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Abstract 

The joining of two molecular functions or the strategy of adding functions to proteins has been 

tremendously important for the development of proteins as tools in research and clinic. 

Depending on the intended application, there are a wide variety of functions that can be added 

to a proteins. In clinical applications drugs are a commonly conjugated to antibodies and in 

research adding reporter groups such as biotin, enzymes or fluorophores is a routine procedure. 

The chemistries and methods most often used suffer from drawbacks such as lack of stringency, 

which could lead to undesired effects on the protein. Many site-specific methods of labeling of 

antibodies require modification or insertion of handles in the antibody recombinantly, before 

labeling can be performed.  

The core of this thesis is the development of a strategy for covalent specific labeling of 

antibodies by exploiting the site specific binding of the Z domain to Protein A. Photoreactive Z-

domains were produced by solid phase peptide synthesis, which provides the opportunity to 

insert a photoreactive amino acid and a reporter biotin at specific positions in the domain. The 

inherited binding to the Fc-part of the antibody in combination with the incorporated 

photoreactive amino acid, BPA, is used for site-specific interaction, and thereafter, covalent 

coupling to the antibody. The exposure with the appropriate wavelength of light enables the 

formation a covalent linkage between the Z domain and the antibody. The biotinylated 

photoactivable domains were subsequently used to site-specifically label a number of different 

types of antibodies, polyclonal rabbit IgG, monoclonal human IgG1 and monoclonal mouse 

IgG2a, and thereafter the antibodies was employed in a variation of applications. The 

photolabeling procedure of antibodies by the use of photoactivable Z domains has proven to be 

successful and could serve as a valuable tool in several applications.  
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Abbreviations 

ADC – antibody drug conjugate 

Boc – t-butyloxycarbonyl 

BP – benzophenone 

BPA – benzoylphenylalanine 

CDR – complementarity determining region 

DNA – deoxyribonucleic acid 

E. coli – Escherichia coli 

Fab – fragment antigen binding 

Fc – fragment crystallizable 

Fmoc – fluorenylmethyloxycarbonyl 

HSA – human serum albumin 

IgG – immunoglobulin G 

IHC – immunohistochemistry 

mRNA –  messenger ribonucleic acid 

scFv – single chain fragment variable 

SPA – staphylococcal protein A 

SPPS – solid phase peptide synthesis 

SPR – surface plasmon resonance 

 tRNA – transfer ribonucleic acid 
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Introduction 

Everyday around the world a vast number of researchers and hospital personnel strive to 

answer questions regarding disease with the help of different methods. The dependence and 

need for reliable tools in research and medicine are great and a considerable contribution has 

been made through the technical revolution within the field of biotechnology. Any progress made 

within method development increases the prospect of understanding disease and biology better 

and serves the common good.  

 

Timelines describing the milestones of Modern Biotechnology often start with the term 

biotechnology being coined by the Hungarian engineer Karl Ereky in 1917, defining it as ”all 

lines of work by which products are produced from raw material with the aid of living things” (1). 

However it was in the 1960s that a microbiologist Carl Göran Hedén introduced the term in a 

sense that is regarded as modern biotechnology, meaning that it stands on the ground of the 

scientific fields of microbiology, biochemistry and chemical engineering (1). In a review from 

2002 Rita Colwell reflects over the history of biotechnology and the time after the 

deoxyribonucleic acid (DNA) structure being solved in the 1950s: “The field of biotechnology has 

progressed from the world of science fiction to the world of science present”, meaning that 

during the later part of the twentieth century the field progressed tremendously (2). In fact in the 

mid 1970s the research community felt that the technical advances were faster than the ability to 

make ethical considerations regarding what the technique could lead to. Therefore they decided 

to temporarily put all genetic engineering on hold. This voluntary moratorium was held until 

laboratory guidelines were established at the Asilomar Conference in 1975 (3, 4). A few 

highlights in the history of biotechnology are discoveries that today are taken for granted and 

used in laboratories everyday worldwide, a few of these will be mentioned in short.  

 

The understanding of genetic material and structure of the DNA molecule was a significant step 

in history. Avery and coworkers suggested that DNA was the factor responsible for making 

bacteria transform (5) and, inspired by Rosalind Franklin (6, 7), Watson and Crick published the 
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description of the helical structure of the DNA-molecule (8). Gaining knowledge of genetic 

material led to the discovery of diseases that are result of a mutation at the genetic level, sickle 

cell anemia being one example, which was shown by Pauling in 1949 (9). Further discoveries in 

the field, for example the replication process of DNA (10-12) and the isolation of DNA modifying 

enzymes, such as DNA polymerase and restriction enzymes (13-15), made it possible to 

perform genetic engineering. This was indeed important for Boyer and Cohen, who 

demonstrated the first recombinant DNA transformed into bacteria in 1973 (16). This resulted in 

the recombinant production of human insulin helping people around the world that suffer from 

diabetes (17). Finally, in the 1980s the polymerase chain reaction (PCR) was developed, that 

allowed for exponential amplification of DNA (18) and made genetic cloning into routine work. 

