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Abstract 
 
Antibodies are proteins capable of specific interactions to a wide range of 
molecules. These interactions are facilitated by the complementarity-
determining regions (CDR).  
 
Carcinomas are the most common of human cancers and they release 
significant amount of cytokeratins (CK) in the necrotic areas of the tumors. 
The CKs stay in the tumor, since they have low solubility. The antibody studied 
in this thesis, the anti-CK 8 antibody TS1, has shown to be effective in tumor 
targeting and is proposed to be useful in therapy.  
 
Single-chain antibodies (scFv) are recombinant antibodies which are much 
smaller than the intact IgG. This is an advantage when used in tumor therapy, 
since they can penetrate the tumors more easily than the larger IgG. Moreover, 
they are expressed by one single gene which make them easy to modify, for 
example by site-directed mutagenesis. 
 
The anti-idiotypic antibody αTS1 can be used to clear the TS1 form the 
circulation and thereby clear the body from non-tumor bound TS1 in therapy. 
To be able to modify the binding of an antibody to its antigen and or anti-
idiotype, these interactions must be studied. In this study this is accomplished 
by chemical modifications of the IgGs TS1 and αTS1 and the antigen CK 8. 
Guided by these results, amino acid residues were mutated by using site-
directed mutagenesis in the TS1-218 scFv and the effects were studied. From 
mutational study results, the functional epitope could be mapped and it was 
found that there are mainly tyrosines, but also charged residues, serine and a 
tryptophan that are important for both interactions. The binding of TS1-218 to 
both αTS1 and CK 8 could be improved by changing the negatively charged 
side-chains by mutations to their corresponding amide or alanine. 
 
Both the IgG and scFv versions of TS1 were administered in vivo. The IgG 
αTS1 was used to clear the TS1 from the circulation by forming immune 
complexes. The immune complexes, consisting of four or more antibodies, 
were mainly metabolized by the liver. The scFv TS1-218 could localize to the 
tumor in a tumor xenograft mouse model, although a higher uptake would be 
desired in a therapeutic strategy. The scFv was cleared rapidly by the kidneys, 
but the clearance could be slowed by pre-formed immune complexes with αTS1 
scFv in vitro, prior to administration in vivo. 
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αTS1  anti-TS1 

ADCC  Antibody-dependent cellular cytotoxicity 

C3d  Complement component 3d 

CDC  Complement-dependent cytotoxicity 

CDR  Complementarity-determining regions 

CK  Cytokeratin 

DEPC  Diethylpyrocarbonate 

EDC  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

ELISA  Enzyme-linked immunosorbent assay 

Fab  Fragment antigen binding 

Fc  Fragment crystallizable 

FcγR  Fc gamma receptor  

FDNB  1-fluoro-2,4-dinitrobenzene 

FR  Frame/non-CDR regions in variable domains 

HAMA Human anti-mouse antibodies  

IgG  Immunoglobulin G 

kDa  kilo Dalton 

Mab  Monoclonal antibody 

NMR  Nuclear magnetic resonance 

PCR  Polymerase chain reaction 

PDB  Protein data bank 

PEG  Polyethylene glycol 

pHPG  para-hydroxyphenylglyoxal 

scFv  Single chain antibody/ single chain fragment variable 

SDR  Structurally determining residue 

SDS  Sodium dodecyl sulphate 

SPR  Surface plasmon resonance 

 

Amino acid residues are referred to by their one-letter abbreviation. 

Abbrevations
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1. Antibodies 
 
Antibodies or immunoglobulins (Ig) are proteins with the ability to bind 
antigens including a wide variety of molecules from small carbohydrates to large 
proteins. Their existence was first proposed by Paul Erlich, the founder of 
immunology, in his side chain theory published in 1901 [1]. The antibodies are 
an important part of the immune system and protect us from different 
infectious agents. This protection must be fine tuned, and the antibodies have 
to discriminate between molecules from our own body (self) and molecules 
from the infectious agents (non-self) or as it is also proposed, between the 
harmless and the dangerous [2]. 
 
 

1.1. Antibody structure 
 
The antibodies are “Y”-shaped glycoproteins found in blood and tissue fluids. 
The structure of antibodies is compiled of four to twenty peptide chains, 
depending on antibody class. There are five different antibody classes called 
IgA, IgD, IgE, IgG and IgM. Half of the peptide chains in an antibody are the 
shorter light chains and the other half is the longer heavy chains. The heavy 
chain has four or five domains, depending on antibody class, and the light chain 
has two domains. Here IgG will be discussed, with four domains in the heavy 
chain, as illustrated in figure 1a. All antibodies consist of constant and variable 
domains and each constant domain is built of seven β-strands arranged in two 
antiparallel β-sheets. The variable domains are arranged in the same way, but 
with nine β-strands. In each chain the N-terminal domain is variable and the 
remainder of the chain consists of the constant domains (fig. 1a). The domains 
within a chain are covalently linked together through the peptide backbone 
whereas domains in different chains are interacting by hydrophobic interactions 
and disulfide bonds. The variable domain of one of the light chains is held 
together with one of the variable domains from the heavy chain and the light 
constant domain is packed together with the first heavy constant domain. The 
remaining heavy constant domains are packed together and constitute the Fc-
part of the antibody (fig. 1a).  
 
 The tight packing described above is formed in a way that allows the loops that 
connect the β-strands in the β-sheets of the variable regions to be positioned 
close to each other. These loops are referred to as the complementarity-
determining regions (CDR) and are responsible for the antigen recognition and 
binding [3]. There are six CDRs, three in the light chain and three in the heavy 
chain. 
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The CDRs are also called hypervariable regions because the amino acid 
sequences are very variable. However, there are highly conserved residues in the 
CDRs, called key residues or structurally determining residues (SDR), and these 
residues are responsible for the structure and position of the CDRs. 
Theoretically, the CDRs can adopt a wide range of conformations but only a 
few of these conformations are seen in antibodies. It seems that these 
conformations have been conserved, through the conservation of the SDRs, 
throughout the evolution. The antigen-binding capacity is lost if any of these 
conserved conformations are distorted. The conserved conformations seen in 
antibodies can be divided into classes that are closely structurally related and are 
called canonical classes [4]. The canonical classes are primarily based on the 
length of the CDR but also on the SDRs. The SDRs are involved in the folding 
of the proteins and are responsible for achieving the right conformation of the 
CDRs. The SDRs divide CDRs into clusters based on what specific residue a 
specific SDR consists of [5]. These classes and clusters can be used when the 
structure of an antibody paratope is to be predicted and modeled. 
 
When an antibody has bound to its antigen the Fc-part (figure 1a) can interact 
with Fc receptors on the surface of various cells, which in turn, mediate an 
effect. It has been proposed that an intra-molecular signal occurs which is 
mediated from the Fab-arms (figure 1a) to the Fc-part. It is only antibodies 
binding their antigen that trigger such effect in other parts of the immune 
system and this effect is mediated through the Fc-part. There is limited 
evidence of this intra-molecular signaling and it is unclear how this proposed 
signaling is accomplished. The hinge region that connects the Fc-part to the 
Fab-arms has been in focus in the search for the mechanisms of the intra-
molecular signaling (figure 1a) [6]. One hypothesis is that the Fc-part increases 
its rotational freedom by an extension of the hinge region upon antigen binding 
mediating the signal. Another hypothesis is that the antigen binding would alter 
the structure throughout the antibody and finally the Fc-part. There is some 
evidence that signaling does occur, but it is not beyond reasonable doubt [7, 8].  
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Figure 1. a: A schematic illustrations of the domains of an IgG. b: Schematic illustrations of 
the modified antibody variants F(ab’)2, Fab and scFv. F(ab’)2 and Fab are constructed by 
using proteolytic enzymes, whereas scFv is constructed using recombinant DNA 
techniques. H = heavy chain, L = light chain, V = variable domain, C = constant domain. 
CDR = Complementarity-determining regions. 

 
 
 
1.2. Antibody mediated effects in vivo 
 
Antibodies occur naturally in all jawed vertebrates where they form an 
important part of the immune system, which defends our bodies from 
infectious agents. There are different types of antibodies with different tasks or 
effects, for example, some attack bacteria while other attack multicellular 
organisms. Whatever specialty, the antibodies can accomplish the defense 
directly or indirectly in a number of ways for example by Fc-receptors or 
complement activation. 
 
 

 a 

 b 

IgG 

F(ab’)2 Fab scFv 
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1.2.1. Direct protection 
 
Different infectious agents have different ways to invade our bodies. They can 
excrete toxins that disable the host’s cells to function properly. They can use 
receptors on the host cells or receptors on their own cell membrane to 
accomplish the attack. If the antibodies bind to any of the toxins or receptors 
that are necessare for the infectious agent to invade the host organism, the 
invasion is blocked by this direct protection [9]. 
 
 
1.2.2. By Fc-receptors 
 
Many of the cells within the immune-system express Fc-receptors on their 
surface. These receptors bind the Fc-part of antibodies, when the antibodies 
have bound to their antigen. The Fc-receptors mediate an intracellular signal 
which will result in an effect. The effect depends on antibody class, cell type 
and which other molecules, cytokines for example, that are present. An example 
of an effect is the antibody-dependent cellular cytotoxity (ADCC), where the 
Fc-receptors on large granular lymphocytes and NK-cells bind to the Fc-part of 
the antibody and the cells release exocytotoxic granula, which kill the bacteria 
the antibodies are bound to. Other examples are regulation of the immunogenic 
response and phagocytosis [10, 11]. Since the antibodies are multivalent they 
have the ability to form large complexes together with the antigen. These 
complexes are internalized by phagocytic cells, such as macrophages. The 
regulation of the phagocytosis is partly managed through binding of the Fc-part 
to the Fc-receptors on the surface of phagocytic cells [12-15].  
 
