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Abstract 
In affinity protein biotechnology the selective binding between a chosen protein and an 
interacting biomolecule is utilized for a variety of applications including bioseparation, 
detection and therapy. Traditionally, affinity proteins recruited for such applications have 
been derived from natural proteins or immunoglobulins generated via immunization routes. 
More recently, advances in the construction and handling of large collections of proteins 
(denoted libraries) generated in vitro have opened up for new routes for the development of 
affinity proteins with desired properties.  
In this study, phage display selection technology was used for the isolation of novel human 
CD28 (hCD28)-specific affinity proteins from a protein library constructed by combinatorial 
protein engineering of a 58 aa protein domain (Z) derived from staphylococcal protein A 
(SPA). From selections using hCD28 as a target molecule, several hCD28-specific affinity 
proteins (denoted affibodies) could be identified and analysis of the isolated affibody variants 
revealed a high degree of sequence homology between the different clones. The biosensor 
analysis showed that all variants bound to hCD28 with micromolar dissociation constants 
(KD) and no significant cross-reactivity towards the structurally related T-cell receptor 
hCTLA-4 could be observed. The apparent binding affinity for hCD28 of one of the isolated 
affibodies was further improved through fusion to a human Fc fragment fusion partner, 
resulting in a homodimeric version of the affibody ligand showing avidity effects upon 
hCD28 binding. Further, a co-culture experiment involving Jurkat T-cells and CHO cell lines 
tranfected to express either human CD80 or LFA-3 on the cell surface showed that a 
preincubation of Jurkat cells with one of the affibody variants resulted in a specific 
concentration-dependent inhibition of the CD80 induced IL-2 production. This indicates that 
this affibody binds to hCD28 and specifically interferes with the co-stimulation signal 
mediated via hCD28 and hCD80. A CD28-specific binding protein could have potential as an 
agent for various immunotherapy applications. In a second study, an affinity protein-based 
strategy was investigated for site-specific anchoring of proteins onto cellulose for wood fiber 
engineering purposes. Here, affinity proteins derived from different sources were used for the 
assembly of a cellulosome-like complex for specific and reversible anchoring of affinity 
domain-tagged reporter proteins to a cellulose-anchored fusion protein. A fusion protein 
between a cellulose binding module (Cel6A CBM1) derived from the fungal Trichoderma 
reesei and a five-domain staphylococcal protein A (SPA) moiety was constructed to serve as a 
platform for the docking of reporter proteins produced as fusion to two copies of a SPA-
binding affibody affinity protein (denoted ZSPA-1), selected by phage display technology from 
a Z domain based protein library. In a series of experiments, involving repeated washing and 
low pH elutions, affinity tagged Enhanced Green Fluorescent Protein (EGFP) and Fusarium 
solani pisi lipase cutinase reporter proteins were both found to be specifically directed from 
solution to a region of a cellulose-based filter paper where the SPA-CBM fusion protein 
previously had been positioned. This showed that the cellulose-anchored SPA-Cel6A CBM1 
fusion protein had been stably anchored to the surface with retained binding activity and that 
the interaction between SPA and the ZSPA-1 affibody domain was selective.  
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Selection and use of affinity proteins developed by combinatorial engineering 

INTRODUCTION 
 

1. Affinity protein biotechnology  
Many life processes are dependent on reversible contacts between biomolecules of different 

classes, including for example the binding of hormones to receptors, base-pairings between 

two nucleic acids and the binding of regulatory proteins to chromosomal DNA. In general, 

such interactions are characterized by a highly selective mutual recognition between the 

participating biomolecules, of obvious importance for a controlled interplay between the 

multitude of molecular species present in a living cell. This capability of biomolecules of 

selective interaction with a predefined molecular species has since long inspired scientists to 

exploit various classes of natural or engineered biomolecules for biotechnological 

applications.  

 

In the field which collectively can be denoted affinity protein biotechnology, various classes 

of proteins capable of recognizing a given target molecule are broadly used for a variety of 

applications including for example bioseparation, detection/diagnostics and therapy. 

Depending on the application, the format in which affinity protein is used can differ 

significantly. Typical formats involve the use of affinity proteins (i) as solid support-

immobilized ligands for recovery of the interacting target molecular species (Figure 1 a), (ii) 

as affinity gene fusion partners for facilitated recovery of recombinant proteins containing a 

genetically fused target protein (Figure 1 b), (iii) for detection purposes through conjugation 

to a suitable reporter function by recombinant or chemical means (Figure 1 c) or as free 

affinity protein in solution for various in vivo applications (Figure 1 d).  

 
Figure 1. Typical formats for the use of affinity proteins: (a) As immobilized onto solid support, (b) As an 

affinity gene fusion protein to facilitate purification of its fusion partner, (c) As conjugated to a reporter molecule 

to facilitate detection or (c) as free affinity protein in solution.  (T=Target protein, AP=Affinity protein, R= 

Reporter molecule, X= Fusion partner)  
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Affinity proteins used in these applications have either been derived from natural sources or 

developed by genetic engineering technology. In many instances the proteins have been used 

together with a natural binding partner, forming an affinity interaction pair. Even with the 

evolvement of powerful new selection and screening methods, the majority of protein 

engineering still relies largely on the modification of pre-existing proteins (Beguin et al., 

1999). Examples of such natural interaction pairs include enzymes-substrates/inhibitors (He 

and Dixon, 1996), receptors-receptors binding substances (Bailon and Weber, 1988), bacterial 

receptors-immunoglobulins (Nilsson et al., 1990). Using modern biotechnological techniques, 

binding proteins can also be tailor-made to a given target molecule. For example, monoclonal 

antibodies can be generated against different targets, using either in vivo methods 

(immunization) or in vitro selection technologies. In addition, proteins of non-

immunoglobulin origin can be re-engineered using rational and (or) combinatorial methods to 

generate affinity reagents with desired binding specificities (Skerra, 2000; Nygren and Uhlen, 

1997).  

 

The suitability of an affinity protein for a particular application depends on several 

parameters. The binding affinity (strength of interaction) for its cognate binding partner, 

including kinetic parameters, need to be sufficient for the requirements dictated by the 

application. For example, in diagnostic applications involving the detection of samples 

containing low concentrations of the analyte target, a high affinity interaction is generally 

desired, whereas in applications where the bound molecule need to be preparatively recovered 

after binding, such as bioseparation, affinity interactions of moderate affinities can be 

preferred. Typical affinities (expressed as KD, dissociation constant) for the most frequently 

used affinity proteins lie in the range 10-5 (low) -1010 M (high). Further, the binding should be 

selective enough to avoid any significant unwanted cross-reactivity to irrelevant molecules. 

Additional aspects to consider for an affinity protein include possible production routes, 

which could include different host cell expression systems, in vitro biosynthesis or possibly 

chemical peptide synthesis. Further, depending on the application, the stability against for 

example proteolysis or harsh chemicals of the affinity protein need to be considered. 

  

Recombinant technologies, where genes or gene fragments are spliced together to form gene 

fusions, have become important tools for biochemistry and biotechnology. A common 

application for gene fusion strategies related to affinity protein technology is to facilitate the 

recovery of recombinant proteins by affinity chromatography. The use of a suitable affinity or 
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production `handle`, with unique binding characteristics, fused to a product protein, allows the 

purification to be performed in a less time-consuming and more specific way compared to 

traditional chromatographic methods. Some of the most commonly used affinity tags are listed 

below and will be discussed further (table 1). 

 

Table 1. A selection of commonly used affinity gene fusion systems 

Type of fusion tag Size Ligand Described elution procedures 

Enzymes 

β-Galactosidase 

GST 

 

116 kDa 

25 kDa 

 

APTG 

Glutathione 

 

Factor Xa / collagenase 

Reduced glutathione 

Carbohydrate binding proteins 

MBP 

CBM  

 

41 kDa 

4-20 kDa 

 

Amylose 

Cellulose 

 

Maltose 

Water / Denaturants 

 Bacterial receptin domains 

Protein A 

ZZ 

ABP  

 

31 kDa 

7 kDa 

5-25 kDa 

 

hIgG 

hIgG 

HSA 

 

Low pH 

Low pH 

Low pH 

Antigenic epitopes 

FLAG 

c-myc 

HA 

Charged amino acids 

Poly (Arg) 

 

8 aa 

11 aa 

9 aa 

 

5-15 aa 

 

MAb 1,2 and 5 

Mab 9E10/12CA5 

MAb HPC4 

 

Anionic resins 

 

EDTA / Low pH 

Low pH 

Low pH 

 

Salt 

Poly (His) tails 

His6 

 

6 aa 

 

Me2+ / Chelator 

 

Imidazole / Low pH 

Other polypeptides 

Streptavidin 

 

13 kDa 

 

Biotin 

 

6 M Urea, pH 4 

For references and abbreviations, see text below.  

 

In addition to their attributes for purification purposes, the use of affinity tags have been 

found useful for other affinity based applications such as for immobilization of the protein of 

interest in a directed manner (Kashlev et al., 1993) or to facilitate detection (Nilsson et al., 

1996; Ståhl et al., 1999). For several applications, the fusion tag needs to be removed from the 

purified target protein before its intended use. To achieve this objective, vectors encoding 

specific cleavage sites (chemical or enzymatic) adjacent to the target protein can be used, 

allowing specific removal of the fusion tag from the expressed fusion protein (Nilsson et al., 

1997).  
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2. Examples of affinity protein systems and their use 
2.1 Antibodies and their antigens 
Antibodies (Ab) are extensively used for biotechnological applications, because of the 

possibility to generate reagents with capability of specific and tight binding to a given target 

molecule (denoted antigen). Antibodies can be generated by the immune system of a 

laboratory animal not only in response to infection with a pathogen, but also in response to 

immunization with an antigen of choice. They can be raised against many different classes of 

molecules, such as proteins, peptides or carbohydrates. Typically, a laboratory animal (mouse 

or another suitable host animal) injected with an antigen results in an immune response and 

the generation of antibodies towards the antigen, which can be isolated and used. Antiserum 

drawn from the immunogenized animal will contain a mixture of antibodies (denoted 

polyclonal antibodies), directed against many different determinants (epitopes) on the antigen. 

The complex mixture can then be separated using various purification methods, resulting in 

different compositions, with regard to isotype/subclass compositions and epitope binding 

specificity. 

 

In general, all Abs share a similar basic structure consisting of an assembly of two identical 

heavy (H) and light (L) protein chains. On a second level, several constant domains based the 

stem of Y-shaped protein constitute the so-called Fc region. This isotype-determining region 

is mainly responsible for effector functions such as binding to cellular receptors or 

complement. The antigen-binding variable segment of the antibody is situated at the tips of 

the forked region, and consists of a pair of variable domains, VH from the heavy chain and VL 

from the light protein chain. Within these two domains, six hypervariable loops are located, 

also referred to as complementarity-determining regions (CDRs), forming the combining site, 

responsible for antigen binding (Figure 2). 

