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Protein engineering is a powerful tool to modify proteins to generate novel and desired 
properties that could be applied in biotechnological, diagnostics and therapeutic areas. In this 
thesis, both rational design and library based engineering principles have been exploited to 
develop affinity proteins with desired traits.  
One study was focused on the use of site-directed mutagenesis to obtain variants of the 
staphylococcal protein A-derived 58-residue immunoglobulin binding Z domain with 
improved affinity for mouse IgG1 Fc. Screening of ca. 170 constructed variants revealed one 
variant with a single F5I amino acid substitution, denoted ZF5I, with a ten-fold higher affinity. 
The Fc binding ZF5I variant was further investigated for use in affinity-driven site-specific 
covalent photoconjugation to mIgG1 monoclonal antibodies. Here, nine candidate positions in 
the domain were investigated for introduction of a UV-activatable maleimide benzophenone 
(MBP) group via conjugation to an introduced cysteine residue. The best photo-conjugation 
results were obtained for a variant in which the MBP was introduced at position 32, denoted 
ZF5I-Q32C-MBP, which could be conjugated at high yields to all nineteen mouse IgG1s tested. The 
use of a biotinylated Z-based probe for biotinylation via photoconjugation of a monoclonal 
anti-interferon gamma antibody resulted in a higher antigen binding activity than if a 
conventional amine directed biotinylation strategy was used. 
In a second study, the goal was to develop a new homogeneous immunoassay for quick 
antigen detection, based on split-protein complementation and pairs of antigen recognizing 
proteins. In one of the formats investigated, separate fragments of a split-beta-lactamase 
enzyme reporter were genetically linked to ZF5I-Q32C-MBP units which were individually photo-
conjugated to two different mAbs recognizing different epitopes on a human interferon 
gamma model target analyte. Simultaneous binding of the two mAb-enzyme half probes to 
the analyte resulted in an analyte concentration-dependent enzyme fragment complementation 
which could be spectrophotometrically detected using a nitrocefin substrate. 
Using ribosome display technology, Z-domain based binders to mouse IgG1 were selected 
from an affibody library. One binder denoted Zmab25 was shown capable of selective binding 
to mouse IgG in a background of bovine IgG, and could be used for species-selective 
recovery of monoclonal antibodies from complex samples, resembling hybridoma culture 
supernatants. Epitope mapping experiments showed that that the binding site on mouse IgG 
was located in the Fab fragment and was overlapping with that of streptococcal protein G.  
In a final study, phage display technology was used to select affibodies binding to human 
interleukin 6 (IL-6), for potential use in rheumatoid arthritis (RA) therapy via blocking of the 
signaling involving the ternary complex between IL-6, the IL-6 receptor α (IL-6R α) and the 
gp130 co-receptor. Several affibodies were shown to be capable of blocking the interaction 
between gp130 and preformed complexes of IL-6 and soluble IL-6R α (IL-6/sIL-6R α) in 
vitro, corresponding to the so-called trans-signaling interaction. One of these affibody 
variants denoted ZIL-6_13 showed a KD of approx. 500 pM for IL-6 and was genetically fused to 
different chain ends of the monoclonal anti-TNF antibody adalimumab to build bi-specific 
“AffiMab” constructs. One construct, ZIL-6_13-HCAda, in which the affibody was fused to the 
N-terminus of the adalimumab heavy chain had the most optimal properties in different cell 
assays and was also evaluated in vivo in an acute serum amyloid A (SAA) mouse RA model, 
involving a dual challenge of animals with both IL-6 and TNF. Compared to adalimumab that 
could only reduce SAA levels to 50% at the highest dose, the bi-functional AffiMab reduced 
SAA levels to below the detection level.  
 
Keywords: protein engineering, Z domain, affibodies, mouse monoclonal antibodies, 
photoconjugation, split-protein complementation, phage display, ribosome display, IL-6, 
TNF, AffiMab, rheumatoid arthritis 
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“If you can't explain it simply, you don't understand it well enough.” 
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Introduction 
 
Proteins are a class of biomolecules that include several types that are all basic and 
vital elements for life, for example hormones, antibodies and enzymes. In the daily 
life proteins are broadly involved in many areas, such as the use of enzyme 
ingredients in washing powders, as therapeutic drugs such as insulin, as diagnostic 
agents such as antibodies, and as research tools. Continued explorations of proteins, 
leading to a deeper understanding of how they function will pave valuable ways for 
further human utilization. For increased functionality in environments different from 
the ones they were evolved to function in, they may in some cases need to be 
appropriately altered, a field named protein engineering. Typically, protein 
engineering involves a reshaping or trimming of a protein to improve its functions or 
properties, for instance, its stability, solubility, catalytic activity (enzyme), affinity 
and specificity, or to generate new functions. Our present abilities to understand 
protein functions and to make relevant changes are the accumulated product of 
numerous historical milestones	  within biology. These insights and techniques in the 
biological area now serve as driving force to push the wheels of protein engineering 
forward.  
 
Back in the 1950’s, there was a series of exciting news, including the determination of 
the amino acid sequence of insulin (Sanger and Tuppy, 1951), the discovery of the 
double-helical three-dimensional structure of deoxyribonucleic acid (DNA) (Watson 
and Crick, 1953) and the X- ray crystallographic determination of the structure of 
myoglobin (Kendrew et al., 1958). Those significant discoveries, which were 
powerful magnifiers to look into the basic and physical information related to 
biomolecules, encouraged scientists to continue to dig into this field. By taking 
advantages of already obtained knowledge, site-directed mutagenesis emerged as a 
popular and efficient approach to engineer proteins, after the successful case of the 
engineering of tyrosyl-transfer RNA synthetase (TyrRS) (Winter et al., 1982). Later 
on, increasingly advanced tools to perform recombinant DNA technology, such as 
enzymatic digestion and ligation of DNA and PCR to amplify DNA sequences has 
provided tools for even more powerful concepts of altering proteins via e.g. fusion, 
insertion and truncation for various purposes.  However, alterations guided by rational 
design have some limitations, since it is still hard to predict consequences from 
altering the amino acid sequence of proteins, and quite extensive laboratory work is 
needed to generate many variants in parallel. Therefore, library based routes for 
engineering proteins began to emerge after that George Smith first described phage 
display technology, providing a beautiful concept of linking genotype and phenotype 
for collections of protein variants, denoted libraries (Smith, 1985). Subsequently, 
other display platforms, including cell surface display, ribosome display and mRNA 
display have been developed as well to generate tools for handling protein libraries to 
enable discovery of novel proteins, primarily with novel or improved binding 
properties against disease-related targets for use in therapy, diagnostics and research. 
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These in vitro protein library techniques can for example not only be used to mimic 
nature’s own evolution process to produce novel affinity proteins in the form of 
antibodies in B-cells, but also expand the repertoire of binding proteins to non-
immunoglobulin scaffolds. 
 
Antibodies are an important group which still holds the major position when it comes 
to affinity proteins used as therapeutic drugs. Indications treated with monoclonal 
antibodies are several, including for example inflammation (Humira®), infection 
(Aurexis®), cancer (Herceptin®) and allergic asthma (Xolair®). In the 1980s, many 
scientists worked on the generation of different mouse monoclonal antibodies for 
therapeutic applications, owing to the newly (at that time) developed hybridoma 
technology (Köhler and Milstein, 1975). Although antibodies with a high affinity and 
binding selectivity could be developed, the immunogenicity issue from the use of 
antibodies originating from mouse in humans existed and needed to be solved. To 
make the antibodies more human, chimeric and even humanized monoclonal 
antibodies obtained via protein engineering were produced and proved capable to be 
administrated as drugs. Today, the dominating path to generate antibodies for human 
therapy goes via protein library technology, using human-sequence antibody gene 
pools from the start and a suitable display technology for in vitro selection of clones 
with desired binding properties (See Chapter 2) and via transgenic mice that are 
producing fully human antibodies when exposed to antigen in vivo (Chapter 3).     
 
The merging of de novo design with library technologies has been a growing field in 
protein engineering in recent years. By assistance of computational programs, affinity 
proteins have been generated towards to a desired epitope of a target, thus 
dramatically enhancing the potential of the affinity protein as therapeutic drug 
(Fleishman et al., 2011; Correia et al., 2014).   
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Chapter 1. Protein engineering by rational design 
 

This chapter focuses on protein engineering by rational design principles, including 
site-directed mutagenesis, domain re-assembly including adding or removing domains 
of proteins and engineering for post-translation modification. 	  

1.1 Rational mutagenesis of single or multiple positions 

It is now over 30 years since the technology for site-directed mutagenesis of a specific 
position in a DNA sequence was introduced (Hutchison et al., 1978). Later, in 1982, 
site-directed mutagenesis of tyrosyl-transfer RNA synthase (TyrRS) (Winter et al., 
1982) and beta lactamase (Dalbadie-McFarland et al., 1982 and Sigal et al., 1982) was 
successfully achieved, guided by known enzyme structures and sequence information. 
It opened a new window at that time for protein engineering through altering proteins 
at will at the genetic level, to investigate the relationships between sequence, structure 
and function. Meanwhile, it provided a basic approach to create different variants of a 
protein that could suit particular applications.  

One valuable resource for comprehensive protein engineering is the three-dimensional 
structure of the protein of interest. Up to today, there are approximately 107,600 
entries of protein structures, from X-ray crystallography, electron microscopy, NMR 
spectroscopy or modeling, in the Protein Data Bank (PDB) structure database 
(http://www.rcsb.org), including proteins alone or complexes between proteins and 
interacting partners including e.g. other proteins or nucleic acids.  

The majority of structures have been determined by X-ray crystallography. Here, the 
basic principle is that the protein is crystallized and X-ray light is beamed through the 
crystal and is diffracted by the atoms in the protein, resulting in a diffraction pattern. 
Such patterns, collected at different angles are later deciphered into electron densities 
and back-transformed into the structure giving rise to the pattern. The advanced 
technology named X-ray free-electron lasers uses an extremely energetical and 
intensive light source on tiny crystals of the protein resulting in high-resolution 
structures (Barends et al., 2014). The use of nuclear magnetic resonance (NMR) for 
structure determinations surpasses X-ray crystallography in tracing protein dynamics. 
Here, the protein is isotopically labeled during production (by e.g 15N and/or 13C), 
purified, concentrated in solution and placed in a powerful magnetic field. In this 
surrounding, atomic nuclei will interact with radio frequencies differently depending 
on their environment, including influence from nuclei neighbours in sequence and in 
space.  This information is used to calculate atom-atom distances and ultimately the 
structure of the entire protein. However, there is a size limitation associated with the 
use of NMR in that molecules need to be smaller than 50 kDa while there is no size 
limitation connected with X-ray crystallography (Krishnan and Rupp, 2012).  
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One classical example of rational protein engineering is the modification of the 
bacterial subtilisin protease of Bacillus amyloliquefaciens. It’s an enzyme widely used 
in washing detergents. This proteolytic enzyme breaks down protein or peptide stains 
from e.g. food or blood.  When added as a supplement in laundry powder containing 
bleach, oxidation of a Met residue at position 222 into a sulfoxide inactivates the 
enzyme. By replacing Met by Ala, a mutant was created with retained (50%) catalytic 
activity and tolerant to the oxidization (Estell et al., 1985). Other mutations have 
subsequently been introduced for increased performance at high temperature 
(Miyazaki and Arnold, 1999).  	  

Another remarkable and successful case is the development of novel insulin variants 
for diabetes treatment. Originally, insulin was the first FDA approved recombinant 
DNA technology-generated drug (Johnson, 1983). However, after subcutaneous 
injection, the profile of the glucose level regulated by recombinant native insulin is 
not the same as for the physiological type as secreted by the pancreas. Therefore, 
different versions or analogs of insulin to better mimic natural insulin or even perform 
better in vivo have been engineered. Normally, monomers, dimers and hexamers are 
the different forms existing in solution or blood, of which only the monomer is the 
active one. The residue Proline 28 in the B chain of insulin plays a key role for the 
tendency for insulin to self-assemble. One produced variant is the quick acting insulin 
variant denoted lispro (Humalog®), in which the order of the amino acids at position 
28 and 29 in chain B has been switched. The ability to bind to the receptor is not 
interrupted while the absorption and elimination speed is twice as fast as for the wild 
type due to a lower self-association rate in solution caused by the alteration of the C-
terminus (Brems et al., 1992). Also other variants of insulin have been developed for 
various purposes, such as long-term active variants. One product named glargine 
(Lantus®) has been engineered to have an isoelectric point (ca. 7) that promotes the 
formation of aggregates at physiological conditions, leading to slow release. Another 
product named detemir (Levemir®) has been developed by attaching an albumin-
binding acyl tether at LysB29, thereby prolonging the circulation time (Wada et al., 
2008; Pandyarajan and Weiss, 2012).  

Production of proteins by recombinant methods using a host cell transformed with a 
foreign DNA construct is today standard, but may still be associated with some 
problems, including proteolytic degradation and/or problems with product solubility.  
Using the bacterium Escherichia coli (E. coli) as host, product aggregation is a 
common problem. Recombinant IL-2 (Proleukin®) is today an FDA approved drug to 
treat malignant melanoma and renal cell cancer. To solve problems with product 
insolubility during production in E. coli, the protein was engineered via a C125S 
mutation, removing one of three cysteines (58, 105 and 125) in native IL-2, of which 
the first two cysteines form a disulfide bond (Wang et al., 1984). By mutating the 
cysteine residue at position 125 into a serine, the solubility and folding was improved 
and the activity was maintained (Doyle et al., 1985).  



  Feifan Yu, 2015 
	  

	   5	  

Computer-aided de novo design of proteins has also been introduced into the protein 
engineering field as one route to generate novel proteins. One leading group has been 
the Baker lab at Univ. of Washington (UDub), Seattle, which gathers the pioneers 
behind the Rosetta software suite used in the field (https://www.rosettacommons.org). 
This software includes many programs for modeling and structure prediction using 
already solved structure information as input to improve prediction of the folding, 
binding (Tinberg et al., 2013) and catalysis (Rajagopalan et al., 2014; Procko et al., 
2013) of other proteins.  

For example, the Rosetta software has been used to alter the binding specificity 
between DNase (Colicin E7) from bacteria and its inhibitor (Immunity protein Im7) 
(Kortemme et al., 2004), the enzymatic activity of a redesigned pair of an 
endonuclease and its recognized DNA has been improved 10,000-fold (Ashworth et 
al., 2006) and small molecule binders to the steroid digoxigenin (DIG) has been 
designed, and later showed to bind with high affinity and specificity/selectivity 
(Tinberg et al., 2013).  

If no structure is available for the protein you want to engineer, a technique called 
alanine scanning is a common option to probe the regions of importance, information 
which is used as hints for where to address the later engineering (Cunningham and 
Wells, 1989; Weiss et al., 2000). The technique is based on replacing individual 
amino acids with alanine to investigate the importance of the original amino acid for 
the function under investigation. In studies of protein-protein interactions, the hot spot 
regions may be clearly indicated by functional analyses of a set of Ala-substituted 
variants. For example, the interactions between insulin and its receptor (Kristensen et 
al., 1997) or human growth hormone and its receptor (Cunningham and Wells, 1989) 
were both systematically investigated by alanine scanning techniques. However, there 
is always a risk of false negative conclusion, since occasionally, the Ala substitution 
may damage the overall protein stability and structure causing conformational 
changes. Circular Dichroism (CD) spectroscopy should ideally be combined with an 
alanine scan experiment to make sure that the overall secondary structure content of 
the protein is retained.  
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Figure 1.1. Schematic illustration of the alanine scanning principle. A protein is first 
genetically mutated at different positions and the resulting variants individually produced. 
The results from testing the activity of each variant as compared to the activity of the wild 
type (WT) could assist protein engineering design.  

Point mutations of protein sequences may also alter post translation modifications 
(PTMs) of the protein, which are of interest for rational design efforts to obtain better 
properties. PTMs may directly affect a number of properties, including folding, 
targeting/trafficking, ligand recognition/ binding specificity and affinity, stability, 
half-life, function and immunogenicity (Walsh and Jefferis, 2006). One example is 
the glycosylated hormone Erythropoietin (EPO), which stimulates the production of 
red blood cells. Native EPO has a serum half-life of ca. 6-9 hours, and efforts have 
been done to prolong this via introduction of additional glycosylation-sites via site-
directed mutagenesis of residues alanine 30 and tryptophane 88 to asparagines 
resulting in two new PTM sites for N-linked oligosaccharide chains (Elliott et al, 
2003).  This resulted in a variant denoted Darbepoetin alpha (or Aranesp®), which 
shows an approximately 4-fold longer serum half-life, allowing less frequent 
administration.  

1.2 Additions and deletions of larger parts of proteins  

The concept of adding domains to a protein by gene fusion resulting in a fusion 
protein with the combined properties of the constituents also belongs to the field of 
protein engineering and has been extensively used in different applications. One 
example is in the bio-separation area when proteins of interest are fused to 
purification tags (Terpe, 2003). Recombinant proteins can be purified by various 
chromatography principles, such as HPLC, ion exchange and gel filtration. However, 
this can be time consuming and of often several consecutive steps are needed. 
Alternatively, through genetic fusion to a purification tag, such as glutathione S-
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transferase (GST), the FLAG-tag, the His6-tag or maltose-binding protein (MBP), the 
protein can in many cases be effectively enriched to a high purity by a single step 
purification even from complex mixtures, such as a cell lysate or culture supernatant. 
Those tags could also further be removed by a protease cutting specific sequences 
introduced between the tag and the target proteins, if needed (Arnau et al., 2006).  

Further, gene fusion can be used to enhance physical properties.  Several fusion tags 
such as maltose-binding protein (MBP), N-utilization substance A (NusA), translation 
initiation factor 2 domain I (IF2), glutathione S-transferase (GST) and small ubiquitin 
modifying protein (SUMO) have been found to increase protein solubility, stability, 
and promote the folding (Pryor and Leiting, 1997; Nygren et al., 1997; Walls and 
Loughran, 2011). In some circumstances, MBP has been reported as more efficient 
solubilizer than other tags (Kapust and Waugh, 1999; Guo et al., 2011; Dyson et al., 
2004).  

Gene fusions are also used for detection purposes. Here, proteins are for example 
fused to a fluorescent protein employed to monitor the expression level (Chalfie, et 
al., 1994), protein folding (Waldo et al., 1999), protein location (Day et al., 2009), 
dynamic interaction (Day and Schaufele 2008) and signaling networks in cells 
(Tavare, et al., 2001). The original and most widely used fluorescent protein is green 
fluorescent protein (GFP) from Aequorea victoria jellyfish, first isolated in the early 
1960’s (Shimomura, et al., 1962). GFP consists of 11 beta strands forming a barrel 
and a central alpha helix inside (Yang et al., 1996; Ormö et al., 1996). This cyclinder 
type of structure assists the formation of an internal chromophore via a reorganization 
involving the three amino acids S/T65, Y66 and G67 (Heim et al., 1994). Mutation of 
these core residues and also other surrounding amino acids could lead to excitation 
and emission spectral shifts, for instance, an Y66H mutation generates a blue 
fluorescent protein and a T203Y/H substitution results in a yellow fluorescent protein 
(Ormö et al., 1996; Wachter et al., 1998). In addition, there are numerous versions of 
GFP that have been evolutionarily engineered for different purposes, including a 
version called superfolder GFP with improved folding kinetics and other features, for 
instance, high tolerance to chemical denaturants and random insertions (Pédelacq et 
al., 2006), enhanced green fluorescent protein (EGFP) (Cormack et al, 1996; Cinelli 
et al., 2000), superpositively charged GFP for gene delivery into mammalian cells 
(McNaughton et al., 2009) and split-GFPs (see chapter 2.4). 

Further, gene fusions are also used to increase the therapeutic potential of proteins. 
Small proteins, with sizes below the renal cut off limit of approximately 50-60 kDa, 
are rapidly cleared through the kidneys, which dramatically decreases the serum half-
life. One strategy that has been used to increase the half-life of proteins is to construct 
fusions to the Fc fragment of IgG. The Fc fragment provides both a larger size and 
provides an affinity to the neonatal Fc receptor (FcRn). Details are described in 
Chapter 3.3. This strategy is regarded as one of the most efficient and safe strategies 
to prolong the serum half-life of protein drugs and is also approved by the U.S. Food 
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and Drug Administration (FDA) (Beck and Reichert, 2011). One example is Enbrel®, 
which is a fusion between the soluble extracellular domains of tumor necrosis factor 
(TNF) receptor II and Fc of human IgG1, which was approved by FDA as a drug for 
rheumatoid arthritis in 1998 (Marshall et al., 2003). Similarly, human serum albumin 
(HSA) has been used as a fusion partner to proteins to enhance their half-lives in 
circulation, as described for human growth hormone (Osborn et al., 2002). Other 
described strategies involve for example the use of albumin binding peptides or 
proteins, such as the albumin binding domain (ABD) from streptococcal protein G 
that naturally binds to HSA (Nygren et al., 1991, Hopp et al., 2010; Lindgren et al., 
2014, Jonsson et al., 2008) and also immunoglobulin-binding domains (see Chapter 
3.4) (Hutt et al., 2012; Unverdorben et al., 2012) have also been tested as fusion 
domains to extend plasma half-life as well. 	  

The opposite to extending a protein with extra domains is to delete unwanted regions. 
Protein often contains multiple domains and each domain may have its own distinct 
function. In some cases, in may not be necessary to include all domains of a protein 
for use in a particular application. For example, the full-length tissue plasminogen 
activator (tPA) contains five domains: a finger domain (F), a growth factor domain 
(EGF), kringle domains 1 (K1) and 2 (K2) and the serine protease domain with the 
catalytic activity, following an order from N- to C-terminus (Kuiper et al., 1996). The 
tPA protein is involved in fibrinolysis and is reagent useful for thrombolytic disease. 
In 1987, original full-length tPA was the first ever drug approved by FDA that had 
been produced in mammalian cells. In practical usage of the recombinant full-length 
tPA in the clinic, the fast clearance sets limits for its effects. One mutant named 
reteplase in which the first three N-terminal domains (F, EGF and K1) have been 
deleted shows a prolonged half-life and has become a drug for acute myocardial 
infarction approved by FDA in 1996. Also other purposes could be accomplished by 
removing parts of a protein. For instance, a variant of keratinocyte growth factor 
(KGF) for mucositis treatment missing the 23 N-terminal amino residues has been 
shown to present an enhanced stability while still maintaining a high activity (Hsu et 
al., 2006).	  

A special thought of protein engineering is circular permutation. This involves  
“cutting” the protein at an internal site to create new N- and C- termina while 
simultaneously “connecting or sealing” the old terminal sequences, without changing 
the overall structure. This is actually a naturally existing phenomenon revealed in 
1979 by Bruce Cunningham and his colleague who pointed out that the lectin proteins 
favin and concanavalin A had circularly permuted amino acid sequences 
(Cunningham, 1979). Scientists took this inspiration into the protein engineering area 
mainly for enhancing or creating novel enzyme catalytic activities (Qian and Lutz, 
2005, Yu and Lutz, 2010, Guntas et al., 2012), increasing the thermo-stability (Topell 
et al., 1999), or to make proteins more tolerant to proteolysis (Whitehead et al., 2009). 
One example of the use of this technology is a circularly permutated fluorescent 
protein maintaining an ability of chromophore formation while becoming tolerant to 
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insertion of metal (Ca2+ or Zn2+) binding motifs. This variant has shown an extreme 
robustness and sensitivity when used as metal detector (Baird et al., 1999; Nagai et 
al., 2001).  

	    

Figure 1.2. Two examples of protein engineering by circular permutation. A protein with 
original N- and C-termina is engineered such that the junction between the original ends is 
closed and new termina are generated. (A) Creating novel substrate preferences for an 
enzyme by circular permutation. (B) A metal (Ca2+) detection sensor protein was made by 
circular permutation of GFP followed by insertion of a Ca2+ binding motif.  
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Chapter 2. Protein library technology 

 

This chapter describes library based protein engineering including principles for 
creating genetic diversity and various platforms for protein display and 
selection/screening. Although rational design is an elegant and classical route to 
improve protein properties with the assistance of solved structures and known 
functions, it is still difficult to predict which and what amino acids should be altered, 
not to mention prediction of cooperative effects. Besides that, the more extensive the 
site-mutagenesis is made, the more laboratory work is needed to investigate the 
mutants made. Library based protein engineering could conquer those problematic 
issues by simultaneously creating tremendous numbers of variants from which desired 
candidates having the desired functionalities can be pulled out. 

In these systems, mutagenesis is still required as a necessary component but is 
typically performed at several positions simultaneously which largely enhances the 
diversity, or sequence space.  The positions included may be (more or less) random, 
as when using error-prone PCR for introducing diversity or controlled using for 
example cassette mutagenesis, replacing a portion of a gene with a collection of 
synthetic DNA elements containing random substitutions at defined codons.  

The second component is the platform used to obtain a robust linkage between 
genotype and phenotype to be capable of identifying isolated proteins variants via 
DNA sequencing. 

Protein library technology has led to that a vast number of novel affinity proteins 
including scaffolds or antibodies with high binding affinity and specificity 
(selectivity) have been identified (Skerra 2007; Nygren 2008; Binz and	   Plückthun 
2005). When it comes to engineering of enzymes, extensive mutagenesis is also 
performed to create diversity and libraries, but here clonal screening, rather than 
selection, is typically used to identify the desired variants. However, selection-based 
strategies have been described also for enzymes (Danielsen et al., 2001 and 
Fernandez-Gacio et al., 2003). Phage display is still the most popular technology 
applied in the passed few decades up to present.  Alternative technologies for linking 
genotype and phenotype include ribosome display, yeast display and bacterial display 
(Hosse et al., 2006).  

2.1 Generation of library diversity  

2.1.1 Random mutagenesis by error-prone PCR 

In error-prone PCR (epPCR) approaches, the changes (or errors) are introduced 
during a PCR reaction process by employing low or non-fidelity polymerases 
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(McCullum et al., 2010; Biles and Connolly, 2004). The mutation rate could be 
adjusted by replacing Mn2+ with Mg2+, higher dGTP concentration, nucleotide 
analogues at different concentrations, number of cycles and template amount etc. in 
the PCR reaction (Shafikhani et al., 1997 and Neylon 2004). One disadvantage with 
epPCR is that most often only one base is altered per codon, reducing the diversity 
per codon to a few amino acids, typically 5-6, depending on the particular codon and 
where in a codon the mutation appears. Also, it is not possible to control the 
positioning of the introduced mutations other than that one can choose to perform 
epPCR on a subsection of a given gene to introduce diversity locally.  

2.1.2 DNA shuffling, ITCHY, SHIPREC, SCRATCHY 

A strong sequence homology between members of a protein family may provide 
important clues to structure/function relationships. Also, by combining the good traits 
from several individual ancestral sequences in a new sequence, variants superior to 
any of the ancestral clones may be developed.  In so called DNA shuffling (or sexual 
PCR) approaches, genes from homologous families of sequences, either naive ones or 
sets generated via epPCR, are digested into fragments, pooled together and randomly 
reassembled back into full-length sequences again, now as mosaic genes containing 
segments from several of the ancestors (Cohen, 2001; Stemmer, 1994). DNA 
shuffling can be a rapid way to perform evolution or protein engineering to develop 
proteins with improved properties. For example, one variant of human interferon α 
having a 285,000-fold improvement of the anti-viral and anti-proliferation activity 
compared to wild type of interferon α was achieved after two rounds of selection 
from phage libraries obtained by DNA shuffling of a human interferon α family 
containing more than 20 parental genes (Chang et al., 1999).    

Both epPCR and DNA shuffling are on their own very commonly used techniques for 
diversifying protein encoding genes in vitro at random positions with relative low 
mutation rates, but the potential for improving protein traits such as affinity, 
specificity, catalytic activity and novel substrate specificities is huge. Moreover, in 
many cases a combination of those two approaches is used which has shown to be 
efficient (Boder et al., 2000; Graff et al., 2004 and Harvey et al., 2004). For example, 
the affinity between a single chain antibody fragment and a GCN4 peptide was 
strengthened 500-fold compared with original binders by combining those two 
strategies (Zahnd et al., 2004).    

Notably, it is only useful to mix two sequences by shuffling if these are “good”. 
Normally, epPCR is first used to generate a diverse pool from which better-than-
original clones are identified. Then, these good sequences are mixed via shuffling to 
get even better variants. If the original pool after epPCR is used for shuffling, many of 
the genes in it may be dead clones, and those are not wanted in the shuffling. Now, 
with the possibility of using trinucleotide codons in gene synthesis, one oligo (or 
rather collection of oligos) ordered may comprise all the desired diversity from genes 
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in a family, bypassing the need for DNA shuffling. Concerning DNA shuffling, a 
major drawback is the requirement of sequence similarity higher than 70-80% (Sieber 
et al., 2001). However, an alternative approach named genes incremental truncation 
for the creation of hybrid enzymes (ITCHY) was emerged to generate diversity 
without need of homology between families (Michnick and Arnold, 1999; Ostermeier 
et al., 1999). Two parental gene sequences are digested with exonuclease III to 
separately make libraries (N terminal and C terminal) of truncated genes, followed by 
re-ligation (blunt-end) of those two libraries to generate a pool of fusion genes 
containing different fractions of the parental genes. Also, sequence homology-
independent protein recombination (SHIPREC) is a similar concept in which a dimer 
type of gene construct, containing a first gene, a linker and a second distinct or 
irrelevant gene in tandem manner, is cleaved with DNaseI, purified and circularized 
by ligation to create new chimeric variants (Sieber et al., 2001). SCRATCHY is a 
combined strategy to take advantages of both ITCHY and DNA shuffling to enhance 
crossover (Lutz et al., 2001). All these techniques are based on the generation of a lot 
of truncated genes from two parental genes that are later fused, and only very seldom 
crossovers occur.  

 

Figure 2.1. Schematic cartoon of the principles for DNA shuffling, ITCHY and SHIPREC 

2.1.3 Designed diversity  

It is relatively easy to use gene technology - an artificial rather than natural manner to 
introduce single or even multiple amino acid substitutions in a gene encoding a 
protein, followed by expression of the resulting proteins to study the effects on the 
traits under investigation. As pioneered once by Michael Smith (Nobel Prize 1993, 
shared with Kary B. Mullis who developed the polymerase chain reaction), one way 
of introducing mutations in a site-directed manner is to use an oligonucleotide primer 
containing a mutation and let that anneal to a single stranded circular wild type 
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template, forming a so called heteroduplex, followed by extension with a DNA 
polymerase and sealing the new strand ends with a ligase followed by transformation 
of a host (Hutchison et al., 1978). To increase the likelihood that the mutant strand is 
favored in the host, Thomas Kunkel improved the methodology via the use of mutant 
E. coli strains (Kunkel, 1985). 

Genes can be synthesized using mixtures of nucleotides at particular steps during the 
build-up of the gene. Depending on the mixtures used, different sets of the 64 possible 
codons are included. For example, different diversities are covered by gene codons 
NNN (N=A/T/C/G) and NNK or NNS (K= G/T and S= G/C). In the NNK/S cases, 32 
possible codons covering all 20 amino acids are used, contrasting to the NNN case 
using 64 possible codons to cover 20 amino acids. Using NNK the redundancy drops 
down, but is still not optimal. For example, the fraction of codons coding for either 
Ser or Leu is 9.375% (=3/32), which is three-fold higher than for Cys, Trp and Met 
for which the corresponding fraction is only 3.125% (=1/32). Secondly, one of three 
stop codons is still included which may cause termination of the translated of protein 
if introduced.  

In later years, the novel concept of randomization using trinucleotide codons has 
became more predominant due to a full control of the presentation of only the desired 
amino acids. A bottle containing the desired set of pre-made trinucleotide codons are 
used during gene synthesis for a particular position with customized needs (Virnekäs 
et al., 1994). For example, one area where the possibilities of precise codon control 
has shown the importance in the construction of synthetic antibody libraries. Using a 
limited set of particular amino acids found in germline VH regions, for example, 
residues Y, R, W, V, G and S at positions 50 and 52, could increase the likelihood of 
finding binders towards different antigens since those diversities closely represent the 
natural diversity in vivo at these positions (Hoet et al., 2005).     

2.2 In vitro protein library display technologies  

For the analysis of a small-scale number of mutants, screening is commonly used. 
Here individual clones are typically grown in 96 or 384-well plates. Each individual 
protein variant is expressed in a separate well and characterized. When the variants 
are more than thousands, biopanning and cell sorting by flow cytometry of displayed 
libraries are more efficient and straightforward options to apply in practice.  

2.2.1 Phage display  

Phage display is a widespread and relatively robust technology allowing peptides, 
proteins and antibody fragments to be presented on the surface of phage particles in 
order to investigate peptide- or protein-protein, receptor-ligand, enzyme-substrate 
interactions. The main application of phage display has been for selection of affinity 
binders from large libraries, such as peptide libraries (Devlin et al., 1990; Cwirla et al., 
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1990), antibody single chain fragment (scFv) libraries (McCafferty et al., 1990; 
O’Connell et al., 2002; Sheets et al., 1998; Hammers and Stanley, 2014), antibody 
Fab libraries (Hoogenboom et al., 1991; de Haard et al., 1999) and scaffold protein 
libraries (Hoess, 2001; Binz et al., 2004). The technology is also useful for 
engineering or improving protein stability by biopanning under denaturing conditions, 
for instance, elevated temperature and in the presence of guanidinium chloride 
(GndCl) (Jung et al., 1999) and even under reducing condition (Brockmann et al., 
2005). Phage display has also been used for selections involving catalytic activities 
from enzyme libraries (Fernandez-Gacio et al., 2003), e.g. glutathione transferase 
(Widersten and Mannervik, 1995) and beta lactamase (Soumillion et al., 1994) or 
substrate libraries e.g. protease (Matthews and Wells, 1993). 

Back in 1985, George Smith published the first remarkable paper about a discipline of 
exploiting filamentous phage to express proteins encoded by foreign DNA sequences 
as gene fusions with a coat protein on the phage surface (Smith, 1985). This paper 
started the phage display era and attracted numerous scientists to work on it. Phage 
proteins pVIII with a copy number of ca. 2700, (Marvin et al., 1974) and pIII of a 
copy number between 3 to 5 (Henry and Pratt, 1969) are the most common proteins 
used as fusion partner to display library proteins. Protein pIII is essential for phage 
infection and involves a fusion event after which the capacity of infection by a second 
phage particle is partly damaged. Other coat proteins such as pVI (copy number 4 to 
5), pVII (copy number 3 to 4) and pIX (copy number 3 to 4) are alternatively 
employed for fusion of foreign sequences at either the N (pVII, pIX) or the C 
terminus (pVI) (Simons et al., 1981, Jespers et al., 1995; Smith and Petrenko, 1997; 
Løset et al., 2011).  

Phage and phagemid vectors are two types of systems used to express library proteins 
based on genetic fusion to parts of phage coat proteins. Phage vector systems can 
provide all necessary pieces for the bacterial host to produce whole phage particles 
whereas phagemid vectors typically only provide the fusion between the foreign 
protein and a coat protein (Marvin, 1998; Bass et al., 1990). Cells containing a 
phagemid vector can’t assemble complete phage particles until so called helper 
phages are supplied, typically via superinfection, and provide the rest or missing 
phage protein parts necessary for assembly of phage particles (Barbas et al., 1991; 
Breitling et al., 1991). The advantages of phagemid systems are highlighted as higher 
transformation efficiency, easier handling and that they offer monovalent presentation 
of library members, which potentially can facilitate stringent selections of binders of 
higher affinities compared the most phage vector systems where library members are 
multivalently presented which due to avidity effects could lead to artificial high 
affinities for binders of actual moderate affinity (Lowman et al., 1991; O’Connell et 
al., 2002). The “3+3” is the most used phagemid system, involving gene fusion of 
library members to pIII in a phagemid vector and supply of wild type pIII (and all 
other phage proteins) from a helper phage vector.  In some systems an amber stop 
codon (TAG) is inserted between the library member gene and pIII gene (full-length 
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or truncated).  In amber suppressor E. coli strains, this amber codon is translated to 
amino acid with 1-10% possibility. Thus, both pIII-fused and non pIII-fused library 
member proteins are expressed in such cells. The advantages are that this reduces the 
display levels of the pIII-fused library members, facilitating monovalent display and 
that the non-pIII fused and soluble version can be exploited for post-selection 
experiments without the necessity for any subcloning of inserts to a new vector. 
Further, if the phagemid vector is isolated from the suppressor strain and transformed 
into a non-suppresor strain, all library member protein will be produced as non pIII-
fused. Notably, in monovalent phage display typically only 1-10% of the produced 
phage particles display any library member-pIII fusion, and if they do, typically only 
in one copy.  