 

Two events in biotechnological history that paved the way for the use of immunoglobulins, or 

antibodies, as biotherapeutics and research reagents is the developed technique of producing 

monoclonal antibodies by Köhler and Milstein, for which they were rewarded the Nobel prize in 

1984 (19), and also the discovery of the gene rearrangement of antibodies described by 

Tonegawa (20). The combination of many of the above mentioned techniques with selection 

systems, e.g phage display (21), made it possible to create and select human antibodies or 

fragments thereof in vitro (22, 23) making them able to recognize targets relevant from a clinical 

or a research perspective. 

 

In the early 1990s we entered the “age of omics”, when the techniques of DNA sequencing were 

enough developed to render the Human Genome Project possible. During 2000 a draft of the 

human DNA sequence was declared finished (24, 25). The knowledge about the genome set the 

stage for exploration of the human proteome. Where, when and how much of the human 

proteins are expressed in our bodies are tremendously important, since proteins are involved in 

every process in our cells, i.e. from constructing the cell to its function. Several initiative have 

been started to investigate human proteins and some used affinity reagents (26, 27). During 

2003 in Sweden, a large-scale project was initiated for the mapping of the human proteome by 

using antibodies to visualize expression and localization of the proteins. A valuable source of 

reagents to almost all human proteins has been created as well as a publically available Human 

Protein Atlas on the web (www.proteinatlas.org) (28-30). 
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Today an exceptional amount of antibodies has been produced worldwide, both as therapeutics 

and as reagents in research and diagnostics. Up to date approximately 168 000 reviewed 

antibodies to human targets can be found which is covering 84% of all human genes (31). The 

success of the use of antibodies as affinity reagents in clinic and research depends on the ability 

of the antibody to bind its target selectively and thereby being a reliable reporter system. The 

work this thesis rests upon is the field of labeling of antibodies and the focus has been 

exploration of possibilities of a new site-specific and covalent labeling system.  



 6 

 



  7 

Antibodies 

Antibodies are proteins that are part of the adaptive immune system where their significant 

function is recognition of foreign molecules. The amazing trait of antibodies was employed 

unintentionally as early as in the 1890s when passive immunization first came in use and serum 

from animals actively immunized with diphteria toxin was exploited as antitoxins (32). In 1948 

Astrid Fagreus could show that white blood cells, or more specifically plasma cells a kind of 

mature B-cells, were the cells producing antibodies in the body (33). As previously mentioned 

antibodies form a group of molecules with enormous impact in the area of biotechnology and 

speculations on its promise in medicine and trends in the development of tools based on 

antibodies are featured in many articles (34-37).  

Structure 

The antibodies are constituted of four peptide chains, two longer identical heavy chains, and two 

shorter identical light chains (Figure 1). These four chains order themselves by the help of 

disulfide bonds and non-covalent interactions in a way that gives the antibody a characteristic Y-

shape. The two “arms” on the Y corresponds to one light chain and a part of one heavy chain, 

forming the fragment antigen binding (Fab) and the rest of the two heavy chains interact forming 

the fragment crystallizable (Fc), the “stem” of the Y (38, 39). The cleavage of the antibody into 

fragments with the protease papain divides the antibody into distinct parts with different 

functions; the Fab fragment mediates the antigen binding whilst the Fc part mainly conducts 

effector functions such as binding and activating the complement cascade in the immune 

response (39, 40). Furthermore, the light and heavy chains have a constant region, composed of 

the Fc- and a part of the Fab-fragment, and a variable region, which is positioned at the tip of the 

Fab fragment (38). The diversity in the variable region that is responsible for binding to other 

molecules, the so-called molecular recognition of the antibody, is located in the complementarity 

determining regions (CDR’s), which present immense variety given the limitation at gene level. 

The immune system’s ability to produce a pool of antibodies with high variety and thus 

increasing the probability to defend us against antigens originating from invading 

microorganisms is essential. Nature has solved this by varying the length and composition of the 
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CDRs in the antigen-binding site through shuffling and recombination of gene segments of B-

cells (38). Two other occurrences that contribute to the variation found in the antigen-binding site 

of antibodies are somatic hypermutation, which introduces point mutations in the loops in the 

CDRs and affinity maturation, which introduces single mutations in a later stage of B-cell 

maturation (38). Immunoglobulins are divided into different subclasses/isotypes depending on 

the functional properties of the antibody and structure of the Fc-part of the antibody, IgG, IgA, 

IgD, IgE, IgM. The subtype most commonly found in sera is IgG (38). 