 

The large size and complicated structure of antibodies (approx. 150 kDa) serves as a 

limitation for many biotechnological applications, related to production and stability issues. 

As a consequence, smaller fragments of antibodies such as single-chain (sc) Fv- and Fab 

fragments have become popular alternatives in the field of immunotechnology (Figure 2). 
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Figure 2.  A schematic representation of a IgG antibody structure showing the basic domain nomenclature. Also 

shown are the basic structures of two commonly used antibody fragments, single-chain Fv (scFv) and Fab 

fragments. 

 

When a more precise control of antibody quality, specificity and properties are desired, a 

homogeneous population of antibodies (i.e. monoclonal antibodies) can be produced. 

Monoclonal antibodies are typically raised by fusion of murine B lymphocytes with immortal 

cell cultures to produce hybridomas. These hybridomas will subsequently produce many 

copies of one specific antibody (Köhler and Milstein, 1975). The monospecific and 

homogenous character of monoclonal antibodies has made them extremely useful for many 

immunotechnology applications, including research diagnostics and therapy. However, the 

utility of murine monoclonal antibodies in therapy can be limited by their immunogenicity in 

humans. As a consequence, considerable efforts have been devoted to genetical engineering of 

monoclonal antibodies in order to make them less immunogenic (“humanization”) (reviewed 

by Kipriyanov et al., 1999).  

 

In (classical) immunoaffinity chromatography (IAC) antibody-antigen interactions are utilized 

for purification of biological or non-biological compounds. Monoclonal antibodies are 

generally preferred over polyclonals for this application, because of their reproducible 

behaviour and defined affinity. In addition, they require a less amount of the immunogen for 

their generation. Because of the high affinity of the typical antibody-antigen interaction, 

relatively harsh conditions must often be employed to elute the antigen from the column. It is 

therefore an advantage if mAbs (denoted `polyol-responsive`) that bind tightly to the antigen 

but can be released using a mild elution strategy can be identified (Thompson et al., 1992; 

Burgess and Thompson, 2002).   
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Using gene fusion technology, a single Ab can be broadly applied in IAC for efficient   

purification of numerous target proteins, if the recognized antigenic sequence is fused to the 

target protein. There are a number of affinity tags utilizing the specific binding to monoclonal 

antibodies, facilitating efficient methods for purification or detection. The immunocapture 

approach where the target protein is expressed as fusion to an epitope, recognized by a 

specific monoclonal antibody, eliminates the need to generate antibodies towards the target 

protein. 

 

One commonly used system is based on the FLAG-tag peptide, which consists of a short, 

hydrophilic eight-aminoacid residue peptide fused to the protein of interest (Hopp et al., 

1988). This peptide was specifically designed for antibody-mediated identification and 

purification of recombinant proteins. To date, three monoclonal antibodies, M1 (Hopp et al., 

1988), M2 (Brizzard et al., 1994) and M5 (Chubet et al., 1996), have been developed on the 

basis of specific recognition to the FLAG-tag peptide. Target protein genetically fused to this 

peptide can often be one-step purified on solid supports containing anti-FLAG antibodies 

(Hopp et al., 1988). The FLAG technology has been used for the expression and purification 

of many important classes of molecules, including gene-regulating proteins (Chiang et al., 

1993), immunoglobulins (Knappik et al., 1994) and cytokines (Prickett et al., 1989). Further, 

the system has been found to be applicable for bacterial (Blanar and Rutter, 1992) as well as 

yeast (Einhauer et al., 2002) and mammalian (Kunz et al., 1992) expression.  

 

Other examples of this immuno-capture approach are the c-myc / anti c-myc and the HA / 

anti-HA systems. The murin anti-c-myc antibody 9E10 (Evan et al., 1985) was developed 

mainly for use as an immunochemical reagent. The epitope recognized by the antibody 

consists of eleven amino acids and can be expressed as a fusion tag to various proteins. The c-

myc-tag has been used for a number of immunochemical applications, including Western blot, 

immunoprecipitation and flow cytometry (Kipriyanov et al., 1996). The antigenic epitope 

HA1 is a peptide (9 aa) derived from the influenza virus hemagglutinin protein and has for the 

most part been employed as a fusion tag to facilitate affinity purification of target proteins 

using anti-HA antibodies such as the mAb 12CA5 (Wilson et al., 1984; Laize et al., 1997).  

 

Numerous analytical methods for detection and (or) quantification of analytes depend on 

immunoglobulin-based detection principles. Among the most important techniques are, 

enzyme-linked immunosorbent assay (ELISA) (Engvall et al., 1971), Western blotting 
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(Laemmli, 1970; Burnette, 1981) and fluorescence-activated cell sorter (FACS) analyses 

(Herzenberg and De Rosa, 2000) to name a few examples. These techniques often rely on 

linkage of different conjugates to the antibody in use. Enzymes such as β-galactosidase, calf 

intestine alkaline phosphatase and horse radish peroxidase (HRP) are of great importance for 

many antibody based detection/quantification techniques, including ELISA and Western 

blotting, whereas fluorescent organic molecules such as fluoresceine isothiocyanate (FITC) or 

fluorescent proteins such as Green Fluorescent Protein (GFP) (see section 6.1) are frequently 

used in cell sorting techniques (including FACS).   

  

Monoclonals can also be generated against the antigen-binding region of another antibody, 

resulting in so-called anti-idiotypic antibodies. Such reagents have become very useful 

research tools in immunotechnology, including functional studies of cell surface receptors 

(Gaulton et al., 1984), in the investigation of therapies for the treatment of allergic 

inflammation (Hamelmann et al. 2002) and for the purification of antibodies (Huse et al., 

2002). An analogous (non-immunoglobulin) system based on idiotypic binding of 

Staphylococcus aureus protein A (SpA) to a SpA-based affibody variant (anti-SpA), selected 

from a combinatorial library, is investigated in this thesis (see present investigation). 

 

The use of monoclonal antibody-toxin conjugates have for long been considered to have great 

therapeutic potential as so-called `magic-bullets`. Theoretically, these agents are capable of 

selectively labeling proliferating tumour cells for destruction while sparing normal tissues. In 

practice, the use of murine antibody monoclonals in therapy proved to be hindered by the 

immunogenicity of rodent proteins in human and relatively poor penetration of intact 

immunoglobulin molecules into solid tumours (Hudson et al., 2003; Eccles 2001). However, 

recent progress in the development of chimeric (hFc + mFab) or humanized antibodies (mouse 

CDR regions) has again opened up the possibilities for therapeutic applications. The list of 

FDA (US Food and Drug Administration) approved mAbs for the therapy of cancer has 

grown rapidly the last couple of years. To this day, a total of 13 therapeutic antibodies has 

been approved by FDA (Hudson and Souriau 2003), including the first approved radiolabeled 

antibody for cancer immunotherapy  (Wiseman et al., 2002).  

 

Indirect therapeutic methods using recombinant antibodies have also been explored. A 

specific example is the employment of bi-specific antibodies capable of cross-linking different 

antigens to induce T-cell stimulation and proliferation at the tumor site and subsequently the 
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elimination of the cancer cell (Segal et al., 2001; Carter, 2001). Genetic fusions between 

tumor specific proteins (e.g. antibody fragments) and TCR receptor binding (e.g. TCRVβ) 

superantigens such as Staphylococcal Enterotoxin A (SEA) have also been investigated for 

the eliciting of an immune attack against certain cancer cells (Dohlsten et al., 1994).  

 

Recently, progress in field of protein library technology has made it possible to by-pass use of 

laboratory animals for the generation of Mabs. Instead, variable human antibody fragments 

capable of specific binding to a target molecule can be selected using novel selection 

techniques (further described in chapter 3.3). 

  

2.2 Bacterial receptins and serum proteins 
Several pathogenic bacterial species express proteins on their surface capable of specific 

binding to various host proteins, i.e. immunoglobulins, albumins and fibronectins. The 

biological functions of these receptin proteins (previously denoted receptor proteins) 

(Kronvall and Jönsson, 1998) are not fully understood. One proposed explanation is that the 

bacteria use the host molecule interaction as means for camouflaging itself to become more 

host-like, thereby weakening the immune response of the infected organism (Achari et al., 

1992; Sauer-Eriksson et al., 1995). Many immunoglobulin-binding (Ig-binding) proteins have 

been widely studied and utilized in immunology and biotechnology. Among the most known 

examples are Staphylococcus aureus Protein A (SPA), Streptococcal Protein G (SPG) and 

Peptostreptococcus magnus Protein L (PPL). They all contain successive and highly 

homologous Ig-binding domains capable of distinct recognition of regions on a wide range of 

immunoglobulins.  

 

The non-immune binding characteristics of these proteins make them important affinity 

protein tools for purification, recognition and removal of immunoglobulins from different 

species and isotypes, for use as amplification reagents in immunoassay systems such as 

enzyme linked immunosorbent assay (ELISA), and for use as fusion partners to facilitate 

immobilization and purification of recombinant proteins.  

 

Binding specificities of SPA and SPG are remarkably similar despite their structural 

differences. They both exhibit specific recognition of the heavy chain portion of the antibody 

at the interface between CH2 and CH3 domains of the Fc fragment (Frick et al., 1992). They 
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also possess a somewhat weaker binding of distinct regions on the Fab portions of particular 

Ig families or subclasses (Derrick et al., 1992; Graille et al., 2000). However, protein L (PPL) 

does not share the Fc-binding characteristics of SPA and SPG. Instead, it binds exclusively to 

the framework region of the VL domain of kappa light chains (VLκ) (Nilson et al., 1992), 

without interfering with the antigen-binding site (Åkerström et al., 1989). Protein L can 

therefore preferably be used at instances when there is a need to purify antibodies regardless 

of their heavy-chain subclasses (Beckingham et al., 2001).  

 
Figure 3.  Binding specificities of Staphylococcal Protein A (SPA), Streptococcus Protein G (SPG) and 

Peptococcus magnus Protein L (PPL).  

 

Staphylococcal Protein A consist of a signal sequence followed by a tandem repeat of five 

homologous domains (E, D, A, B and C), all capable of IgG and Fab (VHIII)-specific binding 

(Moks et al., 1986; Jansson et al., 1998). In addition, a cell-anchoring domain denoted XM is 

located at the C-terminus (Uhlen et al., 1984) (figure 4). Domains from SpA have been 

extensively used for its capability to bind a wide range of immunoglobulins via Fc or VH 

recognition. IgGs from a variety of species (human, mouse, guinea pig and rabbit) (Richman 

et al., 1982; Björck and Kronvall, 1984; Åkerström et al., 1985) can be bound. However, 

protein A exhibits only weak binding to some IgG subclasses within these species (including 

human IgG3 and mouse IgG1).  