The most widespread strategy of fixing a pure soluble target protein is to immobilize 
it on a solid support directly, which can be regarded as a sort of labeling, or 
biotinylate it in order to be able to bind it to streptavidin coated surfaces or beads. 
Also, the target protein can be expressed on cell surfaces, which make selections 
process extremely challenging to perform but still possible. For example, many 
binders have been isolated from phage display selection against tumor cell surfaces 
(Rasmussen, 2002), rare cells (Sørensen and Kristensen, 2011) or live adherent cells 
(Wang et al., 2011). Even successes with in vivo selections from phage libraries have 
been reported, where the library is intravenously injected into mice (Pasqualini and 
Ruoslahti, 1996) or in a human patient (Arap et al., 2002). Phages were subsequently 
recovered from different organs for identification of organ-homing sequences of 
potential use in drug delivery applications. 
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Figure 2.2. Principle illustration of phage display selection using a phagemid system. 
Phagemid library vectors are transformed into infectable bacterial cells containing pili, and 
then cells are cultured and superinfected for production of phagemid particles displaying 
library members. The phagemid library is mixed with a desired, typically biotinylated, target 
molecule followed by capture on beads. Unbond phagemids will be washed away while the 
bound phagemids will be retained and thereafter eluted and used to infect new cells for 
production of a new phagemid stock to enter the next round of selection, typically using more 
stringent conditions (e.g. less concentration of target protein, more washings).  

2.2.2 Cell surface display  

Yeast surface display in combination with sorting using flow cytometry emerged in 
1997 by Wittrup and coworkers, who addressed the principle and demonstrated it in 
experiments (Boder and Wittrup, 1997).  The system is built on that the library 
members are fused at one terminal to Aga2p, which is the mating adhesion receptor 
and forms a disulfide bond to Aga1p anchored on the cell surface. The other terminal 
of Aga2p is typically fused to a peptide tag (e.g. c-Myc peptide) for expression level 
monitoring during the FACS process. It’s worth to note that the orientation of fusion 
to Aga2p significantly can affect the affinity of library proteins to interesting target 
proteins. For instance, two anti-CD3 ε scFv expressed on the yeast surface showed 30 
to 100-fold lower binding affinity when it was fused to the C-terminal of Aga2p 
compared to when fused to the N-terminal (Wang et al., 2005). This means that the 
topography (orientation) sometimes is a very vital factor to take into account. The 
binding signal is typically reported by fluorescently labeled antigen forming a 
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complex with library members on the yeast cell surface. One advantage of using the 
eukaryotic yeast as host is the possibility to obtain post-translation modifications of 
library proteins. Therefore yeast display is suitable for library proteins that are more 
or less difficult to produce in other systems, such as antibody single chain Fv 
fragments (scFv) (Feldhaus et al., 2003; Garcia-Rodriguez et al., 2007), antibody Fab 
fragments (Blaise et al., 2004; Weaver-Feldhaus et al., 2004), human epidermal 
growth factor (EGF) (Cochran et al., 2006), IL-2 (Rao et al., 2004), T cell receptor 
(Holler et al., 2000, Kieke et al., 2001). Yeast display has also been applied in 
evolution of enzyme activity. For example, a well-designed yeast display library 
combining enzyme-regulated attachment and FACS was efficiently used to identify 
variants of sortase A (from Staphylococcus aureus) with a 140-fold higher activity to 
form covalent bonds between substrates LPETG and GGGXX (Chen et al., 2011).  It 
was constructed as a sortase enzyme library fused to Aga2p whereas a peptide S6 was 
fused to Aga1p, which was co-expressed on the surface and linked to Aga2p. Another 
enzyme in the system was phosphopantetheinyl transferase (Sfp, Bacillus subtilis) 
which regulated site-specific linking of coenzyme A (CoA)-LPETG molecules to the 
S6 peptide to achieve linking of LPETG to Aga1p on the cell walls. Clones 
expressing sortase library variants that can catalyze the linking of the substrates 
LPETG and an added GGGXX-biotin peptide were sorted after incubation with a 
fluorescently labeled anti-biotin antibody. In addition, the expression level of the 
sortase enzyme was monitored by a fluorescently labeled anti-HA antibody. 

One of the most successful applications of yeast surface display is to perform affinity 
maturation of binders with off-rate selection involving the addition of unlabeled 
competitors during the process. Using such a process, the isolation of a scFv fragment 
that binds to fluorescein with 48 fM affinity, a binding strength even stronger than 
that between biotin and streptavidin, has been obtained and reported (Boder et al., 
2000). 

Bacterial surface display involves similar principles and processes as yeast surface 
display but the innate machinery of expressing or presenting library members on cell 
surfaces is different. Bacteria can be divided into two types – gram positive and gram 
negative, depending on the organization of their cell walls and plasma membranes. 
Escherichia coli is one example of gram-negative bacterium and well investigated and 
characterized for display of various protein libraries, for example, peptides (Bessette 
et al., 2004; Kenrick and Daugherty, 2010), scFv fragments (Francisco et al., 1993; 
Daugherty et al., 1998) and whole aglyocylated antibody libraries (Mazor et al., 
2007). In order to properly display library members on E. coli cells several systems 
have been developed based on engineered carrier proteins, including OmpA, OmpX, 
LambB, fimbrial structure proteins such as FliC or FimH, autotransporters such as 
AIDA-I, the IgA protease or Circular Permutated OmpA for fusion of the library 
members either to the N-terminal, C-terminal or for insertion into loop areas facing 
the outside of the outer membrane (Daugherty 2007; Löfblom 2011).  
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Another different idea to display library members is to operate anchored periplasmic 
expression system (APEx), in which library proteins are expressed in the periplasm 
and tied on the inner membrane. Even if some fluorescently labeled peptides or small 
antigen can permeate through the outer membrane (Chen et al., 2001), artificially 
disturbing the membrane can more efficiently expose library members to the target 
protein (Harvey et al., 2004; Qiu et al., 2010). Using a further modified system called 
E-Clonal, whole full-length antibody library selections have been described.  Here, an 
inner membrane anchored and IgG binding NlpA(1-6)-ZZ fusion protein was co-
expressed with periplasmically secreted full-length IgG library members for capture 
of these in the periplasm layer followed by EDTA and lysozyme treatments before 
incubation with labeled target protein (Mazor et al., 2007).  

Staphylococcus carnosus display is a gram-positive bacterial display system and also 
reported to be useful in combinatorial protein engineering applications. Since it was 
first described, many aspects have been improved in order to generate libraries 
(Wernérus and Ståhl, 2002; Löfblom et al., 2007). Normally, library sizes of about 
107 or 108 are easy to reach, and such sizes are applicable for e.g. affinity maturation 
campaigns. For the construction of naive libraries sizes in the range 109 or 1010 are 
typically wanted, which requires extensive numbers of transformations. Using S. 
carnosus display, various binders from affibody libraries (Kronqvist et al., 2008; 
Malm et al., 2013), albumin binding domain (ABD) libraries (Nilvebrant et al., 2013) 
or single chain antibody libraries (scFv) (Fleetwood et al., 2013) have been identified 
and characterized. Besides that, S. carnosus display has been utilized as a tool for 
epitope mapping of antibodies through display of sub-fragments of antigens in 
question, such as human epidermal growth factor receptor 2 (HER2), ephrin-B3 and 
the transcription factor SATB2 (Rockberg, Löfblom et al., 2008; Kronqvist et al., 
2010).  

Mammalian cell surface display has become more and more mature in recent years 
and mainly used for displaying intact antibody libraries with native folding and post-
translation modifications. Apart from that, the antibody could be membrane bound or 
secreted via alternative splicing of pre-mRNA which offers convenient ways for 
characterization of potential candidates in downstream assays (Horlick et al., 2013). 
Moreover, in a remarkable report on mammalian display of antibody libraries, a low 
pM KD antibody binder against human β nerve growth factor was obtained by 
applying co-transfection of activation-induced cytidine deaminase (AID), which 
introduced random mutations and insertions in binders from a native IgG library 
(Bowers et al., 2011).  
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Figure 2.3. General principle of cell surface display. Library proteins are expressed on cell 
surface (expression level monitored via an introduced tag and fluorescently labeled anti-tag 
antibodies) and then incubated with a desired fluorescently labeled target protein (here red) 
followed by FACS with a setted gate. Two signals from different lasers will guide the 
instrument to either collect or discard cells when they pass through.  The collected cells will 
enter the next cycle and procedure is repeated.   

2.2.3 Cell free display systems (Ribosome display and mRNA display) 

Ribosome display appeared in protein engineering and the directed evolution of 
protein field in 1994 when Mattheakis and coworkers described polysome display 
(Mattheakis et al., 1994). Later Plückthun and his colleagues adopted this idea and 
introduced a series of new features to develop the ribosome display technique further 
(Hanes and Plückthun, 1997). From then on, numerous achievements have been made 
and useful candidates have been discovered and investigated from libraries of for 
example scFv fragments (Hanes et al., 1998; Hanes et al., 2000; Zahnd et al., 2004; 
Lee et al., 2004), Designed Ankyrin Repeat Proteins (DARPins) (Binz et al., 2004), 
camelid VHH domains (Yau et al., 2003) and affibody libraries (Grimm et al., 2011, 
paper III). This system utilizes cell extracts including ribosomes for translation in 
vitro of peptides and proteins typically from encoding mRNA derived from in vitro 
transcription of library PCR products. The produced library peptides are exposed 
outside of the ribosome via a spacer spanning the ribosome exit tunnel. The linking 
between genotype and phenotype is in most cases ensured through the exclusion of a 
stop codon in the expression construct, causing the translation to halt before the 
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ternary complex between peptide, ribosome and mRNA is decomposed. The main 
advantages are firstly that there is no need for transformation of DNA into host cells, 
which usually limits the size of libraries, as the entire process is performed in test 
tubes. Secondly, additional diversity can conveniently be introduced by error-prone 
PCR between each cycle when enriched mRNA is reversely transcribed into DNA for 
use as template for mRNA generation in the next round.   

A method called mRNA display has similarities with the ribosome display principle. 
It is an in vitro technology performed in test tubes with extracts and utilizes library 
members physically linked to their encoding mRNAs. However, in mRNA display, 
the library mRNAs are ligated to DNA extensions containing a puromycin group that 
via the ribosome activity becomes linked to the end of the peptide chain. Thus, a 
direct covalent link between the mRNA-DNA unit and the peptide is obtained (Keefe 
and Szostak, 2001; Xu et al., 2002; Takahashi et al., 2003; Liposvek and Plückthun, 
2004; Seelig and Szostak, 2007) 

  

Figure 2.4. Principle of ribosome display selection.  Promoter-equipped library DNA is 
transcribed into mRNA followed by in vitro translation into peptides or proteins using a cell 
extract containing ribosomes. After that, biotinylated target protein is incubated with the 
complex mixture for interaction with library members. Streptavidin- or avidin beads are used 
to capture target binding ribosome/mRNA/protein complexes followed by EDTA mediated 
dissociation. Separated mRNA is reverse transcribed into DNA which is subsequently 
amplified via PCR or error prone PCR to generate templates for a new round, starting with 
transcription.   
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2.3 In vivo protein fragment complementation assays   

Protein-Fragment Complementation Assay (PCA) exploits cells containing a co-
expression system where the first half of a split reporter protein is fused to an 
interesting target protein and the second half of the reporter protein is fused to library 
members. When the inactive reporter fragments halves are brought close to each other 
due to an interaction between the fused target protein and a library member, the 
reporter halves can associate (or complement each other) leading to a reconstitution of 
the reporter activity (Michnick et al., 2007 and Remy et al., 2007). The screening 
readout depends on the reporter’s type.  For example cell growth or survival can be 
monitored using a beta-lactamase enzyme reporter (Löfdahl et al., 2009; Secco et al., 
2009) or a murine dihydrofolate reductase (mDHFR) enzyme (Mössner et al., 2001; 
Koch et al., 2006). The advantages of these methods are that there is no need for 
purified target proteins or washing steps during the selection or screening process. 
Further, also fluorescence from reporter protein can be monitored using split protein 
technology (Shyu and Hu, 2008). Here, fragments of fluorescent proteins such as 
green fluorescent protein (GFP) are used as fused to interacting partners. A panel of 
split GFP versions have been developed, investigated and characterized for these 
purposes, including sg100GFP (Wilson et al., 2004; Magliery et al., 2005; Jackrel et 
al., 2010), split folding reporter GFP (Waldo et al., 1999; Sarkar and Magliery, 2008) 
and split supercharged GFP (Lawrence et al., 2007), where the latter is the most 
efficient and fastest fold reporter protein among those (Blakeley et al., 2012). 

Another class of split GFP contains a pair of fragments called GFP1-10 (N-terminal 
GFP) and GFP11 (last C terminal beta-strand of GFP) from splitting of GFP at amino 
acid position 214 (Cabantous et al., 2005; Cabantous and Waldo, 2006). However, 
these two complementary fragments can associate spontaneously and produce a 
fluorescent signal without fusion to interacting binding partner proteins. Therefore, 
the system has been applied to monitor protein solubility (Cabantous and Waldo, 
2006), or display levels (Ferrara et al., 2011) rather than in library selection.   
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Figure 2.5. Principle of protein fragment complementation assay (PCA). Split reporter 
protein halves are separately cloned into two different vectors. One (half A) is fused to a 
desired target protein and the other one (half B) is fused to individual members of a library. 
Co-transformation of those two plasmids into cells will allow selection of binders from the 
library based on either cell survival or fluorescence that the binding brings the two inactivate 
reporter halves in proximity which in turns leads to association and complementation 
resulting in a reconstituted reporter protein activity.  	  
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Chapter 3.  Affinity proteins and their applications 

 

3.1 What is an affinity protein?  

Affinity proteins are proteins that bind to a partner molecule, typically biomolecules 
such as proteins, nucleic acids and carbohydrates. The term affinity in biology is used 
as ruler to describe the binding strength between two molecules A and B. The term 
selectivity is in biology used to describe the preference of an affinity protein to bind 
one molecule over another molecule, which relates to the difference in affinity for the 
two molecules and that in more daily terms is discussed as how specific an interaction 
between two molecules A and B is and to what degree a cross-reactivity can be 
expected to other molecules. Those two parameters are fundamental and important 
traits for affinity proteins.   

The interaction between to molecules A and B can be described as: 

[A] + [B]              [AB] 

KA = [AB] / [A] [B]= 1/ KD    (1) 

where [A] and [B] are equilibrium concentrations of free molecules A and B and 
[AB] is the concentration of the formed complex at equilibrium. KA is the equilibrium 
association constant and has the unit M-1. KD is the equilibrium dissociation constant 
and has the unit M and is often the preferred unit to describe the affinity of affinity 
proteins and their targets. Typical values for KD are in the range µM to nM. Extremely 
strong interactions have KD values in the pM or fM range.  
 
In thermodynamic terms, the same interaction can be described as: 

∆G= -RT ln (KA) = ∆H -T∆S   (2)  

where ΔH is the enthalpy change, ΔG is Gibbs free energy change, ΔS is entropy 
change; R is the gas constant and T is the temperature in Kelvin.  

Binding reactions between an affinity protein and another molecule can also be 
described by the rate constants of the reaction:  

      kon 
[A] + [B]              [AB] 

         koff  
KD = koff / kon    (3)   
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where kon is association rate constant (M-1s-1), koff is the dissociation rate constant (s-

1). These two kinetic parameters can be used to calculate the affinity, KD. Typical 
values for kon and koff lie in the range 103 to 106 (M-1s-1) and 10-5 to 10-2 (s-1), 
respectively.      

3.2 Tools to measure affinity 

Today, there are many instruments available to study the binding between two 
molecules with high sensitivity and accuracy.  

One group of instruments is characterized as real-time and label-free biosensors 
which means that the formation, and breaking of complexes can be followed in time 
and that these events can be detected using "naked" molecules, i.e. not carrying any 
label such as a fluorophore or radionuclide. Briefly, one of the interacting molecules  
(the ligand) is immobilized on a sensor surface (chips or tips), and followed by 
flowing interacting molecules (analytes) over the surface. Signals from complex 
formation events are immediately detected based on various principles. In Surface 
Plasmon Resonance (SPR)-based instruments a portion of the light reflected by a 
gold-containing chip via total internal reflection is lost via the surface plasmon 
resonance phenomenon and this is detected as a shadow. If analytes become bound to 
sensor surface-immobilized ligands, the angle for this shadow alters. This is related to 
changes associated in the refractive index at the surface, and the effect is proportional 
to the mass of analytes bound to the chip. Bio-Layer Interferometry (BLI) is based 
on measurements of wavelength shifts in the interference pattern of light reflected by 
a reference surface and a surface covered with a ligand, respectively. Analyte-binding 
to the ligand surface increases its thickness, which results in a shift in the interference 
pattern that can be measured. Quartz Crystal Microbalance (QCM) is based on 
measurements of the oscillation frequency of quartz crystals that are subjected to an 
applied voltage. Upon analyte binding, the resonance frequence changes which can be 
monitored. These are three examples of techniques that could be applied in kinetic 
measurements of interactions of affinity proteins and their ligands.  

Another technique used for determination of the affinity between two molecules is 
called Isothermal Titration Calorimetry (ITC), which is a quantitative 
measurement of the heat generated (or consumed) when two molecules interact with 
each other (Leavitt and Freire, 2001). Analyte molecules (Molecule B) are injected 
stepwisely into the sensor compartment containing the ligand (Molecule A). The heat 
released upon the formation of the complex (AB) is detected by comparing to a 
reference compartment. Un-occupied ligands (Molecule A) become less and less 
available as the injection of analytes (Molecule B) continue, until all ligands 
(Molecule A) are occupied with analytes (Molecule B). Treatment of the data using 
recorded enthalpy changes vs. the relative concentrations of A and B gives values of 
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the total enthalpy change (ΔH), the affinity KA and the stoichiometry of the complex. 
Further, the entropy change (ΔS) and Gibbs energy change (ΔG) can be calculated 
using the equation (2) (Leavitt and Freire, 2001, Feryer and Lewis, 2008; Pierce et al., 
1999). One advantage to other techniques is that there is no demand for 
immobilization and labeling of the molecules. However, one main limitation is the 
requirement for quite high protein concentrations.  

Besides, an additional panel of label-free biomolecular binding analysers or sensors 
are available or are being developed, including for example optical waveguide based 
sensors, electrochemical sensors and nanostructure (nanoplasmonics and nanowire) 
biosensors (Nirschl et al., 2011).  

Another group of techniques relies on fluorescence for detection signals. In the 
Kinetic Exclusion Assay (Kinexa), a sample from a binding interaction between 
molecules A and B (1:1) at known total concentrations which after long time 
incubation time has reached equilibrium is quickly passed through a column 
containing a large excess of B for capture of free A, after which the captured A is 
quantified using a different and fluorescently labeled anti-A binder. The quick capture 
of free A in the equilibrium sample is so fast that any dissociation of AB complexes 
into additional free A and B does not occur (kinetically excluded, hence the name of 
the assay).  By repeating these steps with a series of concentrations of B and constant 
concentration of A, the affinity can be determined. The technology also allows for 
kinetic constants to be determined, although it is more complicated (Darling and 
Brault, 2004). The drawbacks are the need for immobilization of molecule B and the 
existence of an anti-molecule A reagent that binds a different site compared to 
molecule B. 

The Ligand Tracer (LT) technology mainly suits detection of the affinity between 
receptors on cells, bacteria and tissues and their ligands. Fluorescence Activated Cell 
Sorting (FACS) can also be adopted by using fluorescence labeled target protein at a 
series of concentrations to measure the binding affinity on cells (Geuijen et al., 2005).  

3.3 Immunoglobulins  

Antibodies are immunoglobulin molecules and are naturally existing in the human 
body, either as secreted from B cells or as membrane bound on B cells. They are 
generated by the adaptive immune system to protect against e.g. pathogen invasions 
by parasites, bacteria and viruses. IgG (here represented by IgG1) is the most well-
studies class of antibody molecules with a “Y” shaped structure. It has a molecular 
weight of around 150 kDa and is built up by two light chains (kappa or lambda type) 
and two heavy chains. Other classes of antibodies include IgA, IgD, IgE, and IgM and 
have similar but in some instances somewhat different domain organizations; for 
example, IgA can sometimes appears as a homo-dimer while IgM can form 
pentamers. The four chains of IgG are interconnected to each other via disulfide 
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bonds (Liu and May, 2012). There are two parts (variable domain VL and constant 
domain CL) in the light chains and four parts (variable domain VH and constant 
domains CH1, CH2, CH3) in the heavy chains.  

An enzyme called papain can cleave antibodies at the hinge region to generate two 
Fab fragments and one Fc fragment (one Fc consists of parts of the two heavy chains). 
A slightly different cleavage pattern is produced by another enzyme called pepsin, 
that digests antibodies in a way that results in a divalent F(ab’)2 fragment containing 
the two Fab arms held together by one or more disulfide bridges and an Fc fragment 
which is cut into small pieces. A Fab fragment contains one VH-CH1 chain and one 
VL-CL chain, where the VH and VL domains each contain three loops denoted 
complementarity determining regions (CDRs) (i.e. CDRs 1/2/3) that are the regions in 
an antibody directly involved in antigen binding. Due to the CDR sequence diversity 
derived from the clone-specific reorganization of Ig gene elements when a B cell 
matures, different antibodies can bind various antigens.  
 

 

Figure 3.1. Domain structure of IgG1. The blue, green, purple and red colors stand for 
constant domains of heavy chain (CH1, CH2 and CH3), the variant domain (VH) of heavy chain, 
constant domains of light chain (CL) and the variant domain of light chain (VL), respectively. 
Disulfide bonds (S-S) are located both within and between chains as indicated.  

The Fc fragment is the regulator of half-life and cytotoxicity effects through 
interaction with different Fc receptors. If an antibody is endocytosed by an endothelial 
cell, Fc can bind in a pH-dependent manner to the neonatal Fc receptor (FcRn, also 
called Brambell receptor) in the endosome at low pH and becomes transported back to 
the cell surface where it is released at neutral pH. This recycling protects the antibody 
from intracellular degradation and results in a long half-life (Reviewed by Roopenian 
and Akilesh, 2007; Suzuki et al., 2010). Fc also binds to C1q, and thereby it can 
trigger the cascade of complement activation and promote complement-dependent 
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cytotoxicity (CDC) (Duncan and Winter, 1988). Further, when Fc binds to FcγR 
receptors on neutrophils and nature killer (NK) cells, it stimulates antibody-dependent 
cellular cytotoxicity (ADCC) to lyse the pathogen to which the antibody is bound 
(Katz et al., 1980). Those key cytotoxicity functions are the core defenses of the 
adaptive immune system where antibodies are involved. These mechanisms are 
among those proposed to be involved in the specific and efficient killing of cancer 
cells related to the therapeutic use of some anti-cancer antibodies (Seidel et al., 2013). 
 
3.3.1 Antibody formats 

Polyclonal antibodies correspond to the pool of all serum antibodies responding or 
binding to an antigen, typically after that has been used to immunize a laboratory 
animal. The commonly available and suitable animals are mouse, goat, sheep and 
rabbit (Hanly et al., 1995). Rabbit has been the most used animal for polyclonal 
antibodies production owing to its moderate body size, relatively large blood volume 
and relatively high affinity response to human proteins. (Stills et al., 1994; Hanly et 
al., 1995). Polyclonal antibodies play an important role as detection tools in 
immunoassays for scientific research and diagnostic applications. However, 
sometimes a consistency regarding quality and binding properties is hard to guarantee 
between different batches (Bradbury and Plückthun, 2015).   

On the contrary, so called monoclonal antibodies have identical properties in 
subsequent batches, since they are produced from the same ancestral hybridoma cell 
line. A significant breakthrough was made in 1975 when Köhler and Milstein reported 
a hybridoma technology that could be used to produce mouse monoclonal antibodies 
(Köhler and Milstein, 1975). Later, in 1984, they were announced as Nobel Prize 
laureates together with Jerne regarding their significant contributions in the 
immunology field. Briefly, to generate monoclonal antibodies individual antibody-
producing murine B cells obtained after immunization with an antigen are fused with 
murine myeloma cells, which are immortalized B cells lacking the hypoxanthine-
guanine phosphoribosyltransferase (HGPRT) gene (Szybalski and Szybalski 1962). 
Unfused B-cells can not be cultured in the hypoxanthine-aminopterin-thymidine 
(HAT) medium used in vitro, and only successfully fused cells, denoted hybridoma, 
can survive due to that the normal B cells provide the enzyme required. The generated 
hybridoma clones are subsequently screened to identify the ones that secrete an 
antibody with desired reactivity.  

Both polyclonal and monoclonal antibodies have been used in many different areas. 
They are daily applied as detection tools in basic research and diagnosis, for example 
in immunohistochemistry (IHC), immunofluorescence (IF), enzyme-linked 
immunosorbent assay (ELISA) and Western Blotting (WB). In immunoassay-formats, 
which can involve several layers of antibodies, the antibody used for the final 
detection is typically labeled with either an enzyme to catalyze the conversion of a 
substrate or with a fluorophore to generate a detection signal.  
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The advancements in DNA technologies now also allows for recombinant production 
of antibodies or fragments thereof in various formats. The so called single chain 
variable fragment (scFv) proteins are recombinantly expressed ca. 25 kDa proteins 
corresponding to gene fusions between VH and VL domains, connected by typically a 
15 aa long and flexible linker often containing glycines and serines, sometimes 
replaced by a number of glutamate or lysine residues to increase the solubility. In 
general, antibody genes used to construct scFv are obtained by PCR of VH and VL 
genes using mRNA/cDNA from B cells after immunization (Orlandi et al., 1989; 
Chaudhary et al., 1990; Clackson et al., 1991; Toleikis and Frenzel, 2012) or directly 
from in vitro selection from scFv libraries displayed on phage (McCafferty et al., 
1990) or ribosomes (Hanes et al., 2000; Luo and Xia, 2012) using antibody genes 
derived from immunized lab animals (Rader and Barbas, 1997) or naive (Okamoto et 
al., 2004) or from entirely synthetic sources (Hanes et al., 2000). A scFv originating 
from a monoclonal antibody often maintains a similar affinity and specificity as its 
original monoclonal antibody (Bird et al., 1988). For scFv generated via phage 
display and random pairings of VH and VL domains, there is usually no original 
antibody to compare with. 

Fab fragments can be produced in a similar way as scFv and VH-CH1-linker-VL-CL 
constructs (scFab) have been described (Hust et al., 2007; Koerber et al., 2015). 
However, the most common way of expressing Fab fragments is to use a more 
complicated strategy than just joining sequences by a linker in tandem. One example 
of a Fab expression vector contains a bicistronic system where each cassette includes 
a ribosome-binding site, a signal sequence (e.g. pelB) followed by VH-CH1 or VL-
CL cassettes, all under LacZ promoter control (de Haard et al., 2007). 
 
To further minimize the size of the antibody, affinity proteins based on single VH 
domains  (dAb) have been explored. The first VH, whose gene was isolated from 
immunized mice, could be expressed and purified in E. coli and also maintained an 
antigen binding capacity (Ward et al., 1989). Also, there are examples in nature of 
“heavy chain-only” antibodies that can be used. Variable fragments of some 
antibodies in camelids and sharks only contain heavy chains and no light chain 
components, named VHH (also called Nanobodies) and VNARs, respectively (Hamers-
Casterman et al., 1993).  Compared to VHH and VNARs, the lack of a VL partner for a 
single human VH domain exposing the hydrophobic face usually involved in this 
pairing may lead to aggregation. Therefore, this interface has been engineered by 
replacing hydrophobic amino acids at some positions (e.g. G44, L45 and W47) to 
more hydrophilic residues found in camel VHH, in order to become more stable and 
soluble (Davies and Riechmann, 1994; Holt et al., 2003). Further, a V137F mutation 
and the addition of two extra cysteines at positions 33 and 100b in CDR1 and CDR3 
could further stabilize human VH domains (Davies and Riechman, 1996). A 
remarkable property in VHHs is a very long CDR 3 loop that points downwards 
towards the “VH-VL interface” and protects this hydrophobic region from exposure 
(Muyldermans et al., 1994). 
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Large numbers of VHHs have been generated via immunization of animals after 
which the VHH genes are rescued by PCR from lymphocyte cells cDNA and the 
proteins displayed and selected (Arbabi Ghahroudi et al., 1997; Holliger and Hudson, 
2005; Pershad et al., 2010; Hust et al., 2011; review Harmsen and De Haard et al., 
2007) for different applications (e.g. proteomics, diagnostics, therapeutics). Some 
VHH, or nanobodies, are in clinical trials (e.g. anti-IL6R (ALX-0061); anti-TNF 
(Ozoralizumab), Ablynx). Recently, another application for nanobodies has been 
described involving their use as crystallization chaperones to assist in crystal 
formation of flexible proteins in X-ray crystallography (Pardon et al., 2014).  

3.3.2 Therapeutic antibody discovery and development  

(A) Therapeutic mouse monoclonal, chimeric and humanized antibodies  

Historically, for the generation of therapeutic antibodies, first, an immunogen related 
to or causing the disease was used to immunize animals e.g. mice, then secreted 
mouse monoclonal antibodies generated from hybridoma cells were analyzed in vitro 
by using either protein antigens or cells (affinity, stability, binding epitopes, inhibition 
and blocking effects) to find suitable antibody variants. However, FDA has approved 
only very few mouse monoclonal antibodies for human use, including Muromonab-
CD3 (approved 1986), Ibritumomab tiuxetan (approved 2002) and Tositumomab 
(approved 2003). A notable issue is that of immunogenicity involving the fact that the 
human body can produce anti-mouse antibodies as it recognizes the murine antibody 
as a foreign antigen and this may significantly neutralize the therapeutic effects of the 
antibody. This has motived efforts to minimize the murine sequence content and 
replace it with human sequences. One approach is to join the mouse variable heavy 
chain domain (mVH) to human constant heavy (hCH) and mouse variable light chain 
domain (mVL) to human constant light chain (hCL) to generate chimeric human 
antibodies (Morrison et al, 1984). To even further diminish the murine sequence 
content, only the mouse CDRs which are the key sequences for antigen binding, can 
be grafted and transplanted into human antibody frameworks, resulting in humanized 
antibodies (Jones et al., 1986). However, the generated humanized antibody it still 
not completely human in its sequence.  

(B) Therapeutic human antibody from transgenic mice  

One strategy to generate fully human antibodies is to use transgenic mice where the 
human immunoglobulin heavy and light chain loci have been introduced into the 
germline of mice whose own machinery of producing antibodies meanwhile has been 
inactivated. Hence, the transgenic mice can only generate human antibodies 
responding to the antigen (Lonberg 2005; Jakobovits et al., 2007; Nelson et al., 2010).  
A number of fully human antibodies developed by using such transgenic mice have 
already been approved by FDA and others are in different phases of clinical trials 
(Nelson et al., 2010).  Roughly, the process of making therapeutic human antibodies 
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in transgenic mice is similar to generation of mouse monoclonal antibodies. The 
biggest advantage of fully human antibodies as drugs is the very low risk of 
immunogenicity and this may lead to less frequent administrations and side effects in 
patients. Moreover, numerous antibodies of high affinity, 10-9-10-11 M, are commonly 
obtained as the results of the natural immune affinity maturation processed occurring 
in vivo (Jakobovits et al., 2007).  

(C) Therapeutic human antibodies from protein libraries 

As well established, the hybridoma technique is a classical approach to produce 
monoclonal antibodies by immunization. Once the phage display technology was 
successfully applied for the first time for selection of antibody fragments (McCafferty 
et al., 1990), the antibody library concept was subsequently widely adopted to 
produce specific antibodies as a complementing path to the hybridoma technique.  
 
Adalimumab, trade name Humira®, is a successful therapeutic human anti-TNF 
monoclonal antibody to treat patients with rheumatoid arthritis (RA). It is a 
recombinant fully human antibody developed by Cambridge Antibody Technology 
(CAT) using phage display and was approved by FDA in 2002. Moreover, 
Belimumab (trade name Benlysta®) that binds to soluble B lymphocyte stimulator 
has also been generated by phage display by CAT. It has been approved in the United 
States, Canada and Europe for treatment of systemic lupus erythematosus (SLE) in 
2010 (Burness and McCormack, 2011). Adalimumab was developed based on the 
mouse monoclonal antibody MAK195 using a guided phage display selection process 
with sub-libraries in which the MAK195 murine VH and VL chains were used to 
isolate human variable light chain (hVL) or human variable heavy chain partner sets, 
that later were re-combined and selected to generate a fully human VH-VL pair with 
retained TNF binding capability. This transition methodology of a rodent to a human 
antibody with identical epitope recognition generated a fully human antibody of low 
immunogenicity to which only ca. 5-12% of patients show an immune response 
(Osborn et al., 2005; Thie et al., 2008). 

Antibody libraries are usually constructed as scFv (VH-linker-VL) or Fab (VH-CH1 
+ VL-CL) libraries (de Haard et al., 1997; Shen et al., 2007). When it comes to the 
source of diversity for antibody libraries, several sources have been used. So called 
naive libraries are generated from B-cell cDNA of an individual or a pool of donors 
from a “normal” (i.e. non-immunized) population (Sheets, et al., 1998; Pansri et al., 
2009). Relative to naive libraries, immune libraries are obtained from B-cells of 
single individuals or a pool of donors having been confronted with a particular 
immunogen. The latter libraries could give accurate information about exactly which 
antibodies were developed during a disease or after e.g. vaccination by sequencing 
paired VH andVL repertories (Embleton et al., 1992; DeKosky et al., 2013 and 2015; 
Georgiou et al., 2014). To identify original VH/VL pairings, such analyses need to be 
performed on a clonal basis (Fig. 3.2). Identification of neutralizing antibodies in e.g. 
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patients having protective antibodies to HIV (or Ebola) could assist in development of 
drugs for therapy (Doria-Rose et al., 2014). Moreover, completely synthetic 
antibody libraries could be produced from oligonucleotides encoding whole or parts 
of the human CDR regions (Sidhu et al., 2004; Rothe et al., 2008; Ge et al., 2010).  
 
Construction of the library is the first step, followed by biopanning towards the 
wanted protein. After that, the specific scFv or Fab can be converted to a whole 
antibody format, if needed for the application. Alternatively, a full-length antibody 
library can under certain circumstances be directly displayed on E. coli in the 
periplasm and subsequently used for selection against atarget protein (Merchant, et 
al., 2013; Simmons et al., 2002).  

 

Figure 3.2. Rescuing antibody genes from donors. (A) VH and VL encoding genes can be 
separately amplified from pools of B-cells, and later combined in new VH-VL combinations. 
In such libraries, antibodies to a variety of antigens may be found. (B) To retain original 
pairings of VH-VL combinations present in a donor, individual B-cells may be treated on a 
clonal basis to construct scFv. Antibody specificties found in such collections will reflect the 
original specificities found in the donor, which can be of relevance in e.g. HIV or Ebola 
infections. 

In summary, different routes (Fig. 3.3) have been applied and successfully used to 
reach the final goals of creating therapeutic antibodies for patients. A future trend will 
most certainly be to focus mainly on fully human antibodies as drugs, using phage 
display or other display technologies as well as transgenic mice, for their generation. 
There is so far no clear data to indicate which way is better than the other. Concerning 
the affinity aspect, one may expect to get antibodies of weaker affinity from phage 
display of naive libraries, than from using transgenic mice since the latter have 
undergone a maturation process in vivo. This may call for more elaborate maturation 
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steps in vitro for library-derived clones (Lonberg, 2008). For antibodies intended as 
drugs, also many other aspects than the affinity have to be thoroughly evaluated 
including epitope preferences, potency, immunogenicity, cytotoxicity, dosing and side 
effects. 

 

Figure 3.3. Three routes of therapeutic antibody discovery and development.  

3.3.3 Therapeutic antibody production systems 

As mentioned before, recombinant DNA technology has enabled cloning and 
expression of genes encoding subfragments or whole full-length monoclonal 
antibodies in mammalian, bacterial, or even in plant cells. Antibodies produced in 
mammalian cells (e.g. chinese hamster ovary) contain (close to) human forms of 
glycosylation. In addition, the amounts of antibodies needed as drugs for patient are 
very high. For example of rheumatoid arthritis, each adult patient require 
administration of approximate 40 mg of Humira (adalimumab)  bi-weekly. However, 
more than 12 g/L yield of antibody can normally be reached by applying mammalian 
cells as production host (Frenzel et al., 2013). Therefore, most (95%) FDA approved 
therapeutic antibody drugs are produced in mammalian cells, such as Chinese hamster 
ovary  (CHO) cells, in which Rituxan (anti-CD20), Herceptin (anti-HER2), Humira 
(anti-TNF) and Avastin (anti-VEGF-A) are produced, or in mouse myeloma NS0 
cells, where Zenapax (anti-IL-2R), Remicade (anti-TNF), Synagis (anti-RSVF 
protein) and Tysabti (anti-α4 integrin) are produced (Zhang, 2010).  

In addition, an antibody’s cytotoxic effect is closely related to the ability to bind Fc 
receptors on immune cells. Here, the glycosylation pattern is important and strategies 
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are available to increase the cytotoxicity through the use of modified or engineered 
CHO cell lines for production (Jefferis, 2009). This includes (i) a variant CHO cell 
line (e.g. Lec13 cells), in which produced human IgG1antibodies lack fucose on the 
N-linked oligosaccharide on position 297, resulting in a higher binding ability to Fc 
gamma RIII and an enhanced ADCC (Shields et al., 2002); (ii) CHO cells co-
expressing antibodies and an optimal level of the enzyme-glycosyl transferase 
(GnTIII) which adds N-acetylglucosamine (GlcNAc) to antibodies, resulting in a 
substantially improved ADCC (Umana, et al., 1999). (iii) FUT8 knockout CHO cells 
produced defucosylated antibodies, resulting in a 50- to 100-fold increase in ADCC 
due to the stronger binding to human Fc gamma receptor IIIa (Yamane-Ohnuki et al., 
2004).  
 
