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Abstract 
 
Affinity chromatography has proven to be a powerful unit operation allowing purification and 
concentration of the target protein in a single step thus, decreasing the number of consecutive unit 
operations. However, affinity chromatography may include some drawbacks. The objective of this 
thesis has been to use different protein engineering strategies for design of robust and predictable 
protein purification systems, addressing different problems faced in both large-scale and small-
scale protein production. 
 
One of the problems in the recovery of antibodies and their fragments by protein A-based affinity 
chromatography is the low pH, which is normally essential to elute the bound material from the 
column. Some antibodies are not able to withstand these conditions and suffer from irreversible 
inactivation. Here, this problem is addressed by constructing destabilized mutants of a domain 
analog (domain Z) from staphylococcal protein A. In order to destabilize the IgG-binding domain, 
two protein-engineered variants were constructed using site-directed mutagenesis of the second 
turn of this antiparallel three-helix bundle domain. In one mutant (Z6G), the second turn was 
extended with six glycines in order to evaluate the significance of the turn/loop length. In the other 
mutant (ZL4G), the original turn sequence was exchanged for glycines in order to evaluate the 
importance of the turn forming residues. By changing the properties of the turn the stability of 
both mutants was decreased, which could be used for breakage of the protein-ligand interaction at 
milder conditions. Hence, it is shown that turn/loop engineering may be an attractive approach to 
modulate a protein’s specific properties. 
 
One of the problems with proteinaceous affinity ligands is their sensitivity to alkaline conditions. 
Many applications in the pharmaceutical and biotechnological field, such as large-scale production 
of antibodies and albumin for therapeutic use, require extreme attention to minimize 
contamination. In order to remove contaminants such as nucleic acids, lipids, proteins, and 
microbes, a cleaning-in-place (CIP) step is often integrated in the purification protocol. Sodium 
hydroxide (NaOH) is probably the most extensively used cleaning agent for this purpose. 
Unfortunately, most protein-based affinity media show high fragility towards this extremely harsh 
environment, making them less attractive as resin-bound ligands. Asparagine has been shown to be 
the major contributor to the alkaline fragility. Here, this problem is addressed with a simple and 
straightforward strategy consisting in replacing asparagine residues with other amino acids. 
Applying this strategy, three different affinity ligands, important in large-scale production of 
different target molecules, i.e. antibodies and albumin, have been remarkably stabilized. These 
proteins include the albumin-binding domain (ABD) and the IgG-binding domain C2 of 
streptococcal protein G, as well as the IgG-binding B-domain analog Z of staphylococcal protein 
A. Multimerization of these stabilized domains has been performed in order to improve their 
performance as resin-bound ligands in chromatography. Additionally, stable linkers have been 
designed in order to not affect the function of the individual monomer units. Also, it is shown that 
directed coupling using a C-terminal cysteine increases the capacity of the immobilized ligand 
compared to coupling using ordinary non-directed NHS-chemistry.  
 
In conclusion, such improvements presented in this thesis are attractive to obtain industrial 
implementation of protein-based affinity ligands, which normally show too high susceptibility to 
the alkaline conditions used during regeneration of the chromatography devices, or require to 
harsh elution conditions. Hence, these engineered proteins represent interesting ligands in 
purification of antibodies and albumin. 
 
Keywords: affinity chromatography, cleaning-in-place, deamidation, destabilization, linker 
engineering, protein engineering, stabilization, staphylococcal protein A, streptococcal protein G, 
turn/loop engineering 
 
© Susanne Gülich, 2002 
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INTRODUCTION 
 
1. Protein structure 
The building blocks in proteins and peptides are the amino acids. A total of 20 

different amino acids specified by the genetic three-letter code are known, capable 

of defining the enormous complexity of structures, stabilities, and functions 

associated with different proteins and peptides involved in widespread context in 

all biological systems. The amino acids are constituted of a central carbon atom 

that has attached a hydrogen atom, an amino group (NH2), a carboxyl group 

(COOH), and also a specific side chain unique for each amino acid and 

responsible for the different properties associated with a particular residue. Hence, 

each amino acid except glycine exhibits chirality and can exist in two different 

forms, L- and D-form. However, only the L-form is observed in proteins and 

peptides of biological origin. These amino acids span a reasonable range of 

variables such as size, shape, hydrophobicity, charge, polarity, and hydrogen-

bonding capacity. The amino acids are linked to each other by peptide bonds 

forming relatively straight-line polymers, in which the carboxyl group of one 

residue is joined to an amino group of another residue. The angle of rotation 

around the central carbon and the carbonyl carbon is by convention denoted psi 

(ψ), and the rotation around the central carbon and the nitrogen is called phi (φ). 

The relatively straight-line polymers are ordered into higher structural elements, 

i.e. secondary structures, including α-helix and β-sheet. Also, turns and loops can 

be included. The secondary structure elements are packed into structural motifs 

defining the tertiary structure. The secondary structure elements and the overall 

tertiary structure are stabilized by a number of non-covalent stabilizing forces, i.e. 

hydrogen-bonds, ionic interactions, van der Waals interactions, and the 

hydrophobic effect. H-bonds are weak interactions but the cooperative effect, 

when a network of such interactions is composed, results in a very strong and 

specific interaction. The distance for a strong H-bond involving oxygen and 

nitrogen atoms is about 3 Å between donor and acceptor. Van der Waals 

interactions are even weaker than H-bonds and are caused by transient dipoles in 

atoms. A protein can also be stabilized by covalent bonds formed between 
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cysteines or interactions with prosthetic groups including ions like iron, zinc, 

magnesium, and calcium. 

 

1.1. α-helix 
Pauling and colleagues described this structural element first (Pauling et al., 

1951). Since then it has had a major influence on the understanding of protein 

structures. The most common α-helix consists of a right-handed coil, in which 

every backbone carbonyl group of residue n is hydrogen-bonded to a backbone 

NH group of residue n+4, resulting in 3.6 residues per turn. Since the NH and CO 

groups have different polarities, the overall effect is a net dipole that gives a 

partial positive charge at the N-terminus and a partial negative charge at the C-

terminus. Thus, there is a high preference for negatively charged residues near the 

N-terminus of helices and a high preference for positively charged residues near 

the C-terminus, that may interact with the helix dipole by simple electrostatic 

interactions (Chakrabartty et al., 1993). Attempts to increase the stability of a 

protein by introducing favorable negative charge at the N-terminus have been 

successfully performed (Nicholson et al., 1988). The ends of the helices can be 

called the N- and C-cap respectively, which may be defined as interface residues 

that are half inside and half outside of the helix. Additionally, the side chain of the 

N-cap residue can make a H-bond to the main chain atoms at the N-terminus 

(Chakrabartty et al., 1993). Asparagine is commonly occurring at the N-cap 

position due to its hydrogen-bonding property (Chakrabartty et al., 1993). Several 

studies have been performed in order to elucidate the preference of each residue 

for the helix structure. Ala, Leu, and Met have been reported to have high helix 

propensity, whereas Pro and Gly have low (O’Neil and DeGrado, 1990; 

Chakrabartty et al., 1991; Myers et al., 1997). Alanine is one of the most common 

residues in the helix interior (Chakrabartty et al., 1993). The special character of 

proline in general produces a bend in the structure. Glycine is considered a helix 

destabilizer due to the conformational flexibility it introduces (O’Neil and 

DeGrado, 1990). 
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1.2. β-sheet 

In contrast to α-helices, the β-sheets are composed of different parts of the peptide 

chain. These different parts of the peptide chain are aligned either parallel or 

antiparallel to each other, resulting in β-sheets. All backbone carbonyl groups are 

hydrogen-bonded to backbone NH in the adjacent strand. Different hydrogen-

bonding patterns are observed for parallel and antiparallel alignment respectively. 

The different central carbon atoms are located alternated above and below the 

plane of the β-sheet, forming a “pleated” structure described by Pauling and 

Corey (1951). Moreover, the side chains point alternately above or below the 

plane thus allowing formation of hydrophobic and hydrophilic surfaces. The 

understanding of the interactions that determine the β-sheet stability is not very 

profound compared to α-helix. Amino acids with high propensity for β-sheet have 

been reported to include Val, Ile, Thr, Phe, Tyr, and Trp, whereas Ala, Asp, Gly, 

and Pro are considered to exhibit low propensity (Minor and Kim, 1994a; Smith et 

al., 1994; Smith and Regan, 1995). However, it has been shown that it is difficult 

to predict β-sheet propensity. The result very much depends on where in a β-sheet 

the residue is situated in the model protein (Minor and Kim, 1994b). Formation of 

helical arrays of β-sheets in insoluble fibrils has been proposed to result in several 

protein misfolding diseases such as Alzheimer’s disease (Dalal and Regan, 2000; 

Ramirez-Alvarado et al., 2000).  

 

1.3. Turn/loop 
Turns and loops are connecting secondary structure elements. While helix and 

sheet are considered as regular structures with repeating main chain torsion angles 

and arranged hydrogen-bonding, turns/loops do not exhibit these features. In 

general, turns are consisting of a few residues with specific backbone dihedral 

angles, whereas loops consist of less well-defined structures with varying lengths. 

Loops and turns are in general directed to the surface of the protein and therefore 

are rich in charged and polar residues (Leszczynski and Rose, 1986). Glycine 

residues have a strong preference for tight turns and loops in general. Also, 

proline is frequently observed in turn/loop sequences. These connecting segments 

are often implicated in function but when they are not intimately involved in a 

particular function, they can vary widely in both sequence and length without 
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affecting either the structure or the function (Leszczynski and Rose, 1986; Brunet 

et al., 1993; Castagnoli et al., 1994; Viguera and Serrano, 1997). Thus, some 

degree of tolerance exists for these structural segments. However, the 

thermodynamic stabilities and folding pathways can be affected by engineering 

these segments (Predki et al., 1996; Nagi and Regan, 1997; Nagi et al., 1999). By 

lengthening the loop, protein destabilization can be obtained due to higher energy 

requirements associated with the closure of longer loops compared to shorter ones 

(Nagi and Regan, 1997; Nagi et al., 1999). 

 

1.4. Tertiary structure 
In water-soluble proteins, secondary structure elements are packed together to 

form compact tertiary structures with a hydrophilic surface and a hydrophobic 

interior. Others, like membrane proteins, may be constructed otherwise. Different 

categories of structural groups exist including proteins made up of all α-helix, all 

β-sheet, and a mixture of these two elements, α/β. ABD derived from 

streptococcal protein G (SPG) and Z derived from staphylococcal protein A 

(SPA) are examples of antiparallel three-helix bundles (Kraulis et al., 1996; 

Tashiro et al., 1997). The C2 domain of SPG exemplifies an α/β protein (Lian et 

al., 1992), and the CH2 domain of the Fc-fragment of IgG represents a domain 

constituted of β-sheet structure (Deisenhofer, 1981). Interestingly, the small-sized 

domains, ABD (paper II, III) and C2 (paper IV) of SPG, and Z of SPA (paper V), 

manage to form a very compact and stable framework probably because of a well-

defined hydrophobic core.  

The hydrophobic core is predominantly made up of hydrophobic residues, which 

seems to be one of the most critical aspects for stability of the folded state. The 

hydrophobic effect is considered to be one of the driving forces of the folding 

process, in which the protein proceeds from a high energy unfolded state to a low 

energy native state. Many different hypothetical models for the folding process 

have been proposed. Additionally, stabilizing interactions such as H-bonds, van 

der Waals interactions, salt bridges, disulfide bridges, and bound prosthetic 

groups assist proper native structure. The packing of residues appears to be 

extremely important for structure, stability, and function, and there is considerable 

complexity of assembling hydrophobic side chains into tightly packed cores, 
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commonly including residues like Ala, Val, Ile, Leu, and Met (Munson et al., 

1996). Polar and charged residues might be seen but only if they can form 

satisfactory bonds. The core is quite closely packed but small changes in volume 

may be tolerated. Backbone movements or conformational changes in side chains 

may accommodate these small changes.  

The three-dimensional structure of a protein is determined by the amino acid 

sequence alone (Anfinsen, 1973). It has been proposed that a few key residues are 

defining the specific structure and the fold of the B1 domain of SPG has been 

transformed into that of ROP by changing just a few key residues in the B1 

sequence (Dalal et al., 1997; Dalal and Regan, 2000). There might be non-local 

factors influencing the formation of secondary structures as shown by a study, in 

which an 11-residue sequence could fold either into an α-helix or β-sheet 

depending on where in the B1 domain of SPG it was introduced (Minor and Kim, 

1996).  

 

2. Chemical aging of proteins 
Peptides and proteins are not chemically stable over time. This is especially the 

case in presence of water and small molecules, e.g. oxygen. A vast variety of 

different modifications are known that spontaneously occur under both 

physiological as well as non-physiological conditions. These include deamidation, 

isomerization and racemization. Oxidation, reduction, arginine conversion, 

hydrolysis, and β-elimination are also common modifications (Li et al., 1995; 

Reubsaet et al., 1998). These processes lead to covalent modifications that may 

severely alter the structure and hence, the function of the protein molecule. 

However, the position of the degraded residue in a protein determines the effect 

on the biological activity. Chemical modifications that significantly alter the 

structure in general lead to degradation of the protein. However, some 

modifications that do not degrade the protein tend to accumulate during the 

lifetime of a living organism.  

The spontaneous degradation of proteins due to deamidation of asparagines and 

glutamines is one of the most extensively studied protein modifications. The 

occurrence of asparagines and glutamines in proteins is widespread despite their 

obvious instability. Therefore, it has been proposed that the deamidation 
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mechanism may play a general role in the aging of living organisms (Robinson 

and Robinson, 1991). In addition, a variety of essential processes may be timed by 

deamidation, including development and turnover of proteins (Robinson and 

Robinson, 2001a). The reaction is under genetic control through sequence 

variation to adjust the degradation rate. If the reactions do not have any biological 

purpose, asparagines and glutamines probably should have been evolutionary 

eliminated long ago since they truly are damaging (Robinson and Robinson, 

1991). 