 

 

Figure 1.The structure of an IgG-molecule (antibody) and single chain fragment variable (scFV) 

represented in a schematic illustration. An antibody is stabilized by several disulphide bonds and it 

consists of two identical heavy chains (C, in turquoise) and two identical light chains (L, in purple). In the 

variable domains (V) the complementarity determining regions (CDRs) can be found which are 

responsible for the antigen binding. The heavy chain includes three constant domains (CH1-3) and the 

variable chain (VL) includes one. An scFv constitutes of the variable domains of an antibody, which are 

genetically joined by a peptide linker. 
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Fragments of antibodies, Fab-fragments and single chain fragments (ScFv) being two examples, 

are frequently used in different applications today (39). However, the use of antibodies as a 

whole molecule are central to the work this work. Therefore a short description of three main 

production routes of obtaining antibodies will be described. 

Polyclonal, Monoclonal or Recombinant Antibodies 

In order to acquire polyclonal antibodies animals are immunized with an antigen and a pool of 

antibodies recognizing the antigen can be obtained. The pool typically contains antibodies that 

recognize distinct epitopes and that bind to different parts of the antigen because the antibodies 

come from different B-cells. An advantage with polyclonal production of antibodies is that the 

process is rather uncomplicated and less expensive than monoclonal production. However, a 

disadvantage is that the source of antibodies is not renewable, as another immunization with the 

same antigen will not give the same pool of antibodies (28). The ability of a polyclonal antibody 

pool of recognizing several epitopes could be beneficial for some applications were an apparent 

risk of a single epitope to be inaccessible could be found, such as immunohistochemistry (28, 

41). Affinity purification, employing the antigen as ligand to retrieve the target-specific antibodies 

from the polyclonal sera, so called monospecific antibodies (28) is beneficial, although the use of 

Protein A or Protein G as generic, immunoglobulin-binding ligands is a widely applied strategy 

for obtaining a pure antibody sample (42).  

 

As mentioned, a great achievement in the history of biotechnology was the creation of 

hybridomas. By fusing mouse myeloma cells with antibody producing B-cells from mice 

immunized with an antigen, immortality of the antibody producing cell and unlimited production 

of identical antibodies were achieved (19). The feature of the monoclonal antibody binding a 

single epitope is an advantage in applications as immunotherapy and diagnostics where 

minimizing the risk of crossreactivity is important (43). However, when antibodies have been 

developed for biotherapeutics, issues regarding the rodent origin has been raised since they 

may evoke an immune response when administered to humans (44). This has given strong 

incentives for driving the development of antibody production to a recombinant route. Isolation of 

cDNA (complementery DNA) in combination with genetic engineering has given progress such 

as; chimerization, where the variable domains and antigen binding are of mouse origin whilst the 
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constant regions are of human origin (45, 46), or humanization processes, where only the CDRs 

originate from the mouse clone and are grafted upon a human framework giving almost a 

complete human antibody (47).  Moreover, efforts have been made to provide expression 

systems for production of antibodies or antibody fragments produced in non-mammalian cells for 

instance Escherichia coli (E. coli) (48, 49), and through the employment of synthetic libraries and 

selection systems antibodies and fragments can thereof be isolated (39, 50). 
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Protein A 

Several pathogenic strains of bacteria have evolved a strategy to evade the host immune 

response by expressing cell wall proteins with the ability to bind host proteins (51). Various 

streptococcal and staphylococcal strains, as well as other strains, have been found with these 

features (52, 53). 

 

The first cell wall-exposed protein to be characterized was staphylococcal Protein A (SPA) and 

in 1966 Forsgren and Sjöquist could show that the interaction between SPA and antibodies was 

not a specific antigen-antibody binding event, which was the belief at the time. They showed that 

the interaction of SPA and the antibody was non-immune in the sense that it took place in other 

parts than the binding site of the antibody (54). The sequencing and the expression of the gene 

led to the insight that the protein was a single polypeptide chain, composed of five homologous 

domains that share the IgG-binding feature (Figure 2) (55). The domains were denoted E, D, A, 

B and C each composed of approximately of 58 amino acids (55). Further studies of SPA 

revealed other distinct parts of the protein; in the N-terminal part of the protein a signal 

sequence was found and at the C-terminal part there is a region that is responsible for binding to 

the bacteria’s cell wall (55, 56).  

 

In 1981 Deisenhofer published the result from an X-ray crystallography study of the B domain 

binding the Fc part of a human antibody, and it showed that helix 1 and helix 2 of the B domain 

were structured in an antiparallel fashion and responsible for binding to the CH2 and CH3 

domains of Fc (57). In this first study the third helix seemed unstructured but NMR studies of the 

B domain binding an Fc fragment confirm a three-helical bundle structure also in the binding 

state (58, 59). There are eleven proposed amino acids of the IgG-binding domain that take part 

in binding to IgG and the characteristics of the binding are mainly hydrophobic (57-60). In 

addition, the IgG-binding domains of SPA exhibit binding to the Fab regions of immunoglobulin 

and the interface is not overlapping with the site for the Fc binding. The disclosure of the crystal 

structure of the complex with the D domain binding to the Fab region of human IgM showed that 
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residues of helices 2 and 3 were involved in the interaction. Also, it was shown that the 

interaction with the variable heavy chain of the antibody was mainly of polar character (61). 