 
1.2.3. Complement activation 
  
Complement components are a group of proteins that circulate, in an 
inactivated state, in the body. When activated, they can kill invading bacteria by 
lysis in complement-dependent cytotoxity (CDC). The complement 
components can also recruit immunological cells to the site of the invasion. 
One of the activation pathways, called the classical way, is mediated by 
antibodies. The first protein of the complement components is C1q. When 
activated, this protein starts the complement cascade, which activates the rest of 
the complement components, one by one. The activation of the last 
component, C9, causes cell lysis. To activate the C1q, at least two antigen 
bound antibodies are required. The C1q binds to the Fc-part of two antigen-
bound antibodies and are thereby activated and the complement cascade begins 
[16]. 
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1.3. Antibodies in the clinic 
 
Antibodies can be designed to be used in a number of ways in the laboratory or 
in health care. All applications use the antibody’s ability to rapidly and 
effectively bind to antigens. Antibodies are used in different assays in 
laboratories worldwide, for example to determine which allergens an allergy 
patient is allergic to or to measure different hormone levels such as insulin or 
estrogen. 
 
Another application for antibodies is in the treatment of diseases, first 
proposed by Paul Ehrlich in his magic bullet theory in 1908 [17]. There are 
several antibodies that have been approved for clinical treatment of a variety of 
diseases [18]. Two examples that are in use are the drugs Herceptin [19] and 
Rituxan [20]. Both are used for the treatment of tumors. Most of the tumor 
treatment antibodies are used to treat hematological tumors, but present phase 
III trials are including several antibodies to be utilized in non-hematological 
tumors for example ovarian and colorectal cancers [21]. This new type of 
therapy, which is referred to as immunotherapy, has advantages over traditional 
therapy. It has fewer serious side effects than traditional cytotoxic drugs. The 
immunotherapy is, just as the traditional treatments, often combined with other 
treatments such as cytotoxic drugs and radiation. 
 
 
1.4. Elimination of immune complexes 
 
When immune complexes are formed in the body, they have to be degraded. 
This is accomplished by different cells and organs. In the present investigation, 
the liver and kidneys are of significance and will, together with some problems 
concerning these organs, be discussed. 
 
The liver can have many metabolic and regulatory roles, such as 
gluconeogenesis, lipid metabolism, vitamin storage and elimination of toxins, 
hormones and antibodies. The elimination of antibodies is predominantely 
managed by the hepatic macrophages, the Kupfer cells, but also by liver 
endothelial cells [12, 22]. Both these cell types facilitate antibody elimination 
through Fc gamma receptors (FcγR), which recognize and bind to the Fc-part 
of antigen-bound IgGs. The FcγR mediates endocytosis of the immune 
complexes and they are transported intracellularly to the lysosomes where they 
are degraded [14].  
 
 
The other organs of importance are the kidneys. One of the main functions of 
the kidneys is to filter the blood from metabolic waste, which is accomplished 
by the urine-forming units called nephrons. The nephrons in turn consist of 
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several parts where the glomeruli constitute the first parts that are involved in 
the urine formation. The glomeruli filtration units consist of three layers, the 
endothelium, the basal membrane and the podocytes. The capillaries in the 
glomeruli have fenestrated endothelium which restricts passage of blood cells, 
but fluids, ions and proteins can pass through. The basal membrane contains 
smaller pores with a size threshold of approximately 60 kDa. Moreover, both 
the endothelium and the basal membrane are negatively charged which results 
in a repulsive force towards most of the proteins found in the circulation, since 
these also are predominately negatively charged [23, 24]. The podocytes are 
lining the basal membrane and adjacent podocytes are leaving gaps between 
them, filtration slits. The smaller pores of the basal membrane can be a 
problem when large immune complexes are formed. Immune complexes can 
clog the pores and block the filtration in the glomeruli, which may cause 
glomerulonephritis. The negative charges in the basal membrane can also 
facilitate the entrapment of positively charged proteins [25, 26]. It has been 
shown that the entrapment of immune complexes is not entirely charge and 
size dependent. Gonzalez and Wasman [27] showed that immune complexes 
formed by IgG1 and IgG3 and their antigens were cleared from the circulation 
by the liver, whereas IgG2a was deposited in the kidneys in a complement-
dependent manner. Entrapment of immune complexes can attract and activate 
leukocytes and complement components, which can lead to inflammation and 
tissue damage [25, 28]. When studying the glomerular clearance of proteins it 
should be noted that most of the work defining the threshold to 60 kDa has 
been done with different dextrans [29, 30]. It is probably not only the weight 
and charge, but also the shape of the proteins that could affect the clearance. 
The clearance of proteins below the 60 kDa threshold can be a problem when 
using small proteins or peptides for therapy. The small proteins administered to 
a patient will be cleared rapidly and will not be able to exert their therapeutic 
effect. The major portion of the proteins that are filtered through the glomeruli 
filtration units are not ending up in the urine unprocessed. The tubular cells 
reabsorb most of these proteins by endocytosis and the proteins are degraded. 
 
 
1.5. Modified antibodies 
 
Antibodies can be reshaped in the laboratory to different forms, all with 
maintained antigen specificity. The easiest way is by enzymatic cleavage of the 
heavy chains which will result in a free Fc-part or partial Fc-part and 
Fab/F(ab’)2 fragments, where the Fab/F(ab’)2 fragments have the antigen 
binding capacity (figure 1b). 
 
Another fragment is the single-chain antibody (scFv) which is not formed by 
proteolysis as described above (figure 1b). The scFv is one of the smaller 
antigen-binding fragments produced as recombinant protein by joining a 
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variable domain from each chain to each other by a linker [31]. All the modified 
antibodies described here lack the Fc-part, which results in deleted effector 
functions, such as complement activation or phagocytosis. The monovalency of 
Fab and scFv also results in the inability to form large antibody-antigen 
complexes, which is possible for F(ab’)2 and IgG. The ability to form large 
complexes is an important part in achieving an immune response. 
 
The linker used in scFv construction, has to be flexible and soluble but not 
immunogenic. The most common linker used is the (G4S)3 where the glycine 
residues give flexibility and the serine residues give stability and solubility [32]. 
Other linkers are also used but the idea of flexibility and solubility is always 
preserved.  
 
The amino group of the N-terminal residue of the antibody chain that is 
occupied in the peptide bond to the linker is sometimes important for binding 
to the antigen. The scFv construct is then not able to function properly. This 
problem can be handled in two ways. The first way is to change the order of the 
variable domains, which only will work if just one of the N-terminal amino 
groups is important. The second way is to incorporate a positively charged 
amino acid residue at the C-terminal side of the linker, for example lysine, 
thereby compensating for the lost positive charge of the N-terminal amino 
group. If the first way is adopted it is likely that the linker has to be altered. The 
most common order of the variable domains in an scFv is heavy chain, linker, 
light chain. For this type of scFv construct, the 15 residues of the (G4S)3 linker 
is enough. If the opposite order is used, the linker has to be extended to achieve 
a properly folded scFv. 
 
 
1.6. Anti-idiotypic antibodies 
 
Anti-idiotypic antibodies bind to the variable domains of another antibody, the 
idiotype. There are different types of anti-idiotypic antibodies. Some of them 
prevent the idiotype to bind to its antigen and some of them do not. One of the 
types preventing the antigenic binding of the idiotypic antibody resembles the 
antigenic epitope. Since these anti-idiotypic antibodies show resemblance to the 
antigen, they can induce an immune response including immunologic memory 
and thereby, the anti-idiotypic antibodies can be used as vaccines [33, 34]. It has 
also been suggested that anti-idiotypic antibodies are involved in the regulation 
of immune responses [35, 36]. 
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1.7. Antibody numbering schemes 
 
When discussing antibody sequences and structures, it is convenient to have a 
numbering scheme that allows comparisons between different antibodies. The 
numbering schemes must introduce gaps in the numbered peptide sequence, 
since the antibody peptides vary in length. It should also have some positions 
that are conserved and which always have the same numbers, which make it 
easier to identify certain regions and specific amino-acid residues and make the 
comparison between different antibodies easier. There are a number of such 
numbering schemes, which focus on different aspects. The two best known are 
the numbering schemes refered to as Kabat [3] and Chothia [4]. The Kabat 
numbering scheme is solely based on sequence data and the Chothia numbering 
is identical to Kabat but modifies some residue numbers to be more accurate 
structurally. The Chothia numbering scheme gives topologically equivalent 
residues in different antibodies the same number, which is not the case in the 
Kabat numbering. A later numbering scheme is the IMGT numbering from the 
international ImMunoGeneTics database [37]. This numbering scheme 
combines the framwork and CDR definitions and X-ray structural data, and 
relies on the highly structural conservation of the variable region. The IMGT 
numbering gives the same number to highly conserved residues in antibody 
sequences. In this thesis the use of the Chothia numbering scheme is preferred, 
but the IMGT numbering schemes is also used. 
 
 
2. Antibodies in tumor therapy 
 
As mentioned before antibodies can be used clinically, for example, in tumor 
therapy. The tumor-killing effect of tumor-specific antibodies can be mediated 
in natural ways by Fc-receptors, complement activation or induction of 
apoptosis, which is the case for several clinically approved antibodies and 
antibodies in different phases of clinical trials [21, 38-40]. Another way is to use 
an antibody loaded with an effector molecule, such as a toxin, an enzyme or 
radioactive nuclide [41-44]. The basic idea of all these systems is to deliver the 
cytotoxic effect to the tumor without affecting the rest of the body. Each 
system has it strengths and weaknesses and must be evaluated in each treatment 
strategy.  
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2.1. Immune response 
 
Often the antibodies used in tumor therapy or localization are of rodent origin. 
This will most certainly result in an immune response in the treated patient, 
making repetitive administrations impossible. The patient´s antibodies raised 
against the therapy antibodies are referred to as human anti-mouse antibodies 
(HAMA). HAMA can be detected in 30-50% of patients after a first dose of 
rodent antibodies and in over 90% of patients that had multiple doses [45, 46]. 
Modified antibodies can solve this problem. ScFvs are much smaller than IgG 
and carries fewer immunogenic sites on their surface. It has been shown that it 
is mostly the constant regions that give rise to immune responses [46, 47]. 
Another way to avoid immunogenicity is to produce chimeric antibodies or 
perform CDR grafting. The chimeric antibodies consists of murine variable 
regions fused to human constant regions, whereas a CDR grafted antibody has 
murine CDRs in an otherwise human antibody [20, 48, 49]. In the CDR 
grafting procedures mutations in the human parts of the antibody must often 
be performed to achieve the right structure for a functional antibody [50]. 
There is one version of the chimeric antibodies called primatized antibodies. 
This technique takes advantage of the homology between antibodies from 
human and the cynomolgus macaques. Despite the homology, the macaques are 
phylogenetically distant enough to raise an immune response towards human 
antigens. The variable domains from the macaques are fused to human constant 
parts and the monoclonal primatized antibody is ready for use with a low 
expected immunogenecity in man [40, 51-53]. 
 