 

2.1. Modification of asparagine and glutamine residues 
Deamidation involves the amide side chains of asparagines and glutamines that in 

general are not very chemically reactive and do not ionize (Liu, 1992). However, 

they are polar and function as both H-bond donors and acceptors. The 

deamidation reaction is non-enzymatic and requires only water to occur (Geiger 

and Clarke, 1987). However, the reaction rate is dependent upon the concentration 

of hydroxide ions, and is therefore increased when the hydroxide concentration is 

increased. The proposed predominant pathway of deamidation of asparagines 

occurs via a succinimide intermediate. The reaction is an intramolecular 

cyclization, in which the deprotonated main chain peptide nitrogen on the C-

terminal side, likely obtained by base catalysis, attacks the side chain carbonyl 

carbon (Geiger and Clarke, 1987) (Fig. 1).  The succinimide intermediate is itself 

unstable in aqueous solution at neutral or alkaline pH and undergoes hydrolysis 

and racemization, which can take place at either of the carbonyl groups. As a 

consequence, the net product is a mixture of L- and D-aspartate and L- and D-

isoaspartate (Geiger and Clarke, 1987). The ratio of iso-form to normal is 

approximately 3:1 at physiological conditions. In the pH interval 5-12 in several 

buffer systems, the deamidation appears to proceed entirely through this 

succinimide intermediate. However, at very low pH in the interval 1-2, a slow 

deamidation reaction is observed that is thought to use some other reaction 

mechanism, in which aspartic acid is the only product (Clarke et al., 1992). An 

alternative reaction mechanism to the succinimide mechanism has also been 

proposed by Wright (1991a, b), in which a general acid catalyzes the reaction by 

protonating the side chain nitrogen of asparagine. A general base then attacks the 
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side chain carbonyl carbon forming an oxyanion tetrahedral intermediate, which 

subsequently is transformed to aspartic acid. Since a charge difference arises 

when an amide residue is converted to a carboxylic acid residue, the reaction is 

readily detected by different techniques based on charge. As a consequence of the 

increased negative charge and the changed backbone configuration, the 

susceptibility to proteolytic degradation might increase due to opening of the 

protein structure.  
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Fig. 1. Reaction mechanism for deamidation in peptides and proteins via 

formation of a succinimide intermediate. 
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Cleavage of the peptide bond at asparagine residues is also a possible course of 

events. In contrast to the mechanism described for deamidation above, the side 

chain amide nitrogen attacks the Cα thus, cleaves the peptide bond and forms a C-

terminal succinimide. This reaction is thought to compete with the deamidation 

reaction. However, in general the deamidation reaction is faster (Tyler-Cross and 

Schirch, 1991). 

Glutamines may also experience the same reactions as asparagines but the product 

is glutamate instead. However, the rate in model peptides is generally much 

slower compared to asparagines (Robinson and Rudd, 1974). This is probably due 

to the resulting six-membered intermediate, which is not energetically favorable. 

Furthermore, the extra –CH2 group imparts greater distance from the adjacent 

main chain nitrogen to the side chain carbonyl carbon of glutamine. An exception 

is the N-terminal glutamine that readily deamidates by cyclization with its own 

free N-terminus, resulting in pyrrolidone carboxylic acid. This is the only known 

case, in which glutamine deamidates faster than asparagines (Wright, 1991a, b). 

 

2.1.1. Parameters influencing deamidation 
It was early proposed that the deamidation rate was closely coupled to the 

sequence context (Robinson and Rudd, 1974). As a consequence, the rate can 

differ substantially in aqueous solutions at physiological pH between different 

peptides or proteins (Robinson and Rudd, 1974; Geiger and Clarke, 1987). Studies 

on peptides have unraveled that the most critical parameter is the nature of the 

residue on the C-terminal side of asparagine (Lura and Schirch, 1988). The 

preceding residue does not substantially affect the rate of deamidation. The Asn-

Gly sequence is by far the most sensitive sequence (Geiger and Clarke, 1987; 

Robinson and Robinson, 2001a). The preponderance for glycine at unstable sites 

has been attributed to the unique character of the glycine residue, which lacks a 

side chain that can sterically interfere with the reaction mechanism. Therefore, 

glycine imparts exceptional flexibility to the peptide backbone. The dihedral 

angles psi (ψ), which represents the rotation around the α-carbon and the peptide 

carbonyl carbon, and chi1 (χ1), which represents the rotation around the α-carbon 

and the β-carbon, can approach optimal values for the mechanism when glycine is 

succeeding. The presence of a Cβ may restrict the range of motion thus disabling 
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the mechanism. Additionally, the electron-withdrawing or -donating effect of the 

C-terminal residue may influence the ease of deprotonation of the peptide bond 

nitrogen. The glycine side chain is lacking electron-donating substituents, which 

otherwise would decrease the deamidation rate. The Asn-Ser sequence is also 

highly unstable and even surpasses the Asn-Ala sequence even though alanine has 

a smaller side chain (Robinson and Robinson, 2001a). The fast rate observed for 

Asn-Ser may be due to facilitated deprotonation of the peptide bond nitrogen thus, 

enhancing the nucleophilicity. Another explanation might be that the hydroxyl 

group donates a H-bond to the side chain oxygen or nitrogen of asparagines thus, 

enhancing the electrophilicity of the carbonyl carbon atom (Kossiakoff, 1988). 

Hence, glycine, alanine, serine, and threonine result in increased deamidation 

rates when situated C-terminal to asparagine or glutamine. However, bulky and 

hydrophobic residues result in low deamidation rates (Robinson and Robinson, 

2001a). In the case with Asn-Pro the peptide bond nitrogen cannot be 

deprotonated and a succinimide intermediate cannot form (Geiger and Clark, 

1987). 

Prediction of potential deamidation sites is further complicated in proteins 

compared to peptides containing only a few residues. In proteins the secondary, 

tertiary, and quaternary structure must also be considered (Kossiakoff, 1988; 

Wearne and Creighton, 1989). The presence of Asn-Gly or Asn-Ser sequences 

does not necessarily indicate a site for deamidation. Sequences in proteins with a 

well-defined three-dimensional structure that is not optimal for the deamidation 

mechanism show reduced deamidation rate in relation to the corresponding 

peptide. In some cases it may be possible that the fixed angles are optimal for the 

mechanism thus, the rate is increased in comparison to the corresponding peptide. 

However, in general short peptides show elevated deamidation rates compared to 

proteins (Geiger and Clarke, 1987). Hence, it may be very difficult to predict the 

sensitivity of a particular residue based on the amino acid sequence alone. For a 

proper investigation the three-dimensional structure as well as the flexibility of 

the polypeptide chain should be considered (Robinson and Robinson, 2001b). It 

must also be stressed that deamidation of one residue can initiate small changes in 

the tertiary structure creating a new configuration, that imposes a second 

deamidation at another site in the structure. Hydrogen-bonding may have a 

protective effect (Kossiakoff, 1988). Thus, α-helices may stabilize against 
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deamidation due to conformational restrictions but also the reduced 

nucleophilicity of the backbone NH, which is H-bonded (Kosky et al., 1999; Xie 

and Schowen, 1999). 

The rate of deamidation is also dependent on other parameters like the 

temperature, buffer, pH, and ionic strength. Increased deamidation rates are 

observed when increasing temperature, pH, and ionic strength (Robinson and 

Rudd, 1974; Tyler-Cross and Schirch, 1991).  

 

2.2. Modification of aspartate and glutamate residues 
Since the modification of aspartates does not involve charge alterations the 

reaction is more difficult to detect compared to deamidation. This might result in 

possible hidden isomerization products when the function of the protein is not 

altered due to the modification. However, aspartates are prone to intramolecular 

succinimide formation similar to asparagines (Aswad et al., 2000). The 

isomerization and racemization reactions are suggested to involve the same 

mechanism as for deamidation. However, when comparing the reaction rates of 

aspartate containing peptides with the corresponding asparagine peptides, the 

succinimide formation is faster for the asparagine containing peptide (Geiger and 

Clarke, 1987; Stephenson and Clarke, 1989). At aqueous conditions the majority 

of the aspartates is in the deprotonated charged form presenting a poor leaving 

group to nucleophilic attack. The protonated uncharged form present at lower pH 

presents a much better leaving group (Stephenson and Clarke, 1989). 

Glutamate residues may undergo the same reactions. However, since the 

intermediate is a six-membered ring structure it is not energetically favorable. To 

my knowledge no reports on degradation of glutamate residues in peptides or 

proteins are available.  

 

2.3. Detection methods 
Since deamidation results in an increase of negative charge of the protein or 

peptide, this can readily be detected by changes in electrophoretic mobility. 

Isoelectric focusing (IEF) is therefore a sensitive and convenient method either 

under denaturing or non-denaturing conditions. Also, ion exchange 

chromatography (IEC) can be used to detect charge differences (Bischoff and 
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Kolbe, 1994). Isoaspartyl residues can be detected by the isoaspartyl 

methyltransferase (PIMT). This is an enzyme naturally present in eukaryotic cells 

that specifically methylates L-isoaspartate residues. A drawback with this 

detection method is that the enzyme does not recognize all L-isoaspartates with 

the same affinity due to substrate specificity for the n+1 residue (Lowenson and 

Clarke, 1991). In addition, the residues must be located on the surface to be 

detected. The change in hydrophobicity and polarity can be analyzed by reversed-

phase high performance liquid chromatography (RP-HPLC). Also, mass 

spectrometry can be used to detect protein modifications (Reubsaet et al., 1998). 

However, the 1 Da mass increase associated with deamidation might be difficult 

to detect. The sequence of the protein or peptide can also be decided by peptide 

sequencing.  

 

3. Protein engineering 
Protein engineering is a technique primarily used to create a novel protein that 

possesses an improved or novel property by changing one or several residues of 

an existing protein. Thus, protein engineering may be an attractive strategy to 

replace particular residues prone to modification and subsequent degradation, 

which is one of the scoops of this thesis. In addition, protein engineering has 

proven to be a valuable tool in determining the contribution of a particular amino 

acid to the enigmas of folding, stability, and function. The recent advances in 

biotechnology have resulted in extensive information on structure-function 

relationships and a palette of different genetic-engineering techniques is 

nowadays available. Strategies for both non-random mutagenesis and random 

mutagenesis have been developed and it is now routine work in laboratories 

worldwide. The specific properties of a protein can be altered in a non-random 

fashion by site-directed mutagenesis based on rational design. The gene is then 

modified in a predicted way through nucleotide substitutions, insertions, or 

deletions. Single amino acid substitutions can readily be produced by 

oligonucleotide-directed mutagenesis using the polymerase chain reaction (PCR) 

(Mullis and Faloona, 1987) with primers containing the modification. The primers 

can be designed to include the entire gene or a portion (cassette), and the PCR can 

be run in a one-step or a two-step manner (Higuchi et al., 1988). Another 
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approach is cassette mutagenesis, in which a part of the gene is cut out and 

replaced by a synthetic oligonucleotide. Combinatorial methods such as random 

mutagenesis and DNA shuffling produce libraries containing a vast number of 

different variants that can be analyzed simultaneously. These libraries can then be 

used to select for different functions and a particular protein can be separated 

from the rest not exhibiting the wanted activity. The most common method for in 

vitro selection is phage display.  

In order to be successful in protein engineering using rational design, extensive 

knowledge of protein structure, stability, function, and protein-protein interactions 

is essential. However, proteins have been shown to be surprisingly tolerant of 

amino acid substitutions. Polar residues on the surface of proteins are in general 

quite tolerant towards mutation and may be substituted with little consequence by 

other polar or small neutral residues. However, it must be stressed that residues 

directly involved in function are among the most conserved in a protein sequence, 

and are also often crucial for proper activity. Boundary residues, which lie at the 

surface of the buried core and the solvent-exposed surface, may have large effect 

on the thermostability of a protein. By exchanging a few of these boundary 

residues thereby, introducing favorable interactions, the thermostability could be 

substantially increased for the B1 domain of SPG (Malakauskas and Mayo, 1998). 

Substitutions of core residues with a residue with large difference in side chain 

volume are in general destabilizing. However, some cores or core positions might 

be more tolerant than others. For the ROP protein the hydrophobic core could be 

totally rearranged without affecting the overall fold (Munson et al., 1996). Thus, it 

is possible for two variants with two different cores to still fold into similar three-

dimensional structures. 

 

3.1. Characterization techniques 
In order to identify and characterize different variants of engineered proteins, 

different tools are needed. One of the first properties to be characterized is often 

the molecular weight of the protein. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) is a convenient method to separate and characterize 

complex mixtures, as well as estimate the molecular weight (Laemmli, 1970). 

Mass spectrometry (MS) is another technique to determine the molecular weight 
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with accuracy superior to most other methods including SDS-PAGE (Jensen et al., 

1997). Circular dichroism spectroscopy (CD) is a valuable technique particular 

useful for rapid screen to assess secondary structure content and stability of 

different proteins (Johnson, 1990; Pace and Scholtz, 1997; Schmid, 1997). 

Changes in protein conformation may also be investigated using fluorescence 

spectroscopy (Schmid, 1997). Differential scanning calorimetry (DSC) is a 

technique feasible for studies on thermodynamics (Plum and Breslauer, 1995). 

Nuclear magnetic resonance (NMR) and X-ray crystallography are well-suited 

techniques to monitor three-dimensional structures (MacArthur et al., 1994). The 

Biacore™ utilizes the surface plasmon resonance technology, which gives 

information on affinities as well as the kinetics of both association and 

dissociation states in real time (Jönsson et al., 1991). Hence, it is well suited for 

detailed screening of the interactions of modified proteins. Also, enzyme-linked 

immunosorbent assay (ELISA) is a valuable technique to investigate binding 

patterns (Friguet et al., 1997).   

 

4. Bacterial surface domains 
Most Staphylococcus aureus and Streptococcus strains express protein molecules, 

e.g. staphylococcal protein A (SPA) and streptococcal protein G (SPG), on their 

surface that interact with specific host proteins, i.e. antibodies and albumin. The 

biological purpose of this is not fully understood but a possible explanation might 

be that this interaction helps the bacteria to invade the host defense system by 

covering itself with host-molecules (Achari et al., 1992; Sauer-Eriksson et al., 

1995; Starovasnik et al., 1996). By sequestering a coat of host antibodies or 

albumin on the surface the bacteria are camouflaging from the immune system 

thereby, weakening the immune response. These domains have been denoted 

receptors even though no true receptor mechanisms have been recognized such as 

direct triggering of secondary phenomena (Kronvall and Jönsson, 1999). Forsgren 

and Sjöquist described the true character of the SPA-IgG interaction, and denoted 

it a pseudo-immune reaction in order to distinguish it from an antibody-antigen 

interaction involving the Fab fragment (Forsgren and Sjöquist, 1966). Protein A 

and protein G have found extensive use in biotechnology and have been widely 

exploited as immunological tools in a vast array of immunoassays and in 
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purifying immunoglobulin and albumin (Amersham Biosciences, 1997). This is 

due to properties regarding high affinity, low level of non-specific binding and 

their ability to reversibly interact with IgG from a variety of different species 

(Goding, 1978; Langone, 1982). Despite the similarities of function between 

protein A and protein G the amino acid sequences show low homology. 

Interestingly, the albumin-binding domains of SPG use the same framework as the 

IgG-binding domains of SPA, whereas the IgG-binding domains of SPG use a 

total different framework.  