 

A small (58 aa) SPA-derived IgG-binding affinity protein domain denoted Z (Nilsson et al., 

1987) was developed through engineering of the B domain of SpA, primarily for use as 

affinity gene fusion partner. In addition, a synthetic two-domain variant of this domain ZZ has 

been shown to have improved binding properties (Ljungquist et al., 1989). More recently, the 
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Z domain has also successfully been employed as a scaffold for combinatorial protein libraries 

(see chapter 3.3.4). The multitude of uses for Z/ZZ gene fusion tags in the field of 

immunology and biotechnology has been reviewed by (Ståhl and Nygren, 1997).  

 
Figure 4. Schematic presentation of SpA and the Z domain 
 

Protein G (SPG) possesses multiple ligand binding properties. In addition to the presence of 

homologous repeats of immunoglobulin binding domain, it consists of multiple domains 

capable of specific binding to human serum albumin (HSA) (Figure 5). These albumin-

binding regions have been sub-cloned into a variety of different formats, particularly for use 

in various gene fusion applications (Nygren et al., 1988; Ståhl and Nygren, 1997). The Ig-

binding domains of SpG (C1, C2 and C3) binds to a broader range of IgG subclasses 

compared to SpA. These domains can be used for specific recognition of all human subclasses 

(including IgG3), as well as several animal IgGs (Björck and Kronvall, 1984; Åkerström et 

al., 1985).       

 
Figure 5. Schematic presentation of SPG. Also shown is the commonly used fusion partner albumin binding 

domain (ABD) originating from the albumin-binding region of SPG  
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2.3 Streptavidin 
One of the most employed affinity capture system for use in various biotechnological 

applications is based on the streptavidin-biotin interaction. Streptavidin isolated from 

Streptomyces avidinii, binds the small molecule biotin with an extraordinary affinity of KD=4 

X 10-14 M (Green, 1975). Streptavidin has also been found to be extremely stable, as shown by 

its ability to retain its tertiary structure during exposure to high concentration of sodium 

dodecyl sulphate (SDS) at elevated temperatures (Green NM, 1975). In addition, the reactive 

carboxy terminus of the biotin allows facile attachment of linkers with reactive groups, and 

subsequent immobilization of thereto coupled ligands to streptavidin containing moieties. The 

binding characteristics combined with the relative ease by which biomolecules of different 

classes such as nucleic acids, proteins and small molecules can be biotinylated, make the 

streptavidin-biotin system uniquely suited for a wide range of detection (Pei et al., 2001; 

Splichal et al., 2003; Lundin et al. 2001) and immobilization (Reichmuth et al., 2002; Gast et 

al., 2001; Niemeyer et al., 1999) purposes. 

  

2.4 Lectins  
Lectins constitute a large carbohydrate-binding family of proteins with diverse biological 

functions. They are responsible for cell surface sugar recognition in bacteria, plants and 

animals (Weis WI, 1996). The binding surfaces of lectins studied so far consists of shallow 

grafts possibly contributing to the relatively weak affinity to its cognate monosaccaride (KD ≈ 

10-3 M). However, target affinity and specificity is achieved by multiple binding events 

contributed by several lectin protein molecules (Ramkumar et al., 1995). The lectin-sugar 

interaction has successfully been utilized for biospecific affinity purification (Skea et al., 

1988) and detection (Koppel and Solomon (2001) of antibodies with specific sugar 

compositions. A simple and elegant pharmacological application of lectins has also been 

investigated using of encapsulated lectins for the delivery of (glycosylated) insulin (Brownlee 

and Cerami, 1979; Jeong et al., 1985). 

 

2.5 Enzyme fusion tags 
The gene encoding the enzyme glutathione S-transferase (GST) derived from Schistosoma 

japonicum can be used in various formats in expression vectors to facilitate single step 

purification of polypeptides. As first described by Smith and co-workers (Smith and Johnson 

1988), GST fusion proteins can be purified from crude lysate by affinity chromatography 

 
13 



KRISTOFER SANDSTRÖM 

using its cofactor glutathione as immobilized ligand, followed by competitive elution with an 

excess of reduced glutathione. Among the advantages associated with the use of the GST 

fusion system are the documented high expression levels (Thomson et al., 1996), increased 

solubility of the intracellularly expressed target fusion proteins in E. coli (Ray                        

et al., 1993) and improved refolding properties of GST-fusion proteins when expressed as 

inclusion bodies (Zhao and Siu, 1995). Further, the GST-tag has been successfully utilized for 

expression in many host cells, including bacteria (Smith and Johnson 1988), yeast (Lu et al., 

1997), mammalian cells (Rudert et al., 1996), and baculovirus infected insect cells (Beekman 

et al., 1994). One limitation associated with the affinity purification of GST fusion proteins is 

that the target proteins exposed to the reducing agent glutathione, can suffer from folding 

problems due to formation of incorrect disulfide bonds (Sassenfeld et al., 1990).  

 

Another enzyme based affinity fusion system is based on the β-galactosidase - APTG 

interaction. APTG (4-aminophenyl-β-δ-thiogalactopyranoside) is an analogue to IPTG 

(isopropylthio-beta-D-galactoside), in turn often used as analogue to the natural substrate 

lactose. The main difference is that APTG remains uncleaved after interaction with β-

galactosidase, making it more amenable as a ligand for bioseparation applications.  β-

galactosidase has been used for a long time in affinity gene fusion systems mainly to facilitate 

expression and purification of proteins expressed intracellularly in E. coli (Ullman et al., 

1984; Germino and Bastia, 1984).  

 

2.6 Maltose binding protein 
The maltose-binding protein (MBP) as encoded from the malE gene of E. coli K12 (Duplay et 

al., 1988) was first described by Di Guan and co-workers for the use as gene fusion partner 

facilitating efficient expression and purification of polypeptides (Di Guan et al., 1988). 

Proteins fused to MBP are readily secreted into the periplasm (Blondel and Bedouelle, 1990). 

The basis of this system is the 10-3 M range affinity of MBP to members of the maltose family 

of carbohydrates. In practice, the purification of MBP fusion proteins is performed by affinity 

chromatography on resins containing cross-linked amylose followed by competitive elution 

with maltose (Kellerman and Ferenci, 1982). Among the advantages of this system are the 

relatively low cost of amylose-based resin and the lack of cystein residues in the maltose-

binding protein. These features have led to the development of an expression system for MBP 

fusion proteins, which allows the binding and elution to be performed under mild conditions 
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(Di Guan et al., 1988). However, problems associated with insolubility of expressed proteins 

and ineffective cleavage of the affinity tag after purification has been noted (Hearn and 

Acosta, 2001). 

 

2.7 Cellulose binding modules  
Carbohydrate-binding modules (CBMs) are found as structurally discrete parts of many 

cellulolytic enzymes and members of this subgroup of CBMs are also referred to as cellulose-

binding modules. In nature, the selective and high affinity binding of CBMs (previously 

denoted cellulose binding domains (CBDs)) to cellulose facilitates efficient anchoring of the 

cellulolytic fusion partner to the substrate. Cellulose is a tightly packed substrate with poor 

accessibility for the enzyme and the involvement of distinct substrate-binding module could 

be a way for cellulose degrading organisms to increase the effective enzyme concentration at 

the substrate surface (Ståhlberg et al., 1991) or possibly to help loosen individual cellulose 

chains prior to the actual enzyme hydrolysis (Teeri et al., 1987; Reinikainen et al., 1995). 

CBMs isolated from various sources differs in size, structure and cellulose affinity, and in the 

preference for different forms of cellulose (Tomme et al., 1995; Linder et al., 1996). The 

classification of cellulose binding modules has recently been altered to include a total of 28 

families based on sequence homology (Coutinho and Henrissat 1999).  

 

Among all the possible technical applications the employment of CBMs for use as affinity 

fusion tags for affinity purification and immobilization of recombinant proteins have been the 

most studied over the years (Greenwood et al., 1989; Ong et al., 1991; Bayer et al., 1994;; 

Berdichevsky et al., 1999). In addition, cellulose is relatively inexpensive, which makes it 

attractive as chromatographic resin for large-scale bioseparation applications (Tomme et al., 

1996). Some of the CBMs studied so far (i.e. families II and III) exhibit a close to irreversible 

binding to cellulose (Tomme et al., 1998). For bioseparation purposes, this feature is a 

complication since extreme pH or other protein denaturing conditions are needed for efficient 

elution of the target protein. However, CBMs from families I and IV show a more reversible 

binding to cellulose, making them better candidates as affinity tags for mild separation and 

purification of proteins. In contrast, tight binding (i.e. low off-rate kinetics) CBMs can be 

beneficial for applications depending on long term immobilization of the target fusion protein 

(Xu et al., 2002).     
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2.8 Cellulosomal subunits  
In the early 1980s it was discovered that large multi-enzyme complexes denoted cellulosomes 

(Lamed et al., 1983), were produced by many cellulolytic microorganisms including the 

anaerobic bacteria Clostridium thermocellum. Further studies indicated that these complexes 

were responsible for the highly efficient degradation of cellulosics in certain ecosystems 

through synergistic action of several hydrolytic enzymes. A key feature of the cellulosome is 

the cellulose-binding multi-domain scaffolding unit that apart from the substrate anchoring 

cellulose binding module (CBM) consists of several highly homologous cohesin domains 

linked together in a defined order. The cohesins serves as cognate binding partners to dockerin 

domains present at molecular ends of hydrolytic enzymes, thus facilitating the assembly of the 

multienzyme-complex. The cellulosomal organization has been proposed to result in a 

synergetic action of the participating enzyme components and ultimately an efficient 

degradation of the cellulose (Bayer et al., 1994)  (figure 6) 

 

 
Figure 6. Schematic representation showing the principle of cellulosomal assembly comprised of a scaffolding 

unit containing multiple copies of cohesin domains (C) to which dockerins (D) linked to cellulolytic enzymes 

(Ei) are attached.  Note that additional domains responsible for anchoring of the multienzyme complex to the 

host cell are not included in this figure.  

 

The high affinity (10-9-10-10 M) (Pagès et al., 1996; Fierobe et al., 1999), calcium dependent 

(Yaron et al., 1995) and species specific (Pagès et al., 1997; Mechaly et al., 2000) interaction 

between cognate cohesin and dockerin subunit domains has been widely studied over the last 

couple of years (reviewed by Beguin et al., 1996). The principles of the cellulosome assembly 

offer a flexible platform for various biotechnological applications. The use of genetic 

engineering makes it possible to construct so-called artificial cellulosomes assembled from 

individual cohesins, CBM and dockerin-containing enzymes. Recently, Fierobe and co-

workers constructed a number of so-called cellulosome chimeras, consisting of novel 

scaffolding units comprised of an optional cellulose binding module, two cohesins of different 
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binding specificity and two sets of (“species-specific”) dockerin-bearing cellulases (Fierobe et 

al., 2002). For industrial purposes, the coupling of multiple enzymes via the non-covalent 

cohesin-dockerin interaction (or analogues) could be advantageous for either improved 

degradation or modification of wood-industry cellulosics.   