 

The ability to bind IgG has given SPA expansive use as a tool in biotechnology; it is frequently 

used in many different applications whereof affinity purification of IgG molecules is the most 

prevalent. Nevertheless, the detection and quantification of antibodies on cell surfaces and 

depletion of IgG in serum samples are other applications were the ability to bind the Fc part 

antibodies is exploited (42, 62).  

Z domain  

The combination of the small size and the ability to fold and retain the IgG binding feature, that 

the domains of SPA possess, makes them suited for use in many applications (42). The 

sequence of the B domain exhibits the attribute of being the consensus sequence of the IgG-

binding domains found in SPA (55), and it was also the most studied domain. Therefore the B 

domain was a natural choice for the creation of an engineered variant, the Z domain. Two 

positions in the amino acid sequence were altered to obtain the Z domain; to facilitate cloning an 

AccI site was introduced in the N-terminal of the domain resulting in a replacement of an alanine 

residue by valine. Also, for chemical stabilization of the protein a glycine-to-alanine substitution 

was performed, which also resulted in loss of binding to the Fab region (61, 63, 64). Jendeberg 

and colleagues investigated the structure of the Z domain and when comparing it to the B 

domain they found that the Z domain displayed an unaltered binding towards the hinge region of 

the Fc-part of immunoglobulin. Moreover, it retains the structure of the B-domain, a three-helical 

bundle with the helices placed in an antiparallel fashion (65, 66). Furthermore a comparison of 

the kinetics of the B- and Z-domains interacting with Fc has been done and they were found to 

be almost identical (51, 67).  
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Figure 2. A schematic illustration of staphylococcal protein A. Five homologous domains A-E shares the 

immunoglobulin-binding feature. S is a signal peptide and the X and M domains are cell wall anchoring 

parts. The three-helical bundle that constitutes the Z domain was engineered from the B domain. 

 

Like SPA the Z domain has been used for protein purification, and the domain has also been 

use as a fusion tag for purification of recombinant target proteins, by IgG capture (68). Another 

application that the Z domain has been used for is site-directed capture or immobilization of 

antibodies on cells or beads (69, 70). Efforts have been made to further improve and engineer 

the Z domain which as an example has resulted in an alkali stabilized variant that is used 

commercially as ligand in a resin for purification of antibodies or Fc-fused proteins (71; 

MabSelect SuRe, GE Healthcare). The Z domain has also been the subject of the construction 

of library with the intention to change the specificity from Fc to other molecules, i.e. creation of 

so-called affinity ligands. In the library 13 positions in helix 1 and helix 2 in the domain are 

randomized to create a novel interaction surface (72). 
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As mentioned, among the advantages of the Z domain is the fact that it is small (6.7 kDa), and it 

has a stable three-dimensional structure and also the capacity to refold (42). These features are 

beneficial when performing chemical peptide synthesis, which the Z domain has proven suited 

for, and thereby render the introduction of synthetic groups possible, extending the usability of 

the domain (73). 
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Modification of proteins  

In the beginning of the year of 1990 a new journal saw the light, Bioconjugate Chemistry. In the 

editorial of the first issue Claude Meares stated that the rationale for the new journal was that 

bioconjugate chemistry is a growing field with rapid development and has a potential for 

scientific breakthrough (74), and indeed the need for reliable conjugation strategies are still 

found both in research and clinical applications. The term bioconjugate chemistry is described 

as the joining of two different molecular functions chemically or biologically and the importance 

of the strategy to add functions to proteins has been tremendous in the development of proteins 

as tools in research and clinic. There are numerous functions that proteins can be provided with; 

groups that either increase or decrease the immunogenicity of proteins, drugs, reporter groups, 

enzymes and fluorescent groups, are a few examples. In a review in the first issue of 

Bioconjugate Chemistry the history of chemical modifications of proteins are discussed and how 

protein modification from the past were sprung out from organic chemistry with methods like 

acetylation, iodination, deamination and reaction with formaldehyde (75). Today there are plenty 

of commercially available kits and reagents that serve different purposes, but they predominantly 

conjugate functional molecules to specific side chains in the protein.  

 

The use of a specific kind of reactive group in the protein is the most common strategy when 

modifying proteins and the predominant choice is to target the primary amines, preferably the ε-

amino group situated on lysine (76). Lysine is an abundant amino acid in proteins and it is a 

good nucleophile over pH 8, which provides efficiency to the reaction. However, since a reactive 

lysine can appear anywhere within the amino acid sequence the risk of influencing the proteins 

active site is quite substantial. The thiol group in cysteine is also considered as highly reactive 

and has the favorable ability to react at neutral pH, but cysteines are rather uncommon and 

when they do appear in proteins they are often forming disulphide bridges and the reduction of 

these might influence the stability of the protein. Nevertheless targeting a naturally occurring or 

inserted cysteine provides a specificity to the modification of the protein that is beneficial in 

some applications (77). Carboxylic acids that can be found in the side chains of amino acids 
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aspartic acid and glutamic acid can occasionally be subject to conjugations of reporter groups 

although they display relatively low reactivity in water which is considered a disadvantage (76). 