Antibodies could be efficiently and properly expressed and produced also in E coli, 
by applying vectors with two expression cassettes for VH-CH1-CH2-CH3 and VL-
CL, respectively, and an adjusted strength of translation initiation regions (TIRs) 
(Simmons et al., 2002). Bacterial expression systems lack the possibility to obtain 
glycosylation of the antibodies produced. This is in some cases actually desired to 
decrease or remove ADCC effects (Mazor et al., 2009; Chan et al., 2010). For 
example, a monovalent E. coli produced antibody against the tyrosine kinase MET 
which is expressed on epithelial and endothelial cells can intentionally only block the 
signaling pathway on tumor cells while normal epithelial cells survive (Jung et al., 
2013; Merchant et al., 2013). Besides that, Fab fragment-based drugs are today 
produced in E. coli cells, including Cimzia (a PEGylated anti-TNF Fab) and Lucentis 
(anti-VEGF-A Fab). 
 
3.3.4 Antibodies in the clinic and novel trends of therapeutic antibody 
engineering 

(A) Bi-specific antibody (BsAb) 
Most diseases are considerably complex and associated with multi-factors or several 
receptors involved in regulating signaling networks. The existing monoclonal 
antibodies in the clinic are mostly targeting single targets. A combination of two 
monoclonal antibodies, such as administration of rituximab (Rituxan®, anti-CD20) 
and epratuzumab (anti-CD22) to Non-Hodgkin’s lymphoma patients, has shown 
enhanced potency in preliminary clinical studies (Leonard et al., 2008). In other cases, 
scientists have tried to combine two binding activities in one antibody. Several 
different strategies have been tested to achieve this, and some examples are given 
below. 

(i) Quadroma antibodies. One idea of combining two species of monoclonal 
antibodies to create one bispecific antibody was investigated in 1995 by Lindhofer 
and it used a mouse IgG2a / rat IgG2b hybrid method to create dual binding quadroma 
antibodies ensuring original heavy/light chain matches (Lindhofer, 1995).  
Catumaxomab (anti-CD3 and EpCAM) was approved by the European Medicines 
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Agency (EMA)	  in April 2009 for treatment of malignant ascities in ovarian carcinoma 
patients. Since this is a foreign antibody the immunogenicity issue drew a lot of 
attention. However, only a moderate immune response has been found and has not 
been found to negatively affect the therapeutic efficiency.  One possible explanation 
is that the dose is in the µg range (10-150 µg at different dosing stages) and thus much 
lower than for other therapeutic antibodies (Chames and Baty, 2009; Burges et al., 
2007).  

(ii) Two binding activities in one Fv. One group of antibodies, called “two-in-one”, 
comprises Fv domains (VH+VL) that can to bind to two different antigens, although 
not simultaneously. To bind the two antigens at the same time, the two Fvs in a dual-
headed full-length antibody bind one of the antigens each. Two examples are the 
engineered antibodies that could bind to both two antigens such as HER2 / VEGF or 
HER2/ death receptor 5 (DR5) (Bostrom et al., 2009). The design was based on using 
Herceptin (anti-HER2 antibody) as the basic framework and the second binding site 
was introduced by a combinatorial principle (phage display) from a library involving 
randomization of CDR regions in the light chain. This was done since it is the 
Herceptin’s heavy chain that mainly contributes to the binding ability to HER2 
antigen.  A scFv library was constructed and used to select towards the VEGF target.  
Isolated dual binders where then cloned into a Fab format for later binding 
characterization and co-crystal structure analysis to both HER2 and VEGF. The 
structural information revealed that the regions mediating binding HER2 and VEGF, 
respectively, had extensive overlaps. 
  
(iii) Co-production of two heavy and two light chains in one cell. The co-
expression of two different antibodies in one cell can give rise to a number of H/L 
chain combinations, including the two original antibodies but also the desired hybrid 
combination. “Knobs-into-holes” is an elegant Fc engineering strategy to almost 
exclusively produce the bispecific antibody. The “knob” is a T366Y (or W) 
substitution on one CH3 while “holes” is Y407T (or V) substitution on the other CH3. 
This complementary site significantly increases the yield of heterodimer formation 
(Ridgway et al., 1996; Merchant et al., 1998). A different concept called “crossover” 
has been proposed and tested for correctly assembling the light chains with their 
cognate heavy chains. Here, the CH1 and CL domains of one of the antibodies are 
switched such that VH-CL-CH2-CH3 and VL-CH1 chains are produced in order to 
ensure only matched Fab part pairing (Schaefer et al., 2011).  
 
(iv) Fusion of extra affinity units to heavy or light Chain. Bispecific antibodies can 
also be generated via antibody-polypeptide/protein fusions. Affinity units of different 
classes can be genetically fused to either the N- or C- terminals of heavy or light 
chains of antibodies to create reagents capable of recognizing two separate antigens. 
Such extra units can be of different affinity protein classes, including for example 
peptides (Kanakaraj et al., 2012), scFv (Orcutt et al., 2010), fynomers (Brack et al., 
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2014) and affibodies (LaFleur et al., 2013; paper IV). This format is presently being 
explored by many groups (Kontermann, 2012). 
 
(v) Others. Bi-specific antibodies can also be generated by taking advantage of the 
naturally existing IgG4 Fab arm-exchange phenomenon. In one study, two individual 
IgG1 antibodies with point mutation on CH3 (making them IgG4-like) were separately 
produced and mixed in vitro, reduced and re-oxidized to facilitate the generation of 
bsAbs (Labrijin et al., 2013). Another engineering idea relates to the Fab VH-VL 
interface. Modifications based on computational modeling and rational design has 
created orthogonal VH-VL interfaces of two monoclonal antibodies to promote a 
matching of the parental pairs of heavy chain and light chain when two original 
antibodies were co-expressed to achieve bsAbs (Lewis et al., 2014).  
 
(B) Antibody drug conjugates (ADCs) refer to combinations of antibodies, used for 
targeting and coupled small molecule toxins to selectively target and kill abnormal 
cells or tissues. The main benefit of coupling a toxin to an antibody is to reduce side 
effects to healthy cells. FDA has so far only approved three drug-conjugated 
antibodies: Gemtuzumab ozogamicin (Mylotarg®) for acute myeloid leukemia, 
Brentuximab vedotin (Adcetris®) for Hodgkin lymphoma and rare lymphoma, and 
Trastuzumab emtasine (Kadcyla®) for breast cancer. However, Mylotarg was 
withdrawn from the market in 2010 after concerns regarding benefit and safety issues. 
In this area, the question of how to conjugate drugs to antibodies has been intensively 
investigated and reported, see section 3.6.3. One example is the drug named 
Kadcyla® (Trastuzumab emtansine), which is targeting the HER2 receptor followed 
by internalization after which emtansine is released (small drug molecule) to 
efficiently kill cancer cells (Niculescu-Duvaz, 2010). Here, the drug and the antibody 
is conjugated to each other via a bifunctional (succinimidyl 4-[N-
maleimidomethyl]cyclohexane-1-carboxylate) (SMCC) linker. The nature of the 
linkers used to connect the drug and the antibody, whether cleavable or not, have a 
strong impact on the therapeutic index (Nolting, 2013).   
  
(C) Fc modification of antibodies. Systematic investigations of the effects of 
different mutations on the constant parts of IgG1 heavy chain have been performed to 
map and engineer the regions responsible for binding to various Fc receptors such as 
FcRn, FcγR receptors (consisting of FcγRI, FcγRIIa/RcγRIIb and FcγRIIIa) in order 
to possibly increase half-life, ADCC or CDC (Shields et al., 2001; Hinton et al., 2004 
and 2006; Lazar et al., 2006). The well-characterized glycosylation at N297 in human 
IgG is considered a key factor influencing the cytotoxic activity. However, using 
yeast cell surface display technology and inspired by the Fc:FcγR co-complex 
structure, a library was constructed by randomizing the loop positions between aa 296 
and 300 in IgG followed by selection of new and aglycosylated variants with FcγR 
binding. Here, an aglycosylated S298G/T299A variant was generated showing an 
increased binding strength to FcγRIIIa and newly acquired binding to FcγRIIb 
(Radaev et al., 2001; Sondermann et al., 2000; Sazinsky et al., 2008). Moreover, other 
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variants of IgG (E382V and M428I) have been identified that could compensate for a 
missing affinity to the FcγRI receptor when produced as aglycosylated antibodies in 
E. coli. Through selections from an Fc library displayed on bacteria, the novel FcRI 
binding variants were identified which surprisingly also showed an enhanced cancer 
killing ability (Jung et al., 2010).      
 
Although most therapeutic monoclonal antibodies against cancer are the IgG1 isotype 
and have significant cytotoxic effects, they are not protease resistant which has been 
demonstrated to dramatically reduce the activity in numerous tumor environments 
containing secreted tumor matrix metalloproteinases (MMPs) (Gearing et al., 2002) or 
in microbial infections where GluV8 and IdeS proteases are present (Ryan et al., 
2008). In contrast, IgG2 is resistant to proteolysis by those enzymes but does not 
stimulate ADCC and CDC activity at all.  An elegant strategy of engineering of the 
IgG2 sequence, are the mutants S239D/K326A/E333A or K326A/I332E/ E333A that 
show not only considerably increased ADCC and CDC activities but also a resistance 
to a panel of proteases (Kinder et al., 2013).  
 
3.4 Immunoglobulin binding proteins  
 
One group of affinity proteins denoted immunoglobulin-binding proteins are 
important reagents in biotechnological and diagnostic applications, and include 
protein A, G, L, H and M. Protein A is derived from the bacterium Staphylococcus 
aureus and consists of five homologous Ig binding domains, E, D, A, B and C (Moks 
et al., 1986). All those domains are able to bind to Fc (CH2-CH3 region) of human 
IgG1,2 4, but not IgG3, with similar strengths. In addition, the five domains also bind to 
certain families of VH domains present in the Fab portions of antibodies (Jansson, 
1998). An engineered protein A domain, denoted Z, is a G29A variant of the B 
domain and maintains the Fc binding whereas the Fab binding is lost (Nilsson et al., 
1987; Jansson et al., 1998). Protein G is a bacterial protein from certain group C and 
group G Streptococcus strains and contains two functional parts: albumin binding 
domains and immunoglobulin binding domains (Björk et al., 1987 and Nygren et al., 
1988). The Ig binding domains, exemplified by the C2 domain, bind both to Fc and 
Fab (Sauer-Eriksson et al., 1995; Derrick and Wigley, 1992; Erntell et al., 1988). 
Interestingly, the protein G binding site on Fc overlaps with that of protein A (Stone 
et al, 1989). Protein L was identified in the bacterial species Peptostreptococcus 
magnus (or Finegoldia magna) and binds to VL regions in certain kappa light chains 
(Björck, 1988; Nilson et al., 1992; Graille et al., 2001) whereas there is no affinity to 
heavy chains and Fc fragments at all. Thorough investigations have been made to 
show that protein L only binds to the variable part of the light chain and doesn’t 
disturb the interaction between antibody and antigen (Nilson et al., 1993). Protein H 
was first isolated from Streptococcus pyogenes and is capable of binding the heavy 
chain constant part (Fc fragment) of IgG but not IgM, IgA, IgD and IgE (Akesson et 
al., 1990). Protein M was the most recently discovered immunoglobulin-binding 
protein (Grover et al, 2014). It originates from Mycoplasma genitalium and manifests 
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a very broad binding ability to IgG. The co-crystal structures of trypsin-digested 
protein M (TD Protein M) with different Fab fragments clearly indicate that the 
interaction site is located in the variable regions of light chains (both kappa and 
lambda) of antibodies. The paratope of the antibody is covered and blocked by the C 
terminal of TD protein M, and therefore the antibody-antigen binding is obstructed. 

	   

 

Figure 3.4. Structures of complexes between domains of protein A, G, L and M and antibody 
fragments. Panels (A) and (B) show domains of protein A that bind to antibody Fc and Fab 
fragments, respectively. Panels (C) and (D) show how the C2 domain of protein G binds to Fc 
and Fab fragments, respectively. Panel (E) shows Protein L in complex with a dimer of Fab. 
Panel (F) shows Protein M (Trypsin digested domain) in complex to a Fab fragment.  
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3.5 Non-Ig affinity proteins from scaffold engineering 

There are more than 40 non-immunoglobulin-derived proteins, so called scaffolds, 
described that have been used in combinatorial protein engineering efforts for the 
development of novel affinity proteins to diverse targets for e.g. therapeutic, 
diagnostic and in vivo imaging applications (Binz et al., 2005). Although all scaffolds 
have unique properties related to the particular protein in question many scaffold 
proteins share a small size and a simple structure devoid of disulfide bridges which 
from production perspective make them easy to produce at high yields in bacterial 
hosts and in some cases also via chemical peptide synthesis routes. Many of the 
published efforts concerning development of non-Ig binding proteins involve an aim 
or at least prospect of using the developed protein in a therapeutic application, either 
as a "free" (i.e. unfused) protein or as genetically fused to a second protein. Here, a 
small size could be both good and bad, depending on the scope. For example, in in 
vivo imaging applications, a small size gives faster blood and non-targeted organ 
clearance and better tumor penetration, which can make them a better choice than 
full-length antibodies (Miao et al., 2011; Schmidt and Wittrup, 2009). However, in 
therapeutic settings a biological with a long serum half-life and an integrated effector 
function may be desired. These properties may be obtained via different strategies, 
including conjugation with a drug, fusion to half-life extension units such as Fc or 
albumin binding moieties, PEGylation, etc.  
 
Up to 2013, there is only one non-Ig scaffold-derived biological that has been 
approved by FDA for therapeutic use.  This protein is denoted Ecallantide which is a 
kallikrein protease inhibitor for hereditary angioedema disease treatment and is 
derived from a so called Kunitz domain which was engineered via phage display 
technology (Lehmann, 2008; Martello et al., 2012).  Several other scaffold-derived 
proteins such as ABY-002 (affibody, HER2 binder), MP0112 (DARPin, VEGFR-1 
binder), Angiocal (anticalin, VEGFR-1 binder), Angiocept (adnexin, VEGFR-2 
binder) and AMG-220 (avimer, TNF binder) are in clinical trials. Now, it’s a 
blooming time for scaffold proteins as alternative reagents to antibodies. 

3.5.1 Affibodies 

Affibodies are based on the Z domain from staphylococal protein A as scaffold. As 
described above, the Z domain is in turn derived from the B domain of protein A.  
The Z domain is a small protein of only 58 rediues (ca. 6 kDa) with a three-helix 
bundle structure devoid of cysteines (Tashiro et al., 1997). The domain as such is 
characterized by an extremely fast folding, which in fact is three-fold faster than the 
folding of the parental B domain (Arora et al., 2004), and an ability to regain its 
structure after having been denaturated after subjection to heat. Protein A and Z-based 
chromatography resins for Ig purification are also well-known for their stability to 
repeated low/high pH exposures (Nisson et al., 1987; Yang et al., 2015.). In recent 
years, the Z domain scaffold has been subjected to additional refinements to increase 
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its stability and suitability for affinity protein generation and production using solid 
phase peptide synthesis (Feldwisch et al., 2010).  
 
The residues involved in the binding to Fc were revealed by systematic investigations 
via site-direct mutagenesis of the Z domain (Cedergren et al., 1993) and from the X-
ray crystal and NMR structures of complexes between the B with Fc (CH2-CH3) and 
are located on the surface of the first and second helices of the Z domain (Deisenhofer, 
1981; Gouda et al., 1998). For the generation of “naive” affibody libraries, typically 
13 surface located amino acids are randomized to create a combinatorial library. From 
such libraries binders against various desired targets e.g. HER2, EGFR, TNF, 
amyloid-β (Aβ) peptide; Z domain from protein A, HER3; Ras and Raf etc. have been 
obtained using different selection systems such as phage display (Nord, et al., 1995; 
Wikman et al., 2004; Orlova, et al., 2006; Friedman et al., 2007 and 2008; Jonsson et 
al., 2009; Grönwall et al., 2007; Eklund et al., 2002, Grimm, et al., 2010), 
staphylococcal display (Kronqvist and Malm, et al. 2011; Malm et al., 2013; 
Kronqvist et al., 2008), PCA (Lofdahl et al., 2009; Wållberg et al., 2011) and 
ribosome display (Grimm et al., 2011-Paper III; Grimm et al., 2012).  
 
So far, four structures of complexes between affibodies and target proteins have been 
determined. In three of them, i.e. the HER2 binder (ZHER2:342) in complex with HER2 
(Eigenbrot et al., 2010), a Taq DNA polymerase binder (ZTaq) binder in complex with 
an anti-idiotypic anti-ZTaq binder affibody (Lendel et al., 2006) and an anti-protein A 
binder (ZSPA) in complex with the parental Z domain (Wahlberg et al., 2003; Högbom 
et al., 2003), the affibody retains a structure similar to that of the parental Z domain. 
The area of the binding interface (per protein) is typically 800-900 Å2 which is 
comparable to that of a “normal” interface between an antibody and a protein target 
which is approximately around 1600 ±400 Å (both partners together) (Nygren, 2008; 

Lo Conte et al., 1999). In the fourth complex, an affibody (ZAb3) directed to the 
Alzheimer´s disease-associated Aβ peptide was reported to adopt an β sheet-α helix-
α helix structure in complex with the target, rather three anti-parallel α helices. The 

ZAb3 affibody forms a disulfide linked dimer enwrapping a monomeric Aβ (1–40) 
peptide and inhibits the formation of oligomers  (Hoyer et al., 2008). Interestingly, the 
overall structure of binding surface is quite flat but with a very large area.  
 
In in vivo imaging applications, affibodies present quicker tumor penetration and 
faster clearance compared to monoclonal antibodies, resulting in better contrast 
images (Tolmachev et al, 2007 and 2012). This field has been extensively studied 
using a variety of different radionuclides/chelator combinations positioned at different 
sites in the affibody structure for e.g. SPECT and PET modalities (Frejd, 2008; 
Tolmachev et al., 2007 and 2012). Here, the possibility to use solid phase peptide 
synthesis has greatly facilitated the production of many probe variants (Orlova et al., 
2007).  One extremely promising affibody variant is binding to the HER2 receptor, 
overexpressed in ca. 25-30% of all breast cancers. It has a very strong affinity with a 
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KD of about 22 pM and binds to a site that is not overlapping with that of the antibody 
trastuzumab (Herceptin®), used for treatment (Orlova et al., 2006, Eigenbrot et al., 
2010). The influence on its performance in in vivo imaging from different locations of 
various chelators and radionuclides has been comprehensively examined and analyzed 
(Ahlgren and Tolmachev et al., 2010; Perols, et al., 2012; Malmberg et al., 2012; 
Altai et al., 2013).  Its performance in humans has been tested in pilot studies and it 
has presently entered a phase II clinical trial (Beck, et al., 2010; (Sörensen et al., 
2014)). In addition, high-affinity affibodies have also been developed to for example 
EGFR (Friedman et al., 2007 and 2008; Orlova et al., 2007; Qi et al., 2012; Miao et 
al., 2012), IGF-1R (Tolmachev et al., 2012) and HER3 (Orlova et al., 2014) for 
potential use in cancer imaging.   

In addition, affibody binding proteins have also been explored for use in other fields, 
for example in bioseparation using affibodies as affinity chromatography ligands for 
purification of Taq DNA polymerase and human apolipoprotein A-1 (Gunneriusson et 
al., 1999; Nord et al., 2000), in detection applications using fusions or conjugation to 
reporters for detection of IgA using an anti-IgA affibody fused to β-galactosidase 
(Rönnmark et al., 2003) or HER2 using fluorescence-labeled affibodies (Lundberg et 
al., 2007). Further, affibody- nanoparticles have been described for drug delivery 
(Alexis et al., 2008) and for affinity-based targeting to tumor cells; affibodies fused to 
toxins ("Affitoxins") have been described (Zielinski et al., 2009 and 2011). To obtain 
so called hot start PCR, an affibody has been developed that inhibits the Phusion 
DNA polymerase at low temperatures but is released at higher temperatures, 
improving the quality of the PCR via prevention of primer dimer formation 
(ThermoFisher).  

3.5.2 DARPins 

Ankyrin repeat proteins are found in nature and are involved in various biological 
interactions, such as cell-cell signaling and inflammatory responses. Therefore, they 
were proposed to be a useful template for protein recognition engineering (Mosavi et 
al., 2004). The repeating unit is a 33 amino acid (cysteine free) long domain 
consisting of two alpha helices and a β sheet (Mosavi et al., 2002). So called 
Designed Ankyrin Repeat Proteins (DARPins) consist of an adjustable numbers of 
units, usually four to six, consensus ankyrin repeat proteins, flanked by N- and C-
terminal capping domains. Libraries of DARPins are typically generated by 
randomization of residues in the designed ankyrin repeat domain framework parts of 
the repeat units (6 of 26 aa randomized) (Binz et al., 2003; Kohl et al., 2003; Binz et 
al., 2004). High affinity DARPins have been selected against several different target 
proteins, including for example maltose binding protein, eukaryotic kinases, HER2 
and VEGF (Binz et al., 2004; Zahnd et al., 2007). In most instances ribosome display 
technology has been used to select DARPins but also phage display systems have 
been used.   
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However, the display of DARPins on filamentous phage was not entirely problem-
free, as the rapid folding of the proteins disturbed the secretion process into the 
periplasm where phage particles are assembled. To solve this problem, a change of 
the signal peptide to direct the export via the signal recognition particle (SRP) 
machinery keeping the nascent protein unfolded prior to secretion, proved to increase 
the display level 700-fold (Steiner et al., 2006). Using this strategy, phage libraries of 
DARPins have been used to generate binders against e.g. Fc of IgG, EGFR, HER2 
and HER4 with affinities down to 100 pM without any maturation process (Steiner et 
al., 2008). DARPins are a class of promising molecules for different applications, for 
example, cancer imaging, biotherapy and diagnostics (Stumpp and Amstutz, 2007).  

3.5.3 Anticalins 

Anticalins are derivatives of the naturally occurring lipocalin proteins whose 
structures are composed of an eight-stranded anti-parallel beta barrel forming a 
binding pocket and four loops connecting each stand (Skerra, 2001). Lipocalins 
physiological functions include transportation of e.g. vitamins, bilin and lipids 
(Åkerström et al., 2006). Generally, their small size (<20 kDa), remarkable stability 
(melting temperature >70°C) and naturally binding ability to a broad range of targets 
has motivated to investigate them for combinatorial protein engineering efforts using 
phage display, ribosome display (Liu et al, 2012) and E. coli cell surface display 
(Binder et al., 2010).  

Initial anticalin libraries from butterfly were based on randomization of the pocket 
region or loops and binders to different hapten targets, including fluorescein, were 
selected (Beste et al, 1999; Schlehuber et al, 2000; Skerra, 2001). Later, a human 
lipocalin scaffold has been subjected to library constructions as well, allowing for 
generation of binders to larger targets, such as proteins including cytotoxic T 
lymphocyte antigen-4 (CTLA-4) (Schönfeld et al, 2009), vascular endothelial growth 
factor VEGF (Hohlbaum and Skerra, 2007) and oncofetal fibronectin (Gebauer et al, 
2013) for therapeutic purposes (Schlehuber and Skerra, 2002; Gebauer and Skerra, 
2012). The expected low immunnogenicity when using a human protein framework 
may make human anticalins suitable as drugs (Hohlbaum and Skerra, 2007; 
Schlehuber and Skerra, 2005; Skerra, 2007). However, proteins selected from 
libraries for binding to new targets are no longer fully human. One example of a 
human anticalin is the variant PRS-050 against VEGF, that has already been 
evaluated in clinical phase I trial and is going to enter a phase II trial (Mross et al., 
2013).  
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Figure 3.5. Structure of different non-Ig scaffold proteins and randomized sections (red 
color).  (A) Affibodies.  Libraries are typically constructed via randomization of 13 of the 58 
amino acids in the protein. (B) DARpins. Here, 6 aa out of 26 aa per central subunit are 
randomized. (C) Anticalins. To construct libraries, 20 aa. out of 178 aa. are randomized.  

3.6 Affinity protein labeling  

Affinity protein labeling can greatly expand the applicability of the protein. One 
example of “labeling” applied in bioseparation is that proteins are covalently 
immobilized on solid-phase matrices in order to capture its partner ligand from a 
complex sample via affinity chromatography principles. Another example is the 
biotinylation of affinity proteins to be used as baits to fish out their biological partner 
from complex samples by adhering to avidin- or streptavidin coated beads. In 
addition, numerous different reagents, for instance fluorescent dyes or radionuclide 
chelators are commonly used to label affinity proteins for use in diagnostic or imaging 
applications.  

There are several methods to perform such labeling, and depending on e.g. the nature 
of the protein, including amino acid composition and fragility/robustness to the 
chemistries used and requirements of control of the number and position of the labels, 
different methods are preferred. Below, some of the most commonly used methods 
will be described.  

3.6.1 In vitro chemical labeling  

Amine coupling is most common labeling approach for proteins due to its simplicity, 
efficiency and quickness. It utilizes -NH2 primary amino groups on either the N-
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terminus or in the side chain of lysine residues in a peptide or protein sequence. A 
common group of reagents used here are N-hydroxysuccinimide (NHS) esters linked 
to the label of interest, which can be used to address deprotonated primary amines. 
Amines of internal lysines have typical pKa values above 10 and to ensure that a 
substantial fraction of them are deprotonated, labeling is performed at slightly 
alkaline conditions at pH values in the range 8.5-9.5. N-terminal amino groups have 
lower pKa values (ca. 8) and can therefore be selectively labeled at lower pH values. 
It is important to also mention that NHS esters are easily hydrolyzed at alkaline 
conditions. Therefore, there may be situations where the pH has to be optimized to 
retain a certain stability of the labeling reagent. There are numerous pplications based 
on amine coupling reactions. For example, biotinylation of proteins are most often 
using the bi-functional molecule NHS-biotin to make biotin become attached to 
amines in the protein. The same principle can be applied to other interesting reagents 
produced as linked to NHS, such as NHS ester-fluorophores and -PEG (Nanda et al., 
2014; Hermanson, 2008). 

Thiol or sulfhydryl (-SH) coupling is a labeling method specific for cysteine side 
chains in proteins (see also Chapter 3.6.3--antibody labeling). Here, maleimide-label 
derivatives are frequently conjugated to the thiols in cysteine amino acids to form 
thioether linkages. However, cysteines in proteins are often engaged in disulfide 
bonds (-SS-), which calls for a reduction step to obtain free thiols. Depending on the 
complexity of the protein, i.e. how many disulfide bridges it contains and the 
importance of these for the structure and function of the protein, this strategy is more 
or less suitable. Using protein engineering, extra cysteine can be introduced in a 
protein sequence at a particular position to provide additional sites for labeling. If the 
protein of interest is devoid of native cysteines, such an extra and unique cysteine 
residue will provide an opportunity for site-specific and controlled labeling (see paper 
II).  

Carboxylic acid (-COOH) groups, in either the C -terminus or in the side chains of 
aspartic or glutamic acid can also be used for labeling. A common chemistry used 
involves 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to activate the 
carboxyl group to react with amine containing labeling reagents, that could e.g. be 
biotin or fluorophore derivates containing a free amine or a second protein. NHS has 
been shown to improve coupling efficiencies and is often included. A common 
application is the coupling of immunogenic peptides to an adjuvant/carrier protein 
such as keyhole limpet hemocyanin (KLH) or bovine serum albumin (BSA) for 
immunization experiments (Hermanson, 2008). Also, this chemistry is often used for 
immobilization of proteins on biosensor surfaces containing a layer of 
carboxymetylated dextran, where the carboxyl groups are activated via EDC/NHS for 
coupling to the N-terminal or lysines of a protein to be studied as ligand (Löfås and 
Johnsson, 1990).  
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3.6.2 In vivo labeling (Bio-tag, Halo-tag) 

In vivo labeling methods can be used to obtain a site-directed labeling of a protein 
during its production in a cell via recruitment of an enzyme catalyzing a chemical 
modification of the protein. This principle utilizes recombinant DNA technology, 
where a genetic fusion between the protein and a domain containing the substrate 
sequence is expressed in the cell. Classical examples are in vivo system for 
biotinylation of proteins in E. coli employing the endogeneous enzyme biotin 
holoenzyme synthetase (BirA) or biotin-protein ligase, which normally attaches biotin 
to a lysine in the biotin carboxyl carrier protein (BCCP) subunit of the acetyl-CoA 
carboxylase (Beckett et al., 1999; Chapman-Smith and Cronan, 1999). Naturally, the 
substrate peptide contains 75 amino acids and this domain has been used frequently as 
fusion partner to proteins for in vivo biotinylation (Cronan, 1990). However, a merely 
13 aa long peptide capable of mimicking the natural protein substrate has been 
selected from a peptide library displayed on plasmids (plasmid display), designed 
after alignment of homologous sequences of biotinylated sequences from different 
species (Schatz, 1993). The resulting peptide has been shown to be efficiently 
biotinylated when used as purification tag in chromatography (Nilsson et al., 1996). 
However, sometimes a low level of biotinylation is obtained with endogenous BirA. 
In such cases extra biotins can be added in vitro using purified BirA. This can 
promote the biotinylation reaction to reach 100% (Pouny et al., 1998). Other 
examples to increase the biotinylation yield include co-expressing the protein of 
interest with BirA synthetase on the same plasmid in E. coli (Smith et al., 1998) or 
mammalian cells (de Boer et al., 2003; Predonzani et al., 2008).  

Another example of in vivo labeling is based on evolved variants of the human 
enzyme O(6)-alkylguanine-DNA alkyltransferase (hAGT) forming covalent links to 
labeling compounds containing  O(6)-benzylguanine (Keppler et al., 2003). 
Expression of fusion proteins with hAGT can, after addition to the growth medium of 
O(6)-benzylguanine derivatives, be selectively labeled. One limitation of this system 
is the cell permeability of the label, but this can be solved by using different O(6)-
benzylguanine derivatives (Keppler et al., 2004). 

 A newly reported and promising labeling method is to utilize the enzyme termed 
“fluorophore ligase”, which is the E. coli lipoic acid ligase or a mutant thereof  
(W37V/I), which in vivo can introduce a fluorogenic 7-hydroxycoumarin group 
covalently into a 13 aa long acceptor peptide that can be fused to a protein of interest 
(Uttamapinant et al., 2010). Further, a similar in vivo labeling system that uses a gene 
fusion partner that forms a covalent bond in vivo (or in vitro) to an added compound 
is the HaloTag system that relies on a mutant of a bacterial haloalkane dehalogenase 
that can form covalent conjugates to ligands that are linked to chloroalkanes (Los et 
al., 2008). Yet another system on the same theme, but non-enzymatic, is the 
SpyTag/SpyCatcher system based on a fibronectin-binding protein FbaB from 
Streptococcus pyogenes. This protein undergoes a covalent modification within itself 
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(isopeptide bond formation) that can be utilized to obtain a covalent bond between 
two separately expressed subfragments of the protein. One of the subunits can be 
expressed or linked to a reporter and used to selectively label the cognate partner 
(Zakeri et al., 2012).   

3.6.3 Antibody labeling  

In particular, labeling of antibodies is a field that has been extensively investigated. 
The most common protocol is to use surface exposed lysines for amine coupling 
protocols. Such labeling is more or less random and generate heterogenous mixtures 
concerning how many labels are coupled and where. As shown in Fig. 3.6 A, a mouse 
IgG2a antibody sequence found in the PDB data base (PDB: 1IGT) has a total of 74 
lysines spread over the molecule, also in the CDRs, which all could be the potential 
sites when amines are addressed for labeling.  

Another method for labeling antibodies is to use cysteines.  Partial reduction of the 
disulfide bridges to make the cysteines available for coupling	   can result in a 
heterogeneous mixture.  For example, a mouse anti-canine lymphoma IgG2a antibody 
contains 34 cysteins per antibody, spread out over the entire protein including the 
CDRs (see Fig. 3.6 B). However, the native cysteine bridges in antibodies contribute 
crucially to the antibody fold and stability. Therefore, single amino acid has been 
mutated into extra free cysteine, to yield antibodies denoted THIOMABs, in order to 
provide positions for site-specific labeling, such as HC-A114C (Junutula et al., 2008) 
and LC-V205C (Shen et al., 2012). Still, the native cysteins may be more or less 
conjugated as well during the labeling process.  

Recently, a new approach for a more the site-specific labeling reaction of antibodies 
was described using the enzyme glycostransferase to attach label-modified glycans on 
antibodies (Aggeler et al., 2012). The glycosylation sites (shown in Fig 3.6 C) are 
located at specific sites on Fc and the use of these largely reduces the labeling 
heterogeneity.   

Moreover, Ig binding domains such as the Fc-binding Z domain from protein A have 
been modified for use as tools to site-specifically covalently attach to antibodies by 
either introduced electrophilic groups (Holm et al., 2009) or via introduced 
benzophenone groups that can be activated by UV light (Fig. 3.6 D). Not limited to 
protein A, domains from protein G have also been demonstrated for the same 
purposes (Jung et al, 2009). Such Ig binding domains could be labeled by various 
means with small moieties like biotin (or fused to other proteins for a site-specific 
labeling of the antibody (See papers I, II). Regarding efficient approaches to 
incorporate the photo active moiety benzophenone, there are many accessible paths to 
utilize, i.e. in vitro post-production modification of an introduced cysteine by using 
maleimide benzophenone (MBP), solid-phase peptide synthesis via use of p-benzoyl-
L-phenylalanine (pBpa), or via the use of an engineered aminoacyl-tRNA 
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synthetase/tRNA pair system during protein synthesis in E. coli (Paper I, II; Kauer et 
al., 1986; Perols and Karlström, 2014 Kanje and Hober, 2015; Chin et al., 2002). In 
many cases, proteins with introduced benzophenone at specific positions have been 
used to investigate protein-protein interactions and to identify a protein’s 
receptor/binding partner. In other studies the technique has been applied to facilitate 
site-specific photoconjugations/labeling of antibodies. The conjugation yield has been 
reported to be influenced by several factors such as the length of the linker spanning 
the distance from the polypeptide backbone or the cysteine thiol to the benzophenone, 
the position chosen for the placing of the benzophenone group and the isotype of the 
antibody. For instance, the conjugation yield of mouse IgG1 was strongly dependent 
on the linker length (Perols and Karlström, 2014; paper I).  

	    

Figure 3.6. A schematic presentation of potential antibody labeling sites. The antibody used 
in this graph was mouse IgG2a (pdb: 1IGT). A: A total 74 lysines are indicated in yellow. B: A 
total of 34 cysteines are indicated in red. C: Glycans in the antibody are shown as orange. D: 
Using the Z domain marked in pink for covalent and site-specific labeling of the Fc fragment 
of the antibody.  

In addition to those above-mentioned approaches, recently introducing unnatural 
amino acids in antibodies produced in an engineered CHO cell line at position A121, 
A114 or S115 in the heavy chain with the aim to provide sites for site-specific 
conjugation has been reported and shown to result in a homogeneously conjugated 
antibody with great pharmacokinetics and potency in vitro and in vivo (Axup et al., 
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2012; Tian et al., 2014). Another method using a small molecule, indole-3-butyric 
acid (IBA) that specifically form covalent bond to nucleotide binding site in antibody 
Fab under UV exposure has been demonstrated and presented to enhance antigen 
detection level compared to commonly lysine labeling and physical adsorption or 
coating methods (Alves et al., 2012, 2013 and 2014). 

Taking all antibody-labeling methods into account, these have obviously greatly 
extended the possibilities for using antibodies in different applications. However, for 
some of the described labeling techniques, there still exist some problems when they 
are used to e.g. conjugate antibodies with drugs for therapeutic purposes.  So, new 
techniques and principles are still interesting to investigate. 
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Chapter 4. Present investigation 

 

This thesis includes a number of studies concerning development and use of novel 
proteins in bio-affinity applications based on rational and library-based 
methodologies. A common denominator for all studies has been the use of the small 
three-helix bundle Z domain as scaffold for the development of variants 
thereof, showing affinity to desired target biomolecules of relevance for the different 
applications. Investigated applications involve a panel of disciplines within the field 
of affinity protein technology, including bio-separation/recovery, site-specific 
labeling of antibodies, immunoassay detection and therapy.  Together, the studies 
illustrate the power of protein engineering technology in that a single given starting 
protein can be tailor-made in different ways to be functional in very diverse 
applications.   

4.1 Tailor-making a protein A-derived domain for efficient site-specific 
photocoupling to Fc of mouse IgG1 (I) 

Immunoglobulin binding proteins are vital reagents in antibody purification and 
detection, and examples of such proteins have been described in Chapter 3.3. It is well 
known that protein A, containing the native domains E, D, A, B and C can bind to 
many antibodies either in Fc or VH or both, depending on the species, origin and VH 
family used (Eliasson et al., 1989; Jansson et al., 1998). The so called Z domain is 
based on the sequence of the native B domain, with a G29A substitution. This 
mutation made the Z domain resistant to hydroxylamine, which may be used to cleave 
fusion proteins chemically at Asn-Gly junctions, and also changed the Ig binding 
properties such that the binding to Fab was lost (Nilsson et al., 1987).   