 

4.1. Staphylococcal protein A 
The SPA gene product consists of a signal peptide, S, that is cleaved off during 

secretion, and a tandem repeat of five highly homologous regions, EDABC, 

consisting of approximately 58 amino acids each. The individual domains exhibit 

IgG-binding activity. Additionally, at the C-terminus there is a cell wall anchoring 

part denoted XM (Uhlén et al., 1984) (Fig. 2). 

 

 

IgG-binding

Z

S   E    D    A    B    C      X       M

 

 

 

Fig. 2. Schematic presentation of SPA. Z is a B-domain analog. 

 

The three-dimensional structure of the free B domain in solution has been 

determined using NMR (Gouda et al., 1992). The structure consists of three α-

helices oriented antiparallel to each other. Most of the hydrophobic residues are 
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buried in the interior of the bundle and form the hydrophobic core, and most 

hydrophilic residues are located at the surface. Helix 2 and 3 are oriented almost 

perfectly antiparallel to each other, whereas helix 1 is proposed to be tilted by 

approximately 30° with respect to the other two. Also, helix 3 is retained in the 

Fc-bound B in solution (Gouda et al., 1992; Gouda et al., 1998). This is in 

contradiction to the crystallographic structure of the complexed B domain, in 

which the third helix was absent (Deisenhofer, 1981). Interestingly, in other 

studies when helix 3 is partly deleted the conformational stability and the affinity 

to IgG are substantially decreased (Bottomley et al., 1994). This strongly suggests 

that helix 3 is essential to the formation of the global chain fold in solution, and 

helix 3 has been proposed to stabilize the other two helices (Alonso and Daggett, 

2000). The B domain folds extremely rapidly without formation of detectable 

intermediates thus, apparently exhibiting a two-state folding pattern (Bai et al., 

1997).  

SPA binds IgG from various species including human, mouse, rabbit, and guinea 

pig (Richman et al., 1982; Björck and Kronvall, 1984; Åkerström et al., 1985; 

Amersham Biosciences, 1997) (Table 1). In addition, SPA also exhibits some 

binding to IgA and IgM (Goding, 1978; Langone, 1982). Interestingly, SPA does 

not bind human IgG3 that comprises only a few percent of total human IgG in 

serum. The inability of human IgG3 to bind protein A can be explained by the 

His435Arg substitution in the Fc-fragment, since it is almost impossible to include 

the arginine in the complex (Deisenhofer, 1981; Jendeberg et al., 1997). Hence, an 

arginine at position 435 in the complex would be structurally constrained and the 

positive charge would be unbalanced (Deisenhofer, 1981).  
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Table 1. IgG-binding of SPA (Richman et al., 1982; Björck and Kronvall, 1984; 

Åkerström et al., 1985; Amersham Biosciences, 1997). 

 

Species Relative binding strength 

Human IgG1 ++ 

Human IgG2 ++ 

Human IgG3 – 

Human IgG4 ++ 

Bovine + 

Chicken – 

Guinea pig ++ 

Mouse + 

Rabbit  ++ 

Rat – 

Sheep – 

++ = strong binding, + = medium binding, – = weak or no binding 

 

The crystal structure of fragment B in complex with the Fc-fragment has been 

solved at 2.9 Å-resolution (Deisenhofer, 1981). The interaction is proposed to 

involve 11 residues of helix 1 and 2 of the B domain and 9 residues of the Fc-

molecule at a site located to the CH2 and CH3 interface region. The binding 

interface appears to be characterized predominantly by hydrophobic interactions 

together with some H-bonds and salt bridges. The binding interface is also 

proposed to be located to the surface of helix 1 and 2 by Gouda and colleagues but 

the particular residues differ somewhat (Gouda et al., 1998). Different approaches 

have been used to try to mimic the protein A-Fc interface in order to achieve more 

stable molecules that can be used in different applications (Braisted and Wells, 

1996; Fassina et al., 1996; Starovasnik et al., 1997; Li et al., 1998).  

In addition, the crystal structure of the D domain complexed with the Fab-

fragment of a human IgM antibody has been described (Graille et al., 2000). The 

11 residues on helix 2 and 3 of the D domain involved in the Fab-interaction are 

highly conserved in the other protein A domains, and are distinct from the 

residues involved in the Fc-interaction. The 13 residues of the Fab-fragment of 
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IgM are located in the variable region of the heavy chain of the antibody, but 

without the involvement of the hypervariable regions implicated in antigen 

recognition. The interaction is predominantly of polar character.  

SPA and the individual domains exhibit several advantages as fusion partners of 

recombinant proteins. They are highly soluble, proteolytic stable, and do not 

contain any cysteines. Also, SPA can be directed to the Escherichia coli 

periplasm, as well as to the medium, and can be produced in other hosts like yeast, 

insect cells, and mammalian cells (Ståhl and Nygren, 1997).  

 

4.1.1. The Z-domain 
A B-domain analog denoted Z was designed for use as a fusion partner in 

recombinant proteins (Nilsson et al., 1987). In order to facilitate the cloning 

procedures an AccI site was introduced at the N-terminus thereby, changing an 

existing alanine to a valine. Also, the asparagine-glycine dipeptide sequence 

existing in all five domains was changed to asparagine-alanine. Thereby, the 

hydroxylamine cleavage site was removed thus, enabling Z to be used as fusion 

handle in purification of proteins. Hydroxylamine could then be used to cleave off 

Z from the target protein. Since the asparagine was suggested to take part in the 

Fc-interaction (Deisenhofer, 1982), the glycine was exchanged instead. In 

addition, Z and also the B and C domains of SPA do not contain any methionine 

residues, resulting in domains resistant to treatment with cyanogen bromide 

(Nilsson et al., 1987).  

The Z-domain is an almost perfectly antiparallel three-helix bundle similar to the 

B-domain (Tashiro et al., 1997). However, the angle of helix 1 deviates from the 

NMR structure of the free B domain, for which helix 1 is proposed to be tilted 30° 

with respect to the other two helices (Gouda et al., 1992). The interhelical angles 

of the Z domain in solution are more similar to the E domain according to NMR 

(Starovasnik et al., 1996). In the binding process there is no disruption of the 

three-helical backbone structure thus, helix 3 is retained when Z is bound to IgG 

(Tashiro et al., 1997), and there is little or no change in the relative orientations of 

helix 1 and 2 (Jendeberg et al., 1996). In addition to the Fc-interaction, all five 

domains of SPA are capable of binding certain Fab-fragments at the variable part 

of the heavy chain. However, domain Z containing a single G29A-substitution 
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compared to domain B exhibits little or no binding. This might be due to the 

substitution since the Cβ of the alanine would perturb the interaction between the 

two molecules (Jansson et al., 1998; Graille et al., 2000). 

The Z-domain has exceptional high thermal stability (Gräslund et al., 2000) that 

might be due to a large number of non-polar side chains forming a tightly packed 

hydrophobic core. The Z domain is also highly soluble in aqueous solutions 

(Samuelsson et al., 1991), and when produced in E. coli, can be directed to the 

medium (Moks et al., 1987). Moreover, Z exhibits high proteolytic stability in a 

number of different hosts (Ståhl and Nygren, 1997), and has a small size, and also 

a compact and robust structure. Different multiplicities have been analyzed 

showing that the dimeric variant (ZZ) is the preferred ligand. Interestingly, no 

further binding capacity was observed for higher order multimers (Ljungquist et 

al., 1989). 

The Z domain has been used as scaffold for engineering new properties meeting 

different requirements in different applications. For example a randomization 

procedure was used to generate Affibodies™. 13 randomized amino acid 

substitutions directed to the Fc-binding surface of the Z-molecule were 

performed, resulting in a library of variants exhibiting new binding interfaces, 

from which binders to specific target molecules could be found (Nord et al., 1995; 

Nord et al., 1997). In another study, 10 residues at the Fc-interface were 

substituted for arginine allowing cation exchange chromatography at high pH 

(Gräslund et al., 2000). 

 

4.2. Streptococcal protein G 
SPG expressed by strain G148 consists of a signal peptide, that is processed 

during secretion, and repeated regions denoted A, B, C and D. A spacer region 

separates the albumin-binding region from the immunoglobulin-binding region 

making protein G a bifunctional protein. At the C-terminus a cell wall anchoring 

part is present (Olsson et al., 1987) (Fig. 3). Depending on the strain both the IgG-

binding region and the albumin-binding region consist of 2-3 independently 

folding units (Nygren et al., 1990). SPG from strain GX7809 has two albumin- 

and 2 IgG-binding domains denoted A1 and A2, and B1 and B2 respectively 

(Fahnestock et al., 1986), whereas SPG from strain G148 consists of 3 albumin- 
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and IgG-binding domains respectively denoted ABD1, ABD2, and ABD3, and 

C1, C2, and C3 (Olsson et al., 1987). C1 has the same sequence as B1 and C3 the 

same as B2. 

 

 

 

Ss       E        A1     B1     A2      B1     A3  S      C1    D1     C2 D2     C3              W

Albumin-binding            IgG-binding

ABD

ABD1       ABD2      ABD3

 

 

Fig. 3. Schematic presentation of SPG. The albumin- and IgG-binding regions 

consist of three albumin- and IgG-binding domains respectively. 

 

4.2.1. The IgG-binding domains 
Each IgG-binding domain denoted C1, C2, and C3 is approximately 55 residues 

and separated by linkers of about 15 residues. The structure has been solved for 

C2 and C3 in solution using NMR (Lian et al., 1992). In addition, the crystal 

structure of the B1 domain (Gallagher et al., 1994) and the B2 domain has been 

reported (Achari et al., 1992), as well as the three-dimensional solution structure 

of the B1 domain (Gronenborn et al., 1991) and B2 domain (Orban et al., 1992) 

determined by NMR. A highly compact globular structure is revealed with the 

absence of disulfide bridges or tightly bound prosthetic groups (Gronenborn et al., 

1991). The structure comprises a four-stranded β-sheet made up of two 

antiparallel β-hairpins connected by an α-helix. The two central strands 

comprising the N- and C-terminus are parallel, whereas the outer two strands are 

antiparallel to the inner two strands respectively. The inner two β-strands are very 

rigid, whereas the outer two strands and the turns and loops are more flexible 

(Seewald et al., 2000). Features that might be responsible for the unusual high 

thermal stability include the involvement of almost all of the residues in regular 
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secondary structure, which ensures a large number of stabilizing H-bonds. Also, 

the interior of the protein is highly hydrophobic, while the exterior is highly 

hydrophilic. The exposed surfaces are predominantly made up of Lys, Glu, Asp, 

Asn, Gln, and Thr (Gronenborn et al., 1991; Malakauskas and Mayo, 1998). 

Interestingly, the solvent-exposed surface of the sheets has a large preponderance 

of threonines (Gronenborn et al., 1991). Both B1 corresponding to C1 and B2 

corresponding to C3 exhibit reversible two-state unfolding transitions at pH 5.4 

with melting points 87.5°C and 79.4°C respectively, as analyzed by differential 

scanning calorimetry (DSC) (Alexander et al., 1992).  

Streptococcus strains from groups C and G show binding to all human subclasses 

of IgG including IgG3 in contrast to protein A. Protein G also binds to several 

animal IgG including mouse, rabbit, and sheep (Björck and Kronvall, 1984; 

Åkerström et al., 1985; Amersham Biosciences, 1997) (Table 2). Hence, protein G 

exhibits a broader binding spectrum to subclasses of different species compared to 

protein A. Furthermore, neither human IgA nor IgM or IgD seem to bind SPG 

(Björck and Kronvall, 1984; Åkerström et al., 1985).  

 

Table 2. IgG-binding of SPG (Björck and Kronvall, 1984; Åkerström et al., 1985; 

Amersham Biosciences, 1997). 

 

Species Relative binding strength 

Human IgG1 ++ 

Human IgG2 ++ 

Human IgG3 ++ 

Human IgG4 ++ 

Bovine ++ 

Chicken – 

Guinea pig + 

Mouse + 

Rabbit ++ 

Rat + 

Sheep ++ 

++ = strong binding, + = medium binding, – = weak or no binding 
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The B1 domain and the C2 domain complexed with Fc have been investigated 

using NMR (Gronenborn and Clore, 1993; Kato et al., 1995). Protein G binds Fc 

at the hinge region that connects the CH2 and CH3 domains. Thus, SPA and SPG 

bind to overlapping sites on the Fc-molecule. According to the crystal structure of 

C2 complexed with Fc, the interface consists of an intricate network of H-bonds 

and salt bridges, involving mainly charged and polar residues of the helix and the 

loop connecting the helix with the third β-strand (Sauer-Eriksson et al., 1995; 

Sloan and Hellinga, 1999). 

Derrick and Wigley (1992; 1994) have resolved the complex between C3 and Fab 

from mouse IgG1. This complex revealed an interaction with the CH1 domain, 

which is relatively invariant between different Fab derived from IgG, and 

therefore represents the most attractive binding site. Thus, protein G has selected 

the least variable part of the Fab structure for binding. The interaction is 

accomplished by an alignment of β-strands in the two proteins and involves the 

second β-strand of C3 comprising approximately Lys15 to Thr22 (Derrick and 

Wigley, 1992; Derrick and Wigley, 1994). The complex is stabilized through a 

network of H-bonds. A second, minor region is also involved comprising the C-

terminal end of the α-helix involving approximately Tyr38 to Gly43 (Derrick and 

Wigley, 1992; Derrick and Wigley, 1994). First it was suggested that the observed 

Fab-interaction was a non-specific interaction due to crystal packing. However, 

the complex has also been observed in solution using NMR (Lian et al., 1994). It 

is notable that such a small domain is capable of recognizing two different protein 

surfaces by employing two almost completely non-overlapping regions on its 

surface. This is also seen for the protein A domains. 

 

4.2.2. The albumin-binding domains 

The albumin-binding region of protein G derived from strain G148 consists of 

three individual albumin-binding domains separated by linkers of approximately 

30 residues (Olsson et al., 1987). The individual domains show high sequence 

homology. Different parts of the albumin-binding region denoted ABD, ABP, and 

BB, containing 1, 2, and 2.5 domains respectively, have been cloned and 

characterized (Ståhl and Nygren, 1997). ABD3 is the third albumin-binding 
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domain and is a small folded protein of about 46 residues that has no additional 

stabilizing features such as disulfides or prosthetic groups (Kraulis et al., 1996).  

The structure of ABD is a roughly antiparallel bundle of three α-helices (Kraulis 

et al., 1996). Despite the structural resemblance with the individual domains of 

protein A, no significant sequence homology exists.  

