helical 

content in CD measurements (Gulich, Linhult et al. 2000), just as ABD, which is a 

three helical bundle, as determined by NMR (Kraulis, Jonasson et al. 1996). All three 

variants had a spectrum similar to ABD* but the signal intensities were much lower. 

Thus, ABDz1, ABDz1C25S, and ABDz1C25SDim have a much lower -helical 

content than the parental ABD*. 
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Fig. 16.  

Sensorgrams from surface plasmon resonance experiments. The concentrations of 

the analytes are adjusted so that the same number of monomers are injected. 

ABD*, ABDz1, and ABDz1C25S are diluted to 500 nM, and ABDz1C25SDim is 

diluted to 250 nM and injected over the surface. Black dashed: ABD*; Black: 

ABDz1; Grey dashed: ABDz1C25S; Grey: ABDz1C25SDim. 

A)  HSA immobilized on the surface. 

B)  Z2 domain immobilized on the surface.  

 

These results encouraged further investigations of ABDz1 as a purification handle 

in affinity chromatography. To assess ABDz1 as a ligand in HSA affinity 

chromatography, a comparison was made with ABD*. Equal amounts of previously 

HSA-sepharose purified ABDz1 and ABD* were loaded on a column with HSA-

sepharose and eluted. SDS-PAGE analysis confirmed that equal amounts of ABDz1 

and ABD* were loaded on the matrix and that they possessed similar capacities to 

bind to the HSA-sepharose. Successful purification of ABDz1 from crude lysate was 

also possible using the newly acquired affinity for the Z2 domain by selective bind to 

the protein A-derived MabSelect SuRe matrix. In addition it was found that the rather 

harsh elution at pH 3.3 could be replaced by elution at pH 4.0 without loss in 

effectiveness. Hence, ABDz1 could be purified from crude lysate using two different 

affinity matrices. To further explore the potential of ABDz1 as a purification handle, 

ABDz1 was fused to three target proteins resulting in ABDz1-141377, ABDz1-

HT875, and ABDz1-HT2375. The three target proteins were chosen so that they had 

different characteristics regarding pI, molecular weight, and solubility. Crude lysate 

was loaded onto either the HSA-sepharose or the MabSelect SuRe matrix. All target 
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proteins were successfully purified on both matrices giving milligram amounts of 

target protein. To further improve the purity of the final product the two affinity 

matrices were used consecutively. SDS-PAGE of loaded and eluted proteins are 

illustrated in Figure 17. 

 

A      B 

 

Fig. 17.  

A) SDS-PAGE analysis of ABDz1-141377, ABDz1-HT875, ABDz1-HT2375, 

and ABDz1 first purified on HSA-sepharose and thereafter on MabSelect 

SuRe. Lanes 1-4 show loaded sample. The eluted target proteins from the 

first purification on HSA-sepharose are shown in lanes 5-8 and from the 

consecutive purification on MabSelect SuRe in lanes 9-12. M=marker, 

samples are loaded in the following order: ABDz1-141377, ABDz1-HT875, 

ABDz1-HT2375, and ABDz1. 

B) SDS-PAGE analysis of ABDz1-141377, ABDz1-HT875, and ABDz1-

HT2375 purified on MabSelect SuRe and thereafter on HSA-sepharose. 

Lanes 1-3 show loaded sample. The eluted target proteins from the first 

purification on MabSelect SuRe are shown in lanes 4-6 and from the 

consecutive purification on HSA-Sepharose in lanes 7-9. M=marker, samples 

are loaded in the following order: ABDz1-141377, ABDz1-HT875, and 

ABDz1-HT2375. 

 

In this paper, the small dual binding protein ABDz1 has been selected from a 

phage display library. ABDz1 has an inherent affinity for HSA and a newly acquired 

affinity for the Z2 domain. It can be used as purification handle together with HSA-

sepharose and also together with protein A derived matrices. To improve the final 

purity of the target protein a strategy using the two different affinity matrices were 
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created. This strategy, employing the two distinct affinities, was named orthogonal 

affinity purification. Three target proteins were successfully purified by the orthogonal 

affinity purification strategy. The small ABDz1 shows promising results as a 

purification handle and can be used as a dual affinity tag without target specific 

optimization. 



