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ABSTRACT

Single-chain antibody fragments (ScFv's) which were originally derived from the anti- 
cancer antibody B72.3, were genetically altered in order to facilitate their purification by 
immobilized metal affinity chromatography (IMAC). Metal-binding tails comprising two 
or five histidine residues were incorporated, by site-directed mutagenesis, into the 
carboxyl terminus of the antibody fragments. In addition, two of the four tails included 
a region of five residues derived from the hinge sequence of the original B72.3 whole 
antibody. The four configurations were designated ScFv(his)2 , ScFvhinge(his)2 , 
ScFv(his)j and ScFvhinge(his)j according to the number of histidine residues and the 
presence or absence of the hinge region.

Supernatants from E.coli cells expressing ScFv constructs with a hinge region, contained 
more total protein and more antibody fragment than those lacking the hinge residues. 
The ScFv variants were systematically purified on immobilized copper, nickel and zinc 
ion adsorbents. Different elution methods were also investigated. The highest yields 
were achieved by purifying ScFvhinge(his)g on zinc(II)-IDA-agarose and eluting either 
with an increasing imidazole concentration or a decreasing pH gradient. Using pH 
elution, ScFvhinge(his)j was eluted at pH 5.8 and purified 56-fold from the E.coli 
supernatant to a purity of 77 %. ScFvhinge(his) 5  bound more strongly to nickel(II)-IDA- 
agarose and was eluted at pH 4.8. Although the yield from nickel(II)-IDA purifications 
was lower, the purity of eluted antibody fragment was higher. Copper(II)-IDA-agarose 
was deemed unsuitable for purifications because of its high affinity for other proteins 
present in the supernatant. Copper ion leaching occurred when the supernatant was 
applied to the column, but this was minimised by dialysis before loading.

The metal-binding tail with five consecutive histidines had the highest affinity for metals. 
ScFv(his) 2  did not bind the IMAC column, nor could it be purified successfully by 
antigen affinity chromatography. This indicated that it was incorrectly folded. 
ScFvhinge(his) 2  bound nickel(II)-IDA-agarose weakly and was eluted isocratically atpH8 
which did not enable a complete separation from contaminating E.coli proteins. 
ScFv(his)j, required a lower pH for elution, but its original low concentration in the 
supernatant hindered its investigation. The pentahistidine tail, with the hinge region, is 
the tail of choice for purifications of single-chain antibodies.
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1.0 INTRODUCTION

1.1 ANTIBODY STRUCTURE AND MONOCLONAL ANTIBODIES

1.1.1 Immunoglobulins

An antibody or immunoglobulin is a protein synthesized by an animal in response to a 

foreign substance (antigen). The site at which the antibody binds the antigen is termed 

the epitope, and one antigenic molecule may have many epitopes on its surface. The 

antigen-antibody binding is highly specific and can be of very high affinity.

Antibodies are located in the globulin fraction of the blood proteins and they are 

subdivided into classes IgE, IgG, IgA, IgM, IgD. Each class is responsible for a variety 

of functions. For example, Immunoglobulin E is normally associated with allergic 

responses, IgM is associated with an immediate immune response, and IgG - which 

accounts for 75% globulin fraction - is the predominant antibody manifest in the 

secondary immune response. IgG is the smallest antibody of all the classes and has a 

molecular weight of ISOkdal. IgG is composed of two heavy chains (each 50kdal), and 

two light chains (each 25kdal) which are joined as shown in figure 1.1. Inbar et al., 

(1972) demonstrated that the antigen binding region of the antibody molecule is located 

entirely in the variable regions. It is now known that within each domain of the variable 

region lie hypervariable or complementarity determining regions (CDR's) which confer 

on antibodies the specificity for antigens.

Early experiments on enzymic digestion of IgG with pepsin and papain yielded molecules 

with very different properties. In 1950, Porter degraded rabbit y-globulin with crude 

papain. A fragment of approximately 40kdal was obtained which retained its antibody 

binding specificity. In 1959, Porter recognized that digestion of one antibody molecule 

resulted in three fragments; two of these contained the antigen combining site and one 

was a crystallisable fragment with no antibody activity. In fact, papain cleaved the 

antibody molecule above the hinge region releasing two Fab' (fragment antigen binding) 

fragments each with one binding site and one Fc (crystallisable) fragment.
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The structure of IgG was further elucidated by peptic digestion in conjunction with 

reducing agents (Nisonoff et al., I960). Digestion of rabbit IgG using pepsin resulted 

in a bivalent molecule with a molecular weight of lOOkdal and another fragment (Fc). 

Figure 1.1 shows the cleavage site of pepsin which results in a F(ab ' ) 2  molecule. 

Nisonoff et al. (1960) divided this molecule further by reducing the disulphide bridge to 

yield two univalent fragments (Fab fragments). The Fab fragments had similar properties 

(such as molecular weight and sedimentation coefficient), to those described by Porter 

(1950). Following the tripartite cleavage, Nisonoff and co-workers found the fragments 

to be resistant to further papain degradation, indicating that the globular sections which 

composed the antibody were tightly folded. Analysis using antibody precipitation 

methods such as double diffusion, proved that Fab contained heavy and light chains, 

whilst the Fc contained only parts of the heavy chain. This supplied evidence for the 

postulated four chain structure composed of heavy and light chains (see figure 1.1).

Inbar et al. (1972) found that a Fab molecule derived from mouse IgA myeloma could 

be split further under acidic conditions. The amino-terminal half of the Fab retained its 

affinity for the antigen and was termed the variable fragment (Fv). The variability of 

this region between antibodies explained antibody diversity (Hilschman and Craig, 1965). 

Hochman et al. (1976) also isolated Fv fragments from mouse IgA. The light and heavy 

chains of the Fv region could be separated by chromatography. Subsequent equimolar 

mixing of the inactive and domains resulted in a functional recombined Fv 

fragment. Whereas Vl or showed only marginal binding activity, the recombined Vl 

Vh achieved 87% of the original Fv activity.

1.1.2 Antibody structure

The proteolytic cleavage of the immunoglobulins often resulted in a heterogenous mixture 

of fragments and partially digested antibody. This method for preparing antibody 

fragments was superseded by the use of recombinant techniques which could produce a 

homogenous product (see 1.2). The early proteolysis experiments, however, were 

essential in elucidating antibody structure and the domain hypothesis (Edelman, 1973). 

Edelman's postulated antibody structure is shown in figure 1.1 whereby the Vl (variable



light) and V» (variable heavy) domains are made up of variable homology regions. The 

constant regions are termed CL, CHI, CH2 and CH3. Each domain is stabilized by a 

single intra-chain disulphide bond, and domains are linked adjacently by less tightly 

folded stretches of polypeptide chain.

1.1.3 Monoclonal antibodies

Kohler and Milstein, (1975) revolutionized antibody production by their discovery that 

a myeloma cell and a P-lymphocyte could be fused to produce an immortal antibody 

producing cell termed a 'hybridoma'. Rigorous screening is necessary to ensure adequate 

specificity to the desired antigen. This technique has led to an efficient cost effective 

method for generating a homogenous population of continuously produced antibodies. 

Since they can be produced at a large scale and to any antigenic molecule, the industrial 

and medicinal potential of monoclonal antibodies is enormous (Waldmann, 1991). In 

particular, monoclonal antibodies are invaluable tools for in vitro diagnosis, for which 

they are usually labelled by some means. They are frequently used in affinity separations 

because of their high specificities for antigens.

The use of monoclonal antibodies for in vivo therapy and diagnosis is more limited. The 

major disadvantage of using monoclonal antibodies for this purpose is that since they are 

derived from non-human origins they cause an immune response, such as the human anti

mouse antibody (HAMA) response when patients are administered mouse derived 

antibody conjugates (Hodgson, 1993). The high cost of hybridoma growth media and the 

relatively low cell densities which are obtained are also significant problems (Click,

1990). Both the cost of production and the immune response to murine antibodies were 

minimized by the advent of recombinant antibodies and the reduction in antibody 

fragment size.



1.2 RECOMBINANT ANTIBODIES AND ANTIBODY FRAGMENTS

1.2.1 Chimeric and humanized antibodies

In order to reduce the HAMA immune response to murine antibodies (see 1.1), a 

technique for 'humanizing antibodies' was developed by Cabilly et al. (1984). Morrison, 

(1985) produced cross-species chimeric antibody fragments which were used to transfect 

lymphoid cells. Cabilly and co-workers (1984) attempted to express combined murine 

variable regions with human constant domains from E.coli (see chimeric antibody, figure 

1.2). When expression of antibody fragments from E.coli was established, Reichman et 

al. (1988) refined chimeric antibodies by a technique called CDR grafting, whereby only 

the three hypervariable loops from each variable domain were excised from the murine 

antibody and spliced into a human antibody (see 'humanized antibody' figure 1.2). This 

substantially minimized the mouse component and therefore the immunogenicity of it.

1.2.2 Antibody fragment production in E.coli

Production of recombinant antibodies in E.coli offers several advantages over hybridoma 

cells. Microbes are cheaper to culture than hybridoma cell lines, and they are more 

easily genetically manipulated; in particular, the genetics of E.coli and Sacchawmyces 

cerevisae are well documented. An ability to engineer antibodies was useful not only in 

reducing the antibody size (and thus reducing immunogenicity) but also in developing 

antibodies for specific tasks. For instance altering the antibody affinity, or its ability to 

bind a matrix.

Between 1984 and 1986 various attempts were made to express antibodies and antibody 

fragments from yeast and mammalian cells (Morrison et al., 1984; Wood et al., 1985; 

Roberts, 1986). Morrison and co-workers (1984) were successful in expressing 

immunoglobulin genes in lymphoid cells. Cabilly et al. (1984) and Boss et al. (1984) 

pioneered antibody production from E.coli, but the recombinant protein was not fully 

functional.



Figure 1.2

Antibody structure:

Schematic illustration of chimeric and humanized antibodies

murine IgG

chimeric IgG

human IgG

humanized' CDR grafted IgG



Boss et a i  (1984) made an early attempt to express genes for a murine fi heavy chain 

and a X light chain immunoglobulin from E.coli. The Ig ft and X genes used were from 

cDNA clones isolated from hybridomas raised to nitrophenylacetyl. Boss et al. (1984) 

examined whether the concomitant expression of Ig ft and X would lead to the formation 

of complete and functional IgM. Both proteins were expressed in the same E.coli cell. 

Following solubilization of the inclusion bodies, no functional antibody was found. This 

may have been due to the incorrect assembly of the large number of disulphide bridges 

in the IgM molecule.

Cabilly et al. (1984) extracted mRNA from hybridoma cells producing anti- 

carcinoembryonic antigen (CEA) antibody. After an enrichment step, the mRNA was 

used as a template for cDNA preparation. The cDNA was fractionated according to size, 

cloned into plasmids, transformed and screened. Two separate plasmids were used to 

express the heavy (Fd') and light chains of the CEA antibody independently. After a 

dénaturation and renaturation step to resolubilize the fragments, the lysates were mixed 

and the Fab' was reconstituted. When the plasmids containing heavy and light chains 

were transformed into the same cells, the double transformants co-expressed the chains 

as Fab. This also remained in insoluble aggregates (or inclusion bodies), but when 

renatured, a yield of 3-5% CEA activity was obtained.

Field et al. (1989), Boss et al. (1984) and Cabilly et al. (1984) expressed light and heavy 

chain variable regions from separate plasmids, but whereas Boss et al. (1984) had double 

transformed one E.coli host with two plasmids. Field and co-workers (1989) produced 

the Vh and polypeptides of an antibody called Gloop 2 antibody, raised to hen egg 

lysozyme. They hoped to produce twice as much antibody fragment by using two 

separate expression plasmids to produce V» and Vl in different cells and adjust the Vh/Vl 

ratio before reconstitution. The protein accumulated in the cytoplasm and was the^ ^  

refolded to form Fv with the same antigen binding properties of the parent monoclonal 

antibody or the Fab fragment. The difference in yields was illustrated, since V» 

represented 2% of total bacterial protein and Vl was produced at 7%.



Figure 1.3

Recombinant antibody fragments

a) Fab cliimeric Fab

b) Fv disulphide linked ScFv
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c) single-domain antibody

single CDR (MRU)



Field et al. (1989) improved the yield further by increasing the Shine-Delgarno (SD) 

sequence length. The longer the ribosome binding site enables more ribosomes bind to 

the mRNA and the protein is translated more frequently. An increase in three base pairs 

in the SD resulted in a two-fold increase in Vh accumulation. Surprisingly the same 

change to the plasmid containing the Vl gene had no effect on expression. Field and co

workers (1989) postulated that the variance in V l and Vh expression was due to either 

mRNA stability or the formation of secondary structure. They repeated their experiment 

using Vl and Vh from a different antibody and found that both polypeptides were 

produced at a concentration of 6% total cellular protein; evidence that the type of 

antibody has an effect on the Vh and Vl concentration.

1.2.3 Cytoplasmic and periplasmic location of fragments

The cytoplasmic location of antibody fragments used by Boss et ah (1984), Cabilly et ah 

(1984), and Field et ah (1989) enabled high concentrations of protein to accumulate in 

a denatured form in inclusion bodies. Usually large losses are incurred in restoring the 

antibody to its native form, however, recently Buchner and Rudolph, (1991) developed 

an efficient refolding procedure and achieved a yield of 40% renatured, active antibody 

from denatured total antibody. Other problems associated with cytoplasmic expression 

are those of inefficient translation and proteolytic degradation, as encountered by Field 

et ah This problem was overcome by Pliickthun et ah (1987) by fusing the V» and Vl 

domains of McPC603 to the beta-galactosidase gene (see section 1.4.4). A cleavage site 

for a rare protease lay between the two genes which was used to release the desired 

protein.

Fab fragments have been produced from inclusion bodies rather than secreted into the 

periplasm. Buchner and Rudolph, (1991) expressed murine Fab from E.coli. The 

antibody aggregated in the cytoplasm in insoluble, inactive inclusion bodies. Buchner 

and Rudolph developed a process for renaturing and purifying the recombinant Fab which 

gave yields of 40% functional antibody.



The production of antibodies in inclusion bodies enables large amounts of protein to 

accumulate inside the cell. However, the difficulties in downstream processing - because 

of renaturing and correct folding of the protein - can prove problematic. Despite the 

work of Buchner and Rudolph it may still be economically more feasible to use E. coli 

to produce antibody fragments, either in the periplasm or extracellularly, if the product 

can be secreted in its native, active form. Cytoplasmic expression has fundamentally 

been superseded by directing the protein to the periplasm. The advantages are that 

correct folding of the antibody will occur in vivo without the need for complicated 

extraction and renaturation procedures.

Abrahmsen et al. (1985, 1986) fused their immunoglobulin gene to a gene encoding 

Stap^ococcus aureus protein A. The protein A fusion directed the protein to the 

periplasm, from where it then leaked into the growth medium. Using the protein A as 

an affinity tail the antibody was purified on an IgG affinity column. Following 

purification, the hybrid protein was cleaved in vitro using a specific protease. An 

advantage of using gene fusions is that the N-terminal portion may help the protein 

precipitate and thus protect it from proteolytic degradation. However, cleaving the fusion 

protein from the desired protein must be very accurate and efficient.

To avoid the necessity of cleaving a hybrid protein Skerra and Pliickthun, (1988) used 

signal sequences fused to the Vh/Vl which direct the protein through the periplasm. The 

signal sequences used by Skerra and Pliickthun, (1988) were ompK and phoK. OmpA 

is the signal sequence taken from the outer membrane protein A gene, and phoA  is the 

signal sequence from the alkaline phosphatase gene. This mimics the normal folding and 

assembly of proteins in eukaryotes where precursor proteins are transported to the lumen 

of the endoplasmic reticulum (ER) and the signal sequences are cleaved. In eukaryotes 

the lumen of the ER is the site of protein folding and disulphide bond formation. In the 

periplasmic space of E.coli the antibody is folded and the S-S bonds are oxidized. This 

provides extra stability and the location provides protection from degradation, since there 

are less proteases|in the cytoplasm. Purification from the periplasm is easier than from 

the cytoplasm since there are few E.coli proteins located there. Glycosylation, which 

occurs in the lumen of the ER in eukaryotes does not occur in E.coli^ but it does not 

influence antigen binding (Pliickthun, 1991).
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1,2.4 Fv and ScFv fragment production

Several examples of Fv and single-chain antibodies have recently been reported (Huston 

etal., 1988; Cheadle er a /., 1992; Davis era/., 1991; Bird et a i ,  1988). In 1988 Skerra 

and Pliickthun developed an effective expression system in E.coli which allowed the 

production of a functional Fv fragment of the phosphorylcholine-binding antibody 

McPC603. The three dimensional structure and the amino acid sequence of the antibody 

was already known. The genes encoding the and Vl domains were fused to genes 

coding the signal sequence of the outer membrane protein A and alkaline phosphatase 

respectively. The variable domains were secreted together in the periplasmic space 

where protein folding and heterodimer association appeared to occur correctly. A yield 

of 0.2mgl'^ was reported, and the affinity constant of the antibody fragment for 

phosphorylcholine (1.2 ±  0.06 x 10̂  M'^) was nearly identical to that of the full sized 

antibody.

Both genes encoding V^ and V l were under the control of the same lac promoter. This 

is a commonly used promoter, which is not especially strong, otherwise protein 

production rate could exceed folding rate, and unfolded protein could accumulate. Both 

the Vh and Vl were preceded by a Shine and Delgarno sequence enabling efficient 

translation. Previously, Boss et al. (1984), Cabilly et al. (1984), and Field et al (1989) 

had used two separate plasmids, one for V„ and one for V l produced. Skerra and 

Pliickthun (1988) were the first to use a dicistronic operon for Fv production. This is 

beneficial in that the stability of only one plasmid need be considered.

Skerra and Pliickthun (1988) also anticipated that approximately stoichiometric amounts 

of both chains would be produced. Being under the control of the same promoter, 

transcription of both genes will occur at the same time. The dicistronic mRNA means 

that the same amount of mRNA would be translated. However, the stability of the Vh 

or the Vl mRNA or the secondary structures that form in that part of the mRNA may 

be an inherent part of the Vh or Vl sequence. Thus when ribosomes bind at the Shine 

and Delgarno (SD) sequence on the Vh region they may be inhibited from translating as 

much Vh protein as the ribosomes which bind to the SD sequence preceding the Vl 

mRNA. Pliickthun and Skerra, (1988) reported that the chains of purified Fv fragments

11



were present in a 1:1 ratio, i.e. no homodimers were formed. However the unpurified 

chains (as seen in the total cell protein run on SDS-PAGE) show a greater amount of 

than Vh protein produced. Obviously both the V» and must be produced in the same 

cell to allow heterodimerization to occur in the periplasm, but perhaps the benefits of 

using one plasmid rather than two is in order to keep the two polypeptide chains in close 

physical proximity.

This was more effectively achieved by Better et al. (1988) who used the same leader 

sequence from pectate lyase (pelS) for both the light and truncated heavy chain (Fd) 

coding sequences. Their dicistronic operon was placed under the control of an inducible 

promoter derived from Salmonella typhimurium called aroB. The expressed Fab 

accumulated in the culture medium at a concentration of 2m gl'\ in comparison to 0.2 

mgl'^ of Fv per litre of broth obtained by Skerra and Plûckthun, (1988). The advantages 

of this system are easy purification and that bacterial colonies can be tested directly for 

native antibody production. The leakage of the protein into the medium is problematic 

in that the purification is from a large volume, containing many proteins, and that the 

growth media conditions may affect the soluble antibody. An inducible promoter such 

as lac (used by Skerra and Plûckthun, 1988) may prevent premature leakage, although 

Better et al. (1988) used an inducible promoter {ardS) and still found 90% of the kappa 

chain in the culture medium.

Better et a l ,  1988, also successfully produced a Fab fragment of an antibody to a 

carcinoma cell line from E.coli. The antibody fragment accumulated in the culture 

medium at a concentration of 2mgml \  Better et al. (1988) like Skerra and Plûckthun

(1988) used dicistronic genes.
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1.2.5 Methods to stabilize Fv fragments

Many recombinant Fab fragments have been shown to have the same antigen binding 

affinities as the whole antibodies. They are stable because within each protein chain 

there are two disulphide bonds. These intrachain disulphide links stabilize the domains. 

Each protein chain also has a cysteine which contributes to the interchain disulphide link.

The Fv fragments are less stable and tend to dissociate into V» and upon dilution. 

In addition, unlike Fab' fragments the V» region of the Fv fragment denatures and 

precipitates at 37°C (Glockshuber et al., 1990). The stability of the fragment is crucial 

for medical and experimental purposes, hence Glockshuber et al. (1990) examined 

several strategies to stabilize Fv fragments. The phosphorylcholine binding antibody 

McPC603 was expressed and secreted in E.coli. Three stabilization methods were used: 

chemical cross-linking of the variable domains using glutaraldehyde, disulphide linking 

and introduction of a peptide linker (see figure 1.3).

The disulphide linking of Fv fragments was carefully engineered. A suitable residue on 

each chain was identified and it was converted to a cysteine residue by site-directed 

mutagenesis. Amino acids close to the hapten binding site, or those involving proline 

residues were not considered. When the fragment was produced in E.coli the 

intermolecular disulphide bond was formed between the two cysteine residues. The 

single-chain Fv fragment was generated by inserting a DNA fragment encoding the 

sequence (Gly-Gly-Gly-Ser)) between the regions coding for and This was done 

by site-directed mutagenesis. The Fv fragment was thus encoded by a single peptide 

segment with one signal sequence.