The albumin-binding site comprises residues mainly in helix 2 (Johansson et al., 

2002; Linhult et al., 2002). HSA is postulated to contain one binding site for 

protein G formed by loops 6-8 (Falkenberg et al., 1992). Protein G shows strong 

interaction to serum albumin from different species including rat, mouse, rabbit, 

and human, but very low interaction to bovine serum albumin (Nygren et al., 

1990; Falkenberg et al., 1992; Johansson et al., 2002).  

The albumin-binding domains have been widely used as affinity handles offering 

the advantages of stabilization towards proteolysis (Murby et al., 1996), and 

facilitated folding and solubilization of the fused protein (Samuelsson et al., 

1996). The albumin-binding domains seem to have immunopotentiating properties 

when genetically fused to an immunogen. This property is not fully elucidated but 

it has been proposed that it might result from strong T-cell epitopes or the serum 

albumin-binding activity, resulting in prolonged in vivo half-lives (Makrides et al., 

1996; Sjölander et al., 1997). 

 

5. Production and purification 
For successful production of a particular protein of interest special care must be 

devoted to choose the appropriate production and purification strategy. Parameters 

like the specific properties of the target protein, yield, and purity must be carefully 

considered. Additionally, the economical aspects must also be included. An 

extensively used host organism for production of recombinant proteins is the 

gram-negative bacterium Escherichia coli. This host is well characterized and has 

a number of advantages such as short generation time and ease of manipulation. 

One major drawback however is the lack of proper post-translational modification 

and proper folding of certain eukaryotic proteins, which might result in 

accumulation of insoluble intracellular aggregates, i.e. inclusion bodies. Other 

possible hosts are gram-positive bacteria, yeast, plant cells, insect cells, and 

mammalian cells. After successful expression of the gene product a suitable 
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recovery and purification scheme must be applied, usually including a series of 

unit operations taking in consideration the specific properties of the target protein 

and the crude extract it is about to be separated from. The aim should be to 

minimize the number of unit operations and as a consequence maximize the yield 

of the target protein, and at the same time meet the economical requirements. 

Separation by liquid chromatography depends on the distribution of molecules 

between a stationary phase and a mobile phase. Column chromatography has 

proven to be an extremely efficient technique for the separation of products of 

biological origin. In column chromatography, the stationary phase is packed into a 

column and the mobile phase, i.e. the feed stream, is pumped through the column. 

A wide variety of different adsorbents have been developed that take advantage of 

different properties of the protein for separation. The most utilized liquid 

chromatographic techniques include size-exclusion chromatography (SEC) 

(separation according to size and shape of the molecule), ion-exchanged 

chromatography (IEC) (separation according to the net charge and charge 

distribution), hydrophobic interaction chromatography (HIC) and reversed-phase 

chromatography (RPC) (separation according to the hydrophobic character of the 

molecule), and affinity chromatography (AC) (separation according to biospecific 

affinities). To achieve a pure product from a crude biological extract of complex 

composition, a combination of several different chromatographic methods are in 

general needed. However, for some applications the integration of affinity 

chromatography can decrease the number of steps to a single one. 

 
5.1. Affinity chromatography 
Affinity chromatography that was first described by Cuatrecasas and co-workers 

(1968) involves reversible adsorption of a protein to a specific ligand immobilized 

on a matrix and is based on biospecific interactions. The definition of affinity 

chromatography can sometimes be quit broad. Often it includes immobilized 

metal ion affinity chromatography (IMAC), covalent chromatography, and 

biomimetic ligands (dyes). In a more narrow definition only biological functional 

pairs are included such as receptor/ligand, antibody/antigen, enzyme/inhibitor, 

hormon/receptor, nucleic acid/nucleic acid-binding protein, and 

lectin/glycoprotein. The use of these functional pairs often also requires 

production of the adsorbent (ligand) that is immobilized to the matrix. However, a 
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vast array of production systems nowadays exists and these are well tailor-made 

for each adsorbent. In addition, already pre-activated gel matrices for ligand 

immobilization are now commercially available from several distributors. Several 

distributors also offer ready-to-use matrices for a wide variety of functional pairs 

as gels or pre-packed columns. Combinatorial methods can also be employed to 

find new ligands to a vast array of different targets. Additionally, synthetic ligands 

can be designed using structural information of the target (Li et al., 1998).  

To facilitate the purification of recombinant proteins a large number of different 

affinity fusion systems are available, each relying on a specific interaction to a 

ligand (Ford et al., 1991; Ståhl et al., 1999). It must be stressed however that 

different applications may have demands on removal of the fusion partner, 

achieved by site-specific cleavage. This is especially the case with proteins aimed 

for therapeutic use. In addition to the specific affinity addressed to the fusion 

partner, decreased protease susceptibility and increased or decreased solubility of 

the target protein can sometimes be achieved (Ståhl and Nygren, 1997; Ståhl et 

al., 1999).  

Affinity chromatography has several inherent advantages over the classical means 

of protein purification. The technique offers high selectivity and high capacity. 

Since the method eliminates steps the equipment can be downsized, thereby 

improving the process economics. Furthermore, it can preferably be used early in 

the capture process and the protein is concentrated during the process thus, 

allowing large volumes to be loaded. However, affinity chromatography suffers 

from problems dealing with regulatory compliance. Problems concerning ligand 

leakage and sensitivity towards cleaning procedures must be solved. Despite this, 

affinity chromatography will probably play an increasingly important role in the 

purification of pharmaceutical proteins in the near future (Hage, 1999). 

 

5.1.1. Matrix and immobilization strategies 
An ideal matrix for protein chromatography must meet several requirements, 

including chemical inertness and lack of any groups that would interact with the 

protein molecules. It should also be chemically and physically stable so that the 

matrix can withstand quite harsh conditions. The matrix must also be rigid as to 

allow high flow rates, as well as being hydrophilic in character but not charged, 
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and contain functional groups allowing efficient and specific immobilization of a 

ligand. An adsorbent with a large surface area per unit column volume is preferred 

in order to maximize the capacity of the resin. Finally, the gels must also be 

available at reasonable cost. Several different matrices have been utilized 

including cellulose, dextran, agarose, polyacrylamide, polystyren, and porous 

silica. Agarose was introduced as chromatography medium 1962 (Hjertén, 1962). 

Since then it has been widely exploited in affinity chromatography, and today it is 

used as matrix in a vast number of different trademarks commercially available 

from different companies. The structure is a three-dimensional network of fibers 

ordered into beads. The bead diameter varies for different systems but is in 

general approximately 100 µm for low-pressure affinity chromatography systems, 

whereas in high-performance liquid affinity chromatography beads with a 

diameter of 5-30 µm are used. 

The immobilization procedure can be divided into three separate steps including 

activation of the matrix, coupling of the ligand, and deactivation or blocking of 

remaining active groups. Nowadays pre-activated matrices for covalently 

coupling of ligands are commercially available thus simplifying the procedure. 

Since 1967 when cyanogen bromide activation was introduced for coupling 

ligands to polysaccharide matrices (Axen et al., 1967), a number of different 

coupling chemistries have been developed and are now in practice (Amersham 

Biosciences, 1997). The cyanogen bromide technique enables immobilization at 

pH 7-8.5 of ligands containing primary amino groups (either α-amino or ε-amino) 

forming an isourea linkage. However, the CNBr-coupling is relatively unstable 

and can result in ligand leakage. Also, the chemical is toxic and might result in 

health hazards. Another method for polysaccharide matrices is based upon 

carbodiimides. These reagents can be used to couple amino groups of the ligand to 

carboxyl groups of the matrix or vice versa at pH 5, forming an amide linkage. N-

hydroxysuccinimide esters also enables coupling of amino groups, forming an 

amide linkage at pH 7.5-9. Bisoxiranes enables formation of ether, thioether, and 

secondary amine linkages. These different strategies are however non-directed 

and the attachments may interfere with the activity of the ligand. The coupling can 

be somewhat directed by controlling the pH. Directed coupling using thioether 

chemistry can be achieved by utilizing a single cysteine residue in the sequence 
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containing a free thiol group. Cysteines can easily be introduced on the genetic 

level by protein engineering at either the N- or C-terminus. The resulting thioether 

bond is considered very stable. 

 

5.1.2. Ligand 
Ligands used in affinity chromatography can be of either proteinaceous or organic 

nature. However, since protein ligands often have a relatively large binding 

surface with many functional groups, it might be difficult to mimic these binding 

surfaces in organically synthesized ligands. Thus, synthetic ligands sometimes 

suffer from decreased affinities but they do offer the advantages of being 

inexpensive, and reusable over multiple purification cycles. Additionally, the in 

general high stability of the synthetic ligands allows harsh elution protocols as 

well as CIP-protocols to be used.  

Despite the nature of the ligand, several requirements must be met such as 

exhibiting specific and reversible binding to the protein of interest, as well as 

stability towards components present in the crude extract. The affinity interaction 

should be sufficiently high in order to form a stable complex. However, the 

interaction must not be to high in order to be able to effectively elute the protein 

by simple change of the buffer. For proper interaction the affinity constant, KA, 

should at least be in the range 103 to 106 M or higher (Labrou and Clonis, 1994). 

This is equal of a dissociation constant, KD, of mM to µM. Affinity constants 

substantially exceeding these values, KA = 1010 to 1011 M or higher, often require 

harsh and sometimes denaturing elution conditions (Labrou and Clonis, 1994). 

However, the disruption of the complex is much depending on the type of 

interaction. Hence, some very strong interactions may be quit easily broken. Also, 

the ligand density of the adsorbent may influence the binding capacity as well as 

the selectivity. Moreover, the ligand should also possess at least one functional 

group, which can be used for immobilization to the matrix. These functional 

groups commonly include NH2, COOH, CHO, SH, or OH. However, the 

functional group used for coupling should not be essential for proper function. 

Furthermore, the ligand must not be irreversibly affected by the buffer conditions 

used during the immobilization procedure. Both the immobilized ligand and the 

protein to be purified are subject to complicated folding processes, which depend 
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on the buffer conditions. For proteins with a large number of functional groups, 

multiple attachments are often achieved. Since there is a large number of possible 

attachment sites, the structure and function of the ligand is in general not 

disturbed. Ideally, the active site should not be involved in the immobilization. 

However, increased coupling time might increase sites of attachment and result in 

lower capacity of the resin. For further increasing the steric availability a spacer 

arm can be used. Spacer arms are commonly linear hydrocarbon chains with one 

functional group used for attachment to the matrix and one group for attachment 

of ligand. Ultimately, after coupling the ligand density should be analyzed in 

order to see the effectiveness of immobilization. Moreover, the production of the 

ligand including the purification strategy should be economical and simple. Also, 

stability towards cleaning and sanitation treatment is often desired for a number of 

applications. However, proteinaceous ligands are in general fragile to these 

conditions. Thus, most proteinaceous ligands fulfill only a few of these properties, 

and when choosing a proper ligand all the above-mentioned parameters must be 

reflected upon, and for each application compromises of wanted properties must 

be reached. 

 

5.1.3. Capture and elution procedures 
The separation procedure can be divided into adsorption, washing, elution, and 

regeneration. For optimal adsorption considerations must be taken to the buffer 

conditions according to proper pH and ionic strength etc. In general, short and 

wide columns are used to achieve fast separations and large sample volumes can 

be loaded without problems. After sample application unwanted molecules are 

washed out by feeding buffer. The progress of the washing can be monitored by 

UV-absorbance at different wavelengths depending on the nature of the target 

protein.  

In order to obtain desorption the buffer conditions are changed either by non-

specific or specific methods. The aim is to dissociate the various chemical bonds 

that make up the protein-protein interaction. Different interactions are responsible 

for the ligand-protein complex including electrostatic interactions, van der Waals 

forces, H-bonds, and hydrophobic effects. In general, when the affinity interaction 

is pH dependent, elution is accomplished by changing the pH. Both low-pH 
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buffers, such as glycine-HCl and HAc, and high-pH buffers employing amines, 

are used. The change in pH alters the degree of ionization of charged groups on 

the ligand and/or the bound protein. This may have direct effects on the binding 

site or indirect effects by alterations in conformation. The limit of pH that is 

allowed is determined by the stability of the matrix, ligand, and target protein. For 

sensitive proteins direct neutralization of the eluted fractions is important. Elution 

can also be accomplished by changing the ionic strength. By changing the ionic 

strength, electrostatic interactions are predominantly affected but also 

hydrophobic interactions. Using salt in combination with decreased pH can 

effectively sharpen the desorption peaks (Lee and Chen, 2001). NaCl is most 

frequently used for this purpose. Also, changes in polarity of the buffer can be 

used for weakening of the complex. Ethylene glycol is typically used for this kind 

of desorption. Competitive binding is an example of a specific elution method, in 

which a competitor, either to the ligand or the protein, is added. This method often 

take place at neutral pH and is considered a mild desorption method. A drawback 

is the introduction of a new compound that might be necessary to remove from the 

pool of target protein. For those proteins depending on complexed metals for 

correct binding, the affinity can be broken by including a chelating agent, such as 

EDTA, in the elution buffer. In those cases for which the above-mentioned elution 

methods are not efficient, deforming buffers can be used (Muronetz et al., 2001). 

These include chaotropic agents such as guanidine hydrochloride or urea, which 

dissociate H-bonds. However, these agents can have large effects on the structure 

of the protein. Ideally, the elution buffer of choice should aim to disrupt all 

different types of interactions involved in protein-protein interactions. However, 

the specific types of chemical interactions vary significantly from case to case 

(Firer, 2001). 

 

5.1.4. Column regeneration 
When scaling up chromatography systems the possibility of repeated use of the 

resins must be considered, thereby reducing the cost. Also, if the product is aimed 

for therapeutic purposes as injected pharmaceuticals the avoidance of 

contamination is of extreme importance. Attention regarding germ inactivation, 

pyrogen removal, and virus clearance must be taken. For each specific process, 
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guidelines must be set up for how much contaminating species is acceptable, and 

the protocol should be specifically designed according to what contaminations 

will be present in the purification mixture. If such substances are allowed to 

accumulate, the properties of the chromatography matrix may be severely 

affected, resulting in decreased performance. To achieve this, a decontamination 

step more commonly known as a cleaning-in-place (CIP) step is included in the 

chromatography protocol. NaOH in concentrations from 0.1-1 M is a commonly 

used agent for cleaning of the resins and is potent of removal of tightly bound, 

precipitated, or denatured proteins, as well as lipids and nucleic acids. Thus, it is 

important to clean between each round of purification to ensure no carry-over and 

avoid cross-contamination of proteins from different separations (Asplund et al., 

2000). NaOH is also very effective as a sanitizing agent and inactivates most 

microorganisms including bacteria, viruses, yeast, and also endotoxins (Girot et 

al., 1990; Burgoyne et al., 1993). The concentration of NaOH depends on the 

level of contamination and the ability of the resin to withstand this treatment, 

depending on functional groups, immobilization chemistries, and the stability of 

the matrix. NaOH can be used alone or in combination with other solvents such as 

ethanol (Girot et al., 1990), or detergents, and the contact time can be specifically 

decided to further tailor-make the cleaning and sanitization for the specific 

application. In addition, NaOH is easy to remove and simple to monitor and is 

also associated with low cost. For ion exchange chromatography and size 

exclusion chromatography CIP-treatment is routinely used. However, for affinity 

chromatography this procedure is not always feasible due to the fragility of 

ligands composed of protein domains towards the high pH and extremely harsh 

condition. This has resulted in that affinity chromatography is not fully explored 

despite the many superior properties of this technique. 