60 INTERACTION-ENGINEERED THREE-HELIX BUNDLE DOMAINS FOR PROTEIN RECOVERY   

AND DETECTION 

7. Paper IV 

ENGINEERING BISPECIFICITY INTO A SINGLE ALBUMIN-BINDING 

DOMAIN (PAPER IV) 

 

To further explore the possibilities of the library (described in paper III), 

selections were carried out against a new target. This time a therapeutic target was 

chosen in order to select for a drug-targeting molecule with potential in vivo half-life 

extension. Traditionally, monoclonal antibodies have been the natural choice for 

biotechnological and therapeutic applications due to their ability to bind a huge range 

of different molecules and their natural good affinity. However, the large size of 

antibodies (150 kDa) limits tissue penetration and the cloning for recombinant 

expression is complicated. Therefore, alternative binders with smaller sizes have been 

derived from antibodies and alternative scaffolds. In most biotechnological and some 

therapeutic applications the smaller size is an advantage. In many therapeutic 

applications there is, however, a drawback with the reduced size. Small molecules are 

efficiently removed from the bloodstream by renal excretion whereas antibodies 

remain in the circulation due to their larger size. In addition there is a receptor, the 

neonatal Fc receptor, recirculating the antibodies and thereby further extending their 

in vivo half-life. In addition, this receptor has the ability to recirculate albumin. By 

fusing small molecules to the Fc-part of antibodies or albumin this mechanism can be 

exploited, but then again, the molecular size is increased (Roopenian and Akilesh 

2007) (Muller, Karle et al. 2007). Another approach is to fuse the small therapeutic 

molecule with a protein or peptide with affinity for the Fc-part or albumin (Nguyen, 

Reyes et al. 2006; Tolmachev, Orlova et al. 2007). To further explore and develop this 

function would be to engineer the specific targeting directly onto the Fc- or albumin-

binding protein, creating a protein endowing two distinct affinities. 

In this paper, small bispecific proteins with potential intrinsic prolonged half-life 

have been selected. As target molecule tumor necrosis factor-  (TNF- ) was used. 

TNF-  is a cytokine mediating immune and inflammatory response. It can be 

membrane-bound or soluble, and is biological active in its homotrimeric form. TNF-

 participates in inflammatory disorders. In excessive or uncontrolled inflammation 
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various strategies have been employed to neutralize its functionality, e.g. 

administration of anti-TNF-  antibodies or soluble receptors (Esposito and 

Cuzzocrea 2009). From a phage display library, built on the small alkali stabilized 

albumin-binding domain, ABD*, selections were made against TNF- . After the third 

and fourth round of selection several unique sequences were found. Sequences that 

appeared more than once were selected for further studies. The sequences were 

subcloned to a vector with a T7 promotor and an N-terminal His6-tag to facilitate 

production and purification. To investigate the binding capabilities of the variants to 

HSA and TNF- , SPR was used. All variants had retained HSA-binding and the two 

most frequently appearing variants in the screening were found to possess dual 

binding capacities. The two dual binding variants were named ABDTNF1 and ABDTNF2. 

The sequences of the parental ABD*, ABDTNF1, and ABDTNF2 are shown in Figure 18. 

 

 

 

 

 

 

 

 

Fig. 18.   

Sequence of ABD*, ABDTNF1, and ABDTNF2. Helix 1, 2, and 3 are indicated by 

shaded boxes (H1, H2, and H3). 

Numbering according to Kraulis, Jonasson et al. 1996. 

 

Using circular dichroism spectroscopy (CD) the secondary structure of the 

variants was investigated. ABD* shows high -helical content in CD measurements 

(Gulich, Linhult et al. 2000), just as ABD, which is a three helical bundle, as 

determined by NMR (Kraulis, Jonasson et al. 1996). Neither ABDTNF1 nor ABDTNF2 

showed as high -helicity as the parental ABD*. ABDTNF1 appeared to be a random 

coil, whereas some -helicity could be detected in ABDTNF2. This is not surprising 

considering the high number of glycines and prolines introduced at the randomized 

positions. Both glycines and prolines are known to destabilize -helices (Hecht, Hehir 

et al. 1985; O'Neil and DeGrado 1990; Pace and Scholtz 1998; Bishop, Koay et al. 
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2001). To further characterize ABDTNF1 and ABDTNF2 kinetic studies using surface 

plasmon resonance (SPR) were performed. These studies revealed that ABDTNF1 

possessed stronger TNF- -binding than ABDTNF2. However, when analyzing the 

strength of the HSA-binding, it was found that ABDTNF1 had lost some of its HSA-

binding ability, whereas ABDTNF2 showed slightly stronger HSA-binding than the 

parental ABD*. To further explore ABDTNF1 and ABDTNF2 and to verify functional 

expression on cells they were subcloned into a staphylococcal display vector. ABDTNF1 

and ABDTNF2 were successfully displayed on the staphylococcal surface, and together 

with flow cytometry, on-cell affinity measurements were done. The apparent affinities 

for ABDTNF1 and ABDTNF2 were in concordance with the affinities determined using 

SPR.  