When the three types of linked Fv chains were produced, the yields were no higher than 

those obtained from unlinked Fv fragments. This observation indicated that the yield of 

functional antibody was related to the correct folding of the individual domains rather 

than the folding and association of the two chains.
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The binding affinity of the glutaraldehyde linked Fv fragment had been conserved and 

was essentially identical to the Fab'-fragment. The affinities of the two other linked Fv 

fragments were slightly reduced. The binding of the linked Fv fragments was unaffected 

by dilution, in contrast to the unlinked Fv fragment. The disulphide-bridged Fv 

fragments were the most thermally stable mutants. At 37°C they had a half-life 50 to 

60-fold higher than the native Fv. Thermal stability was increased for the covalently 

bound Fv fragment, and to a lesser extent for the single-chain Fv fragment.
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1.2.6 Single-chain antibodies

Davis et al. (1991) obtained functional single-chain antibodies from lysates of 

Schizosaccharomyces pombe and E.coli. They constructed a ScFv directed against the 

aromatic dye fluorescein. The gene encoding a ScFv was quickly synthesized by PCR 

and only a limited knowledge of the ¥ „  or nucleotide sequence was necessary. The 

anti-fluorescein ScFv produced by Davis et al. (1991) was identical to that described by 

Bird et al. (1988) but during their experiments they produced more soluble protein 

product from E.coli french press lysates than that obtained by Bird et al. (1988). Davis 

et al. (1991) postulated that this could have been due to a lower concentration of protein 

being produced from E.coli in their cells compared to that expressed in Bird's 

experiments. It is of interest to note that by incorporating a longer linker peptide into 

the single chain antibody the yield was greatly improved. This implies that refinement 

of the linker peptide may be required to give the best results.

The design of the single chain linker is crucial. The length between the amino terminal 

end of one domain and the carboxyl terminal end of the other must be 30-40 Angstrom, 

a distance covered by 15-25 amino acids (Klausner, 1986). The composition of amino 

acids is important because secondary structures change the shape or alte^the length of 

the linker. This may result in interaction with the variable domains. The hydrophobicity 

of the linker would also be determined by its amino acid composition. Minimal 

secondary structure may induce the linker to form a random coil, which could be more 

sensitive to proteolysis, but which would not be likely to interfere with immunoglobulin 

folding. A linker in a P-pleated sheet form structure could disrupt the p-barrel structure 

of the two domains. An a-helix, utilizing slightly more amino acid residues than the 

other linker designs, is stable and unlikely to interfere with variable regions (Klausner, 

1986).

A hydrophobic linker could impede the folding of antibody domains, but a hydrophillic 

linker could be susceptible to proteolysis. Bird et al. (1988) carefully designed the first 

set of linkers for their single-chain antibody to bovine growth hormone (BGH) using 

computer modelling. Some linkers were designed to fit into a groove on the back of the
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Fv structure and some were designed to minimize interactions with the domains. The 

final linker used consisted primarily of alternating glycine and serine residues. Glutamic 

acid and lysine residues were also added to enhance the solubility of the protein. The 

antibody fragment was expressed from E.coli and accumulated in inclusion bodies. It 

was renatured and purified by affinity chromatography. The association constant of the 

single-chain antibody to BGH ranged from 1 x 10’ M * to 8 x 10’ M * depending on the 

exact amino acid constitution. This was approximately four-fold lower than that of the 

Fab counterpart, although the specificity of the ScFv was similar to that of the parent 

antibody.

Huston et al. (1988) used a 15 amino acid linker to connect the variable domains of an 

anti-digoxin antibody. Their primary aim was to design a linker which would neither 

form secondary structure nor interfere with domain folding. The sequence (Gly-Gly-Gly- 

Gly-Ser)) lacked any charged residues which would have enhanced the protein solubility. 

The single chain antibody was expressed from E.coli as a fusion protein using the leader 

derived from the trp LE sequence. The desired protein was obtained by acid cleavage 

of the Asp-Pro peptide bond joining the single-chain antibody to the leader protein. The 

single chain antibody, after isolation and renaturation (the protein was formed in 

insoluble granules in the cell) displayed a specificity to digoxin and related cardiac 

glycosides which was similar to that of the parent antibody. The purified ScFv had an 

association constant for digoxin of 3-5 x 10̂  M'^ (depending on the method used) which 

was six-fold less than that found for Fab fragments. Huston et al. (1988) suggest that 

the linker may avoid refolding problems such as incorrect domain pairing or aggregation. 

The yield was 12.6% refolded active antibody but, since the molecular weight of the 

refolded product was not reported, part of this yield may consist of oligomers (Wetzel, 

1988).

Some scepticism remains concerning Sc antibodies because of the prospect of the linker 

disrupting the refolding of the protein (Field, 1990). There also remains a possibility that 

the linker may obscure the antigen binding site. All the Sc antibodies produced so far 

bind only small molecules and additional problems such as those mentioned above may 

occur with larger antigens.
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1.2.7 Small antibody fragments

The Fv antibody is the smallest possible molecule (30kdal) which can retain the 

approximate binding affinity of the parent monoclonal antibody. However, in some 

cases, a single domain of the antibody can be produced without losing substantial antigen 

binding properties. Single domain antibodies may have benefits over other antibody 

fragments because of their small size. (See chapter 1.1).

In 1989, Ward et al. discovered that the heavy domain of the anti-lysozyme antibody 

D1.3 bound lysozyme with an affinity tenfold lower than that of the parent antibody. 

Both the heavy and the light chains make significant contacts with lysozyme. The 

lysozyme formed three hydrogen bonds to and nine bonds to the V» chain, so that 

did not contribute much to the energetics of binding.

To prove that antibody D1.3 was not unique in its antigen binding properties Ward et al.

(1989) produced other single domain antibodies. They used primers to amplify Vy genes 

from spleen genomic DNA of immunized mice. One mouse was immunized with 

keyhole limpet haemocyanin (KLH) and one was immunized with lysozyme. The 

amplified DNA from the mice genomes were cloned into separate vectors, and 

transferred into E.coli, from which the antibody was secreted. The bacterial supernatants 

were analyzed for binding to lysozyme or KLH. From the lysozyme library one per cent 

of supernatants exhibited binding activity. The KLH library had 0.7 per cent KLH 

binding supernatants. There was a little cross-reactivity. For each library 2000 

supernatants were screened. This demonstrated that it was possible to obtain single 

domain antibodies from an antibody other than lysozyme: namely KLH, and that the 

previous discovery of a single domain antibody binding lysozyme was reproducible. Also 

Ward et al. (1989) demonstrated that using PCR primers, Vy domains could be derived 

after immunization from genomic DNA, and that tissue culture and normal time 

consuming methods for generating monoclonal antibodies could be bypassed.

There are only a few reports of work concerning single-domain antibodies (Austin, 1989) 

and successful results such as those of Ward et al. (1989) have not been reported. 

Plückthun (1991) with Glockshuber investigated the properties of isolated V„ and
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domains from McPC603. The V»domain was poorly soluble at temperatures above 4°C, 

and exhibited no antigen binding properties. The region was also incapable of binding 

antigen and it readily dimerized. The only advantage of the single-domain antibody was 

that the region was crystallisable.

Problems anticipated with single domain antibodies such as insolubility and '  stickiness' 

(caused by the exposed hydrophobic surface which normally interacts with the light 

chain) could be overcome in the future by more extensive engineering. However the 

antigen binding properties of the isolated domains vary from antibody to antibody so that 

the effectiveness of single-domain antibodies is dependent upon the antibody of interest.

The immunogenicity of the small antigen binding fragments can be reduced further, by 

grafting only the complementarity determining regions (CDR’s) from the animal antibody 

into the human antibody (Jones, 1986). Humanized and chimeric antibodies can be 

generated from single-chain and single-domain antibodies (see 1.2.1). Work at Scotgen 

(Aberdeen) on anti-respiratory syncytial virus antibodies and at Celltech (Slough) on the 

anti-cancer antibody B72.3 revealed that small residue changes in the framework 

surrounding the CDR's restored the antigen binding levels after grafting (Hodgson,

1991).

Since the CDR's are the key amino acids in the antigen binding site, a single peptide has 

been produced (see figure 1.3) which can mimic the specificity of the parent molecule 

(Williams, 1989). This tiny fraction of an antibody, called a murine recognition unit 

(MRU), could have uses in process regulation. For example, Williams (1989) generated 

a peptide from a monoclonal antibody which was capable of binding to a receptor in the 

same way as the parent antibody. The peptide still retained the ability of the antibody 

to 'down-regulate' the receptor and inhibit DNA synthesis. The advantage of this 

'antibody peptide' is that it could be chemically synthesized, omitting the requirement for 

cell culturing and exhaustive purification procedures.
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1.3 MONOCLONAL ANTIBODY B72.3

The monoclonal antibody used in this work was B72.3 which is classed as a tumour 

associated antigen and was raised to human breast métastasés found in the liver.

1.3.1 Monoclonal antibodies reactive with tum our associated antigens 

Tumour progression has traditionally been monitored by histological techniques. 

Malignant neoplasms are characterised by aplasia, a loss of normal cellular appearance, 

which is followed by invasiveness and metastasis. In addition to cytological changes, 

tumour cells express altered carbohydrate antigens. Antigens which should be expressed 

on the cell surface are not; either due to molecule loss or modification. Carbohydrate 

antigens are expressed which should not be, probably due to unmasking of normally 

covered antigens. In addition, neosynthesis of an antigen relatively unique to cancer can 

occur, termed a tumour associated antigen (TAA). The same antigen may be expressed 

in other normal and malignant tissues in the body, hence it is not cancer specific.

Many tumour associated antigens are composed of carbohydrates found on glycolipids 

and glycoproteins. Glycolipid antigens are usually embedded in the lipid bilayer of cell 

membranes, with carbohydrate side chains extending outwards. In glycoproteins such 

as mucin, the oligosaccharide chains are linked to protein via O-glycosidic linkages. 

Serum glycoproteins are linked by N-glycosidic bonds. The oligosaccharides may differ 

in chain length, branching, saccharide sequence and linkage of residues. All these 

combinations give rise to a huge potential repertoire of antigens.

Several antibodies have been generated which are reactive with TAA's and are potential 

candidates for detection and therapy of tumours. Several antibodies have been raised to 

carcinoembryonic antigen (CEA). This ISOkdal glycoprotein is expressed by both 

embryonic colonic mucosa and carcinomas of the intestinal tract. The cross-reactivity 

of some of the anti-CBA monoclonal antibodies with normal tissues such as sweat glands 

and polymorphonuclear leukocytes has limited their use (Stramignoni et a/., 1983).
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Tumour-associated antigens have been found on human milk fat globule (HMFG) 

membranes, and monoclonal antibodies (Mabs) raised to these are potential markers for 

breast carcinomas. One example is Mab 115D8 which reacts strongly with breast and 

other carcinomas, but not sarcomas, lymphomas or melanomas (Hilkens et a l ,  1984). 

This antibody may share the same epitope as HMFG-1 produced by Taylor-Papadimitriou 

et al. (1981). Mab HMFG-1 recognizes a 400kdal mucin molecule. The core protein 

of the polymorphic epithelial mucin (PEM) has been sequenced (Xing et al. , 1989) and 

this information may enable second generation antibodies to be produced with a higher 

specificity to breast neoplasms (Xing et a l ,  1991). Burchell and colleagues (1987) 

developed Mab SM-3 reactive with the mucin core protein. The epitope which it 

recognized was present in tumour cell mucin, but not exposed on the milk mucin from 

normal breast cells or benign tumours. This example demonstrates altered antigen 

expression concurring with tumour progression.

Colcher et al. (1981) developed B72.3; an antibody which recognized a novel tumour- 

associated antigen. Mab B72.3 demonstrated superior selectivity to colon carcinomas 

than the anti-CEA Mab Bl-1 (Stragmignoni et al., 1983). The selectivity of B72.3 has 

made it useful in distinction between different classes of neoplasms (Szpak et a l ,  1986).

1.3.2 Tumour associated glycoprotein-72 (TAG-72)

The antigen recognized by B72.3 is a high molecular weight glycoprotein complex, 

originally believed to have a molecular weight of 220-400kdal (Stramignoni et al., 1983). 

It is now known that TAG-72 is a mucin-like glycoprotein with a molecular weight of 

up to lO^dal or more. Johnson et al. (1986) partially purified and characterised TAG-72 

from colon carcinoma cell line LS-174T which expresses high levels of this antigen when 

grown as xenografts in athymic mice. Tumours were extracted using three different 

methods. These were nitrogen decompression and sonication. Omni-mix homogenization, 

and disaggregation between frosted glass slides to produce a cellular suspension. The 

antigens were purified by gel filtration chromatography using a Sepharose CL-4B column 

followed by two sequential passages through B72.3 antibody affinity columns. The 

majority of the TAG-72 was eluted in the void volume of the column, indicating a high 

molecular weight (greater than 1 x 10̂  dal). The density of the purified TAG-72 was 1.45
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gmr‘, typical of that found for heavily glycosylated glycoproteins. Digestion with 

chondroitinase ABC had no effect, whereas neuraminidase altered but did not completely 

destroy the antigen. Resistance to chondroitinase activity indicated that TAG-72 was not 

a proteoglycan. Susceptibility to neuramidases suggested that the antigenic determinant 

contains sialic acid. Periodase oxidation also reduced antibody binding, providing further 

evidence that carbohydrate is involved in the epitope. Specific oligosaccharide sequences 

were found to be present on the purified TAG-72. These were blood-group-related antigens 

Le", Le**, H type 2 and sialylated Le’̂ oligosaccharides. All these properties are consistent 

with the concept that TAG-72 is a mucin-like molecule. Johnson et al. (1986) also noted 

that the method of extraction affected the antigen. The least harsh technique was using 

frosted glass slides, which resulted in the least disruption. Higher molecular weight antigen 

was obtained, which, on sonication, was sheared to lower molecular weight forms ranging 

from 2 0 0 - 1 0 0 0 kdal.

1.3.3 TAG-72 and mucin

Hanisch et al. (1989) found that the B72.3 defined epitope was present in bovine seminal 

and sub maxillary mucins. Mucins are a component of the complex secretion called mucus. 

The concentration of mucin in mucus is generally 20-50mgml \  and it is mainly responsible 

for its physical and chemical properties. Kjeldsen et al. (1988) defined the epitope as 

sialosyl-Tn (GalNAca 1 Ser/Thr). The epitope is the core of mucin 0-1 inked glycosylation 

which is probably exposed due to incomplete synthesis, a characteristic of metastatic cells. 

The Gaip 1 —> BGalNAca (T) and GalNAca (Tn) antigens are widely recognized as tumour- 

associated antigens in carcinomas (Springer et al. , 1984). They are a-glycosidically linked 

to serine or threonine in polypeptide chains and are sialylated or masked by addition of 

further carbohydrate residues. The expression of sialosyl-Tn is highly restricted in normal 

human tissue, but incomplete synthesis or premature a 2 - 6  sialyation is common in 

tumour cells.

Further studies by Hanisch et al. (1989) used antibodies CC49 and B72.3 to define TAG- 

72. The binding of CC49 to TAG-72 was inhibited by defined mucin-derived alditols with 

closely related structures. Their work indicated that the general structure was Aca(2-6)[R- 

3] GalNAc (R;H or Gal) and that this, or shortened sequences are recognized by B72.3.
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1.3.4 The generation and specificity of Mab B72.3

Colcher et al. (1981) immunized mice with a membrane-enriched fraction of human 

metastatic mammary carcinoma cells found in liver. Spleen cells from the mice were 

fused with NS-1 myeloma cells and supernatant fluids from the resulting monoclonal 

antibodies were screened for their reactivity to metastatic carcinoma cell extracts. Eleven 

hybridoma cell lines were isotyped and tested for reactivity with mammary carcinoma 

and other tissues. B72.3 was determined to have the isotype IgGl. The antibody bound 

to tissue extract from the liver cells from which it was derived, but not to an alternative 

breast tumour metastasis to the liver or to normal liver. It also showed no binding to cell 

lines from the following normal tissues: breast, skin, embryonic skin, fetal lung, fetal 

testis, fetal bone marrow, embryonic kidney, fetal spleen and uterus. Negative results 

were obtained for reaction of B72.3 with cell lines of rhabdomyosarcoma, human milk 

cultures, mouse mammary, mouse fibroblast, feline kidney, and for binding to purified 

carcinobryonic antigen. B72.3 and B25.2 were exceptional, because unlike the other 

hybridomas generated by Colcher et al., 1981 they displayed no activity to three 

established mammary carcinoma cell lines. Although Nuti et al. (1982) and Stramignoni 

et al. (1983) demonstrated that B72.3 reacts with a high percentage of breast and colon 

carcinomas, Horan Hand et al. (1985) have shown that it reacts with only 1 of 18 colon 

carcinomas and 1 of 25 breast carcinoma cell lines. This is believed to be due to the 

three-dimensional growth of tumour masses.

LS-174T is a colonic cell line which expresses the antigen recognized by B72.3. When 

LS-174T cells were grown in suspension cultures a two to seven fold increase in antigen 

expression was observed. Growth on agar plugs resulted in a 10-fold increase. This 

suggests that the antigenic determinant is absent in virtually all carcinoma cell lines, but 

is present in the majority of carcinoma biopsies.
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Colcher et al. (1981) noted the pancarcinoma reactivity of some of the hybridoma cell 

lines they had established, but did not investigate B72.3 further. Nuti et al. (1982) found 

wide variations (24-46%) in the percentage of positive staining of mammary carcinomas 

using B72.3. No normal tissues gave positive results. The reasons for differences in the 

affinity of the antibody for the tissues was attributed to the degree of glycosylation of the 

antigen, its availability due to membrane changes, or changes that may influence the 

tertiary structure. Colcher et al. (1981) proposed that the antigen expression may in 

some way be linked to the degree of malignancy or differentiation of a given carcinoma 

cell population. Nuti and co-workers (1982) suggested that heterogeneity of antigen 

expression in mammary carcinoma could be attributed to the cell cycle, differences in 

tumour cell surface receptors (thus differential antigen expression) and differences due 

to inherent phenotypic and genotypic tumour cell populations.

Stramignoni et al. (1983) demonstrated that B72.3 was more reactive with human colon 

carcinomas (82%) than with breast carcinomas (as determined by Nuti et al., 1982) 

which is interesting since B72.3 was derived from breast métastasés. Detailed analysis 

of B72.3 reactivities with tissues were carried out by Thor and colleagues (1986). 

Prolonged incubation and increased B72.3 concentrations resulted in a higher assay 

sensitivity (94% of colon carcinomas and 84% of breast carcinomas). Thor et al. (1986) 

demonstrated the pancarcinoma nature of B72.3, since it bound common epithelial 

neoplasms but not nonepithelial tumours such as melanomas, sarcomas, leukaemia and 

lymphoma. The Mab B72.3 recognized 96% of large cell lung carcinomas, 100% of 

ovarian carcinomas and most pancreatic, gastric and oesophageal carcinomas. Normal 

colonic epithelium was nonreactive, but approximately 20% of benign colon and 30% of 

benign breast tissues were reactive. Very low levels of reactivity were noted in adult 

oesophagus and stomach. Higher levels were found in the fetal counterparts indicating 

that the antigen is oncofetal and expression is related to cellular differentiation.
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1.3.5 The clinical use of B72.3

B72.3 is currently used for a variety of in vitro uses. Its use in immunohistopathology 

and cytopathology is possible because the TAG-72 antigen is not significantly affected 

during fixing of tissue sections (Thor et al., 1986). Thus B72.3 can be used to detect 

occult carcinoma cells and to class carcinoma lesions. Johnston et al. (1986) 

demonstrated the potential use of B72.3 in diagnosis and phenotyping lung neoplasm cells 

derived from fine needle aspiration biopsies. The phenotyping of lesions is useful in 

prognosis and in anticipating the neoplastic nature of the cells. For example, less 

differentiated tumours are more likely to metastasise (Horan Hand et al., 1990).

Monoclonal antibody B72.3 can also be used for early detection of carcinoma associated 

antigens in sera and asymptomatic patient's serum can be tested. Klug (1986) developed 

an assay using B72.3 for distinguishing between benign and malignant neoplasms. 

Herlyn et al. (1986) used another antibody (Mab 19-9) for detection of CEA, but 

similarly, B72.3 could be used for the detection of antigen in patient's serum post 

surgery.

Although diagnosis is possible in vitro, the use of B72.3 in vivo enables its use in 

monitoring disease progression and in therapy. The antibody could be used in the 

treatment of tumour burden, either using the antibody alone (some antibodies reduce 

tumour size simply by binding the cells expressing the tumour associated antigen) or by 

conjugation to a drug (e.g. adriamycin) a toxin (e.g. ricin) or a radionucleotide. 