 

5.1.5. Production and purification of IgG and albumin 
Antibodies are broadly accepted for therapeutic applications and as biochemical 

tools. Today immunoglobulins and their fragments are the largest class of 

produced and purified proteins worldwide. In research applications, both 

polyclonal and monoclonal antibodies are used (Reichert, 2000). However, 

monoclonal antibodies are the preferred choice for clinical use due to the 
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homogeneous population with monospecificity. Monoclonal antibodies are one of 

the largest classes of proteinaceous origin currently in clinical trials and also 

approved for general medical use (Walsh, 2000; Burnouf and Radosevich, 2001). 

Examples of antibodies approved by the US food and drug administration (FDA) 

as biopharmaceuticals include Rituxan, Simulect, Herceptin (mAb), and 

Respigam (pAb) (Reichert, 2000; Walsh, 2000). Antibodies for different 

applications can be obtained from normal plasma, as well as from hyperimmune 

sera obtained by injection of an antigen into an animal to induce an immune 

response. After secretion of a specific antibody the sera can be collected. Today 

monoclonal antibodies are expressed by hybridoma cells, but other heterologous 

expression systems such as bacteria, yeast, and insect cells have been used. In 

addition, transgenic animals, plants, and egg yolk are explored. Increased 

requirements on the purity and quality have led to the introduction of liquid 

chromatography. Earlier, immunoglobulin was extracted from plasma using 

ethanol fractionation (Cohn et al., 1946). However, the use of column 

chromatography has dramatically improved the purity. For the purification of IgG, 

chromatographic polishing steps have been introduced usually constituted of IEC 

or RPC. Affinity chromatography has had very limited industrial application up to 

date (Burnouf and Radosevich, 2001). However, protein A-based affinity 

chromatography is thoroughly evaluated for this kind of applications. If the 

regulatory aspects can be met, protein A will be most interesting. 

Albumin is the major protein component in plasma and functions as a transport 

protein for unesterified fatty acids. In addition, albumin is competent of 

transporting a diverse range of other molecules including certain drugs (Curry et 

al., 1998). Also, it is used to restore the colloidal osmotic blood pressure and is 

widely accepted for different purposes in biochemical applications. Albumin is 

predominantly extracted by ethanol fractionation from plasma (Cohn et al., 1946) 

but recombinant production systems exist in yeast (Quirk et al., 1989). A process 

combining ethanol fractionation with a three-step chromatographic procedure, 

including IEC and SEC, is industrially applied (Burnouf and Radosevich, 2001). 

However, if the regulatory aspects could be met, protein G-based affinity 

chromatography would be a most interesting alternative. 
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5.1.6. SPA and SPG affinity chromatography  
Protein A affinity chromatography exhibits a very high specificity and can be 

employed as a one-step procedure in purification of IgG antibodies. SPA is very 

stable towards high pH, high temperature, chaotropic agents, and detergents. 

Some of the drawbacks are leakage of protein A from the chromatography matrix, 

the sometimes low capacity of the affinity gels, and finally the cost may become 

very high (Füglistaller, 1989). The leakage of protein A is proposed to be 

generally highest at high pH values. The lowest leakage is associated with 

matrices using alkylamine or ether linkage (Füglistaller, 1989; Hale et al., 1994). 

Multi-point attachment to Sepharose™ results in very low leakage levels. In a 

study performed by Hale and co-workers repeated treatment with 0.5 M NaOH 

resulted in only a small decrease in functional capacity and no increased leakage 

of protein A into the eluate (Hale et al., 1994). Binding of IgG onto protein A 

resins is predominantly performed at physiological conditions but slightly higher 

ionic strength and pH enhance the interaction. The interaction between the two 

molecules is complex but is mainly hydrophobic thus, higher salt concentrations 

enhance hydrophobic interactions. Due to the high affinity of the complex, harsh 

conditions may be required to dissociate the two molecules. Desorption can be 

accomplished by using acidic pH of about 3. These harsh conditions might lead to 

partial or irreversible inactivation of the eluted species, i.e. antibodies. Commonly 

a single pass through the column gives a high purity and recovery. Nowadays, 

many companies offer their own trademark of protein A affinity matrix. In a 

study, the properties of a handful of these were compared according to capacity 

and ligand leakage (Füglistaller, 1989).  

Protein G is a bifunctional protein containing both an albumin-binding region and 

an IgG-binding region. However, a recombinant variant is used for IgG- 

purification consisting only of the IgG-binding region. The purity and recovery 

after a single pass is high. Routinely, binding is achieved at physiologic pH and 

ionic strength and desorption of the complex is accomplished by using acidic pH. 

Protein G exhibits a broader binding spectrum to IgG subclasses compared to 

protein A. Like protein A, protein G also binds primarily to the Fc fragment of 

IgG at the junction of CH2 and CH3 regions. However, a weak binding to the Fab 

fragment also exists for both protein ligands. Despite the functional similarities of 
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SPG and SPA, SPA-based affinity chromatography is more extensively used. This 

is probably due to the higher instability of SPG-based matrices. 
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PRESENT INVESTIGATION 

 
The research has been devoted to different protein engineering strategies for 

design of robust and predictable protein purification systems, addressing different 

problems faced in both large-scale and small-scale protein production, and can be 

divided into the two main objectives: 

 

(i) Destabilization of an affinity ligand to allow elution at milder conditions (I). 

(ii) Stabilization of affinity ligands towards alkaline conditions (II, III, IV, V). 

 

(i) One of the problems in the recovery of antibodies by protein A-based affinity 

chromatography is the low pH, which is normally essential to elute the bound 

material from the column. Some antibodies are not able to withstand these 

conditions and suffer from irreversible inactivation. Therefore, it is interesting to 

outline a strategy to circumvent this problem by using milder elution conditions. 

Turn/loop engineering is considered a possible strategy to achieve destabilization 

of a protein. Thus, destabilized mutants of domain Z derived from SPA were 

designed.  

 

(ii) Another problem with a proteinaceous affinity ligand is its sensitivity to 

alkaline conditions. Many applications in the pharmaceutical and biotechnological 

field, such as large-scale production of antibodies for therapeutic use, require 

extreme attention to minimize contamination. In order to remove contaminants, a 

cleaning-in-place (CIP) step is often integrated in the purification protocol, often 

implying high pH. Unfortunately, most protein-based affinity media show high 

fragility towards this extremely harsh environment, making them less attractive as 

binding ligands. Asparagine has been shown to be the major contributor to the 

alkaline fragility. A protein engineering strategy consisting in replacing 

asparagine residues with other amino acids was applied. Three different affinity 

ligands, important in large-scale production of different target molecules, i.e. 

antibodies and albumin, have been remarkably stabilized. These proteins are the 

albumin-binding domain (ABD) (II, III) and the IgG-binding domain C2 of SPG 

(IV), as well as the IgG-binding domain Z of SPA (V).  
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In this thesis small bacterial surface domains descending from Staphylococcus 

aureus and Streptococcus strains have been used. These are very suitable 

frameworks for different protein engineering and protein design methods. The 

framework of the C2 domain derived from SPG is composed of four β-strands 

crossed diagonally by an α-helix. The protein is ideal for protein engineering 

purposes since it is stable and well characterized, lacks cysteines, and is easily 

produced in large quantities. Both the albumin-binding domain (ABD) derived 

from SPG, and the Z domain derived from SPA, are three-helical proteins. The 

three-dimensional structure is well known and neither contains cysteines. Both 

proteins are very thermally and chemically stable and easily produced in large 

quantities. All three domains have potential to be used as affinity ligands for 

isolation of antibodies and their fragments, or albumin. 

 

6. Destabilization of Z to allow milder elution conditions 

(I) 
Affinity chromatography based upon SPA is frequently used for antibody 

recovery. However, due to the strong interactions of the SPA-IgG complex, low 

pH buffers are often required in order to elute the bound material from the 

column. Unfortunately, some antibodies are not able to withstand these conditions 

and suffer from irreversible inactivation. Therefore, it is most interesting to 

outline a strategy to circumvent this problem by using milder elution conditions. 

A possible strategy is the one outlined in paper I consisting in constructing 

destabilized mutants of protein Z derived from the B domain of SPA. For 

destabilization of proteins, turn/loop engineering can be one possible strategy 

according to several studies (Predki et al., 1996; Nagi and Regan, 1997; Nagi et 

al., 1999). Loop/turn sequences have been proposed to have some degree of 

tolerance towards protein engineering when they are not intimately involved in 

the function of the protein (Brunet et al., 1993; Castagnoli et al., 1994; Predki and 

Regan, 1995). These connecting segments can vary widely in both sequence and 

length without affecting the structure or the function (Leszczynski and Rose, 

1986; 1997; Viguera and Serrano, 1997). However, by engineering these 

segments the thermodynamic stabilities and folding pathways can be significantly 
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affected (Predki et al., 1996; Nagi and Regan, 1997; Nagi et al., 1999). By 

lengthening the loop, protein destabilization can be obtained due to higher energy 

requirements associated with the closure of longer loops compared to shorter ones 

(Nagi and Regan, 1997; Nagi et al., 1999).  

In order to destabilize protein Z, two variants were constructed using site-directed 

mutagenesis of the second turn of this three-helix bundle domain composed of the 

Asp-Pro-Ser-Gln sequence (Fig. 4). The rationale of engineering the second turn 

relies on earlier reports, in which it has been established that the third helix does 

not contribute with a binding surface to the Fc-fragment of the IgG-antibody 

(Jendeberg et al., 1996; Tashiro et al., 1997). However, when helix 3 is partly 

deleted the conformational stability and the affinity to IgG are substantially 

decreased, suggesting that helix 3 is essential to the formation of the global chain 

fold in solution (Bottomley et al., 1994). Hence, it is believed that the third helix 

is stabilizing the molecule and also exhibits some flexibility (Jendeberg et al., 

1996). Thus, engineering of the second turn between helix 2 and helix 3 probably 

would affect the stability of the protein, allowing disruption of the Z-IgG complex 

at milder conditions.  

A suitable residue to introduce is glycine since the size of this amino acid is small 

and the side chain is a single hydrogen thus, minimizing interactions. The glycine 

residue also introduces exceptional flexibility of the peptide bond since a large 

range of permissible backbone dihedral angles are allowed (Predki et al., 1996; 

Nagi and Regan, 1997; Nagi et al., 1999). Additionally, glycine has been shown to 

be a poor α-helix former but commonly occurs in loop/turn sequences. In one 

mutant denoted Z6G, the second turn was extended with six glycine residues in 

order to evaluate the significance of the loop length. Thus, the total number of 

loop residues for this engineered variant was ten compared to four in native Z. In 

the other mutant denoted ZL4G, the original turn sequence was exchanged for 

glycines in order to evaluate the importance of the turn forming residues. 
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Fig. 4. The primary sequence of the Z-domain and the engineered variants. In 

Z6G the turn is extended with six glycines, whereas in ZL4G the original turn is 

exchanged for glycines. 

 

6.1. Characterization and proof-of-concept 
The two loop-engineered variants, Z6G and ZL4G, were characterized and 

compared to the native Z-molecule according to structure, stability, and function, 

using different technologies such as CD, and Biacore™. Also, the behavior as 

resin-bound ligands in affinity chromatography was investigated. Using the CD 

technology, it can be concluded that the α-helical structure of protein Z is retained 

for both mutants. It should be noted however that changes in tertiary structure is 

difficult to detect with this technology. A small decrease in the α-helical content 

is detected compared to native Z, probably due to higher three-dimensional 

flexibility of the mutated proteins, since the method measures the mean residue 

ellipticity  (MRE) (deg cm2 dmol-1) and not the real structure. Z6G exhibits the 

lowest α-helical content. This is partly explained by the increase of loop forming 

amino acids, but not the number of α-helical forming amino acids, resulting in 

decreased MRE.  

According to the stability analyses using CD, significant destabilization has been 

achieved for both engineered variants. A two-state folding mechanism without 

formation of any stable intermediates is assumed for protein Z, since this has been 

reported for the B-domain (Bai et al., 1997). Z is both chemically and thermally 

stable and does not reach a well-defined unfolded state in our experiments, which 

is necessary in order to be able to baseline-correct the data. In addition, the 

mutants do not show well-defined folded states even at low concentrations of 

denaturant at 20°C. Thus, all signals must be transformed to MRE to compare the 

different constructs. Both loop-engineered proteins are more susceptible to 
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chemical as well as thermal denaturation, and unfold at lower concentrations of 

GdnHCl and lower temperatures, compared to Z. A feasible way of comparing 

different mutants is to compare the Cm- and Tm-values, defined as midpoints of 

the denaturant- or temperature-induced transition. These midpoint values can be 

estimated from a graph with MRE versus the concentration of GdnHCl and 

temperature respectively. As can be seen in table 3, Z6G is significantly 

destabilized compared to Z. Similar Tm-values are also observed at pH 4 

compared to pH 7.3 in table 3, suggesting that further destabilization is not 

achieved when lowering the pH to 4. The reversibility of the denaturation is 

retained for the engineered variants. Thus, neither of the loop-engineered variants 

is prone to aggregation during refolding. The lower stability of Z6G is in 

accordance with a study of a four-helix bundle protein, ROP, in which loop 

substitution and lengthening were analyzed (Nagi and Regan, 1997; Nagi et al., 

1999). 

 

Table 3. Midpoints of the denaturation transition at pH 7.3. 

 

 Cm (M) Tm (°C) 

Z 4.4 >75 

ZL4G 2.4 55 

Z6G 2.0 45 

 

The binding behavior of the mutated proteins looks different compared to Z, when 

analyzed by Biacore™ based on the surface plasmon resonance technology (Table 

4). The observed decreased binding affinities are almost entirely due to the 

increased dissociation rate constants. The difference in binding free energy 

suggests that the Z6G-IgG complex is the weakest. Thus, this may indicate that 

the interaction to IgG can be interrupted at milder conditions. Interestingly, ZL4G 

also differs slightly in the ka-value at pH 7.4, which might be explained by either a 

structural rearrangement that results in rate-limiting in the recognition process, or 

decreased charge repulsion since an aspartate has been removed from ZL4G, 

which has a pI of about 5. However, the pI for IgG is only marginally acidic or 

neutral. 
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Table 4. Binding characteristics to human polyclonal IgG. 