Although wild type protein A as well as the Z domain interacts with many different 
antibody classes, the binding strength to a particularly interesting class of antibodies, 
mouse IgG1, is poor (Ahuja, 2000; Nagaoka and Akaike, 2003). Mouse IgG1 is the 
primary antibody class obtained using the hybridoma technique for production of 
monoclonal antibodies (Page and Thorpe, 1998). A previous study indicated that a 
single residue mutation, M252T, in mouse IgG1 Fc could increase the binding affinity 
to protein A significantly (Nagaoka and Akaike, 2003). However, for practical use of 
this discovery in protein A-based affinity chromatography of murine IgG1 monoclonal 
antibodies, the germline mouse Ig gamma heavy chain gene would need to be 
changed into this sequence. However, the work inspired us to believe that a similarly 
small site-mutagenesis effort directed to the cognate interaction partner protein A (Z 
domain) could instead be used achieve the corresponding result.  
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Figure 4.1 The design of improving binding between mouse IgG1 and B (Z) domain from 
protein A. Wild type mouse IgG1 Fc binds weakly to B (Z) domain from protein A (top). In a 
study by Nagaoka and Akaike it was shown that a T252M mutation on Fc of mIgG1 could 
increase the affinity to Z domain (left). The driving hypothesis in our study was that site-
specific mutations in the Z domain could like-wise improve the binding strength to wild type 
mIgG1 Fc (right). The side chains of potential residues were labeled with green color.  

Based on the crystal structure of the complex between Fc of human IgG1 and protein 
A (B domain) (pdb code: 1FC2) and alignments of Fc fragment sequences of mIgG1, 
mIgG2a, mIgG2b and human IgG1 corresponding to the interaction areas, the seven 
positions K4, F5, Q9, Q10, F13, H18 and K35 in the Z domain were first assigned for 
single position site-directed saturation mutagenesis and functional mIgG1 binding 
analyses. Later, based on information from the initial functional tests, also a large 
number of double amino acid mutants were investigated 

In total, approximately 170 hexahistidine-tagged mutants were individually produced, 
purified and analyzed for binding to mouse IgG1 using surface plasmon resonance 
(SPR). It was shown that injections of ZF5R and ZF5I variants over a sensor chip 
surface with an immobilized mIgG1 monoclonal antibody resulted in higher 
equilibrium response values than for the ZWT domain. Interestingly, mutations on 
positions Q10 and F13 almost all abolished the binding ability expect for the variant 
Q10N which maintained the binding capacity, highlighting the importance of those 
two residues for the binding.  

After more rigorous measurements using a series of concentrations of the ZF5I and 
ZF5R variant, it was shown that the affinity to mouse IgG1 had been improved 
approximately 10-fold compared to ZWT. Further, the ZF5I variant was investigated for 
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use in a concept for site-specific and covalent labeling of mIgG1 antibodies based on a 
combination of affinity recognition and photo-activation by UV light (Konrad et al., 
2011; Jung et al., 2009). The concept is based on that the affinity domain in addition 
to be covalently attached to Fc should also bring a label or cargo of some sort relevant 
for the application in mind or that the coupling could be used for immobilization 
purposes.  

Previously, a wild type Z domain produced via solid-phase peptide synthesis and 
containing an introduced benzoylphenylalanine (BPA) at position 5 (ZF5BPA) had been 
used for this purpose but attempts to label mIgG1 had not been very successful, at that 
time interpreted to be a consequence of the low affinity between the Z domain and 
this antibody class (Ahuja, 2000).  

In the present study, eight different positions in the ZF5I variant, or ZWT (control), 
were separately replaced with cysteines to provide sites for incorporation of 
maleimide benzophenone (MBP) groups, activatable by UV light to form covalent 
bonds with proximal atoms in the antibody. Positions investigated were either located 
in loop regions (pos. D2, N3, K4 and E24) or in helical regions (pos. Q9, N11, E15 or 
Q32), all facing the IgG partner. Purified cysteine-containing variants were treated in 
reducing conditions and mixed with an excess of MBP. Using mass spectrometry the 
resulting products were all shown to have the expected molecular weights (Fig. 4.2).  

 

Figure 4.2. Site-specific conjugation of maleimide benzophenone (MBP) to Z domain 
variants. (A): Schematic showing how maleimide benzophenone is conjugated to a unique 
cysteine residue introduced into each of the Z variants by genetic engineering. (B): A 
representative result from analysis by LC-ESI mass spectrometry of the product obtained 
after conjugation (ZF5I-Q32C-MBP). (C): Schematic showing the 16 different Z-MBP probes 
(eight positions for the MBP group on both the ZWT and ZF5I variants) evaluated for 
photocoupling to Fc of mIgG1 using UV radiation. 



  Feifan Yu, 2015 
	  

	   51	  

The photoconjugation procedure was performed by first incubating the antibody with 
the Z photo-probe in a 1:5 ratio for 30 minutes followed by UV exposure at 365 nm 
for 2 h. Subsequently, using SDS-PAGE which is an easy, direct and straightforward 
method of analysis, the antibody conjugation yield was estimated. Sixteen different 
ZF5I-MBP or ZWT-MBP variants were investigated side-by-side to figure out which of 
these had the best conjugation efficiency. The gel image was analyzed using ImageJ 
software to obtain quantitative information. 

 

Figure 4.3. Photo-conjugation of Z domain probes to mouse IgG1. (A): Analysis by SDS-
PAGE of the mouse IgG1 mAb photocoupling efficiency of 16 different ZWT- or ZF5I-based 
probes, differing in the position of the maleimide benzophenone (MBP) group. (B): Analysis 
by SDS-PAGE of the photocoupling efficiency of the ZWT-Q32C-MBP and ZF5I-Q32C-MBP probes, 
both containing the MBP group at position 32, to 19 different mouse IgG1 mAbs. The 
designations HC+P, HC, LC and P, refer to heavy chain+probe, heavy chain, light chain and 
probe, respectively. The M lanes refer to marker protein with molecular weights in kDa as 
indicated. 

The Fig. 4.3 shows that MBP coupled at position 32 site yielded the highest 
conjugation efficiencies for both ZWT and ZF5I. Moreover, the crosslinking occurred 
only to the heavy chains of Fc fragment and not on the light chains. The selectivity for 
Fc fragment was very reproducible as the same pattern was seen for 19 different 
randomly picked monoclonal mouse IgG1s (data not shown). Thus, by combining the 
previous work to improve the binding affinity with a screening for a suitable position 
to place the benzophenone group the conjugation efficiency obtained for the probe 
ZF5I-Q32C-MBP was 64.4±5 % while for the ZWT-Q32C-MBP the corresponding value was 
45.4±4 %, as calculated from the efficiencies obtained for those 19 mIgG1 mAbs.  

!

!
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Figure 4.4. Comparison of the chemical structures of (A) benzoyl phenylalanine (BPA) and (B) 
maleimido benzophenone (MBP) as seen incorporated into Z domain backbone (A) or coupled to a 
cysteine side chain (B).   

In one experiment, a F5C mutant of the Z domain was labeled with MBP and 
investigated for coupling to mIgG1. Somewhat surprisingly, this domain, although not 
containing the affinity enhancing F5I substitution, showed relative efficient coupling 
to mIgG1 in contrast to the previously investigated and synthetically produced Z5BPA 
variant labeled at the same position but with a different chemistry (Fig. 4.4) 
(unpublished). Interestingly, when comparing the chemical structures of the two 
benzophenone containing groups, it can be seen that the length of the MBP variant, 
when coupled to a cysteine, is considerably longer than in BPA. This difference, 
possibly affecting what acceptor groups in Fc that can be reached by the BP group 
could potentially explain the results. However, the affinity-enhanced ZF5I-Q32C-MBP 

showed a higher coupling efficiency than the ZF5BPA. 

Although mouse IgG1 was the main monoclonal antibody class under investigation, 
the produced photo-probes were also investigated for crosslinking to mouse IgG2a. 
Fig. 4.5 (unpublished data) includes analyses for four probes that display considerable 
differences when investigated for coupling to mIgG1 and mIgG2a, respectively. These 
data showed that MBP at position 24 resulted in a much higher conjugation yield to 
mIgG2a compared to when to probe was introduced at position 32. This highlighted 
that the antibody species is a very important parameter affecting the conjugation 
efficiency.    
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incorporation$into$backbone$

(B)$47(N7Maleimido)$benzophenone$
incorporation$into$cysteine$side$chain$
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Figure 4.5. Photo-conjugation results of different species of mouse monoclonal antibodies by 
using various photo-probes where MBP was incorporated at six different positions (D2, N3, 
K4, N11, E24 and Q32) in ZF5I. (A) SDS-PAGE of ZF5I domain photoconjugation of mouse 
IgG1. (B) SDS-PAGE of ZF5I domain photo-conjugation of mouse IgG2a. The definition of 
HC+P, HC and P were the same as in figure 4.3.  

The last issue investigated in the study was if this method for site-specific labeling of 
antibodies in practice could offer a better post-labeling antibody activity compared to 
the traditional and common way of randomly label antibodies by amine coupling to 
lysines. 

Biotinylation was chosen as an example of a routinely performed antibody labeling. 
In the experiment an anti-human interferon gamma antibody (1-D1K) was 
biotinylated using either a sulfo-NHS-ester-biotin reagent as recommended by the 
manufacturer, or via photoconjugation of a pre-biotinylated (using the same sulfo-
NHS-ester-biotin reagent) ZF5I-Q32-MBP probe. The two samples of the biotinylated 
antibody were immobilized on separate sensor chip surfaces covered with 
streptavidin. During injection of the same concentration of the antigen human 
interferon gamma over both surfaces, response curves were recorded as seen in Fig. 
4.6. Sample (i) was the anti-human interferon-gamma mIgG1 mAb biotinylated using 
a conventional amine reactive sulfo-NHS-ester-biotin reagent; sample (ii) was the 
anti-human interferon-gamma mIgG1 mAb biotinylated via photoconjugation using 
the biotinylated ZF5I-Q32C-MBP probe. From a comparison of these curves, after a 
normalization taking into account slightly different immobilization levels of the two 
samples, a higher target-binding activity or potency per immobilized antibody was 
evident for the preparation biotinylated using the photo-conjugation probe.  
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Figure 4.6: Biosensor analysis of the relative antigen binding potency of the biotinylated 
antibody preparations. Two samples of a mouse anti-human interferon-gamma mIgG1 mAb 
were biotinylated using either a direct strategy (Biotin-NHS to primary amines) (i) or in-
direct strategy using a pre-biotinylated ZF5I-Q32C-MBP probe site-specifically photo-conjugated 
to the Fc region of the mAb (ii) and the resulting preparations compared with respect for 
their antigen binding potency.  

This result suggests that random labeling of primary amines with biotins in an 
antibody could hamper the binding capacity to antigen, presumably due to that lysine 
residues within or in vicinity of the CDR residues involved in binding become 
occupied. Alternatively, the accessibility of the paratope may be affected after 
immobilization for a fraction of antibodies containing biotins at certain positions. In a 
direct comparison, the strategy for site-specific photoconjugation to provide biotins at 
the Fc region via a labeled Fc binding affinity domain results in a higher bioactivity 
after labeling.   

Concluding and future thoughts on this paper: 

By testing a panel of Z domain mutants, variants with a 10-fold affinity improvement 
for mouse IgG1 was found resulting from substitution of residue Phe 5 to either Ile or 
Arg. This increased affinity was found beneficial for site-specific and UV-induced 
photoconjugation of the domain to mouse IgG1 after introduction of maleimide 
benzophenone (MBP) in the ZF5I at different positions.  

The exact positioning of the BP group is a very important factor for crosslinking to 
different species of monoclonal antibodies. The Q32 site is an excellent position for 
mouse IgG1 conjugation while E24 is an excellent position for mouse IgG2a. In a 
study by Hui and Tsourkas, it was found that when positioning the BP (BPA) in 
position L17 in Z domain conjugation to mouse IgG2a,2b was seen with more than 50% 
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efficiency and mouse IgG3 could be conjugated with up to 90% efficiency (Hui and 
Tsourkas, 2014). In addition, the “linker length” with which the BP is linked to the 
backbone significantly affects the results. For example, probes containing either 
benzoylphenylalanine (BPA) or benzoylbenzoic acid (BBA) at position 5 resulted 
different photoconjugation efficiencies. The ZF5BPA probe shows a poor crosslinking 
to mouse IgG1 whereas a ZF5BBA probe shows a conjugation yield higher than 50% 
(Perols and Karlström, 2014). However, a longer linker is not always better. 
Unpublished data has shown that MBP conjugated via a cysteine at position 32 shows 
a lower conjugation efficiency to human IgG1 compared to BPA at the same position.  

Further, which amino acids on the Fc fragment that become attacked by the BP group 
is still uncertain. Mass spectrometric analysis has been attempted but could 
unfortunately not provide reliable results. According to other studies, BP is highly 
reactive to methionines (Bremer et al., 2001; Clement et al., 2005; Wittelsberger et 
al., 2006 and 2008), but other nearby hydrophobic residues such as Leu and Val could 
also be crosslinked by BP (Dormán and Prestwich, 1994).  

This easy and site-specific labeling technique has the potential to offer significant 
advantages in diagnostics applications compared to a commercially available antibody 
labeling kit (Lightning-link) (Andersson et al., 2013). It also provides an alternative 
way to conjugate antibody to nanoparticles for cell labeling (Hui et al., 2014).  
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4.2 Site-specific photoconjugation of beta-lactamase split-protein fragments to 
monoclonal antibodies for homogeneous assay development (II). 

The use of affinity proteins, and in particular antibodies, as detection reagents in 
diagnostic and research assays is already widely accepted as the standard protocol. 
Here, the selectivity and affinity of the reagents used play a key role in the detection 
system. It is generally regarded that assays relying on the simultaneous recognition of 
the analyte in question by two separate reagents binding to two distinct epitopes 
results in an increased assay performance. Examples of such assays include traditional 
sandwich ELISAs and more recently so called proximity ligation assays (Fredriksson 
et al., 2002; Gullberg et al., 2004; Söderberg et al., 2007; Nong et al., 2013). In some 
instances, it is desired that the assay should be quick and simple, which calls for 
development of formats that could bypass the need for multiple steps in the assay, 
including repeated incubation and washing steps as well as complicated assay read-
outs. To this end, so called homogeneous assays are highly attractive. These are 
characterized as “mix-and-measure” assays, and are characterized by that the assay 
result is obtained after simple mixing of all reagents without the need for any washing 
steps. 

In this work, a principle for a novel homogeneous assay with a possibility to achieve a 
high selectivity was investigated. Generally the assay was formatted to combine a use 
of (i) the previously developed Z domain format for site-specific labeling of 
antibodies, (ii) a requirement for two separate analyte recognition events and (iii) the 
so called split-protein fragment complementation assay principle (Michnick et al., 
2007). In detail, the system consists of three components as indicated in Fig. 4.7. One 
component is the Z domain (ZF5I) with the Q32C substitution to allow the introduction 
of maleimide benzophenone for site-specific covalent and UV-induced conjugation to 
monoclonal antibodies; second is a pair of two antibodies binding to non-overlapping 
epitopes on the target analyte. The third is the split-beta lactamase enzyme halves, 
which are separately genetically fused to ZF5I-Q32C domains to generate the actual 
probes that are conjugated to the antibodies. Detection of the analyte is done via the 
substrate (nitrocefin) which is enzymatically hydrolyzed by complemented enzyme 
molecules, brought into proximity via the formation of the ternary complex consisting 
of the two antibody probes and the analyte. 
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Figure 4.7 Illustration of the novel homogeneous immuno-assay. (A) The three essential 
components: (1) a pair of monoclonal antibodies with separate binding epitopes on to the 
same antigen (2) a site-specific photoconjugation probe based on a Z domain mutant (ZF5I-

Q32C) that can form a covalent bond to Fc of antibodies (3) a split reporter protein genetically 
divided into the two inactive halves A and B (B) The principle of the detection system. The 
detection signal is derived from substrate conversion by the complemented active reporter 
protein driven by a physical proximity of the two halves when a pair of photo-conjugated 
antibodies with separate ZF5I-A and ZF5I-B recognizes the same antigen molecule.  

The concept of split-protein fragment complementation has been widely employed.  
As described in the introduction section (Chapter 2), various reporter proteins have 
been genetically split and used in various assay formats. They include for example 
Green Fluorescence Protein (GFP), luciferase, beta-lactamase and dihydrofolate 
reductase (DHFR) (Shekhawat and Ghosh, 2011). Two basic principles exist, where 
the two reporter-protein sub-fragments either have or do not have the ability to 
associate into an active protein without the help from a linked affinity interaction 
partners.  One example of the first type is the GFP 1-10 (aa 1-214) and GFP-11 (aa 
215-231) for monitoring protein solubility (Cabantous and Waldo, 2006; Cabantous, 
et al., 2005) or protease activity (Callahan et al., 2010), where the two subfragments 
of the reporter spontaneously form an active GFP reporter when mixed.  

The other format has been extensively used for e.g. in vivo protein complementation 
assays to investigate protein-protein interaction networks in living cells (Remy et al, 
2007). Importantly, the two halves shall remain inactivate and not self-associate 
unless brought into proximity by a binding event performed by units linked to the 
sub-fragments. The same basic principles have also been used for functional selection 
of affinity proteins from libraries as described in Chapter 2.3 (Löfdahl et al., 2009; 
Secco et al., 2009). In one format, reporter halves are genetically fused to two 
separate affinity proteins or domains recognizing non-overlapping epitopes on a target 
protein. Examples include in vitro detection of specific dsDNA sequences or 
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methylation sites of DNA using split-protein reporter fragments of GFP or beta-
lactamase) fused to two zinc fingers or a zinc finger and a methyl-CpG motif binding 
domain (Stains et al., 2006, Porter et al., 2007, Kim et al., 2011). 

Initially in this study, the fluorescent protein mCherry was investigated for use as the 
reporter protein. This reporter had previously been described for split-protein 
fragment complementation applications (Fan et al., 2008).  The fluorescent activity of 
this reporter is dependent on the formation of an internal chromophore structure after 
complementation of the two halves. In our hands, this maturation step was very slow, 
up to 24-48 hours, which hampered the use of this reporter for the intended assay 
system. Similar slow maturation has also been observed for split-GFP-based systems 
(Port et al., 2007; Lindman et al., 2009). This led us to instead turn to a split-protein 
reporter system based on the enzyme TEM-1 (beta-lactamase M182T variant)  
(Wehrman et al., 2002), used in the lab before as basis for an in-cell selection system 
for affibody binding proteins (Löfdahl et al., 2009).  

 

Figure 4.8. Structure of TEM-1 beta lactamase M182T mutant (PDB: 1JWP). The cysteines 
are highlighted with blue. The split site is located between amino acids 197 and 198. The N-
terminal α197 part (a.a. 26-197) is labeled with salmon color while the C-terminal ω198 part 
(a.a. 198-290) is labeled with yellow color.    

In principle, the beta-lactamase halves could be genetically fused to a pair of 
recombinant affinity proteins, including scFv domain antibodies and scaffold-derived 
binders, obviating the need for UV-conjugation of antibodies via Z-based constructs. 
However the major idea here was that there is a very large number of already 
developed and well-characterized monoclonal antibodies out there and used in 
different immunoassays, including sandwich immunoassays, that would be an 
excellent source of validated reagents for conversion into probes for homogeneous 
assays. As the majority of these are of the mouse IgG1 class, half-probes based on 
fusion to the previously developed ZF5I variant would be ideal for the purpose.  
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The basics of the site-specific conjugation of antibodies via Ig Fc-recognzing Z 
domains had been tested and established in paper I. It had been shown that the 
incorporation of maleimide benzophenone (MBP) at an introduced cysteine residue at 
position 32 in the ZF5I domain variant resulted in a construct that could efficiently 
form covalent conjugates with mIgG1 antibodies in a non-destructive manner. 

One potential problem was that the TEM-1 beta lactamase sequence contains an 
internal pair of cysteines at positions 77 and 123 in the α part (res. 26-197).  If kept as 
is, the presence of theses cysteines at positions 77 and 123 could lead to an 
introduction of the MBP at multiple positions in produced beta-lactamase-ZF5I-Q32C 

fusion proteins, i.e. both on the intended position C32 in the ZF5I domain and at the 
C77 and C123 positions in the enzyme-derived moiety. To solve this problem, a set of 
four variants of the 26-197 fragment of beta-lactamase were constructed and 
evaluated in which the two cysteins were substituted for either Ala or Ser residues. 
Interestingly, and encouragingly, a homologous beta-lactamase enzyme from Bacillus 
had been described that contains alanines at the corresponding positions (Huang and 
Palzkill, 1997).  For evaluation of the protein fragment complementation ability and 
the resulting enzymatic activity, the four variants Ala/Ala, Ser/Ser, Ala/Ser and 
Ser/Ala of the α part were individually produced as fused to ZHER2:342, i.e. a previously 
described and well-characterized affibody binding strongly to the protein epidermal 
growth factor receptor 2 (HER2) whereas the ω part (res. 198-290) of beta-lactamase 

was produced as fused to the affibody Zα−.HER2:342, an anti-idiotypic binder to the 
ZHER2:342 affibody (Orlova et al., 2006; Wålleberg et al., 2011). Interestingly, this 
cognate affinity protein pair was once isolated using beta-lactamase-based protein 
fragment complementation as selection principle (Wållberg et al., 2011). The activity 
in nitrocefin hydrolysis after mixing different combinations of such beta-lactamse 
half-fusion proteins was measured and regarded as an indicator of the influence of the 
substitutions on the complementation ability. This revealed that substitutions of both 
cysteines for alanines resulted in an almost equal enzymatic activity as seen for wild 
type TEM-1. Hence, the version (C77A/C123A) of the α-part of TEM-1 beta-
lactamase was subsequently used in all following experiments. Further, in the study 
three types of linkers, a (G4S)3 (Huston et al., 1988; Malby et al., 1993), an 
(EAAAK)3 (Chen et al., 2013) and a combined (G4S)3-(EAAAK)3 linker, were 
evaluated for connecting the ZF5I-Q32C-MBP domain with the 
α197 or ω198 beta-lactamase halves.  

In one variant of the assay, a beta-lactamase fragment (ω198)-Z-conjugated antibody 
was used in combination with a fusion protein between a target binding affibody and 
the other beta-lactamase fragment (α197). To this end and for the detection of an 
extracellular domain of the HER2 receptor (HER2-ECD), a α197(Ala/Ala)-
(GGGGS)3-ZHER2:342-His6 fusion protein was produced recombinantly and used as one 
of the probes, whereas a ZF5I-Q32C-MBP-(EAAAK)3-ω198 fusion protein was conjugated 
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under UV light exposure to an anti-HER2 mIgG1 monoclonal antibody for use as the 
second probe.  

The antibody conjugation quality (purity) and quantity (yield) was estimated by SDS-
PAGE, which showed that the conjugation yield for this antibody was very low 
compared to conjugation yields previously published for Z domain alone (arrow (iv) 
in Fig. 4.9 B). However, although the low yield of conjugated anti-HER2 mAb, the 
HER2 analyte could be reliably detected in a dose-dependent manner by monitoring 
the nitrocefin hydrolysis over time for a concentration series of the analyte (in 
triplicates). A plot of the hydrolysis rate (change in Abs 492 nm/min) vs 
concentration of the HER2-ECD protein was drawn and showed a concentration-
dependent signature. The detection limit of the assay was in the low nanomolar range.  

 
Figure 4.9. Homogeneous detection of HER2-ECD protein by using an affibody/antibody 
combination. A: Cartoon of the HER2-ECD protein detection principle. B: Analysis of SDS-
PAGE of the photoconjugation of anti-HER2-ECD antibody (mIgG1) by using ZF5I-Q32C-MBP-
(EAAAK)3-w198 fusion protein under UV light exposure. Lane 1: purified α197(Ala/Ala)-
(GGGGS)3-ZHER2:342; Lane 2: anti-HER2 antibody after photoconjugation with ZF5I-Q32C-MBP-
(EAAAK)3-ω198 and Lane 3: anti-HER2 antibody. (i) Light chain of Ab; (ii) Heavy chain of 
Ab; (iii) presumed dimer of photo-probes (ZF5I-Q32C-MBP-(EAAAK)3-ω198) and (iv) 
photoconjugated anti-HER2 antibody. C: Real-time absorbance measurements of the 
conversion of the nitrocefin substrate of beta-lactamase at 492 nm using α197(Ala/Ala)-
(GGGGS)3-ZHER2:342 and purified and photoconjugated anti-HER2-ECD antibody after mixing 
with pure HER2-ECD protein in a series of concentrations (as indicated in the panel C).  D: 
Plot of the hydrolysis rate (change in Abs 492 nm/min) vs concentration of the HER2-ECD 
protein. 
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In a different assay format, the detection of human interferon gamma (hIFNγ) was 
investigated using a pair of two mouse IgG1 monoclonal antibodies binding to 
separate epitopes on hIFNγ.  The two individual antibodies named 1-D1K (mAb 1) 
and G23 (mAb 2) were conjugated via photoactivation to probes α197(Ala/Ala)-
(EAAAK)3-ZF5I-Q32C-MBP-His6 and His6-ZF5I-Q32C-MBP-(EAAAK)3-ω198. Probes of all 
three described linker types were tested in the conjugation and the choice of the 
EAAAK-based linkers was based on the highest conjugation yield. Compared to the 
conjugation of the anti-HER2 antibody discussed above, the yields were much higher, 
approaching 40-50 % (Fig. 4.10A). After the conjugation process, free probes were 
removed using ultra-filtration (cut-off=100 kDa). Different concentrations of 
hIFNγ were incubated with a concentration of 6.5 nM (estimated from the SDS-
PAGE analysis) of each of the two conjugated antibodies for 30 minutes (in 
triplicates), after which nitrocefin was added and the hydrolysis rate monitored.  

The result from using a pair of antibodies pair photoconjugated to split-beta lactamase 
fragments was a dose-dependent hIFNγ detection response. The assay was shown to 
be selective for hIFNγ; only background response levels were obtained for buffer-
only samples or a high concentration of a negative control human interleukin 6 
analyte. Further, a control using a pair of two photoconjugated antibodies where only 
one was directed to hIFNγ detection also resulted in background response levels. The 
detection sensitivity of hIFNγ was in the low nanomolar range.  
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Figure 4.10. Homogeneous detection of hIFNγ protein by using a pair of two antibodies. A: 
Principle of the hIFNγ detection setup. B: Analysis by SDS-PAGE of the photoconjugation of 
the two mIgG1 anti-hIFNγ antibodies 1D1K and G23.  For each antibody, three different 
probes containing different linker types were used. See paper II for details. C: Real-time 
absorbance measurements of the conversion of the nitrocefin substrate by TEM-1 beta-
lactamase at 492 nm using the probes α197(Ala/Ala)-(EAAAK)3-ZHER2:342-1-D1K and ZF5I-

Q32C-MBP-(EAAAK)3-ω198-G23 at 6.5 nM concentration mixed with pure hIFNγ protein in a 
series of  concentrations. D: Plot of the of hydrolysis rate (change in Abs 492 nm/min) vs 
concentration of the hIFNγ protein. 

Concluding and future thoughts on this paper: 

A less efficient photoconjugation was seen using α197 or ω198 fusion proteins 
containing the ZF5I-Q32C-MBP domain compared to using the ZF5I-Q32C-MBP probe itself. 
To increase the conjugation yield, a two-step coupling protocol may be a way 
forward. A technology denoted Expressed Protein Ligation (EPL) utilizes a so called 
sortase enzyme capable of ligating two proteins equipped with appropriate N- and C-
terminal peptide ends. Here, a tailor-made Z domain already photoconjugated to an 
antibody Fc region could possibly be recruited for such enzymatic ligation to an 
added split-protein moiety containing a cognate peptide sequence. Others have 
described similar ideas to functionalize or link cargos of different nature to protein 
based photoprobes (Hui and Tsourkas, 2014). 

In the detection of HER2-ECD, the conjugation of the Z domain to the anti-HER2-
ECD antibody was very inefficient.  However, the other probe in the system was the 
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fusion protein α197(Ala/Ala)-(GGGGS)3-ZHER2:342 which could be regarded as a full 
“100%” conjugation probe. Our interpretation of the assay results is that the quality of 
this probe could compensate the low conjugation efficiency seen for the antibody-
based probe, with the result that the HER2-ECD protein could be still detected in a 
dose-dependent manner.  
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4.3 Ribosome Display Selection of a Murine IgG1 Fab Binding Affibody Molecule 
Allowing Species Selective Recovery Of Monoclonal Antibodies (III) 

As mentioned earlier in this thesis, mouse IgG1 is one of the most frequently produced 
and used monoclonal antibody classes in immuno- and biotechnological applications 
(i.e. ELISA, Western blotting, immunofluorescence, pull-down assays, etc.). In paper 
I, the Z domain derived from protein A was engineered via rational site-directed 
mutagenesis followed by screening to improve the binding affinity to mouse IgG1. 
Here, a combinatorial protein engineering approach involving functional selection 
from a library of variants was instead investigated to obtain affinity proteins binding 
to mIgG1. Using ribosome display technology, selections were performed against 
mIgG1 from an affibody library. The principle of ribosome display technology has 
been mentioned and explained earlier in this thesis (see Chapter 2). The affibody 
library used here was generated with 13 NNK randomized codons in the first two 
helices while the third helix was kept constant, a design described previously (Nord et 
al., 1997). The affibody library members were expressed and selected as fusion 
proteins from a cassette without a translational stop codon and encoding the following 
components: (i) an eight residues FLAG-peptide; (ii) the 58 residues affibody protein; 
(iii) an 88 residue linker derived from M13 protein 3; and (iv) a 21 residue sequence 
derived from the E. coli Sec M protein, described to have a stabilizing effect on 
peptide/ribosome/RNA ternary complexes (Contreras-Martínez and DeLisa, 2007).  

The motivation for this project was to select binders to constant parts of mIgG1 that 
could serve as alternatives to protein A or G. As mentioned before, the affinity 
between wild type protein A and mIgG1 is low, and a selection of new binders could 
provide superior ligands. To possibly obtain binders to sites common to several or 
most mIgG1 clones, three different IgG1 monoclonal antibodies were used alternately 
during the biopanning cycles. After four selection rounds, DNA sequencing revealed 
that four clones had been preferentially enriched (Fig. 4.11).  Initial binding studies 
using purified affibody proteins showed that the variant Zmab25 contained the most 
promising properties in that it could bind all mIgG1s used as targets during the 
selection with sub-micromolar affinities and showed functionality both as soluble 
proteins and as surface-immobilized on a sensor chip surface. Interestingly, neither a 
human IgG1 nor mouse IgG2b monoclonal antibody was recognized by the Zmab25 
variant.  
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Figure 4.11: Sequences of selected affibody molecules. The wild-type Z domain sequence is 
shown, with dots over the positions randomized to construct the library and the three alpha 
helices of the scaffold are boxed. The numbers to the right indicate the number of times with 
which a particular library member appeared among the sequenced clones. 

In a binding competition experiment, Zmab25 was immobilized on a sensor surface and 
samples of a mIgG1 antibody, alone or after pre-incubation with a recombinant 
version of protein G (domains C2-C3), at different concentrations were injected to 
investigate a possible competition between Zmab25 and C2-C3 for binding to mIgG1 
(Fig. 4.12). The result indicated that the binding site for Zmab25 on mIgG1 was 
functionally overlapping with the binding domains C2-C3 of protein G. However, as 
protein G can bind to both Fc and Fab, a subsequent affinity capture experiment was 
designed to further map the binding site. Using western blotting with a polyclonal 
goat (Fab’)2 anti-mouse IgG Fc HRP conjugate and a polyclonal goat (Fab’)2 anti-
mouse IgG F(ab’)2 HRP conjugate, respectively for identification of both captured 
and non-captured proteins, this experiment showed that immobilized Zmab25 protein 
selectively captured Fab fragments and not Fc fragments in a sample generated via 
papain cleavage of a mIgG1 monoclonal antibody (Fig. 4.13). Thus, the binding site 
could be concluded to reside on the Fab fragment, presumably in the CH1 domain. 

 

Figure 4.12. Mapping of Zmab25 binding site by competitive binding analyses. Possible binding 
sites on mouse IgG1 for the Zmab25 variant were mapped using a competitive binding analysis 
employing an immunoglobulin binding protein with known binding sites. (a) Schematic figure 
showing an IgG antibody protein with its different regions and the binding sites for SPG in Fc 
and Fab indicated. (b) Biosensor sensorgrams resulting from duplicate injections of 10 nM 
mAb3 alone (gray diamonds); mAb3 in a 100 nM (gray squares), 1 µM (gray circles), or 10 
µM (gray triangles) solution of the recombinant two-domain protein G construct (C2–C3) 
over a sensor chip surface containing the Zmab25 variant. 

exclusively from selection cycle 4 by DNA sequencing
showed that three library members (Zmab22, Zmab25, and

Zmab26) had been more enriched than other members and

appeared 173 (Zmab22), 13 (Zmab25), and 2 times (Zmab26),
respectively. Furthermore, a hybrid clone denoted

Zmab22_25, probably created by recombination of Zmab22 and

Zmab25 during post-selection cloning work, was found three
times (Fig. 4). Clone Zmab22 contains two cysteines that

give rise to oligomerization (dimers and trimers) under
non-reducing conditions as confirmed by non-reducing

SDS-PAGE analysis (data not shown). In addition, clones

corresponding to the wild-type Z domain sequence
appeared, presumably corresponding to a contamination

during the selection.

Binding Studies

Binding to mAb1, mAb2, and mAb3 was analyzed using
surface plasmon resonance where the three variants Zmab22,

Zmab25, and Zmab22_25 all showed binding to all three mAb,

whereas the Zmab26 variant did not bind any of the three
investigated antibodies under these conditions. For deter-

mination of binding affinities, serial dilutions of the Zmab22,

Zmab25, and Zmab22_25 variants ranging from 1.95 nM to
8 lM were injected over sensor chip surfaces coated with

mAb1, mAb2, and mAb3, respectively. The results showed

that the three affibody variants bind the three different
mIgG1 antibodies mAb1–3 with dissociation constants

(KD) of 1.3 lM, 487, 8.1 nM (Zmab22); 371, 190, 19.2 nM
(Zmab25), and 191, 125, 1.8 nM (Zmab22_25) (Fig. 5).

To further investigate the selectivity in binding, a

reversed format was used in which the Zmab22, Zmab25, and
Zmab22_25 variants were covalently immobilized onto

sensor chip surfaces and analyzed for binding to various

injected mouse and human IgG antibodies. The Zmab25

variant bound the antibody targets used during selection as

well as two other mIgG1/kappa light chain antibodies not

used as targets during selection, indicating a broad mIgG1

binding capacity. The binding responses obtained from the

two non-target mIgG1/kappa mAbs included here were

lower than those obtained from the antibodies used as
targets during selection, indicating a lower affinity of

Zmab25 for these particular antibodies (see Discussion).

Also, as judged from the shape of the traces, the inter-
action with the non-target mIgG1 8F11 mAb shows sig-

nificantly slower off-rate kinetics than seen for the other

non-target mIgG1 mAb included in the analysis
(HDL110). Interestingly, a mouse IgG2b/kappa isotype

control, a purified myeloma-derived human IgG1 antibody

and a chimeric mouse–human IgG1 (murine Fv part)
where not recognized by the Zmab25 variant, indicating a

narrow binding preference for murine IgG1. Notably, a

mouse IgG1 isotype control mAb containing a lambda
light chain was not recognized under these conditions,

implying a possible influence also from the light chain

type on binding (Fig. 6). The Zmab22 and Zmab22_25 vari-
ants, however, did either not show any or only a limited

binding ability in this format, suggesting that the covalent

immobilization via primary amines affected the molecular
properties.

Fig. 3 Real-time PCR analysis of the library size. The real-time PCR
threshold cycle (Ct) values obtained from five different pRD-ZWT

template amounts (0.1, 1, 10, 100, and 1000 pg) were plotted in a
logarithmic scale. The data were fitted using linear regression (gray
dashed line) and from the regression line, the amount of successfully
ligated plasmids in two different dilutions of the library ligation
reaction was determined (quadruplicates, filled circles). A low
estimate of the library size, calculated using the mean value from
the quadruplicate referring to the more diluted sample, was approx-
imately 1 9 1011

Fig. 4 Sequences of selected affibody molecules. Deduced amino
acid sequences of in total 206 sequenced clones appearing two or
more times. The wild-type Z domain sequence is shown, with dots
over the positions randomized to construct the library and the three

alpha helices of the scaffold are boxed. The numbers to the right
indicate the number of times with which a particular library member
appeared among the sequenced clones
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Zmab25 variant binds to a site functionally overlapping with

SPG at its binding site on the CH1 domain of mouse IgG1

Fab.