Radiolabelled antibodies are useful to a surgeon prior surgery to establish the location of 

primary and metastatic lesions. Following surgery, antibodies are useful in early 

detection of tumour recurrence. The route of administration and dosage levels of 

radiolabelled antibodies is of critical importance. There are only a limited number of 

reports of the use of B72.3 as a therapeutic, because although it is selectively reactive 

with tumour versus normal tissues it does have great potential. Initial clinical trials with 

murine B72.3 were unsuccessful, since more than 50% of the patients developed an anti- 

murine IgG response after a single injection (Colcher et al., 1989). A chimeric B72.3 

antibody was generated (Colcher et al., 1989; Hutzel et a l., 1991; Whittle et al., 1987) 

which compared favourably to the murine derived antibody. The chimeric antibody was
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composed of murine variable regions and constant domains from human IgG (Whittle et 

al., 1987). The labelled chimeric B72.3 antibody maintained a half-life in patient 

plasma which was 6 - 8  times longer than that of monoclonal antibody B72.3 but there was 

still considerable immunogenicity evident in some patients (Khazaeli et al., 1991).

The HAMA response could be minimized further by using a smaller B72.3 Fv fragments 

from hybridomas (Chinese Hamster Ovary cells) and from E.coli. A yield of up to 

450mgl'^ of B72.3 Fv was obtained from fermentations. The Fv fragment had a similar 

binding affinity to the antigen as B72.3 Fab'. B72.3 Fv fragments are likely to have 

advantages over cB72.3 in tumour imaging - where tumour penetration is important. The 

immunogenicity could be reduced further by CDR grafting (see 1.2).
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1.4 CURRENT ANTIBODY PURIFICATION METHODS

Monoclonal antibodies raised to different antigens vary markedly in properties such as 

solubility, stability, isoelectric point and their inactivation by ionic strength and low pH. 

This poses problems for a generic method of purification. Monoclonal antibodies 

produced from animal culture must be purified from a number of contaminating proteins; 

notably serum additives. The purification of antibody fragments from microbial 

expression poses different problems such as protein solubilization and pyrogenic 

contamination.

1.4.1 Affinity Chromatography

Affinity chromatography is based on the specific interaction of an immobilized ligand and 

the antibody of interest. Protein A and Protein G are commonly used for purifying 

monoclonal and polyclonal antibodies. Immobilized antibody or antigens can be used for 

purifying antibody fragments as well as whole antibodies.

Protein A and Protein G

Protein A binds the Fc region of major subclasses of rat and mouse IgG. One-step 

purifications using protein A columns can achieve greater than 99% purity (Perry and 

Kirby, 1990). Elution is possible using mild conditions, and production scale purification 

of monoclonal antibodies from tissue culture supernatant is well established (Kenney, 

1987). Protein G binds a wider range of immunoglobulins, but often requires a lower 

pH (Jungbauer et al., 1989). Methods of high performance liquid affinity 

chromatography (HPLAC) have been developed incorporating protein A and protein G 

(Ohlson et al., 1988, 1990). These provide rapid high-resolution separations of 

monoclonal antibodies from crude samples, but are limited to analysis rather than 

preparative or large scale purifications. The major problem with these modes of 

purification are that they are only suitable for whole monoclonal antibodies. Protein G 

could be used for chimeric B72.3 antibody purifications, but not for F(ab')2 , Fab or Fv 

molecules which lack the Fc region.

26



Antibody affinity chromatography

An antibody (raised to the desired antibody) can be immobilized, for example, on 

Sepharose. Anti-mouse IgG used to purify monoclonal antibodies has a two-fold higher 

affinity for monoclonal antibodies than protein A. This means that a lower pH for 

elution is necessary. Low affinity antibodies are often used to circumvent this problem. 

Mouse antibodies are usually raised to the Fc region (which is not possible for 

monoclonal antibody fragments which lack this region). If antibodies were raised to the 

variable regions of the fragments to be purified, the generated antibodies could only be 

used with one specific antibody fragment. This would be a time consuming and 

expensive process. The method is highly specific, but yields are frequently low.

High performance liquid chromatography immunoaffinity purification of antibodies and 

antibody fragments has been reported (Santucci et at., 1988). HPLC enabled very fast 

purifications with limited dilution. The yields were 60-90% for monoclonal antibodies 

and 75 % for Fab fragments. Although the yields are comparable to those obtained by 

low pressure chromatography, the columns rapidly deteriorate when the immobilized 

antibodies are denatured from repeated elution steps (Josic et oA, 1988). The low 

throughput of this type of purification also limits its use.

Antigen affinity chromatography

Purifications using antigen affinity are well documented and are reputed to yield more 

than 99% purity (O’Sullivan, 1979). It is selective for antibodies or antibody fragments 

which have retained their binding activity. The disadvantage of this method is that the 

high affinity of most antibodies for antigen requires harsh conditions for elution such as 

dénaturants and extreme pH values. It is most suitable for low affinity antibodies.
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1.4.2 Ion exchange chromatography

Monoclonal antibodies and their fragments exhibit a wide range of isoelectric points 

(pH4.8-8.4) which are unrelated to their isotype. High performance resins such as Mono 

S and Mono Q (Pharmacia) can be used; the choice is dependent on the fragment to be 

purified. 'Mixed-bed' ion-exchange columns, which contain both weakly anionic and 

weakly cationic functional groups, are becoming increasingly popular because very mild 

conditions can be used for separation of immunoglobulins (Josic et al., 1988). This type 

of purification is often one-step and can be easily scaled-up, but dilution may be 

necessary to lower the ionic strength of the sample, and this may cause dissociation of 

chains in Fv's. This chromatography requires 'fine-tuning' for each antibody and is 

therefore not a generic process.

1.4.3 Hydroxyapatite adsorption chromatography

One of the most popular current adsorption matrices available is hydroxyapatite. 

Hydroxyapatite adsorbs proteins by electrostatic attraction. Jungbauer et al. (1986) found 

it inferior to protein A and protein G for purifying human monoclonal antibodies. The 

antibodies, purified from the cell culture medium could not be selectively eluted from 

hydroxyapatite.

A commercial matrix can also be obtained for preparative HPLC. Poiesi et al. (1989) 

compared the performance of protein A, hydroxyapatite and diethylaminoethyl (DEAE) 

for purifying IgG monoclonal antibodies from ascitic fluid by HPLC. Although the yield 

and recovery from preparative high-performance hydroxyapatite was similar to those 

obtained from chromatography on other stationary phases, at least two cycles through the 

analytical cartridge were necessary to accomplish purification.

Hydroxyapatite, which is composed of a crystallised calcium phosphate derivative, is a 

fragile material and can be difficult to handle (Lillehoj and Malik, 1989). The water 

solubility of the matrix can result in dissolution of the column, but this is minimized by 

adding calcium chloride to the buffers or using a pre-column (Josic et al., 1988).
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1.4.4. Purification using fusion proteins and affinity tails

The engineering of affinity tails into proteins of interest requires the coupling of research 

genetics with developed purification procedures. Affinity tails are most easily applied 

to recombinant proteins when a large proportion of the amino acid sequence of 

recombinant proteins is known. This facilitates adding sequences by mutagenesis or gene 

splicing to add fusion tails. The affinity tails can be designed for purification by various 

established techniques such as ion-exchange, or covalent attachment. A number of 

affinity tails have been developed, such as P-galactosidase for binding P-D-thio- 

galactoside; streptavidin to bind biotin; and cysteine to bind thiol-activated matrix. A 

variety of affinity tails has been reviewed (Hammond et al., 1991).

Fusion proteins can be added to aid stability as well as for purification (Hellebust et al. , 

1989). Hellebust et al. (1989’’) used an E.coli p-galactosidase protein fused to the C- 

terminus and a Staphylococcal protein A gene fused to the amino terminus of a protein. 

This was expressed in E.coli and was resistant to proteolysis. Hammarberg et al. (1989) 

also found that a dual affinity fusion protein increased the proteolytic stability of human 

insulin-like growth factor II. The IgG and albumin-binding domains which were fused 

to the protein were used for sequential IgG and serum albumin affinity chromatography.

Jansson et al. (1989) also used a dual-affinity system. A Streptococcal protein G domain 

and a metal affinity tail were fused to either end of the desired protein which was 

subsequently purified by both chromatography on immobilized HSA and on metal chelate 

matrix.

The main advantage of metal binding tails over the large fusion proteins is that minimal 

disturbance to the original protein is required; only a few amino acid residues need to be 

added to enable purification. Metal affinity tails are discussed in section 1.5.

1.4.5 Current B72.3 purification

Lysates of CHO cells expressing chimeric B72.3 antibody are centrifuged to remove cell 

debris. The antibody is absorbed onto Protein A-Sepharose or an anti-mouse/human 

antibody coupled to Protein A (Whittle et al., 1987).
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Colcher et al. (1989) purified recombinant chimeric B72.3 antibodies from tissue culture 

supernatant using Protein A-Sepharose, followed by ion-exchange (DEAE) 

chromatography. The supernatant was adjusted to pHS.S using sodium glycinate before 

chromatography. The antibody was eluted from Protein A-Sepharose by a linear pH 

gradient from pH7 to pH2; created by 200mM disodium phosphate and lOOmM citric 

acid respectively. Eluted antibody was dialysed in 50mM phosphate buffer (pHB.O) and 

applied to DEAE-Sepharose. After washing a 0-200mM sodium chloride gradient was 

applied. After dialysis into phosphate buffered saline, the eluent was concentrated by 

ultrafiltration.

Hutzell et al. (1991) used a similar purification method to Colcher and colleagues (1989). 

A slightly milder elution pH of 3.5 was used. The low pH of the fractions was 

neutralized, and the antibody was dialysed and concentrated. Ion-exchange 

chromatography was not employed.

The purification procedures used by Colcher et al. (1989), Hutzell et al. (1991) and 

Lyons et al. (1990) were only suitable for whole antibodies which retained the Fc region. 

The engineering of variable fragments led to the development of antigen affinity 

purifications. The antigen TAG-72 is not readily available, but the protein mucin 

displays similar antigenic epitopes which are recognized by B72.3 antibodies (see 1.3.3). 

This binding was exploited by King et al. (1993). Supernatants from CHO and E.coli 

cells were clarified by centrifugation and concentrated, using an Amicon ultrafiltration 

unit, to one-tenth of the original volume. A mucin-Sepharose column was pre

equilibrated with phosphate buffer (pH7.4) before loading the supernatants. After 

extensive washing the bound material was eluted with 0. IM citric acid. The eluent was 

adjusted to pH7-7.5 using IM Tris buffer. Fractions were concentrated and dialysed into 

50mM phosphate buffer, pH7.4. This procedure gave greater than 90% protein purity. 

No single domain antibodies were detected in the flow through, implying that both V» 

and Vl recognized and bound mucin. Because single-chain antibodies have essentially 

the same properties as Fv fragments, it was anticipated that B72.3 ScFv variants could 

be purified by this method. The disadvantages are that the elution method is harsh - a 

very low pH is required for elution (about pH2) and is followed by neutralization with
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Tris buffer - and that mucin proteins may contaminate the purified product. Mucin is a 

very complex glycoprotein which is easily sheared into fragments, it is difficult to handle 

and it is an expensive animal-derived protein. It is denatured by heat, so it would not 

be possible to sterilize the column in situ.
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1.5 METAL CHELATE AFFINITY CHROMATOGRAPHY

Immobilized metal affinity chromatography (IMAC) is a relatively recent technique which 

was pioneered by Porath et al. in 1975. At that time its potential as a novel purification 

method was realized, but knowledge of the chemistry involved was limited. The method 

is based on the fact that certain amino acids such as histidine, cysteine and tryptophan 

show a high affinity for first series transition metal and zinc ions at a neutral pH. The 

metals ions used most frequently are Cu^^, Zn^^, NP'*', and Co^^. The ions are electron 

pair acceptors, and act as Lewis acids. In an aqueous solution metal ions are highly 

solvated. The water molecules which are coordinately bonded to the ions can be 

substituted by stronger bases such as imidazoles, thiols and indoles from amino acid side 

chains will donate electrons. The metal ion is held by a chelating ligand which is 

immobilized onto a solid support such as Sepharose 6 B (Pharmacia) by means of a 

molecular arm. Commonly used ligands are iminodiacetic acid (IDA), nitrilotriacetic 

acid (NTA) and less frequently tris (carboxymethyl) ethylenediamine (TED). These 

chelating ligands form coordinate bonds with the metal ion via their nitrogen, sulphur or 

oxygen atoms which donate a free pair of electrons.

1.5.1 Metal Chelates

A ligand with one donor atom with a free pair of electrons is monodentate. Polydentate 

ligands which provide two or more metal coordination sites are capable of forming a 

metal chelate with an ion, whereas monodentate ligands will only give rise to metal 

complexes. A metal chelate has a far stronger ligand-ion interaction than a metal 

complex. This phenomenon is known as the chelate effect and results from the multiple 

coordinate covalent bonds formed between the two.

The coordination number of the metal ion affects the choice of chelator used. For 

example, TED is pentadentate and would bind metal ions with a coordination number of 

six very strongly, but then only one coordination site would remain free for interaction 

with a histidine. Therefore TED binds metal ions very strongly, but has a weak 

interaction with a protein. Proteins tend to bind more strongly to tridentate IDA which 

when chelated with a Cu^^ or ion has one or three sites available for coordination
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respectively. In fact, the affinity of proteins for ID A -N i^^^O ), may be so great that 

the ions are leached off the solid support. This problem has been circumvented by the 

emergence of NTA (Hochuli, 1987) which is tetradentate. The four bonds associating 

a Nî "̂  ion with an NTA molecule in a chelate result in the Nî '*' being held strongly. 

This binding is tight enough to prevent ion release during chromatography, yet the two 

ligand positions occupied by water molecules can be easily displaced by deprotonated 

histidine residues on proteins. Since NTA and TED bind the metal ion strongly they are 

useful for high affinity proteins which have a propensity for scavenging metal ions from 

the column (Arnold, 1991).

1.5.2 Metal Affinity Chromatography

Adsorption of the protein to the IMAC column is carried out at neutral to alkaline pH. 

This is so that the electron donor groups on the protein are unprotonated. The buffers 

used are acetate or, more commonly, phosphate buffers. These are of sufficiently high 

pH to not compete with the protein for coordination to the metal chelate. The addition 

of IM salt quenches any non-specific electrostatic interactions (Arnold, 1991).

Elution of the protein is achieved by using a pH gradient, or ligand competitor. 

Decreasing the pH causes protonation of the electron donor groups, and reverses the 

binding of the protein to the metal. This method requires a pH stable metal chelate, so 

is not suited to IDA-Zn^^ or IDA-Co^^ resins which may leach ions. The protein to be 

purified must retain its activity and not precipitate during the procedure. More recently 

methods using ligand exchange appear to be favoured. Ligands such as imidazole, 

compete for the metal chelate. The advantage of this method is that neutral pH can be 

used. To remove the metal chelate complex from the column, histidine at a low pH or 

EDTA can be used.

Immobilized metal affinity chromatography has various advantages over established 

purification techniques. It is a relatively robust system which is not heat labile. Because 

it is so specific for histidines, which occur infrequently in natural proteins, it is more 

applicable for purifying genetically engineered proteins. The paucity of surface
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histidines in contaminating native proteins enables a unique selectivity for the desired 

proteins. In general, metal chelate columns are cheaper, more stable and have a longer 

life than the antibody columns. IMAC columns can be recycled without loss of protein 

binding potential. High purification factors have been recorded such as a 1000-fold 

purification of galactose dehydrogenase by Lilius et ah (1991) achieved in a one-step 

process.

1.5.3 Partitioning using Metal Affinity

Metal chelate affinity has been used for several methods of purification other than 

chromatography. Reverse IMA is applicable only to metalloproteins where the metal ion 

is on the surface of a protein. A support matrix is not charged with metal ions, but the 

chelating ligand forms a coordination with the metalloprotein.

Liquid carriers containing ligands have been used for partitioning, for example Suh et al. 

(1991) used a two phase system involving PEG. Their protein, bovine somatotropin 

which carried a HisX^His metal binding peptide partitioned to the PEG-chelator phase. 

Cell debris and contaminating proteins partitioned to the bottom, dextran rich phase. Suh 

and coworkers found a distinct difference between the partitioning of proteins with 

various numbers of histidines. The highest partitioning was observed for bST mutants 

with the highest number of histidines. Variants with low affinity for Cu^^ were more 

likely to precipitate. The wild type contained two inaccessible histidines (determined by 

x-ray crystallography) and 75% precipitated instead of partitioning. Increasing the pH 

increased the partitioning effect since more histidines became unprotonated and able to 

bind metal ions. Results of chromatography on metal affinity columns were similar to 

those attained from partition experiments. In general, substituting histidines into regions 

of a-helix in the protein increased retention. However, the biggest increase was found 

when a HisX^His site was engineered into a rigid piece of a-helix; an association constant 

of about 2x10^ M‘̂  was observed. Todd et al. (1991) had attributed this to protein 

conformational changes, as mentioned earlier. Suh et al. (1991) proposed that on a solid 

matrix accessibility to the metal binding site may be limited, hence the positioning of the 

histidine is critical.
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Wuenschell étal. (1990) proposed two phase partitioning as a method for determining the 

number of accessible histidines on a protein. This method has the disadvantage that any 

leaching of metal ions from the polymer could cause errors, in particular, when the protein 

has high affinity binding sites. Proteins with low affinity binding sites may precipitate (as 

mentioned earlier). Binding constants can also be determined which are difficult to 

measure by conventional methods since proteins and immobilized metals are present in the 

phases in such small concentrations. They also highlighted the important effect of pH on 

the partitioning coefficient. At pH 8.0 an extraction of more than 95% human 

haemoglobin into the Cu(II)PEG-IDA phase was achieved. When the pH was lowered to

5.5 the partition coefficient dropped by a factor of 22.

As a measure of ionization of the imidazole ring Wuenschell et al. (1990) used the pH 

when the ring is half-ionized. Competition from the metal chelate reduces the pH at which 

the ring is half ionized thus, in the presence of 2x10^ M copper, the pH needed for half 

ionization dropped from 7.0 to 6.3. This pH dependence forms the basis of a protein 

recovery method.

Suh and Arnold (1989) calculated the average pK, of the metal binding sites as 6.5; close 

to the expected value of 6.02. They derived a mathematical model for partitioning in a 

two phase PEG/dextran system. The pK, was affected by neighbouring amino acids and 

by counter ions in the solvent such as phosphate ions. The phosphate buffer concentration 

was kept low to reduce concentrations of phosphate ions in solutions. It has a negative 

charge which stabilizes the protonated imidazolium ion and increases the pK,. High 

concentrations of phosphate ions can cause precipitation of copper phosphate.

Since dextran is expensive, Suh et al. (1990) used inorganic salts and IDA-PEG to form 

the two phases. The coordination of proteins to metals is enhanced by salts which form 

phases. Using PEG/Na2 S0 4  without copper ions the histidine bearing haeme proteins 

partitioned to the bottom salt phase. On addition of Cu(II)IDA/PEG the haeme proteins 

were separated from serum albumin. Successful separation of a protein from a mixture 

by affinity partitioning requires that proteins have multiple exposed surface histidines. Too 

few binding sites would result in poor separation and hence the purification would become 

less productive.
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1.5.4 Precipitation Using Metal Affinity

Another use of metal affinity binding is in precipitation. Polyvalent ligands which 

simultaneously bind more than one protein molecule, which itself has multiple ligand 

binding sites. Lilius et al. (1991) used a bifunctional chelator ethylene glycol-bis-((3- 

aminoethyl ether) N,N,N,'N'-tetra-acetic acid (EOTA) to precipitate galactose 

dehydrogenase. When added to a solution, the BGTA (Zn) 2  precipitates protein carrying 

a pentahistidine subunit on each galactose dehydrogenase subunit.

Van Dam et al. (1989) compared the use of Cu(II)2 EGTA and Cu(II)PEG2 0 (XX)(IDA)2 . 

Since they used a haeme protein, the level of iron could be used as a measure of protein 

concentration. They found that on a molar basis Cu(II)PEG2 0 0 0 0 (IDA) 2  was a far more 

effective precipitator than Cu(II)2 EGTA. This was attributed to the structure since 

PEG20000 is a long chain compared to EGTA. Increased flexibility could favour 

binding. The PEG may have decreased the solubility of the chelate-protein complex so 

that it precipitates better. Perhaps the PEG increases the association constant for metal- 

protein binding thus favouring the precipitation reaction.

Van Dam et al. (1989) also precipitated the same proteins with copper sulphate. This 

gave similar results to those for Cu(II)2EGTA, even though Cu(II)2 EGTA has two copper 

atoms per precipitator molecule. The single copper ions in CuSO^ must be capable of 

crosslinking two histidines on separate proteins if they are sufficiently accessible. A far 

higher concentration of Cû "̂  was found in CuSO^ precipitates than in precipitates from
I « in

Cu(II)2EGTA. This may be due to free copper/ interacting non-specifically in the 

precipitate network. Van Dam et al. (1989) did not consider dénaturation of the protein 

during precipitation, but it is highly likely to occur using free cupric ions.

Factors which affect metal affinity precipitation are pH, metal ion concentration, the type 

of precipitator and the number of available metal binding sites. Decreasing the pH 

decreases the amount of protein precipitated because histidine residues become protonated 

and will no longer coordinate with metals. The metal ion concentration needed is 

essentially such that the number of copper ions is equal to the number of histidines (Van 

Dam et al., 1989). For example, when the ratio of Cu^"^:histidines is 1, 100% of human
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haemoglobin will precipitate. However, sperm whale myoglobin (with five histidines) 

does not start to precipitate until the Cu^^: histidine ratio is 50:1, and even then horse 

cytochrome c (with two partiality accessible histidine residues) has not started to 

precipitate. Eventually a maximum is reached when further addition of metal does not 

result in additional precipitate. In general, proteins with less accessible histidines require 

more metal ions before they will precipitate.