 

 ka  

(M-1 s-1) 

kd  
(s-1) 

KA  
(M-1) 

∆∆G  

(kcal mol-1) 

Z 7.8x104 6.9x10-3 1.1x107 (0) 

ZL4G 10.1x104 18.3x10-3 0.6x107 0.4 

Z6G 8.3x104 17.8x10-3 0.5x107 0.5 

 

The proof-of-concept is the behavior of the NHS-immobilized loop-engineered 

constructs in a standard affinity chromatography protocol. As predicted, a higher 

proportion of bound IgG can be eluted at milder pH from the mutant columns 

compared to the Z-column (Table 5). At a pH of 4.5 almost all IgG can be eluted 

from the mutant columns compared to 70% for Z. Notably, the interaction is 

overall weaker for the mutants, which is also verified by the Biacore™. A minor 

part of the IgG does not bind to the mutant columns and is washed out probably 

because different subclasses of polyclonal IgG may have different affinity for the 

Z-domain (Langone, 1982). The elution is probably accomplished by means of 

protonation of the binding site and not destruction of the Z-domain. This is 

supported by the CD analyses, in which the structure and the stability are not 

significantly changed when lowering the pH to 4. Therefore, the changed elution 

behavior is probably due to larger flexibility of the structure, and as a 

consequence an increased accessibility of the entire binding site composed of both 

the IgG-surface, as well as the surface of the Z-molecule. However, structural 

changes of the IgG-molecule at low pH cannot be ruled out. 

 

Table 5. % eluted IgG at different pH. 

 

 pH 4.5 (%) pH 4.75 (%) pH 5.0 (%) 

Z 70 49 31 

ZL4G 93 78 64 

Z6G 97 82 67 
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The difference between the two turn/loop-engineered variants is interesting. All 

analyses indicate that lengthening the loop sequence affects this protein’s special 

properties more than replacing the native loop sequence. The closure of the longer 

loop in Z6G requires more energy. Also, by occupying a larger volume in space, 

the loop might affect the flexibility of the third helix. In the case with ZL4G, the 

native sequence is replaced resulting in a loss of a proline residue. This proline is 

conserved in all domains of SPA, indicating that it may be important (Tashiro et 

al., 1997). Also, prolines exhibit low conformational freedom and are commonly 

occurring in turns/loops. Thus, exchanging this proline for a glycine probably 

gives the turn and thereby the third helix a larger flexibility.  

 

In conclusion, the results presented in this paper show that turn/loop engineering 

of a three-helix bundle protein can have large effect on the overall stability and 

function of the protein. Accordingly, the interaction with a target molecule can be 

weakened. The described ligands circumvent the harsh elution conditions 

associated with SPA, by allowing a milder affinity chromatography procedure. 

This should be applicable in the production of certain monoclonal antibodies, 

which are susceptible to extremes of pH-values. In addition, the reverse might be 

an interesting application, in which IgG is immobilized to the matrix and the 

mutants described here function as purification handles of sensitive target 

proteins. 

 

7. Stabilization of ABD towards alkaline conditions (II, 

III) 
HSA has been extensively studied and has found widespread use both in 

therapeutic and biotechnological applications. HSA is traditionally obtained by 

fractionation from human plasma. However, the potential hazard of contamination 

with human viruses and the low supply have resulted in development of 

alternative recombinant production systems in yeast (Quirk et al., 1989). A cost-

effective purification strategy may be to use the albumin-binding domain (ABD) 

derived from SPG (Olsson et al., 1987), as a matrix-bound affinity ligand. In 

industrial large-scale production protocols CIP-treatment, often implying high pH, 
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is routinely included in order to remove contaminants from the purification 

devices thus, requiring high alkaline stability of the matrix-bound ligand. 

However, many proteinaceous ligands including ABD show high fragility towards 

this treatment. In paper II, it is shown that a rationale including a protein 

engineering strategy can be successful in enabling a protein-based affinity 

medium to withstand the harsh conditions associated with a NaOH-based CIP-

step.  

ABD is a three-helix bundle consisting of 46 amino acids (Kraulis et al., 1996). 

Thus, the structural resemblance to the three-helix structure of the protein A 

domains is strikingly. Despite that no homology exists between these sequences. 

Four asparagines (Asn9, Asn23, Asn26, and Asn27) (Kraulis et al., 1996; 

Johansson et al., 2002) reside within the domain (Fig. 5). Since the asparagines 

have been reported to be particular sensitive towards alkaline conditions a single 

variant denoted ABD*, in which all four residues were exchanged for residues 

less fragile, was made using site-directed mutagenesis. In order to choose 

appropriate residues, comparison with homologous sequences of albumin-binding 

proteins from other strains was performed. Asn9 in helix 1 was therefore 

substituted for leucine. Asn23 and Asn26 in helix 2 were substituted for 

aspartates. Finally, Asn27 in the turn connecting helix 2 and 3 was exchanged for 

lysine.  

 

LAEAKVLANRELDK YGVS DYYKNLIN NAKT VEGVKALIDEILA ALP

Helix 1                         Helix 2                      Helix 3

L                            D  DK
 

 

 

Fig. 5. The primary sequence of ABD. The substituted asparagines are indicated. 

 

In paper III, the possibility of improving the performance of ABD* as an affinity 

ligand in HSA-purification, by genetically fusing two monomer units, is 
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evaluated. Also, linker engineering is performed to achieve a robust affinity 

ligand for use in a predictable purification system. Additionally, directed coupling 

to the chromatography medium is compared to a non-directed strategy. 

Multimerization of affinity ligands for coupling to a chromatography matrix might 

result in an increased binding capacity of the resin, since more functional domains 

should be available for capture of the target. However, careful considerations 

must be taken to the design of the connecting linker regions (Alfthan et al., 1995; 

Arai et al., 2001). In order to optimize stability and function of the multimer, 

properties such as the linker composition and length are essential. Also, the linker 

should not be protease sensitive during expression in the host organism of choice. 

Development of a linker, which also can stand the harsh CIP-procedures, would 

render multimerization possible and thereby be of great interest. Since linker 

regions often are flexible and have undefined three-dimensional structures, the 

amino acids in a linker would be more sensitive when exposed for high pH than 

well-defined and stable structures within the domains. Therefore, it seems 

reasonable that shorter linkers also would decrease the sensitivity of the molecule. 

Three different linkers (A: VDANS, B: VDADS and C: GGGSG) were evaluated. 

The first linker existed in the cloning vector and also includes asparagine, giving 

the possibility of evaluating the impact of asparagines on the fragility of a linker 

region towards alkaline conditions. In the second linker, the asparagine was 

exchanged for aspartate, since the Asn-Ser sequence has been reported to be 

particular fragile (Geiger and Clarke, 1987). Finally, the third linker includes only 

glycine and serine since linkers composed of these amino acids have earlier been 

reported to be stable, highly flexible, and also successful in separating domains 

(Argos, 1990; Alfthan et al., 1995; Takeda et al., 2001). Also, linkers occurring in 

nature are often rich in small polar amino acids such as glycine and serine (Argos, 

1990). Our designed linkers are only 5 residues in length. Notably, the existing 

linkers connecting the albumin-binding domains in SPG are approximately 30 

amino acids, and the linkers separating the IgG-binding domains are about 15 

residues (Olsson et al., 1987). To date, these long linkers have no known obvious 

biological function. Notably, the IgG-binding domains in protein A are separated 

by shorter linker regions of 8 to 13 amino acids (Uhlén et al., 1984).   
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7.1. Characterization and proof-of-concept 
When substituting the asparagine residues it is important that properties 

concerning structure, stability, and function are not negatively affected. Therefore, 

the characteristics of the mutant were analyzed using CD and Biacore™. In 

addition, the behavior towards alkaline conditions was analyzed using an affinity 

chromatography protocol with an integrated CIP-step. The four mutations in 

ABD* do not impose any major secondary structure changes according to the CD-

analysis. The α-helical structure is retained for ABD* with only a small decrease 

in α-helical content compared to parental ABD.  

As observed for the Z molecule (paper I), ABD is chemically and thermally stable 

and does not reach a defined unfolded state in our experiments. As in the case 

with protein Z, the CD-signals can then be transformed to MRE to compare the 

two variants.  

 

Table 6. Midpoints of the denaturation transition at pH 7. 

 

 Cm (M) Tm (°C) 

ABD 4.2  70 

ABD* >5 >80 

 

The ABD molecule exhibits similar Cm- and Tm-values as protein Z (Table 3, 6). 

Additionally, in accordance to Z both ABD and ABD* show fully reversible 

denaturation transitions. Interestingly, the engineered variant ABD* exhibits both 

increased chemical and thermal stability. A possible explanation for this behavior 

might be the leucine that has replaced the asparagine in the first helix. This 

particular asparagine is pointing somewhat inwards to the interior region of the 

protein, whereas the other three residues are located on the surface exposed to the 

solvent (Kraulis et al., 1996; Johansson et al., 2002), and might have less effect on 

the thermostability. The substitution of Asn9 results in introduction of a residue 

with higher helix propensity. Additionally, leucine is more hydrophobic in 

character compared to asparagine. Therefore, it can be argued that a leucine 

instead of Asn9 might stabilize the hydrophobic core. Thus, stabilizing one region 

may result in stabilization of the entire protein. This is in accordance with a study 
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of iso-1-cytochrome c, in which the substitution of an asparagine centered in the 

middle of an α-helix for an isoleucine resulted in a significant increase in the 

transition temperature, Tm (Das et al., 1989; Hickey et al., 1991). Increased 

thermostability due to substitutions of boundary residues has also been described 

for the B1 domain of SPG (Malakauskas and Mayo, 1998). However, increased 

thermostability of ABD* due to favorable charge-charge interactions, i.e. salt 

bridges, of the surface mutations cannot be ruled out. 

The binding behavior of ABD* is similar to the binding behavior of native ABD 

as analyzed by Biacore™ (Table 7). The dissociation rate constants are almost 

identical, indicating that the stability of the ABD-HSA complex has not been 

affected. The ka-values differ slightly and the calculated affinity constant is 

therefore decreased for the mutant. This might be due to a small structural 

rearrangement in ABD*, or increased charge repulsion since ABD* and albumin 

have pI of about 5 and the analysis is run at about 7.4. 

 

Table 7. Binding characteristics to HSA. 

 

 ka  

(M-1 s-1) 

kd  

(s-1) 

KA  

(M-1) 

∆∆G  

(kcal mol-1) 

ABD 11x104 1.2x10-3 9.0x107 (0) 

ABD* 2.5x104 1.3x10-3 1.9x107 0.9 

 

Finally, ABD* has obtained a significantly increased stability towards alkaline 

conditions. When incubated in 0.5 M NaOH for 24 hours at room temperature, 

only a slight decrease in binding capacity is detected using Biacore. On the 

other hand, a total loss of HSA-binding capacity is revealed for ABD. The final 

proof-of-concept, consisting in immobilization to a standard affinity matrix, 

further support this observation. ABD* is fully active after a total of 34 minutes of 

exposure to 0.5 M NaOH. Also, the selectivity towards HSA is retained. ABD in 

contrast is significantly less stable and shows a 50% decrease of activity after the 

same time of exposure.  

Apparently, one or several of the asparagines in ABD are modified to such an 

extent that the protein’s binding capacity is severely decreased. -Asn-Gly- and -

 51 



Asn-Ser- sequences are known to be particular sensitive towards high pH (Geiger 

and Clarke, 1987; Robinson and Robinson, 1991). Additionally, the -Asn-Ala- 

sequence is considered sensitive due to the small size of alanine thus, facilitating 

the deamidation mechanism. Interestingly, none of the asparagine residues in 

ABD is succeeded by a glycine or a serine. Instead, they are linked to large, 

branched, and hydrophobic residues that are supposed to protect towards 

deamidation, except Asn27 that is succeeded by an alanine (Geiger and Clarke, 

1987; Kossiakoff, 1988; Robinson and Robinson, 1991). Specifically, Asn9 is 

followed by arginine, Asn23 by leucine, and Asn26 by asparagine. Interestingly, 

the first three asparagines are situated in α-helices, whereas Asn27 is the first 

residue of the second turn. α-helices may have stabilizing effects on deamidation 

(Kosky et al., 1999; Xie and Schowen, 1999). Therefore, it is tempting to 

speculate if the most probable site for degradation is Asn27. 

 

The three different dimers, ABD*dimerA, ABD*dimerB, and ABD*dimerC, with 

different linkers were compared to their monomeric counterpart ABD* according 

to capacity and stability. From these data it can be concluded that dimerization 

results in higher capacity compared to the monomer as investigated by Biacore™. 

The increased capacity of the dimer is further confirmed in an affinity 

chromatography purification of HSA using standard protocols. Therefore, 

dimerization of an affinity ligand may be a convenient way of increasing the 

binding capacity of the ligand. Multimers of higher order might increase the 

capacity further. However, earlier studies made on staphylococcal protein A 

indicate that there was no advantage in using more than two domains (Ljungquist 

et al., 1989). This is of course dependent on the specific protein-protein pair.  

Additionally, a remarkable increase in binding capacity is observed for the 

directed immobilization method using the C-terminal cysteine, compared to the 

non-directed amine coupling utilizing NHS-chemistry. Applying thioether 

chemistry when immobilizing to affinity chromatography adsorbents presents 

several advantages. Since the introduced C-terminal thiol is the only one in the 

sequence of ABD, no amino acids involved in the capture of HSA are used for 

coupling to the solid support. Therefore, the binding site of ABD* should be 

accessible. These results stress the importance of how an affinity ligand is 

presented to its target molecule. Another advantage with the thioether coupling is 
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the higher resistance towards high pH compared to the NHS-chemistry normally 

used. According to the supplier, the thioether linkage can withstand pH in the 

interval 2-14, whereas the NHS-coupling is stable in the interval of 3-12. Thus, if 

the resin is going to be exposed for alkaline conditions the thioether chemistry 

should be considered for optimization of the purification system.  

Interestingly, the function of the affinity ligand is retained when decreasing the 

number of linker residues from 30 in native SPG to 5 amino acids. Also, recent 

results of the three-dimensional structure of ABD indicate that one amino acid of 

the N-terminal linker region can be part of the first α-helix of ABD (Johansson et 

al., 2002). However, three of the C-terminal amino acids in the domain are 

suggested to be flexible, resulting in a flexible part between the two domains of 

about seven amino acids. Hence, the nature of the linker must be considered on a 

case-by-case basis since it depends on the characteristics of the individual 

domains such as size and function. 