 

The introduction of specific reactive groups into the protein for conjugation of reporter groups 

can be done on a genetic level and/or by the use of enzymes, and several elegant methods in 

this field have been developed. Intein-mediated ligation is a method were the protein to be 

modified is expressed recombinantly in fusion with an intein-chitin binding domain and during the 

binding of the construct to chitin a cleavage can be performed and a peptide is ligated to the 

protein (78). The holoenzyme synthetase BirA covalently attaches a biotin to the ε-amino group 

on a specific lysine found in a substrate when enzyme and substrate are expressed in E. coli 

and a site-specific modification can be obtained (79, 80). The Sortase family of enzymes found 

in several gram positive bacteria are enzymes that covalently attach proteins with a specific 

motif to cell wall proteins containing a poly-glycine peptide sequence and the system has been 

exploited as a method for in vitro modification of recombinant proteins such as biotinylation of 

scFv and PEGylation of proteins containing the motif for the enzyme (81, 82). 

 

In the development of antibody-drug conjugates (ADC) as a therapeutic agent the general idea 

is to utilize the antibody as targeting probe and the drug as payload to carry the therapeutic 

effect. For this strategy to be successful the conjugation method used must be reliable since it is 

vital that the drug stays bound to the antibody, minimizing risk for unspecific tissue damage. It 

has been shown that the linker and the conjugation site influences the in vivo stability and 

efficacy of ADCs (83, 84), which presents a strong incentive for the continuation of progress in 

the field of covalent specific modification of proteins and antibodies. 

Incorporation of unnatural amino acids into proteins 

The capability to insert another amino acid than the 20 natural amino acids is most certainly a 

powerful tool, thus the option to incorporate different functions or handles into the protein 

appears. The possibility to introduce an orthogonal reactivity means that specificity in 

conjugation can be obtained. There are two main routes to incorporate unnatural amino acids 

into the amino acid sequence of proteins, recombinantly or through peptide synthesis. 
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In the cell when a protein is being synthesized the translation machinery reads the messenger 

ribonucleic acid (mRNA) and the appropriate transfer ribonucleic acid (tRNA) charged with a 

specific amino acid binds the corresponding triplet codon to insert the amino acid into the 

growing peptide chain. The enzyme aminoacyl-tRNA synthetase is responsible for charging the 

tRNA with the corresponding amino acid. This natural, protein production system in the cell was 

exploited in the lab of Peter Schultz at the end of the 1980s and a new method was developed 

(85). The employment of site-directed mutagenesis for the introduction of an amber stop codon 

in combination with a corresponding chemically amino-acylated tRNA were proven to site-

specific introduce unnatural amino acids into proteins (85). In the beginning of the century 

further steps were taken in the ambition of expanding the genetic code and progress was made 

by genetical engineering of tRNAs to make them orthogonal to the bacteria’s own tRNA but still 

specific for one, in this case, unnatural amino acid (86-88). A system for selection and 

identification of aminoacyl-tRNA mutants specific for unnatural amino acids of choice has made 

it possible to site-specific introduce functional groups into recombinant proteins to a high level of 

efficiency and usability (89). Proteins, especially antibodies and fragments thereof, have been 

modified through the use of orthogonal aminoacyl-tRNA synthetase/tRNA pairs (90, 91) and 

approximately 70 unnatural amino acids has been added to proteins by the translational 

machinery of E. coli, yeast and mammalian cells (92). Of special interest for the work presented 

in this thesis, is the introduction of photoreactive groups such as benzoylphenylalanine and 

azidophenylalanine that has successfully been incorporated into recombinant proteins produced 

in E.coli (93, 94). 

 

The ability to perform chemical synthesis and create shorter peptides developed during the first 

half of the twentieth century (95, 96), but a true scientific revolution occurred when Bruce 

Merrifield introduced a solid-phase method to synthesize peptides (97, 98). Until then, the 

synthesis of peptides was performed in solution and even though at the time a biologically active 

protein like oxytocin (99) was successfully produced there were disadvantages with poor 

solubility, slow reaction rates and purification from byproducts being the main issues. Another 

improvement Merrifield was responsible for was the use of t-butyloxycarbonyl (Boc) as a 

temporary protecting group and as a result the synthesis could be performed under milder 

reaction conditions. In 1964 Merrifield published the synthesis of the peptide bradykinin and 
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proved the increase of efficiency using the new chemistry (95, 100). Even milder reaction 

conditions could be obtained by the introduction of the fluorenylmethyloxycarbonyl (Fmoc) group 

and the development of Fmoc chemistry, which is today considered to be the main choice of 

chemistry in solid phase peptide synthesis (SPPS) (95, 101, 102).  