The type of chelate-polymer used is important as illustrated in the work of Van Dam et 

al.f 1989 (see earlier). Higher molecular weight precipitators such as 

(CuII)PEG2 0 0 0 0 (IDA) 2  are more effective than smaller ones such as Cu(II)2 EGTA. 

Using a linker like EGTA makes a bridge between ions which may help retain the 

activity of the enzyme. Lilius et al. (1991) used only a bidentate chelator which forms 

chains with the protein. Using tri- or polychelates would change the structure of the 

precipitate. This method is suited to oligomeric enzymes or proteins with more than one 

metal binding peptide. Larger molecular weight proteins would precipitate better and 

hence be more easily separated from the bulk of the liquid.

The concentration of chelator is critical. Lilius et al. (1991) achieved 90% precipitation 

of protein using lOmM EGTA (Zn)2 *, above this concentration the native protein 

precipitated. Overall, Lilius and co-workers (199U achieved an 80% recovery. A 

comparison of the precipitated protein and IMAC purified protein on an SDS 

polyacrylamide gel showed that the purification using IMAC is far superior, however, 

there has been much less published work on IMA precipitation.

1.5.5 Metal Affinity as a Method of Immobilization

Loetscher et al. (1992) used a metal binding peptide (mbp) as a tool for immobilizing 

antibodies onto a solid support. A monoclonal antibody to interferon was oriented onto 

the matrix via modified oligosaccharides in the Fc portion of the tail. The carbohydrate 

side chains were oxidized and Schiffs bases were formed with the peptide. The metal 

binding peptide chosen consisted of Lys-Gly-(His)g. Of the purified modified antibody, 

92% chelated to the NTA(Ny^ column. Acid elution (as low as pH2), commonly used 

for antibody elution, could not be used since it would elute the mbp-interferon complex.
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The interferon was eluted using 2M guanidine hydrochloride which is a chaotrophic 

agent. A yield of 75 % obtained without the mbp-mAb or interferon-mab-mbp complexes 

eluting. Increasing the guanidine concentration in order to achieve higher recovery only 

destroyed the antibody. The inability to use acid elution to remove the interferon limits 

the generic use of this method.

In effect, Loetscher et al. (1992) have used a solid support for metal affinity 

chromatography and subsequently converted it to an antibody affinity column. The 

advantage of this system is that only one column is needed for two functions; 

immobilizing the antibody and affinity chromatography. The method involves two steps 

which should result in a lower yield of protein than a one-step IMAC purification. 

Additionally, the benefits of IMAC, such as its stability, are counteracted by the use of 

short-lived expensive monoclonal antibodies. The use of metal chelation for 

immobilizing the antibodies is only useful in that it may achieve better orientation than 

through thiol linkages or by using other methods. One advantage of this method would 

be that the protein of interest need not be altered, since only the antibody is engineered 

to contain histidine residues. This may be useful in some cases, for example where 

sequencing and engineering the antigen may take longer than raising an antibody to it and 

chemically modifying it. The protein of interest is not modified, hence this method could 

be used for therapeutic proteins with a specified (non-histidine) peptide sequence. 

However, its use for therapeutic drug purification may be restricted if the antigen is 

contaminated with metal ions.

Ljungquist et al, (1989’’) also used metal chelation for immobilizing an affinity ligand, 

in this case not an antibody, but protein A fragments. The two-domain protein A 

molecule, termed ZZ was fused to various affinity peptides with the amino acids 

sequence Ala-His-Gly-His-Arg-Pro repeated two, four or eight times. The column was 

converted to a protein A column and IgG bound to the ZZ proteins. Ljunquist et al. 

(1989*’) like Loetscher et al. (1992) used protonation to elute the protein. Unfortunately 

the IgG was not eluted alone but complexed to the modified ZZ protein. Ljunquist et al 

(1989*’) have not overcome the problem of separating the protein A from the 

immunoglobulin which is normally eluted at an undesirable pH of less than 3.5.
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1.5.6 Industrial Scale Purification by Metal Affinity

Precipitation using metal chelates is cheaper than purification on a support and is easily 

scaled up. There are no high investment costs for support materials and containers and 

no problems of column fouling, but precipitation reagents such as Cu(II)PEG2 0 0 0 0 (IDA) 2  

are expensive. An advantage of precipitation is that sterically it will prevent inhibitors 

or other unwanted ligands binding to the protein. A problem encountered by Lilius et 

al. (1991) was that Cu^  ̂ and bound so strongly that the protein was denatured and 

activity could not be regenerated. Regaining enzymatic activity may be difficult after 

precipitation and some proteins are problematic in resolvating.

Two-phase partitioning has some of the advantages that precipitation does over column 

chromatography. It is easily scaled-up, and the primary cost is in reagents. Suh et al.

(1990) minimized this cost by replacing dextran with less expensive inorganic salts. 

Disadvantages of this method could be the difficulty of recovery and regeneration of the 

polymer-chelate.

Immobilized metal affinity chromatography has already proved to be suitable for large 

scale purification. Industrial uses of IMAC that have been pioneered so far include the 

purification of recombinant tissue-type plasminogen activator (t-PA) by Dodd et al. 

(1986). They passed the harvest medium over zinc(II) chelated Sepharose followed by 

lysine Sepharose. This continuous chromatography system was unique amongst t-PA 

purifications in that it was rapid and aseptic. A autoclavable, reusable continuous 

chromatography system was used. The specific activity of the product was two-fold 

higher than that reported the previous year by Kruithof et al. (1985).

The world's largest purification process using IMAC is by Toray (Tokyo). Non

recombinant human fibroblast interferon (HuIFN-P) is purified by a combination of dye 

affinity and metal chelate affinity chromatography (Janson, 1990).

Future uses of IMAC may be in enzyme reactors in order to remove harmful, 

contaminating enzymes. If aj-macroglobulin is bound to a zinc(II) column it would act
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as a scavenger which would bind endoproteases (Sulkowski, 1985). IMAC could be used 

to probe for histidines on the surface of proteins and hence provide information on the 

protein topography. If a protein carries various surface histidines in its native state then 

IMAC can be used to prove that the same recombinant protein folds in the same way, 

since elution should be identical. This application is quite limited because it only applies 

to proteins naturally occurring with histidines, and only gives information on a small part 

of the protein near the metal binding site.

1.5.7 Affinity Peptide Structure

The numbers of histidine residues in a polypeptide, which are available for coordinate 

binding, and their accessibility to metal ions, determines the strength of binding 

(Hemdan et al. y 1989). Arnold and Haymore (1991) believe that the geometric 

requirements for binding of a protein to a metal chelate are exact. Their proposals are 

based on calculations of the structures of proteins. An a-helical HisXjHis sequence, i.e. 

with three intermediate amino acids between two histidines, will bind metal ions more 

strongly than another configuration of the same number of histidines. This is because 

both histidine residues can simultaneously coordinately bind the same metal ion, giving 

rise to a phenomenon called the 'chelate effect'. The chelate effect only occurs in the 

secondary folded structures of a reverse P turn and a P strand if HisX^His and HisXHis 

are present, respectively. An a-helix confers rigidity which is not afforded to the 

binding site by consecutive histidines which tend to form random coils.

Arnold and Haymore's work (1991) is supported by calculations made on the partition 

coefficients of a variety of mutants of Saccharomyces cerevisiae iso-1-cytochrome c. 

Since the HisX^His motif occurs naturally in several metalloproteinases such as 

thermolysin and zinc finger peptides it was used for affinity partitioning by Todd et al. 

(1991). The HisXjHis site was engineered by site-directed mutagenesis into an existing 

a-helix of the protein which was partitioned using Cu(II)ID A-PEG and dextran as the two 

phases. They found that the creation of a HisXjHis site resulted in a 24-fold higher 

binding constant than that for a single histidine. Todd et al. (1991) also used the same 

protein for IMAC, where changing the motif from a single histidine to HisXjHis did not 

affect the purififcation so markedly. Whereas it had increased the partitioning effect to
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that expected for a hypothetical protein with 9 or 10 independent histidine residues, in 

IMAC it only increased the binding to that expected for a protein with four independent 

surface accessible histidines. The chelate effect made a smaller contribution to IMAC 

than to partitioning, possibly because adsorption of a protein to a solid surface causes a 

small conformational change in the protein. This change may make coordination of the 

second histidine more difficult and result in entropy loss. Multiple attatchment of 

histidines to polymers is facilitated by the flexibility of the polymers.

Todd et al. (1991) also noted that histidines on the N-terminal a-helix are likely to be 

more influenced by environmental factors such as pH than metal binding sites elsewhere 

on the protein.

Suh et al. (1991) provide impressive mathematical evidence that HisXjHis affords a 

higher affinity binding site than single histidines or alternatives such as HisX^His. 

However, there was no comparison to proteins with consecutive histidines, and apart 

from a HisX2 His motif, all other histidines were independent and separated by long 

stretches such as 150 residues. Suh et al. (1991) determined the stability constant of a 

metal-protein complex with a HisXgHis motif as three orders of magnitude higher than 

proteins with only a single histidine. Removal of one intermediate amino acid to give 

HisX^His resulted in a marked decrease in copper binding affinity. Previous work by 

Suh and co-workers (1990) demonstrated no significant binding of myoglobin to Cu^* 

although it had a HisXgHis motif naturally occurring on an a-helix.

Suh et al. (1991) calculated B values, also called temperature factors, as described by 

Karplus and Schulz (1985). These values are a measure of helix flexibility. Suh et al.

(1991) found that estimated B values corresponded approximately with stability constants 

calculated from experimental data. Conformational rigidity may be important in 

determining optimum sites for histidine motifs, but various other factors influence 

complex stability. This is illustrated in their own work where a mutant has a high 

predicted B value, indicative of a weak binding site. Whereas, in practice, it has a high 

affinity binding site. In general, B values may be useful in predicting the optimum 

histidine locations, but are not definitive.
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Skerra et al. (199T) did not use partition experiments to derive stability or binding 

constants to support their data. However their work showed that five consecutive 

histidines gave a more useful elution profile than HisXHis variants. They did not use 

HisXgHis variants whereby X3 was an amino acid other than histidine. Although (His)j 

is in fact HisXjHis, consecutive histidines may result in a different protein secondary 

structure (as mentioned earlier). It would be interesting to see binding affinities of 

proteins containing (His);, and compare with results from proteins containing HisXjHis 

where X is not a histidine.

Loetscher et al. (1992) used a pentahistidine affinity tail to bind to nickel-NTA resin. 

Their choice was based on work by Hochuli et al. (1987) which demonstrated the high 

affinity of the adsorbent for peptides containing adjacent histidine residues. Hochuli et 

al. (1987) showed that of two model peptides, one containing two consecutive histidines 

at the N-terminus was held more strongly on the resin and was eluted after a peptide 

which contained both a HisX2His and a HisX^His motif. However, this experiment only 

used peptides of 11-14 amino acids. Large proteins are likely to behave very differently 

because of folding and steric hindrance. The same article described two naturally 

occurring hog isozymes, one of which was adsorbed and one which was not. The 

adsorbed protein was only different in that it had an amino terminal sequence of 

HisXgHisXjHis. The HisXgHis motif was adsorbed strongly enough by NP'^'NTA for 

differential elution by pH. The work could be interpreted to mean that although the 

HisXjHis motif will bind to Ni^'^NTA, two adjacent histidines will bind more strongly. 

Alternatively, the data may be perceived to be contradictory; the important fact is that 

the histidines bind strongly enough to be useful in metal affinity.

Subsequent work by Hochuli and co-workers recommended di- or hexahistidine tails at 

the carboxyl terminus were the best affinity tails (Hochuli et al., 1988 and Hochuli, 

1990*). Hochuli (1990'’) proposed that the more histidines present, the more complexes 

were possible. The greater possibility of binding shifted the equilibrium position, so that 

it was less probable that there were free binding sites. Hochuli (1990*) did not 

investigate the use of HisXjHis or alternating histidines as affinity tails.
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Ljungquist et aL (1989*) designed an affinity peptide which included an arginine residue 

to improve solubility and a proline residue (preceded by a basic residue) to prevent 

proteolysis. More recently Vosters et al. (1992) used HisXgHis as the basis for their 

metal binding peptide. They successfully carried out IMAC on a recombinant E.coli 

protein using Ni^^-IDA resin, and achieved a one-step purification.

In summary, the number of histidine residues and their positioning in the protein dictates 

the binding strength to a metal chelate. However, the strength of interaction must be 

optimized for each system so that the protein elution can be easily achieved in one 

discrete peak.
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1.6 OBJECTIVES:

The purification of B72.3 ScFv on immobilized metal affinity chromatography

For this thesis the single-chain antibody fragment was chosen because it is currently the 

smallest, least immunogenic and most promising B72.3 antibody fragment available. 

There are several methods already employed to purify larger fragments and the whole 

antibody molecule, but these are not appropriate for single-chain antibody fragments (see 

1.4). Because single-chain antibodies lack the Fc region, and because the physical 

properties of the fragments are so dependent on their individual sequence there is a need 

for a generic purification process. The use of IMAC can be applied whenever suitable 

motifs of histidine residues can be incorporated into the protein.

The hinge region of the B72.3 whole antibody has been implicated in adding stability to 

the molecule (Proudfoot, 1992), and so this region was incorporated into two of the four 

single-chain constructs. The design of the metal binding tail was based on that used by 

Hochuli et al. (1988) in that consecutive histidine residues were used. One of the aims 

was to investigate the difference in binding affinities of tails of different configurations: 

thus a di-histidine and a penta-histidine tail was chosen. The four metal binding tails 

designed were therefore ScFv(his) 2  , ScFvhinge(his) 2  , ScFv(his)j , ScFvhinge(his)^ 

Shortly after the successful expression of the B72.3 ScFv constructs in E.coli, Skerra et 

al. (1991) reported the functional expression of MCPC603 ScFv fragments which they 

purified by IMAC. Since Skerra et al. (1991) used imidazole elution in combination with 

zinc(II)-IDA, this method was investigated for purifying B72.3 ScFv. In addition, 

decreasing pH gradients were used and the effectiveness of other metals were also 

examined. Since copper, nickel and zinc ions are readily available and reputably have 

a markedly different affinity for histidine (Belew et al., 1990 ) these three metals were 

investigated.

The E.coli supernatants containing B72.3 ScFv variants were not purified before 

chromatography, with the exception of dialysis in some cases. This enabled an 

assessment of the efficiency of purification of an antibody at a low concentration from 

a high concentration of contaminating native E.coli proteins.
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2.0 METHODS

2.1 THE CLONING OF SINGLE CHAIN ANTIBODIES

In the first step of cloning, the foreign DNA insert was a fragment derived from PCR 

(see 2.1.3). PCR enabled amplification of an altered fragment comprising the histidine 

sequences. The methods described were used to clone single-chain antibodies with 

polyhistidine tails, which had been designed for metal affinity chromatography. The 

overall cloning strategy is described in relation to the plasmids used (2 . 1 .2 ).

2.1.1 Plasmids and Strains

Two families of plasmids were used in cloning: pTTQ9 and pSK based plasmids (see 

Table 2.1). The original pTTQ9 vector (4539 base pairs in size) was obtained from 

Amersham International pic. It is used as an expression vector. It contains the tac 

promoter which is under the control of the lac operon. When the inducer 

isopropylthiogalactoside (IPTG) is added to the growth medium the lac repressor is 

inactivated, and transcription proceeds.

Table 2.1 Plasmids for cloning

Template A pSK vector encoding and of B72.3

pROSO pSK vector encoding of B72.3

pR092 expression vector (V^ )

pR093 expression vector encoding V» -linker-Vl

XLl-blue E xoli cells were used for expression of the protein from pTTC^ plasmids. 

XL 1-blue cells obtained from Stratagene (California) were tetracycline resistant. Their 

use as plasmid hosts is detailed by Bullock (1987). The E xo li strain LM K)35^as 2 e  

host used for all the pSK plasmids. The pSK plasmids contained the ompA leader 

sequence which codes for an E xoli membrane protein. A fusion protein of the signal 

peptide and the cloned protein is directed through the cytoplasmic membrane and is 

located in the peripasm.

45



2.1.2 Cloning strategy

The original Template A plasmid used (see fig 2.1)was a pSK plasmid with an ompA 

leader sequence (courtesy of R.Owens, Celltech). One of the genes encoded in the 

plasmid is for the single chain antibody B72.3, without a hinge region (V„ and only). 

Using the polymerase chain reaction (See 2.1.3), multiple fragments were generated 

which contained new nucleotide sequences. These fragments consisted of the V» region 

and added histidine residues as follows:

VLVHhinge(His)2

V lV h(H1s)2

VLVHhinge(His)5

V lV h(H1s)5

Hinge region sequence: glutamate, serine, lysine, tyrosine, glycine

The fragments were of variable lengths so they were restricted using XhoVEcolSl (See 

2.1.7). This also enabled them to be inserted into a another pSK vector called pROSO 

which had been restricted with the same enzymes. The plasmid pROSO was used because 

it has a high copy number which facilitated DNA sequencing.

Following sequencing (to ensure that the correct sequences had been cloned), the DNA 

section comprising the Vy-histidine tail was extracted from pROSO and introduced into 

an expression vector, pR092. Plasmid pR092 was used as an intermediate: although it 

does not contain the region of the antibody, it does have a Sail restriction enzyme 

site. This site is necessary for inserting the EcoRllXhol restriction fragment containing 

the modified gene sequence. pR093 lacks this restriction endonuclease site, hence the 

fragment is cloned into pR092. The final vector used is pR093. The Vy-histidine 

fragment was excised from pR092 and inserted into pR093 downstream from the Vl and 

linker region. This final cloning step created a plasmid encoding the B72.3 single chain 

antibody, (see cloning strategy,figure 2.5).
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Figure 2.1 Plasmid map of Template A
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Figure 2.2 Plasmid Map of pROSO
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Figure 2.3 Plasmid Map of pR092
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Figure 2.4 Plasmid Map of pR093
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Figure 2.5 Cloning Strategy
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2.1.3 Polymerase chain reaction (PCR)

The use of PCR as a method for site-directed mutagenesis is well documented (Mullis 

et üL, 1986, White et a i ,  1989). In this experiment, oligonucleotide primers were 

designed to incorporate new sequences into an existing template. The template, T, was 

a plasmid containing genes encoding the variable heavy region of a single chain antibody. 

Four separate PCR reactions were carried out to create four variations on the original 

template. One primer, R2555, was used in all four reactions to anneal to the coding (5' 

to 3') strand of DNA. The second primers used to incorporate changes annealed to the 

non-sense strand and were as follows:

R3723; 87 bases including the sequence for hinge(his) 5

R3724; 78 bases including the sequence for hinge(his) 2

R3725; 72 bases including the sequence for no hinge(his)^
R3726; 63 bases including the sequence for no hinge(his) 2

(see page 186-190)

The oligonucleotide primer encodes two adjacent translational stop codons downstream 

from the histidine residues at the end of the protein These signal termination of the 

protein synthesis. An EcoRI restriction site was placed after the stop codons so that the 

new fragment could be extracted after digestion with restriction enzymes. The restriction 

site was followed by a GC rich region of bases which are necessary as a substrate for the 

restriction enzyme to cleave efficiently.

Figure 2.6 PCR fragment
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The PCR buffer consisted of 50mM Tris.HCl and 1,5mM magnesium chloride. The pH 

at room temperature of the solution was 8.3. At 72°C it drops to pH 7.2. All buffers, 

tips and eppendorf tubes used for preparing the PCR reactions were autoclaved since 

trace amounts of DNA could serve as templates for amplification.

Table 2.2 PCR Reaction Mixture

PCR reaction mixture

lOX PCR buffer (Perkin Elmer) 10^1

2.5mM dNTPs (Perkin Elmer) lO/xl

R2555, 10/xM 5m1

Primer for construct e.g R3724, 20/iM 2.5/il

template A, Ifig/il'^ 3/xl

Taq enzyme (2.5 units) (Perkin Elmer) 0.5/^l

sterile distilled water 69^1

total volume lOOfil

The four reaction mixtures (one per construct) were overlaid with paraffin oil to prevent 

evaporation and were placed in the thermocycler (Perkin-Elmer Cetus). The 

thermocycler was programmed for 30 cycles. Following amplification a small sample 

of the mixture (10/xl) was analysed by gel electrophoresis. The rest of the amplified 

DNA was extracted (2.1.3) in order to be used in cloning. A method for PCR is detailed 

in Maniatis et al. (1982).

2.1.4 Phenol/chloroform extraction of DNA

Commercial liquified phenol was equilibriated in IM Tris, pH8/0.2% P-mercaptoethanol.

0.1% hydroxyquinoline was added and it was stored at 4°C. A 24:1 mixture of 

chloroform and isoamyl alcohol was used. Isoamyl alcohol reduces foaming which
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facilitates phase separation. The mixture was stored at room temperature.

1. The sample to be purified was mixed with an equal volume of phenol in a 

microfuge tube and vortexed. The mixture was briefly centrifuged and the top 

layer of purified DNA was retained.