 
2.2. Anti-idiotypic antibodies in immunotherapy 
 
When using antibodies in therapy, the idea is to let the antibodies bind 
specifically to their antigens which results in desired effects while the rest of the 
body is spared. In order to avoid unwanted targeting, the procedure can be 
improved by introducing a second antibody, an anti-idiotypic antibody. The 
anti-idiotypic antibody can clear circulating antibodies, not binding its antigen, 
from the body. In tumor therapy the tumor to non-tumor ratio is often 
calculated as a measure of the antibody’s ability to concentrate in the tumor, 
without non-specific uptake elsewhere. The non-specific uptake can be 
significantly reduced when using an anti-idiotypic antibody, which in turn 
results in a higher tumor to non-tumor ratio [54].  
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3. Cytokeratins 
 
Epithelium is composed of closely packed cells that line and surround organs 
within the body. Stratified epithelium, such as skin, consists of multiple cell 
layers, whereas simple epithelium, such as the intestinal mucosa, only consists 
of one cell layer. Epithelia can be differentiated by their profile of a sub-group 
of intermediate filament proteins, the cytokeratins (CK). The intermediate 
filaments constitute the cytoskeleton together with the microfilament and the 
microtubules.  
 
Cytokeratins are α-helical rod-like proteins that form hetero-dimeric coiled-coil 
complexes. The amino acid sequence reveals heptad repeats (abcdefg)n, in 
which a and d most often are apolar residues typical for a coiled coil protein. 
The heptad completes two turns of the helix, which is slightly tighter packed 
than a normal α-helix. An intra-molecular stabilization effected by salt bridges 
has also been reported. Charged amino acid residues in position c and g, and to 
a lesser extent c and f are responsible for this stabilizing effect [55, 56]. Salt 
bridges can also occur between the two different coils and have a stabilizing 
effect on the coiled-coil complex [57, 58]. The structure reveals rod-like 
subunits, with a central rod containing 310 amino acid residues. The central rod 
consists of four α-helical domains, 1A, 1B, 2A and 2B, which are joined by 
three linkers called L1, L12 and L2, as shown in figure 2.  There are 
approximately 20 cytokeratins known, although the number is increasing, and 
they are divided into two types. Type I is acidic whereas type II is 
neutral/alkaline and the coiled coil is always built of one cytokeratin from each 
type [59].  
 
 
 
 
 
 
 
 
 
 
The most important cytokeratin complex in simple epithelia is the CK 8/CK 18 
complex. This complex is called the primary cytokeratin complex and the 
constituents are the first cytokeratins expressed in differentiating epithelia and 
are followed by other secondary cytokeratins. It has also been shown that the 
“primary” cytokeratin complex is important early during the embryogenesis. It 
can be detected already in the 4-cell stage in mouse embryos [60]. 
 

Figure 2. The central rod of a cytokeratin coil. 1A, 1B, 2A and 2B are the α-helical 
domains. L1, L12 and L2 are the three linkers joining the α-helical domains together. 
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The function of cytokeratins has been discussed and there are variations in 
function depending on whether they are found in stratified or simple epithelia. 
In stratified epithelia the cytokeratins are thought to build up the structure of 
the cells, while the function of cytokeratins in simple epithelia is more disputed. 
One of the functions proposed is that the cytokeratins are responsible or at 
least partially responsible for maintaining the cell polarity. It is very important 
that the cells in simple epithelia have the right cell polarity since they are 
responsible for secretory and absorptive functions, for example in the intestine 
[60]. Finally it has been suggested that the cytokeratins may protect the cells 
from physical stress. One form of physical stress is osmotic stress, which the 
simple epithelial cells at different locations can be exposed for. The cytokeratins 
have the ability to preserve the structure of the cells in the tissue during 
osmotic swelling or shrinkage [61]. 
 
 
3.1. Cytokeratins in carcinomas 
 
Epithelial cells are found at locations where they are exposed to high osmotic 
and mechanical stress and they normally frequently divide to replace damaged 
cells. Epithelial cancers (carcinomas) constitute 90% of all human cancers since 
the epithelial cells are highly proliferative and vulnerable for carcinogenic 
transformations [60].  
 
Carcinomas express significant amounts of cytokeratins and the necrotic areas 
in the center of the tumor containing a high concentration of the cytokeratins 
since these proteins have low solubility and no significant release into the 
circulation occurs [59, 62-64]. The cytokeratins can be used clinically to 
differentiate between different types of carcinomas and hyperplasias, and also 
to indicate metastasis [65, 66]. 
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4. Protein interactions 
 
Molecular recognition is fundamental in all living organisms and is involved in a 
wide variety of systems, such as cell signaling, transcription and immunity. This 
recognition is an important process to understand in molecular biology.  
 
In protein-protein complexes, there are usually 10-30 amino acid residues in 
each protein which contribute to the interaction and most of the binding energy 
is contributed by three to four residues [67]. An average protein has a residue 
type distribution of 55% non-polar, 25% polar and 20% charged on the surface 
and a similar distribution in the interacting interface. No particular residue 
composition is found except in the case of the interaction interface of 
antibodies, in which tyrosine residues and tryptophan residues often are found 
[68]. It has been shown that there is a correlation between a protein interaction 
and the functional class of the protein, but again, the antibodies deviate and do 
not show this correlation [69]. 
 
In order to form a protein-protein complex, the proteins have to find the 
proper relative orientation to each other. This includes dehydration and 
rearrangement of the interface and the formation of short-range interactions. 
One model describing the formation of the complex can be divided into two 
parts as illustrated in figure 3. First, a weak complex is formed, usually referred 
to as the encounter complex. Second, the specific docking occurs, which yields 
the high affinity complex. Long-range electrostatic forces drive the formation 
of the encounter complex and this step is often rate limiting [70, 71]. This is 
followed by a massive dehydration of the interacting interface which 
contributes favorably to establish other kinds of short-range interactions [72, 
73]. The complement component C3d receptor and one steroid receptor are 
two examples in which this two-step approach is in operation [74, 75]. These 
complexes are first established by electrostatic interactions, which regulate the 
association and are followed by hydrophobic, hydrogen and van der Waals 
interactions, which regulate the dissociation. 
 
The electrostatic interactions responsible for the formation of the encounter 
complex are often net destabilizing the formation of the tight complex, due to 
the desolvation. It has been reported that an interaction interface often are 
surrounded by a hydrophobic ring that accomplishes the desolvation [76]. To 
form the protein complex, destabilization of the electrostatic interactions must 
be overcome and this is accomplished by the hydrophobic effect. The 
hydrophobic effect is strongly stabilizing and thereby contributes to the 
complex formation [77].  
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Figure 3. A schematic illustration of the formation of a tight and stable protein complex. 
The first step is the long-range electrostatic interactions, which result in the encounter 
complex. The hydrophobic interactions desolvate the interaction interfaces and short-range 
interactions, such as hydrogen, van der Waals and hydrophobic interactions, are 
established and a tight protein complex is formed. 

 
 
Overall electrostatic interactions are involved in the formation of the encounter 
complex and are thereby important for the specificity. This agrees with 
mutational studies which show that electrostatic interactions seem to affect 
association more than dissociation, since mutation of charged amino acid 
residues alter the association rate but not the dissociation rate [71]. 
Furthermore, the electrostatic interactions are also present in the protein 
complex where they comprise only a part of the complex-forming interactions 
together with the hydrophobic effect, van der Waals interactions and hydrogen 
bonds [72]. Hydrogen bonds are common in protein interactions, even between 
backbone atoms [68, 75]. 
 
The electrostatic interactions are proven to precede the complex formed in the 
study of the Escherichia coli chaperones GroEL and SecB, which have preference 
for positively charged substrates, which is coherent with their own negative net 
charge [78]. The hydrophobic effect stabilizes the chaperones and is preceded 
by an initial ion interaction.  
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The theory of an encounter complex preceding the formation of the tight 
protein complex can of course not be applied on every protein-protein 
interaction. There are examples of interactions that have a strong and very 
specific electrostatic complementarity, which form both the encounter and the 
protein complexes. There are also examples of proteins whose early interactions 
are driven solely by the hydrophobic effect [79]. However, the encounter 
complex theory accounts for many protein-protein interactions. 
 
An example where the proteins seem to show optimal electrostatic interactions 
in the formation of tight complexes is the barstar-barnase complex. Barnase is 
an extracellular ribonuclease from Bacillus amyloliquefaciens and barstar is its 
natural polypeptide inhibitor. The complex formed of these two proteins is a 
common system when protein interactions are studied. Barstar and barnase 
complexes have many salt bridges and hydrogen bonds in the interface and 
barstar is electrostatically optimized to interact tightly to barnase [80]. 
 
The electrostatic interactions can be improved to have a more favorable effect 
on the complex formation by altering any of the three types of the electrostatic 
terms. First, loss of electrostatic interactions to the solvent when binding, 
desolvation. Second, an intermolecular interaction between functional groups in 
each protein. Third, an intramolecular interaction between functional groups 
within the same protein. The third effect, the intramolecular interaction, is 
often established between residues just below the interaction interface and 
residues in the interface [77]. 
 
The homo-dimerization of the GCN4 leucine zipper is an example of an 
electrostatic interaction using all three terms. This homo-dimer is a coiled-coil, 
in which the monomeric coils, before dimerization, are containing residues with 
side-chains interacting with the solvent. During dimerization these residues are 
desolvated and buried. There are also side-chains interacting with side-chains in 
the other coil in an intermolecular interaction. Each of the coils has stabilizing 
intramolecular backbone-backbone interactions [81].  
 