 

3. Engineered affinity proteins 
3.1 Historical background  
Protein engineering (PE) is a discipline within biotechnology dealing with the alteration of 

existing proteins or the construction of new ones to investigate and manipulate function and 

structure. The alterations can include replacements, deletions or insertions of small number of 

amino acids in natural proteins or the manipulations of whole domain structures. 

Alternatively, novel protein structures can be designed from scratch using de novo design 

techniques. Changing the properties of proteins can be achieved genetically, by modifications 

of the encoding gene, or by treating the protein with chemical agents, capable of introducing 

modifications.  

 

The genetic modification of proteins was made possible by some key scientific research, 

particularly in the 1970s and 1980s. A major breakthrough was when the existence of 

enzymes that could cut (restrict) and join (ligate) genetic material was found (Linn & Arber, 

1968; Meselson & Yuan, 1968; Olivera & Lehman, 1967; Zimmerman et al., 1967). This 

opened up the possibility to move genes from different sources, transfer them to expression 

vectors, from which the encoded protein can be overexpressed in suitable host cells. This was 

followed by techniques for performing site-directed mutagenesis involving the development 

of techniques for specific and deliberate changes in the protein sequence (i.e. by point 

mutations) at the gene level, pioneered by the research of Michael Smith and co-workers 

(Hutchison et al., 1978). Introduction of substitution, insertions or deletions in proteins has 

since become routine work in laboratories around the world. The introduction of the 

polymerase chain reaction (PCR) technique in the 1980s (Mullis et al., 1987), through which 

DNA can be mass copied, marked a another major breakthrough for all biosciences including 

PE.  
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3.2 Rational design of affinity proteins  
In order to use the rational approach to alter specific protein properties such as binding, 

detailed information of the participating biomolecules global structure is particularly helpful. 

However, the complexity and size of proteins makes it difficult to predict the three-

dimensional structure of a protein from a sequence (Koehl et al., 1999). Nevertheless, the 

combined efforts in the field of theoretical modeling and with the aid of ever more 

sophisticated computer techniques, could lead to a lot of valuable structure information in the 

future. By far the most accurate sources of structure information are still coming from the 

well-established experimental techniques nuclear magnetic resonance (NMR) and X-ray 

crystallography. To this date a total of more than 21000 three-dimensional structures of 

biomolecules (proteins, peptides, viruses etc.) have been solved and the information is 

available for the public in the Brookhaven protein databank (http://www.rcsb.org/pdb/).  The 

rapidly growing content of information has in turn lead to an increased understanding of 

protein structures.  

 

A classical example of a rational approach to engineer polypeptides with regard to binding 

characteristics was the development of the (poly) histidine-tag for use in immobilized metal 

ion affinity chromatography (IMAC) system. IMAC was introduced in the mid-1970s as a 

group-specific affinity technique for separating proteins (Porath et al., 1975). By 

immobilizing metal ions (such as Co2+, Cu2+, Zn2+ and Ni2+) on a solid support or matrix 

through the use of a chelating ligand, proteins could be separated on basis of certain side-

chains variable affinity for metal ions. Proteins to be purified on an IMAC column were found 

to exhibit selective binding of basic amino acids (particularly histidine) in the protein to the 

immobilised binary metal complex. Thus, this procedure allowed the separation of histidine-

rich proteins from other protein material. Based on the observations made by Porath and co-

workers, a poly-histidine tag was developed optimized for use as genetic fusion to target 

proteins (Hochuli et al., 1987). Although only three histidines may bind transition metals 

under certain conditions, a hexa-histidine (6 X His) peptide was found to bind to the metal 

complex more reliably even in the presence of strong denaturants (i.e. 6 M GuaHCl or 8 M 

UREA). A similar approach for rational design of an affinity tag was employed by Sassenfeld 

and Brewer in the development of a polycationic, poly (Arg), fusion tag for use in ion-

exchange chromatography (Sassenfeld and Brewer, 1984).  
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An appealing strategy is to build up tailored polypeptide backbones from scratch using de 

novo design (Dahiyat and Mayo, 1997 and Baltzer, 1998). To date, only a few successful 

examples of de novo designed proteins with “built-in” binding functions are known. The 

published results in this area include polypeptide structures capable of binding simple motifs, 

such as metal ions (DeGrado et al., 1997). An attempt to design an antibody complementary 

to an epitope of an antigen of known structure was made by Skerra and co-workers (Schiweck 

and Skerra, 1995). Although the antibody structure was confirmed by X-ray crystallography 

to be complementary to that of the antigen, no binding was ever detected (Schiweck and 

Skerra, 1997). This example perhaps reflects the difficulties of rational design of complex 

active sites consisting of many simultaneous contacts across the surface (Kirkham et al., 

1999). Even though the progress of de novo design has shown the possibity of building simple 

motifs, a preferred strategy for obtaining practically applicable biomolecules is probably to 

use already existing proteins as scaffolds for further engineering.  

      

3.3 Development of affinity proteins by protein library technology 
A more pragmatic approach to PE is to use random methods to explore and develop proteins 

with novel binding characteristics. Instead of having to genetically engineer protein variants 

one-by-one and then express, purify and analyze each variant, the use of combinatorial library 

techniques allows several billion variants to be constructed and analyzed simultaneously. 

These libraries can then be used to select and identify specific variants bearing sequences with 

desired binding specificities from non-binding variants. This type of applied directed 

evolution is always comprised of two components: (i) Generation of diversity (i.e. by creating 

protein libraries) and (ii) isolation and identification of desired variants by the use of a 

suitable selection system. 

 

3.3.1 Protein library technology  

In recent years, several methods for construction of biological libraries have been developed, 

that allows vast numbers of mutant polypeptides to be displayed and be physically linked to 

the respective encoding gene. Such combinatorial libraries offer powerful tools for the 

selection of novel ligands. Biological libraries can generally be divided into three groups: (i) 

antibody libraries, (ii) peptide libraries and (iii) scaffold-based protein libraries. For 

construction of antibody libraries, the genetic diversity can be obtained by using natural 

sources of antibody-encoding genes from either non-immunized (Marks et al., 1991) or 
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antigen-primed donors (Clackson et al., 1991). Alternatively, partially or completely synthetic 

antibody libraries can be constructed with in vitro randomized CDR regions (Hoogenboom et 

al., 1992; Griffiths et al., 1994). Historically, the preferred formats for presenting variable (V) 

antibody domains, have been single-chain (sc) Fv fragments (McCafferty et al., 1990; 

Vaughan et al., 1996) or Fab fragments (Barbas et al., 1991). 

 

For peptide and protein libraries a random cassette mutagenesis strategy is normally employed 

using synthetic oligonucleotides to create the diversity for combinatorial approaches. 

Continuous (i.e. peptides) or non-continuous (i.e. proteins) stretches of the displayed 

biomolecule are here subjected to random in vitro mutagenesis before insertion into a suitable 

selection system. Through the use of different degenerate codons introduced during the 

synthesis of a oligonucleotide pool, such as the NNK codon (N=A/T/G/C, K=G/T), an amino 

acid variation can be introduced at desired positions. 
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constructed by employing a wild-type gene as a template to which random or semi-random 

mutations is introduced, resulting in repertoires of randomly constructed mutant genes. 

 

3.3.2 Selection systems 

In the past years a broad repertoire of platforms for the selection of binding proteins have 

emerged. The common denominator for all these methods is a presence of a genotype-

phenotype linkage, crucial for the capture and identification of selected protein variants. The 

methods for generating this linkage can be divided into two groups. In cell-dependent display 

the expression of library members is dependent on living cells at some level of the selection 

process and therefore involves a transformation step. In contrast, new methods have been 

developed which are based on cell-free expression in order to avoid the transformation step 

(i.e. cell-free format).  

 

3.3.2.1 Cell-dependent display system 
The filamentous bacteriophage M13 and variants thereof, have been extensively used since 

the 1970s for cloning and sequencing of DNA fragments. The advent of what is known today 

as phage display technology comes from experiments performed in the mid-1980s when 

George Smith constructed libraries of phage carrying genetic information whose encoded 

polypeptides were expressed on the surface of the phage as a fusion to its own coat protein 

(Smith et al., 1985). In a later study the same laboratory constructed a library of phage, 

containing random peptide sequences fused to the phage pIII (coat protein) gene, from which 

phage carrying encoded peptide motifs capable of binding to an antibody could be selected 

and identified (Scott and Smith 1990). Phage display technique has since become the most 

widely used method for the selection of novel binding proteins from protein libraries. The 

M13 is by far the most commonly used phage for these applications, although display systems 

based on the use of bacteriophage lambda (λ) (Sternberg and Hoess, 1995) and T7 (Danner et 

al., 2001) have also been developed. The wild-type M13 phage particle consists of a single 

stranded, circular genome stretched along the entire particle length encapsulated within a 

protein coat assembled by five different phage-encoded proteins (see figure 8a).  
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Figure 8. The M13 bacteriophage phage display 

vehicle. (a) Schematic illustration of a M13 

phage showing the major coat protein VIII 

(present at approx. 2700 copies) and coat protein 

III present at the tip of the phage (3-5 copies) (b) 

Also shown is an illustration of the basic 

difference between a multivalent (represented by 

the 3 and 8 formats) and a monovalent (3+3) 

system for display of a foreign protein (unfilled 

circle). 

 

For phage display applications, the most important proteins are the major coat protein VIII 

(pVIII), present at thousands of copies in wild-type phage, and protein III (pIII), present at 

five copies at one end of the virus. A number of different formats for phage display have been 

described using either whole phage DNA vectors or phagemid vectors (see below). These 

systems differ depending on the use of pIII or pVIII as fusion partner and number of displayed 

fusion polypeptides (Figure 8b) as reviewed by (Wilson and Finlay, 1998).  

 

A popular approach is to use a phagemid vector system, i.e. plasmid vectors carrying elements 

necessary for packing of the DNA into phage particles. The use so called “helper phage” 

providing a complete set of phage proteins during the process results in phages having coats 

containing a mixture of wild-type and recombinant pIII or pVIII (3+3 or 8+8 system 

respectively). Using the 3+3 format, only one “foreign” fusion protein will statistically be 

displayed on each phage, yielding a monovalent display (Bass et al., 1990). An advantage of 

this system is that it minimizes avidity effects during selections arising from multiple binding 

events.  

 

The enrichment of peptides or proteins capable of specific binding to the target molecule is 

performed by an in vitro procedure denoted biopanning (see figure 9). In its simplest form 

biopanning is carried out by incubating an aliquot of the library with the target molecule of 

interest immobilized on a plate or a bead, washing away the unbound phage. The bound phage 
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particles can then be eluted from the solid phase by disrupting the specific or non-specific 

binding interactions between phage particles and immobilized target molecules. This is 

usually performed by the addition of salt, lowering of pH or the addition of a competitive 

ligand. The eluted phage fraction is amplified in vivo and the process can be repeated for 

several rounds, resulting in a stepwise enrichment of target-specific `tight-binding` phage 

variants.  