2 . Step 1 was repeated, once again with phenol and then with chloroform.

2.1.5 Agarose gel electrophoresis

All the agarose gels used for electrophoresis were 1% (w/v) agarose which is the 

optimum concentration for separating linear DNA molecules of 0.5-7.0 kilobases in 

length. Tris-borate (TBE) has a better buffering capacity than Tris-acetate (TAB) but, 

at constant current, DNA fragments migrate 10% faster through TAB buffered gels and 

it is less expensive. The resolving capacity of the two systems is very similar. Gels 

made with TBB buffer were used analytically to size DNA fragments and TAB buffered 

gels were used preparatively. TBB was used for analytical gels so that a buffer change 

was not needed. The advantage of using TAB for preparative gels was that extraction 

of the DNA, from the low melting temperature agarose, could be carried out using 

Geneclean and Mermaid kits (2.1.5)

2.1.5.1 Preparation of agarose gels with TBE (Tris-borate) buffer 

Electrophoresis buffers were made up as concentrated solutions and stored at room 

temperature. A stock solution of TBB was stored at a concentration of 5x and was 

diluted 1:10 to make a working solution.

5 X TBE buffer

Tris base 54g

Boric acid 27.5g

EDTA 3.72g

A solution of EDTA was made (pH8), then after adding other chemicals the 

solution was made up to 1000ml with distilled water.

An analytical gel was made by dissolving Ig of agarose in 100ml of boiling TBB buffer 

(prepared by diluting the above buffer twenty-fold). Bthidium bromide was added to the
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molten agarose (5/ii of a lOmgml ' solution), which was then poured into a horizontal gel 

mould, Ethidium bromide intercalates between stacked DNA bases and fluoresces under 

U.V. light enabling the visualization of the DNA. A plastic comb was positioned 0.5- 

1.0mm above the mould plate so that wells were formed close to one end of the gel. 

Wells of different sizes could be cast but a typical volume was 20/xl. Molten agarose 

was poured into the cast. When the slab gel had solidified it was installed on a platform 

in an electrophoresis tank. A buffer was made consisting of 0.5x TBE. Electrophoresis

was carried out with the gel submerged just beneath the surface of the buffer and the

DNA samples, in gel loading buffer (2.1.5.5), were carefully pipetted into the wells in 

the gel. A current of 75mA was applied for 20-40 minutes.

2.1.5.2 Preparation of TAE (Tris-acetate) gels

Agarose gels made using TAE buffer were used for preparing DNA of a certain size 

from a mixture of various molecular weight fragments. The buffer was stored as a 

concentrated stock (composition below) but used at a fifty-fold dilution.

50 X  TAE buffer

Tris base 242.5g

Sodium acetate 18.5g

EDTA 18.5g

Glacial acetic acid was added to pH7.9, then the volume was adjusted to 1000ml 

using distilled water.

To make the gel, Ig of agarose powder (Sigma) was added to 100ml of TAE buffer 

(diluted fifty fold) and boiled until it dissolved. After allowing the agarose to cool to 

about 50°C, 5^1 of lOmgml'^ ethidium bromide was added, and it was poured into a gel 

mould. The solidified gel was mounted and electrophoresed in the same manner as that 

used for TBE gels, except that a current of about 50mA per gel was used for 

approximately 1 hour, depending on the size of the fragment to be extracted.

The band of the desired molecular weight DNA was visualized under U.V. light and then 

cut from the gel using a scalpel. It was extracted from the agarose by using a Mermaid 

or Geneclean kit (see 2.1.5).
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2.1.5.3 Gel loading buffer

The samples of DNA to be analyzed or prepared on the agarose gels were mixed in a 

1:10 ratio with gel loading buffer:

Gel loading buffer

0.25% bromophenol blue

0.25% xylene cyanol FF 

30% glycerol in water

Analytical agarose gels were examined and photographed under U.V. light at 254nm. 

This wavelength gives rise to the highest fluorescent yield of the ethidium bromide-DNA 

complexes. Preparative gels were subjected to a longer ultra violet wavelength of 302nm 

which yields less fluorescence but decreases the proportion of nicking of the DNA 

fragments.

2.1.6 Extraction of DNA from agarose gels

DNA fragments were extracted from TAE gels using either a Mermaid kit or Geneclean 

II depending on the size of the fragment. The kits, from Stratech Scientific (BIO 101 

inc, 1988), can be used for desalting and concentrating DNA solutions. In this context 

they are used for rapid extraction of DNA fragments from agarose gels.

2.1.6.1 Mermaid kit™

This was used to extract small quantities of single and double stranded DNA (10-200 

base pairs) by adsorption to silica beads called Glassfog. The DNA binds to the Glassfog 

in a high salt solution of sodium perchlorate. The impurities are removed using an 

ethanol wash which does not interfere with the binding of the DNA to the matrix. The 

subsequent addition of water elutes the bound fragments from the matrix. The kit is 

stored at room temperature.

1. The desired DNA band was cut out of the TAE gel using a scalpel and placed in an 

eppendorf tube. The weight of the gel was determined and three volumes of sodium 

perchlorate were added, i.e. 1.5ml of salt solution was added to 0.5g of gel.

2. The Glassfog was resuspended by vortexing for 30-60 seconds. For each /xg of DNA 

8/xg of Glassfog was added and thoroughly mixed.
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3. The tube was placed in a 45-55°C waterbath for 5 minutes to melt the agarose gel. 

Adsorption of the DNA onto the Glassfog was then allowed to continue with mixing 

at room temperature for a further 5 minutes.

4. The eppendorf was spun for 10-20 seconds in a micrfuge. The supern^was discarded 

or re-extracted.

5. The Glassfog was resuspended by vortexing in 300/il of ethanol wash. The tube was 

spun for 10-20 seconds and the supernatant discarded.

6. The ethanol washing step (5) was repeated. All traces of ethanol were removed.

7. The DNA was eluted by resuspending the Glassfog in a small volume of water (e.g. 

equal to the volume of Glassfog added in step 2). This was left at room temperature 

for 5 minutes before spinning and extracting the supernatant.

8. Step 7 was repeated and the two supernatants were pooled.

2.1.6.2 Geneclean^

This kit was used for isolation of DNA oligomers more than 200 base pairs in length 

which are too large to be extracted using the Mermaid kit. It works on a similar 

principle to the Mermaid kit of adsorption to beads under high ionic strength buffers. 

It is used to remove salts, proteins, RNA and other contaminants so that the DNA 

prepared can be used for enzyme reactions e.g. restriction digestion, ligation, sequencing 

and PCR.

This was essentially the same as for the Mermaid kit. The differences were:

1. Sodium iodide was used as the high salt binding solution, rather than sodium 

perchlorate.

2. 5/il of Geneclean beads called Glassmilk was used per jxg of DNA, rather than 8/tl 

of Glassfog.

3. Three ethanol washing steps were used, rather than two.

4. Elution of the DNA by water was carried out at 55®C not at room temperature.
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2.1.7 Digestion with restriction enzymes

Restriction of duplex DNA into discrete fragments is achieved by cutting the molecule 

at specific sites using restriction endonucleases. Restriction endonucleases recognize 

specific target sequences and cleave the DNA in a pattern characteristic to that particular 

enzyme. Three different buffers were used when digesting DNA with restriction 

enzymes. Typical constituents are as described below, although the actual ones used 

were purchased ready-made from Boehringer Mannheim.

Table 2.3 Restriction enzyme digest

BUFFER CONCENTRATION IN mM

NaCl Tris.Cl, pH7.5 magnesium chloride dithiothreitol

low 0 10 10 1

medium 50 10 10 1

high 100 50 10 1

Reaction mixture:

0.2-1/zg DNA in 20jiil of sterile distilled water 

2^1 of buffer according to enzymes used 

1 unit of each restriction enzyme

The digestions were allowed to proceed for 45-60 minutes at 37°C for EcoRI, SaR, 

Xbaly Xhol in high salt buffer, and at 50°C for two hours for to H I I  and Sfil in medium 

salt buffer. The reaction was stopped by adding 0.5M EDTA (pH 7.5) to give rise to 

a final concentration of lOmM.

2.1.8 Ligation

The ratio of DNA inserts to restricted vectors is a crucial factor in ligation reactions, thus 

three different concentrations of insert fragment were used. The absolute concentration 

of DNA is also important since there must be sufficient to ensure intermolecular ligation. 

The concentration of DNA was determined by spectrophotometric measurement (see
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2.1.12.5). A typical ligation mixture is given in table 2.4 

Table 2.4 Typical ligation dilutions

SOLUTION QUANTITY (fx\)

insert dilution 2 5 10

restricted plasmid (4/xg/xl *) 1 1 1

X 10 ligase buffer* 2 2 2

5mM ATP 2 2 2

lOOmM dithiothreitol 4 4 4

T4 DNA ligase (1 unit per ml) 1 1 ' 1

distilled water 8 5 0

Final volume (jû) 20 20 20

* 1 Ox bacteriophage T4 DNA ligase buffer *

200mM Tris.Cl, pH7.6 

50mM MgCl^

50mM dithiothreitol

500/ilml'^ bovine serum albumin (Fraction V;Sigma)

The ligation mixture was left at room temperature for 3-4 hours or at 20°C overnight. 

The ligated plasmid was used to transform competent cells. (See 2.1.10)
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2.1.9 Preparation of competent E.coli cells using calcium chloride

In 1972 Cohen et al. found that treatment with calcium chloride enabled E.coli cells to 

take up plasmid DNA. The efficiency of transformation was subsequently improved by 

modifications, notably the inclusion of metal ions (Hanahan, 1983). The exact effect of 

divalent calcium ions and the metal on the cell wall is unknown, as is the mechanism by 

which plasmid DNA enters competent E.coli.

The following method describes the preparation of competent XLl-blue cells using 

calcium chloride. The same method was also used for LM1035 E.coli cells, except that 

ampicillin (30/igml‘̂ ) was used in place of tetracycline.

A loopful of XLl-blue cells (Stratagene) stored at -4°C was streaked onto an agar plate 

containing IS^gml'^ tetracycline. After 2 days growth at 30°C a single colony was used 

to inoculate a starter culture of 5ml of broth containing 15/Agml'* tetracycline.

This was used to inoculate a 200ml of lactose broth in a 1 litre baffled flask shaken at 

200rpm at 37°C for 4 hours. The optical density was measured every 30 minutes so that 

the concentration did not exceed 1x10* cells per ml. The cells were in the exponential 

growth phase when harvested to ensure that the cell wall could be permeabilized. The 

cultures were centrifuged at 3000rpm for 10 minutes. After harvesting, the cells were 

kept cool because of their fragile state. All subsequent steps were carried out aseptically. 

The cell pellet was resuspended in 100ml of sterile 0. IM magnesium chloride pre-chilled 

to 0°C. The mixture was left on ice for 10 minutes prior to spinning at 3000rpm for 10 

minutes in a Sorvall centrifuge cooled to 2°C. The cell pellet was resuspended in 100ml 

of ice-cold sterile calcium chloride. The cells were left on ice for 1-1.5 hours, and then 

centrifuged at 3000rpm for 10 minutes at 2°C. The cells were resuspended in 25ml of

0.08M ice cold calcium chloride and 20% glycerol. The cell suspension was divided into 

200/xl aliquots and stored at -70°C.

2.1.10 Transformation of cells by heat shock

Transformation by heat shock yields efficiencies in the region of 1X10^ transformed 

colonies/fig of supercoiled plasmid DNA. The heat shock induces a transient state of 

competence in the recipient bacteria, enabling plasmid DNA to enter the cell.
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lOOjLtl of competent cells and lOpil (approximately 50ng) of the plasmid were mixed in 

a sterile microfuge tube and left to stand for 10 minutes on ice. The cells were heat 

shocked by placing the tube in a waterbath at 42°C for 90 seconds without shaking. 

Following heat treatment the tubes were transferred to ice and 400/tl of sterile lactose 

broth was added to aid cell recovery. The tubes were incubated at 37°C for 30 minutes. 

After this time the cells could express the antibiotic resistance. The total 500/xl was 

spread onto agar containing 50/igml * ampicillin (for pSK transformants) and 30/xgml'^ 

kanamycin (for pTTQ9 transformants). The plates were dried and incubated at 37°C for 

two days. Controls were carried out by transforming competent bacteria without plasmid 

DNA. No colonies should appear since the bacteria has no plasmids encoding resistance 

to the antibiotics.

2.1.11 Transformation of cells by electroporation

Transformation efficiencies of up to 10 °̂ transformants/^g of DNA have been obtained 

using electrotransformation and it is believed to yield 10 to 20 times as many 

transformants than chemical methods (Dower et al. , 1988). The strength of the electrical 

field and the concentration of DNA are important factors. High voltages and long pulse 

times increase the efficiency of transformation, but decrease the viability of the cells. 

Small volumes of cell suspensions and high field strengths are required for 

electroporation, hence a high-voltage mini-electrode was designed (Dower et al., 1988) 

which holds 200/il electroporation cuvettes (Bio-Rad).

Preparation o f  cells

A starter culture was grown overnight, as described in 2.2.1.3. This was used as a 1% 

inoculum to 500 ml LB. The OD̂ oo was measured every 30 minutes. When the OD«)o 

reached 0.5 the exponentially growing cells were chilled at 0°C for 30 minutes. They 

were harvested by centrifugation at 3000rpm in a chilled Sorvall rotor. The pellets were 

resuspended in 1 litre of cold ImM HEPES, pH7/10% glycerol. This is a low ionic 

strength buffer which causes less cell lysis than the conventionally used TE, pH8 or 

water (Willson and Gough, 1988).
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HEPES/10% glycerol

Hepes (BDH) 2.383g
glycerol (BDH) 100ml 

distilled water "800ml
Add IMNaOH to pH7, make up volume to IL using distilled water and autoclave.

The cells were centrifuged, as above, and washed again in 0.5M cold buffer. Pellets were 

washed in 20ml 10%v/v glycerol, and resuspended in a final volume of 2ml 10%glycerol. 

The cell suspension, with a cell concentration of about 3X10^° cells ml \  was frozen on dry 

ice in 160/rl aliquots, and stored at -70®C for a maximum of 6 months.

Electrotransformation
The prepared cell suspensions (above) were thawed on ice and 40/xl was mixed with l-5;d 
DNA. The DNA was diluted in TE,pH8 (see 2.1.12.2) to reduce the salt concentration. 
High salt concentrations cause arcing across the cuvette and hence no electroporation occurs 
(Willson and Gough, 1988).

The capacitator on the Gene Puiser apparatus (BioRad) was discharged, and the capacitance 
was set at 25;xF. The voltage was set at 2500V and the pulse controller to 2000. The 
DNA/cells mixture was transferred to a cold 0.2cm electroporation cuvette which was 
inserted between contacts in the chamber. One pulse was applied with a time period of 
4.5-5 msec and a field strength of 12.5KV/cm.

Immediately after pulsing the cuvette was removed and 1ml of SOC (see below) was added 

to the cells to aid their recovery (Hanahan, 1983). They were incubated at 37®C and shaken 
at 225rpm.

SOC (pH7)
Bactotryptone (Oxoid) 2%

Yeast extract (Oxoid) 0.5%

NaCl (BDH) lOmM
KCl (BDH) 2.5mM

MgCL (BDH) lOmM
MgSO, (BDH) lOmM

glucose 20mM
distilled water

Bactotryptone, yeast extract, NaCl and KCl were dissolved in distilled water and autoclaved. 

Stocks of 2M magnesium salts and 2M glucose were filter sterilized before adding to the 
medium.

The electroporated cells were spread on plates containing selective medium.
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2.1.12 Extraction and Purification of plasmid DNA by caesium chloride/ethidium 

bromide density gradient centrifugation

The following method is based on those described by Birnboim and Doly (1979). Large 

quantities of plasmid DNA (typically 200/xg DNA from 100ml of culture) were extracted 

which was pure and suitable for use in sequencing.

2.1.12.1 Bacterial lysis and DNA precipitation

A single E.coli colony was used to inoculate 10ml of LB containing the appropriate 

antibiotic (see 2.2.1) and incubated for 12-15 hours at 30°C with shaking. From this 

overnight culture, 2ml of cells were transferred to 200ml of LB in a one litre baffled 

flask and were grown, for 15-18 hours, under the aforementioned conditions. The cells 

were harvested by centrifugation at 2000g for 45 minutes and lysed by gently 

resuspending the pellet in 10ml solution I.

Solution I:

50mM glucose 

25mM TrisHCl (pHS) 

lOmM EDTA

After 5 minutes 20ml of solution II was added.

Solution II:

0.2N NaOH 

1% SDS

The contents were very gently mixed for 2-5 minutes before 15 ml of solution III was 

added.

Solution III:

3M potassium acetate (pH5.5)

(294.4 g potassium acetate, 115ml glacial acetic acid made to IL  with distilled water)
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The mixture was left at 0°C for 10 minutes before it was centrifuged at 10 000 rpm for

10 minutes. The supernatant was carefully pipetted into another tube, without disturbing 

the pellet. The supernatant was precipitated with 30ml of isopropanol and centrifuged 

for 10 minutes at lOg. The pellet was drained and air dried.

2.1.12.2 DNA purification by caesium chloride/ethidium bromide gradients

The pelleted plasmid DNA was purified further using caesium chloride/ethidium bromide 

gradients. Exactly 6g of caesium chloride was dissolved in 5ml TE (pH8),

TE (Tris-EDTA) pH 8  

lOmM TrisHCl (pH8)

ImM EDTA (pH8)

The pellet was dissolved in the caesium chloride solution and 200pl of lOmgmf* ethidium 

bromide was added. The solution was spun briefly for 10 minutes at 3K to remove 

debris such as bacterial proteins. The supernatant was transferred via a syringe to a 

Beckman polyallomer density gradient tube. The tubes were weighed. Liquid paraffin

011 was used to fill the remainder of the tube, and the tube weights were rechecked to

ensure correct balancing. The tubes were closed by melting the necks. The tubes were
(J&TcM w/tu -qoT/ rd> r̂oc 

capped cmd spun in a Beckman ultracentrifuge^t 48000rpm for 16-18 hours at 20°C.

Following the ultracentrifugation step the tubes were very carefully clamped to a retort 

stand, to avoid disturbing the gradient. Two red bands of DNA were clearly visible. 

The upper band contained bacterial chromosomal DNA and nicked circular plasmid 

DNA. The lower band consisted of closed circular plasmid DNA. Low concentrations 

of the lower band were seen more easily when illuminated with U.V. light.

In order to draw off the plasmid band a wide bore needle was first inserted near the top 

of the tube and pointing downwards. This was to allow air to enter the top of the tube 

as liquid was extracted. A second needle attached to a 1 ml syringe was carefully inserted 

just beneath the plasmid band and tilted so that the bore just touched the plasmid layer. 

The plasmid DNA band was carefully extracted.
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2.1.12.3 Ethidium bromide removal

Butanol can be used to remove ethidium bromide from the plasmid preparation because 

it is readily soluble in this phase. A volume of water saturated 1-butanol equal to that 

of the plasmid preparation (usually 1ml) was added in a fume cupboard. The mixture 

was shaken and the top layer was removed. This was repeated three times until the 

aqueous layer was no longer pink.

2.1.12.4 Removal of RNA

The DNA preparation was divided into 400^1 aliquots. It was precipitated with 3M 

sodium acetate (pH 5.2) in order to extract contaminating RNA. The following was 

added to each 400^1:

500|xl distilled water 

100/d 3M sodium acetate 

530/xl iso-propanol

This was mixed and centrifuged for 5 minutes. The resulting pellet was resuspended in 

2 OO/1I of TE, pH8 (see earlier) and 25/tl 3M sodium acetate was added, followed by 

500/d 100% ethanol. The tube was inverted and left on ice for 15 minutes to precipitate. 

After a further centrifugation step, the pellet was rinsed in 70% ethanol to remove traces 

of salt, air dried and resuspended in 200/xl TE (pH8).

2.1.12.5 Spectrophotometric measurement of DNA

The DNA concentration of the plasmid preparation was determined by measuring the 

optical density at 260nm. One O.D. unit (at 260nm) is equivalent to 50/igml*  ̂ DNA. 

Protein absorbs light of a wavelength of 280nm, thus the extent of protein contamination 

was determined by simultaneously measuring the optical density (O.D.) at 260nm and 

280nm.
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2.1.13 Extraction of plasmid DNA using ammonium acetate

Small scale plasmid preparations were performed more rapidly by using this method than 

by caesium chloride purification (2,1.12). The speed of "minipreps" enabled their use 

as a screening method.

A small volume of culture was obtained by inoculating universals containing 5-10ml LB 

(see 2.2.1) and appropriate antibiotic with one colony. The cells were grown overnight, 

with vigorous shaking, at 30°C. Some of the culture derived from each colony was 

retained in the anticipation that the clone contained the desired fragment and 5ml was 

used for DNA extraction.

The cells were spun in a bench top centrifuge for 5 minutes, and the supernatant was

discarded. The pellet was resuspended in lOOjxl of solution I (see 2.1.12.1) and

transferred to a microfuge tube. 400/nl of solution II and 300fi\ of solution III were then

added. The tube was inverted several times and centrifuged for 5-10 minutes. The

supernatant was drawn off and precipitated with 500^1 ̂ propanol. After a further 5
A

minutes centrifugation, the pellet was resuspended in 400^1 of 2.5M ammonium acetate. 