Interacting interfaces are not regions of high flexibility. Despite this, atoms in 
interacting interfaces very often make a small shift during complex formation. 
This shift is often a small low energy conformational change [67, 68, 72].  
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4.1. Antibody-antigen affinity 
 
All dissolved proteins, antibodies included, must repel all molecules and cells on 
a macroscopic level to stay in solution. The specific attraction of an antibody’s 
paratope to the corresponding epitope must be able to overcome this overall 
repulsive force to establish binding [82]. 
 
The affinity of antibodies can be altered, for example by mutations of specific 
amino acid residues. If the desired result of a mutation is to increase the 
affinity, it is most likely that it is the electrostatic interactions that have to be 
altered. The electrostatic interactions are long-range and they have an impact on 
how long and in what orientation two molecules approach each other, i.e. the 
association rate limiting formation of the encounter complex [70, 71]. These 
interactions can make it easier or harder, depending on the electrostatic pattern, 
for other interactions to take place [83, 84]. There are a number of problems 
with increasing the affinity. The antibodies are naturally high-affinity binders 
and it is hard to improve something that nature already optimized. A mutation 
could, besides alter the affinity, alter the structure of the antibody and actually 
destroy the structure of the CDR loops. The effect of a mutation is hard to 
predict and, finally, the knowledge about antibody-antigen interactions is not 
very well understood.  
 
It is much easier to decrease the affinity than to increase it. Usually there are 12-
20 residues that form the interaction surface between the antibody and its 
antigen. These residues contribute with several van der Waals interactions and 
some hydrogen bonds and electrostatic interactions. These residues are very 
important for the interaction and mutation of such residues will therefore 
almost always result in a decreased affinity [85]. 
 
When antibodies are used in tumor treatment or tumor targeting, it is desirable 
to be able to regulate the affinity of the antibody to its antigen and thereby 
regulate the tumor:non-tumor ratio. An anti-idiotypic antibody can be used to 
improve the tumor:non-tumor ratio by clearing the circulation from a non-
tumor binding idiotypic antibody. When the anti-idiotypic antibody has bound 
to the idiotype, the antibody complex is cleared by the reticuloendothelial 
system. When an anti-idiotype is used to clear the idiotype from the circulation, 
it is even more important to study the interaction and to control it. The affinity 
between the idiotype and the anti-idiotype could be so high that the anti-
idiotype empties the tumor on idiotype and makes the immunotherapy 
impossible. The most desirable scenario would be to have an idiotype where 
100% of injected antibody binds to the tumor, but this is unlikely to appear in a 
real situation. The second best is to have an idiotype that as much as possible 
binds to the tumor and an anti-idiotype that binds to the rest of the idiotype 
that is free in the circulation, without affecting the idiotype located in the 
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tumor. This will probably not be the starting conditions for any system. In 
order to bring the system closer to the second best choice the interactions have 
to be studied and certain amino acid residues have to be mutated to alter the 
affinity. 
 
 
4.2. Antibody-antigen avidity  
 
Avidity, or functional affinity, is the effect of multivalency. The antibody 
antigen interaction is an equilibrium, which contains the steps binding, release 
and rebinding. In the case of the monovalent antibody fragments Fab and scFv, 
the rebinding step is occurring to a much lower extent. When these molecules 
have been released from the antigen they are free to diffuse away from the 
antigen site. The corresponding IgG or F(ab’)2 must release two binding sites to 
be free from the antigen. This has driven the development of dia-, tria- and 
tetra-bodies. These multivalent antibody fragments are built up of two to four 
scFvs joined by peptide linkers or by multimerization. These molecules are still 
relatively small, compared to the IgG, but have the advantage over the 
monomeric scFv due to their multivalency. The multimeric antibody fragments 
have been proven to be very useful in tumor targeting [86-88]. 
 
 
4.3. Site-directed mutagenesis to study antibody interactions 
 
Site-directed mutagenesis is a powerful tool in the study of protein interactions 
and has been used successfully in a number of studies [73, 78, 80, 84]. In 
investigations of antibody-antigen interactions, the so-called functional 
paratope/epitope can be identified, using site-directed mutagenesis. The effect 
of the mutation can be studied using different techniques, such as ELISA and 
SPR. Different mutagenic strategies can be applied. One common approach in 
mutagenic studies is “alanine walking” where every residue, one by one, is 
mutated to an alanine residue. It can be wise to precede the mutagenic 
procedure with some kind of guidance of which amino acid residues that will 
have the greatest effect on the interaction when mutated. One approach is to 
make mutations on the basis of statistical studies such as MacCallum et al. [89] 
or to build a model and mutate on what seems to be important residues. 
Groups of residues can also be chemically modified, for example acidic 
residues, and the effects can then be studied. The goal of chemical modification 
is to modify specific groups of residues, giving an altered protein without 
affecting other residues or causing a conformational change [90]. 
 
The mutational system reveals the functional paratope/epitope rather than the 
classical structural paratope/epitope. On antibodies, the functional paratope is 
much smaller than the structural paratope since a large area of the antibody can 
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be adjacent to the antigen, the structural paratope, but only a few residues 
spread out over that area are actually involved in the interaction, the functional 
paratope [91]. 
 
 
4.4. Antibody models 
 
Two well known methods to identify protein structures are X-ray 
crystallography and nuclear magnetic resonance (NMR). These methods are 
generally slow and difficult, whereas the cheaper and faster computer modeling 
can be a good alternative. In some of the computer modeling techniques, 
structures of related proteins determined by X-ray crystallography or NMR are 
used as templates. 
 
Proteins of unrelated function can adopt very similar three-dimensional 
structures. This is the base for the most common way to make a model, 
homology modeling. In this procedure, the protein of interest is modeled 
against a template protein, based on residue sequence identity and similarity. 
The success in the search for appropriate templates is crucial since the reliability 
of the model depends on the template. For proteins that share 50% of their 
sequence with the template, the model deviates approximately 2 Å from the 
true structure [92] and less sequence identity increases the deviation. Sequence 
alignments between the protein to be modeled and the possible templates are 
done to obtain an appropriate template. The goal of the alignment is to match 
stretches of similar sequences in the different proteins, which correspond to 
similar structures. These stretches can then be used as templates when 
modeling the protein of interest [93]. The homology modeling, following the 
alignment, can be looked upon as a three-step process. First, a model core is 
established by constructing a protein back-bone filled with gaps on the basis of 
conserved stretches of residues in the alignment. The second step is to 
eliminate the gaps in the back-bone, usually by adding more variable structures, 
such as loops, to the back-bone. The last step is to add the side-chains and to 
perform some sort of refinement, such as energy minimization [93]. 
 
There are various softwares available that can be used in computer modeling, 
but an alternative is web-based modeling servers such as Swiss-Model, which is 
a homology modeling server. This service also includes a search engine to 
search the Protein Data Bank (PDB) [94] for suitable protein templates [95]. 
 
Modeling of antibodies are somewhat easier than modeling of the average 
protein. There are many X-ray and NMR structures of antibodies in PDB and 
the antibodies are well defined molecules. The CDR classification with 
canonical classes and clusters are making the models even more precise. The 
deviation of the backbone of the antibody model from the true structure is 
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typically 1.0 Å in the non-CDR (frame) region, assuming that the template is 
correct and determined with high resolution [96].  
 
As discussed earlier, the CDRs can be designated a class and cluster, which can 
be very useful in the antibody modeling. If the CDRs are modeled against 
CDRs from the same classes and clusters, the model will be even more precise 
than described above. As good as 0.2 Å deviation has been accomplished [96]. 
The problem in CDR modeling is to find CDRs from the same class and cluster 
that is structurally determined with good resolution. This is of course a problem 
when it comes to CDR 3 in the heavy chain because of its diversity in length 
and sequence. 
 
The protein model must be evaluated in some way to establish whether the 
model is reliable enough for the intended specific purposes. The conformation 
of the amino acid residues and the bond length must be controlled. The model 
can be compared to known structures of related proteins. There are programs, 
like for example WhatCheck, which can make this evaluation [97]. The 
programs validate that the model is sterically reasonable, but the biological 
function of the modeled protein is not validated. A protein model can be 
constructed in a way that would give no biological function, but it is still 
completely correct with regard to the chemical constraints. 
  
When the model is done, it can be presented in a number of ways depending on 
the purpose. It can be presented as the classic sticks and balls or space filling 
mode. It can also be presented with different kinds of surfaces, van der Waals 
surface, molecular surface or solvent accessible surface. The model can then be 
colored to present electrostatic potential, hydrophobicity, and polarity amongst 
other things.  
 
A warning must be raised when handling models. It is easy to consider the 
models to be the real and true structures of the protein. This is not the case. 
The models must be used as models for guidance in what direction further 
actions might be taken. It is also important to remember that all structures, 
modeled, x-ray and NMR, are frozen moments in time. The real protein 
structure is not static but flexible. 
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5. Aims of this study 
 
The aims of this thesis can be divided into two parts, the first dealing with 
interactions and functional mapping, whereas the second deals with in vivo 
clearing and metabolism. The aims are: 
 

• To clone and sequence the variable domains of the anti-cytokeratin 8 
monoclonal antibody TS1. 

 
• To construct an scFv of the mab TS1 IgG. 
 
• To functionally map residues important for the interaction of TS1 to 

the antigen, cytokeratin 8, and to the anti-idiotype, αTS1. 
 
• To investigate the metabolism and the major route of clearing of TS1 

IgG. 
 
• To study the tumor uptake and clearing of the scFv TS1-218 in vivo. 
 
• To elucidate the structure of the immune complexes formed between 

the idiotype and anti-idiotype IgGs. 
 