Affinity Chromatography

As indicated by the successful column-based recovery of

the Fab fragment, one possible biotechnological use of the
Zmab25 affibody protein could be as affinity ligand in the

recovery of mouse IgG1 mAbs from hybridoma culture
supernatants. However, such feed stocks frequently con-

tain, in addition to the secreted mAb, also bovine immu-

noglobulins originating from the hybridoma growth
medium supplement FBS. Thus, bovine Ig can become

co-purified with mAbs using group specific affinity ligands

with broad Ig binding spectra, such as wild-type protein A
or G. Such contamination has been shown to frequently

contribute to false-positive readouts in sandwich immu-

noassays involving human sera samples containing human
anti-bovine IgG antibodies (HABIAs) [18]. To investigate

if the Zmab25 affibody protein showed any binding to bovine

Ig, a sample of 10% FBS was injected over both a Zmab25

and a protein G C2–C3 domain reference sensor chip

surface. Interestingly, whereas the reference surface

showed a significant response, no binding response was
observed for the Zmab25 surface, indicating that bovine Ig,

or any other FBS component, was not recognized by the

variant selected using mouse IgG1 as target (Fig. 9a). Only
after spiking of the 10% FBS sample with mouse IgG1

Fig. 6 Binding studies of Zmab25 with a panel of eight antibody
samples. Zmab25 was recombinantly produced as a hexahistidyl (His)6

fusion protein, IMAC purified and immobilized onto a CM5 sensor
chip surface and various immunoglobulin samples of a common
100 nM concentration injected. Response curves obtained on samples
flowed over the Zmab25 surface are labeled as follows: anti-human
interferon-c mIgG1 mAb3 (gray diamonds), anti-human apolipopro-
tein mIgG1 mAb2 (gray squares), anti-human apolipoprotein mIgG1

HDL110 (gray circles), and anti-special AT-rich sequence-binding
protein 2 mIgG1 8F11 (gray triangles). Responses obtained for anti-
trinitrophenol mIgG2b ab18421, anti-TNFa mouse–human chimera
Infliximab, human myeloma IgG1 GTX76676, and mIgG1(k) S1-68.1
can be seen as flat traces at the bottom of the graph. In a parallel
experiment, also the mAb1 reagent was found to be recognized by the
Zmab25 variant in this format (data not shown)

Fig. 7 Mapping of Zmab25 binding site by competitive binding
analyses. Possible binding sites on mouse IgG1 for the Zmab25 variant
were mapped using a competitive binding analysis employing an
immunoglobulin binding protein with known binding sites.
a Schematic figure showing an IgG antibody protein with its different
regions and the binding sites for SPG in Fc and Fab, respectively,

indicated. b Biosensor sensorgrams resulting from duplicate injec-
tions of 10 nM mAb3 alone (gray diamonds); mAb3 in a 100 nM
(gray squares), 1 lM (gray circles), or 10 lM (gray triangles)
solution of the recombinant two-domain protein G construct (C2–C3)
over a sensor chip surface containing the Zmab25 variant
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Figure 4.13. Mapping of the binding site for Zmab25. (A) Illustration of the Zmab25 affinity 
column based capture experiment applied to mAb3 Fc and Fab fragments after papain 
cleavage. The mouse IgG1 mAb3 was papain-digested and the sample applied on a HiTrapTM 
HP column with Zmab25 immobilized as ligand for capture of the targets for the ligand. (B) and 
(C)	   Separate Western blot analyses of the mAb3 cleavage mixture and the affinity column 
eluate using a polyclonal goat (Fab’)2 anti-mouse IgG Fc HRP conjugate and a polyclonal 
goat (Fab’)2 anti-mouse IgG F(ab’)2 HRP conjugate, respectively. Lane M: SeeBlue; Plus2 
Pre-Stained standard; lane 1: mAb3 sample before cleavage; lane 2: mAb3 sample after 
cleavage; lane 3: column flowthrough fraction; lanes 5, 6: eluate fractions. 

The possible use of the Zmab25 variant as ligand for the purification of mIgG1 
monoclonal antibodies from hybridoma culture supernatants by affinity 
chromatography was investigated. Hybridoma cultures media are often supplemented 
with 10% fetal bovine serum (FBS) containing bovine IgG. Monoclonal mouse IgG1 
antibodies purified using a “broad” immunoglobulin capture ligand as protein G may 
therefore be contaminated with bovine IgG.  Applying such contaminated monoclonal 
antibodies as capture and detection reagents in sandwich ELISA for detection of 
antigen in blood or serum can cause false positive results because of the frequent 
presence of human anti-bovine IgG antibodies in blood or serum that can bridge the 
assay antibodies generating a signal even in the absence of antigen (Andersson et al 
2003; Andersen et al., 2004). Such contamination could possibly be avoided by using 
Zmab25 for capture of monoclonal antibodies from hybridoma culture supernatants. To 
analyze the species specificity of the Zmab25 affibody, a biosensor (SPR) experiment 
was performed using samples consisting of FBS alone, or FBS spiked with a mIgG1 
monoclonal antibody.  FBS alone injected over protein G (C2-C3) and Zmab25 sensor 
chip surfaces revealed that a response was only seen for the protein G surface. 
However, when the FBS sample was supplemented with a mouse IgG1 monoclonal 
antibody, a response was also seen for the Zmab25 surface (Fig. 4.14).  
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Figure 4.14. BIAcore binding studies of interactions between Zmab25 or protein G with fetal 
bovine serum (FBS). 10% FBS was injected over a Zmab25 (gray solid trace) or protein G (C2–
C3 fragment) (black dashed trace) biosensor surface. For comparison, a sample containing 
10% FBS spiked with the mouse IgG1 mAb3 was also injected over the Zmab25 surface (black 
solid trace). 

In a second series of experiments different aliquots of a common FBS sample spiked 
with monoclonal mIgG1 were applied on Zmab25 and protein G (C2-C3) affinity 
columns, respectively, and then the eluates were analyzed by both SDS-PAGE and 
biosensor analyses using sensor chip surfaces coated with anti-bovine and anti-mouse 
antibodies. 

	    

Figure 4.15. Parallel affinity capture experiments. (A) Samples of a mimic of a hybridoma 
supernatant containing a mix of mIgG1 and 10% FBS was applied on both protein G (C2-C3 
domain) and Zmab25 columns. (B) pH-neutralized column eluates were analyzed by BIAcore 
analysis using sensorchip surfaces coated with anti-bovine IgG or anti-mouse IgG antibodies.    
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Interestingly, the eluate from the protein G (C3-C3) column could be shown to 
contain both mIgG1 and bovine IgG whereas the eluate from the Zmab25 column only 
contained mIgG1.  

Concluding remarks and future thoughts: 

The results in this study suggest that the Zmab25 affinity protein could be found in 
use as a valuable ligand for monoclonal mouse IgG1 antibody purification because of 
its high species selectivity. 

In the future, it is possible that Zmab25 will be further investigated for applications in 
the antibody area. For example, photoactive moieties e.g. MBP or BPA could be 
introduced in Zmab25 for site-specific photo-conjugation to Fab of mIgG1, and thus 
become an alternative to the ZF5I domain which crosslinks to the Fc fragment.  

Potentially, if a monoclonal antibody was to be used for in vivo experiments, 
alternative sites for labeling could be interesting to investigate. Various effector 
functions such as binding to cell receptors mediating cellular cytotoxicity, to receptors 
involved in controlling the in vivo half-life of antibodies rely on interactions mediated 
by the Fc fragment, to which the wild type Z domain variants bind. Thus, antibodies 
labeled via conjugation to Fab binding Zmab25-derivatives could be interesting 
alternatives.    
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4.4 An Affibody-adalimumab Hybrid Blocks Combined IL-6 and TNF-triggered 
Serum Amyloid A Secretion In Vivo (IV). 

This study had an aim to investigate if the affibody protein library technology could 
be used to identify inhibitory or blocking affinity proteins of potential use for 
treatment of cytokine IL-6-driven diseases.  

Inflammatory diseases, for example rheumatoid arthritis (RA) and Crohn’s disease, 
are caused by an imbalance in the innate immune system that leads to an over 
stimulated signaling by cytokines (O’Shea and Murray, 2008). Among the most well 
studied factors are the cytokines interleukin-6 (IL-6) and tumor necrosis factor (TNF) 
and elevated levels of these are considered as reasons to at least some of the 
symptoms (Madhok et al., 1993; Gratacós et al., 1994). Several efforts have been and 
are being made to develop with drugs that can block the actions of these cytokines.  
Among the most well-known biologicals are the anti-cytokine antibodies adalimumab 
(anti-TNF; Humira®) and infliximab (anti-TNF; Remicade®), the anti-IL-6 receptor 
α (IL-6Rα) antibody tocilizumab (Actemra®) or the TNF trap etanercept (Enbrel®), 
the latter consisting of a TNF-receptor-Fc fusion protein, all approved for human use. 

 

Figure 4.16. Structures of the IL-6/IL-6Rα/gp130 complex and two existing blockers with 
known structure information.  The image is based on the following structures:  1P2M.pdb 
(complex structure of IL-6 (green)/IL-6Ra (red) and gp130 (yellow)); 4CNI.pdb (complex 
structure of IL-6 with olokizumab (cyan), only one Fab arm is shown, with cartoons of 
domains CH2 and CH3 inserted); and 4NI7.pdb (complex structure of IL-6 with a nucleic 
acid anti-IL-6 aptamer (orange)).  

When it comes to blockers of IL-6 signaling, also other biologicals are under 
development, including an anti-IL-6 aptamer (Gelinas et al., 2014), the anti-IL-6 
antibodies siltuximab and olokizumab and a gp130-Fc fusion (Shaw et al., 2014; 
Calabrese and Rose-John, 2014). One reason for the large panel of IL-6 blockers 
relate to the relatively complex mode of action of IL-6 that involves two types of 
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signaling pathways. One is called the classical signaling pathway which belongs to 
the innate immune system. Here, the IL-6 cytokine first binds to membrane anchored 
IL-6Rα to form a complex that subsequently interacts with the membrane anchored 
co-receptor gp130.  This ternary complex subsequently homodimerizes with a second 
adjacent ternary complex and then leads to signal transduction via intracellular parts 
of the gp130. The second signaling pathway is named trans-signaling and is 
hypothesized to be the prime promoter for inflammatory diseases (Scheller et al., 
2011). An issue here is that IL-6 can also trigger responses in cells that do not express 
the IL-6Rα but only gp130, which is ubiquitously expressed on several cell types. 
The reason to this side-activity is the presence of pre-formed complexes in serum of 
IL-6 and soluble IL-6Rα ectodomains (shedded from cell anchored receptors or 
expressed from alternatively spliced mRNA) that can form complexes with gp130 on 
cells not expressing the IL-6Rα.  

By using phage display selection against human IL-6 from an affibody library, 72 
unique IL-6 ELISA-positive affibody binders were selected and identified. Among 
them, 22 clones were further sub-cloned, expressed as His6 fusions and purified. 
Those binders were further investigated regarding their possible capacities to block 
the IL-6/IL-6Rα and IL-6+IL-6Rα/gp130 interactions. The results indicated that none 
of them showed any ability to block the interaction between IL-6 and IL-6Rα (Fig. 
4.17 A). However, 16 out of the 22 affibody binders could efficiently block the IL-
6/IL-6Rα and gp130 interaction (Fig 4.17 B).  

 

Figure 4.17: Competition ELISA experiments. (A): Results from an analysis of the ability of 
selected affibody variants, or the mAb tocilizumab, to compete with the interaction between 
IL-6 (biotinylated) and the IL-6Rα (B): Results from an analysis of the ability of selected 
affibody variants, or the mAb tocilizumab, to compete with the interaction between preformed 
IL-6 (biotinylated)/sIL-6Rα complexes and gp130 (gp130-Fc).  
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The five most interesting variants were further characterized in cell assays. In an 
assay to assess the blocking of the classical signaling, cultures of the human 
erythroblast TF-1 cell line, dependent on IL-6 for growth, were used. Here, the clone 
denoted ZIL-6_13 was shown to be the most potent blocker with an apparent IC50 value 
of ca. 1.5 nM (Fig. 4.18 A). Using the same cell type, the anti-IL-6Rα antibody 
tocilizumab was shown to a more potent blocker with an approximate IC50 value of 
0.1 nM (Fig. 4.18 B).  

 

Figure 4.18: Cell assay results. TF-1 cell assays (classical signaling). (A): Results from an 
analysis of the ability of affibody variants ZIL-6_4, ZIL-6_8, ZIL-6_12, ZIL-6_13 and ZIL-6_15, expressed 
as His6-Z fusion proteins, to inhibit the growth of IL-6 dependent TF-1 cells. (B): Results 
from an analysis of the ability of affibody variant ZIL-6_13, expressed as a Z-ABD fusion 
protein, or the mAb tocilizumab, to inhibit the growth of IL-6 dependent TF-1 cells. The assay 
was performed in the presence of HSA. (C) HUVEC cell assay (trans-signaling). Results from 
an analysis of the ability of affibody variants ZIL-6_4, ZIL-6_8, ZIL-6_12, ZIL-6_13 and ZIL-6_15, 
expressed as Z-ABD fusion proteins, or the mAb tocilizumab, to block the IL-6 triggered 
secretion of MCP-1 from HUVEC cells.   

The ability to block IL-6 trans-signaling was measured using Human Umbilical Vein 
Endothelial Cells (HUVEC), that do not express any IL-6 receptor but gp130. Upon 
stimulation by incubation with preformed IL-6/sIL-6Rα complexes, HUVEC cells 
secrete monocyte-chemoattractant protein 1 (MCP-1), and the ability of the affibody 
variants to block this stimulation was tested. Of the tested clones, the ZIL-6_13 variant 
showed the best effect with an IC50 value of ca. 1 nM, which was ca. 5-fold better 
than the effect seen for tocilizumab.  
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Considering many criteria, the binder denoted ZIL-6_13 showed to be the most efficient 
and potent blocker of IL-6 signaling. Thus, when decided to investigate if affibody-
antibody fusions showing dual IL-6 and TNF blocking abilities could be obtained, this 
variant was chosen for genetic fusion to the anti-TNF antibody adalimumab 
(Humira®). In total, four different such AffiMabs were designed differing in where 
the affibody moiety was fused via flexible (G4S)3-linkers: to the N-terminus of either 
the heavy (HC) or light (LC) chains, resulting in the constructs ZIL-6_13-HCAda and ZIL-

6_13-LCAda, respectively, or to the C-terminus of the HC or LC chains, resulting in the 
constructs HCAda-ZIL-6_13 and LCAda-ZIL-6_13, respectively. 

Affinities of ZIL-6_13, ZIL-6_13-HCAda, LCAda-ZIL-6_13 and adalimumab were measured by 
SPR. The unfused ZIL-6_13, ZIL-6_13-HCAda and LCAda-ZIL-6_13 can bind to IL-6 with 
approximate affinities of 500 ± 30 pM, 720 ± 80 pM and 925 ±100 pM, respectively. 
Affinities for TNF for adalimumab, ZIL-6_13-HCAda and LCAda-ZIL-6_13 were determined 
to approximately 216±1 pM, 170 ± 2 pM and 131 ± 3 pM respectively.  

	  

Figure 4.19: Models of three of the four different AffiMab constructs. ZIL-6_13 was genetically 
fused to the anti-TNF antibody adalimumab at either the N- or C- terminal of the heavy chain 
or the light chain. The model of one half of the symmetric AffiMab constructs was based on 
the complex structure of adalimumab Fab and TNF (3WD5.pdb). Because of the missing Fc 
part, the HCAda-ZIL-6_13 affimab is not shown here. However, cartoons of domains CH2 and 
CH3 have been inserted to illustrate in what main direction the Fc part was been located.  

Cell assays using TF-1 cells showed that all AffiMabs were capable of blocking IL-6 
and TNF signaling, albeit with somewhat different efficiencies. The best overall 
blocking was seen for the ZIL-6_13-HCAda construct, which was also positively 
investigated for its ability to fully block the effect of a mix of IL-6 and TNF at 
conditions where “free” ZIL-6_13 affibody protein or adalimumab on their own only 
showed 50% inhibition.    
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Inspired by the positive cell assay results, it was decided to investigate if a blocking 
of IL-6 and TNF signaling by the ZIL-6_13-HCAda AffiMab could also be achieved in 
vivo. To this end, different doses of the AffiMab (anti-IL-6 and anti-TNF), 
adalimumab (anti-TNF) or vehicle (buffer; control) were injected in mice nine hours 
before the animals were challenged with a mixture of IL-6 and TNF. After an 
additional 16 hours the levels of serum amyloid A (SAA) protein, a liver secreted 
inflammatory response marker, were measured (Fig. 4.20). The results showed that in 
the group of mice that had been given the highest dose of the adalimumab antibody, 
SAA levels were reduced to 50% compared to the control. In contrast, and very 
encouraging, in the group of mice that had received the corresponding dose of the ZIL-

6_13-HCAda AffiMab, the SAA levels were below the detection limit. This suggests that 
the ZIL-6_13-HCAda AffiMab may have a potential as a “two-in-one” biological drug for 
inflammatory indications.  

, 

 

Figure 4.20: Analysis of the therapeutic effect of the AffiMab ZIL-6_13-HCAda hybrid in an acute 
SAA model. The AffiMab ZIL-6_13-HCAda, corresponding to a hybrid construct between the anti-
IL6 affibody ZIL-6_13 and the anti-TNF antibody adalimumab was analyzed in a mouse model 
for acute serum amyloid A (SAA). For comparison, the effect of unmodified adalimumab was 
also tested in parallel. AffiMab or adalimumab doses of different concentrations were given 9 
hours before the animals (groups of six) were injected i.p. with a mixture of 2.5 µg/kg body 
weight of TNF and IL-6 to trigger SAA production, which was analyzed 16 hours post 
TNF/IL-6 injection. LOQ stands for limit of quantitation. 
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Concluding and future thoughts on this paper: 

The AffiMabs investigated in this study were based on a combination of an anti-TNF 
antibody and an anti-IL-6 affibody affinity protein. For comparison, it would be 
interesting to also investigate the performance of a “reverse” construct, based on an 
IL-6 blocking antibody to which anti-TNF affibody units were fused. A number of 
TNF-binding affibody affinity proteins have already been selected, and some of them 
have in fact been characterized to bind to an epitope on TNF overlapping with that of 
adalimumab (Löfdahl, et al., 2009). The choice of IL-6 blocking antibody is not 
obvious, as variants binding to different sites have been described, as well as 
tocilizumab which binds to IL-6Rα. The mAb olokizumab (anti-IL-6 antibody) could 
possibly be one option to investigate.   

Besides that it could also be very interesting and worthwhile to investigate “double” 
IL-6-blocking constructs, such as ZIL-6_13 fused to tocilizumab. However, here it 
would have to be considered if that combination could promote signaling rather than 
blocking it, from bringing sIL-6Rα and IL-6 in proximity. Another option is to fuse 
ZIL-6_13 to gp130-Fc to obtain a construct that could prevent binding of sIL-6/IL-6Rα 
complexes to membrane bound gp130 by two different mechanisms.  

All above-mentioned dual binding constructs having in common that they work as 
blockers but not cleaners of IL-6 - the soluble cytokine. Thus, it has been postulated 
that there is a risk of prolonging the half-life of IL-6 in vivo, via binding to an 
antibody. This issue has been addressed as “antibody buffering” (O’Hear and Foote, 
2005; Finkelman et al., 1993; Devanaboyina et al., 2013). To conquer it, soluble 
overexpressed monomeric cytokines can be eliminated as parts of immune complex 
networks. However, such networks can only be formed if at least two separate 
epitopes on the cytokine are recognized, typically by two different bivalent antibodies 
(Rehlaender and Cho, 1998). However, affinity molecules containing two different 
binders in one construct may also be useful. To achieve this goal, an AffiMab 
containing ZIL-6_13 fused to siltuximab (anti-IL-6 monoclonal antibody) may be a way 
forward as siltuximab and ZIL-6_13 are supposed to bind non-overlapping epitopes on 
IL-6.  In such a construct, care must be taken so that the linker by which ZIL-6_13 is 
fused to the antibody is short to prevent that both epitopes on the cytokine target are 
simultaneously bound by both affinity functions present in a single Fab arm (see Fig. 
4.21 for an illustration of the principles).   
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Figure 4.21. Illustration of dual anti-IL6 AffiMabs theoretically having different functions 
depending on the length of the linker used to connect the affibody to the antibody 
(siltuximab). (A) A short linker between the ZIL6_13 and the anti-IL6 antibody siltuximab would 
promote network formation since the two epitopes on the cytokine would have to be 
recognized by two separate AffiMabs. (B) A long linker would theoretically allow for 
simultaneous binding to both epitopes by the two affinity units present in a single Fab arm, 
preventing network formation. However, such a construct would theoretically still be a very 
potent IL-6 blocker, as both the IL-6Rα and the gp130 interaction sites of IL-6 would be 
blocked. 
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Chapter 5.  Concluding remarks 

 

The use of engineered recombinant antibodies has in recent years emerged as one of 
the most promising therapeutic trends, with an increasing number of indications being 
evaluated with more and more sophisticated constructs or mixes. From having been 
discussed mostly among scientists in the field only, the awareness of the possible 
advantages of antibody-based therapies has now also reached the public. For instance, 
antibody based therapies has gained a lot of publicity in relation to the most recent 
outbreak of Ebola virus that has taken thousands of people’s lives in West Africa. The 
antibody cocktail denoted Zmap consisting of three human-mouse chimeric 
monoclonal antibodies given to a few patients was given a lot of attention. This, or at 
least a similar mix of antibodies, had earlier been reported to rescue 100% of 
nonhuman primates when given five days after a viral challenge (Qiu et al., 2014). In 
a previous study performed in Guinea pigs, it had been claimed that individual 
monoclonal antibodies generated by immunizing mice with surface glycoproteins 
from Ebola virus were only partially protective, while a combination of three 
antibodies could significantly improve the survival rate up to 100% (Qiu et al., 2012). 
This highlights one of the trends in this field: multi-specific constructs or mixes of 
drugs, addressing more than one epitope or multiple targets.  

In this thesis, a dual-specificity cytokine blocking biological in one single construct 
was investigated and the results have shown that the affibody-antibody combination 
obtained via genetic fusion could successfully and efficiently inhibit both IL-6 and 
TNF signaling pathways. Time will tell if this novel hybrid can have the potential to 
become a drug with an enhanced efficacy for treatment of RA. Further, it would also 
be very interesting to investigate hybrids between the IL-6 affibody (ZIL-6_13) and 
other IL-6 signaling blockers, such as olokizucmab (Shaw et al., 2014) or tocilizimab. 
The former is an anti-IL6 antibody and the latter is an anti-IL6-Rα monoclonal 
antibody. Such dual IL-6 signaling blockers may more comprehensively shield the 
interactions of IL-6 with receptors and co-receptors than any single signal blocker 
alone.  

Today, with a growing number of biological complex structures solved, it becomes 
more clear and convincing that an engineering of affinity proteins towards particular 
epitopes can significantly influence the potency index rather than an antibody with 
extremely tight affinity to an irrevalent site. For instance, already in therapeutic use, 
adalimumab and infliximab are both TNF inhibitors for inflammatory disease 
treatments; however, adalimumab’s clinical effect has been described to be more 
efficient than that of infliximab. The solved co-crystal structures suggest that 
differences in their epitopes on TNF may lead to these different clinical results.  
Adalimumab occupies more than 60% of the binding site between TNF and the 
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receptor TNFR and efficiently blocks the signaling while Infliximab binds somewhat 
further away from that site and only partially blocks the interaction between ligand 
and receptor (Hu et al., 2013). Thus, as we increase our understanding of druggable 
biological interactions, it could be expected that efforts concerning the development 
of affinity reagents to pre-defined regions or epitopes on a given target molecule will 
increase. 

From this follows the question how to generate such affinity proteins? Owing to the 
progress in computational biology, including e.g. structure prediction, modeling, and 
fitting algorithms and the growing databases of structural information, there are some 
successful cases already accomplished using extremely intelligent ideas. First, the 
intended epitope is identified and then programs are applied to calculate or predict 
two or three essential hot-spot amino acids, which can fit into the pocket of the 
epitope surface. Subsequently, a library of candidate scaffolds is screened in a 
database in order to match the requirement of conformations or special distances for 
these hot-spot residues. After grafting the hot-spots on various scaffold candidates 
followed by experimental testing and characterizing, true binders could be scooped 
out. Once a lead binder has been identified this can be affinity maturated using 
conventional protein library and in vitro selection methodologies. One example is the 
development of a recognition protein, which accurately could be directed to the 
conserved stem region of influenza hemagglutinin. (Fleishman et al., 2011). 
Moreover, the de novo design could also be used for better vaccine designs to provoke 
immune responses to particular epitopes (Correia et al., 2014). From the 
experimentalists point of view, an alternative strategy to direct novel affinity proteins 
to desired epitopes could be to use a wild type and a hot-spot-mutated target protein in 
alternating positive and negative selection cycles, as described by Puri and coworkers 
using a flow cytometry screening platform (Puri et al., 2014).  
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Popular Science Summary 

In various fields of science, e.g. biology, computer science, chemistry, the word 
“engineering” is widely adopted and has a meaning of improving the quality, 
diversity, breadth, accuracy or any other parameters. Protein engineering, which has 
been my research topic, is to modify or improve proteins in order to generate better 
protein-based reagents used in for example biotechnology, diagnostics and therapy.  

When patients enter the hospital and meet their doctor, they are often asked to give 
samples such as blood or urine to be examined. One way of detecting particular 
targets (antigens, biomarkers - indicators of disease) present in these samples is based 
on recognition of them using so called affinity proteins. Antibodies, which are 
naturally produced by the immune system to defend against pathogens, including 
virus and bacteria, in a specific manner by binding, neutralizing, or recruiting other 
types of effects is one major group of affinity proteins.  Antibodies can relatively easy 
be generated against biomarkers for use in these types of analyses.  

Normally, a specific antibody is labeled with a reporter, such as an enzyme or DNA, 
in order to create a probe that can generate a measurable signal used for detection. 
Such labeling procedures may however occur also in regions important for binding 
the biomarkers, influencing the performance of the antibody and therefore also the 
outcome of the test. In paper I of this thesis, the focus was to develop a novel method 
to perform antibody labeling based on the use of a small protein that binds to a region 
of the antibody molecule far away from the regions involved in binding the 
biomarkers.  In one experiment, this small protein was prepared to carry a label with 
it, and it could be shown that antibodies being labeled this way were more unaffected 
by the labeling compared to antibodies labeled by a standard procedure.  

Further, in paper II, a novel detection principle was developed in order to shorten the 
analysis time and to simplify the experimental procedure. The goal was to develop a 
simple “mix and measure” method, where a result would be obtained only after some 
minutes. Patients always prefer to get results as soon as possible; and even hope they 
can perform the test by themselves at home. Therefore, a quick, easy and accurate 
detection system is in high demand. The technical idea that was proposed is based on 
the use of a pair of antibodies, both binding a biomarker but at different sites. These 
were labeled, using the novel method developed in paper I, with one of two halves of 
an inactive reporter. Now, if the biomarker is present in a sample together with the 
two labeled antibodies, the two antibodies would after having bound the biomarker be 
brought very close to each other and the two previously inactive reporter halves of the 
reporter would form an active reporter. The basic principle was shown to work for the 
detection of two different biomarkers.  

Detection systems can be highly dependent on the purity and selectivity of the 
reagents used. Bad quality reagents can lead to false results and misguide the doctor 
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to the wrong conclusions. A very commonly used antibody type is called mouse IgG1, 
and is usually purified from so called culture medium, in which cells producing IgG1 
antibodies are growing. However, such medium most often contains, in addition to 
mIGg1, also other antibody types. If such contaminating antibodies are purified 
together with mIgG1, they can disturb the test results and give a positive signal even if 
the biomarker is not present in the sample. In paper III, a protein was developed that 
could bind to mIgG1 but did not bind to the other antibodies present in the medium. 
Thus, by attaching this protein onto small beads, mIgG1 could be selectively 
recovered from the medium, while other antibodies not bound by the protein could be 
washed away. This resulted in very pure mIgG1 preparations.  

The above-mentioned studies are all related to detection or diagnosis. In paper IV, 
the study was shifted to a therapeutic application, i.e. to treat a disease. The disease in 
this case was rheumatic arthritis (RA) which is caused by too high levels in the blood 
of two proteins called IL-6 and TNF. In this study, a protein capable of blocking the 
action of IL-6 by binding to it was developed. Further, an antibody (sold under the 
trade name Humira®) has earlier been developed that blocks the action of TNF, also 
by binding to it. In our study, we investigated if we could get a “two-in-one effect” by 
linking the newly developed IL-6 blocking protein with the TNF-blocking antibody. 
To test this, mice were given the new “dual-blocker” followed by a mix of IL-6 and 
TNF and the effect was followed. Interestingly, the developed “dual-blocker” 
appeared to diminish all disease symptoms when given at a sufficiently high dose.  

To summarize all, these studies have demonstrated the power of protein engineering 
as a magic tool to make life easier and healthier.  

 

	  
 

 

 

 

 

 

 

 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   80	  

Acknowledgements 
 
Per-Åke N, It is a great privilege to being your PhD student. Your consistent support 
and encouragement, endless patience and understanding, amazing vision and insights, 
make you a perfect PhD supervisor. You always give me a lot of space to let me 
think, listen to my ideas, and guide me through bottlenecks. I really enjoy doing 
research under your supervision. You are an excellent coach: every time after our 
discussion I feel fully filled with energy. I’m so surprised that you could remember 
every detail about lab experiments and give me very useful tips. You are not only an 
advisor, but also a best friend.   
 
ProNova Center: Niklas A (Mabtech AB), for supporting us with interferon gamma 
antibodies and those antibodies work perfectly, Henrik J (Atlas Antibody), for 
discussing purification of mouse IgG1, Åke D (GE healthcare), for sharing valuable 
opinions for antibody purification, Anders S (Phadia-Thermo Fisher Scientific) for 
providing antibodies and inviting me to give a talk at Phadia. It’s very impressive to 
see how those high-throughput automatic instruments work for allergy detection. 
Colleagues: Anna P, Anna K, Sara K, Mahya D, Kristina W, Amrita S, Andreas 
J, Peter J: for closely discussing the projects, giving me a lot of input on 
troubleshooting experiment problems.  
 
PIs: Sophia H, thank you for offering me a mini project “phi29” when I was working 
in the human protein atlas project, and for being the second supervisor of my PhD 
study and giving me support and encouragement. John L: Every discussion with you 
has given me a lot of new ideas about the project and you always point out the key 
problems from a different aspect. Stefan S, you are a great leader. You always make 
everything so well organized, like your office and our cleaning day. I should learn 
that from you. Amelie E. K, really thank you for leading the ProNova center and for 
inviting us to celebrate the new division of “protein technology” at your home. We all 
had a very fun night. Torbjörn G, thank you so much for providing me detailed, 
insightful, and thorough comments on my PhD thesis on the stage of quality check. 
Thank you also for giving me the chance to be involved in the Ras/Raf project.  
 
Affibody AB: Elin G, I learn the best class of phage display from you. You’re always 
very patient to answer my questions and give me suggestions. Lindvi G and 
Ingmarie H, for optimizing cell assay and ELISA for IL-6 project. Susanne K, for 
affinity maturation for IL-6 affibody binders. Fredrik F, for frequent discussion and 
strong input on the IL-6 project. I highly appreciate everyone working in Affibody 
AB. You always kindly assist me whenever I need help during working. This gives 
me unforgettable memories.  
 
Nygren Group: Sebastian G, you were a very careful and responsible advisor when 
I was doing my master thesis project. You always planed well before doing 



  Feifan Yu, 2015 
	  

	   81	  

experiments and carefully checked everything. I really appreciate what you taught me. 
Per-Åke L, thank you for the nice discussions and for answering my questions, 
Amrita S, for discussing project problems, Anastassja A, for being my project 
student and working together on IL-6 project, Hugo L, you were working very hard 
on your master thesis project- developing trypsin sensitive-phage display selection 
system. This is a very challenging project but you made it! Veronic A, thank you for 
working together on HER2 detection assay. Andreas J, for discussing questions and 
giving suggestions.  
 
Human Protein Atlas: Jenny O. T, thank you for taking me into the world famous 
project- Human Protein Atlas. The experience at protein factory group (now named 
Antigen factory) is extremely valuable for my career and I have learned a lot of 
techniques there. Hanna T, Kattis M, Lanlan X, Malin, Jenny F, Mehri, Lili, 
Emma, for helping me a lot with sequencing samples, purifying proteins and running 
MS etc., and for the many happy hours during lunch together.  
 
Albanova floor 3: Hanna L: You are a great friend both in life and work. Thank you 
so much for helping us to take care of Britta when Jinfeng and I were on partyJ. Lisa 
S, Filippa F, for all the nice discussions and for the happy time when attending 
conference together in San Diego. Johan N, Mikael for assisting with ProteOn 
instrument, Johan N for consulting with phage display technology, Tove B for great 
help on MS, Johan S and Mikael Å for working together at Affibody company. It’s 
really fun. Johan R and Francis Hu, for sharing mouse IgG1 antibodies, Lab bench 
neighbors: Sarah L, Lisa S, Sara K, Amrita S. It’s a very nice working atmosphere 
in our corner we built. Lots of laughs, happiness, and thoughts.  We share the know-
how of experiments and the exciting results. Office roommates: Ken A, Tarek, 
Anna P, Daniel R, Basia, Helena W, Maja N, for the happy and creative 
environment in the office.  
 
Gene technology and molecular biology lab class: Paul H, Fredrik E, Lisa S, 
Hanna L, Anders J, Magnus L, thank you so much for your understanding and help 
with lab schedule, and for giving me less lab courses when my daughter was sick.  
 
Dr. Min Dong, thank you for accepting me as a visiting PhD student and training me 
in your lab at Harvard Medical School.  
  
Jinfeng, thank you for being always understanding and supporting me to do what I 
want to. Britta, my little angel, I deeply agree what you says, daddy works and 
mommy plays.  I deeply present my appreciation to my parents as well. I love you all.  
 

	  
	  
 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   82	  

References 
Aggeler, R., Berlier, J. Low, Q. and Agnew, B. (2012) Site-specific labeling of Antibody N-glycans 
using a click chemistry-mediated chemoenzymatic approach. J. Biomol. Tech. 23 
Ahlgren, S., Tolmachev, V. (2010) Radionuclide molecular imaging using Affibody molecules. Curr. 
Pharm. Biotechnol. 11(6):581-9.  
Ahuja, S. (2000) Handbook of bioseparations. p575-579.  
Akesson, P., Cooney, J., Kishimoto, F., Björck, L. (1990) Protein H--a novel IgG binding bacterial 
protein. Mol. Immunol. 27(6):523-31. 
Alexis, F., Basto, P., Levy-Nissenbaum, E., Radovic-Moreno, A. F., Zhang, F., Pridgen, E., Wang, A. 
Z., Marein, S. L., Westerhof, K., Molnar, L. K., Farokhzad, O. C. (2008) HER-2-targeted nanoparticle-
affibody bioconjugates for cancer therapy. ChemMedChem. 3(12):1839-43.  
Altai, M., Strand, J., Rosik, D., Selvaraju, R. K., Eriksson Karlström, A., Orlova, A., Tolmachev, V. 
(2013) Influence of nuclides and chelators on imaging using affibody molecules: comparative 
evaluation of recombinant affibody molecules site-specifically labeled with 68Ga and ¹¹¹In via 
maleimido derivatives of DOTA and NODAGA. Bioconjug. Chem. 24(6):1102-9. 
Alves, N. J., Kiziltepe, T., Bilgicer, B. (2012) Oriented surface immobilization of antibodies at the 
conserved nucleotide binding site for enhanced antigen detection. Langmuir. 28(25):9640-8.  
Alves, N. J., Champion M. M., Stefanick, J. F., Handlogten, M. W., Moustakas, D. T., Shi, Y., Shaw, 
B. F., Navari, R. M., Kiziltepe, T., Bilgicer, B. (2013) Selective photocrosslinking of functional ligands 
to antibodies via the conserved nucleotide binding site. Biomaterials. 34(22):5700-10.  
Alves, N. J., Mustafaoglu, N., Bilgicer, B. (2014) Conjugation of a reactive thiol at the nucleotide 
binding site for site-specific antibody functionalization. Bioconjug. Chem. 25(7):1198-202.  
Andersen, D. C., Koch, C., Jensen, C. H., Skjødt, K., Brandt, J., Teisner, B. (2004) High prevalence of 
human anti-bovine IgG antibodies as the major cause of false positive reactions in two- site 
immunoassays based on monoclonal antibodies. J. Immunoassay Immunochem. 25(1):17-30.  
Andersson, M., Rönnmark, J., Areström, I., Nygren, PA., Ahlborg, N. (2003) Inclusion of a non-
immunoglobulin binding protein in two-site ELISA for quantification of human serum proteins without 
interference by heterophilic serum antibodies. J. Immunol. Methods. 283(1-2):225-34. 
Andersson, S., Konrad, A., Ashok, N., Pontén, F., Hober, S., Asplund, A. (2013) Antibodies 
biotinylated using a synthetic Z-domain from protein A provide stringent in situ protein detection. J. 
Histochem. Cytochem. 61(11):773-84. 
Arap, W., et al. (2002) Steps toward mapping the human vasculature by phage display. Nat. Med. 
8(2):121-7. 
Arbabi Ghahroudi, M., Desmyter, A., Wyns, L., Hamers, R., Muyldermans, S. (1997) Selection and 
identification of single domain antibody fragments from camel heavy-chain antibodies. FEBS Lett. 
414(3):521-6. 
Arnau, J., Lauritzen, C., Petersen, G. E., Pedersen, J. (2006) Current strategies for the use of affinity 
tags and tag removal for the purification of recombinant proteins. Protein Expr. Purif. 48(1):1-13.  
Arora, P., Oas, T. G., Myers, J. K. (2004) Fast and faster: a designed variant of the B-domain of protein 
A folds in 3 microsec. Protein Sci. 13(4):847-53. 
Ashworth, J., Havranek, J. J., Duarte, C. M., Sussman, D., Monnat, R. J. Jr., Stoddard, B. L., Baker, D. 
(2006) Computational redesign of endonuclease DNA binding and cleavage specificity. Nature. 
441(7093):656-9. 
Axup, J. Y., et al. (2012) Synthesis of site-specific antibody-drug conjugates using unnatural amino 
acids. Proc. Natl. Acad. Sci. USA. 109(40):16101-6. 
Baird, G. S., Zacharias, D. A. and Tsien, R. Y. (1999) Circular permutation and receptor insertion 
within green fluorescent proteins. Proc. Natl. Acad. Sci. USA. 96(20):11241-46. 
Barbas, C. F. III, Kang, A. S., Lerner, R. A., Benkovic, S. J. (1991) Assembly of combinatorial 
antibody libraries on phage surfaces: the gene III site. Proc. Natl. Acad. Sci. USA 88(18):7978-82. 
Barends, T. R., Foucar, L., Botha, S., Doak, R. B., Shoeman, R. L., Nass, K., Koglin, J. E., Williams, 
G. J., Boutet, S., Messerschmidt, M., Schlichting, I. (2014) De novo protein crystal structure 
determination from X-ray free electron laser data. Nature. 505(7482):244-7. 
Bass, S., Greene, R., Wells, A. (1990) Hormone phage: an enrichment methods for variant proteins 
with altered binding properties. Proteins. 8(4):309-14.  