ABD* and the three different ABD*dimers exhibit remarkably high stability 

towards alkaline conditions in relation to other proteinaceous molecules. After 7h 

of exposure towards 0.1 M NaOH, ABD*, ABD*dimerA, and ABD*dimerC still 

retain about 85% of the original capacity. The observed deactivation is a 

combination of several parameters such as the domain stability, linker stability, 

and also the stability of the coupling chemistry. ABD*dimerB (VDADS) is the 

most resistant construct towards alkaline cleaning-in-place conditions and retains 

as much as 95% of the activity after 7 hours exposure to 0.1 M NaOH. Thus, this 

variant would therefore be a very interesting candidate for large-scale purification 

of HSA. The increased stability of the VDADS linker is most probably due to the 

lack of the sensitive asparagine residue, since this residue is the only difference 

between linker A and B. The -Asn-Ser- sequence is known to be sensitive towards 

cleavage in alkaline conditions (Geiger and Clarke, 1987). Surprisingly, the 

GGGSG linker shows the same stability as the VDANS linker. None of these 

amino acids have been reported to exhibit sensitivity towards alkaline conditions. 

However, the GGGSG sequence increases the flexibility of the linker due to the 

rotational freedom of the glycine residues (Argos, 1990) and thereby, might the 

stability decrease (Robinson and Sauer, 1998).  
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In conclusion, paper II shows that by exchanging the asparagines in a protein for 

other residues, a stabilization of the domain towards alkaline conditions can be 

achieved. Since none of the asparagines in ABD are involved in the interaction to 

albumin or are important for other properties, all can be exchanged in a single 

variant without negatively affecting the characteristics of the domain. It must be 

stressed that this might not be feasible for all proteins. There might be asparagines 

that are not possible to replace. Additionally, in paper III the importance of how 

an affinity ligand is presented to its target molecule is pointed out, and by using 

directed immobilization the binding capacity can be significantly increased. Also, 

dimerization of ABD* results in an affinity ligand with increased HSA-binding 

capacity compared to the monomeric counterpart. Noteworthy, the composition of 

the linker connecting monomer units in multimers is important in order to 

withstand harsh CIP-treatment thus asparagines should be avoided. Therefore, 

ABD*dimerB represents an interesting ligand for large-scale purification of HSA. 

 

8. Stabilization of C2 towards alkaline conditions (IV) 
The IgG-binding region of SPG has been thoroughly characterized, and exploited 

in commercially available protein-based affinity chromatography media. The IgG-

binding region consists of three domains, C1, C2, and C3, exhibiting high 

sequence homology (Olsson et al., 1987). The sensitivity of these domains to 

alkaline pH has earlier been reported (Goward et al., 1991).  

In this paper, the emphasis was to stabilize the C2 domain, which has the potential 

to be used in large-scale purification of monoclonal antibodies. This ligand is a 

small protein constituted of only 55 residues. The structure is composed of a β-

sheet crossed diagonally by a single α-helix (Fig. 6). Thus, the structure is 

different to the earlier stabilized ABD domain (paper II). The fragility of the C2 

domain was addressed by designing single mutants to resolve the contribution of 

each asparagine residue to the deactivation of the domain. In addition, the 

possibility of further stabilization by aspartate and glutamine replacements was 

investigated, since also these residues can be chemically modified (Stephenson 

and Clarke, 1989; Wright, 1991a, b; Tomizawa et al., 1995). A first generation of 

mutated variants was assigned to asparagine replacements since this residue is 

known to be the most sensitive amino acid towards alkaline conditions. The C2 
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domain contains three asparagine residues (Fig. 6), which were substituted for 

alanines in a single point mutation fashion, since no alternative amino acids were 

found in the homologous sequences. Since alanine is a small amino acid and not 

known to introduce any unusual conformational properties in the structure, it is 

suitable for this purpose. Also, a double mutant, C2N7,36A, as well as a triple 

mutant, C2N7,34,36A, were constructed. Thereafter, a second generation of mutants 

was generated using the most stable mutated variant, C2N7,36A, as scaffold. Two 

single mutants and one triple mutant were designed, in which the aspartate 

residues were substituted for glutamate residues, C2N7,36AD35E, C2N7,36AD39E, and 

C2N7,36AD21,45,46E, thereby retaining the charge of the domain. Furthermore, in 

contrast to aspartate residues no studies have been reported on isomerization of 

glutamate residues, probably due to the extra –CH2 group of glutamates. C2N7,36A 

was also used as scaffold for the single glutamine replacement. The glutamine 

was substituted for alanine resulting in C2N7,36AQ31A.  

 

 

β1                 β2                                α β3                     β4

T YKLVING KT LKGETTT EAVD AATAEKVFKQYAND NGVDG EWTY DDATK TFTVT E

A                                                     A   A
 

 

 

Fig. 6. The primary sequence of C2. The asparagines were exchanged for 

alanines. 

 

8.1. Characterization 
The different mutants were characterized and compared to the native C2-molecule 

using CD and Biacore™. Additionally, IEF and an affinity chromatography 

protocol were used to evaluate the sensitivity towards alkaline conditions. The 

two single mutations, N7A and N36A, result in constructs with retained affinity to 
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the Fc-fragment of IgG, as analyzed by Biacore™ (Table 8). C2 and C2N7A 

exhibit very similar kinetic parameters, which might be expected since Asn7 is 

situated in the β-sheet facing away from the Fc-binding region. However, a 

significant decrease in affinity to IgG is observed when substituting Asn34, which 

is rather predictable since Asn34 is one of the most important amino acids in the 

interaction to Fc (Sauer-Eriksson et al., 1995) thus, no reliable kinetic parameters 

can be calculated for C2N34A. The double mutant, C2N7,36A, preserving Asn34 in 

the sequence, has a binding behavior very similar to that of C2N36A. The triple 

mutant with all three asparagines substituted for alanines, C2N7,34,36A, can not be 

produced in E. coli cells, not even genetically fused to ABD. Thus, indicating that 

substitution of all asparagines results in a very labile, probably incorrectly folded 

protein.  

 

Table 8. Binding characteristics to the Fc-fragment of human IgG. 

 

 ka  

(M-1 s-1) 

kd  

(s-1) 

KA  

(M-1) 

∆∆G  

(kcal mol-1) 

C2 2.9x105 27.0x10-3 1.1x107 (0) 

C2N7A 2.3x105 21.1x10-3 1.1x107 -0.006 

C2N36A 2.0x105 13.2x10-3 1.5x107 -0.2 

C2N7,36A 2.2x105 13.4x10-3 1.7x107 -0.3 

 

C2 is much more sensitive to alkaline conditions compared to Z and ABD. A pH 

of 13 has an effect on the structure as detected by CD. The Z domain shows 

almost no difference in secondary structure content at the same pH (paper V). 

When exposed to CIP-treatment in an affinity chromatography protocol, wild type 

C2 exhibits a fast decrease in binding activity. After a total of 18 minutes of 

exposure towards 0.1 M NaOH, the C2-column has only about 30% capacity left. 

A similar degradation pattern is observed for the C2N7A column. Interestingly, the 

C2N34A column loses capacity even faster than wild type. In addition, this column 

also shows much lower initial binding capacity most probably because Asn34 is 

involved in the Fc-interaction. However, the C2N36A column shows a remarkable 

increase of stability. After 28 min of exposure this variant still exhibits almost 
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90% capacity. Thus, Asn36 seems to be most responsible for the alkaline 

instability, but since also Asn7 can be easily exchanged without introducing 

unwanted side effects this residue is also exchanged. The degradation pattern for 

this double mutant, C2N7,36A, is similar to C2N36A. Asn36 is situated in the loop 

connecting the α-helix with the third β-strand and is also succeeded by a glycine 

residue. Interestingly, Asn7 is also followed by a glycine residue but does not 

seem to have the same impact on the loss of activity. This might be due to the 

rigidity of the β-sheet structure, which may restrain the flexibility of the 

individual residues. Also, since Asn7 is not directly involved in the interaction to 

IgG, its modification might not be detected. Asn34 is situated in the α-helix and 

an aspartate is flanking C-terminal. Residues in α-helices are less frequently 

deamidated since the torsional angles are not optimal for the reaction mechanism 

(Kosky et al., 1999). However, since the structure is affected at pH 13, as shown 

by CD, the difference in deamidation of the individual asparagines may not be 

explained by structural constraints. The single glutamine residue and the aspartate 

residues were also replaced. To be able to detect the potentially small increase in 

stability these mutations might add, C2N7,36A was used as scaffold giving 

C2N7,36AD35E, C2N7,36AD39E, C2N7,36AD21,45,46E, and C2N7,36AQ31A respectively. 

Interestingly, the different aspartate and glutamine substitutions reveal no further 

stabilization towards the CIP-treatment. However, it should be remembered that 

aspartates are not protonated at high pH thus, no good leaving group is present. 

Also, due to the extra –CH2 group of glutamines a six-membered succinimide 

intermediate is formed, which results in a strained conformation compared to the 

five-membered succinimide intermediate of asparagines.  

The secondary structure is retained for the mutated proteins according to CD 

measurements. Hence, all variants exhibit the characteristic parental protein G 

fold corresponding to a mixture of α-helix and β-sheet components. Thus, the loss 

in affinity for C2N34A occurs without major changes in structure.  

C2N7,36A and the wild type C2 are less chemically stable compared to ABD and Z 

(paper I, II) according to CD measurements. As opposed to ABD and Z, C2 

exhibits clear folded and unfolded states thus, the signals can be transformed to 

Fapp, apparent fraction of unfolded protein. In accordance to ABD and Z, both C2 

and the mutated variant exhibit fully reversible thermal denaturation. However, 
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the double mutant is destabilized both thermally and chemically (Table 9). The 

decreased chemical stability for C2N7,36A is interesting. According to the affinity 

chromatography protocol a major stabilization towards CIP-treatment has been 

achieved for the double mutant compared to wild type C2, indicating that the 

domain has been specifically stabilized towards degradation of asparagines. 

 

Table 9. Midpoints of the denaturation transition at pH 5.3. 

 

 Cm (M) Tm (°C) 

C2 2.9 77 

C2N7,36A 2.5 71 

 

 

The deamidation product is detected using isoelectric focusing gel electrophoresis. 

Due to the transformation of asparagine or glutamine to aspartate and glutamate 

respectively, the negative charge of the protein is increased. All relevant residues 

in C2 are surface exposed. After 2 hours of incubation in 0.1 M NaOH, the C2 

protein reveals a total transformation to a new more negatively charged species. 

The double mutant on the other hand reveals no additional charged species, 

indicating that the deamidation susceptible residue is substituted. Thus, neither the 

single glutamine nor Asn34 seem to be deamidated when exposed to NaOH. 

Aspartate residues are known to be prone to isomerization (Stephenson and 

Clarke, 1989; Tomizawa et al., 1995), but this modification cannot be detected by 

isoelectric focusing gel electrophoresis. However, since no further stabilization 

when substituting the aspartate residues is seen during the affinity 

chromatography procedure, accordingly these residues are not important for the 

deactivation of this domain. However, there might be amino acids in the structure 

that are isomerized or deamidated but do not remarkably affect the activity of the 

C2 domain. 

Genetically fused dimers of C2 and C2N7,36A, denoted C2dim and C2N7,36Adim, 

result in increased binding capacity. Hence, the linker sequence KPEVYPAVT 

derived from the 15-residue linker occurring in SPG (Olsson et al., 1987) 

successfully separates the monomer units. The directed immobilization using the 
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free thiol group of the C-terminal cysteine indicates a significant increase of Fc-

binding capacity for C2dimcys compared to the monomeric C2cys variant. Also, 

C2N7,36Adimcys shows significantly higher binding capacity compared to the wild 

type monomer C2cys, when the same amount of functional domains is 

immobilized for monomer and dimers. In paper III, it is also shown that directed 

coupling provides higher capacity compared to non-directed NHS-coupling. In 

paper III ABD* was immobilized using both NHS- as well as thiol-coupling.  

The Fab interaction has earlier been suggested to be due to crystal packing in X-

ray crystallography (Gronenborn and Clore, 1993), but the complex has been 

observed in solution using NMR (Lian et al., 1992). Still, the C2 domain is shown 

to exhibit very low affinity to human polyclonal Fab. Interestingly, a loss of the 

Fab-interaction is observed for C2N7,36Adimcys, which might be expected since 

Asn36 is suggested to be involved in the Fab-interaction using its side chain 

(Derrick and Wigley, 1992; Derrick and Wigley, 1994). Also, C2N7,36Adim 

exhibits improved stability towards alkaline conditions compared to the wild type 

protein, indicating that the linker region used is not degraded during the CIP-

treatment. This agrees with the fact that the linker does not include any 

asparagines. 

 

In conclusion, in this paper it is further shown that a simple and straightforward 

strategy consisting in replacing the asparagine residues dramatically can improve 

the stability towards alkaline conditions. The fragility of the C2 domain was 

addressed by designing single mutants in order to explore the sensitivity of each 

asparagine. Obviously, some asparagines are not participating in the deactivation 

process due to structural and conformational parameters. Here, C2, one of the 

IgG-binding domains of protein G, has been successfully stabilized by 

substituting Asn7 and Asn36. Hence, this variant can be a prototype for an 

improved protein G affinity chromatography medium. This protein engineering 

strategy might make SPG-based affinity chromatography media useful for cost-

efficient industrial-scale purification of monoclonal antibodies. 
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9. Stabilization of Z towards alkaline conditions (V) 
SPA-based medium is probably the most widely used affinity chromatography 

medium for capture and purification of antibodies and their fragments (Goding, 

1978; Langone, 1982). SPA is considered relatively stable towards alkaline 

conditions and about 1% of the binding capacity is lost when exposed to 0.5 M 

NaOH for 15 minutes (Hale et al., 1994). Nevertheless, it is desirable to further 

improve the stability in order to enable a SPA-based affinity medium to withstand 

even longer exposure to the harsh conditions associated with CIP-procedures. In 

the design of protein Z derived from the B-domain of SPA, one of the sensitive 

deamidation sequences was eliminated (Nilsson et al., 1987). This -Asn-Gly- 

sequence was changed to -Asn-Ala- in order to achieve an affinity ligand resistant 

to cleavage by hydroxylamine. Since Z, like SPA, already is significantly stable 

towards alkaline treatment, small changes in stability due to the mutations might 

be difficult to detect. A possible strategy to screen for small differences in 

stability is to use a suppressor mutation method (Kotsuka et al., 1996). This 

technique involves a deliberate destabilization of the protein by a mutation at 

another site in the structure. Double mutants are then screened for increased 

stability and the most stable mutation can be grafted into the original protein. 