The aims presented are part of a larger project that strives to set up a system 
that can be used to localize and/or treat carcinomas expressing cytokeratin 8. 
To accomplish this, each part must be investigated to allow control of the entire 
system. TS1 can localize to tumors in vivo and αTS1 can be used to enhance the 
clearing of circulating non-tumor binding TS1. Both these interactions must be 
investigated to accomplish a system where as much TS1 as possible is localized 
to the tumor and as much as possible of the circulating non-tumor binding TS1 
is cleared by αTS1 and thereby improving the tumor to non-tumor ratio. It is 
not obvious that it is the IgG forms that will show the most effective 
localization or therapy. Therefore, recombinant versions of the antibodies 
should also be investigated and these are also easier to modify to study changes 
in the interactions. 
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6. Summary of the papers 
 
 
Paper I 
 

Idiotypic-anti-idiotypic complexes and their in vivo metabolism. Cancer. 2002, 94(4 
Suppl):1306-1313. 

 
When the idiotypic and anti-idiotypic IgGs TS1 and anti-TS1 (αTS1) were 
mixed in equimolar amounts, more than 70% of the antibodies formed 
complexes. A majority of these (66.6-73.4%) consisted of ring-shaped 
complexes containing from four up to over eight antibodies. Dimeric 
complexes were rare, probably reflecting a location of the epitopes that 
constrain dimeric interactions and/or insufficient flexibility of the hinge 
regions. 
 
The radiolabeled TS1 was reallocated from the circulation to the different 
organs and particulary the liver, within one hour after αTS1 injection. The αTS1 
alone did not show different uptake in the liver compared to other organs. The 
αTS1 significantly increased the clearing of radiolabeled TS1 in vivo and the 
TS1/αTS1 complexes formed were mainly metabolized in the liver.  
 
 
Paper II 
 

Studies of the interactions between the anticytokeratin 8 monoclonal antibody TS1, its 
antigen and its ant-idiotypic antibody αTS1. J. Mol. Recognit. 2003, 16:157-163. 

 
 
The genes coding for the variable regions of TS1 and αTS1 were cloned and 
sequenced and the CDR and framework residues were identified. In order to 
identify groups of amino acid residues involved in the interactions between 
TS1, the cytokeratin 8 epitope, and αTS1, chemical modifications were made 
and the effects of the modifications were analyzed using ELISA. The DNA 
sequences were used to create homology models of the variable regions to 
identify important residues on the surface. 
 
Several charged residues, a histidine residue and tyrosine residues were 
displayed on the surface of the model and chemical modifications confirmed 
the importance of these amino acid residues. It was also revealed that the part 
of TS1 that binds to cytokeratin 8 overlaps with the part that binds to αTS1. A 
histidine residue identified in TS1 is probably involved only in the interaction 
with αTS1.  
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Furthermore, the chemical modification of TS1 demonstrated that altering 
aspartic acid and glutamic acid residues to asparagine and glutamine residues 
increased the binding of TS1 to cytokeratin 8, indicating that there is at least 
one acidic residue that is an obstacle in the TS1–CK 8 binding.  
 
 
Paper III 
 

Functional mapping and single chain construction of the anti-cytokeratin 8 monoclonal 
antibody TS1. Mol. Immunol. 2007, 44:1075-1084.  

 
A single-chain antibody (scFv) of the mab TS1 was constructed (TS1-218). 
Several mutations, based on paper II and statistics by MacCallum et al. [89], 
were introduced in this scFv to study the importance of certain amino acid 
residues in the interaction with both the antigen CK 8 and the anti-idiotype, 
αTS1. 
 
The important residues are mainly tyrosines but also charged residues, a serine 
residue and a tryptophan residue. An interacting interface was identified and 
also possible hotspots, which to a large extent contribute to the interaction 
energy. TS1 has an unusual feature as possible hotspots in CDR2 of the light 
chain were identified. This CDR is rarely involved in the interaction to antigen, 
but if the antigen is large the participation of this CDR has been reported [89]. 
The affinity to both interaction partners could also be increased by the 
introduction of some of the mutations, as predicted in paper II.  
 
The major conclusion drawn in this paper is that it is useful to precede a 
mutational study with some sort of trials for guidance of which residues to 
mutate. In paper III, statistics and chemical modifications from paper II were 
used for guidance.  
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Paper IV 
 
 The biodistribution of the anti-cytokeratin 8 scFv TS1-218 in a tumor xenograft mouse 
 model. Manuscript. 
 
The svFcs TS1-218, αTS1 and complexes formed between these scFvs in 
equimolar amounts were given to tumor xenograft carrying Balb/c mice. All 
proteins were labeled with 125I, other than the complexes where only TS1-218 
was labeled. It was shown that the TS1-218 was cleared rapidly by the kidneys, 
but remaining TS1-218 was concentrated within the tumor. This results in a low 
absolute amount of TS1-218 in the tumor, but the tumor to non-tumor ratio 
was increased over time.  
 
The αTS1 scFv was retained in the kidneys, probably due to its highly positively 
charged surface. The injected complexes are also somewhat retained in the 
kidneys, probably due to the charged αTS1 surface. The pre-forming of scFv 
complexes before administration reduces the clearance, since the total activity 
was higher at all time-points compared to monomeric TS1-218 and αTS1 scFvs. 
 
An interesting feature was the uptake of TS1-218 and the complexes, but not 
αTS1, in the gastro-intestinal tract. This should be studied further since this 
feature might be suitable for localization to tumors in the gastro-intestinal tract.  
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7. Results and discussion 
 
The IgG TS1 can be used in vivo to localize carcinomas expressing cytokeratin 8 
(CK 8) [64, 98, 99]. The tumor specificity can be useful both at tumor 
localization for diagnostic purposes or in a therapeutic strategy. At localization, 
TS1 must be labelled with a radionuclide, which can be used to capture an 
image of the tumor with tomography. At therapy, the TS1 IgG has the 
possibility to elicit an immune response towards the tumor, but it can also be 
used to deliver a toxic substance specifically to the tumor, which subsequently 
will cause tumor death. The anti-idiotypic antibody αTS1 can be used to 
enhance the tumor to non-tumor ratio of TS1 by binding to TS1 and thereby 
enhancing the clearance of circulating non-tumor bound TS1 [54, 100]. To be 
able to improve the TS1 interaction with CK 8, without negatively affecting the 
TS1 interaction with αTS1, both these interactions must be investigated.  
 
This thesis focuses on the interaction of the anti-cytokeratin 8 scFv TS1-218 
with its antigen and its anti-idiotype αTS1 by studying the effect of chemical 
modifications of CK 8 and the IgG’s TS1 and αTS1. The chemical 
modifications constitute the base for site-directed mutagenesis of scFv TS1-218 
for studying the interactions with CK 8 and αTS1 using ELISA. It also presents 
how the scFv was constructed from the monoclonal mouse IgG. The in vivo 
biodistribution, metabolism and complex formations to both CK 8 and αTS1 
were studied for both the IgG and the scFv of TS1. 
 
The cloning of the variable domains of TS1 in paper II was problematic since 
the 5’-end of the nucleotide sequences, of the heavy chain in particular, was 
uncommon. Initially a kit containing a large number of degenerated primers 
that were complementary to the genes of the variable domains of mouse IgGs 
were used. The primers in the kit did not seem to be complementary to the 
nucleotide sequence of the variable domains of TS1 and other primers had to 
be used. Focus moved to the sequences flanking the variable domains, the first 
constant domain and a leader sequence coding for a signal peptide. Primers 
complementary to the nucleotide sequences coding these amino acid sequences 
were successfully used for cloning and the nucleotide sequences coding for the 
variable domains were sequenced [101]. After the cloning of the variable 
domains of TS1 IgG, two scFvs were made, but only one was functional. First, 
the scFv TS1 was constructed in the VH-linker-VL order with the common 
(G4S)3 linker [32]. However, when this scFv was expressed, it was not 
functional. Second, the scFv TS1-218 was constructed in the VL-linker-VH 
order using the 218 linker (GSTSGSGKPGSGEGSTKG) described by Filpula 
et al. [102]. The scFv TS1-218 was fully functional with affinity to both its 
antigen CK 8 and its anti-idiotype αTS1. The amino acid sequence of TS1 VL 
and VH, numbered according to Chothia 1987 (CL) [4, 103] and IMGT [37] is 
displayed in table I. Also shown in table I are positions where 50% of the 
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residues at this position interact with the antigen, according to MacCallum et al. 
[89], are presented as underlined CL numbers. 
 
The sequences of the variable domains of the light and heavy chains were used 
to create the homology model in paper II, by using the automated protein 
modeling server Swiss-model [95]. The CDR conformations were improved, 
based on their canonical class and cluster, in Swiss pdb viewer (v. 3.5) [95]. The 
antibody model was further developed in paper III by adding a molecular 
surface in the Deep view software (v. 3.7) [95] and are here refined by 3D 
rendering in POV-Ray for windows v.3.6 [104]. The protein model displays a 
mainly polar surface which is broken by smaller hydrophobic patches (figure 
4a). Some of the hydrophobic residues are located close to residues considered 
important in the interaction study and can contribute to the desolvation 
preceding antigen binding. The surface arising from the CDRs displays four 
negative charges and one positive charge. Furthermore, nine tyrosine residues 
and one tryptophan residue are exposed on the surface composed of the CDRs. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

  LFR1 LCDR1 LFR2 LCDR2 

           10        20       30     40         50    60 

IMGT 12345678901234567890123    456789012345690 123456789012345 6786789 
           10        20       30         40 50 

CL 12345678901234567890123    4567890abcd1234 567890123456789 0123456 

  DIVLTQSPASLAVSLGQRATISC RASQSVSTSNYNYMH WYQQRPGQPPKLLIK YASNLES 

  LFR3 LCDR3 LFR4   

  70        80      90        100      110       120   
IMGT 01234567890345678901234567890124 567890123 456789012345   
     60        70        80  90   100   
CL 78901234567890123456789012345678 901234567 890123456a78   

  GVPARFSGSGSGTDFTLNIHPVEEEDTATYYC QHSWEIPLT FGAGTKLEIKRA   

     
  HFR1 HCDR1 HFR2 HCDR2 

           10       20    30    40          50      60 

IMGT 1234567891234567890123456 7890123490 12345678901234 5678901236
           10        20     30     40 50 

CL 1234567890123456789012345    6789012345 67890123456789 012a345678

  EVQLVESGGGLVKPGGSLKLSCVAS GFSFNNYDMS WVRQTPEKRLEWVA YISTGDGNTY

  HFR3 HCDR3 HFR4   

     70       80        90        100    110   120   

IMGT 789012456789012345678901234567890123456 78901234567 8901234567   

   60        70        80           90     100       110   
CL 901234567890123456789012abc345678901234 567890abc12 3456789012   

  YPDTVKGRFTISRDNAKNTLYLQMNSLKSEDTTMYYCAR QAYGSSYWFPY WGQGTLVTVS   

 

Table I. Amino acid sequence of the TS1 VL and VH numbered according to IMGT [37] and according to Chothia 
and Lesk 1987 (CL) [4, 103]. Bold residues are important for TS1 interaction to one or both of CK 8 and αTS1 
(paper III). Underlined residues show the residues that were mutated (paper III). Underlined numbers (CL row) 
show residue positions where at least 50% of the residues in this position interact with the antigen [89]. 
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In the model, a deep pocket is displayed just north of the center of the surface 
composed of the CDRs (figure 4a). The CDR 3 from the heavy chain is located 
to the south and east of this pocket. This CDR is generally considered to play a 
major part in the antigen interaction. 
 