  Feifan Yu, 2015 
	  

	   83	  

Beck, A., Reichert, J. M. (2011) Therapeutic Fc-fusion proteins and peptides as successful alternatives 
to antibodies.  MAbs. 3(5):415–6. 
Beckett, D., Kovaleva, E., Schatz, P. J. (1999) A minimal peptide substrate in biotin holoenzyme 
synthetase-catalyzed biotinylation. Protein Sci. 8(4):921-9. 
Bessette, P. H., Rice, J. J., Daugherty, P. S. (2004) Rapid isolation of high-affinity protein binding 
peptides using bacterial display. Protein Eng. Des. Sel. 17(10):731-9.  
Beste, G., Schmidt, F. S., Stibora, T., Skerra, A. (1999) Small antibody-like proteins with prescribed 
ligand specificities derived from the lipocalin fold. Proc. Natl. Acad. Sci. USA. 96(5):1898-903. 
Biles, B.D. and Connolly, B.A. (2004) Low-fidelity Pyrococcus furiosus DNA polymerase mutants 
useful in error-prone PCR. Nucleic Acids Res. 32(22):e176. 
Binder, U., Matschiner, G., Theobald, I., Skerra, A. (2010) High-throughput sorting of an Anticalin 
library via EspP-mediated functional display on the Escherichia coli cell surface. J. Mol. Biol. 
400(4):783-802.  
Binz, H. K., Amstutz, P., Kohl, A., Stumpp, M. T., Briand, C., Forrer, P., Grütter, M. G., Plückthun, A. 
(2004) High-affinity binders selected from designed ankyrin repeat protein libraries. Nat. Biotechnol. 
22(5):575–582.  
Binz, H. K., and Plückthun, A. (2005) Engineered proteins as specific binding reagents. Curr. Opin. 
Biotechnol. 16(4):459-69 
Binz, H. K,, Stumpp, M. T., Forrer, P., Amstutz, P., Plückthun, A. (2003) Designing repeat proteins: 
well-expressed, soluble and stable proteins from combinatorial libraries of consensus ankyrin repeat 
proteins. J. Mol. Biol. 332(2):489-503. 
Bird, R.E., Hardman, K.D., Jacobson, J.W., Johnson, S., Kaufman, B.M., Lee, S.M., Lee, T., Pope, 
S.H., Riordan, G.S., Whitlow, M. (1988) Single-chain antigen-binding proteins. Science. 
242(4877):423–6.  
Björck, L. (1988) Protein L. A novel bacterial cell wall protein with affinity for Ig L chains. J. 
Immunol. 140(4):1194-7. 
Blaise, L., Wehnert, A., Steukers, M. P., van den Beucken, T., Hoogenboom, H. R., Hufton, S. E. 
(2004) Construction and diversification of yeast cell surface displayed libraries by yeast mating: 
application to the affinity maturation of Fab antibody fragments. Gene. 342(2):211-8. 
Blakeley, B. D., Chapman, A. M., McNaughton, B. R. (2012) Split-superpositive GFP reassembly is a 
fast, efficient, and robust method for detecting protein-protein interactions in vivo. Mol. Biosyst. 
8(8):2036-40.  
Boder, E. T., Wittrup, K. D. (1997) Yeast surface display for screening combinatorial polypeptide 
libraries. Nat. Biotechnol. 15(6):553-7. 
Boder, E.T., Midelfort, K.S., Wittrup, K.D. (2000) Directed evolution of antibody fragments with 
monovalent femtomolar antigen-binding affinity. Proc. Natl. Acad. Sci. USA 97 (20):10701–5. 
Bostrom, J., Yu, S. F., Kan, D., Appleton, B. A., Lee, C. V., Billeci, K., Man, W., Peale, F., Ross, S., 
Wiesmann, C., Fuh, G. (2009) Variants of the antibody herceptin that interact with HER2 and VEGF at 
the antigen binding site. Science. 323(5921):1610-4. 
Bowers, P. M., Horlick, R. A., Neben, T. Y., Toobian, R. M., Tomlinson, G. L., Dalton, J. L., Jones, H. 
A., Chen, A., Altobell, L 3rd, Zhang, X., Macomber, J. L., Krapf, I. P., Wu, B. F., McConnell, A., 
Chau, B., Holland, T., Berkebile, A. D., Neben, S. S., Boyle, W. J., King, D. J. (2011) Coupling 
mammalian cell surface display with somatic hypermutation for the discovery and maturation of 
human antibodies. Proc. Natl. Acad. Sci. USA. 108(51):20455-60.  
Brack, S., Attinger-Toller, I., Schade, B., Mourlane, F., Klupsch, K., Woods, R., Hachemi, H., von der 
Bey, U., Koenig-Friedrich, S., Bertschinger, J., Grabulovski, D. (2014) A bispecific HER2 targeting 
FynomAb with superior antitumor activity and novel mode of action. Mol. Cancer Ther. 13(8):2030-9.  
Bradbury, A. and Plückthun, A. (2015) Reproducibility: Standardize antibodies used in research. 
Nature. 518(7537):27-9. 
Brambell, F. W. (1966) The transmission of immunity from mother to young and the catabolism of 
immunoglobulins. Lancet. 2(7473):1087-93. 
Breitling, F., Dübel, S., Seehaus, T., Klewinghaus, I., Little, M. (1991) A surface expression vector for 
antibody screening. Gene. 104(2):147–53. 
Bremer, A. A., Leeman, S. E., and Boyd, N. D. (2001) Evidence for spatial proximity of two distinct 
receptor regions in the substance P (SP)*neurokinin-1 receptor (NK-1R) complex obtained by 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   84	  

photolabeling the NK-1R with p-benzoylphenylalanine3-SP. J. Biol. Chem. 276(25):22857−61. 
Brems, D. N., Alter, L. A., Beckage, M.J., Chance, R. E., DiMarchi, R. D., Green, L.K., Long, H. B., 
Pekar, A. H., Shields, J. E., Frank, B. H. (1992) Altering the association properties of insulin by amino 
acid replacement. Protein Eng. 5(6):527-33. 
Brockmann, E. C., Cooper, M.m Strömsten, N., Vehniäinen, M., Saviranta, P. (2005) Selecting for 
antibody scFv fragmens with improved stability using phage display with denaturation under reducing 
conditions. J. Immunol. Methods. 296(1-2):159-70.  
Burges, A., Wimberger, P., Kümper, C., Gorbounova, V., Sommer, H., Schmalfeldt, B., Pfisterer, J., 
Lichinitser, M., Makhson, A., Moiseyenko, V., Lahr, A., Schulze, E., Jäger, M., Ströhlein, M. A., 
Heiss, M. M., Gottwald, T., Lindhofer, H., Kimmig, R. (2007) Effective relief of malignant ascites in 
patients with advanced ovarian cancer by a trifunctional anti-EpCAM x anti-CD3 antibody: a phase I/II 
study. Clin. Cancer Res. 13(13):3899-905.  
Burness, C. B. and McCormack, P. L. (2011) Belimumab: in systemic lupus erythematosus. Drugs. 
71(18):2435-44. 
Cabantous, S. and Waldo, G. S. (2006) In vivo and in vitro protein solubility assay using split GFP. 
Nat. Methods. 3(10):845-54.  
Cabantous, S., Terwilliger, T. C., Waldo, G. S. (2005) Protein tagging and detection with engineered 
self-assembling fragments of green fluorescent protein. Nat. Biotechnol. 23(1):102-7.  
Calabrese, L. H., Rose-John, S. (2014) IL-6 biology: implications for clinical targeting in rheumatic 
disease. Nat. Rev. Rheumatol. 10(12):720-7.  
Callahan, B. P., Stanger, M. J. and Belfort, M. (2010) Protease activation of split green fluorescent 
protein. Chembiochem. 11(16):2259-63. 
Cedergren, L., Andersson, R., Jansson, B., Uhlén, M., Nilsson, B. (1993) Mutational analysis of the 
interaction between staphylococcal protein A and human IgG1. Protein Eng. 6(4):441-8. 
Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W., Prasher, D. C. (1994) Green fluorescent protein as a 
marker for gene expression. Science. 263(5148):802-5. 
Chames, P., Baty, D. (2009) Bispecific antibodies for cancer therapy: the light at the end of the tunnel? 
MAbs. 1(6):539-47.  
Chan, C. E., Lim A. P., Chan, A. H., MacAry, P. A., Hanson, B. J. (2010) Optimized expression of 
full-length IgG1 antibody in a common E. coli strain. PLoS One. 5(4):e10261.  
Chang, C. C., Chen, T. T., Cox, B. W., Dawes, G.N., Stemmer, W.P., Punnonen, J., Patten, P.A. (1999) 
Evolution of a cytokine using DNA family shuffling. Nat. Biotechnol. 17(8):793-7. 
Chapman-Smith, A., Cronan, J. E. Jr. (1999) Molecular biology of biotin attachment to proteins. J. 
Nutr. 129(2S Suppl):477S-84S. 
Chaudhary, V. K., Batra, J. K., Gallo, M. G., Willingham, M. C., FitzGerald, D. J., Pastan, I. (1990) A 
rapid method of cloning functional variable-region antibody genes in Escherichia coli as single-chain 
immunotoxins. Proc. Natl. Acad. Sci. USA. 87(3):1066-70. 
Chen, G., Hayhurst, A., Thomas, J. G., Harvey, B. R., Iverson, B. L., Georgiou, G. (2001) Isolation of 
high-affinity ligand-binding proteins by periplasmic expression with cytometric screening (PECS). Nat 
Biotechnol. 19(6):537-42. 
Chen, I., Dorr, B. M., Liu, D. R. (2011) A general strategy for the evolution of bond-forming enzymes 
using yeast display. Proc. Natl. Acad. Sci. USA. 108(28):11399-404.  
Chen, X., Zaro, J. L., Shen, W. C. (2013) Fusion protein linkers: property, design and functionality. 
Adv. Drug Deliv. Rev. 65(10):1357-69.   
Chin, J. W., Martin, A. B., King, D. S., Wang, L., Schultz, P. G. (2002) Addition of a 
photocrosslinking amino acid to the genetic code of Escherichiacoli. Proc. Natl. Acad. Sci. USA. 
99(17):11020-4. 
Cinelli, R. A., Ferrari, A., Pellegrini, V., Tyagi, M., Giacca, M., Beltram, F. (2000) The enhanced 
green fluorescent protein as a tool for the analysis of protein dynamics and localization: local 
fluorescence study at the single-molecule level. Photochem Photobiol. 71(6):771-6.  
Clackson, T., Hoogenboom, H. R., Griffiths, A. D., Winter, G. (1991) Making antibody fragments 
using phage display libraries. Nature. 352(6336):624-8.  
Clement, M., Martin, S. S., Beaulieu, M. E., Chamberland, C., Lavigne, P., Leduc, R., Guillemette, G., 
and Escher, E. (2005) Determining the environment of the ligand binding pocket of the human 



  Feifan Yu, 2015 
	  

	   85	  

angiotensin II type I (hAT1) receptor using the methionine proximity assay. J. Biol. Chem. 
280(29):27121−9.  
Cochran, J. R., Kim, Y. S., Lippow, S. M., Rao, B., Wittrup, K. D. (2006) Improved mutants from 
directed evolution are biased to orthologous substitutions.  Protein. Eng. Des. Sel. 19(6): 245-53.  
Cohen, J. 2001. How DNA Shuffling Works. Science. 293 (5528):237. 
Contreras-Martínez, L. M., Delisa, M. P. (2007) Intracellular ribosome display via SecM translation 
arrest as a selection for antibodies with enhanced cytosolic stability. J. Mol. Biol. 372(2):513-24. 
Cormack, B. P., Valdivia, R. H., Falkow, S. (1996) FACS-optimized mutants of the green fluorescent 
protein (GFP). Gene. (1):33-8.  
Correia, B. E., Bates, J. T., Loomis, R. J., Baneyx, G., Carrico, C., Jardine, J. G., Rupert, P., Correnti, 
C., Kalyuzhniy, O., Vittal, V., Connell, M. J., Stevens, E., Schroeter, A., Chen, M., Macpherson, S., 
Serra, A. M., Adachi, Y., Holmes, M. A., Li, Y., Klevit, R. E., Graham, B. S., Wyatt, R. T., Baker, D., 
Strong, R. K., Crowe, J. E. Jr., Johnson, P. R., Schief, W. R. (2014) Proof of principle for epitope-
focused vaccine design. Nature. 507(7491):201-6. 
Cronan, J. E. Jr. (1990) Biotination of proteins in vivo. A post-translational modification to label, 
purify, and study proteins. J. Biol. Chem. 265(18):10327-33. 
Cunningham, B. A., Hemperly, J. J., Hopp, T. P., Edelman, G. M. (1979) Favin versus concanavalin A: 
Circularly permuted amino acid sequences. Proc. Natl. Acad. Sci. USA.  76 (7):3218–22. 
Cunningham, B. C., Wells, J. A. (1989) High-resolution epitope mapping of hGH-receptor interactions 
by alanine-scanning mutagenesis. Science. 244(4908):1081-5. 
Cwirla, S. E., Peters, E. A., Barrett, R. W., Dower, W. J. (1990) Peptides on phage: a vast library of 
peptides for identifying ligands. Proc. Natl. Acad. Sci. USA. 87(16):6378–82. 
Dalbadie-McFarland, G., Cohen, L. W., Riggs, A.D., Morin, C., Itakura, K., Richards, J. H. (1982) 
Oligonucleotide-directed mutagenesis as a general and powerful method for studies of protein function. 
Proc. Natl. Acad. Sci. USA. 79(21):6409-13. 
Danielsen, S., Eklund, M., Deussen, H. J., Gräslund, T., Nygren, PA. and Borchert, T. V. (2001) In 
vitro selection of enzymatically active lipase variants from phage libraries using a mechanism-based 
inhibitor. Gene. 272(1-2):267-74. 
Darling, R. J., Brault, P.A. (2004) Kinetic exclusion assay technology: characterization of molecular 
interactions. Assay Drug Dev. Technol. 2(6):647-57. 
Daugherty, P. S. (2007) Protein engineering with bacterial display. Curr. Opin. Struct. Biol. 
17(4):474-80.  
Daugherty, P. S., Chen, G., Olsen, M. J., Iverson, B. L., Georgiou, G. (1998) Antibody affinity 
maturation using bacterial surface display. Protein Eng. 11(9):825-32. 
Davies, J., Riechmann, L. (1994) 'Camelising' human antibody fragments: NMR studies on VH 
domains. FEBS Lett. 339(3):285-90. 
Davies, J, Riechmann, L. (1996) Single antibody domains as small recognition units: design and in 
vitro antigen selection of camelized, human VH domains with improved protein stability. Protein Eng. 
9(6):5311-7.  
Day, R. N., Schaufele, F. (2008) Fluorescent protein tools for studying protein dynamics in living cells: 
a review.  J. Biomed. Opt. 13(3):031202 
Day, R. N., Davidson, M. W. (2009) The fluorescent protein palette: tools for cellular imaging. Chem. 
Soc. Rev. 38(10):2887-921. 
de Boer, E., Rodriguez, P., Bonte, E., Krijgsveld, J., Katsantoni, E., Heck, A., Grosveld, F., 
Strouboulis, J. (2003) Efficient biotinylation and single-step purification of tagged transcription factors 
in mammalian cells and transgenic mice. Proc. Natl. Acad. Sci. USA. 100(13):7480-5.  
de Haard, H. J., van Neer, N., Reurs, A., Hufton, S. E., Roovers, R. C., Henderikx, P., de Bruïne, A. P., 
Arends, J. W., Hoogenboom, H. R. (1999) A large non-immunized human Fab fragment phage library 
that permits rapid isolation and kinetic analysis of high affinity antibodies. J. Biol. Chem. 
274(26):18218-30. 
Deisenhofer J. (1981) Crystallographic refinement and atomic models of a human Fc fragment and its 
complex with fragment B of protein A from Staphylococcus aureus at 2.9- and 2.8-A resolution. 
Biochemistry. 20(9):2362-70. 
DeKosky, B. J., Ippolito, G. C., Deschner, R. P., Lavinder, J. J., Wine, Y., Rawlings, B. M., 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   86	  

Varadarjan, N., Giesecke, C., Dörner, T., Andrews, S. F., Wilson, P. C., Hunicke-Smith, S. P., Willson, 
C. G., Ellington, A. D., Georgiou, G. (2013) High-throughput sequencing of the paired human 
immunoglobulin heavy and light chain repertoire. Nat. Biotechnol. 31(2):166-9.  
DeKosky, B. J., Kojima, T., Rodin, A., Charab, W., Ippolito, G. C., Ellington, A. D., Georgiou, G. 
(2015) In-depth determination and analysis of the human paired heavy and light chain antibody 
repertoire. Nat. Med. 21(1):86-91.  
Derrick, J. P., Wigley, D. B. (1992) Crystal structure of a streptococcal protein G domain bound to an 
Fab fragment. Nature. 359(6397):752-4. 
Devanaboyina, S. C., Lynch, S. M., Ober, R. J., Ram, S., Kim, D., Puig-Canto, A., Breen, S., 
Kasturirangan, S., Fowler, S., Peng, L., Zhong, H., Jermutus, L., Wu. H., Webster, C., Ward, E. S., 
Gao, C. (2013) The effect of pH dependence of antibody-antigen interactions on subcellular trafficking 
dynamics. MAbs. 5(6):851-9.  
Devlin, J.J., Panganiban, L. C., Devlin P.E. (1990) Random peptide libraries: a source of specific 
protein binding molecules. Science. 249(4967):404-6. 
Doria-Rose, N. A., Schramm, C. A., Gorman, J., Moore, P. L., et al. (2014) Developmental pathway 
for potent V1V2-directed HIV neutralizing antibodies. Nature. 509(7498):55-62.  
Dormán, G., Prestwich, G. D. (1994) Benzophenone photophores in biochemistry. Biochemistry. 
33(19):5661-73.  
Doyle, M. V., Lee, M. T., Fong, S. (1985) Comparison of the biological activities of human 
recombinant interleukin-2(125) and native in- terleukin-2. J. Biol. Response Mod. 4(1):96-109.  
Drake, A. W., Tang, M. L., Papalia, G. A., Landes, G., Haak-Frendscho, M., Klakamp, S. L. (2012) 
Biacore surface matrix effects on the binding kinetics and affinity of an antigen/antibody complex. 
Anal. Biochem. 429(1):58-69. 
Duncan, A. R., Winter, G. (1988) The binding site for C1q on IgG. Nature. 332(6166):738-40. 
Dyson, M. R., Shadbolt, S. P., Vincent, K. J., Perera, R. L., McCafferty, J. (2004) Production of 
soluble mammalian proteins in Escherichia coli: identification of protein features that correlate with 
successful expression. BMC Biotechnol. 4:32.  
Eigenbrot, C., Ultsch, M., Dubnovitsky, A., Abrahmsén, L., Härd, T. (2010) Structural basis for high-
affinity HER2 receptor binding by an engineered protein. Proc. Natl. Acad. Sci. USA. 107(34):15039-
44. 
Eklund, M., Axelsson, L., Uhlén, M., Nygren, PA. (2002) Anti-idiotypic protein domains selected from 
protein A-based affibody libraries. Proteins. 48(3):454-62. 
Eliasson, M., Andersson, R., Olsson, A., Wigzell, H., Uhlén, M. (1989) Differential IgG-binding 
characteristics of staphylococcal protein A, streptococcal protein G, and a chimeric protein AG. J. 
Immunol. 142(2):575-81. 
Elliott, S., Lorenzini, T., Asher, S., Aoki, K., Brankow, D., Buck, L., Chang, D., Fuller, J., Hernday, 
N., Hokum, M., Hu, S., Knudten, A., Levin, N., Komorrowski, R., Martin, F., Navarro, R., Osslund, T., 
Rogers, G., Rogers, N., Trail, G., Egrie, J. (2003) Enhancement of therapeutic protein in vivo activities 
through glycoengineering. Nat. Biotechol. 21(4):414-421.  
Embleton, M. J., Gorochov, G., Jones, P. T., Winter, G. (1992) In-cell PCR from mRNA: amplifying 
and linking the rearranged immunoglobulin heavy and light chain V-genes within single cells. Nucleic 
Acids Res. 20(15):3831-7.  
Erntell, M., Myhre, E. B., Sjöbring, U., Björck, L. (1988) Streptococcal protein G has affinity for both 
Fab- and Fc-fragments of human IgG. Mol. Immunol. 25(2):121-6. 
Estell, D.A., Graycar, T.P., Wells, J. A. (1985) Engineering an enzyme by site-directed mutagenesis to 
be resistant to chemical oxidation. J. Biol. Chem. 260(11):6518-21. 
Fan, J. Y., Cui, Z. Q., Wei, H. P., Zhang, Z. P., Zhou, Y. F., Wang, Y. P., Zhang, X. E. (2008) Split 
mCherry as a new red bimolecular fluorescence complementation system for visualizing protein-
protein interactions in living cells. Biochem. Biophys. Commun. 367(1):47-53. 
Feldhaus, M. J., Siegel, R. W., Opresko, L. K., Coleman, J. R., Feldhaus, J. M., Yeung, Y. A., 
Cochran, J. R., Heinzeiman, P., Colby, D., Swers, J., Graff, C., Wiley, H. S., Wittrup, K. D. (2003) 
Flow-cytometric isolation of human antibodies from a nonimmune Saccharomyces cerevisiae surface 
display library. Nat. Biotechnol. 21(2):163-70. 
Feldwisch, J., Tolmachev, V., Lendel, C., Herne, N., Sjoberg, A., Larsson, B., Rosik, D., Lindqvist, E., 
Fant, G., Hoiden-Guthenberg, I., Galli, J., Jonasson, P., Abrahmsen, L. (2010) Design of an optimized 



  Feifan Yu, 2015 
	  

	   87	  

scaffold for affibody molecules. J. Mol. Biol. 398(2):232- 47.  
Fellouse, F. A., Esaki, K., Birtalan, S., Raptis, D., Cancasci, V. J., Koide, A., Jhurani, P., Vasser, M., 
Wiesmann, C., Kossiakoff, A. A., Koide, S., Sidhu, S. S. (2007) High-throughput generation of 
synthetic antibodies from highly functional minimalist phage-displayed libraries. J. Mol. Biol. 
373(4):924-40.  
Fernandez-Gacio, A., Uguen, M., Fastrez, J. (2003) Phage display as a tool for the directed evolution of 
enzymes. Trends Biotechnol. 21(9):408-14. 
Ferrara, F., Listwan, P., Waldo, G. S.,Bradbury, A. R. (2011) Fluorescent labeling of antibody 
fragments using split GFP. PLoS One. 6(10):e25727.  
Feryer, M. W., Lewis, E. A. (2008) Isothermal titration calorimetry: experimental design, data analysis, 
and probing macromolecular/ligand binding and kinetic interactions. Methods Cell Biol. 84:79-113. 
Finkelman, F. D., Madden, K. B., Morris, S. C., Holmes, J. M., Boiani, N., Katona, I. M., Maliszewski, 
C. R. (1993) Anti-cytokine antibodies as carrier proteins. Prolongation of in vivo effects of exogenous 
cytokines by injection of cytokine-anti-cytokine antibody complexes. J. Immunol. 151(3):1235-44. 
Fleetwood, F., Devoogdt, N., Pellis, M., Wernery, U., Muyldermans, S., Ståhl, S., Löfblom, J. (2013) 
Surface display of a single-domain antibody library on Gram-positive bacteria. Cell Mol. Life Sci. 
70(6):1081-93.  
Fleishman, S. J., Whitehead, T. A., Ekiert, D. C., Dreyfus, C., Corn, J. E., Strauch, E. M., Wilson, I. A., 
Baker, D. (2011) Computational design of proteins targeting the conserved stem region of influenza 
hemagglutinin. Science. 322(6031):816-21. 
Francisco, J.A., Campbell, R., Iverson, B. L., Georgiou, G. (1993) Production and fluorescence-
activated cell sorting of Escherichia coli expressing a functional antibody fragment on the external 
surface. Proc. Natl. Acad. Sci. USA. 90(22):10444-8. 
Fredriksson, S., Gullberg, M., Jarvius, J., Olsson, C., Pietras, K., Gústafsdóttir, S. M., Ostman, A., 
Landegren, U. (2002) Protein detection using proximity-dependent DNA ligation assays. Nat. 
Biotechnol. 20(5):473-7. 
Frejd, F. (2008) Novel alternative scaffolds and their potential use for tumor targeted radionuclide 
therapy. Targeted radionuclide tumor therapy. pp 89-116.  
Frenzel, A., Hust, M., Schirrmann, T. (2013) Expression of recombinant antibodies. Front Immunol. 
4:217. 
Friedman, M., Nordberg, E., Höidén-Guthenberg, I., Brismar, H., Adams, G. P., Nilsson, F. Y., 
Carlsson, J., Ståhl, S. (2007) Phage display selection of Affibody molecules with specific binding to 
the extracellular domain of the epidermal growth factor receptor. Protein Eng. Des. Sel. 20(4):189-99.  
Friedman, M., Orlova, A., Johansson, E., Eriksson, T. L., Höidén-Guthenberg, I., Tolmachev, V., 
Nilsson, F. Y., Ståhl, S. (2008) Directed evolution to low nanomolar affinity of a tumor-targeting 
epidermal growth factor receptor-binding affibody molecule. J. Mol. Biol. 376(5):1388-402. 
Garcia-Rodriguez, C., Levy, R., Arndt, J. W., Forsyth, C. M., Razai, A., Lou, J., Geren, I., Stevens, R. 
C., Marks, J. D. (2007) Molecular evolution of antibody cross-reactivity for two subtypes of type A 
botulinum neurotoxin. Nat. Biotechnol. 25(1):107-16.  
Gavrilyuk, J., Ban, H., Uehara, H., Sirk, S. J., Saye-Francisco, K., Cuevas, A., Zablowsky, E., Oza, A., 
Seaman, M. S., Burton, D. R., Barbas, C. F. 3rd. (2013) Antibody conjugation approach enhances 
breadth and potency of neutralization of anti-HIV-1 antibodies and CD4-IgG. J. Virol. 87(9):4985-93.  
Ge, X., Mazor, Y., Hunicke-Smith, S. P., Ellington, A. D., Georgiou, G. (2010) Rapid construction and 
characterization of synthetic antibody libraries without DNA amplification. Biotechnol. Bioeng. 
106(3):347-57.  
Gearing, A. J., Thorpe, S. J., Miller, K., Mangan, M., Varley, P. G., Dudgeon, T., Ward, G., Turner, C., 
and Thorpe, R. (2002) Selective cleavage of human IgG by the matrix metalloproteinases, matrilysin 
and stromelysin. Immunol. Lett. 81(1):41-8. 
Gebauer, M., Schiefner, A., Matschiner, G., Skerra, A. (2013) Combinatorial design of an Anticalin 
directed against the extra-domain b for the specific targeting of oncofetal fibronectin. J. Mol. Biol. 
425(4):780-802.  
Gebauer, M., Skerra, A. (2012) Anticalins small engineered binding proteins based on the lipocalin 
scaffold. Methods Enzymol. 503:157-88. 
Gelinas, A. D., Davies, D. R., Edwards, T. E., Rohloff, J. C., Carter, J. D., Zhang, D., Gupta, S., 
Ishikawa, Y., Hirota, M., Nakaishi, Y., Jarvis, T. C., Janjic, N. (2014) Crystal structure of interleukin-6 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   88	  

in complex with a modified nucleic acid ligand. J. Biol. Chem. 289(12):8720-34. 
Georgiou, G., Ippolito, G. C., Beausang, J., Busse, C. E., Wardemann, H., Quake, S, R. (2014) The 
promise and challenge of high-throughput sequencing of the antibody repertoire. Nat. Biotechnol. 
32(2):158-68.  
Geuijen, C. A., Clijsters-van der Horst, M., Cox, F., Rood, P. M., Throsby, M., Jongeneelen, M. A., 
Backus, H. H., van Deventer, E., Kruisbeek, A. M., Goudsmit, J., de Kruif, J. (2005) Affinity ranking 
of antibodies using flow cytometry: application in antibody phage display-based target discovery. J. 
Immunol. Methods. 302(1-2):68-77. 
Gouda, H., Shiraishi, M., Takahashi, H., Kato, K., Torigoe, H., Arata, Y., Shimada, I. (1998) NMR 
study of the interaction between the B domain of staphylococcal protein A and the Fc portion of 
immunoglobulin G. Biochemistry. 37(1):129-36. 
Graff, C.P., Chester, K., Begent, R., Wittrup, K. D. (2004) Directed evolution of an anti-
carcinoembryonic antigen scFv with a 4-day monovalent dissociation half-time at 37 degrees C. 
Protein Eng. Des. Sel. 17(4):293-304. 
Graille, M., Stura, E. A., Housden, N. G., Beckingham, J. A., Bottomley, S. P., Beale, D., Taussig, M. 
J., Sutton, B. J., Gore, M. G., Charbonnier, J. B. (2001) Complex between Peptostreptococcus magnus 
protein L and a human antibody reveals structural convergence in the interaction modes of Fab binding 
proteins. Structure. 9(8):679-87. 
Gratacós, J., Collado, A., Filella, X., Sanmarti, R., Canete, J., Llena, J., Molina, R., Ballesta, A., 
Munoz-Gómez, J. (1994) Serum cytokines (IL-6, TNF-alpha, IL-1 beta and IFN-gamma) in ankylosing 
spondylitis: a close correlation between serum IL-6 and disease activity and severity. Br. J. 
Rheumatol. 33(10):927-31.  
Grimm, S., Yu, F., Nygren, PA. (2011) Ribosome display selection of a murine IgG! Fab binding 
affibody molecule allowing species selective recovery of monoclonal antibodies. Mol. Biotechnol. 
48(3):263-76.  
Grimm, S., Lundberg, E., Yu, F., Shibasaki, S., Vernet, E., Skogs, M., Nygren, PÅ., Gräslund, T. 
(2010) Selection and characterisation of affibody molecules inhibiting the interaction between Ras and 
Raf in vitro. N. Biotechnol. 27(6):766-73. 
Grimm, S., Salahshour, S., Nygren, PA. (2012) Monitored whole gene in vitro evolution of an anti-
hRaf-1 affibody molecule towards increased binding affinity. N. Biotechnol. 29(5):534-42. 
Grover, R. K., Zhu, X., Nieusma, T., Jones, T., Boero, I., MacLeod, A. S., Mark, A., Niessen, S., Kim, 
H. J., Kong, L., Assad-Garcia, N., Kwon, K., Chesi, M., Smider, V. V., Salomon, D. R., Jelinek, D. F., 
Kyle, R. A., Pyles, R. B., Glass, J. I., Ward, A. B., Wilson, I. A., Kerner, R. A. (2014) A Structurally 
distinct human mycoplasma protein that generically blocks antigen-antibody union. Science. 
343(6171):656-61. 
Grönwall, C., Jonsson, A., Lindström, S., Gunneriusson, E., Ståhl, S., Herne, N. (2007) Selection and 
characterization of Affibody ligands binding to Alzheimer amyloid beta peptides. J. Biotechnol. 
128(1):162-83. 
Gullberg, M., Gústafsdóttir, S. M., Schallmeiner, E., Jarvius, J., Bjarnegård, M., Betsholtz, C., 
Landegren, U., Fredriksson, S. (2004) Cytokine detection by antibody-based proximity ligation. Proc. 
Natl. Acad. Sci. USA. 101(22):8420-4.  
Gunneriusson, E., Nord, K., Uhlén, M., Nygren, PA. (1999) Affinity maturation of a Taq DNA 
polymerase specific affibody by helix shuffling. Protein Eng. 12(10):873-8. 
Guntas, G., Kanwar, M., Ostermeier, M. (2012) Circular permutation in the Ω-loop of TEM-1 β-
lactamase results in improved activity and altered substrate specificity. PLoS One. 7(4):e35998. 
Guo, W., Cao, L., Jia, Z., Wu, G., Li, T., Lu F, Lu, Z. (2011) High level soluble production of 
functional ribonuclease inhibitor in Escherichia coli by fusing it to soluble partners. Protein Expr. 
Purif. 77(2):185-92.  
Hanes, J., Jermutus, L., Weber-Bornhauser, S., Bosshard, H. R., Plückthun, A. (1998) Ribosome 
display efficiently selects and evolves high-affinity antibodies in vitro from immune libraries. Proc. 
Natl. Acad. Sci. USA. 95(24):14130-35. 
Hanes, J., Plückthun, A. (1997) In vitro selection and evolution of functional proteins by using 
ribosome display. Proc. Natl. Acad. Sci. USA. 94(10):4937-42. 
Hanes, J., Schaffitzel, C., Knappik, A., Plückthun, A.  (2000) Picomolar affinity antibodies from a fully 
synthetic naive library selected and evolved by ribosome display. Nat. Biotechnol. 18(12):1287-92.  