The tube was left on ice for 30 minutes and then spun for 30 minutes. The DNA in the 

supernatant was purified using phenol/chloroform extraction (see 2.1.12.3) before being 

precipitated with cold 100% ethanol. Following a 20 minute spin the DNA pellet was 

rinsed in 70% ethanol to remove residual salt, air dried and resuspended in 30/xl TE,pH8 

(see 2.1.12.2).

These preparations were used, in conjunction with RNase, in restriction digests (see 

2.1.7) to detect inserts in clones. Prepared DNA was restricted and electrophoresed on 

agarose gels (see 2.1.5). Cultures from positive colonies were grown on a larger scale

(2.2.1.3) to produce better quality and quantity of DNA for further cloning or for 

sequencing (2.1.14.5).
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2.1.14 DNA sequencing of the pRO80 constructs

The four types of pRO80 constructs were sequenced to confirm that the correct 

nucleotides had been introduced during PCR. LM1035 cells containing pRO80 were 

grown in lactose broth containing SO/igml * ampicillin. The plasmid DNA was extracted 

from caesium chloride density gradients (See 2.1.12.2).

2.1.14.1 Dénaturation of double stranded DNA templates

Sequencing was originally performed on single stranded DNA, which required M l3 

cloning vectors to produce single strand templates. Zhang et al. (1988) modified this 

method to enable the use of double stranded templates.

Plasmid DNA (approximately 3/ig) was diluted using distilled water to a total volume of 

8/xl. The DNA was denatured by adding 2/xl of a freshly prepared solution of 2N sodium 

hydroxide and was incubated for 10 minutes at room temperature. The sodium hydroxide 

was neutralized using 3^13M sodium acetate (pH5). A further 7/xl of water was quickly 

added to dilute the salt concentration. The mixture was left at 0°C for 5 minutes.

The DNA was precipitated by adding 120/xl of 100%ethanol, gently mixing the contents 

of the tube by inversion and allowing it to stand on dry ice for 10 minutes. After 

centrifugation for 15 minutes a pellet was recovered which was washed in 70% ethanol 

and air dried.

2.1.14.2 Primer annealing reaction

The oligonucleotide primers used for sequencing were number 1877 and M13 reverse 

primer (Celltech oligonucleotide bank). Primer 1887 was designed to anneal to a stretch 

of DNA in the V» coding region. From this primer a second strand was synthesized by 

DNA polymerase in the direction towards the hinge region. Primer 1887 annealed 

approximately 180 bases from the hinge and histidine tail. Therefore the desired region 

of sequence was at the end of the sequencing gel and often difficult to read. For this 

reason the M13 reverse primer was also used which annealed closer to, and downstream 

of, the hinge/histidine region and initiated strand synthesis in the opposite direction to 

that of 1887.
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The DNA pellet from 1) was resuspended in 7/xl distilled water. To this, 2^1 5x 

Sequenase Sequencing Buffer (United States Biochemical Corporation, Ohio) and 1/xl of 

the appropriate primer (2-3/xg) were added. The mixture was incubated at 37°C for 15 

minutes for the annealing reaction to take place. The DNA/primer mixture was cooled 

to room temperature.

2.1.14.3 Labelling and extension of DNA strands

The enzyme used for synthesizing chain elongation was Sequenase™, distributed by 

United States Biochemical (USB). The Sequenase protocol was similar to that described 

by Kraft et al. (1988) and the mixtures such as Sequenase buffer, Labelling Mix, Stop 

solution and Chain Extension/Chain-termination mixtures were originally supplied by 

USB. The reagents were replenished using formulas according to Maniatis et a/. (1982).

The Sequenase enzyme was diluted 1:8 in cold TE (pH7.4)

TE (Tris-EDTA) pH7.4 

lOmM TrisHCl (pH7.4)

ImM EDTA (pH8)

The Labelling Mix (USB) was diluted 1:5 with distilled water.

The following were dispensed into a microfuge tube and incubated at room temperature 

for 5 minutes to allow the polymerization of approximately 25 nucleotides:

Table 2.5 Sequencing Labelling Mix

DNA/annealed primer from 2) 10^1

0. IM dithiothreitol (DTT) 1/il

1:5 diluted Labelling Mix 2/xl

P^S] dATP (radioactivity of 4^Ci) 0.5/xl

1:8 diluted Sequenase (add last) 2/xl
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2.1.14.4 Termination reaction

Four microfuge tubes were labelled T,C,G and A and 2.5fi\ of the appropriate Termination 

Mix (USB) was dispensed into each. The Termination Mix contains the analogues such as 

ddGTP which prevent further DNA chain elongation.

3.5/il of labelling mixture from 3) was added to each tube, which was briefly centrifuged 

to ensure mixing. The tubes were incubated at 37‘*C for 5 minutes to allow incorporation 

of the ddNTPs. DNA polymerisation was stopped by adding 4/tl of Stop Solution (USB) 

to each tube. The Stop Solution contained formamide to inhibit reactions and dye markers 

for gel electrophoresis. The DNA sequencing mixtures were immediately electrophoresed 

or stored at -20®C for a maximum of a week.

^̂ S was used for labelling ATP in preference to ^̂ P because its slower decay and decreased 

radiolysis of DNA enabled longer storage of sequencing mixtures. The weaker p particles 

emitted from ^̂ S yield less diffuse bands than those obtained using ^̂ P and are also less 

hazardous.

2.1.14.5 Polyacrylamide sequencing gel electrophoresis

The polyacrylamide gels were prepared before all the sequencing reaction steps (1-4) using 

a method adapted from Biggin et al. (1983) but without a buffer gradient. A period of 

at least 2 hours had elapsed during which time the gel had set.

Two glass plates of dimensions 20cm by 40-50cm were thoroughly cleaned using 

detergent, rinsed, dried and swabbed with ethanol. The inside surface of the eared 

(front) plate was siliconized using Sigmacote (Sigma) to prevent the gel from sticking to 

it. Thin plastic strips (0.3-0.4mm) were used as spacers and the two glass plates were 

sealed at the sides and the bottom using 3M yellow electrical tape (Gibco-BRL).

The following acrylamide solution (approximately 6%) was stored at 4°C.
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Table 2.6 Sequencing Gel Mix

urea (ultrapure) 424g

5X TBE (see 2.1.4.1) 200ml

Protogel (30%w/v high purity acrylamide solution, Pierce) 200ml

N,N'-methylenebisacrylamide (5%w/v, Sigma) 70ml

distilled water made to 1 litre

0.5ml of 10%w/v APS (ammonium persulphate; Sigma) and 50/d of TEMED 

(N,N,N',N'-tetramethylethylenediamine; Sigma) were mixed well with 60ml of 

acrylamide mix (above). This was taken up in a syringe which was used to pour the gel 

into the mold which was held upwards and tilted to one side to prevent air bubbles 

forming. The poured gel was laid down at an angle of approximately 20 degrees from 

the bench. A multi-toothed comb was inserted to 0.5cm below the surface of the 

acrylamide, and held in position using a bulldog clip.

The acrylamide took 1-2 hours to polymerise, after which excess dried polyacrylamide 

was carefully washed off to avoid tearing the gel when the comb was removed. The 

wells were rinsed with Ix TBE to remove any fragments of urea and polyacrylamide. 

The electrical tape at the base of the mould was cut using a scalpel to allow access for 

the migrating ions in the buffer. The mold was attached to electrophoresis apparatus 

consisting of two buffer reservoirs with electrodes. Plastic coated metal plates were 

clamped to the glass plates holding the gel. This was in order to diffuse heat evenly 

across the gel and prevent DNA bands curving or 'smiling’. The buffer reservoirs were 

filled with Ix TBE.

The DNA sequencing mixtures were denatured by placing the tubes in boiling water for

2.5 minutes immediately before loading. Using a micropipette with duck-billed 

speciality tips, 2.5/d of each sequencing reaction was loaded onto the gel in the order 

T,C,G,A. Problems of compression occur most frequently in tracks G and C, so if they 

are adjacent they can be easily compared. The gel was run at 1200V, and the tracker 

dye usually reached the bottom reservoir after three hours.
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After electrophoresis the gel plates were removed from the apparatus and prised. The 

polyacrylamide gel remained attached to the bottom plate which was lowered into a 

solution of 10% methanol/10% acetate. After fixing in this solution for 10 to 15 minutes 

the supporting plate was lifted out and the gel was drained. A piece of Whatman 3MM 

filter paper slightly larger (2-3cm in each dimension) than the gel was gently placed on 

top of the gel. The gel was transferred onto the blotting paper, covered in plastic film 

and dried at 80°C in a gel dryer, under vacuum, for 1 hour. After drying, the plastic 

film was removed and a corner of the paper was cut to aid orientation. The gels were 

exposed overnight to X-ray film (Kodak) in a spring-loaded metal cassette containing an 

intensifying screen. The film was developed and the sequence was decoded by reading 

up the autoradiograph (for an example of an autoradiograph see Old and Primrose, 

1985).
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2.2 ANTIBODY EXPRESSION

2.2.1 Strain maintenance

The four novel plasmids pSMl-4 were stored in TE,pH8 (2.1.12.2) after purification by 

caesium chloride/ethidium bromide density gradients. Some of this DNA was used to 

transform XL-1 blue E.coli cells (2.1.10) and create a strain producing single chain 

antibodies. The remaining plasmid DNA was divided in two, and stored at -20°C at 

Celltech pic and at University College London. This was to enable subsequent 

transformations should the plasmids be lost from the strain.

2.2.1.1 Glycerol stocks

Stocks were made from the transformed E.coli XL-1 blue strain. The cells were grown 

(see 2.2.1.3) to mid-log phase in selective medium. The cell cultures were mixed 1:1 

with sterile Hogness freezing medium, frozen in 2ml screw cap tubes, and stored at 

-70°C. Storage in this medium resulted in higher cell viability than freezing in 50% 

glycerol.

Table 2.7 Hogness Freezing Medium

Hogness Freezing Medium

Concentration (gl *)

K2 HPO4 12.8g

KH2 PO4 2.6g

tri-sodium citrate 0.9g

MgSÛ4. 0.18g

(NH4)2S04 1.8g

glycerol 88g
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2.2.1.2 Medium preparation

Table 2.8 Luria-Bertani Medium

Luria-Bertani agar pHT*

Concentration

Bacto-tryptone (Oxoid) lOgl-'

Bacto-yeast extract (Oxoid) 5g l‘

sodium chloride (BDH) 5g l‘

Bacto-agar (Oxoid) 20g r‘

IM sodium hydroxide Im ll'

Antibiotic solutions were made up in water (50%v/v ethanol/water for tetracycline 

hydrochloride) at a stock concentration 1000-fold higher than the working concentration,

i.e. 30mgml‘̂  kanamycin (Sigma), 30mgml'^ ampicillin (Sigma) and ISmgml'Hetracycline 

(Sigma). They were filter sterilized using a 0.2pcm Sartorius minisart disc, and stored 

in 1ml aliquots at -20°C. Storage tubes containing tetracycline were covered in 

aluminium foil because it is light sensitive. Agar and liquid medium were autoclaved at 

121°C for 20 minutes. The sterilized media was cooled, and the appropriate amount of 

antibiotic was aseptically added when it was hot to the hand (about 50°C). Plates were 

poured and then were stored inverted, at 4°C, for a maximum of a week..

2.2.1.3 Growth of Exoli cultures

A phial of frozen culture (2.2.1.1) was thawed at room temperature and a loopful of 

cells was streaked onto a plate of Luria-Bertani agar (LB) containing 30/dml'^ kanamycin. 

The plates were incubated at 30°C for two days. One colony was picked using a sterile 

inoculating loop and transferred to 10ml Luria-Bertani medium/30/dmr^ kanamycin in 

a sterile plastic 20ml universal. Luria-Bertani medium was made according to the table 

above, but without agar. The 10ml inoculum was grown overnight, at 30°C, and shaken 

at 250rpm.
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The overnight culture was used to inoculate 300ml of LB/SO/xlml * kanamycin in a two 

litre baffled flask. Poor growth was obtained using a smaller conical flask or a flask 

without baffles. The flasks were incubated at 30°C and shaken in a Gallenkamp orbital 

shaker at 250rpm. A reciprocal shaker prevented sufficient baffling and reduced growth. 

Foaming occurred, and 0.001 % sterile polypropylene glycol was added to circumvent this 

problem. The OD^oo^ was measured every hour and when it reached 0.4-0.5, or after 

7 hours (if it still had not reached this value), 0.5mnidioxane-free isopropyl P-D- 

thiogalactopyranoside (IPTG; Sigma) was added to induce antibody fragment production. 

The following day (24 hours after inoculation) the E.coli cultures were centrifuged at 

TOOOrpm for 25 minutes in a Beckman J2-M1 centrifuge cooled to 4°C. The supernatants 

were poured off carefully, to avoid disturbing the pelleted cells. The supernatants were 

frozen in 50ml aliquots at -20°C.
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2.3 PROTEIN ASSAYS

2.3.1 Spectrophotometric measurement of protein

Throughout chromatography (2.4) the optical density of the column eluent was 

continuously monitored at 280nm using a Beckman U.V. detector. When measurements 

were made manually, a quartz cuvette (1cm path length) was used, with a water blank, 

in a Beckman DU-70 UV/visible spectrophotometer. The absorbance at 280nm of a 

particular protein is specific to that protein and is primarily dictated by the numbers of 

tyrosine, tryptophan and cystine residues (Gill and von Hippel, 1989). The concentration 

of a pure solution of antibody fragment was determined using an extinction coefficient. 

The coefficient was calculated using the using an equation derived from the work of Gill 

and von Hippel (1989). They provided experimental evidence that:

^M.Gdn.HCI ( ^ t i p ^  ^M tjp )  ^  ^M tyr )  ^  (^ c y # ^  ^cy«) ( ^ )

where SM.Gdn.Ha is the molar extinction coefficient of the denatured protein in 6M 
guanidine hydrochloride, 8m is the molar extinction coefficient of a given amino acid and 
n is the number of residues of tryptophan, tyrosine and cystine. Cysteine does not 
contribute significantly to the absorbance. Gill and von Hippel found a relatively small 
difference between the calculated molar absorption coefficient of the denatured protein 
and the measured value of the native protein. Assuming that eM.Gdn.na =  , and
using the amino acid molar extinction coefficients provided by Edeihoch (1967), the 
following equation can be derived:

8 =  (n^ X 5690) +  (n^, x 1280) +  (n̂ y, x 120) (2)

protein molecular weight

Where 8 is the extinction coefficient of the protein. The molecular weight of the ScFv 

antibodies was calculated using the amino acid sequence (see appendix), remembering 

to subtract 18 for each amino acid because a water molecule is lost during the 

condensation reaction to form peptide bonds. In addition, 18 was added to the total 

protein molecular weight, since the two end residues only combine with one neighbouring 

amino acid and 2 was subtracted to account for the hydrogen molecules lost in the 

formation of two disulphide bridges.
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Table 2.9 Antibody Fragment Molecular Weights

ScFv

variant

molecular

weight

number 

of bases

corrected

mw

number of residues

trp tyr cys

(his)2 30 462.24 244 26 086.24 5 14 2

hinge(his) 2 31 116.94 249 26 650.94 5 15 2

(his)5 30 927.84 247 26 497.84 5 14 2

hinge(his)s 31 582.54 252 27 062.54 5 15 2

Using equation (2) the following extinction coefficients were calculated: 

S(hi»)2 =1.79 cm'^M'^

Ghmgc(hi,)2 =1.80 cm'*M'^

S(his)5 =1.76cm '^M ’‘

Ghmgc(hi,)5 =1.77 cm'^M’̂

These values could then be used in the Beer Lambert Law (3) to calculate the 

concentration of single chain antibodies in solution from the absorbance at 280nm (A).

(3)

A =elc

Where the concentration c is in gl'  ̂ and the path length of light (1) is in cm.

2.3.2 Total protein assays

The total protein concentration in a sample was measured using Coomassie Plus Protein 

Assay Reagent (Pierce). The reagent is based on the assay devised by Bradford (1976) 

but the modified solution has enhanced linearity and its sensitivity to low protein 

concentrations (Sedmak et al, 1977). The recommended minimum range for a micro 

assay was l-25/igml ‘ protein but measurements at even lower concentrations were 

necessary, hence standards were diluted to 0 .1-2.5/igml'^ protein to determine the 

linearity over this region.
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1. A set of standards of known concentration were prepared by diluting 2mgmr* bovine 

serum albumin (Pierce) in four buffers. These were phosphate buffers (pH7 and pH8) 

and acetate buffers (pH3.8 and pH6) which were used in chromatographic runs

(2.4.3.3). The series of dilutions covered the ranges 1-25/igml * and 0.1 - 2.5/igml '.

2. 1ml of a diluted standard or a sample was pipetted into a 16 x 95mm plastic test tube 

(Sarstedt), and 1ml of protein assay reagent was added. All assays were duplicated. 

The assay reagent was stored at room temperature.

3. The sample and reagent were mixed by vortexing. The absorbance was read, on a 

Beckman DU-64 UV/VIS spectrophotometer against a water blank. The complex was 

stable for 90 minutes (Bradford, 1976). The absorbance of the buffer blank (buffer 

and assay reagent) was subtracted from the values obtained for the standards and from 

the unknowns.

4. The protein concentrations for each unknown sample were determined using the 

standard curve.

2.3.3 Preparation of samples for electrophoresis

2.3.3.1 Trichloroacetic acid precipitation

Samples were prepared for electrophoresis, and concentrated, by precipitating with

trichloroacetic acid (TCA) (Creighton, 1990).

1. A 1(X)% w/v stock solution of TCA was made by adding 227ml of distilled water to 

a bottle containing 500g TCA (Sigma).

2. 1ml of each sample was dispensed into a microfuge tube and 333/xl of TCA was 

added to give a final concentration of 25 %TCA w/w. The tubes were closed and 

quickly vortexed to ensure thorough mixing. They were then left at 4°C for a 

minimum of 2 hours.

3. The tubes were spun in a Beckman microfuge II at 1000 rpm for 7 minutes.
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4. The supernatant was carefully removed (the pellet was often difficult to see at this 

stage) and 1ml of acetone/5mM HCl was added to the pellet. After vortexing, the 

tubes were centrifuged as in step 3.

5. The supernatant was discarded, and the pellet was resuspended in 1ml 100%v/v 

acetone. The tubes were centrifuged again (step 3), and the supernatant was 

removed.

6. The pellets were dried, in opened tubes, in a speed vacuum desiccator (Savant, sc 

100) for 10 minutes.

7. The pellets were resuspended in 25^1 sample buffer (see 2.3.4) and stored at 

-20°C.

2.3.3.2 Sample preparation

Immediately before loading, protein samples in sample loading buffer were reduced by 

boiling them in water for 3 minutes. The microfuge tubes were closed to prevent sample 

evaporation, but had a small perforation in each lid. They were briefly centrifuged to 

collect condensation on the sides of the tubes.

Reducing sample loading buffer

0.5M TrisHCl (see 2.3.4.1) 1.25ml

2%SDS 2ml

10% glycerol 1ml

5% p-mercaptoethanol 0.5ml

O.lmgml’̂  50/xl

made to a volume of 10ml with distilled water, divided into 1ml aliquots andfiozen 

at -20T.

2.3.4 Polyacrylamide gel electrophoresis

Discontinuous sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed as described by Laemmli (1970). Polyacrylamide gels are made by 

polymerising acrylamide in the presence of a crosslinker N,N'-methylene-bis-acrylamide. 

The porosity of the gel is adjusted by either varying the total acrylamide concentration, 

or by altering the monomer:crosslinker ratio. The proteins to be analysed are denatured
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by the anionic detergent SDS which confers on them negative charge. The proteins are 

reduced by P-mercaptoethanol in the sample buffer, thus there is no secondary structure 

to affect the rate of migration, and separation is wholly dependent on protein molecular 

weight (Shapiro et al., 1967).

2.3.4.1 Preparation of denaturing gels

Two glass plates (GRI Ltd.) were thoroughly washed in warm detergent, rinsed and 

cleaned with methanol. They were assembled in the gel casting mode. The resolving 

gel was made up as follows:

1. All solutions (see table below), with the exception of APS (Sigma) and TEMED 

(Sigma), were mixed and filtered through a disposable 0.2/xm Sartorius minisart filter. 

This was to remove particulates which could interfere with the electrophoresis of the 

samples, and to deaerate the mixture, since oxygen inhibits polymerization.

2. The APS and the TEMED were added last because they are the initiator and the 

catalyst, respectively. After gentle mixing, the gel was quickly poured up to 1 inch 

below the lip of the plates. The top of the resolving gel was overlaid with water to 

prevent a meniscus shaped gel forming, and to exclude oxygen. The gel was left to 

polymerize for 40 minutes, then the water was poured off and the gel surface was 

dried with filter paper.

3. The stacking gel was then prepared. The stacking gel solutions were mixed and 

degassed as above. After pouring the gel, a comb, with 12 narrow teeth, was 

carefully inserted between the two plates, in the top of the stacking gel.

After 30 minutes the gel had polymerized and the comb was removed. The wells 

were rinsed with distilled water to remove any unpolymerized acrylamide or loose 

pieces of dried polyacrylamide.