Furthermore, based on the results from the selection, an affinity maturation 

library was created, illustrated in Figure 19. From this second generation library 

selections were made using on-cell display and fluorescent-activated cell sorting 

(FACS). In order to improve the affinity for TNF-  (and potentially also for HSA), an 

affinity maturation library was designed based on the sequences of ABDTNF1 and 

ABDTNF2. Of the eleven positions randomized in the initial library, eight were selected 

for randomization in the affinity maturation library. Three positions were omitted in 

this library since the amino acids at these positions were identical in ABDTNF1 and 

ABDTNF2 (Asn33, Arg34, and Arg57). Two additional positions, 25 and 30, were 

identical in ABDTNF1 and ABDTNF2 but they were included in the randomization. 

These two positions were glycines and were randomized in order to try to select 

improved binders that potentially also exhibit a more stable helical structure. Of the 

eight randomized positions, two positions were fully randomized, and the diversity of 

the remaining six was lower. The randomized positions are visualized in Figure 19. 

Initial experiments were performed to assess the quality of the library and sequencing 

of the library showed good agreement with the theoretical design. 
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Fig. 19.  

A) Randomized positions in the affinity maturation library are indicated by light 

circles and with numbers in black. Three positions randomized in the initial 

library were omitted in the design of the affinity maturation library, indicated 

by dark circles and numbers in white. The randomizations are listed beside 

the position. ARA = Arg, Lys. BBG = Ala, Arg, Gly, Leu, Pro, Ser, Trp, Val. 

GAK = Asp, Glu. NYC = Ala, Ile, Leu, Phe, Pro, Ser, Thr, Val. NNK = all 

amino acids and one amber stop. 

B) The design of the affinity maturation library was based on the sequence of 

ABDTNF1 and ABDTNF2. Randomized positions are indicated with an X in 

Sc:ABDTNFlib. 

Numbering according to Kraulis, Jonasson et al. 1996. 

 

Thereafter the library was transformed into Staphylococcus carnosus and flow 

cytometry was used to further analyze the library. Cell display in combination with 
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FACS is well suited for affinity maturation studies where second generation binders 

must be discriminated from a background of binders with moderate affinity. 

Furthermore, FACS enables analysis and sorting of several parameters simultaneously. 

Thus, bispecific binders can be sorted for TNF-  and HSA-binding in the same 

sorting cycle. Analysis showed that approximately 30% of the cells displayed the 

library and about 50% of the displayed library had retained HSA-binding. These 

results encouraged further exploration of the library. Two different strategies were 

employed. One strategy focused on selection of improved TNF- -binders solely and 

the library was incubated with labeled TNF-  before sorting. In the other strategy the 

library was incubated simultaneously with labeled TNF-  and labeled HSA in order to 

select for bispecific variants. After three rounds of selection using on-cell display and 

flow cytometry, several unique variants were found. No overlapping sequences and 

little homology were found when comparing the sequences of the selected variants 

from the two strategies. However, within each group the homology was more 

pronounced. All variants enriched for improved TNF- -binding exclusively had a 

proline in position 25. A proline with potentially the same function was found in 

position 22 in ABDTNF1. Amino acids within position 26, 29, and 58 are homologues 

to ABDTNF1 and ABDTNF2. Moreover, all selected variants from both strategies had a 

conserved glycine in position 30. In addition, in the strategy selecting for dual binding 

concurrently, the majority of the proteins had a glycine in position 22 and 25. As a 

result, when selecting for TNF-  and HSA-binding simultaneously, the selected 

variants were highly homologous to the first generation binder ABDTNF2, only 

differing in two positions 54 and 62. These two positions were fully randomized in the 

maturation library and no homology between the selected variants was found. This 

probably means that the selection pressure on these positions is rather low. 

To further evaluate the second-generation binders they were affinity-ranked for 

binding to both TNF-  and HSA. The results revealed that variants selected for only 

TNF-  binding also had acquired the strongest TNF-  binding, whereas binders 

from the dual selection strategy had acquired the strongest HSA affinity. From these 

results three variants from each strategy were selected for kinetic studies. The 

affinities were determined on-cell using flow cytometric analysis. The apparent KD 

values were obtained using a monovalent binding model. Binding affinities to HSA 

acquired in the dual selection were comparable with the parental ABD* and ABDTNF1. 

However, the second-generation binders, from both selection strategies, had an 
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improved apparent affinity towards TNF- . A 30-fold improvement could be seen for 

the strongest second generation binder as compared to the strongest first generation 

binder.  