  Feifan Yu, 2015 
	  

	   89	  

Hanly, W.C., Artwohl, J.E., Bennett, B.T. (1995) Review of Polyclonal Antibody Production 
Procedures in Mammals and Poultry. ILAR J. 37(3):93-118. 
Hamers-Casterman, C., Atarhouch, T., Muyldermans, S., Robinson, G., Hamers, C., Songa, E. B., 
Bendahman, N., Hamers, R. (1993) Naturally occurring antibodies devolid of light chains. Nature. 
363(6428):446-8.  
Hammers, C. M., Stanley, J. R. (2014) Antibody phage display: technique and applications. J. Invest. 
Dermatol. 134(2):e17. 
Harmsen, M. M., De Haard, H. J. (2007) Properties, production, and applications of camelid single-
domain antibody fragments. Appl. Microbiol. Biotechnol. 77(1):13-22.  
Harvey, B.R. Georgiou, G., Hayhurst, A., Jeong, K. J., Iverson, B. L., Rogers, G. K. (2004) Anchored 
periplasmic expression, a versatile technology for the isolation of high-affinity antibodies from 
Escherichia coli-expressed libraries. Proc. Natl. Acad. Sci. USA. 101(25):9193-8. 
Heim, R., Prasher, D. C., Tsien, R. Y. (1994) Wavelength mutations and posttranslational autoxidation 
of green fluorescent protein. Proc. Natl. Acad. Sci. USA. 91(26):12501-4.  
Henry, T. J., Pratt, D. (1969) The proteins of bacteriophage M13. Proc. Natl. Acad. Sci. USA. 
62(3):800-7. 
Hermanson, E. T. (2008) Bioconjugate Techniques, Academic Press. (Part No. 20036). 
Herzenberg, L. A., Parks, D., Sahaf, B., Perez, O., Roederer, M., Herzenberg, L. A. (2002) The history 
and future of the fluorescence activated cell sorter and flow cytometry: a view from Stanford. Clin 
Chem. 48(10):1819-27. 
Hinton P. R., Johlfs, M. G., Xiong, J. M., Hanestad, K., Ong, K. C., Bullock, C., Keller, S., Tang M. 
T., Tso, J. Y., Vasquez, M., Tsurushita, N. (2004) Engineered human IgG antibodies with longer serum 
half-lives in primates. J. Biol. Chem. 279(8):6213-6. 
Hinton, P.R., Xiong, J. M., Johlfs, M. G., Tang, M. T., Keller, S., Tsurushita, N. (2006) An engineered 
human IgG1 antibody with longer serum half-life. J. Immunol. 176(1):346-56. 
Hoess, R. H. (2001) Protein design and phage display. Chem. Rev. 101(10):3205-18.    
Hoet, R. M., Cohen, E. H., Kent, R. B., et al. (2005) Generation of high-affinity human antibodies by 
combining donor-derived and synthetic complementarity-determining-region diversity. Nat. 
Biotechnol. 23(3):344-8.  
Hohlbaum, A. M., Skerra, A. (2007) Anticalins: the lipocalin family as a novel protein scaffold for the 
development of next generation immunotherapies. Expert Rev. Clin. Immunol. 3(4):491-501.  
Holler, P. D., Holman, P. O., Shusta, E. V., O'Herrin, S., Wittrup, K. D., Kranz, D. M. (2000) In vitro 
evolution of a T cell receptor with high affinity for peptide/MHC. Proc. Natl. Acad. Sci. USA. 
97(10):5387-92. 
Holliger, P., Hudson, P. J. (2005) Engineered antibody fragments and the rise of single domains. Nat. 
Biotechnol. 23(9):1126-36. 
Holt, L. J., Herring, C., Jespers, L. S., Woolven, B. P., Tomlinson, I. M. (2003) Domain antibodies: 
proteins for therapy. Trends Biotechnol. 21(11):484-90.  
Hoogenboom, H. R., Griffiths, A. D., Johnson, K. S., Chiswell, D. J., Hudson, P., Winter, G. (1991) 
Multi-subunit proteins on the surface of filamentous phage: methodologies for displaying antibody 
(Fab) heavy and light chains. Nucleic Acids Res. 19(15):4133-7. 
Hopp, J., Hornig, N., Zettlitz, K. A., Schwarz, A., Fuss, N., Müller, D., Kontermann, R. E. (2010) The 
effects of affinity and valency of an albumin-binding domain (ABD) on the half-life of a single-chain 
diabody-ABD fusion protein. Protein Eng. Des. Sel. 23(11):827-34.  
Horlick, R. A., Macomber, J. L., Bowers, P. M., Neben, T. Y., Tomlinson, G. L., Krapf, I. P., Dalton, J. 
L., Verdino, P., King, D. J. (2013) Simultaneous surface display and secretion of proteins from 
mammalian cells facilitate efficient in vitro selection and maturation of antibodies. J. Biol. Chem. 
288(27):19861-9.  
Hosse, R. J., Rothe, A. and Power, B. E. (2006) A new generation of protein display scaffolds for 
molecular recognition. Protein Sci. 15(1):14-27. 
Hoyer, W., Grönwall, C., Jonsson, A., Ståhl, S., Härd, T. (2008) Stabilization of a beta-hairpin in 
monomeric Alzheimer's amyloid-beta peptide inhibits amyloid formation. Proc. Natl. Acad. Sci. USA. 
105(13):5099-104.  
Hsu, E., Osslund, T., Nybo, R., Chen, B.L., Kenney, W. C., Morris, C. F., Arakawa, T., Narhi, L. O. 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   90	  

(2006) Enhanced stability of recombinant keratinocyte growth factor by mutagenesis. Protein Eng. 
Des. Sel. 19(4):147-53.  
Hu, S., Liang, S., Guo, H., Zhang, D., Li, H., Wang, X., Yang, W., Qian, W., Hou, S., Guo, Y., Lou, Z. 
(2013) Comparison of the inhibition mechanisms of adalimumab and infliximab in treating tumor 
necrosis factor α associated diseases from a molecular view. J. Biol. Chem. 288(38):27059-67. 
Huang, W., Palzkill, T. (1997) A natural polymorphism in beta-lactamase is a global suppressor. Proc. 
Natl. Acad. Sci. USA. 95(16):8801-16. 
Hui, J. Z. and Tsourkas, A. (2014) Optimization of photoactive protein Z for fast and efficient site-
specific conjugation of native IgG. Biocojug. Chem. 25(9):1709-19. 
Hui, J. Z., Al Zaki, A. Cheng, Z., Popik, V., Zhang, H., Luning, Prak. E.T., Tsourkas, A. (2014) Facile 
method for the site-specific, covalent attachment of full-length IgG onto nanoparticles. Small. 
10(16):3354-63. 
Hust, M., Jostock, T., Menzel, C., Voedisch, B., Mohr, A., Brenneis, M., Kirsch, M. I., Meier, D., 
Dübel, S. (2007) Singel chain Fab (scFab) fragment. BMC Biotechnol. 7:14.  
Hust, M., Meyer, T., Voedisch, B., Rülker, T., Thie, H., El-Ghezal, A., Kirsch, M. I., Schütte, M., 
Helmsing, S., Meier, D., Schirrmann, T., Dübel, S. (2011) A human scFv antibody generation pipeline 
for proteome research. J. Biotechnol. 152(4):159-70. 
Huston, J. S., Levinson, D., Mudgett-Hunter, M., Tai, M. S., Novotny, J., Margolies, M. N., Ridge, R. 
J., Bruccoleri, R. E., Haber, E., Crea, R., et al. (1988) Protein engineering of antibody binding sites: 
recovery of specific activity in an anti-digoxin single chain Fv analogue produced in Escherichia coli.. 
Proc. Natl. Acad. Sci. USA. 85(16):5879-83. 
Hutchison, C. A. 3rd, Phillips, S., Edgell, M. H., Gillam, S., Jahnke, P., Smith, M. (1978) Mutagenesis 
at a specific position in a DNA sequence. J. Biol. Chem. 253(18):6551-60. 
Hutt, M., Färber-Schwarz, A., Unverdorben, F., Richter, F., Kontermann, R.E. (2012) Plasma half-life 
extension of small recombinant antibodies by fusion to immunoglobulin-binding domains. J. Biol. 
Chem. 287(7):4462-9.  
Högbom, M., Eklund, M., Nygren, PÅ., Nordlund, P. (2003) Structural basis for recognition by an in 
vitro evolved affibody. Proc. Natl. Acad. Sci. USA. 100(6):3191-6.  
Jackrel, M. E., Cortajarena, A. L., Liu, T. Y., Regan, L. (2010) Screening libraries to identify proteins 
with desired binding activities using a split-GFP reassembly assay. ACS Chem. Biol. 5(6):553-62.  
Jakobovits, A., Amado, R. G., Yang, X., Roskos, L., Schwab, G. (2007) From XenoMouse technology 
to panitumumab, the first fully human antibody product from transgenic mice. Nat. Biotechnol. 
25(10):1134-43.  
Jansson, B., Uhlén, M., Nygren, PA. (1998) All individual domains of staphylococcal protein A show 
Fab binding. FEMS Immunol. Med. Microbiol. 20(1):69-78. 
Jason-Moller, L., Murphy, M., Bruno, J. (2006) Overview of Biacore systems and their applications. 
Curr. Protoc. Protein Sci.  Chapter 19: Unit 19.13. 
Jefferis, R. (2009) Glycosylation as a strategy to improve antibody-based therapeutics. Nat. Rev. Drug. 
Discov. 8(3):226-34. 
Jespers, L. S., Messens, J. H., De Keyser, A., Eeckhout, D., Van den Brande, I., Gansemans, Y. G., et 
al. (1995) Surface expression and ligand-based selection of cDNAs fused to filamentous phage gene 
VI. Biotechnology (NY) 13:378-82. 
Johnson, I. S. (1983)  Human insulin from recombinant DNA technology. Science. 219(4585):632-7. 
Jones, P. T., Dear, P. H., Foote, J., Neuberger, M. S., Winter, G. (1986) Replacing the 
complementarity-dermining regions in a human antibody with those from a mouse. Nature. 
321(6069):522-5.  
Jonsson, A., Wållberg, H., Herne, N., Ståhl, S., Frejd, F. Y. (2009) Generation of tumour-necrosis-
factor-alpha-specific affibody molecules capable of blocking receptor binding in vitro. Biotechnol. 
Appl. Biochem. 54(2):93-103. 
Jonsson, A., Jonsson, A., Dogan J., Herne N., Abrahmsén, L., Nygren, PA. (2008) Engineering of a 
femtomolar affinity binding protein to human serum albumin. Protein Eng. Des. Sel.  21(8):515-27. 
Jung, S., Honegger, A., Plückthun, A. (1999) Selection for improved protein stability by phage display. 
J. Mol. Biol. 294(1):163-80. 
Jung, S. T., Kelton, W., Kang, T. H., Ng, D. T., Andersen, J. T., Sandlie, I., Sarkar, C. A., Georgiou, G. 



  Feifan Yu, 2015 
	  

	   91	  

(2013) Effective phagocytosis of low Her2 tumor cell lines with engineered, aglycosylated IgG 
displaying high FcγRIIa affinity and selectivity. ACS Chem. Biol. 8(2):368-75.  
Jung, S. T., Reddy, S. T., Kang, T. H., Borrok, M. J., Sandlie, I., Tucker, P. W., Georgiou, G. (2010) 
Aglycosylated IgG variants expressed in bacteria that selectively bind FcgammaRI potentiate tumor 
cell killing by monocyte-dendritic cells. Proc. Natl. Acad. Sci. U S A. 107(2):604-9. 
Jung, Y., Lee, J. M., Kim, J. W., Yoon, J., Cho, H., Chung, B. H. (2009) Photoactivable antibody 
binding protein: site-selective and covalent coupling of antibody. Anal. Chem. 18(3):936-42.  
Junutula, J. R., et al. (2008) Site-specific conjugation of a cytotoxic drug to an antibody improves the 
therapeutic index. Nat. Biotechnol. 26(8):925-32.  
Kanakaraj, P., Puffer, B. A., Yao, X. T., Kankanala, S., Boyd, E., Shah, R. R., Wang, G., Patel, D., 
Krishnamurthy, R., Kaithamana, S., Smith, R. G., LaFleur, D. W., Barbas, C. F. 3rd, Hilbert, D. M., 
Kiener, P. A., Roschke, V. V. (2012) Simultaneous targeting of TNF and Ang2 with a novel bispecific 
antibody enhances efficacy in an vivo model of arthritis. MAbs. 4(5):600-13.  
Kanje, S., Hober, S. (2015) In vivo biotinylation and incorporation of a photo-inducible unnatural 
amino acid to an antibody binding domain improve site-specific labeling of antibodies. Biotechnol. J.  
Katz, P., Simone, C. B., Henkart, P. A., Fauci, A. S. (1980) Mechanisms of antibody-dependent 
cellular cytotoxicity: the use of effector cells from chronic granulomatous disease patients as 
investigative probes. J. Clin. Invest. 65(1):55-63. 
Kauer, J. C., Erickson-Viitanen, S., Wolfe, H. R. Jr, DeGrado, W. F. (1986) p-Benzoyl-L-
phenylalanine, a new photoreactive amino acid. Photolabeling of calmodulin with a synthetic 
calmodulin-binding peptide. J. Biol. Chem. 261(23):10695-700. 
Keefe, A. D., Szostak, J. W. (2001) Functional proteins from a random-sequence library. Nature. 
410(6829):715-8.  
Kendrew, J. C., Bodo, G., Dintzis, H. M., Parrish, R. G., Wyckoff, H. & Phillips, D. C. (1958) A three-
dimensional model of the myoglobin molecule obtained by x-ray  analysis. Nature. 181(4610):662-6.  
Kenrick, S. A., Daugherty, P. S. (2010) Bacterial display enables efficient and quantitative peptide 
affinity maturation. Protein Eng. Des. Sel. 23(1):9-17.  
Keppler, A., Gendreizig, S., Gronemeyer, T., Pick, H., Vogel, H., Johnsson, K. (2003) A general 
method for the covalent labeling of fusion proteins with small molecules in vivo. Nat. Biotechnol. 
21(1):86-9.  
Keppler, A., Kindermann, M., Gendreizig, S., Pick, H., Vogel, H., Johnsson, K. (2004) Labeling of 
fusion proteins of O6-alkylguanine-DNA alkyltransferase with small molecules in vivo and in vitro. 
Methods. 32(4):437-44.  
Kieke, M. C., Sundberg, E., Shusta, E. V., Mariuzza, R. A., Wittrup, K. D., Kranz, D. M. (2001) High 
affinity T cell receptors from yeast display libraries block T cell activation by superantigens. J. Mol. 
Biol. 307(5):1305-15. 
Kim, M. S., Stybayeva, G., Lee, J. Y., Revzin, A., Segal, D. J. (2011) A zinc finger protein array for 
the visual detection of specific DNA sequences for diagnostic applications. Nucleic Acids Res. 
39(5):e29.  
Kinder, M., Greenplate, A. R., Grugan, K. D., Soring, K. L., heeringa, K. A., McCarthy, S. G., 
Bannish, G., Perpetua, M., Lynch, F., Jordan, R. E., Strohl, W. R., Brezski, R. J. (2013) Engineered 
protease-resistant antibodies with selectable cell-killing functions. J. Biol. Chem. 288(4):30843-54. 
Koch, H., Gräfe, N, Schiess, R., Plückthun, A. (2006) Direct selection of antibodies from complex 
libraries with the protein fragment complementation assay. J. Mol. Biol. 357(2):427-41. 
Koerber, J. T., Hornsby, M. J., Wells, J. A. (2015) An improved single-chain fab platform for efficient 
display and recombinant expression. J. Mol. Biol. 427(2):576-86. 
Kohl, A., Binz, H. K., Forrer, P., Stumpp, M. T., Plückthun, A., Grütter, M. G. (2003) Designed to be 
stable: crystal structure of a consensus ankyrin repeat protein. Proc. Natl. Acad. Sci. USA. 
100(4):1700-5. 
Konrad, A., Karlström, AE., Hober, S. (2011) Covalent immunoglobulin labeling through a 
photoactivable synthetic Z domain. Bioconjug. Chem. 22(12):2395-403. 
Kontermann, R. E. (2012) Dual targeting strategies with bispecific antibodies. MAb. 4(2):182-97. 
Kortemme, T., Joachimiak, L. A., Bullock, A. N., Schuler, A. D., Stoddard, B. L., Baker, D. (2004) 
Computational redesign of protein-protein interaction specificity. Nat. Struct. Mol. Biol. 11(4):371-9.  



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   92	  

Krishnan, V., Rupp, B. (2012) Macromolecular Structure Determination: Comparison of X-ray 
Crystallography and NMR Spectroscopy. eLS.  
Kristensen, C., Kjeldsen, T., Wiberg, F. C., Schäffer, L., Hach, M., Havelund, S., Bass, J., Steiner, D. 
F., Andersen, A. S. (1997) Alanine scanning mutagenesis of insulin. J. Biol. Chem. 272(20):12978-83. 
Kronqvist, N., Malm, M., Rockberg, J., Hjelm, B., Uhlén, M., Ståhl, S., Löfblom, J. (2010) 
Staphylococcal surface display in combinatorial protein engineering and epitope mapping of 
antibodies. Recent Pat. Biotechnol. 4(3):171-82. 
Kronqvist, N., Malm, M., Göstring, L., Gunneriusson, E., Nilsson, M., Höidén Guthenberg, I., Gedda, 
L., Frejd, F. Y., Ståhl, S., Löfblom, J. (2011) Combining phage and staphylococcal surface display for 
generation of ErbB3-specific Affibody molecules. Protein Eng. Des. Sel. 24(4):385-96  
Kronqvist, N., Löfblom, J., Jonsson, A., Wernérus, H., Ståhl, S. (2008) A novel affinity protein 
selection system based on staphylococcal cell surface display and flow cytometry. Protein Eng. Des. 
Sel. 21(4):247-55. 
Kuiper, J., Van't Hof, A., Otter, M., Biessen, E. A. L., Rijken, D. C., Berkel, T. J. C. Van. (1996) 
Interaction of mutants of tissue-type plasminogen activator with liver cells: effect of domain deletions. 
Biochem. J. 313(3):775-80. 
Kunkel, A. (1985) Rapid and efficient site-specific mutagenesis without phenotypic selection. Proc. 
Natl. Acad. Sci. USA. 82(2):488-92.  
Köhler, G. and Milstein, C. (1975) Continuous cultures of fused cells secreting antibody of redefined 
specificity. Nature. 256(5517):495-7.  
Labrijn, A. F., Meesters, J. I., de Goeij, B. E., van den Bremer, E. T., Neijssen, J., van Kampen, M. D., 
Strumane, K., Verploegen, S., Kundu, A., Gramer, M. J., van Berkel, P. H., van de Winkel, J. G., 
Schuurman, J., Parren, P. W. (2013) Efficient generation of stable bispecific IgG1 by controlled Fab-
arm exchange. Proc. Natl. Acad. Sci. U S A. 110(13):5145-50. 
LaFleur, D. W., Abramyan, D., kanakaraj, P., Smith, R. G., Shah, R. R., et al. (2013) Monoclonal 
antibody therapeutics with up to five specificities: functional enhancement through fusion of target-
specific peptides. MAbs. 5(2):208-18.  
Lawrence, M. S., Phillips, K. J., Liu, D. R. (2007) Supercharging proteins can impart unusual 
resilience. J. Am. Chem. Soc. 129(33):10110-2.  
Lazar, G. A., Dang, W., Karki, S., Vafa, O., Peng, J. S., Hyun, L., Chan, C., Chung H. S., Eivazi, A., 
Yoder, S. C., Vielmetter, J., Carmichael, D. F., Hayes, R. J., Dahiyat, B. I. (2006) Engineered antibody 
Fc variants with enhanced effector function. Proc. Natl. Acad. Sci. USA. 103(11):4005-10. 
Leavitt, S., Freire, E. (2001) Direct measurement of protein binding energetics by isothermal titration 
calorimetry. Curr. Opin. Struct. Biol. 11(5):560-6. 
Lee, M.S., Kwon, M. H., Kim, K. H., Shin, H. J., Park, S., Kim, H. I. (2004) Selection of scFvs specific 
for HBV DNA polymerase using ribosome display. J. Immunol. Methods. 284(1-2):147-57.  
Lehmann, A. (2008) Ecallantide (DX-88), a plasma kallikrein inhibitor for the treatment of hereditary 
angioedema and the prevention of blood loss in on-pump cardiothoracic surgery. Expert Opin. Biol. 
Ther. 8(8):1187-99. 
Lendel, C., Dogan, J., Härd, T. (2006) Structural basis for molecular recognition in an 
affibody:affibody complex. J. Mol. Biol. 359(5):1293-304.  
Leonard, J. P., Schuster, S. J., Emmanouilides, C., Couture, F., Teoh, N., Wegener, W. A., Coleman, 
M., Goldenberg, D. M. (2008) Durable complete responses from therapy with combined epratuzumab 
and rituximab: final results from an international multicenter, phase 2 study in recurrent, indolent, non-
Hodgkin lymphoma. Cancer. 113(10):2714-23.  
Lewis, S. M., Wu, X., Pustilnik, A., Sereno, A., Huang, F., Rick, H. L., Guntas, G., Leaver-Fay, A., 
Smith, E. M., Ho, C., Hansen-Estruch, C., Chamberlain, A. K., Truhlar, S. M., Conner, E. M., Atwell, 
S., Kuhlman, B., Demarest, S. J. (2014) Generation of bispecific IgG antibodies by structure-based 
design of an orthogonal Fab interface. Nat. Biotechnol. 32(2):191-8.  
Lindgren, J., Refai, E., Zaitsev, S., Abrahmsén, L., Berggren, P. O., Karlström, A. E. (2014) A GLP-1 
receptor agonist conjugated to an albumin-binding domain for extended half-life. Biopolymers. 
102(3):252-9.  
Lindhofer, H., Mocikat, R., Steipe, B., Thierfelder, S. (1995) Preferential species- restricted heavy/light 
chain pairing in rat/mouse quadromas. Implications for a single- step purification of bispecific 
antibodies. J. Immunol. 155(1):219-25.  



  Feifan Yu, 2015 
	  

	   93	  

Lindman, S., Johansson, I., Thulin, E., Linse, S. (2009) Green fluorescence induced by EF-hand 
assembly in a split GFP system. Protein Sci. 18(6):1221-9. 
Lipovsek, D., Plückthun, A. (2004) In-vitro protein evolution by ribosome display and mRNA display. 
J. Immunol. Methods. 290(1-2):51-67. 
Liu, J., Ning, B., Liu, M., Sun, Y., Sun, Z., Zhang, Y., Fan, X., Zhou, Z., Gao, Z. (2012) Construction 
of ribosome display library based on lipocalin scaffold and screening anticalins with specificity for 
estradiol. Analyst. 137(10):2470-9.  
Liu, H., May, K. (2012) Disulfide bond structures of IgG molecules: structural variations, chemical 
modifications and possible impacts to stability and biological function. MAbs. 4(1):17-23. 
Lo Conte, L., Chothia, C., Janin, J. (1999) The atomic structure of protein-protein recognition sites. J. 
Mol. Biol. 285(5):2177-98.  
Lofdahl, P. A., Nord, O., Janzon, L., Nygren, PA. (2009) Selection of TNF-alpha binding affibody 
molecules using a beta-lactamase protein fragment complementation assay.N. Biotechnol. 26(5):251-9.  
Lonberg N. (2005) Human antibodies from transgenic animals. Nat. Biotechnol. 23(9):1117-25.  
Lonberg N. (2008) Fully human antibodies from transgenic mouse and phage display platforms. Curr. 
Opin. Immunol. 20(4):450-9. 
Los, G. V., Encell, L. P., McDougall, M. G., Hartzell, D. D., Karassina, N., Zimprich, C., et al, (2008) 
HaloTag: a novel protein labeling technology for cell imaging and protein analysis. ACS Chem. Biol. 
3(6):373-82. 
Lowman, H. B., Bass, S. H., Simpson, N., Wells, J. A. (1991) Selecting high-affinity binding proteins 
by monovalent phage display. Biochemistry. 30(45):10832-8.  
Lundberg, E., Hölden-Guthenberg, I., Larsson, B., Uhlen, M., Gräslund, T. (2007) Site-specifically 
conjugated anti-HER2 Affibody molecules as one step reagetns for target expression analyses on cells 
and xenograft samples. J. Immunol. Methods. 319(1-2):53-63. 
Luo, Y., Xia, Y. (2012) Selection of single-chain variable fragment antibodies against fenitrothion by 
ribosome display. Anal. Biochem. 421(1):130-7. 
Lutz, S., Ostermeier, M., Moore, G. L., Maranas, C. D., Benkovic, S. J. (2001) Creating multiple-
crossover DNA libraries independent of sequence identity. Proc. Natl. Acad. Sci. USA. 98(20):11248-
53.  
Löfblom J. (2011) Bacterial display in combinatorial protein engineering. Biotechnol. J. 6(9):1115-29.  
Löfblom, J., Kronqvist, N., Uhlén, M., Ståhl, S., Wernérus, H. (2007) Optimization of electroporation-
mediated transformation: Staphylococcus carnosus as model organism. J. Appl. Microbiol. 102(3):736-
47.  
Löfblom, J., Sandberg, J. et al. (2007) Evaluation of staphylococcal cell surface display and flow 
cytometry for post selectional characterization of affinity proteins in combinatorial protein engineering 
applications. Appl. Environ. Microbiol. 73(21):6714-21. 
Löfås, S. and Johnsson, B. (1990) A novel hydrogel matrix on gold surfaces in surface plasmon 
resonance sensors for fast and efficient covalent immobilization of ligands. J. Chem. Soc., Chem 
Commun. 1526-8. 
Løset, G. Å., Roos, N., Bogen, B. and Sandlie, I. (2011) Expanding the Versatility of Phage Display II: 
Improved Affinity Selection of Folded Domains on Protein VII and IX of the Filamentous Phage. 
PLoS One. 6(2):e17433.  
Madhok, R., Crilly, A., Watson, J., Capell, H. A. (1993) Serum interleukin 6 levels in rheumatoid 
arthritis: correlations with clinical and laboratory indices of disease activity. Ann. Rheum. Dis. 
52(2):232-4. 
Magliery, T. J., Wilson, C. G., Pan, W., Mishler, D., Ghosh, I., Hamilton, A. D., Regan, L. (2005) 
Detecting protein-protein interactions with a green fluorescent protein fragment reassembly trap: scope 
and mechanism. J. Am. Chem. Soc. 127(1):146-57.  
Malby, R. L., Caldwell, J. B., Gruen, L. C. Harley, V. R., Ivancic, N., Kortt, A. A., Lilley, G. G., 
Power, B. E., Webster, R. G., et al. (1993) Recombinant antineuraminidase single chain antibody: 
expression, characterization, and crystallization in complex with antigen. Proteins. 18 (1):57-63. 
Malm M., Kronqvist N., Lindberg H., Gudmundsdotter L., Bass T., Frejd F. Y., Höidén Guthenberg I., 
Varasteh Z., Orlova A., Tolmachev V., Ståhl S., Löfblom J. (2013) Inhibiting HER3-mediated tumor 
cell growth with Affibody molecules en- gineered to low picomolar affinity by position-directed error-
prone PCR-like diversi- fication. PLoS One. 8(5):e62791  



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   94	  

Malmberg, J., Perols, A., Varasteh, Z., Altai, M., Braun, A., Sandström, M., Garske, U., Tolmachev, 
V., Orlova, A., Karlström A. E. (2012) Comparative evaluation of synthetic anti-HER2 Affibody 
molecules site-specifically labelled with 111In using N-terminal DOTA, NOTA and NODAGA 
chelators in mice bearing prostate cancer xenografts. Eur. J. Nucl. Med. Mol. Imaging. 39(3):481-92.  
Markham, A. and Patel, T. (2014) Siltuximab: first global approval. Drugs. 74(10):1147-52. 
Marshall, S.A., Lazar, G.A., Chirino, A.J., Desjarlais J.R. (2003) Rational design and engineering of 
therapeutic proteins. Drug Discov. Today. 8(5):212-21. 
Martello, J. L., Woytowish, M. R., Chambers, H. (2012) Ecallantide for treatment of acute attacks of 
hereditary angioedema. Am. J. Health Syst. Pharm. 69(8):651-7.  
Marvin, D.A. (1998) Filamentous phage structure, infection and assembly. Curr. Opin. Struct. Biol. 
8(2):150-8 
Marvin, D. A., Pigram, W. J., Wiseman, R. L., Wachtel, E. J., Marvin, F. J. (1974) Filamentous 
bacterial viruses: XII. Molecular architecture of the class I (fd, If1, IKe) virion. J. Mol. Biol.  88:581-
98. 
Mattheakis, L. C., Bhatt, R. R., Dower, W. J. (1994)  An in vitro polysome display system for 
identifying ligands from very large peptide libraries. Proc. Natl. Acad. Sci. USA. 91(19):9022-6. 
Matthews, D. J., Wells, J. A. (1993) Substrate phage: selection of protease substrate by monovalent 
phage display. Science. 260(5111):1113-7.  
Mazor, Y., Van Blarcom, T., Mabry, R., Iverson, B. L., Georgiou, G. (2007) Isolation of engineered, 
full-length antibodies from libraries expressed in Escherichia coli. Nat. Biotechnol. 25(5):563-5.  
Mazor, Y., Van Blarcom, T., Iverson, B. L., Georgiou, G. (2009) Isolation of full-length IgG antibodies 
from combinatorial libraries expressed in Escherichia coli. Methods Mol. Biol. 525:217-39.  
Mazumdar, S. and Greenwald, D. (2009) Golimumab. MAbs. 1(5):422-31.  
McCafferty, J.,Griffiths, A. D., Winter, G., Chiswell, D. J. (1990) Phage antibodies: filamentous phage 
displaying antibody variable domains. Nature. 348(6301):552-4. 
McCullum, E., Williams, B. A., Zhang, J., Chaput , J. C. (2010) Random mutagenesis by error-prone 
PCR. Methods Mol. Biol. 634:103-9. 
McNaughton, B. R., Cronican, J. J., Thompson, D. B., Liu, D. R. (2009) Mammalian cell penetration, 
siRNA transfection and DNA transfection by supercharged proteins. Proc. Natl. Acad. Sci. USA. 
106(15):6111-6.  
Merchant, A. M., Zhu, Z., Yuan, J. Q., Goddard, A., Adams, C. W., Presta, L. G., Carter, P. (1998) An 
efficient route to human bispecific IgG. Nat. Biotechnol. 16(7):677-81. 
Merchant, M., Ma, X., Maun, H.R., Zheng, Z., Peng, J., Romero, M., Huang, A., Yang, N., Nishimura, 
M., Greve, J., et al. (2013) Monovalent antibody design and mechanism of action of onartuzumab, a 
MET antagonist with anti-tumor activity as a therapeutic agent. Proc. Natl. Acad. Sci. USA. 110(32): 
E2987-96. 
Miao, Z., Levi, J., Cheng, Z. (2011) Protein scaffold-based molecular probes for cancer molecular 
imaging. Amino Acids. 41(5):1037-47.  
Miao, Z., Ren, G., Liu, H., Qi, S., Wu, S., Cheng, Z. (2012) PET of EGFR expression with an 18F-
labeled affibody molecule. J. Nucl. Med. 53(7):1110-8.   
Michnick, S. W., Arnold, F. H. (1999) “Itching” for new strategies in protein engineering. Nat. 
Biotechnol. 17 (12):1159-60. 
Michnick, S. W.,Ear, P. H., Manderson, E. N., Remy, I., Stefan, E. (2007) Universal strategies in 
research and drug discovery based on protein-fragment complementation assays. Nat. Rev. Drug 
Discov. 6(7):569-82.  
Miyazaki, K., Arnold, F. H. (1999) Exploring non-natural evolution- ary pathways by saturation 
mutagenesis: rapid improvement of protein function. J. Mol. Evol. 49(6):716–20. 
Moks, T., Abrahmsén, L., Nilsson, B., Hellman, U., Sjöquist, J., Uhlén, M. (1986) Staphylococcal 
protein A consists of five IgG-binding domains. Eur. J. Biochem. 156(3):637-43. 
Morrison, S. L., Johnson, M. J., Herzenberg, L. A., Qi, V. T. (1984) Chimeric human antibody 
molecules: mouse antigen-binding domains with human constant region domains. Proc. Natl. Acad. 
Sci. USA. 81(21):8651-5.  
Mosavi, L. K., Minor, D.L. Jr., Peng, Z. Y. (2002) Consensus-derived structural determinants of the 
ankyrin repeat motif. Proc. Natl. Acad. Sci. USA. 99(25):16029-34.  



  Feifan Yu, 2015 
	  

	   95	  

Mosavi, L. K., Cammett, T. J., Desrosiers, D. C., Peng, Z. Y. (2004) The ankyrin repeat as molecular 
architecture for protein recognition. Protein Sci. 13(6):1435-48. 
Mross, K., Richly, H., Fischer, R., Scharr, D., Buchert, M., Stern, A., Gille, H., Audoly, L. P., 
Scheulen, M. E. (2013) First-in-human phase I study of PRS-050 (Angiocal), an Anticalin targeting 
and antagonizing VEGF-A, in patients with advanced solid tumors. PLoS One. 8(12):e83232.  
Muyldermans, S., Atahouch, T., Saldanha, J., Barbosa, J. A., Hamers, R. (1994) Sequence and 
structure of VH domain from naturally occurring camel heavy chain immunoglobulins lacking light 
chain. Protein Eng. 7(9):1129-35.  
Mössner, E., Koch, H., Plückthun, A. (2001) Fast selection of antibodies without antigen purification: 
adaptation of the protein fragment complementation assay to select antigen-antibody pairs. J. Mol. 
Biol. 308(2):115-22. 
Nagai, T., Sawano, A., Park, E. S. and  Miyawaki, A. (2001) Circularly permuted green fluorescent 
proteins engineered to sense Ca2+. Proc. Natl. Acad. Sci. USA. 98(6):3197–202. 
Nagaoka, M., Akaike, T. (2003) Single amino acid substitution in the mouse IgG1 Fc region induces 
drastic enhancement of the affinity to protein A. Protein Eng. 16(4):243-5. 
Nanda, J. S., Lorsch, J. R. (2014) Labeling a protein with fluorophores using NHS ester derivation. 
Methods Enzymol. 536:87-94.  
Nelson, A. L., Dhimolea, E. and Reichert, J. M. (2010) Development trends for human monoclonal 
antibody therapeutics. Nat. Rev. Drug. Discov. 9(10):767-74.  
Niculescu-Duvaz, I. (2010) Trastuzumab emtansine, an antibody-drug conjugate for the treatment of 
HER2+ metastatic breast cancer. Curr. Opin. Mol. Ther. 12(3):350-60.  
Nilson, B. H., Solomon A., Björck, L., Akerström B. (1992) Protein L from Peptostreptococcus 
magunus binds to the kappa light chain variable domain. J. Biol. Chem. 276(4):2234-9.  
Nilson, B. H., Lögdberg, L., Kastern, W., Björck, L., Akerström, B. (1993) Purification of antibodies 
using protein L-binding framework structures in the light chain variable domain. J. Immunol. 
Methods. 164(1):33-40. 
Nilsson, B., Moks, T., Jansson, B., Abrahmsén, L., Elmblad, A., Holmgren, E., Henrichson, C., Jones, 
T. A., Uhlén, M. (1987) A synthetic IgG-binding domain based on staphylococcal protein A. Protein 
Eng. 1(2):107-13. 
Nilsson, J., Larsson, M., Ståhl, S., Nygren, PA, Uhlen, M. (1996) Multiple affinity domains for the 
detection, purification and immobilization of recombinant proteins. J. Mol. Recognit. 9(5-6):585-94.  
Nilvebrant, J., Astrand, M., Löfblom, J., Hober, S. (2013) Development and characterization of small 
bispecific albumin-binding domains with high affinity for ErbB3. Cell Mol. Life Sci. 70(20):3973-85.  
Nirschl, M., Reuter, F., Vörös, J. (2011) Review of transducer principles for label-free biomolecular 
interaction analysis. Biosensors. 1(3):70-92.  
Nolting B. (2013) Linker technologies for antibody-drug conjugates. Methods Mol. Biol. 1045:71-100. 
Nong, R. Y., Wu, D., Yan, J., Hammond, M., Gu, G. J., Kamali-Moghaddam, M., Landegren, U., 
Darmanis, S. (2013) Solid-phase proximity ligation assays for individual or parallel protein analyses 
with readout via real-time PCR or sequencing. Nat. Protoc. 8(6):1234-48.  
Nord, K., Gunneriusson, E., Ringdahl, J., Ståhl, S., Uhlén, M., Nygren, PA. (1997) Binding proteins 
selected from combinatorial libraries of an alpha-helical bacterial receptor domain. Nat. Biotechnol. 
15(8):772-7. 
Nord, K., Gunneriusson, E., Uhlén, M., Nygren, PA. (2000) Ligands selected from combinatorial 
libraries of protein A for use in affinity capture of apolipoprotein A-1M and taq DNA polymerase. J. 
Biotechnol. 80(1):45-54.  
Nyelon, C. (2004)Chemical and biochemical strategies for the randomization of protein encoding DNA 
sequences: library construction methods for directed evolution. Nucleic Acids Res. 32(4):1448-59. 
Nygren, PA. (2008) Alternative binding proteins: affibody binding proteins developed from a small 
three-helix bundle scaffold. FEBS J. 275(11):2668-76. 
Nygren, PA., Eliasson, M., Abrahmsén, L., Ulén, M., Palmcrantz, E. (1988) Analysis and use of the 
serum albumin binding domains of streptococcal protein G. J. Mol. Recognit. 1(2):69-74. 
Nygren, PA., Ståhl, S., Uhlen, M. (1994) Engineering proteins to facilitate bioprocessing. Trends 
Biotechnol. 12(5):184-8.  