The antibody model generated in this study should be considered relatively 
accurate. The variable domains of TS1 have approximately 55% sequence 
identity with the template sequence and the backbone is therefore not likely to 
deviate more than 2 Å from the true structure according to Schwede [92]. The 
class and cluster could be identified correctly for LCDR 2 and 3 and cluster but 
not class could be identified for LCDR1 and HCDR 1 and 2. This decreases the 
deviation further. LCDR 2 and 3 with fully identified class and cluster are 
probably modeled with very high accuracy whereas their relative positions are 
less accurate. 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. a: Surface homology model of the mab TS1 variable domains viewed from the 
interaction site. A line surrounds the residues considered important for the interaction with 
CK 8 and/or αTS1 (paper III). Underlind residues increased the binding to CK 8 and/or 
αTS1. b: The epitope peptide of CK 8 (GELAIKDANAKLSELEAALQRAKQ) presented as 
an opened α-helix. The residues most important in the CK 8 – TS1 interaction are 
indicated by circles. Both images show one letter abbreviations for amino acid residues. 
The residues are coloured by type: hydrophobic – grey, polar – yellow, acidic – red, basic – 
blue. 
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When using models, an update have to be performed from time to time 
because more and more structural data become available over time. The new 
structures may result in even better models, especially if a higher sequence 
identity between the modeled protein and the templates can be established. 
When searching PDB for suitable model templates for TS1 VH and VL, there 
are now (September 2006) structures available with higher sequence identity 
than when the model was made in late 1999. The sequence identity now reaches 
88% whereas it reached 55% in 1999. This increase in sequence identity would, 
if the model would be rebuilt, probably bring the backbone deviation closer to 
1 Å than 2 Å, as previously predicted. The CDRs would, as in paper II, be 
modeled against templates based on class and cluster, which would decrease the 
deviation further for these parts of the antibody. There can also be antibody 
structures available that have CDRs representing a class or cluster whose 
structure was not determined earlier. When classifying the CDRs of TS1 (in 
September 2006) in Martin’s bioinformatics site [5], the result is basically the 
same as in paper II. The only possible change is for LCDR1 in which the class 
still is unidentified but the cluster could possibly be changed from 15B to 15A. 
This change is not certain since LCDR1 of TS1 does not fit exactly into any of 
these two clusters.  
 
Chemical modifications of TS1 IgG performed in paper II were used to 
determine which groups of residues that are important for the interaction. Five 
reagents were used to perform the chemical modifications. EDC mainly 
modifies aspartic acid, glutamic acid and tyrosine, DEPC mainly modifies 
histidine and primary amino groups and pHPG essentially modifies arginine. 
FDNB modifies mainly tyrosine, lysine, histidine, cysteine and primary amino 
groups. Acetic anhydride essentially modifies lysine and primary amino groups. 
TS1 IgG was adsorbed to microtiter plates and then subjected to one of the 
five reagents. The modifications were made with and without protection of CK 
8 and αTS1 to distinguish between modifications on functionally important 
residues and general denaturation. It was suggested that the important residues 
in TS1 were tyrosine and aspartic acid and/or glutamic acid for the interactions 
with both CK 8 and αTS1. These results were confirmed, in paper III, since 
several of the mutated tyrosines and acidic residues decreased the affinity.  
 
The chemical modifications indicate that there are acidic residues which are 
involved only in the CK 8 interaction or only in the αTS1 interaction. The 
interaction sites on TS1 with CK 8 and αTS1 are likely to overlap but not 
identical since the modifications of TS1 gave similar results for some 
modifications and different result for other modifications, when binding to CK 
8 and αTS1 respectively. The modification of acidic residues to amides with 
EDC and ammonium chloride increased the binding with CK 8 more than ten 
times. This effect was reproduced when the equivalent mutations were 
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performed as described in paper III, although the interactions to both CK 8 
and αTS1 could be increased, as shown in table II. 
 
Table II. Effect of site-directed mutagenesis measured in ELISA.  
+: increased binding, md: major decrease, ib: intermediate binding, 
ne: no effect. A residue giving a major decrease upon mutation 
is considered important for the interaction. 

Frame/CDR Residue Mutation Effect 

      CK 8 αTS1 

LFR1 VLD1 A ib ib 

  VLD1 N md md 

LCDR1 VLR24 A ib ib 

  VLY30d A md md 

  VLY32 A md md 

  VLH34 A ne ne 

LCDR2 VLY50 A ib ne 

  VLE55 A ne md 

  VLE55 Q ib ne 

LCDR3 VLE93 A ne + 

  VLE93 Q ne ne 

HFR1 VHE1 A ib + 

  VHE1 Q + + 

HCDR1 VHY32 A md + 

  VHD33 A ib + 

  VHD33 N + + 

HCDR2 VHY50 A ne md 

  VHD54 A ne + 

  VHD54 N ib + 

  VHY58 A ib md 

HCDR3 VHY97 A ib ne 

  VHS100 A md md 

  VHY100a A + md 

  VHW100b A md md 

HCDR1/2 VHD33/D54 N/N md md 

 
 
The mutations in paper III of VHE1 and VHD33 to their corresponding amides 
resulted in increased affinities to both CK 8 and αTS1 and mutation of 
VHY100a to an alanine residue increased binding to CK 8. Mutation of VLE93, 
VHY32, VHD33 and VHD54 to alanine residues and of VHD54 to asparagine 
residue increased binding to αTS1 (table II). It has been shown that residues 
able to increase the affinity when mutated do not take part in the actual 
interaction, but improve the preceding steps [83, 84], including the formation of 
the encounter complex. This means that the mutated residues in TS1-218 
resulting in increased binding are probably located outside the interaction 
interface. There are exceptions as VHY100a is most likely important for the 
interaction, since it is located in the center of HCDR3 and flanked by two 
important residues (VHS100 and VHW100b). The mutation results in a modest 
increase of binding to CK 8 and this is probably caused by a more 
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advantageous interaction between this specific residue and one or several 
residues in the antigen. This mutation is not suitable for the αTS1 interaction, 
since the binding to αTS1 is completely abolished. VHD33 was probably also an 
exception of the theory of being outside the interaction interface. It has been 
shown that the VH33 residue is the only HCDR1 residue important for the 
specificity [105] and it often makes contact with the antigen in the MacCallum 
statistics [89]. The mutation of this residue to an alanine residue slightly 
decreased the reactivity to CK 8, whereas it increased the reactivity to αTS1. 
The mutation to an asparagine residue however, increased the reactivity to both 
αTS1 and CK 8. The asparagine mutation of VHD33 is combined with the same 
mutation of VHD54 which resulted in major decreases in reactivity to both 
αTS1 and CK 8. It is concluded in paper III that there has to be at least one 
negative charge in this area of the TS1 surface to achieve the interactions to 
both αTS1 and CK 8. In the wild-type, both of these residues are negatively 
charged which cause a repellent force between them, which in turn, restrain 
their rotational freedom. This restrain is relieved when one of the negative 
charges is deleted. The locations of these residues on the surface are shown in 
figure 4a. 
 
The N-terminal amino acid residues of TS1 are important in two different ways. 
First, the N-terminal amino group, since the chemical modifications of TS1 
IgG in paper II suggested that at least one of the N-terminal amino groups was 
important for the interaction to both CK 8 and αTS1. The first scFv construct 
did not function when the nitrogen in the N-terminal amino group of the light 
chain was occupied in the peptide bond to the linker, it was concluded that it is 
the N-terminal amino group in the light chain that is important for the 
immunoreactivity of the scFv. 
 
The other aspect concerning the N-terminal amino acid residues involves the 
side-chains of the residues. When the N-terminal acidic residue VHE1 was 
mutated to its amide equivalent in paper III, the affinity increased significantly 
as suggested by the chemical modifications in paper II, although chemical 
modification only resulted in increased binding to CK 8. The difference in the 
results between the two methods is presumably caused by the lack of 
confirmation in the modification procedure. There is no confirmation that the 
modification really occurs and the modification is not specific. The site-directed 
mutation is controlled by DNA sequencing and is specific for one residue. 
Furthermore, chemical modifications add a molecule to one or more side-
chains, whereas a mutation substitutes one side-chain.  
 
On the basis of the chemical modification and the gel permeation 
chromatography experiment described in paper II, together with the 
MacCallum statistics [89], it was concluded that the residue VLH34 could be 
important for the interaction of TS1 to αTS1. For the site-directed mutagenesis 
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experiments with VLH34 mutants, the interaction was unaffected both with 
respect to CK 8 and αTS1, which are contradicting results. This could, again, be 
explained by differences between the two systems. In the chemical 
modification, with reagents specific for different functional groups of a residue 
modify that residue, whereas the side chain is substituted to a single methyl 
group in the mutation procedure. The change in pH, used together with the gel 
permeation chromatography, does affect the entire antibody TS1, as well as the 
anti-idiotype αTS1 and the entire environment in which the interaction occurs. 
 