 

During the process of solid phase peptide synthesis the amino acid sequence grows from the C-

terminal to the N-terminal by one amino acid at the time. The synthesis starts with the first amino 

acid being coupled to the solid support, which usually is a polystyrene resin. Every cycle in the 

process contains the step of first cleavage of the protecting group of the amine situated on the 

growing chain, then an activated amino acid, where a good leaving group has been placed on 

the carboxyl group of the amino acid, is allowed to react with the amino group creating a peptide 

bond. As a final step the protecting groups of the side chains and the release of the peptide from 

the resin are performed in one step. 

 

In the field of SPPS the development of different orthogonal protection strategies of side chains 

gives a great benefit since it provides the opportunity to incorporate functional groups in a 

specific manner. When using Fmoc as temporary protecting group, which is base-labile, the side 

chains are protected with groups that are cleaved off with strong acid and a common orthogonal 

protecting group that can be used on amines is the weakly acid-labile 4-methyltrityl (Mtt) group. 

Other examples of groups that provide orthogonality in Fmoc chemistry are the allyloxycarbonyl 

(Allloc) group, which is cleaved by palladium catalysis and the thiol-labile dithiasuccinoyl (Dts) 

group (103-105). 

Benzoylphenylalanine – BPA – a photo reactive amino acid 

Photoactivable probes have mostly been used in the field of mapping protein-ligand binding and 

drug-target identification and they can be found in quite a variety and a number of these are 

commercially available. The photo reactive groups mainly function through two routes. Either 

they form a new covalent bond, photoaffinity labeling, upon irradiation or a special bond is 

cleaved, photodeprotection (106). The strategy when performing protein-protein interaction 

studies is to produce variants of a protein with a photolabile amino acid incorporated at different 
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positions. Followed by allowing the protein to bind its interaction partner and when exposed to 

light of appropriate wavelength a covalent bond might be created and different methods will be 

applied to analyze the interaction (107). 

 

Benzophenone (BP) is a photophore that is one of the most commonly used photoactivable 

probes since it is considered to be efficient, stable and can be handled in ambient light (108). 

Another important feature related to BP is that its activation requires wavelengths of 350-360 nm 

(109), which is above the wavelength regarded as damaging for proteins. Moreover it primarily 

reacts with C-H bounds rather than water, which also is a great advantage (110). The structure 

of BP is regarded bulky and to better serve its purpose it is preferably used in a hydrophobic 

interaction site. However upon irradiation, if no weak C-H bound is able to react with the 

activated triplet state of the benzophenone group it will relax to its ground state (109, 110). As 

part of the synthetic amino acid benzoylphenylalanine (BPA), BP can be incorporated in a 

peptide during solid phase peptide synthesis (108, 111). 
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Present Investigation 

The work presented in this thesis focuses on the development of a strategy for covalent and 

specific labeling of antibodies. Furthermore, the analysis of the method developed and the 

investigation of the labeled antibodies in several applications have been performed. A 

photoreactive reagent was developed and produced using solid phase peptide synthesis and 

subsequently used to label different variants of antibodies. The thesis rests upon three papers, 

in paper I the development of the technology, the production of the reagent and the specific 

labeling of antibodies are presented. In paper II the functionality of the photolabeled antibodies 

are compared with antibodies covalently labeled by another method. The antibodies were used 

as a detection tool for proteins and to visualize protein targets in tissue using 

immunohistochemistry. In order to investigate the possibility to obtain a higher signal and a 

higher sensitivity in the use of the photolabeled antibodies, different variants of the photoreactive 

reagents are compared and discussed in paper III. 

The modification of proteins and covalent conjugation of other molecules covalently to proteins 

are a frequent operation in biotechnology and most often the incentive is to add a feature to be 

exploited in a particular application. The method and the chemistry utilized to enable the actual 

conjugation ought to be efficient and leave the binding site of the protein unaffected. The most 

commonly used method to couple reporter groups to proteins is to address the ε-amino group 

situated on lysines in the protein by the use of NHS-esters (76). This method is indeed efficient, 

but the absence of control of level and location of the conjugation could lead to an undesired 

influence of the proteins active site since a protein often contain several lysines. Site-specific 

covalent attachment of reporter groups to antibodies is important and there are many 

applications both in the development of reagents for research and therapeutics for clinic where 

this is highly desired. Antibodies are often modified by labeling with different parts of reporter 

systems, such as fluorophores, biotin, haptens or enzymes, which makes them useful tools in 

research and diagnostics, and conjugated with drugs for use in therapy. The greatest advantage 

when employing a site-specific conjugation is the high likelihood for the binding site to be 

preserved. 
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The method that has been developed in this thesis, aims for site-specific labeling of antibodies 

by exploiting a modified Z domain incorporated with a photoreactive group. The Z domain has 

been produced using SPPS that enables the incorporation of BPA as a synthetic amino acid in 

specific position within the domain. The BPA should preferably be located in the vicinity of the 

interaction site with the antibody. The strategy that has been established in this thesis makes 

use of the Z domains natural binding to the Fc-part of the antibody. This inherited activity is 

combined with the crosslinking features of the incorporated BPA and by exposure of light of a 

defined wavelength a covalent linkage between the Z domain and the antibody will be formed 