 

 
 
Figure 9. The basic procedure of monovalent phage display biopanning 

 

In addition to the use of phages for display of foreign polypeptides, plasmid-cell coupling 

systems for display on the surface of living cells (bacteria, yeast) have long been available. 

Historically, the most common applications for bacterial display have been the development 

of live-bacteria-vaccine delivery (Ståhl and Uhlen, 1997). Recently, these systems have also 

been utilized for the screening of protein and peptide libraries (Georgiou et al., 1997 and 
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Boder and Wittrup, 1997).  A great advantage of cell-surface display is that fluorescence-

activated cell sorting (FACS) can be employed for screening of protein libraries displayed on 

bacteria or yeast isolating individual clones that binds to fluorescently labeled ligands 

(Francisco et al., 1993). In bacterial display, the protein is commonly fused to a cell surface 

exposed membrane protein (Hofnung et al., 1991) or to extracellular proteinaceous 

appendages such as the flagella (Lu et al., 1995). Successful examples of bacterial 

combinatorial library screening have historically been dominated by the employment of gram-

negative E. coli cells (Georgiou et al., 1996; Daugherty et al., 1999). However, recent studies 

indicate that gram-positive staphylococci strains can be utilized for protein display 

applications through fusion of library members to cell surface exposed receptors (receptins) 

(Schneewind et al., 1995; Wernérus et al., 2002; Samuelson et al., 1995). For a 

comprehensive review of the bacterial display systems see (Chen and Georgiou, 2002).  

 

In yeast display, foreign polypeptides are fused to mating adhesion receptor proteins exposed 

on the cell surface (Boder and Wittrup, 1997). In one of the most impressive examples, a 

yeast-based system was used for the isolation of high-affinity (nM) human Mabs from a large 

non-immune surface displayed library directed towards a wide range of target molecules 

(Feldhaus et al., 2003). Among the advantages of using single cell yeast as display vehicles is 

the post-translational processing capability of this eukaryotic host allowing many eukaryotic 

secretory proteins such as human antibodies to be functionally displayed on the surface 

(Feldhaus et al., 2003). 

 

3.3.2.2 Cell free formats  
In the last couple of years, technologies using cell-free formats for selection have emerged as 

alternatives to systems relying on a host cell for production of the library members (such as 

phage display). Several advantages are associated with the use of a cell-free format for 

selections. For example, the library size is not restricted by the transformation capacity of the 

vector to a host cell. This feature makes it possible to handle libraries with up to 1014 

members, depending only on the scale of the in vitro translation used (Amstutz et al. 2001). 

Further these systems can also be used to select for substances that are toxic to the host cell.  

 

Various formats for cell-free selection techniques have been described, including a mimicking 

of the compartmentalization principle in living cells, i.e by performing translation and 

selection within a water-in-oil emulsion (Tawfik et al., 1998; Doi et al., 1999) and strategies 
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where the physical link between a messenger RNA (mRNA) and the nascent polypeptide 

during translation is exploited. Here, the polypeptide libraries are linked to their encoding 

mRNA, either non-covalently through a stalled ribosome (Hanes et al., 1997) or covalently 

through a puromycin molecule (Roberts et al., 1997). Functional selections can then be 

carried out by using the protein-mRNA complexes together with the target molecule, followed 

by the use of reverse transcription for the conversion of mRNA to DNA, which subsequently 

can be amplified with PCR and be used for further enrichment (for review articles see 

Amstutz et al., 2001 and Dower et al., 2002). 

 

3.3.3 Examples of developed affinity proteins and their use  

Numerous affinity proteins of different classes have been selected from polypeptide libraries 

since the first promising results began to emerge in the early 1990s. The width of targets 

substances that potentially can be addressed is very wide. Successful examples include 

development of binding reagents to as diverse targets as traditional proteins such as antibodies 

and hormone receptors to inorganic materials such as plastics (Adey et al., 1995) and 

semiconductor surfaces (Whaley et al., 2000). Potential applications of developed reagents 

include the use as affinity ligands in bioseparation processes  (Sato et al., 2002; Rönnmark et 

al., 2002; Nord et al., 2000; Nord et al., 2001), for detection purposes (Petrenko et al., 2003), 

as selective probes in therapy  (Lu et al., 2002; Doorbar and Winter 1994) and for the 

mapping of protein-protein interaction sites (Farilla et al., 2002; Leinonen et al., 2002)  

 

Peptide libraries were extensively used in the early years of phage display resulting in the 

isolation of binders against for example monoclonal antibodies (Cwirla et al., 1990) and 

streptavidin (Devlin et al., 1990). Over the years, peptides of variable length (typically 

between 4 and 40 residues), constrained or non-constrained have been selected from random 

libraries toward many different targets (Smith and Petrenko, 1997). Although the use of 

peptide libraries have many advantages, including ease of synthesis, low molecular weight 

and low risk of toxicity, there are some serious pitfalls associated with the use peptides, 

including chemical instability and low-affinity (for many targets) (Nguyen et al., 2000)  

 

Among the most notable successes of in vitro selection techniques was the realization that 

monoclonal antibodies could be isolated from vast phage antibody libraries (Hoogenboom et 

al., 1998). The display of single-chain Fv (scFv) fragments (Adams et al., 1999; McCafferty 
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et al., 1990) and Fab fragments (Barbas et al., 1991; Kang et al., 1991) derived from different 

sources (naïve, immunized or synthetic) has led to successful generation of mAbs towards a 

wide range of target molecules. Ligands isolated from such libraries have potential 

applications primarily in research diagnostics and therapy. To date, at least seven phage 

display selected therapeutic antibodies have entered clinical trials (cambridgeantibody.com). 

For an extensive review of phage displayed antibody libraries see (Hoogenboom et al., 1998).     

 

Recent advances in the engineering of proteins have enabled the use of structurally robust 

protein modules as alternative frameworks to antibodies or antibody fragments for the 

generation of affinity proteins. Generally, a suitable number of surface exposed residues 

forming an exposed area of the folded protein are subjected to random mutagenesis to yield a 

protein library (Smith 1998). The selection of a suitable starting structure can depend on 

several factors. One of the basic requirements is that the protein should be stable enough to 

tolerate amino acid substitution of multiple residues located on the surface of the protein. 

Preferably, the protein should be monomeric and relatively small in size to facilitate 

engineering and expression in bacterial systems. A number of non-antibody protein scaffolds 

of various size, topology and folds have been employed for the generation of protein libraries 

(as reviewed by Nygren and Uhlen 1997 and Skerra 2000). Some examples of protein 

scaffolds used for this approach are, the β-barrel lipocalin protein (Beste et al., 1999; 

Schlehuber et al., 2000), the three-helix bundle Z domain (Nord et al., 1997; Gunneriusson et 

al., 1999; Hansson et al., 1999 and Nord et al., 2001), the four-helix bundle protein 

cytochrome b562 (Ku and Schultz, 1995), the immunoglobulin-like CTLA-4 domain (Nuttall et 

al., 1999; Hufton et al., 2000), and the inhibitor cystine knot (ICK)-like fungal CBM1 fold 

(Smith et al., 1998; Lehtiö et al., 2000). The focus in this study is on the isolation of improved 

variants (denoted affibodies) from combinatorial Z domain libraries (see next chapter).  

3.3.4 The affibody concept  

The immunoglobulin-binding staphylococcal protein A analogue, Z domain was developed by 

Nilsson and co-workers in the late 1980s (Nilsson et al., 1987) and is a 58 residue three-helix 

bundle shown to be highly soluble (Samuelsson et al., 1994) and proteolytically and thermally 

stable (Moks et al., 1986; Ståhl and Nygren, 1997). In addition it has been shown that the Z 

domain is tolerant to amino acid substitution at the solvent exposed Fc-binding region 

(Cedergren et al., 1993), making it a suitable scaffold for combinatorial approaches.  
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Figure 10. Graphical representation of the 

Z domain and the thirteen solvent exposed 

residues that were subjected to random and 

simultaneous mutagenesis in the 

constructions of the Z libraries (ZLIB-1 

and ZLIB-2) 

 
In the construction of the Z libraries Nord and co-workers used a total of 13 solvent exposed 

residues (Figure 5) of the scaffold for simultaneous and random mutation. A phagemid vector 

(pKN1) (Figure 6) specifically designed for the monovalent display of Z-library variants fused 

to a truncated version of the M13 phage coat protein III, was employed for the construction of 

the Z protein libraries (Nord et al., 1995). In the pKN1 vector system, the genes encoding the 

mutated Z variants are individually fused to the gene for albumin binding domain (ABD) 

(Nilsson et al, 1994) from streptococcal protein G, followed by the protein III gene. The ABD 

protein tag was included to facilitate efficient recovery of selected affibody variants using 

human serum albumin (HSA)-affinity chromatography (Nygren et al., 1988). The expression 

from this cassette is under the control of an E. coli lac promoter and an Omp A-signal peptide 

facilitates the periplasmic localization of the encoded gene product. Further, an amber stop 

codon is introduced between the ABD and pIII encoding gene fragments, enabling the 

selected affibody variants to be expressed solely fused to the ABD protein tag, when 

expressed in a non-suppressor E. coli strain. 

 

 

 

 

Figure 11. The phagemid vector, pKN1, 

containing the gene encoding a Z protein library 

member (containing variegated helices 1 and 2), 

followed by the gene for serum albumin domain 

(ABD) derived from streptococcal protein G 

linked in frame with a truncated version of the 

M13 phage coat protein III gene. 
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In the construction of the first library, Zlib-1 (Nord et al, 1995), a NNK (K= G or T) 

randomization strategy was used, ensuring coverage of all 20 amino acids, as well as the TAG 

termination signal (STOP codon). The second library, Zlib-2 (Nord et al, 1997), was 

constructed using a (C/A/G)NN degeneracy profile, leading to the exclusion of unwanted 

STOP codons and cystein residues. However, codons for certain aromatic amino acids (Trp, 

Tyr, Phe) are also excluded in this format due to the nature of the genetic code. The 

theoretical numbers of possible affibody variants in Zlib-1 and Zlib-2 are 2013 = 8.2 X 1016 

and 1613 = 4.5 X 1015 repectively. However, these numbers are difficult to generate at the 

protein level due mostly to practical limitations in the obligatory transformation step for 

selection methods based on M13 phage display methology. The total number of plated 

transformants for Zlib-1 and Zlib-2 protein libraries yielded 4 X 107 and 4.5 X 107 entities 

respectively (Nord et al., 1997). In the pioneering selection experiments, the Z libraries were 

used for biopanning against three different target proteins, human insulin (Zlib-1), human 

recombinant apolipoprotein A-1 (Zlib-1 and Zlib-2) and Thermus aquaticus DNA polymerase 

(Zlib-1), which all resulted in isolated affibody variants with micromolar affinities (Kd)  (3 X 

10-5 – 1 X 10-6 M) for their respective target molecule. In addition, circular dichroism (CD) 

analyses of the investigated affibodies were performed and revealed no significant difference 

in the secondary structure as compared to the wild type Z domain, indicating that a similar 

fold can be expected for all affibody variants selected from the Z protein libraries (Nord et al., 

1997). 