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   96	  

Kazlauskas, R. J., Bornscheuer, U. T.  (2009) Finding better protein engineering strategies. Nat. Chem. 
Biol. 5(8):526-9. 
Kapust, R. B., Waugh, D. S. (1999) Escherichia coli maltose-binding protein is uncommonly effective 
at promoting the solubility of polypeptides to which it is fused. Protein Sci. 8(8):1668-74.  
Orcutt, K. D., Ackerman, M. E., Cieslewicz, M., Quiroz, E., Slusarczyk, A. L., Frangioni, J. V., 
Wittrup, K. D. (2010) A modular IgG-scFv bispecific antibody topology. Protein Eng. Des. Sel. 
23(4):221-18.  
Orlandi, R., Güssow, D. H., Jones, P. T., Winter, G. (1989) Cloning immunoglobulin variable domains 
for expression by the polymerase chain reaction. Proc. Natl. Acad. Sci. USA. 86(10):3833-7. 
Orlova, A., Magnusson, M., Eriksson, T. L., Nilsson, M., Larsson, B., Höidén-Guthenberg, I., 
Widström, C., Carlsson, J., Tolmachev, V., Ståhl, S., Nilsson, F. Y. (2006) Tumor imaging using a 
picomolar affinity HER2 binding affibody molecule. Cancer Res. 66(8):4339-48. 
Orlova, A., Tolmachev, V., Pehrson, R., Linborg, M., Tran, T., Sandström, M., Nilsson, F. Y., 
Wennborg, A., Abrahmsen, L., Feldwisch, J. (2007) Synthetic affibody molecules: a novel class of 
affinity ligands for molecular imaging of HER2-expressing malignant tumors. Cancer Res. 
67(5):2178-86.  
Orlova, A., Malm, M., Rosestedt, M., Varasteh, Z., Andersson, K., Selvaraju, R. K., Altai, M., 
Honarvar, H., Strand, J., Ståhl, S., Tolmachev, V., Löfblom, J. (2014) Imaging of HER3-expressing 
xenografts in mice using a 99mTc(CO) 3-HEHEHE-Z HER3:08699 affibody molecule. Eur. J. Nucl. 
Med. Mol. Imaging. 41(7):1450-9. 
Ormö, M., Cubitt, A. B., Kallio, K., Gross, L. A., Tsien, R. Y., Remington, S. J. (1996) Crystal 
structure of the Aequorea victoria green fluorescent protein. Science. 273(5280):1392-5.  
Osborn, B. L., Sekut, L., Corcoran, M., Pootman, C., Sturm, B., Chen, G., Mather, D., Lin, H. L., 
Parry, T. J. (2002). Albutropin: a growth hormone-albumin fusion with improved pharmacokinetics 
and pharmacodynamics in rats and monkeys. Eur. J. Pharmacol. 456(1-3):149-58. 
Osbourn, J., Groves, M., Vaughan, T. (2005) From rodent reagents to human therapeutics using 
antibody guided selection. Methods. 36(1):61-8. 
Ostermeier, M., Nixon, A. E., Shim, J. H., Benkovic, S. J. (1999) Combinatorial protein engineering by 
incremental truncation. Proc. Natl. Acad. Sci. USA. 96(7):3562-7. 
Okamoto, T., Mukai, Y., Yoshioka, Y., Shibata, H., Kawamura, M., Yamamoto, Y., Nakagawa, S., 
Kamada, H., Hayakawa, T., Mayumi, T., Tshtsumi, Y. (2004) Optimal construction of non-immune 
scFv phage display libraries from mouse bone marrow and spleen established to select specific scFvs 
efficiently binding to antigen. Biochem. Biophys Res. Commun. 323(2):583-91. 
O’Connell, D., Becerril, B., Roy-Burman, A., Daws, M., Marks, J. D. (2002) Phage versus phagemid 
libraries for generation of human monoclonal antibodies. J. Mol. Biol. 321(1):49-56. 
O’Hear C. E. and Foote, J. (2005) Antibody buffering of a ligand in vivo. Proc. Natl. Acad. Sci. USA. 
102(1):40-4. 
O’Shea, J. J., Murray, P. J. (2008) Cytokine singnaling modules in inflammatory responses. Immunity. 
28(4):477-87. 
Page, M., Thorpe, R. (1998) Purification of monoclonal antibodies. Methods Mol. Biol. 80:113-9. 
Panscri, P., Jaruseranee, N., Rangnoi, K., Kristensen, P., Yamabhai, M. (2009) A compact phage 
display human scFv library for selection of antibodies to a wide variety of antigens. BMC Biotechnol. 
9:6. 
Pardon, E., Laeremans, T., Triest, S., Rasmussen, S. G., Wohlkönig, A., Ruf, A., Muyldermans, S, Hol, 
W. G., Kobilka, B. K., Steyaert, J. (2014) A general protocol for the generation of Nanobodies for 
structural biology. Nat Protoc. 9(3):674-93.  
Patrick, W. M., Firth, A. E. (2005) Strategies and computational tools for improving randomized 
protein libraries. Biomol. Eng. 22(4):105-12. 
Pasqualini, R., Ruoslahti, E. (1996) Organ targeting in vivo using phage display peptide libraries. 
Nature. 380(6572):364-6. 
Perols, A., Honarvar, H., Strand, J., Selvaraju, R., Orlova, A., Karlström, A. E., Tolmachev, V. (2012) 
Influence of DOTA chelator position on biodistribution and targeting properties of (111)In-labeled 
synthetic anti-HER2 affibody molecules. Bioconjug. Chem. 23(8):1661-70.  
Perols, A., Karlström, A. E. (2014) Site-specific photoconjugation of antibodies using chemically 
synthesized IgG-binding domains. Bioconjug. Chem. 25(3):481-8. 



  Feifan Yu, 2015 
	  

	   97	  

Pershad, K., Pavlovic, J. D., Gräslund, S., Nilsson, P., Colwill, K., Karatt-Vellatt, A., Schofield, D. J., 
Dyson, M. R., Pawson, T., Kay, B. K., McCafferty, J. (2010) Generating a panel of highly specific 
antibodies to 20 human SH2 domains by phage display. Protein Eng. Des. Sel. 23(4):279-88.  
Predonzani, A., Arnldi, F., Lopez-Requena, A., Burrone, O. R. (2008) In vivo site-specific biotinylation 
of proteins within the secretory pathway using a single vector system. BMC Biotechnol. 8:41.  
Pryor, K. D., Leiting, B. (1997) High-level expression of soluble protein in Escherichia coli using a 
His6-tag and maltose-binding-protein double-affinity fusion system. Protein Expr. Purif.10(3):309-19.  
Pandyarajan, V., Weiss, M. A. (2012) Design of non-standard insulin analogs for the treatment of 
diabetes mellitus. Curr. Diab. Rep. 12(6):697-704. 
Pierce, M. M., Raman, C. S., Nall, B. T. (1999) Isothermal titration calorimetry of protein-protein 
interactions. Methods. 19(2):213-21.  
Porter, J. R., Stains, C. I., Segal, D. J., Ghosh, I. (2007) Split beta lactamase sensor for the sequence-
specific detection of DNA methylation. Anal. Chem. 19(17):6702-8. 
Pouny, Y., Weitzman, C., Kaback, H. R. (1998) In vitro biotinylation provides quantitative recovery of 
highly purified active lactose permease in a single step. Biochemistry. 37(45):15713-9.  
Puri, V., Streaker, E., Prabakaran, P., Zhu, Z., Dimitrov, D. S. (2013) Highly efficient selection of 
epitope specific antibody through competitive yeast display library sorting. MAbs. 5(4):533-9 
Pédelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C., Waldo, G. S. (2006) Engineering and 
characterization of a superfolder green fluorescent protein. Nat. Biotechnol. 24(1):79-88.  
Qi, S., Miao, Z., Liu, H., Xu, Y., Feng, Y., Cheng, Z. (2012) Evaluation of four affibody-based near-
infrared fluorescent probes for optical imaging of epidermal growth factor receptor positive tumors. 
Bioconjug. Chem. 23(6):1149-56.  
Qian, Z., Lutz. S. (2005) Improving the catalytic activity of Candida antarctica lipase B by circular 
permutation. J. Am. Chem. Soc. 127(39):13466-7. 
Qiu, J. K., Jung, S. T., Georgiou, G., Hang, H. Y. (2010) Enrichment of Escherichia coli spheroplasts 
displaying scFv antibodies specific for antigens expressed on the human cell surface. Appl. Microbiol. 
Biotechnol. 88(6):1385-91.  
Qiu, X., Fernando, L., Melito, P. L., Audet, J., Feldmann, H., Kobinger, G., Alimonti, J. B., Jones, S. 
M. (2012) Ebola GP-specific monoclonal antibodies protect mice and guinea pigs from lethal Ebola 
virus infection. PLoS Negl. Trop. Dis. 6(3):e1575. 
Qiu, X. et al. (2014) Reversion of advanced Ebola virus disease in nonhuman primates with ZMapp. 
Nature. 514(7520):47-53.  
Radaev, S., Motyka, S., Fridman, W. H., Sautes-Fridman, C., Sun, P. D. (2001) The structure of a 
human type III Fcgamma receptor in complex with Fc. J. Biol. Chem. 276(19):16469-77.  
Rader, C., Barbas, C. F. 3rd. (1997) Phage display of combinatorial antibody libraries. Curr. Opin. 
Biotechnol. 8(4):503-8. 
Rao, B. M., Driver, I., Lauffenburger, D. A., Wittrup, K. D. (2004) Interleukin 2 (IL-2) variants 
engineered for increased IL-2 receptor alpha-subunit affinity exhibit increased potency arising from a 
cell surface ligand reservoir effect. Mol. Pharmacol. 66(4):864-9. 
Rasmussen, U. B., Schreiber, V., Schultz, H., Mischler, F., Schughart, K. (2002) Tumor cell-targeting 
by phage-displayed peptides. Cancer Gene Ther. 9(7):606-12. 
Rehlaender, B. N., Cho, M. J. (1998) Antibodies as carrier proteins. Pharm. Res. 15(11):1652-6.  
Remy, I., Campbell-Valois, F. X., Michnick, S. W. (2007) Detection of protein-protein interactions 
using a simple survival protein-fragment complementation assay based on the enzyme dihydrofolate 
reductase. Nat Protoc. 2(9):2120-5.  
Ridgway, J. B., Presta, L.G., Carter, P. (1996) “Knobs-into-holes” engineering of antibody CH3 
domains for heavy chain heterodimerization. Protein Eng. 9(7):617-21. 
Rockberg, J., Löfblom, J., Hjelm, B., Uhlén, M., Ståhl, S. (2008) Epitope mapping of antibodies using 
bacterial surface display. Nat. Methods. 5(12):1039-45. 
Roopenian, D. C., Akilesh, S. (2007) FcRn: the neonatal Fc receptor comes of age. Nat. Rev. 
Immunol. 7(9):715-25.  
Rothe, C., Urlinger, S., Löhning, C., Prassler, J., Stark, Y., Jäger, U., Hubner, B., Bardroff, M., Pradel, 
I., Boss, M., Bittlingmaier, R., Bataa, T., Frisch, C., Brocks, B., Honegger, A., Urban, M. (2008) The 
human combinatiorial antibody library HuCAL GOLD combines diversification of all six CDRs 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   98	  

according to the natural immune system with a novle display method for efficient selection of high 
affinity antibodies. J. Mol. Biol. 376(4):1182-200. 
Ryan, M. H., Petrone, D., Nemeth, J. F., Barnathan, E., Björck, L., Jordan, R. E. (2008) Proteolysis of 
purified IgGs by human and bacterial enzymes in vitro and the detection of specific proteolytic 
fragments of endogenous IgG in rheumatoid synovial fluid. Mol. Immunol. 45(7):1837-46. 
Rönnmark, J., Kampf, C., Asplund, A., Höidén-Guthenberg, I., Wester, K., Pontén, F., Uhlén, M., 
Nygren, PA. (2003) Affibody-beta-galactosidase immunocojugates produced as soluble fusion protein 
in the Escherichia coli cytosol. J. Immunol. Methods. 281(1-2):149-60.  
Sanger, F., Tuppy, H. (1951) The amino-acid sequence in the phenylalanyl chain of insulin. I. The 
identification of lower peptides from partial hydrolysates. Biochem. J. 49(4):463-81.  
Sarkar, M., Magliery, T. J. (2008) Re-engineering a split-GFP reassembly screen to examine RING-
domain interactions between BARD1 and BRCA1 mutants observed in cancer patients. Mol. Bipsyst. 
4(6):599-605. 
Sauer-Eriksson, A. E., Kleywegt, G. J., Uhlén, M., Jones, T. A. (1995) Crystal structure of the C2 
fragment of streptococcal protein G in complex with the Fc domain of human IgG. Structure. 
3(3):265-78. 
Sazinsky, S. L., Ott, R. G., Silver, N. W., Tidor, B., Ravetch, J. V., Wittrup, K. D. (2008) 
Aglycosylated immunoglobulin G1 variants productively engage activating Fc receptors. Proc. Natl. 
Acad. Sci. USA. 105(51):20167-72.  
Schaefer, W., Regula, J. T., Bähner, M., Schanzer, J., Croasdale, R., Dürr, H., Gassner, C., Georges, 
G., Kettenberger, H., Imhof-Jung S., Schwaiger, M., Stubenrauch, K. G., Sustmann, C., Thomas, M., 
Scheuer, W., Klein, C. (2011) Immunoglobulin domain crossover as a generic approach for the 
production of bispecific IgG antibodies. Proc. Natl. Acad. Sci. USA. 108(27):11187-92.  
Schatz, P. J. (1993) Use of peptide libraries to map the substrate specificity of a peptide-modifying 
enzyme: a 13 residue consensus peptide specifies biotinylation in Escherichia coli. Biotechnology (N 
Y). 11(10):1138-43. 
Scheller, J., Chalaris, A., Schmidt-Arras, D., Rose-John, S. (2011) The pro- and anti-inflammatory 
properties of the cytokine interleukin-6. Biochim. Biophys. Acta. 1813(5):878-88.  
Schlehuber, S., Beste, G., Skerra, A. (20009 A novel type of receptor protein, based on the lipocalin 
scaffold, with specificity for digoxigenin. J. Mol. Biol. 297(5):1105-20. 
Schlehuber, S., Skerra, A. (2002) Tuning ligand affinity, specificity, and folding stability of an 
engineered lipocalin variant -a so-called “anticalin” -using a molecular random approach. Biophys. 
Chem. 96(2-3):213-28. 
Schmidt, M. M., Wittrup, K.D. (2009) A modeling analysis of the effects of molecular size and binding 
affinity on tumor targeting. Mol. Cancer. Ther. 8(10):2861-71. 
Schönfeld, D., Matschiner, G., Chatwell, L., Trentmann, S., Gille, H., Hulsmeyer, M., Brown, N., 
Kaye, P. M., Schlehuber, S., Hohlbaum, A. M., Skerra, A. (2009) An engineered lipocalin specific for 
CTLA-4 reveals a combining site with structural and conformational features. Proc. Natl. Acad. Sci. 
USA. 106(20):8198-203.   
Secco, P., D'Agostini, E., Marzari, R., Licciulli, M., Di Niro, R., D'Angelo, S., Bradbury, A. R., 
Dianzani, U., Santoro, C., Sblattero, D. (2009) Antibody library selection by the beta-lactamase protein 
fragment complementation assay. Protein Eng. Des. Sel. 22(3):149-58. 
Seeger, M. A., Zbinden, R., Flütsch, A., Gutte, P. G., Engeler, S., Roschitzki-Voser, H., Grütter, M. G. 
(2013) Design, construction, and characterization of a second-generation DARP in library with reduced 
hydrophobicity. Protein Sci. 22(9):1239-57.  
Seelig, B., Szostak, J. W. (2007) Selection and evolution of enzymes from a partially randomized non-
catalytic scaffold. Nature. 448(7155):828-31.  
Seidel, U. J., Schlegel, P., Lang, P. (2013) Natural killer cell mediated antibody-dependent cellular 
cytotoxicity in tumor immunotherapy with therapeutic antibodies. Front Immunol. 4:76.  
Shafikhani, S., Siegel, R. A., Ferrari, E., Schellenberger, V. (1997) Generation of large libraries of 
random mutants in Bacillus subtilis by PCR-based plasmid multimerization. BioTechniques 23(2):304-
10. 
Shaw, S., Bourne, T., Meier, C., Carrington, B., Gelinas, R., Henry, A., Popplewell, A., Adams, R., 
Baker, T., Rapecki, S., Marshall, D., Moore, A., Neale, H., Lawson, A. (2014) Discovery and 
characterization of olokizumab: A humanized antibody targeting interleukin-6 and neutralizing gp130-



  Feifan Yu, 2015 
	  

	   99	  

signaling. MAbs. 6(3):774-82.  
Sheets, M. D., Amersdorfer, P., Finnern, R., Sargent, P., Lindquist, E., Schier, R., Hemingsen, G., 
Wong, C., Gerhart, J. C., Marks, J. D. (1998) Efficient construction of a large nonimmune phage 
antibody library: the production of high-affinity human single-chain antibodies to protein antigens. 
Proc. Natl. Acad. Sci. USA. 95(11):6157-62. 
Shekhawat, S. S., Ghosh, I. (2011) Split-protein systems: beyond binary protein-protein interactions. 
Curr. Opin. Chem. Biol. 15(6): 789-97. 
Shen, B. Q., et al, (2012) Conjugation site modulates the in vivo stability and therapeutic activity of 
antibody-drug conjugates. Nat. Biotechnol. 30(2):184-9.  
Shen, Y., Yang, X., Dong, N., Xie, X., Bai, X., Shi, Y. (2007) Generation and selection of immunized 
Fab phage display library against human B cell lymphoma. Cell Res. 17(7): 650-60. 
Shields, R.L., Namenuk, A. K., Hong, K., Meng, Y. G., Rae, J., Briggs, J., Xie, D., Lai, J., Stadlen, A., 
Li, B., Fox, J. A., Presta, L. G. (2001) High resolution mapping of the binding site on human IgG1 for 
Fc gamma RI, Fc gamma RII, Fc gamma RIII, and FcRn and design of IgG1 variants with improved 
binding to the Fc gamma R. J. Biol. Chem. 276(9):6591-604. 
Shields, R. L., Lai, J., Keck, R., O'Connell, L. Y., Hong, K., Meng, Y. G., Weikert, S. H., Presta, L. G. 
(2002) Lack of fucose on human IgG1 N-linked oligosaccharide improves binding to human Fcgamma 
RIII and antibody-dependent cellular toxicity. J. Biol. Chem. 277(30):26733-40.  
Shimomura, O., Johnson, F. H., Saiga, Y. (1962) Extraction, purification and properties of aequorin, a 
bioluminescent protein from the luminous hydromedusan, Aequorea. J. Cell Comp. Physiol. 59:223-
39. 
Shyu, Y. J., Hu, C. D. (2008) Fluorescence complementation: an emerging tool for biological research. 
Trends Biotechnol. 26(11):622-30.  
Sidhu, S. S., Li, B., Chen, Y., Fellouse, F. A., Eigenbrot, C., Fuh, G. (2004) Phage-displayed antibody 
libraries of synthetic heavy chain complementarity determining regions. J. Mol. Biol. 338(2):299-310. 
Sieber, V., Martinez, C. A., Arnold, F. H. (2001) Libraries of hybrid proteins from distantly related 
sequences. Nat. Biotechnol. 19(5):456-60. 
Sigal, I.S., Harwood, B. G., Arentzen, R. (1982) Thiol-beta-lactamase: replacement of the active-site 
serine of RTEM beta-lactamase by a cysteine residue. Proc. Natl. Acad. Sci. USA. 79(23):7157-60. 
Simmons, L. C., Reilly, D., Klimowski, L., Raju, T. S., Meng, G., et al.  (2002) Expression of full-
length immunoglobulins in Escherichia coli: rapid and efficient production of aglycosylated antibodies. 
J Immunol Methods 263 (1-2):133-47. 
Simons, G. F., Konings, R.N., and Schoenmakers, J. G. (1981) Genes VI, VII, and IX of phage M13 
code for minor capsid proteins of the virion. Proc. Natl. Acad. Sci. USA. 78(7):4194-8. 
Skerra, A. (2001) “Anticalins”: a new class of engineered ligand-binding proteins with antibody-like 
properties. J. Biotechnol. 74(4):257-75.  
Skerra, A. (2007) Alternative non-antibody scaffolds for molecular recognition. Curr. Opin. 
Biotechnol. 18(4):295-304. 
Skerra, A. (2007) Anticalins as alternative binding proteins for therapeutic use. Curr. Opin. Mol. Ther. 
9(4):336-44.  
Smith, G. P. (1985) Filamentous fusion phage: novel expression vectors that display cloned antigens on 
the virion surface. Science. 228(4705):1315-7. 
Smith, G. P., Petrenko, V. A. (1997) Phage Display. Chem. Rev. 97:391–410. 
Smith, P. A., Tripp, B. C., DiBlasio-Smith, E. A., Lu, Z., LaVallie, E. R., McCoy, J. M. (1998) A 
plasmid expression system for quantitative in in vivo biotinylation of thioredoxin fusion protein in 
Escherichia coli. Nucleic Acids Res. 26(6):1414-20.  
Sondermann, P., Huber, R., Oosthuizen, V.,Jacob, U. (2000) The 3.2-A crystal structure of the human 
IgG1 Fc fragment-Fc gammaRIII complex. Nature.  406(6793):267-73.  
Soumillion, P., Jespers, L., Bouchet, M., Marchand-Brynaert, J., Winter, G., Fastrez, J.(1994) Selection 
of beta lactamase on filamentous bacteriophage by catalytic activity. J. Mol. Biol. 237(4):415-22.  
Stains, C. I., Furman, J. L., Segal, D. J., Ghosh, I. (2006) Site-specific detection of DNA methylation 
utilizing mCpG-SEER. J. Am. Chem. Soc. 128(30):9761-5. 
Steiner, D., Forrer, P., Stumpp, M. T., Plückthun, A. (2006) Signal sequences directing cotranslational 
translocation expand the range of proteins amenable to phage display. Nat. Biotechnol. 24(7):823-31. 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   100	  

Steiner D, Forrer P, Plückthun A. (2008) Efficient selection of DARPins with sub-nanomolar affinities 
using SRP phage display. J. Mol. Biol. 382(5):1211-27.  
Stemmer, W. P. (1994) Rapid evolution of a protein in vitro by DNA shuffling. Nature. 
370(6488):389-91. 
Stern, L. A., Case, B. A., Hackel, B. J. (2013) Alternative non-antibody protein scaffolds for molecular 
imaging of cancer. Curr. Opin. Chem. Eng. 2(4). 
Stills, H. F., Manning, P. J., Ringle, D. H., Newcomer, C. E., eds. (1994) Polyclonal antibody 
production. Pp. 435-448. The biology of the laboratory rabbit 2nd edition San Diego: Academic Press.  
Stone, G. C., Sjöbring, U., Björck, L., Sjöquist, J., Barber, C. V., Nardella, F. A. (1989) The Fc binding 
site for streptococcal protein G is in the C gamma 2-C gamma 3 interface region of IgG and is related 
to the sites that bind staphylococcal protein A and human rheumatoid factors. J. Immunol. 143(2):565-
70. 
Stumpp, M. T., Amstutz, P. (2007) DARPins: a true alternative to antibodies. Curr. Opin. Drug 
Discov. Devel. 10(2):153-9. 
Suzuki, T., Ishii-Watabe, A., Tada, M., Kobayashi, T., Kanayasu-Toyoda, T., Kawanishi, T., 
Yamaguchi, T. (2010) Importance of neonatal FcR in regulating the serum half-life of therapeutic 
proteins containing the Fc domain of human IgG1: a comparative study of the affinity of monoclonal 
antibodies and Fc-fusion proteins to human neonatal FcR. J. Immunol. 184(4):1968-76.  
Szybalski, E. H. and Szybalski, W. (1962) Genetics of human cell lines IV. DNA- mediated heritable 
transformation of a biochemical trait. Proc. Natl. Acad. Sci. USA. 48(12):2026-34. 
Sørensen, M. D., Kristensen, P. (2011) Selection of antibodies against a single rare cell present in a 
heterogeneous population using phage display. Nat. Protoc. 6(4): 509-522. 
Söderberg, O., Leuchowius, K. J., Kamali-Moghaddam, M., Jarvius, M., Gustafsdottir, E., Gullberg, 
M., Jarvius, J., Landegren, U. (2007) Proximity ligation: a specific and versatile tool for the proteomic 
era. Genet Eng. (NY) 28:85-93. 
Sörensen, J., Sandberg, D., Sandström, M., Wenborg, A., Feldwisch, J., Tolmachev, V., Åström, G., 
Lubberink, M., Garske-Roman, U., Carlsson, J., Lindman, H. (2014) First-in-human molecular imaging 
of HER2 expression in breast cancer metastases using the 111In-ABY-025 affibody molecule. J. Nucl. 
Med. 55(5):730-5.  
Takahashi, T. T., Austin, R. J., Roberts, R. W. (2003) mRNA display: ligand discovery, interaction 
analysis and beyond. Trends Biochem. Sci. 28(3):159-9.  
Tashiro, M., Tejero, R., Zimmerman, D. E., Celda, B., Nilsson, B., Montelione, G. T. (1997)  High-
resolution solution NMR structure of the Z domain of staphylococcal protein A. J. Mol. Biol. 
272(4):573-90. 
Tavaré, J. M., Fletcher, L. M., Welsh, G. I. (2001) Using green fluorescent protein to study 
intracellular signalling. J. Endocrinol. 170(2):297-306. 
Terpe, K. (2003) Overview of tag protein fusions: from molecular and biochemical fundamentals to 
commercial systems. Appl. Microbiol. Biotechnol. 60(5):523-33.  
Thie, H., Meyer, T., Schirrmann, T., Hust, M., Dübel, S. (2008) Phage display derived therapeutic 
antibodies. Curr. Pharm. Biotechnol. 9(6):439-46.  
Tian, F. et al, (2014) A general approach to site-specific antibody drug conjugates. Proc. Natl. Acad. 
Sci. USA. 111(5):1766-71.  
Tinberg, C. E., Khare, S. D., Dou, J., Doyle, L., Nelson, J. W., Schena, A., Jankowski, W., Kalodimos, 
C. G., Johnsson, K., Stoddard, B. L., Baker, D. (2013) Computational design of ligand-binding proteins 
with high affinity and selectivity. Nature. 501(7466):212-6.  
Toleikis, L., Frenzel, A. (2012) Cloning single-chain antibody fragments (ScFv) from hyrbidoma cells. 
Methods Mol. Biol. 907:59-71. 
Tolmachev, V., Malmberg, J., Hofström, C., Abrahmsen, L., Bergman, T., Sjöberg, A., Sandström, M., 
Gräslund, T., Orlova, A. (2012) Imaging of insulinlike growth factor type 1 receptor in prostate cancer 
xenografts using the affibody molecule 111In-DOTA-ZIGF1R:4551. J. Nucl. Med. 53(1):90-7. 
Tolmachev, V., Orlova, A., Nilsson, F. Y., Feldwisch, J., Wennborg, A., Abrahmsén, L. (2007) 
Affibody molecules: potential for in vivo imaging of molecular targets for cancer therapy. Expert 
Opin. Biol. Ther. 7(4):555-68. 
Tolmachev, V., Tran, T. A., Rosik, D., Sjöberg, A., Abrahmsén, L., Orlova, A. (2012) Tumor targeting 
using affibody molecules: interplay of affinity, target expression level, and binding site composition. J 



  Feifan Yu, 2015 
	  

	   101	  

Nucl. Med. 53(6):953-60.  
Tolmachev, V., Orlova, A., Karlström, A. E. (2012) Comparative evaluation of synthetic anti-HER2 
Affibody molecules site-specifically labelled with 111In using N-terminal DOTA, NOTA and 
NODAGA chelators in mice bearing prostate cancer xenografts. Eur. J. Nucl. Med. Mol. Imaging. 
39(3):481-92. 
Topell, S., Hennecke, J., Glockshuber, R. (1999) Circularly permuted variants of the green fluorescent 
protein. FEBS Letters 457(2):283-9. 
Xu, L., Aha, P., Gu, K., Kuimelis, R. G., Kurz, M., Lam, T., Lim, A. C., Liu, H., Lohse, P. A., Sun, L., 
Weng, S., Wagner, R. W., Lipovsek, D. (2002) Directed evolution of high-affinity antibody mimics 
using mRNA display. Chem. Biol. 9(8):933-42.  
Umana, P., Jean-Mairet, J., Moudry, R., Amstutz, H., Bailey, J. E. (1999) Engineered glycoforms of an 
antineuroblastoma IgG1 with optimized antibody-dependent cellular  cytotoxic activity. Nat. 
Biotechnol. 17(2):176-80.  
Unverdorben, F., Färber-Schwarz, A., Richter, F., Hutt, M., Kontermann, R. E. (2012) Half-life 
extension of a single-chain diabody by fusion to domain B of staphylococcal protein A. Protein Eng. 
Des. Sel. 25(2):81-8.  
Uttamapinant, C., White, K. A., Baruah, H.,Thompson, S., Fernández-Suárez, M.,  Puthenveetil, S., 
Ting, A. Y.  (2010) A fluorophore ligase for site-specific protein labeling inside living cells. Proc. 
Natl. Acad. Sci. USA. 107(24):10914-9. 
Virnekäs, B., Ge, L., Pluckthun, A., Schneider, K. C., Wellnhofer, G., Moroney, S. E. (1994) 
Trinucleotide phosphoramidites: ideal reagents of the synthesis of mixed oligonucleotides for random 
mutagenesis. Nucleic Acids Res. 22(25):5600-7.  
Wachter, R. M., Elsliger, M. A., Kallio, K., Hanson, G. T., Remington, S. J. (1998) Structural basis of 
spectral shifts in the yellow-emission variants of green fluorescent protein. Structure. 6(10):1267-77.  
Wada, T., Azegami, M., Sugiyama, M., Tsuneki, H., Sasaoka, T. (2008) Characteristics of signalling 
properties mediated by long-acting insulin analogue glargine and detemir in target cells of insulin. 
Diabetes Res. Clin. Pract. 81(3):269-77.  
Wahlberg, E., Lendel, C., Helgstrand, M., Allard, P., Dincbas-Renqvist, V., Hedqvist, A., Berglund, 
H., Nygren, P. A., Härd, T. (2003) An affibody in complex with a target protein: structure and coupled 
folding. Proc. Natl. Acad. Sci. USA. 100(6):3185-90.  
Waldo, G. S., Standish, B. M., Berendzen, J., Terwilliger, T. C. (1999) Rapid protein-folding assay 
using green fluorescent protein. Nat. Biotechnol. 17(7):691-5. 
Walls, D., Loughran, S. T. (2011) Tagging recombinant proteins to enhance solubility and aid 
purification. Methods Mol. Biol. 681:151-75. 
Walsh, G., Jefferis, R. 2006. Post-translational modifications in the context of therapeutic proteins. 
Nat. Biotechnol. 24(10): 1241-52. 
Wang, A., Lu, S. D., Mark, D. F. (1984) Site-specific mutagenesis of the human interleukin-2 gene: 
structure-function analysis of the cysteine residues. Science. 224(4656):1431-3.  
Wang, J., Liu, Y., Teesalu, T., Sugahara, K. N., Kotamragua, V. R., Adams, J. D., Ferguson, B. S., 
Gong, Q., Oh, S. S., Csordas, A. T., Cho, M., Ruosiahti, E., Xiao, Y., Soh, H. T. (2011) Selection of 
phage-displayed peptides on live adherent cells in microfluidic channels. Proc. Natl. Acad. Sci. USA. 
108(17):6909-14.  
Wang, Z., Mathias, A., Stavrou, S., Neville, D. M. Jr. (2005) A new yeast display vector permitting 
free scFv amino termini can augment ligand binding affinities. Protein Eng. Des. Sel. 18(7):337-43.  
Ward, E. S., Gussow, D., Grffiths, A. D., Jones, P. T., Winter, G. (1989) Binding activities of a 
repertoire of single immunoglobulin variable domains screted from Escherichia coli. Nature. 
341(6242):544-6.   
Watson, J. D., Crick, F. H. (1953) Molecular structure of nucleic acids; a structure for deoxyribose 
nucleic acid. Nature 171(4356):737-8. 
Weaver-Feldhaus, J. M., Lou, J., Coleman, J. R., Siegel, R. W., Marks, J. D., Feldhaus, M. J. (2004) 
Yeast mating for combinatorial Fab library generation and surface display. FEBS Lett. 564(1-2):24-34. 
Wehrman, T., Kleaveland, B., Her, J. H., Balint, R. F., Blau, H. M. (2002) Protein-protein interactions 
monitored in mammalian cells via complementation of beta-lactamase enzyme fragments. Proc. Natl. 
Acad. Sci. USA. 99(6):3469-74.  
Wikman, M., Steffen, A. C., Gunneriusson, E., Tolmachev, V., Adams, G. P., Carlsson, J., Ståhl, S. 



Generating Affinity Proteins for Biotechnological, Diagnostic and Therapeutic Applications 

	   102	  

(2004) Selection and characterization of HER2/neu-binding affibody ligands. Protein Eng. Des. Sel. 
17(5):455-62. 
Wilson, C. G., Magliery, T. J., Regan, L. (2004) Detecting protein-protein interactions with GFP-
fragment reassembly. Nat. Methods. 1(3):255-62. 
Winter, G., Fersht, A. R., Wilkinson, A. J., Zoller, M., Smith, M. (1982) Redesigning enzyme structure 
by site-directed mutagenesis: tyrosyl tRNA synthetase and ATP binding. Nature. 299(5885):756-8. 
Wittelsberger, A., Mierke, D. F., and Rosenblatt, M. (2008) Mapping ligand-receptor interfaces: 
approaching the resolution limit of benzophenone-based photoaffinity scanning. Chem. Biol. Drug 
Des. 71(4):380-3. 
Wittelsberger, A., Thomas, B. E., Mierke, D. F., Rosenblatt, M. (2006) Methionine acts as a "magnet" 
in photoaffinity crosslinking experiments. FEBS Lett. 580(7):1872-6.  
Weiss, G.A., Watanabe, C.K., Zhong A, Goddard, A, Sidhu, S.S. (2000) Rapid mapping of protein 
functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA. 97(16):8950-4. 
Whitehead, T. A., Bergeron, L. M., Clark, D. S. (2009) Tying up the loose ends: Circular permutation 
decreases the proteolytic susceptibility of recombinant proteins. Protein Eng. Des. Sel. 22 (10):607-13. 
Widersten, M., Mannervik, B. (1995) Glutathione transferases with novel active sites isolated by phage 
display from a library of random mutants. J. Mol. Biol. 250(2):115-22. 
Wållberg, H., Löfdahl, P. K., Tschapalda, K., Uhlén, M., Tolmachev, V., Nygren, P. K., Ståhl, S. 
(2011) Affinity recovery of eight HER2-binding affibody variants using an anti-idiotypic affibody 
molecule as capture ligand. Protein Expr. Purif. 76(1):127-35.  
Yamane-Ohnuki, M. et al. (2004) Establishment of a FUT8 knockout Chinese hamster ovary cells: an 
ideal host cell line for producing completely defucosylated antibodies with enhanced antibody-
dependant cellular cytotoxicity. Biotechnol. Bioeng. 87(5):614-22. 
Yang, F., Moss, L. G., Phillips, G. N. Jr. (1996) The molecular structure of green fluorescent protein. 
Nat. Biotechnol. 14(10):1246-51.  
Yang, L., Harding, J. D., Ivanov, A. V., Ramasubramanyan, N., Dong, D. D. (2015) Effect of cleaning 
agents and additives on protein A ligand degradation and chromatography performance. J. 
Chromatogr. A. 1385:63-8.  
Yau, K.Y., Groves, M.A., Li, S., Sheedy, C. (2003) Selection of hapten-specific single-domain 
antibodies from a non- immunized llama ribosome display library. J. Immunol. Methods 281(1-
2):161-75. 
Yu, Y., Lutz, S. (2010) Improved triglyceride transesterification by circular permuted Candida 
antarctica lipase B. Biotechnol. Bioeng. 105(1):44-50. 
Zahnd, C., Spinelli, S., Luginbuhl, B., Amstutz, P., Cambilau, C., Plückthun, A. (2004) Directed in 
vitro evolution and crystallographic analysis of a peptide- binding single chain antibody fragment 
(scFv) with low picomolar affinity. J. Biol. Chem. 279(18):18870–7. 
Zahnd, C., Wyler, E., Schwenk, J. M., Steiner, D., Lawrence, M. C., McKern, N. M., Pecorari, F., 
Ward, C. W., Joos, T. O., Plückthun, A. (2007) A designed ankyrin repeat protein evolved to picomolar 
affinity to Her2. J. Mol. Biol. 369(4):1015-28.  
Zakeri, B., Fierer, J. O., Celik, E., Chittock, E. C., Schwarz-Linek, U., Moy, V. T., Howarth, M. (2012) 
Peptide tag forming a rapid covalent bond to a protein, through engineering a bacterial adhesin. Proc. 
Natl. Acad. Sci. USA. 109(12):E690-7. 
Zhang, J. (2010) Manual of Industrial Microbiology and Biotechnology, 3rd ed., ASM Press. Chapter 
12. 
Zielinski, R., Lyakhov, I., Jacobs, A., Chertov, O., Kramer-Marek, G., Francella, N., Stephen, A., 
Fisher, R., Blumenthal, R., Capala, J. (2009) Affitoxin--a novel recombinant, HER2-specific, 
anticancer agent for targeted therapy of HER2-positive tumors. J. Immunother. 32(8):817-25. 
Zielinski, R., Lyakhov, I., Hassan, M., Kuban, M., Shafer-Weaver, K., Gandjbakhche, A., Capala, J. 
(2011) HER2-affitoxin: a potent therapeutic agent for the treatment of HER2- overexpressing tumors. 
Clin. Cancer Res. 17(15):5071-81. 

	  
	  
	  



  Feifan Yu, 2015 
	  

	   103	  

Appendix	  
	  
Contribution	  to	  each	  paper:	  
	  

1. Paper I: Performed experiments including site-directed mutagenesis, protein 
purifications, SPR characterization, different photo probes production, mouse 
monoclonal antibody photo-conjugation and antibody activity analysis. 
Writing of manuscript together with co-authors.  
 

2. Paper II: Performed experiments including generation and characterization of 
cysteine free split-beta lactamase system, photo probe production, photo-
conjugating paired antibodies of anti-human interferon gamma, anti-human 
interferon gamma detection. Writing of manuscript together with co-authors. 

 
3. Paper III: Performed experiments including generation of affinity column 

based on mouse IgG1 affibody binder Zmab25, chromatography purification of 
spiked mouse IgG1 in 10% FBS mixture using Zmab25 and protein G columns, 
SDS-PAGE analysis of eluate from purifications, Western blot analysis for 
mapping of Zmab25 binding site. Writing of manuscript together with co-
authors.  

 
4. Paper IV: Perform experiments including phage display selection of human 

IL-6 binder from affibody library, in vitro ELISA screening and 
characterizations, TF-1 and HUVEC cell assays and affinity measurement of 
IL-6 affibody binders, affinity measurement of AffiMabs. Writing of 
manuscript together with co-authors.   

 

 

 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  