According to this strategy, the destabilized variant Z(F30A) characterized by 

Cedergren and co-workers (Cedergren et al., 1993) was chosen as scaffold. The 

binding properties of this variant are similar to native Z since Phe30 is not 

involved in the Fc-binding. Instead, Phe30 is sandwiched between Leu44 and 

Leu51 on helix 3 and is a part of the hydrophobic core of the domain. Hence, the 

F30A substitution has a dramatic effect on the conformational stability. From 

GdnHCl experiments a destabilization of 3.5 kcal/mol is reported (Cedergren et 

al., 1993). The helices in Z are in close contact with each other forming a 

hydrophobic core containing most of the hydrophobic residues of the domain. 

Hence, the structural stability is much dependent on the hydrophobic core (Gouda 

et al., 1992). Replacing this phenylalanine results in a loss of a strongly 

hydrophobic side chain and a loss of an aromatic ring, resulting in a hole to fill. 

Therefore, conformational changes probably occur to fill the hole.  

The Z-domain consists of 58 amino acids, including eight asparagines (N3, N6, 

N11, N21, N23, N28, N43, and N52) (Nilsson et al., 1987) (Fig. 7). To evaluate 
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the impact of each of the different asparagines on the fragility in alkaline 

conditions, seven of these residues were exchanged for other amino acids. To 

facilitate the protein design, the same approach used for ABD (paper II) involving 

comparison with homologous sequences from the other domains of protein A was 

applied. Asn11 was therefore exchanged for a serine, Asn23 for threonine, and 

finally Asn43 for a glutamate. The remaining asparagines were exchanged for 

alanines since they were conserved in the other homologous sequences. Asn3 was 

retained in the sequence since it is located in the flexible N-terminus. A 

degradation of this amino acid would most probably not affect the activity of the 

protein and would therefore not be detectable in a functional assay.   

 

 

 

VDNKFN KEQQNAFYEIL HLPNLN EEQRNAFIQSLKD DPSQ SANLLAEAKKLNDA QAPK

Helix 1                             Helix 2                              Helix 3

A      S                  A T       A                            E    A            
 

 

 

Fig. 7. The primary sequence of Z. The asparagine substitutions are visualized. 

 

9.1. Characterization 
All single mutants were characterized and compared to the native Z molecule 

using CD, and Biacore™, and finally they were tested as immobilized ligands in 

an affinity chromatography fashion. Structural analyses using the CD technology 

conclude that all constructs exhibit spectra with typical α-helical characteristics 

with minimum at 208 and 222 nm in combination with a maximum around 

192 nm. Thus, the mutants have similar structure as the parental Z-molecule. 

However, Z(F30A,N52A) seems to have a somewhat lower α-helical content. 

This structural distortion might be explained by the postulated H-bond between 

Oδ of N52 and the backbone amide proton of N21 (Starovasnik et al., 1996).  
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It can be concluded that the affinity of Z(F30A) to IgG is not significantly 

affected compared to Z as analyzed by Biacore™ (Table 10). The slightly increase 

in affinity is in accordance with earlier reported results (Cedergren et al., 1993; 

Jendeberg et al., 1995). All mutants constructed with Z(F30A) as scaffold except 

N23T show slightly decreased affinity constants. The small change in affinity 

indicates that the constructs are rather unaffected by the mutation. Thus, none of 

the mutated residues is crucial for the interaction to IgG. The somewhat increased 

affinity observed for N23T seems to be due to a slightly increased on-rate in 

combination with a slightly decreased off-rate. Surprisingly, the variants 

containing the mutations N21A and N43E show the largest decrease in the affinity 

constant of all mutants. An exchange of Asn28 for an alanine affects the off-rate, 

which is increased. Surprisingly, the decrease in affinity is very small, which is in 

contradiction with earlier reported results, in which N28 has been suggested to be 

involved in the interaction to IgG (Deisenhofer, 1981; Cedergren et al., 1993; 

Jendeberg et al., 1995; Gouda et al., 1998). A possible explanation for this 

behavior might be the introduced F30A-mutation that is situated in the vicinity of 

Asn28. Also, Asn11 that is reported to be in contact with Fc in the crystal 

structure (Deisenhofer, 1981) only shows a minor decrease in affinity. 

Interestingly, exchanging Asn6 for alanine results in an increased on-rate in 

combination with an increased off-rate. Thus, the affinity constant is not 

significantly affected. However, Asn6 is not postulated to be involved in the 

binding to IgG. Nevertheless, the change in behavior might be explained by the 

proximity to Phe5, which is postulated to interact with IgG (Deisenhofer, 1981). 
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Table 10. Binding characteristics to human polyclonal IgG. 

 

 ka  

(M-1 s-1) 

kd  
(s-1) 

KA  
(M-1) 

∆∆G  

(kcal mol-1) 

Z 1.5x105 3.7x10-3 4.0x107 - 

Z(F30A) 1.9x105 4.2x10-3 4.5x107 (0) 

Z(F30A,N6A) 7.0x105 21x10-3 3.3x107 0.2 

Z(F30A,N11S) 1.6x105 4.9x10-3 3.2x107 0.2 

Z(F30A,N21A) 1.0x105 3.8x10-3 2.6x107 0.3 

Z(F30A,N23T) 2.1x105 3.8x10-3 5.6x107 -0.1 

Z(F30A,N28A) 3.1x105 9.9x10-3 3.2x107 0.2 

Z(F30A,N43E) 1.3x105 5.1x10-3 2.6x107 0.3 

Z(F30A,N52A) 1.5x105 4.9x10-3 3.0x107 0.2 

 

 

The Z-domain is shown to be rather chemically stable (paper I). Also, the α-

helical structure is retained for Z and Z(F30A) at a pH as high as 13, according to 

CD measurements. The Z-domain is also very stable towards alkaline conditions 

in affinity purification with an integrated CIP-step. When exposed to 0.5 M NaOH 

for 7.5 hours the capacity is almost unaffected. However, the introduction of the 

Z(F30A)-mutation results in a 70 % decrease of the capacity after the same time 

of exposure. Asn6, 11, 43, and 52 seem not to be especially sensitive to the 

alkaline conditions used, or are not important for the activity, since their 

degradation patterns are very similar to Z(F30A). In contrast, when substituting 

Asn23 a remarkable increase of alkaline stability is observed. Z(F30A,N23T) 

shows only a 28% decrease of capacity despite the destabilizing F30A-mutation. 

Hence, the Z(F30A,N23T) is almost as stable as native Z and thereby the most 

stabilized variant with Z(F30A) as scaffold. An exchange of Asn28 for an alanine 

also improves the stability of Z(F30A) towards alkaline conditions. However, this 

residue has been proposed to be involved in the interaction to IgG (Deisenhofer, 

1981; Gouda et al., 1998). Interestingly, the column with Z(F30A,N21A) as 

affinity ligand reveals a dramatic loss of capacity when exposed to NaOH 

compared to the parental molecule. This destabilization might have a structural 
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explanation since the side chain of N21 is postulated to H-bond to the carbonyl 

oxygen of N52. Also, the Oδ of N52 is postulated to interact with the backbone 

amide proton of N21 (Starovasnik et al., 1996). Hence, breaking this interaction 

might have a negative impact on the structural stability and thereby, the 

deactivation rate in alkaline conditions might be increased. Thus, the N23T-

mutated Z seems the most promising ligand candidate in affinity purification of 

IgG. Therefore, this mutation was grafted into the parental Z-domain. A 

comparison of Z and Z(N23T) shows a slight increase of stability for Z(N23T) 

when exposed to high pH in relation to Z. It must be pointed out that since these 

ligands are immobilized using the NHS-chemistry, which is more sensitive 

towards high pH compared to thioether chemistry, the increased stability for 

N23T might be difficult to detect due to the sensitivity of the coupling. The Asn23 

is positioned in the loop between helix 1 and 2. Asparagines located in loop 

regions may be more susceptible to alkaline pH than those located in structurally 

more rigid regions (Kosky et al., 1999; Xie and Schowen, 1999). The secondary 

structure content is retained at pH 13 for the Z domain. However, there might be 

regions, such as the turn regions, with greater flexibility since CD does not assess 

the tertiary structure. Consequently, a substitution to a more stable residue in this 

position may have a stabilizing effect on the molecule.  

 

In conclusion, in paper V the applicability of the protein engineering strategy 

presented in paper II is proven for another protein ligand. However, since this 

domain in its native state is rather stable towards high pH, a suppressor mutation 

strategy can be used to detect changes in stability. Furthermore, it is important to 

consider all sensitive amino acids one by one in a single point mutation fashion, 

since the fragility of the different asparagines is dependent on the environment 

and also the structural flexibility of the particular region. Of the eight asparagines 

in the parental Z-domain, Asn23 was found to be most responsible for the 

deactivation. Interestingly, when substituting Asn21 the stability was substantially 

decreased compared to the native molecule. Hence, stressing the importance of 

considering each residue one by one. The stabilization of the Z-domain towards 

CIP-conditions most probably can be transferred to the other domains of protein A 

thereby, making SPA-based affinity chromatography media even more useful for 

cost-efficient industrial-scale purification of monoclonal antibodies. However, it 
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must be remembered that a potential deamidation site, Asn28-Gly29, resides in 

the native domains of SPA. Another approach is to design genetically fused 

multimers of this stabilized Z-domain. 

 

10. Concluding remarks 
In this thesis, two different problems regarding acidic and alkaline pH 

respectively, approached in affinity chromatography purification of proteins, are 

addressed with different strategies. First, it is shown that turn/loop engineering 

can significantly alter a protein’s functional properties. Loops/turns are otherwise 

only considered as connecting elements between secondary structures 

(Leszczynski and Rose, 1986; Brunet et al., 1993; Castagnoli et al., 1994; Viguera 

and Serrano, 1997). However, by lengthening or replacing a loop sequence 

significant destabilization can be achieved (Predki et al., 1996; Nagi and Regan, 

1997; Nagi et al., 1999), thereby weakening the interaction to a target molecule, in 

this particular case an antibody. Hence, milder elution conditions can be used, 

which is eligibly for sensitive antibodies.  

Secondly, it is shown that a simple and straightforward strategy consisting in 

replacing the asparagine residues can dramatically improve a protein’s stability 

towards alkaline conditions. This is of significance, since the fragility of most 

proteins to high pH makes them non-attractive as binding proteins in many 

applications. The property of withstanding high pH is especially important in the 

industry. CIP-treatment, often including NaOH, is integrated in the purification 

protocols in order to prevent unwanted molecules from contaminating the final 

product. Notably, each protein domain must be considered on a case-by-case 

basis. The successful engineering of all four asparagines in ABD might not be 

feasible for other protein domains. The susceptibility of each asparagine is 

depending on structural and conformational properties. Hence, not every 

asparagine in the sequence is deamidated and does not need to be exchanged. 

Also, due to functional properties a substitution might not be possible. Preferably, 

a careful evaluation of each residue should be performed by designing single 

mutants. The mutations can then be grafted into the final construct. Applying this 

strategy, three proteins, each interesting as ligand in affinity chromatography 

purification of antibodies or albumin, have been further stabilized. This is a break-
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through for proteinaceous affinity ligands for industrial use. In addition, it is 

shown that dimerization with engineered linkers might increase the performance 

of the ligand. Also, it is shown that directed coupling using cysteine at the 

terminals might be important for the capacity of the immobilized ligand compared 

to coupling using ordinary non-directed NHS-chemistry.  

Improvements presented in this thesis might be useful to obtain industrial 

implementation of protein-based affinity ligands, which normally show too high 

susceptibility towards the alkaline conditions used during regeneration of the 

chromatography devices, or require to harsh elution conditions. The rationale of 

applying a protein engineering strategy might be a convenient method to also 

exchange other residues susceptible to modifications making them non-functional 

for in vivo or in vitro applications. 

 

 

 66 



ACKNOWLEDGEMENTS 
 
I am particular grateful to: 
 
Professor Mathias Uhlén for accepting me as a PhD-student and for enthusiasm 
and great visions. 
 
Assoc. Professor Sophia Hober for being a great supervisor and a female role-
model. You are always in a good mood and up for discussions concerning science 
as well as life in general. 
 
Doctor Torbjörn Gräslund for your expertise and guidance through my “ex-jobb”.  
 
Martin Linhult for fruitful collaboration and well performed “ex-jobb”. 
 
Professor Per-Åke Nygren for critical reading of manuscripts and valuable 
discussions. 
 
Professor Stefan Ståhl and colleagues at Affibody AB for good collaboration, 
valuable discussions, and critical reading of manuscripts. 
 
Former and present members of DNAcorner® for contributing to such a 
stimulating and friendly atmosphere. 
 
My friends and family for support and always believing in me no matter what 
crazy ideas get into me. 
 
This work was supported by grants from NUTEK Center for BioProcess 
Technology (CBioPT), Affibody AB, and Amersham Biosciences. 

 67 



ABBREVIATIONS 
 
ABD albumin-binding domain 
AC affinity chromatography 
C2 protein G domain 
CD circular dichroism 
CH2 constant heavy chain 2 
CH3 constant heavy chain 3 
CIP cleaning-in-place 
Cm midpoint of denaturant-induced transition 
CNBr cyanogen bromide 
C-terminal carboxyl-terminal 
Da dalton 
DSC differential scanning calorimetry 
ELISA enzyme-linked immunosorbent assay 
EDTA ethylenediaminetetraacetic acid 
EtOH ethanol 
Fab fragment antigen binding 
Fc fragment crystallizable 
Fv fragment variable 
GdnHCl guanidine hydrochloride 
H-bond hydrogen-bond 
HIC hydrophobic interaction chromatography 
HSA human serum albumin 
IEC ion exchange chromatography 
IgA immunoglobulin A 
IgG immunoglobulin G 
IgM immunoglobulin M 
IMAC immobilized metal ion affinity chromatography 
ka association rate constant 
kd dissociation rate constant 
Ka affinity constant 
Kd dissociation constant 
mAb monoclonal antibodies 
MS mass spectrometry 
NHS N-hydroxysuccinimide 
NMR nuclear magnetic resonance 
N-terminal amino-terminal 
PCR polymerase chain reaction 
RPC reversed-phase chromatography 
RP-HPLC reversed-phase high performance liquid chromatography 
RU resonance unit 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC size exclusion chromatography 
SPA staphylococcal protein A 
SPG streptococcal protein G 
Tm midpoint of temperature-induced transition 
UV ultraviolet 
Z engineered protein A domain 
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