 

To date, affibodies have been investigated as affinity tools for a variety of different 

biotechnology applications, including diagnostics (Rönnmark et al., 2002), bioseparation 

(Nord et al., 2000; Gräslund et al., 2002) and therapy (Henning et al., 2002). 
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PRESENT INVESTIGATION 
 
4. Scope of study  
In this work, the protein A (Z domain)-based affibody binding protein platform has been 

investigated for use in two different affinity-protein technology fields. In the first study the 

focus was to investigate if affibody-variants with selective recognition to the human T-cell 

receptor CD28 could be selected from a monovalent phage display protein library, based on 

the Z domain scaffold. The binding characteristics of the isolated variants including binding 

affinity, specificity and their effect on the T-cell co-stimulatory signal was investigated with a 

focus to their potential use as immunotherapeutic agents. In the second study affinity protein 

modules from different sources were recruited for the construction of an artificial 

cellulosome-like structure, which was investigated for site-specific and reversible anchoring 

of proteins to a cellulose surface.  

 
5. Development of CD28-specific ligands (I)   
5.1 T-cell regulation by CD28 and CTLA-4 
One investigated approach for cancer treatment involves the recruitment and activation of T-

cells in close proximity to cancer cells. Cancer cells do not sufficiently provoke the immune 

system themselves and strategies to `label` carcinomas for destruction have been thoroughly 

investigated over the years. One of many interesting routes for improved tumor therapy in the 

future might involve bi-specific agents capable of interacting both with cancer cells and with 

the co-stimulatory molecules expressed on the T-cell surface. 

 

T-cell activation is a complex process involving intercellular interactions between many T-

cell surface receptors and specific ligands present on antigen-presenting cells. Regulation of 

T-cell activity depends on two major signaling events. One is antigen specific and based on 

the T-cell receptors (TCR) recognition of a peptide-major histocompatibility complex (MHC). 

The second (co-stimulatory) signal required for the modulating of initial responses to antigens 

as well as for the differentiation of the T-cell into distinct effector cells, is provided by 

accessory T-cell surface proteins, such as CD28 and CTLA-4 (Figure 7).  
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Figure 12. Schematic representation of the roles played by co-stimulatory T-cell receptor proteins such as CD28 

and CTLA-4. In the proposed two-signal model: both the engagement of the TCR with a peptide and a second 

co-stimulatory signal is required for proper T-cell activation to occur. Ligation of CD28 with CD80/86 expressed 

on antigen presenting cells (APC) results in T-cell activation, whereas ligation with the negative co-stimulatory 

molecule CTLA-4 results in inhibition of the T-cell proliferation and cell-cycle arrest.  

 

The regulatory roles of the related T cell surface proteins CD28 and CTLA-4 (approximately 

30% identical) (Oosterwegel et al., 1999) have been extensively studied over the years (as 

reviewed by Chambers 2001 and Alegre et al., 2001). Numerous reports have supported the 

view of CD28 as a receptor that upon binding with the B7 ligands (CD80/86) transmits 

activations signals that enhances T cell activation through the TCR. The role of CTLA-4 is 

somewhat more controversial, but results from in vivo studies (Kearney et al., 1995), suggest 

that CTLA-4 competes with CD28 for binding of B7 family ligands, forming inhibitory 

signaling complexes that results in cell cycle arrest and termination of T-cell activation.    

 

Because of their regulatory roles in T-cell stimulation, CD28 and CTLA-4 and their cognate 

ligand partners CD80/86 have been subjected to intense studies over the last couple of 

decades. There is a general belief in the research community that means to control the 

complex signaling events through these receptors would have great implications particularly 

in the field of immunotherapy. For example, strategies to provide tumors cells with CD80/86 

ligands by in vitro transfection for potential use as a vaccine have been investigated with 

promising results (Townsend et al., 1993; Yang et al., 1995).  An alternative approach for T-
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cell recruitment involves the use of so-called superantigens, such as staphylococcal 

enterotoxins (SE), capable of binding to certain classes of TCR on T-cells, providing a non-

MHC / peptide dependent link to the desired effector cells. In combination with a suitable 

cancer cell-specific antibody, T-cells can be directed to neighboring disease cells, and be 

activated to perform their effector function. For example, Dohlsten and co-workers have 

described a system for potential T-cell based therapy, involving a genetic fusion between a 

colon cancer-specific MAb and staphylococcal enterotoxin A (SEA) (Dohlsten et al., 1995). 

 

5.2 Selection of CD28-specific affibodies 
The previously described affibody library ZLIB-2 (Nord et al., 1997) was used as source of 

CD28-binding protein candidates. To be used in the selection process, a target fusion protein 

consisting of the extracellular portion of the human CD 28 protein fused to the constant (Fc) 

part of mouse IgG1 (hCD28-mFc) was in vitro biotinylated and anchored onto streptavidin-

coated paramagnetic beads. Four rounds of biopanning (see section 3.3.2.1) were performed 

to enrich for CD28-specific affibodies. To apply a successively higher selection pressure on 

the phage population, the stringency of the washing step was increased for each round. In 

addition, to minimize the risk of obtaining non-specific binders, the phage stock before each 

round of selection was preincubated with plain streptavidin-coated beads. Further, a non-

biotinylated monoclonal antibody of the same isotype as the fusion partner to CD28 (mFc 

IgG1) was added during the selection process to possibly exclude potential mFc binding 

variants. 

 

After the completed biopanning, the phagemid inserts of nine randomly picked clones were 

amplified by PCR and subjected to DNA sequence analysis. The results showed that two 

variants (ZhCD28:1 and ZhCD28:5) were represented more than once (three and two times 

respectively) among the ten investigated clones, whereas the other variants (ZhCD28:2 to 

ZhCD28:4) were unique entities. Studying the variegated amino acid positions of the variants, a 

high degree of homology, particularly in the second helix, among the different clones was 

revealed. Further, several of the variegated positions had identical amino acid occupancies 

among all of the sequenced variants.  

 

Five identified affibody variants were expressed as ABD fusion proteins in a non-suppressor 

E. coli strain, as encoded from their respective pKN1 phagemid vectors (Nord et al., 1997), 

followed by affinity purification on HSA Sepharose from the periplasmatic fractions. 
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5.2.1 Construction of an affibody-Fc fusion protein   

The wild-type Z domain is well suited for genetic fusion to other proteins. Several studies 

have also shown that affibody binding proteins retain their activity when expressed in fusion 

with other proteins (Rönnmark et al., 2002, Gräslund et al., 2002). In this study one of the 

isolated affibody variants (ZCD28:5) was genetically fused to a human Fc antibody (IgG1) 

fragment, using the expression vector pEFc3.1 (Jendeberg et al., 1997), adapted for secreted 

(periplasm) production in E. coli. There were several reasons for employing Fc as a fusion 

protein partner. First of all, the interaction between Fc and the bacterial receptins SPA and 

SPG (see introduction) can be employed to facilitate single step purification of the target 

fusion protein. Here, the purification of the expressed (ZCD28:5-Fc)2 fusion protein was 

performed by single-step affinity purification on a protein A-G (Eliasson et al., 1989) column 

from the periplasmatic fraction. In addition, the Fc3(1) fusion protein is expressed as a 

functional homodimer in E. coli (Jendeberg et al., 1997). This feature allowed possible avidity 

effects of a divalent ZCD28 -affibody fusion protein to be investigated using surface plasmon 

resonance technology (see next chapter).  

 

5.3 Biosensor analyses of the selected ligands 
To discriminate between tight- and weak binding proteins real-time biospecific analysis 

(Biacore) is a widely employed approach. It is also an excellent system to investigate possible 

(unwanted) cross-reactivity to other biomolecules. The BIAcoreTM (Biacore AB, Uppsala, 

Sweden) is the most widely used instrument for the studies of protein-protein interaction 

relying on the surface plasmon resonance (SPR) detection principles. For a detailed 

description of the SPR principles see (Liedberg et al., 1993; Lundström 1994). In brief, 

changes in the refractive index close to the sensor surface as a consequence to the interaction 

between immobilized and free biomolecules are monitored. There are several advantages 

associated with the use of such optical biosensor principles compared to other methods for 

interaction analysis. A major advantage is that the binding response from the participating 

reactants can be displayed in real-time in a sensorgram, describing the association and 

dissociation kinetics of the interactions. Further, the method is applicable to many different 

types of molecules including proteins, oligonucleotides, carbohydrates, lipids, small 

molecules and viral particles without the requirement of any specific labeling (i.e. fluorescent 

or radioactive). 
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5.3.1 Biacore studies  

Real-time biospecific interaction analysis (BIA) was employed to characterize the specific 

recognition of the selected anti-CD28 variants to the target protein hCD28. In the particular 

set-up employed in this study hCD28-mFc was covalently immobilized onto one of the four 

BIAcore 2000 flowcells (FC 2) of a carboxymethylated dextran-coated sensor chip. On 

separate flowcells (FC 3, 4), the negative controls (CTLA-4 and mIgG1) were immobilized. In 

addition, a blank sensor chip surface (FC 1) was used as a control. The isolated variants (1-5) 

injected over the sensor chip surfaces all resulted in a significant concentration-dependent 

response to the immobilized CD28. No significant cross-reactivity could be detected towards 

the negative controls (CTLA-4 and mIgG1) (Figure 13a). Further, the KD value was 

determined for one of the isolated affibody variants, ZCD28:5-ABD, using a chip surface 

containing immobilized hCD28-mFc. Samples of ZCD28:5-ABD were injected at different 

concentrations (1.9-60 µM) in duplicates and random order. The KD value was determined to 

be approximately 8.5 µM, assuming a one-to-one binding model. Further, the investigated 

ZCD28:5-Fc fusion protein showed a specific hCD28-binding but with a considerably slower 

off-rate kinetics than its monovalent ZCD28-ABD fusion protein counterpart suggesting an 

avidity effects as contributed by the divalent nature of the affibody-Fc fusion protein (Figure 

13b). 

 

    

A  B  

Figure 13. Sensorgrams obtained after injection of purified ZCD28:5-ABD fusion protein (A) or ZCD28:5-Fc hIgG1 

immunoadhesin analytes (B) over sensor chip surfaces containing amine coupled hCD28-mFc (filled circles); 

hCTLA-4-hFc (open circles) and a murine monoclonal antibody control (filled squares), respectively. Apparent 

dissociation rate constants for the ZCD28:5-ABD (monovalent) and ZCD28:5-Fc hIgG1 (divalent) constructs under 

these conditions were determined to 8.4 x 10-3 s-1 and 1.1 x 10-4 s-1, respectively.  
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5.3.2 Cell assay  

In theory, the binding of a novel ligand to CD28 proteins expressed on the surface of a resting 

T-cell can have either of two effects. The ligand can act either as an agonist to the natural 

ligands (CD80/86) and induce interleukin-2 (IL-2) production of the T-cell or alternatively act 

as an antagonist and inhibit the T-cell proliferation initiation by blocking the 

CD28/(CD80/86) interaction pathway.  