 

Despite the fairly small size of the initial library ( 107), selection against two 

different targets resulted in binders with dual binding capacities. A combination of 

phage display and cell display has been used to engineer small bispecific proteins with 

affinities ranging from micromolar to nanomolar. This strategy will be useful for 

generation of small proteinaceous binders with dual interaction surfaces. One exciting 

group of targets would be cancer related proteins since the small size of the scaffold 

favors tissue penetration and the inherent HSA-binding provides extended in vivo half-

life. 
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CONCLUDING REMARKS 

Recombinant proteins are valuable tools in biotechnological applications and are 

also emerging as alternatives to immunoglobulins in therapeutic applications. By 

exploring the possibilities in protein engineering, molecules with new or altered 

characteristics can be designed. Combining the creation of new molecules with 

method development offers endless and exciting possibilities. The focus of this thesis 

has been to explore some of the possibilities with small three-helix domains. 

Two structurally similar domains, Zbasic and ABDz1, have been explored and 

evaluated as purification tags in different frameworks. They are both three-helical 

bundles and derived from bacterial surface domains, but share no sequence 

homology. By engineering of the scaffold used for ABDz1, dual binders intended for 

drug targeting and extended in vivo half-life were selected and evaluated using on-cell 

display and flow cytrometic sorting.   

Zbasic is derived from staphylococcal protein A and has previously been charge-

engineered to be used as a purification handle in ion exchange chromatography 

(Graslund, Ehn et al. 2002). In Paper I it was clearly demonstrated that Zbasic can be 

used as a purification handle under denaturating conditions. Furthermore, a strategy 

for solid phase refolding was created using Zbasic as a handle for capture of target 

proteins. The generality of the strategy was verified by the successful refolding of 

another protein without individual optimization. The results in Paper II further 

demonstrate the usefulness of Zbasic as a general purification tag. Zbasic was fused to 22 

different target proteins and a multi-parallel purification method was developed. 

Purifications were carried out under denaturating conditions using a pipetting robot. 
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The use of a pipetting robot allows automatization of the process rendering the 

method suitable for high-throughput strategies. Zbasic is a robust purification handle 

and its usefulness in different setups has been demonstrated.  

The albumin-binding domain is derived from streptococcal protein G. Previous 

studies on ABD have shown that the binding to human serum albumin is mainly 

located in helix two (Linhult, Binz et al. 2002); (Johansson, Frick et al. 2002); (Lejon, 

Frick et al. 2004). Paper III describes the creation and evaluation of the small 

bifunctional ABDz1. ABDz1 has affinity for both HSA and the Z2 domain. Both 

binding interfaces were proven to be useful in affinity chromatography. In addition, 

by combining the two affinity chromatography methods, an orthogonal affinity 

strategy was created. This method further improves the final purity of the target 

protein. The small ABDz1 can be used as an effective purification handle and dual 

affinity tag without target specific optimization. 

 In Paper IV the ABD-library is further explored. ABD-variants possessing TNF-

 binding were selected using phage display. The variants were further affinity 

maturated using staphylococcal surface display and flow cytometric analysis. On-cell 

selections from the second-generation library resulted in several dual-binders with 

improved affinities for TNF-  without compromising the affinity for HSA. 

 

Papers I and II demonstrate the possibility of using Zbasic under denaturating 

conditions in ion exchange chromatography. Zbasic was proven useful in both refolding 

and in multi-parallel protein purification. The non-native purification strategy was 

proven successful for a wide range of proteins. Zbasic is a robust purification handle 

and offers an excellent alternative to the commonly used His6-tag. Paper III and IV 

demonstrate that bispecificity can successfully be grafted on a small proteinaceous 

domain. In Paper III ABDz1 was successfully used as a purification handle in affinity 

chromatography on two different matrices. In addition a strategy called orthogonal 

affnintiy chromatography was created taking advantage of the dual binding capacities 

in ABDz1. This strategy improves the final purity of the target protein. In Paper IV 

dual-binding proteins against a therapeutic target were selected. Furthermore, a 

strategy for affinity maturation using on-cell-display and flow cytometry was 

developed, enabling simultaneous monitoring of the two binding affinities. This 

strategy can be used to create dual binders to other exciting targets. The small size of 

the domain, allowing tissue penetration, and the inherent affinity for HSA, endowing 
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the domain with a potentially prolonged in vivo half-life, should make these binding 

proteins interesting in therapeutic applications. In conclusion, small three-helical 

domains can be engineered for a number of various applications. The combination of 

a stable scaffold with combinatorial protein engineering and selection strategies offers 

endless possibilities. 
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