In TS1, important residues which gave an abolished or substantially decreased 
antibody binding to one or both of CK 8 and αTS1, when mutated, were 
identified. Some of these residues are likely hotspots, which are defined as a 
residue contributing energetically >2kcal/mol to the interaction [76]. Many of 
the residues identified as important are tyrosine residues, but also serine, 
tryptophan and charged residues did participate. These findings are supported 
by other studies, which have indicated tyrosine, arginine, tryptophan and in 
some cases serine residues to be more likely to be involved in antibody 
interactions [76, 106-108].  
 
Hotspots often cluster together in the center of the interacting interface, but are 
also present at the periphery. To be fully functional in the interaction, the polar 
hotspots must be subjected to desolvation. It is observed that the possible 
hotspot residues are surrounded by hydrophobic rings or patches. These 
residues will facilitate the desolvation of the hotspots and thereby prevent the 
water molecules in the solvent to interact with the hotspot residues in the 
interface. The desolvation of interaction sites is a necessity for the formation of 
tight complexes and is supported by both experimental data and computer 
models of proteins other than antibodies [76, 77, 109].  
 
In most antibodies the LCDR 2 is not involved in the interaction but 
contributes to the structure required for antigen interaction. Despite this, two 
amino acid residues in TS1 LCDR 2, VLY50 and VLE55 are considered to be 
important for the interaction to CK 8 and αTS1 respectively. Furthermore, 
these two residues are surrounded by hydrophobic patches and clustered 
together with other important residues. In addition, involvement of LCDR2 in 
the interaction has been reported when the antigen is large [89] as in this study.  
 
When studying the MacCallum et al. statistics [89] in table I, it might be 
concluded that more residues should be analyzed by mutagenesis. This might 
be a good idea, but when colored by accessibility (data not shown), the model 
of TS1 suggests that several of the statistically important residues are 
completely buried and these residues are often flanked by almost completely 
buried residues. 
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When studying the surface of the model of TS1 in figure 4 together with the 
epitope of CK 8 a question might be raised. They both show a similar pattern 
of negative charges that should repel each other and interaction between the 
molecules would not occur. There is however, no doubt that TS1 binds to CK 
8. There are reports of a stabilizing effect in coiled coil proteins using salt 
bridges between charged side-chains [55, 56]. In the study reported in paper III, 
the web-interface of the software What If [110] reported three possible salt 
bridges (E343-K347, D348-K352, E355-R362) which could “neutralize” at least 
two of the three negative charges in the CK 8 epitope and have a positive effect 
on the interaction of TS1 with CK 8. 
 
In paper I, the possibility of the location of the epitope on the apex of the 
CDRs in both TS1 and αTS1 IgGs is discussed. This concept is based on the 
inability of these two IgGs to form dimeric complexes and is confirmed by the 
results presented in paper III. The important amino acid residues are mainly 
located in the mid-part of the CDR and, furthermore, they are located mostly in 
the center of the interacting interface of the scFv TS1-218, which would 
demand a highly flexible hinge-region of the IgG analogue to allow formation 
of dimeric complexes. The important amino acid residues of scFv αTS1 are also 
mainly located in the center of the interacting interface (Erlandsson A. personal 
communication). 
 
The immune complexes formed in vivo in paper I are mainly metabolized in the 
liver. This is in line with other studies and the metabolism is mediated through 
the binding of FcγR to the Fc-part of antigen bound antibodies. [14, 22]. It has 
been shown for the complexes of TS1 and αTS1 IgGs that only one of the 
antibodies needs to have an Fc-part, to obtain blood clearance [111]. This 
means that in the interaction between TS1 and αTS1, both antibodies function 
as both antigen and antibody. The Fc-part seems more important than the 
ability to form large complexes, since saturation of the IgG TS1 epitopes with 
Fab αTS1 causes similar clearing as saturation with intact IgG αTS1 and since 
the reversed system with TS1 lacking the Fc-part also showed similar clearing 
[111]. This is consistent with other studies, using Fc-receptor deficient mice, 
which have resulted in an absent effect upon antigen binding of the antibodies 
[112].  
 
The complexes formed in paper IV do not have the ability to activate any of the 
reactions mentioned above, since the scFvs are monovalent and thereby only 
capable of formation of dimeric complexes lacking the Fc-part. From this, it 
can be concluded that the small scFv complexes should not be cleared by 
immune-cells or the liver, because they lack Fc-part, and they should not be 
effectively cleared by the kidneys, since they just reach the renal clearance 
threshold of 60 kDa. This is shown in the study presented in paper IV, in which 
the activities in the liver were low at all time points, whereas a relatively high 
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activity was initially detected in the kidneys. The activity in the kidneys can be 
due to the fact that the complex formation is not 100% and there are 
monomeric scFv co-administered with the complexes. The pre-forming of 
immune complexes before administration was hypothesized to reduce the 
clearance of scFvs and since the total activity for the complexes in paper IV 
was higher compared to both TS1-218 and αTS1 scFvs, the hypothesis was 
confirmed. When studying the complexes it should be noted that it is only the 
TS1-218 that is radiolabeled, which means that it is only TS1-218 that is 
followed, both with respect to the monomeric form and the complexes with 
αTS1. Furthermore, the renal clearance threshold is not absolute and the scFv 
complexes just barely reach the threshold. When applying an electropotential 
map on the surface of the αTS1 scFv model in paper II, it is almost completely 
positive. The positive surface will be highly attracted to the negative charges in 
constituents of the glomerulus filtration unit [23]. This can also explain the 
higher activities for the complexes in the kidney in paper IV. It will also explain 
the high activities in the kidneys of monomeric αTS1 scFv, used as negative 
control. The high electrostatic attractions concentrate αTS1 to the kidneys more 
effectively, compared to TS1, even at low blood concentrations. It has been 
shown that cationized IgG, both when it is alone and when it is in complex 
with its antigen, localizes to the glomeruli in just one minute. The IgG can be 
detected in the glomeruli for 12 hours when it is alone whereas when it is 
complexed to its antigen it stays there for at least 14 days [25, 113]. 
Alternatively, the scFvs can be degraded or dehalogenated in the kidneys, 
resulting in a seemingly high uptake. If so, the elimination of catabolites should 
be accomplished as fast as possible. Whatever mechanism is regulating the 
elimination of the scFvs, there are differences in the kidney uptake, which 
means that the scFvs have some feature influencing the rates of uptake and/or 
degradation.  
 
The epithelial cells in the intestine express CK 8 [59] and these cells are 
subjected to high stress and high turnover rates, which make the cytokeratins 
more available. The TS1-218 scFv can bind the CK 8 in the intestine and 
possibly be excreted via faeces. This is not shown in paper I, in which the TS1 
IgG activities in the gastro-intestinal measurements are low at all time points. 
The activities are high in the early time points in paper IV for the TS1-218 scFv 
and the complexes, but not for αTS1 scFv. The antibodies were administered 
intraperitonealy and the pores in the peritoneum are predominately 80-100 Å in 
diameter. There are larger pores up to 500 Å as well, but these are few [114]. 
The IgG are larger than 100 Å and can thus not pass the peritoneum at the 
same rate as the small scFvs. This explains the differences between the 
investigations presented in the two papers. The results concerning the antigen 
specific uptake in the gastro-intestinal tract should be investigated further. The 
TS1-218 scFv might be suitable for localization to tumors in the gastro-
intestinal tract. 
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The scFv TS1-218 used in paper IV is retained in the tumor, since there is no 
significant difference in tumor uptake between the first and the second time 
points. After 80 minutes the tumor uptake is 1.5% of the injected dose per 
gram (%ID/g) and the tumor to non-tumor ratio (T/NT) is 0.3 after 80 
minutes and 0.8 after 330 minutes. These results are caused by the short half 
life of scFvs in vivo and are in accordance with other studies [115-117]. The 
results suggest that the scFv of TS1 might not be suitable for use in therapy due 
to the rapid clearance from the circulation. If the T/NT ratio is calculated 
without including the kidneys, it will almost reach 2 after 330 minutes. This 
suggests that the T/NT ratio would increase as the molecules are cleared by the 
kidneys over time. However, the rapid clearance of scFvs can result in a high 
T/NT ratio necessary in radioimmuno-imaging, where the use of the IgGs is 
hampered due to their longer plasma half-life. Smaller antibody fragments have 
been shown to be usefull in such diagnostic approaches [45, 118]. Although the 
scFv can give a good ratio, the absolute amount of delivered nuclide is relatively 
low, resulting in low sensitivity. Paper III describes the creation of a number of 
mutated forms of TS1-218 and some of them show increased binding to one or 
both of CK 8 and αTS1. Some of the mutated TS1-218 will probably increase 
the absolute tumor uptake in vivo and thereby also improve the T/NT ratio. The 
kinetics of the mutants would be interesting to investigate, since it is known 
that the TS1-218 has both slow association as well as dissociation rates. Slow 
association rate in combination with fast renal clearance should result in low 
tumor uptake. A mutant with faster association rate could, at least partially, 
solve that problem. Paper III describes three mutations that result in increased 
binding to CK 8. These will probably cause improved tumor uptake. The 
mutation of VHY100a to an alanine residue increased the binding to CK 8 in 
vitro, but the binding to αTS1 was abolished. This might not be a problem since 
the clearance of the TS1-218 is very fast, which means that the enhancement of 
the clearing by administering αTS1 IgG might not be needed when using the 
scFv version of TS1. When VHE1 and VHD33 are mutated to their 
corresponding amides, they cause increased binding to both CK 8 and αTS1 
and are subsequently mutations that can be made to improve the tumor uptake 
of scFv TS1-218. There are also a number of mutated αTS1 scFvs available that 
can be used in combination with some of the TS1-218 mutants (Erlandsson A. 
personal communication). Interactions in which both TS1-218 and αTS1 scFvs 
are mutated have not yet been investigated.  
 