(Figure 3). Furthermore, taking advantage of orthogonal strategy, reporter groups can be 

inserted at side chains of specific amino acids. In the first study a biotin was introduced at the C-

terminus of the Z domain. This reporter group was utilized in a number of different detection 

methods. In the third study the reagent was extended with an additional biotin. By the use of 

biotinylated photoreactive Z domains, several types of antibodies, polyclonal rabbit IgG, 

monoclonal human IgG1 and monoclonal mouse IgG2a, have been site-specifically labeled and 

analyzed.  

 

Figure 3. An illustration of the developed strategy for covalent site-specific labeling of antibodies through 

the use of a photoactivable Z domain. A Z domain inserted with a BPA molecule (blue round shape) and a 

biotin binding the Fc domain of an antibody. 
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Covalent Immunoglobulin Labeling through a Photoactivable Synthetic Z 
domain (Paper I) 
A strategy for site-specific labeling of antibodies was developed and a production route for a 

photoreactive reagent is presented in paper I. Previously Jung and colleagues has reported the 

utilization of an IgG-binding protein with an incorporated photoreactive group for attachment to 

antibodies. By recombinant production of a C2 domain from streptococcal Protein G, modified 

with two incorporated cysteines, a covalently attachment of a BP-molecule by maleimide 

chemistry was made. Thereby, a photoreactive procedure could be used for covalent 

modification of antibodies. It was demonstrated that this approach could be used for directed 

antibody immobilization onto a surface (112). Our approach for covalent modification of 

antibodies was to, by SPPS, produce two different Z domains with the photoactivable amino acid 

BPA incorporated at position 5 in one variant and position 18 in the other variant. The variant 

with BPA in position 5 displayed similar affinity to human IgG as the parental molecule, proving 

that the insertion of the bulky group of BPA in the binding site of the Z domain had limited effect 

on the affinity. The insertion of the amino acid BPA at position 18 in the Z domain proved to 

have a large negative effect on the binding of the domain to human IgG since the affinity of that 

variant was considerably lower than that of the wildtype domain. It was shown that the variant 

with BPA in position 5 could successfully covalently couple to antibodies. However, the variant 

with BPA in position 18 could not obtain any covalent attachment between the domain and the 

antibody. Furthermore in paper I, it was shown that antibodies of various types and origin were 

covalently and site-specifically labeled with the biotinylated Z domain. The photolabeled 

antibodies were analyzed using the bead array Luminex system (113, 114). Two different set-

ups were used, both with antigen attached to beads but also with a sandwich set-up were 

capture antibodies were coupled to the beads and incubated with antigen and finally detection 

were made with photo-coupled detection antibodies and fluorescent streptavidin. Furthermore, 

Western blot was successfully employed and show that the biotinylated photolabeled antibodies 

could be used for detection in this application. Moreover, this technology was used to prove that 

the covalent attachment is site-specific and occurs at the Fc part of the antibody when the 

biotinylated Z domain with BPA is used. Further evidence on the specificity of the photolabeling 

procedure was shown when samples containing IgG and human serum albumin were analyzed 
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using Western blot and Luminex. In these experiments it was shown that no biotinylation of 

albumin occured. Surface Plasmon Resonance (SPR) technology was used to prove that the 

procedure of photolabeling of the antibodies does not impair the binding of the corresponding 

antigen. Hence, the conclusion of this is that the strategy for site-specific covalent labeling of 

antibodies presented in paper I was successfully performed and tested in different applications.  

Antibodies biotinylated using a synthetic Z‐domain provide stringent  in 
situ protein detection (Paper II) 

Protein detection in situ is of importance since the location of a protein in a cell is essential for 

understanding its function. Immunohistochemistry and immunofluorescence microscopy are 

methods that can be applied to establish protein location. Both methods rely on the use of 

antibodies and their specificity and therefore it is imperative that the antibody or the reporter 

system exclusively conducts specific binding events. For the detection of a binding antibody, a 

secondary antibody, directed towards the primary antibody is often used. This is a concept that 

works efficiently, but it would be of great advantage to reduce the number of experimental steps 

by omitting the secondary antibody. This could be accomplished by directly link the primary 

antibody to the reporter group. There are different techniques available for covalent labeling of 

antibodies. Hence, we decided to compare the labeling technology using the photoactivable Z 

domain with another commercially available technology, Lightning Link. In this project the 

antibodies were applied in antibody-based protein profiling using immunohistochemistry. In total 