Acrylamide solution was made using 29.2g acrylamide (BDH; Electran) and 0.8g 

bisacrylamide (BDH; Electran) in 100ml of distilled water. The solution was filtered 

through a O.lfxm nitrocellulose Whatman filter, and stored in the dark at 4°C.
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Table 2.10 Polycrylamide Gel Solutions

GEL SOLUTIONS 12% resolving gel 4% stacking gel

30% w/v acrylamide solution 4.0ml 0.65 ml

Resolving gel buffer 2.5ml -

Stacking gel buffer - 1.25ml

10%w/v SDS (BDH) 100/il 50/xl

10% w/v ammonium persulphate 50/xl 25/xl

TEMED (see 2.1.13) 5/xl 5/xl

distilled water 3.35ml 3.01ml

Resolving gel buffer (1.5M TrisHCl, pH8.8)

Tris(BDH) 18.5g

adjusted to pH 8.8 with HCl and distilled water added to 100ml

Stacking gel buffer (0.5M TrisHCl, pH6.8)

Tris 6g

adjusted to pH 6.8 with HCl and distilled water added to 100ml

2.3.4.2 Loading and running gels

The gel casting apparatus was removed, and the gels were positioned in the gel tank. 

The running buffer (see below) was poured into the top and bottom reservoirs so that the 

top and bottom of the gel were immersed. Any bubbles beneath the gel were removed; 

these interfere with the electrophoresis of samples. The wells were rinsed with running 

buffer before loading the samples. Freshly reduced protein sample (usually 10^1) were 

pipetted into each well using a micropipettor with small bore speciality tips (Anachem). 

Molecular weight markers in the 12.3-78kd range (Electran, BDH) were reconstituted
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in sample loading buffer (2.3.3.2) to a concentration of lmgml ‘ and stored in 1ml 

aliquots at -20®C. They were heat treated and loaded in the same manner as samples. 

The lid was attached and the unit (Atta, GRI Ltd) was connected to the power supply 

(Gibco, BRL-400L). The power was set to a constant current of 30mA for two gels, 

15mA for one gel. The running time was 2-3 hours, after which, the bromophenol blue 

tracking dye had reached the bottom (anode) reservoir. The power supply was switched 

off and disconnected and the apparatus was disassembled.

Running (tank) buffer 

Tris 0.025M 

Glycine 0 .192M 

SDS (0.1% w/v)

2.S.4.3 Gel staining and destaining

The gel plates were separated, and the stacking gel was carefully removed. Two types 

of stain were used; Coomassie blue G-250 (BioRad) or Brilliant blue G-colloidal 

concentrate (Sigma). Coomassie blue stain was used initially, but the colloidal stain was 

reported to be more sensitive (Neuhoff et a l ,  1988).

Coomassie blue G-250 stain

Gels were gently shaken in staining solution for a minimum of two hours. It was 

transferred to destaining solution until the background was faint (usually 12 hours) and 

was stored for several months, in a sealed container, in fresh destaining solution.

staining solution 

methanol (BDH) 45%v/v

acetic acid (BDH) 15%v/v

Coomassie blue (BioRad) 0.1 %w/v

destaining solution

methanol 30 % v/v

acetic acid 10% v/v
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Brilliant blue colloidal concentrate

The protocol used was as described by the manufacturer. The gels were gently shaken 

in fixing solution for one hour. The colloidal solution was shaken and combined in a 1:4 

ratio with methanol. The suspension was mixed well and poured onto the gels. After 

shaking in the suspension for 1-2 hours, the gels were destained for 30 seconds. The gel 

was rinsed in 25% methanol for up to 24 hours, and stored at room temperature in 25% 

(w/v) ammonium sulphate (Sigma).

Fixing solution

methanol 40% v/v

glacial acetic acid 7% v/v

Colloidal solution

800ml of distilled water was added to the bottle of colloidal concentrate. It was 

thoroughly mixed and stored at 4°C.

Destaining solution

methanol 25 %v/v

acetic acid 10% v/v

2.3.4.4 Gel documentation

Gels were photographed and/or scanned. Gels were scanned using a gel documentation 

system (UVP Ltd, Cambs). Gels were illuminated with white light and an image was 

photographed. This image was printed out and stored on disc. The image, stored on 

disc, was scanned using GelBase analysis software (UVP). The software enabled 

background subtraction and simultaneous molecular weight analysis and protein 

quantification. The peak height and peak area of each protein species at a given 

molecular weight, are documented in the appendix (4.7)
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2.3.5 Western blotting

Polypeptides in a sample were separated using gel electrophoresis (2.3.4) and 

immobilized onto a solid support. When current is applied to the polyacrylamide gel the 

proteins are transferred, and covalently bind, to nitrocellulose paper. When bound to the 

surface of the membrane, the proteins become extremely sensitive to immunodetection 

techniques.

2.3.5.1 Horizontal semi-dry electroblotting

The protein samples were electrophoresed on a denaturing, reducing polyacrylamide gel 

(2.3.4), but not fixed or stained. Rainbow markers (Amersham), with a molecular 

weight range of 14.3-200kd, were used since these are transferred onto nitrocellulose and 

appear as differently coloured bands.

1. The gel was equilibrated in transfer buffer for 15 minutes (longer than this led to band 

blurring). Pieces of filter paper (Whatman 3MM) and a piece of 0.45/xm 

nitrocellulose paper (Schleicher and Schuell) were cut to size (l-2cm larger than the 

gel in each dimension), and soaked in transfer buffer for a minute.

2. Three pieces of filter paper, followed bythe sheet of nitrocellulose were carefully laid 

onto the base of a BioRad electroblotter. Any air bubbles, which could interfere with 

electrophoresis, were removed. The gel was positioned, right way up, on the 

nitrocellulose. Three more pieces of wet filter paper were placed on top of the 

membrane, again taking care not to trap bubbles.

3. The lid of the electroblotter unit was closed and the power supply (BioRad 200/2.0) 

was set to a voltage of about 20V, and a constant current of 0.8A. Electrotransfer 

of the proteins took 30 minutes.

Transfer buffer (pH8,8)

Tris (Sigma) 5.82g

Glycine (BDH) 2.39g

SDS (10%w/v) 3.75ml

methanol (BDH, AnalaR) 200ml

Made to a volume of IL with distilled water
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2.3.S.2 The immunodetection of immobilized protein

The quality of a blot is largely dependent upon the specificity and purity of the detecting 

antibody. Polyclonal antibody preparations may contain non-specific antibodies. These 

are raised to contaminating components in the injected antigenic preparation such as 

E.coli proteins. The antibody used to detect single-chain antibodies was B3 (Celltech) 

which was raised in rabbit to B72.3 Fab. The following protocol was a combined 

version of those described by Owens (1992) and Preneta (1991) which was adapted to 

minimize non-specific binding.

1. The nitrocellulose membrane was 'blocked' by gentle shaking in blocking buffer for 

1 hour. The protein casein binds to the nitrocellulose and inhibits non-specific 

binding of the detecting antibody.

2. The membrane was placed on a glass plate in a humid incubating chamber, in order 

to keep the membrane moist. The chamber consisted of wet paper inside an air-tight 

plastic box. An ampoule of B3 antibody (frozen at -20°C) was defrosted and 5/xl was 

diluted in 2ml of blocking buffer. The diluted antibody was pipetted evenly onto the 

membrane and was incubated for 45 minutes at room temperature.

3. The nitrocellulose membrane was gently shaken in washing buffer, for 10 minutes, 

to rinse off unbound antibody. This was repeated twice more.

4. A revealing antibody was used (Jackson) which was conjugated to horseradish 

peroxidase (HRP). This enzyme label catalyses a colour-generating reaction which 

enables detection and staining of the B3 antibody. The donkey anti-rabbit IgG (H 

and L)-HRP antibody was stored at -20°C in 20/xl aliquots. It was diluted 1/500 in 

blocking buffer and 2ml was applied to the membrane. The membrane was 

incubated in the humidity chamber for 35 minutes at room temperature and washed 

as described in step 3.

5. The blot was washed in phosphate buffered saline,pH7 (see 2.4.3.3), containing 

/0.01%Tween for 5 minutes.

6. The blot was stained for 2-10 minutes using a called TMB Membrane Peroxidase 

Substrate System (Kirkegaard and Perry Labs Inc.). The reagents of the kit, 

principally tetramethylbenzidine (TMB) and hydrogen peroxide, were mixed and 

poured over the blot. After the desired colour had developed it was rinsed with 

distilled water to remove excess substrate, and immediately photographed.
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Blocking bufferpH 7,6

Tris 2.4g

sodium chloride 9g

casein (BDH; Hammarsten) 5g

Triton X-100 0.5ml

Made to IL with distilled water

Washing buffer pH8,2

Tris 2.4g

Sodium chloride 9g

casein (Hammarsten) Ig

made to IL with distilled water

TMB Idt staining reagents

TMB peroxidase substrate 5ml

(0.4gl'^ 3 ,3 ',5 ,5 '-tetramethylbenzidine in an organic base)

hydrogen peroxide 5 ml

(0.02%in citrate buffer)

TMB membrane enhancer 1ml

Reagents were stored at 4°C. They were mixed immediately before use.
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2.3.6 Enzyme Linked Immunoadsorbent Assay (ELISA)

Two types of ELISA were developed; an adapted and a competitive ELISA. The adapted 

ELISA required the antibody B3 (see 2.3.5.2) which recognises B72.3 single-chain 

antibodies. Since the ScFv was used as the coating layer, the assay did not require 

antigen binding, hence it measured total single-chain antibody, regardless of its activity. 

A larger amount of the antibody B3 was required for this assay than was necessary for 

Western blotting. Since only limited amounts of antibody B3 were available, this ELISA 

could not be used as standard, but it is included here for the sake of completeness and 

because it was far more accurate than the competitive ELISA.

2.3.6.1 Competitive ELISA

The competitive ELISA measures the amount of a labelled mucin binding antibody (Fab') 

which can bind in the presence of ScFv. At high ScFv concentrations, the competing 

antibody will bind less mucin. The unbound Fab' will be washed off, hence giving a 

smaller signal. The method used was similar to that described by Lloyd (1983) for B72.3 

Fabs, except a standard was not used on every plate, due to the lack of pure ScFv 

available for use. Instead, the activity was standardized by expressing it as a percentage 

of the maximum activity (Low, 1983). Sodium azide was not used in buffers because 

it inhibits the peroxidase activity exhibited by the conjugated streptavidin. The antibody 

activity is detected by the same principle as that used for immunodetection in Western 

blotting (2.3.5.2). However in this sandwich ELISA the signal is amplified by the use 

of a biotin-streptavidin system.

Biotinylation o f  Fab '

The competing antibody was labelled by biotinylation as follows:

1. Pure Fab' protein (2mgml‘̂ ) was dialysed overnight at 4°C against O.IM sodium 

hydrogen carbonate (BDH).

2. Biotin succinimide ester (Sigma), stored at 4°C, was diluted in dimethylsulphoxide 

(BDH, AnalaR) to a concentration of 5mgml L

3. Biotin and Fab' were mixed in a 10:1 ratio of biotin to antibody, and left for four 

hours at room temperature shaking end over end.
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4. The biotinylation reaction was stopped by adding excess glycine (Img). The free 

biotin was separated from the conjugated antibody using a disposable PD-10 gel 

filtration column containing a 9ml bed volume of Sephadex G-25M (Pharmacia). 

Fractions of 1 ml were collected. The biotinylated antibody was eluted in 

fractions 3,4 and 5. Thereafter, free biotin was eluted. The biotin-conjugated Fab' 

was stored at -20°C in 1ml aliquots. The effectiveness of the biotinylation was 

verified by performing the competition ELISA without competing ScFv. The potency 

of each fraction indicated the dilution necessary for use in the ELISA.

Competitive Fab' ELISA

Mucin is used as the coating layer since it carries an epitope recognized by B72.3

antibody fragments (see introduction 1,3.3).

1. A flat-bottomed 96 well ELISA plate (SeroWel, Pattersons) was coated with 5/xgml'  ̂

mucin (Sigma) in coating buffer (100^1 per well). The plate was incubated at 4°C 

overnight.

2. The coating layer was aspirated and 250/xl of blocking buffer was dispensed into each 

well to prevent non-specific adsorption. The plate was left shaking at room 

temperature for 1 hour.

3. The plate was rinsed with wash buffer, and the samples to be assayed were applied. 

The samples were logarithmically diluted in sample/conjugate buffer across the plate,

i.e. dilutions of 1, 0.5, 0.25, 0.125 etc. The last (control) rows were left empty, as 

these provided a maximum binding value for biotinylated Fab'. All dilutions were 

performed in duplicate. The plate was left shaking for 30 minutes.

4. Biotinylated Fab' was diluted in order to give a maximum final OD̂ oogg, of about 0.4. 

This was judged according to the results of the ELISA after biotinylation (above), 

and varied between 1/10-1/200. 50^1 of biotinylated Fab' was pipetted into all the 

wells. The plate was left shaking for one hour at room temperature.

5. The plate was washed three times in wash buffer. A 1/1000 dilution of streptavidin- 

HRP (Jackson) in sample/conjugate buffer was made, and 100/xl was pipetted into 

each well. Peroxidase conjugated streptavidin was stored at -20°C in 5^1 aliquots.

6. After 30 minutes incubation, the plate was washed four times in wash buffer and was 

dried by blotting on paper towels.
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7. A solution of tetramethylbenzidine (TMB) was made immediately before use and 

100/d was dispensed per well. After 20 minutes development time the reaction was 

stopped by the addition of 50/il per well of 2.5M sulphuric acid.

8. The blue colour, generated by the TMB reaction, turned yellow on addition of 

sulphuric acid, hence plates were read on an ELISA plate reader (Labsystems) at 

430nm.

Coating buffer (0,05M carbonate buffer, pH9,6)

Disodium carbonate (BDH) 0 .159g

Sodium hydrogen carbonate (BDH) 0.293g

Made to 100ml with distilled water. Stable for a week at 4°C.

Blocking buffer

coating buffer (as above) and 0.5% casein (BDH;Hammarsten)

Wash buffer (pH7.2)

Sodium chloride (Pharmacos Ltd) 58.44g

Disodium hydrogen orthophosphate (BDH) 11.53g

Sodium dihydrogen

orthophosphate dihydrate (BDH) 2.925g

EDTA (BDH) 37.22g

Tween 20 (BDH) 2ml

L-butanol (BDH) 100ml

made to lOL with distilled water

Sample/conjugate buffer (pH7,5)

Tris (BDH) 6.05g

sodium chloride 2.922g

Tween 20 0.1ml

0.2% casein l.Og

Concentrated hydrochloric acid was added to pH7, then made up to a volume of 

500ml with distilled water.
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TMB stock solutions

A. A solution of lOmgml * TMB (ICN Flow) in dimethylsulphoxide, stored in the 

dark at room temperature

B. O.IM sodium acetate/citrate buffer, pH6; 2.1g sodium acetate was dissolved in 

90ml distilled water and adjusted to pH6 with IM citric acid. The volume was 

made up to 100ml with distilled water. The buffer was stored at 4°C for 1-2

weeks.

C. Hydrogen peroxide (BDH; 30%(w/v)) was diluted 1/68 with buffer B 

TMB working solution

The TMB stock (A) was diluted 1/100 in buffer B. For every 10 ml of this TMB 

solution, 100jxl of hydrogen peroxide solution (C) was added.

2.3.Ô.2 ScFv ELISA

This protocol was a variation on that described by Owens (1993) whereby the antibody 

to B72.3 Fab (B3) was used to detect single chain antibodies. Owens used a coating 

layer of the antigen mucin, to which the antibody fragments bound. This method, in my 

hands, was not as reliable as binding the single-chain antibodies directly to the microtitre 

plate, and then detecting with B3. This resulted in an assay independent of antigen 

binding activity.

1. The sample to be tested was dispensed into wells (lOO/xl/well) in duplicate, using 

doubling dilutions in coating buffer across the plate. The plate was left overnight k 

4°C.

2. The coating layer was aspirated. Free active sites on the plate were blocked for one 

hour using 250/xl blocking buffer per well.

3. The blocking buffer was poured off and the plates were washed once using washing 

buffer (above). The antibody B3 was diluted 1/50 in sample/conjugate buffer (above) 

and 100/xl was pipetted into each well except the controls. The plate was left on a 

plate shaker for 90 minutes.

4. The plate was rinsed three times in wash buffer and left to drain. Donkey anti - 

rabbit-HRP (see 2.3.5.2) was diluted 1/1000 in sample/conjugate buffer and
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lOO^il/well was applied. The plate was shaken at room temperature for 30 minutes. 

Unbound antibody was removed by rinsing three times with wash buffer, and the plate 

was dried by inverting it on blotting paper.

5. The TMB colour development and measurement was carried out as described for the 

competitive ELISA (2.3.6.1, steps 7 and 8).
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2.4 AFFINITY CHROMATOGRAPHY

2.4.1 Apparatus

Beckman HPLC equipment was used which had been converted for low pressure FPLC 

use. The fully automated system comprising four solvent lines, dual pumps (Beckman, 

126), a U.V. detector (Beckman, 166) and a fraction collector (Pharmacia LKB Frac- 

100) were controlled by computer. An on-line pH meter (Pharmacia-LKB) was available 

for chromatography runs at room temperature. At 6°C the pH was measured manually 

using a pH meter with an automatic temperature compensating probe (Beckman 

12pH/ISB). A universal valve switching module enabled buffers to be directed to the 

superloop (for loading) or onto the column. The software used was System Gold 

(Beckman), which allowed programming of methods and storage of data. Pharmacia 

ClO/10 columns (10cm length by 10mm diameter) were used for all chromatographic 

runs, combined with either one or two AGIO adaptors. Columns were assembled as 

described by the manufacturer. All buffers were filtered through 0.2/zm nitrocellulose 

membranes (Whatman) before use.

2.4.2 Antigen affinity Chromatography

The protocol for preparing the affinity matrix and performing affinity chromatography 

is described below (Courtesy of Proudfoot, 1992)

2.4.2.I Preparation of mucin-agarose

1. Mucin (N-acyl-neuramic acid glycoproteid; Boehringer Mannheim) was added to 

coupling buffer to give a final concentration of 30mgml'*. This was left on a roller 

rig until the mucin had completely dissolved. The absorbance at 280nm was 

measured to determine the protein concentration.

2. An appropriate amount of cyanogen bromide activated Sepharose (Sigma) was 

dissolved in 50ml of ImM hydrochloric acid. One gram of Sepharose swelled to 

about 3.5ml of gel, so 1.43g of Sepharose was used for a 5ml column bed.

3. The cyanogen bromide activated Sepharose was washed with ImM hydrochloric acid 

on a sintered glass funnel using 200ml/g powder. This was in order to remove 

additives.
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4. The Sepharose gel left on the sintered glass was transferred to the dissolved mudn, 

and left on the roller rig overnight at 4°C. Magnetic stirrers and vortexing were 

avoided as these shear the Sepharose as well as the large molecular weight mucin.

5. The unbound ligand was collected by pouring the mucin-Sepharose into a sintered 

glass funnel. The Ajgo of the flow through was measured and subtracted from the 

previous value (step 1) to yield the proportion of bound mucin. This was typically 

70-80%.

6. Any unbound mucin was removed by washing with 200ml coupling buffer per gram 

of Sepharose.

7. The gel was washed on a sintered glass funnel using 0. IM Tris-HCl, pHS. It was 

incubated in 100ml 0. IM Tris-HCl for two hours at room temperature or overnight 

at 4°C, in order to block any remaining active groups.

8. Two buffers of different pH were then used alternately to wash the mucin-Sepharose. 

For each gram of sepharose, 200ml of 0. IM sodium acetate/0.5M sodium chloride, 

pH4 was added to the gel, which was then collected on sintered glass. This was 

repeated using the same volume of O.IM Tris-HCl/0.5M sodium chloride,pH8.

9. The washing procedure (step 8) was repeated three times.

10 The mucin-Sepharose was then washed, in five times its volume, in each of the 

following; 0.05M phosphate buffered saline, pH7 (2.4.3.3), 0. IM citric acid (pH2), 

2M sodium thiocyanate and 0.05M phosphate buffered saline (pH7). This mimicked 

the chromatographic run and was to remove any contaminants which would otherwise 

be leached off during column elution.

11 The affinity gel was packed into a column.

coupling buffer (pH8,3)

0. IM sodium hydrogen carbonate

0.5M sodium chloride
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2.4.2.2 Purification of single-chain antibodies on mucin-Sepharose

The entire run was carried out at 6°C because of the instability of mucin. The maximum 

flow rate was 0.75mlmin \

1. The mucin-Sepharose column was connected to the Beckman FPC apparatus. It was 

equilibrated with five column volumes of phosphate buffered saline, pH7 (typically 

25ml). The absorbance at 280nm was monitored.

2. The supernatant (typically 50ml) was filtered through a 5fim disposable Sartorius 

minisart disc and loaded via the 50ml superloop (Pharmacia).

3. Phosphate buffered saline,pH7 was used to wash the column until the absorbance at 

280nm had returned to baseline.

4. The antibody fragments were eluted using O.IM citric acid (pH2). The protein was 

collected in 7.5ml fractions and the pH was immediately adjusted to pH7 using IM Tris

5. The column was washed with 2M sodium thiocyanate until the baseline became 

constant. The antibody was dialysed into phosphate buffered saline,pH7 or frozen at - 

20°C.