Further ways to improve the tumor uptake is formation of diabodies or 
triabodies, small enough for tumor penetration, but with higher avidity and 
increased plasma half-life that would increase the absolute amount of delivered 
nuclide to the tumor [88, 119, 120]. It has also been shown that an scFv 
conjugated to polyethylene glycol (PEG) can increase the serum half-life and 
thereby increase the tumor uptake in vivo, even if the PEG conjugation 
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decreases the affinity of the scFv in vitro [117]. It was earlier suggested that 
clearing enhancement by αTS1 IgG might not be needed when using the scFv 
version of TS1. The two methods described for improving tumor uptake also 
decrease the clearance. This suggests that the clearing enhancement facilitated 
by αTS1 IgG must be used in combination with these methods, even if small 
immunomolecules are used for tumor localization. Additional strategies to 
improve tumor localization include co-administration of lysine with the scFv, 
which reduces the renal uptake of scFv without affecting the tumor uptake and 
thereby improves the T/NT ratio [115, 121]. The principle described for this 
method is that lysine neutralizes the negative surface of luminal tubular cells 
and thereby blocks reabsorption of the protein molecules [122]. The lysine 
molecules should also have the capability to neutralize the negative charges of 
the glomeruli and the renal endothelium and thereby decrease the uptake of 
positively charged proteins. Both the absolute uptake and T/NT ratio have 
been improved by co-administration of the cell-penetrating peptide penetratin 
[123]. It is hypothesized that penetratin increases the penetration of cell 
membranes of the scFv and thereby causes an increased tumor uptake, but the 
mechanisms are not fully understood. The penetratin initially also increases the 
renal uptake, but this is reduced to normal levels over time [123]. 
 
The αTS1 scFv is cleared rapidly from the body, compared to TS1-218 and its 
complexes, since the total activity is significantly lower in the first time point at 
80 minutes. This is probably partly caused by the relatively large volume of 
αTS1 scFv administered to the mice. This causes a larger plasma volume which 
the kidneys compensate for by producing more urine and the αTS1 is thereby 
cleared faster. The uptake of αTS1 in the kidneys was significant, harboring 11 
%ID/g after 80 minutes. The αTS1 was retained in the kidneys, since there was 
no significant difference between the first two time points and for the final time 
point the uptake has dropped to 5 %ID/g. The αTS1 was probably 
contributing to the larger uptake of complexes, compared to TS1-218. The 
function as negative control was limited for αTS1 in this system, since this scFv 
deviated from the expected pattern.  
 
Low expression yields have been a problem throughout the work with the TS1-
218 scFv. This is a problem especially when performing in vivo studies, 
demanding sufficient scFv to be administered. It has been shown that an scFv 
inversion from VH-VL to VL-VH orientation improved the expression by 150% 
[124]. This change of the scFv is not a very large operation, but has a major 
impact on the expression. Unfortunately, the scFv inversion seems to have no 
effect on the TS1-218 scFv expression, which also has been reported by others 
[125].   
 
The complexes formed in vitro between the IgG forms of TS1 and αTS1 in 
paper I resulted in large complexes and very few dimers. An electron 
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micrograph showing some of the complexes formed is presented in figure 5. 
The inability to form dimers can be caused by the location of the paratope on 
the apex of the CDRs, as discussed earlier, but it can also be due to a limited 
flexibility of the hinge regions [126]. Approximately 70% of the molecules are 
found in complexes in vivo. The complexes formed are predominately ring-
shaped and this causes an overestimation of the molecular weight of the 
complexes. The PAGE and gel permeation chromatography techniques used in 
the study reported in paper I, are based on mobility, which is size dependent. 
Using the described techniques, the open-ring geometry of the complexes, 
which is rather atypical in the aspect of mobility, generate an apparent increase 
in size of the complexes. It is also reported that the size of the complexes 
increases with increased protein concentration. The proportion of complexes 
containing eight or more antibodies increased from 11.5% to 31.4% when the 
total protein concentration was increased from 0.02 mg/ml to 2.0 mg/ml. This 
is presumably caused by increased probability to encounter an antibody not 
involved in the complex. For example, a chain consisting of four antibodies has 
two options: (i) to close the chain and form a ring-shaped complex, or (ii) to 
interact with a monomeric antibody in the solution and form a pentamer. At 
higher concentrations, the probability to encounter a monomeric antibody is 
higher than in a solution with lower concentration which results in larger 
complexes in the solution with higher concentration. The in vivo study in paper I 
shows that the liver is metabolizing the immune complexes, which is in 
accordance with other studies [14]. One hour after the αTS1 injection, the liver 
shows significant uptake of nuclides and after 4 hours the metabolized 
components are excreted by the kidneys, since the nuclide levels increase in the 
kidneys at this time-point and the metabolism of the complexes has 
commenced.  
 
If the scFv TS1-218 is to be used as a therapeutic agent, an effector function 
must be added to the molecule. The scFv itself will only localize to the tumor, 
without any toxic effect. There are several examples of scFvs that carry an 
effector molecule to the tumor [127-129]. The effector molecule can be a toxin, 
a radionuclide or an enzyme that can convert a non-toxic pro-drug to a toxic 
drug specifically at the tumor site and hopefully induce tumor death. 
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Figure 5. Electron micrograph of immune complexes of TS1 and αTS1 IgGs. The electron 
micrograph shows some of the complexes formed between the IgGs: a) monomeric IgGs, 
b) chain of three, c) ring of four, d) ring of six, e) ring of ten. 

 
 
8. Conclusions 
 
The major conclusions drawn from this investigation are that it is possible to 
improve the interactions of an antibody to its antigen and to its anti-idiotype by 
site-directed mutagenesis. When performing such mutational studies it is 
favorable to include both experimental and statistical data of the residues which 
are likely to be important for the interactions. Both sources of information can 
contribute to the selection process, but are more powerful when used together 
and this reduce the risk of missing an important residue.  
 
When studying the homology model made in paper II, based on the sequences 
of the cloned variable domains of the TS1 IgG, it was demonstrated that there 
were several charged residues, a histidine residue and tyrosine residues on the 
surface. The chemical modifications made to study the interactions of TS1 to 
CK 8 and αTS1 showed that these residues were important for the interactions. 
 
By creating the scFv TS1-218 in paper III, the interactions of TS1-218 to CK 8 
and αTS1 could be studied using site-directed mutagenesis. It was found that 
mainly tyrosine residues, but also charged residues, a serine residue and a 
tryptophan residue which are important in both interactions. The binding could 
also be improved to both interaction partners by elimination of negatively 
charged side-chains, which was suggested in paper II. It was also concluded that 
the similar negative charge distribution of TS1 and CK 8 is an obstacle for the 
binding between the molecules. 
 
Furthermore, the TS1-218 scFv demonstrated an increasing tumor to non-
tumor ratio over time (paper IV), but the absolute tumor uptake was far too 
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low to be useful clinically. This was caused by the significant clearance in the 
kidneys due to its small size. A multimeric form of the TS1-218 scFv can 
probably accumulate to a much higher degree in the tumor due to avidity 
effects and because of the larger size that reduces the kidney clearance. The 
hypothesis of reducing the scFv clearance by pre-forming of immune 
complexes prior to administration was confirmed. The total activity in the mice 
receiving pre-formed scFv complexes did not decrease to the same extent as 
the other groups. There was a relatively large uptake of TS1-218 in the gastro-
intestinal tract, which could be caused by the TS1-218 specificity to cytokeratin 
8, present in the intestines. The TS1-218 might be suitable for localization to 
tumors in the gastro-intestinal tract, but this should be studied further. 
 
The αTS1 scFv seems to concentrate, both alone and in complexes, with TS1-
218 scFv in the kidneys, which could cause renal failure if used clinically. This 
and the low tumor uptake of TS1-218 result in the conclusion that the scFv 
versions of TS1 and αTS1 are not useful clinically in their wild type design. The 
αTS1 IgG has been shown to effectively clear the TS1 IgG from the body 
(paper I) and it should be able to exert the same clearance with TS1-218 scFv. 
When the αTS1 IgG is used to clear TS1 IgG, they predominately form ring-
shaped complexes consisting of at least four IgGs, but the size of the 
complexes seems to be affected by the protein concentration. Increased protein 
concentration results in increased size of immune complexes. The immune 
complexes are mainly metabolized by the liver and a high activity can be seen 
already after one hour in this organ.  
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Antibodies are proteins capable of specific interactions to a wide range of molecules. These inter-
actions are facilitated by the complementarity - determining regions (CDR). 

Carcinomas are the most common of human cancers and they release significant amount of 
cytokeratins (CK) in the necrotic areas of the tumors. The CKs stay in the tumor, since they have 
low solubility. The antibody studied in this thesis, the anti-CK 8 antibody TS1, has shown to be 
effective in tumor targeting and is proposed to be useful in therapy. 

Single-chain antibodies (scFv) are recombinant antibodies which are much smaller than the intact 
IgG. This is an advantage when used in tumor therapy, since they can penetrate the tumors more 
easily than the larger IgG. Moreover, they are expressed by one single gene which make them easy 
to modify, for example by site-directed mutagenesis.

The anti-idiotypic antibody aTS1 can be used to clear the TS1 form the circulation and thereby 
clear the body from non-tumor bound TS1 in therapy. To be able to modify the binding of an 
antibody to its antigen and or anti-idiotype, these interactions must be studied. In this study 
this is accomplished by chemical modifications of the IgGs TS1 and aTS1 and the antigen CK 
8. Guided by these results, amino acid residues were mutated by using site-directed mutagenesis 
in the TS1-218 scFv and the effects were studied. From mutational study results, the functional 
epitope could be mapped and it was found that there are mainly tyrosines, but also charged resi-
dues, serine and a tryptophan that are important for both interactions. The binding of TS1-218 
to both aTS1 and CK 8 could be improved by changing the negatively charged side-chains by 
mutations to their corresponding amide or alanine.

Both the IgG and scFv versions of TS1 were administered in vivo. The IgG aTS1 was used to clear 
the TS1 from the circulation by forming immune complexes. The immune complexes, consist-
ing of four or more antibodies, were mainly metabolized by the liver. The scFv TS1-218 could 
localize to the tumor in a tumor xenograft mouse model, although a higher uptake would be 
desired in a therapeutic strategy. The scFv was cleared rapidly by the kidneys, but the clearance 
could be slowed by pre-formed immune complexes with aTS1 scFv in vitro, prior to administra-
tion in vivo.

Its interaction with the antigen and the anti-idiotype 