13 antibodies were used in the comparison and labeled with the different systems. The obtained 

staining patterns from tissue sections were compared to unconjugated antibodies, using a 

secondary antibody for detection. It was found that the staining pattern from all 13 antibodies 

labeled with the photoactivable Z domain were in concordance with the pattern from 

unconjugated antibodies. As a comparison 3 out of 13 antibodies labeled with Lightning Link 

produced staining patterns similar to those of unconjugated antibodies. Tissue microarrays with 

18 formalin paraffin-embedded human tissues were used in the staining procedure with the 

differently biotinylated antibodies. In conclusion, the method of antibody labeling of the 

photoactivable Z domain proved to be stringent and specific. 
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Optimization  of  an  antibody  labeling  strategy  through  the  use  of 
photoactivable synthetic Z domains (Paper III) 

The method of labeling antibodies by the use of a photoactivable Z domain was further 

developed. Antibodies biotinylated using the photoactivable Z domain has proven to be 

successful in many different applications. However, in some applications question marks were 

raised regarding the number of biotins and also the availability of the biotin for binding of 

streptavidin influencing the sensitivity of the method. Therefore, two new variants of the 

photoactivable Z domain were produced using SPPS to exploit the opportunity to insert the 

photoreactive amino acid, BPA, in position 5 and biotin groups in a specific manner. First variant 

was made with a biotin coupled to position 58 but with a PEG-linker in between the lysine in the 

domain and the biotin. The second variant, compared to the first variant, had an additional biotin 

with linker incorporated in position 39, where a serine had been exchange with lysine, i.e. one 

biotin in each end of the three-helix bundle domain. The new variants were compared with the 

original photoreactive reagent, the Z domain with one biotin coupled to a lysine in position 58.. 

The biotins in these three variants were used to immobilize the Z domains on a Neutravidin chip 

and the affinities to antibodies were analyzed using surface plasmon resonance (SPR). Different 

types of IgG was flown over the surface and the conclusion were made that the variant with two 

biotins had a higher apparent affinity than the variants with only one biotin incorporated into 

them when immobilized to a surface. The three variants were photo-coupled to several types of 

antibodies and analyzed using the Luminex system utilizing beads that had been coupled with 

corresponding antigen and the detection were made with fluorescently labeled streptavidin. The 

result implied that antibodies coupled with the variant with two biotins provided a 100 % higher 

signal in Luminex. However, the PEG linker that was incorporated between the protein domain 

and the biotin does not affect the signal noticeably. Hence, the PEG-linker does not influence 

the availability of the biotin. Moreover, the labeled antibodies were used in 

immunohistochemistry and a stronger and more evident staining pattern was obtained with the 

variant containing two biotins than when using a single biotin. Hence, a Z-variant with two biotins 

gives a higher sensitivity and provides a higher signal compared to Z-version with a single biotin 

in the application analyzed. 
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Concluding remarks  

The modification of proteins, in particular antibodies, is increasingly important since the 

exploration of proteins and antibodies as tools in research, diagnostics and therapeutics expand. 

The functionalities that are most often of interest to combine with the protein or antibody depend 

on the intended use of the system. Fluorophores, enzymes, haptens and drugs are all examples 

of regular functionalities added to proteins or antibodies. The chemistry most often used could 

suffer from lack of specificity of the labeling and thereby risk of influencing the binding site. To 

increase the specificity of labeling a cysteine could be employed. However, there may be a 

drawback, in vivo instability and the release of the conjugate as a consequence (84). There is a 

need for new conjugations strategies since in some cases the methods normally applied do not 

meet the requirements for antibodies used as tools or drugs. 

 

The development and investigation of the strategy for covalent site-specific labeling of 

antibodies using photoactivable Z domains is the foundation for this licentiate thesis. The SPPS-

produced photo-reactive reagents have been used to covalently biotinylate several types of 

antibodies. The first study was done with a photoactivable Z domain containing one biotin and 

the photolabeled antibodies was proved to operate successfully in a number of applications. The 

metod of labeling antibodies by the use of the photoactivable Z domain was compared to a 

commercially available kit for biotinylation of antibodies in the application of protein profiling, by 

immunohistochemistry. It was found that the staining by the Z-labeled antibodies was in 

concordance with the control staining and the performance of the system was satisfactory. To 

further enhance the system the Z domain was equipped with a second biotin group. Indeed 

antibodies coupled with the Z domain containing two biotins showed a higher signal when 

binding its antigen on beads and also a stronger staining in IHC. The photoactivable Z domains 

have proven to covalently and specifically label antibodies successfully and shown to be a 

valuable tool for many biotechnological applications, in research, diagnostics and also potentially 

for use in therapeutics. 
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