 

A functional cell-based IL-2 production inhibition assay was therefore performed to 

investigate whether an hCD28-binding affibody could compete with the natural ligand CD80 

for hCD28 binding and at the same time study the effects such event would have on the IL-2 

production of the cell line. A human Jurkat T-cell line expressing CD28 and CD2 on the 

surface was co-cultured with CHO cells transfected for surface expression of hHLA-DR4 and 

hCD80 or hHLA-DR4 and LFA-3. The superantigen staphylococcal enterotoxin E (SEE) was 

also added to the cultivation mixture to provide one of the two required signals for IL-2 

production (section 5.1) via its capability to bind both to MHC proteins on transfected CHO 

cells and T-cell receptors (Figure 14).  

 
Figure 14. A schematic representation of cell lines used in the IL-2 production inhibition assay including 

interactions between surface expressed proteins. CHO cells transfected for expression of hHLA-DR4 together 

with either hCD80 or hLFA3 were co-cultured with Jurkat T-cells (hCD2+/CD28+). The effect on IL-2 

production from pre-incubation of Jurkat cells with different concentrations ZCD28:5-ABD fusion protein was 

investigated. 

 

In separate assays, the isolated ZCD28-ABD variants (1-5) of different concentrations were 

preincubated with the CD28-displaying Jurkat T-cell line before co-culturing with the CD80 
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or hLFA-3 displaying CHO cells to study the effects on IL-2 production as determined by 

analyses of the supernatant by an IL-2 ELISA assay.  

 

It was shown that one of the affibody variants (ZCD28:5-ABD) exhibited a concentration-

dependent inhibition of IL-2 production for the Jurkat / CHO (CD80+) co-culture. In contrast, 

no concentration-dependent inhibition of IL-2 production was observed for ZCD28:5-ABD in 

the Jurkat/CHO (LFA-3+) co-culture system indicating that the affibody variant ZCD28:5-ABD 

selectively blocks the hCD28-hCD80 interaction, apparently acting as a CD80-antagonist. In a 

control experiment using an irrelevant affibody-ABD fusion protein, no significant 

concentration-dependent inhibition of the IL-2 production was detected.   

 
Figure 15. Results from cell assay. Histogram showing the degree of inhibition of IL-2 production obtained from 

pre-incubation of Jurkat cells with different concentrations (black bars: 4 µg/ml, striped bars: 20 µg/ml and white 

bars: 100 µg/ml) of ZCD28:5-ABD fusion protein or a control affibody-ABD fusion (Taq DNA polymerase binding 

affibody, Nord et al., 1997) for the two co-culture systems investigated 

 

5.3.3 Conclusions 

The results showed that Z domain-based affibody binding proteins showing selective binding 

to hCD28 could be identified from the ZLIB-2 library. The results from the cell co-culture 

experiments showed that a pre-incubation of CD28-expressing cells with the ZCD28:5-ABD 

variant resulted in a concentration-dependent inhibition of the IL-2 production of the T-cells. 

It would thus appear as the affibody act as an antagonist agent capable of selectively blocking 

the CD28-CD80 interaction and thus would be more useful for T-cell deactivation rather than 

 
35 



KRISTOFER SANDSTRÖM 

activation in the investigated format. However, it has been suggested that CD28 activation can 

also be obtained after formation of so-called CD28 clusters, involving several receptors in 

close proximity. It therefore remains possible that the identified affibody variants could be 

included in bispecific constructs for T-cell activation. Such constructs should address both a 

cancer cell surface marker and the CD28 receptor by different moieties, which could lead to 

clustering of CD28 proteins on the T-cell surface. To improve the affinity of the described 

CD28 affibodies a potential route (in the future) could be via an in vitro affinity maturation 

procedure, where a second-generation protein library is constructed based on the initially 

selected affibody protein. This can be performed by a helix shuffling procedure, where one of 

the helices is kept constant according to the original sequence, while the other is re-

randomized to result in a second-generation library. Alternatively, specific residues of the 

affibody can be rationally selected and subjected to re-randomization to generate the new 

generation of affibody library members, possibly including variants with improved binding 

qualities. It is noteworthy that the selected hCD28 specific affibody proteins (alpha-helical 

domains) are structurally very different from the natural CD28 ligands CD80 and CD86 

(consisting of β-sheet secondary structure elements) and thus could have a radically different 

binding topology. It would therefore be interesting to determine the structure of the complex 

to understand the interaction at the atomic level. In addition to the potential use as a 

therapeutic agent in regulation of T-cell responses (as investigated in this study), potential 

application for CD28-specific affibody variants could include other areas such as diagnostics 

and cell recovery.  

 

6. Development of an artificial cellulosome-like complex (II) 
6.1 Artificial cellulosome design and potential applications 
In nature there are numerous examples of microorganisms relying on bi- or multicomponent 

enzyme systems, capable of performing consecutive enzymatic reactions, to access vital 

substrates (Beguin and Lemaire, 1996). One example from this can be found in organisms 

relying on cellulose as carbon source. Crystalline cellulose is an insoluble substrate 

particularly resistant to hydrolysis by single enzymes (Schwarz, 2001). Several studies have 

supported the view that the coupling of reaction centers synergistically enhances the total 

enzymatic activity on cellulose, compared to systems with free enzymes in solution (Beguin et 

al., 1999). The cellulose hydrolysis in nature is generally performed by the synergistic action 

of three types of hydrolytic enzymes (Gong et al., 1979; Schwarz, 2001). (1) Exoglucanases 
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(1,4-β-glucan cellobiohydrolases) which have a high activity against crystalline cellulose, 

releasing cellobiose from one end of the cellulose strain, wheras (2) endoglucanases (1,4-β-

glucan glucanohydralases) are active against soluble substrates such as carboxymethyl 

cellulose (CMC) and cut randomly from the middle of the polymeric cellulose chain resulting 

in the formation of new chains. In addition, there is the family of (3) β-glucosidases which 

release D-glucose units from soluble cellodextrins and a variety of glycosides (Beguin and 

Lemaire, 1996). Some anaerobic microorganisms possessing unique extra cellular multi-

enzyme complexes, called cellulosomes, are all capable of efficient and complete hydrolysis 

of crystalline cellulose. Such cellulosomes share the overall structure of a large non-catalytic 

so-called scaffolding unit, comprised of several cohesin domains linked in series, and a 

cellulose binding module (CBM) responsible for efficient anchoring of the protein complex to 

the cellulose surface. The hydrolytic enzymes of the cellulosome organized around the 

scaffolding unit all contain non-catalytic dockerins at their molecular ends responsible for the 

specific and defined incorporation of the enzymes into the multienzyme complex by virtue of 

the high affinity dockerin-cohesin interaction.  

 

Several studies have shown that individual cellulosomal subunits can be produced separately 

with retained activities (Yaron et al., 1995; Morag et al., 1995; Lytle and Wu 1998), and are 

therefore amenable for rational bioengineering to generate “tailor made” artificial cellulosome 

complexes (Fierobe et al., 2001; Fierobe et al., 2002). For biotechnological purposes, hybrid 

forms of cellulosomal components have for some time been considered promising tools for 

use in the textile and paper industry for improved hydrolysis of cellulosic substrates (Bayer et 

al., 1994, Schwarz et al., 2001). Other potential applications have also been suggested, 

including the use of cellulose-anchoring fusion proteins in combination with individual 

enzymes to achieve systems for specific modifications rather than complete degradation of 

cellulose fiber surfaces (Linder and Teeri, 1997; Rotticci-Mulder et al., 2001).  However, 

some production-related problems have been encountered for proteins bearing natural 

dockerin domains. For example, dockerins have been shown to enhance an overall 

hydrophobic character of the target fusion protein (Fierobe et al., 1991), stimulating the 

formation of highly insoluble inclusion bodies during protein expression (Joliff et al., 1986, 

Tokatlidis et al., 1993) and be prone to degradation by host cell proteases (Kataeva et al., 

1997). In fact, much effort in this project was initially dedicated to the study of such natural 

cellulosomal domains derived from C. thermocellum, to produce components capable of 
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cellulosome-like assembly (unpublished results). For this approach, severe protein expression 

problems were encountered using a number of well-characterized vector systems for 

intracellular and secreted production in E. coli of the endoglucanase cel D dockerin domain. 

However, after redesign of the dockerin-encoding gene fragment, to include also some 

additional flanking wild type amino acids, a full-length (40 kDa) protein could be detected by 

SDS/PAGE analysis of the unsoluble fraction of intracellularly expressed dockerin-Enhanced 

Green Fluorescent Protein (EGFP) fusion protein. No fluorescence could however be detected 

in the sample fraction after the refolding process indicating that the reporter fusion protein 

(EGFP) part was not functional and possibly misfolded. Solubilized inclusion bodies from this 

fusion protein were nevertheless subjected to biosensor analyses (BIA) to investigate the 

binding properties of the dockerin comain (figure 16). The results indicated that the high-

affinity specific binding of dockerin domain towards immobilized cohesin (cohesin-CBM) on 

the sensor chip surface was obtained for the individually expressed cellulosomal module after 

the refolding process. However, it was not possible to break the high-affinity calcium-

dependent (Yaron et al., 1995) cohesin-dockerin interaction by the addition of EDTA (0.1 M) 

in the expected manner. One explanation might have been that the release of dockerin-bound 

Ca2+ was blocked by the incorrectly folded fusion protein partner (EGFP).  

-1000

-600

-200

200

600

1000

1400

1800

800 1000 1200 1400 1600

Time (s)

R
es

po
nc

e 
un

its
 (R

U
) Association Dissociation EDTA

Regeneration 

 
Figure 16. Biosensor analyses showing the specific binding of an individually expressed Clostridium 

thermocellum (c.t.) dockerin module as part of the dockerin-EGFP fusion protein and the corresponding c.t. 

cohesin-CBM fusion protein previously immobilized onto a dextran-coated sensor chip (CM5). Also shown is 

the unsuccessful attempt to regenerate the surface through the injection of (0.1 M) EDTA buffer (pH 8). 
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The combination of protein expression problems and the apparently irreversible binding 

between the cohesin and dockerin modules suggested that use of natural cellulosomal domains 

might not be the optimal choice of affinity domains for this application. It was therefore 

motivated to investigate if cellulosome-like complexes could be designed and produced 

recruiting alternative affinity domains. Using this approach, a five-domain staphylococcal 

protein A (SPA) construct was genetically fused to a cellulose binding module (CBM1) 

derived from the Tricoderma reesei to serve as a platform for the docking of reporter fusion 

proteins produced as fusions to divalent versions of a previously developed SPA-binding 

affibody protein (denoted ZSPA-1) (Eklund et al., 2002).  

 

The SPA-specific affibody (ZSPA-1) selected from a combinatorial protein library by phage 

display technology has previously been shown to recognize each of the five domains of SPA 

with micromolar (10-6 M) dissociation constants (KD) (Eklund et al., 2002). The SPA / ZSPA-1 

affinity pair would thus serve as cohesin / dockerin analogues in a constructed system inspired 

by the principles of the cellulosome assembly (Figure 17).  

 

 

 

 

 

 

Figure 17. Schematic representation of the 

investigated strategy. A platform protein consisting of 

a cellulose binding module (CBM) linked to a five 

domain SPA construct (black) was spotted locally 

onto a cellulose surface (filter) paper to investigate the 

site-specific and reversible docking of different 

consecutively added reporter proteins (R1 and R2) 

proteins tagged with a divalent SPA-binding affibody 

domain (ZSPA-1)2 (gray knob domain). 

 

To provide a model system, Enhanced Green Fluorescent Protein (GFP) and the Fusarium 

solani pisi lipase cutinase, were recruited as fusion reporter proteins to facilitate detection 

using different techniques. The unique properties of the jellyfish Aequorea victoria green 
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fluorescent protein (GFP) and its variants, has made it a popular fusion partner for the 

detection and monitoring of gene expression (Chalfie et al., 1994; Cha et al., 1999), 

localization of proteins in vivo (Hampton et al., 1996) or for in vitro applications (Aoki et al., 

1996). The intense and stable fluorescence without the requirements of any co-factors other 

than oxygen (Prasher et al., 1992) and its soluble monomeric protein fold, are some of the 

most attractive attributes of GFP. Since wild-type GFP perform ineffectively in different 

cellular contexts, efforts have been made to develop improved GFP variants with regard to 

expression and (or) fluorescence levels. In this study, the fluorescence activated cell-sorter 

(FACS)-optimized (Cormack et al., 1996) enhanced green fluorescent protein (EGFP), was 

employed as a fusion partner to two copies of the SPA-specific affibody, resulting in the 

fusion construct (ZSPA-1)2-EGFP).     

 

Cutinases are hydrolytic enzymes of the lipase family produced by some microorganisms for 

the efficient degradation of cutin in plants prior to invasion (Purdy and Kolattukudy, 1975). 

The lipolytic activity of the well-characterized fungal Fusarium solani pisi cutinase makes it 

an interesting candidate for use as a biocatalyst for a wide range of industrial applications 

(Carvalho et al., 1999). In this particular study, the esterase activity of the fungal cutinase 

enzyme was exploited for facile detection of the cutinase-tagged protein ( (ZpA)2-cutinase).  

 

6.3 Results   

6.3.1 Protein production and characterization 

The protein used in this study, (ZSPA-1)2-cutinase, (ZSPA-1)2-EGFP, SPA-Cel6A CBM1 

including the control proteins Cel6A CBM1-ABD and SPA were produced from their 

respective expression vectors in  E. coli and purified to near homogeneity, as shown by 

SDS/PAGE analyses, using either IgG-, SPA- or HSA-affinity chromatography depending on 

construct (Figure 18). 
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Figure 18. Block diagrams of the different recombinant proteins used in this study. (A) The SPA-Cel6A CBM1 

fusion protein containing the five IgG-binding domains (denoted E. D, A, B, C) of Staphylococcus aureus 

protein A (SPA) fused to a CBM derived from the fungal Trichoderma reesei cellobiohydrolase Cel 7A. (B) The 

His6-(ZSPA-1)2-EGFP fusion protein containing a hexahistidyl tag and a divalent version of the SPA-binding 

affibody ZSPA-1 fused to Enhanced Green Fluorescent Protein (EGFP). (C) The His6-(ZSPA-1)2-cutinase fusion 

protein containing a hexahistidyl tag and a divalent version of the SPA-binding affibody ZSPA-1 fused to the 

fungal lipase cutinase derived from Fusarium solani pisi. (D) Unfused SPA protein. (E) The Cel6A CBM1-ABD 

fusion protein containing a CBM derived from T. reesei fused to serum albumin domain (ABD) derived from 

streptococcal protein G. 

 

Using the produced fusion proteins, consisting of affinity protein domains and reporter 

proteins derived from different sources it was investigated if an affinity-driven and reversible 

docking of different secondary fusion proteins onto a cellulose surface could be achieved 

(figure 19).  

 

The binding characteristics of the produced fusion proteins were first investigated using 

biosensor technology (BIA). The SPA-specific binding of both (ZSPA-1)2-containing constructs 

(EGFP and cutinase) was confirmed after performing separate injections of the fusion proteins 

over a surface containing SPA or control protein. In addition, compared to constructs 

containing single copies of the ZSPA-1 affibody, the (ZSPA-1)2 containing constructs showed 

considerably slower off-rate kinetics. 
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6.3.2 Reversible docking studies 

A series of studies were performed to investigate if a directed and reversible docking of 

proteins on cellulose could be achieved. For this purpose, a moisted (water) cellulose-based 

filter paper (Munktell filter paper 1001) was used as solid support for the experimental 

procedures. The docking studies were performed as follows: Three separate pieces of the filter 

paper were spotted at specific positions with a small amount (0.5 µl) of the SPA-Cel6A 

CBM1 protein solution or the control protein solutions (SPA and Cel6A CBM-ABD).  

Following a washing and blocking procedure, each filter paper were incubated in a buffered 

(PBS, pH 7.2) solution containing the (ZSPA-1)2-EGFP fusion protein. After washing the filter 

paper were analyzed by fluorescence microscopy (excitation at 488 nm) to detect any 

presence of the (ZSPA-1)2-EGFP fusion protein. A region of bright fluorescence was detected 

on the filter paper originally spotted with the SPA-Cel6A CBM fusion protein indicating that 

the (ZSPA-1)2-EGFP fusion protein is stably bound to the cellulose-anchored SPA-Cel6A 

CBM1 fusion protein at the deposition site via the specific (ZSPA-1)2 / SPA interaction. In 

contrast, very low levels of evenly distributed fluorescence could be detected on the filter 

paper pieces spotted with the control protein solutions (SPA or Cel6A CBM-ABD) (Figure 19 

A).  

 

To investigate if the cellulose-anchored SPA-Cel6A CBM fusion protein was amenable for 

repeated use as a platform for site-directed docking of consecutively added (ZSPA-1)2-

containing fusion proteins, the filter papers (including the controls) were first briefly 

incubated at low pH (HAc, pH 2.8) to facilitate elution of bound (ZSPA-1)2-EGFP followed by 

washing to neutral pH. No fluorescence could be detected on any of the filter papers at this 

point, indicating that the (ZSPA-1)2-EGFP fusion protein had been efficiently eluted from the 

cellulose surface (Figure 19 B).  

 

A second incubation of the filter papers in the (ZSPA-1)2-EGFP protein solution, using the same 

procedures as in the previous step, resulted in a fluorescence signal of similar intensity and 

location for the filter paper containing the deposited SPA-Cel6A CBM1 fusion protein, 

compared to the first incubation study (Figure 19 C).   

 

Following a second low pH and washing step (Fig. 19 D) the filters were incubated in a 

solution containing the  (ZSPA-1)2-cutinase fusion protein. After an additional washing step, the 
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presence and localization of the cutinase-fusion protein was investigated through incubation 

of the filter papers with a chromogenic substrate followed by reaction termination (50% 

acetone) and washing. The activity, as indicated from a red precipitate at sites of (cutinase) 

enzymatic activity, was shown to be concentrated at the site of deposition of the SPA-Cel6A 

CBM1 fusion protein. In contrast, no or very low staining could be detected on the control 

filters (Figure 19 E).  

 
Figure 19. Results from consecutive docking experiments. The docking of (ZSPA-1)2-EGFP and (ZSPA-1)2-cutinase 

fusion proteins to cellulose-anchored SPA-Cel6A CBM1 fusion protein was investigated using a fluorescence 

microscopy (excitation at 488 nm) (A-D) or by visual microscopy (E). 

 

These data showed that the cellulose-anchored SPA-Cel6A CBM1 construct remained stably 

anchored with retained activity through repeated washing and low pH incubations. Further, 

the results shows that novel affinity pair systems can be recruited for non-covalent reversible 

assembly of complexes of desired composition at the cellulose surface to constitute a platform 

for the build-up of ordered macromolecular complexes. A reversible system would be 

advantageous in cases where the sequential actions of two or more enzymes with different 

specificities are needed to perform the desired modification of the cellulose surface. To obtain 

a selectively addressed incorporation of two or more different proteins into a single platform 

protein the use of additional anti-idiotypic affibody pairs (Eklund et al., 2002) should be ideal 

as a complement to the used ZSPA-1/SPA interaction pair. This approach would thus allow the 

five-domain SPA domain to be used as a multivalent docking partner. 
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7. Concluding remarks 
The use of the 58-residue single three-helix bundle Z domain of staphylococcal protein A as a 

scaffold for combinatorial protein libraries from which novel binding proteins denoted 

affibodies can be selected has previously been investigated for a wide range of applications 

including bioseparation, diagnostics and therapy. In this thesis, the protein A-based affibody 

binding protein platform was investigated as a source for novel affinity protein ligands for 

potential uses in two different affinity-protein technology fields. In the first study, affibody-

protein variants capable of specific recognition to hCD28, was selected from combinatorial Z 

libraries, and further characterized with a focus on the potential use of these agents in 

immunotherapeutical applications. In the second study, affinity protein modules from 

different sources including the protein A based affibody platform, was assembled into a multi-

domain subunit protein capable of performing a reversible and site-specific anchoring of 

active proteins onto cellulose. The findings of this thesis in combination with earlier work has 

shown that affibody-proteins with specificities to a wide range of target proteins can be 

isolated from the Z protein libraries and be used in many different formats.  
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ABBREVIATIONS 
 

ABD  albumin binding domain  

BIA  biospecific interaction analysis 

CBM  carbohydrate binding module  

CHO chinese hamster ovary cells 

CTLA-4 cytotoxic T lymphocyte antigen-4 

EGFP  enhanced green fluorescent protein 

Fc fragment crystallisable 

GFP  green fluorescent protein 

HSA human serum albumin 

Ig  immunoglobulin 

IL-2 interleukin-2 

mAb  monoclonal antibody 

MHC major histocompatibility complex 

SEA staphylococcal enterotoxin A 

SEE staphylococcal enterotoxin E 

SPA staphylococcal protein A 

SPG streptococcal protein G 

TCR T-cell receptor 

Z engineered protein A domain 

Zlib-1 Z library 1 

Zlib-2  Z library 2 
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