2.4.3 Metal affinity Chromatography

Immobilized metal affinity chromatography (IMAC) was carried out at 6°C or room 

temperature (17-30°C). The recommended maximum flow rate for Chelating Sepharose 

(Pharmacia), of 0.5mlmin"^' was used. Fractions of 5ml were collected in 13ml plastic 

tubes (Sarstedt). Several different methods were used for eluting the antibody fragments, 

including imidazole elutions, pH step gradients and multiple pH gradients.

2.4.3.1 Preparation of metal affinity column

The method for metal affinity column preparation and charging was principally as 

described by Hemdan et a /.(1989).

1. Chelating Sepharose 6B (Pharmacia) was washed and resuspended in distilled water. 

It was packed in a column to give a 2ml bed volume.

2. The column was equilibrated in O.IM sodium acetate/0.5M sodium chloride, pH3.8 

for 5-10 column volumes.

3. The column was charged with 30ml of 5mgml'^ metal salt solution and washed with
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20ml of O.IM sodium acetate/0.5M sodium chloride, pH3.8.

4. Final equilibration of the column was using 40ml of 0.05M phosphate buffer/0.5M 

sodium chloride,pH8. Metal affinity columns, used in combination with imidazole 

elutions, were equilibrated in ImM imidazole, pH8.

Metal salt solution

5mgml'^ zinc chloride/ nickel chloride/ copper(II)chloride

dissolved in O.IM sodium acetate/0.5M sodium chloride, pH3.8 (2.4.3.3).

2.4.5.2 Loading and washing columns

1. Frozen supernatant (2.2.1.3) was defrosted and filtered using a Sartorius 5/xm 

disposable disc to remove large particles which might clog the column. Initially the 

supernatant was dialysed overnight at 4°C in 0.05M phosphate huffier/IM sodium 

chloride. This resulted in a decrease in yield, and when dialysis was carried out at 

pH7, rather than pH8, precipitation was noticed. This prompted a reduction in the 

salt concentration of buffers from IM to 0.5M. The supernatant (about 50ml) was 

injected into the superloop which automatically loaded the sample onto the 

equilibrated column.

2. The column was washed using 0.05M phosphate buffer/0.5M sodium chloride,pH8 

(with ImM imidazole for columns eluted with an imidazole gradient). The 

absorbance at 280nm was monitored and when it returned to baseline (between 80-200 

minutes) the method was started.

2.4.3.3 Protein elution methods

The absorbance at 280nm during protein elution was recorded on the computer. 

Imidazole gradient elution

Two solvent lines were necessary for the formation of an imidazole gradient. After 

several column volumes of 100% ImM imidazole/0.05M phosphate buffer/0.5M sodium 

chloride,pH8 a second solvent line was switched on which contained 150mM 

imidazole/0.05M phosphate buffer/0.5M sodium chloride,pH8. The proportion of 

150mM imidazole buffer to ImM imidazole buffer increased linearly throughout the run
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so that, after 150 minutes, only 150mM imidazole buffer was pumped onto the column. 

This created a gradient of ImM imidazole per minute. The same procedure was used 

for a gradient of 250mM imidazole, which was run for 250 minutes to give an increasing 

imidazole gradient of ImM per minute. The imidazole used caused an increase in 

absorbance. A blank run was performed (without protein) and the absorbance of the 

baseline absorbance was subtracted from the chromatogram.

Multiple pH  gradients

These were far more complex than the pH step gradients and were designed to pinpoint 

the pH at which each single-chain antibody variant was eluted from a particular metal. 

Four buffers were used to cover the pH range 4 to 8. Phosphate and acetate buffers 

were used within their buffering capacity. Antibody fragment elution was anticipated to 

occur between pH6-3.8, so a linear pH gradient was used within this range. Buffers at 

pH8, 7 and 6 were all pumped through pump A, and then a gradient between pump A 

(pH6) and pump B (pH3.8) was set up in much the same way as for the imidazole 

gradient (above).

The column was originally washed with 0.05M phosphate buffer/0.5M sodium 

chloride,pH8 and the same buffer was pumped onto the column at the start of the elution 

procedure. After 60 minutes, the buffer was switched to 0.05M phosphate buffer/0.5M 

sodium chloride,pH7 for a further 60 minutes. The 0. IM sodium acetate/0.5M sodium 

chloride,pH6 buffer was pumped onto the column for 60 minutes, after which time, the 

proportion of pH6 buffer dropped as the percentage of O.IM sodium acetate/0.5M 

sodium chloride,pH3.8 delivered through pump B concurrently increased. The final 

pH3.8 buffer was applied for 20-40 minutes.

pH  step gradient

This was the quickest and simplest elution protocol because it involved only one simple 

change of buffer. It also provided the least information, in terms of pH of elution. 

Phosphate buffer was used at a pH which is arguably outside its buffering capacity, and 

yet because of the steep pH gradient, higher quantities of protein were obtained in a 

smaller number of fractions than using any other elution method.
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After 10 minutes of pumping 0.05M phosphate buffer/0.5M sodium chloride,pH8 through 

pump A onto the column, the buffer was switched to 0.05M phosphate buffer/0.5M 

sodium chloride,pH4 delivered through pump B. The use of two pumps allowed line 

priming to be executed before commencement of the method, and obviated pH mixing 

from two buffers occurring in one pump.

0.5M disodium hydrogen orthophosphate stock solution 

Disodium hydrogen orthophosphate decahydrate (BDH) 

Made to a volume of 500ml with distilled water.

89.525g

0.5M sodium dihydrogen orthophosphate stock solution 

Sodium dihydrogen orthophosphate dihydrate (BDH) 

Made to a volume of 500ml with distilled water.

39g

Table 2.11 Phosphate Buffers

Phosphate buffers 0.05M phosphate buffer/ 

0.5M sodium chloride, 

pH 8

0.05M phosphate buffer, 

0.5M sodium chloride, 

pH 7

0.5M disodium hydrogen 

orthophosphate stock

94.7ml 61.0ml

0.5M sodium dihydrogen 

orthophosphate stock

5.3ml 39.0ml

sodium chloride 29.22g 29.22g

Final volume with 

distilled water

1000ml 1000ml

2M sodium acetate stock

sodium acetate, anhydrous (BDH) 164.06g

made with distilled water to a final volume of 1000ml
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lOM acetic acid stock

Glacial acetic acid ,17.4M (BDH) 57.47ml

The acid was added to 42,53ml of distilled water to give a final volume of 100ml

Table 2.12 Actetate Buffers

Acetate buffers 0. IM acetate buffer/ 

0.5M sodium chloride, 

pH6

0. IM acetate buffer/ 

0.5M sodium chloride, 

pH3.8

lOM acetic acid stock 0.5ml 8.8ml

2M sodium acetate stock 47.5ml 6.0ml

sodium chloride 29.22g 29.22g

Final volume with 

distilled water

1000ml 1000ml
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3.0 RESULTS AND DISCUSSION

Four new affinity-tailed single-chain antibodies were created, based on the original B72.3 

ScFv. Expression of the antibody fragments, from E.coli, was verified before they were 

purified, from the supernatant, using immobilized metal affinity chromatography.

3.1 PLASMID CONSTRUCTION

Four new plasmids were designed for reasons discussed in the introduction. The four 

vectors differed in their structure in that two had DNA encoding the hinge region and 

two did not. Two of the plasmid constructs were designed with two histidine residues 

preceding the hinge, and two had five histidine residues. Thus the four possible 

combinations were:

ScFvhinge(his)2 , ScFvhinge(his)^, ScFv(his)2 , ScFv(his)g.

The vectors were created from parent plasmids obtained from Celltech (courtesy of 

R.Owens) using the cloning steps discussed in 2.1.2. The first step in the construction 

of the new plasmids was amplification and mutation of a DNA fragment located in a 

vector called Template A. This was achieved by site directed mutagenesis using suitably 

designed oligonucleotide primers.

3.1.1 Site-directed mutagenesis using oligonucleotides

Polymerase Chain Reaction (PCR) was carried out as described in section 2.1.3. When 

the fragments were electrophoresed (2.1.5), and the sizes were compared with those on 

the marker bands it was apparent that the PCR fragments were around 500 base pairs in 

length. This was the approximate expected size of the PCR fragments. From the 

electrophoresis gel it could be seen that the PCR products were of slightly different 

molecular weights. This implied that the experiment was successful because the resulting 

four constructs were generated from oligonucleotides of different lengths.
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3.1.2. Cloning fragments into pRO80

Following phenol extraction, the PCR fragments that were generated were successfully 

restricted by XhoHEcoRi as described in section 2.1.7. and the desired X hoV E co^  

fragments were separated from the other DNA by electrophoresis on a TAE gel. The 

band corresponding to the fragment (500 base pairs) was extracted from the gel using a 

Mermaid kit. (See 2.1.6.1)

The original PRO80 vector was restricted using XhoVEco'Ri.. The large fragment was 

separated from the smaller restriction fragment by electrophoresis on a TAE gel and 

extraction from the agarose was achieved using a Geneclean kit. (See 2.1.6.2). The 

pRO80 fragment and the fragments generated from PCR were efficiently ligated 

according to the method described in 2.1.8. and the plasmids were transformed into 

LM1035 cells as described in section 2.1.9.

3.1.3 The sequence of altered pROSO constructs

LM1035 cells containing the altered pRO80 constructs were grown in LB containing 

50^gml’‘ ampicillin and plasmid DNA was extracted from the culture using caesium 

chloride-ethidium bromide density gradients (section 2.1.12). The altered pRO80 

plasmids were named pSMl-4 since there were four different constructs. The sequencing 

of the plasmid DNA was accomplished from the omp A leader sequence to the EcoRI 

restriction site at the end of the poly-histidine tail. (See appendix 4.1-4.4). The 

sequences corresponded to those expected for the four constructs.

3.1.4 The creation of expression plasmids pSM5-8

The PSMl-4 vectors were restricted with EcoRI and Xhol which resulted in only the 

sequenced sections of DNA being excised. The expression vector pR092 was restricted 

with SaH and EcoRI. Both the pSMl-4 and pR092 plasmids were electrophoresed on 

TAE gels following restriction digestion. The small sequenced fragments from pSMl-4 

were efficiently recovered from the gel using the Mermaid kit. The large fragment from 

the pR092 digest was recovered using the Geneclean method. The two fragments were 

then successfully ligated as described in the methods section. (Sail restricted cohesive 

ends will ligate to Xhol cut fragments, but the resulting hybrid site cannot be recognized 

by either enzyme).
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The presence of the recently sequenced DNA fragment, within the newly generated 

plasmids (pSM5-8), was verified by digestion with restriction endonucleases. Vectors 

pSM5-8 were transformed into LM1035 cells and cultured. A plasmid preparation was 

made using the ammonium acetate method (See 2.1.13) and plasmid DNA was restricted 

with Xbal and EcoRL. When the digest was electrophoresed, the excised fragment 

appeared to be approximately 500 base pairs in length, which was the expected size, and 

confirmed that pSM5-8 had been successfully created.

3.1.5 Construction of the final expression vectors

The expression vector pR092 contained only the variable heavy chain of the single chain 

antibody. Thus the vectors pSM5-8 coded only for the Vh region and the polyhistidine 

tails.

Four plasmids were successfully constructed using the vector pR093 and expressed 

single chain antibodies. The plasmid pR093 which contained genes for a single chain 

antibody had a Sfll restriction site towards the end of the sequence coding for V». It also 

possessed a BssHTL site in the lac repressor gene (lac I^). These two restriction sites 

were used in cloning. The pSM5-8 vectors were digested with Sfil and and the

smaller fragment (approximately 2 kilobase pairs) was extracted from a TAE gel using 

the Mermaid kit. The large fragment from the same digestion of pR093 was extracted 

from agarose using Geneclean. These fragments were successfully ligated to create 

vectors pSM9-12; the final expression vectors. The plasmids were transformed into 

LM1035 cells and grown in culture. Diagnostic digests which were carried out on the 

vector DNA using EcoRI and Xbal, confirmed the presence of the new fragment. Stocks 

of the plasmids were generated from caesium chloride-ethidium bromide preparations, 

and were stored at -20°C. The plasmids were efficiently transformed into competent 

XL-lblue cells using electroporation.
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3.2 ANTIBODY FRAGMENTS EXPRESSION AND DETECTION

3.2.1 Expression of antibody fragments

The expression of the four ScFv variints from E.coli XL 1-blue cells was verified by 

performing Western blotting on the supernatants. B72.3Fab' (Celltech) was used for 

standards for quantification. A gel was loaded according to table 3.2.1. Rainbow 

markers were used as a guide to determine protein molecular weights. After 

electrophoresis, the gel was blotted as described in 2.3.5. A photograph of the blot is 

shown below (Blot 1). The coloured rainbow markers are less intense than the protein 

bands because they are not stained by tetramethylbenzidine. The B72.3Fab' standards 

appear as two separate bands because the disulphide link between the and bonds 

is reduced.

blotl

1 2 3 4  5 6 7  8 9 10 11

mw

92.5

69

30

14.3

track 1) rainbow marker 2) ScFv (his); supernatant, batch4 3) ScFv (his); supernatant, batchl 4) ScFv 
hinge(his); supernatant, batchZ 5) ScFv (his); supernatant, batch! 6) ScFv (his); supernatant, batch! 7) 
ScFv hinge(his); supernatant, batch 1 8) ScFv hinge(his); supernatant, batchS 9) ScFv hinge (no his) 
supernatant, batch 1 10) 10/il of B72.3 Fab' (0.988/ig) 11) 5/il of B72.3 Fab' (0.494/xg)
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The gels and blots were used both quantitatively and qualitatively to determine the single

chain antibody present in the different supernatants and fractions (see gel documentation 

method 2.3.4.4). The information provided by gel/blot densitometry and the method of 

calculating antibody concentrations is described in 5.1. Table 3.1 shows the antibody 

fragment concentrations of the supernatants determined in this way.

Table 3.1: Antibody construct concentration in the supernatant, derived from blotl.

sample (variable dilutions) concentration*
(A*gml*)

ScFv(his) 2  supernatant, batch4 <0 .16‘

ScFv(his) 2  supernatant, batch2 0.9

ScFvhinge(his) 2  supernatant, batch2 4.6

ScFv(his)s supernatant, batch2 0.72

ScFv(his)j supernatant, batch2 0.56

ScFvhinge(his)j supernatant, batch 1 14.26

ScFvhinge(his)j supernatant, batchS 4.48

ScFvhinge (no his) supernatant, batch 1 1,3

* calculated from densitometry results using tracks 10 and 11 as standards 

 ̂ minimum detectable level of densitometry on this gel. See appendix for calculation

Many secreted recombinant proteins are left unprocessed without signal peptide cleavage 

(Zhu et al. , 1993). The N-terminal amino acid sequence is often analyzed (Talddnen et 

al., 1991; Anand et al, 1990) to confirm the removal of the peptide. Since all four 

histidine-tailed antibodies were of the expected molecular weight (see immunoblot 1) it 

is likely that the signal peptidase effectively cleaved the ompA gene product. 

Furthermore the N-terminal sequence of the B72.3 Fv produced from the parent vector 

(pTTQ9) had previously been carried out (King et al., 1993) and confirmed complete and 

correct removal of the signal sequence.
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3.2.2 Antibody fragment concentration in E.coli supernatant 

The concentration of ScFv variants in supernatant was difficult to ascertain using gel 

scanning because of the presence of native E.coli proteins with similar molecular 

weights. Also, when tracks were slightly overloaded two individual bands were 

identified as one denser band, thus giving falsely large readings. The software 

programme labelled saturated bands as T . ' in the saturation column of densitometry data. 

However the collective measurement of two or more adjacent molecular weight species 

occurred far more frequently than as assessed by the UVP programme. The 

measurement of ScFv in supernatants was facilitated by scanning Western blots in 

preference to gels, since only the antibody fragments were recognized and stained. The 

differences between the two methods is apparent from the results (Table 3.2.2). When 

several results were available the average was used. The table below summarises the 

results from Western Blotting (from Table 3.2.1) and from gel electrophoresis (see 

relevant chromatographic run in the results section and densitometry results in the 

appendix).

Table 3.2. A summary of the ScFv concentration in E.coli supernatants determined 
by densitometry of Western blots and Coomassie stained gels.

supernatant source ScFv concentration 
(/zgml* )̂

average concentration 
( figml'^)

ScFv (his); batch B2 gel 2 1.20 1.05

blotl 0.90
SD=0.21

ScFv (his); batch B4 gel 16 1.46 1.46

ScFv hinge(his); B2 gel 5 4.11

blotl 4.6
4.27
SD=0.28

gel 17 4.11

ScFv (his)s batch B2 blotl 0.56 0.64

blotl 0.72
SD=0.11

ScFv hinge(his)s B1 gel 1 11.90 12.5

gel 8 11.25
SD=1.58

blotl 14.25

batch B3 blotl 4.48 4.48
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The levels of single-chain antibody produced from the four different plasmids differed 

significantly (see Table 3.2). ScFvhinge(his); was produced at more than twice the 

concentration of ScFvhinge(his) 2  while the constructs lacking the hinge region (consisting 

of glutamine, serine, lysine, tyrosine, glycine) produced far lower levels of ScFv. The 

levels of recombinant protein were paralleled by the total protein concentration (see Table 

3.3) which was substantially higher for the supernatants obtained from ScFvhinge(his) 2  

and ScFvhinge(his)j cultures. This difference may be related to cell lysis which releases 

intracellular proteins into the supernatant. Lysis was unlikely to affect the concentration 

of single-chain antibody in the supernatant since preliminary experiments using constructs 

with no histidine residues added (courtesy of Celltech) indicated that only a small 

proportion of insoluble ScFv remained in the total cell fraction (results not shown). 

Also, very little was found in the periplasmic fraction. The majority of single-chain 

antibodies, with or without the hinge residues, were detected in the cell medium. The 

lysis of XLl-Blue cells containing pSM vectors, encoding B72.3 ScFv variants, explains 

why the supernatant of the cultures contained so many proteins. Although it poses more 

of a purification challenge it highlighted the effectiveness of IMAC as a purification 

procedure.

Although the ScFv is directed to the periplasm by the omp A  signal sequence, the protein 

was found in the medium. Cells in the stationary phase appeared to lyse. Thus the 

discovery of about 80% of the antibody fragment in the medium is not surprising. King 

et al. (1993) used the same outer membrane protein A signal sequence, and used XLl- 

blue cells for the expression of B72.3Fv fragments without metal binding tails. They 

recovered the antibodies from the culture supernatant 12-18 hours after transcription was 

induced. They recorded similar growth conditions and recovery as was used here (see 

methods 2.2.1.3.). Cell lysis was also recognized by Takkinen et al. (1991) when 

expressing a single-chain antibody from E.coli RV308. Leakage of the ScFv through the 

outer membrane occurred after induction . Six hours after induction lysis occurred, and 

an overnight culture had greater than 90% of the ScFv in the medium. Similar antibody 

yields (5mgl'^) were obtained as for ScFvhinge(his)2 .
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Better et al. (1988) noted that 90% of the light chain of an expressed molecule 

accumulated in the culture medium when a pectate lyase signal sequence was used. 

Yields of 2mgml ‘ of reactive Fab were obtained. In contrast, Skerra and Pluckthun 

(1991), Schmidt and Skerra (1993) and Skerra et al. (1991) used short incubation times 

(less than three hours) and temperatures as low as 20°C which reduced lysis. Leakage 

of periplasmic proteins and lysis has been related to strain and growth conditions 

(Pluckthun and Skerra, 1989; and Takagi et al.y 1988).

Although the periplasm provides a favourable environment for recombinant proteins (see 

introduction). The yields obtained periplasmically are lower than those gained from the 

cytoplasm -for instance Skerra et al. (1991) achieved a ScFv yield of 0.2-0.3mgl'\OD^^o'^ 

from the periplasm, whereas Huston et al. (1988) produced 18. Imgl'^ anti-digoxin single

chain antibody from a culture with an optical density of 1.0 at 600nm. This was as 

predicted by Field (1990) because of the finite volume of the periplasmic space.

3.2.3 Total protein determination

The Protein Plus Assay (Pierce) used to determine the total protein concentration of the 

supernatants and eluted fractions. The recommended working range of the assay was 1- 

25/xgml ^ but standard curves were also obtained for protein concentrations in the range 

of 0-2.5/Agml'^ (3.2.3a). These results had standard deviations up to ten times higher 

than those obtained within the recommended working range (see appendix 5.3.2.3a and 

b), however, the fit with a polynomial curve was excellent, and with accurate pipetting 

the Protein Plus Assay was judged suitable for use at these concentrations.

The standard curves obtained using the Protein Plus Assay reagent varied substantially 

according to the buffer pH. For this reason, sample results were read from the 

corresponding pH of the standard curve (see appendix, figures 5.2a and b).

The total protein concentrations of the supernatants are shown in table 3.2.3, and the 

protein concentrations of eluted fractions are included with the appropriate purification 

data.
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Table 3.3 Total protein concentration of supernatants

supernatant batch total protein 
concentration (/xgml ‘)

ScFv as a percentage 
of total protein (%)

ScFv(his) 2 B2 164 0 . 6

B4 6 6 2 . 2

ScFvhinge(his) 2 B2 158 2.7

ScFv(his)j B2 80 0 . 8

ScFvhinge(his) 5 B1 304 4.1

B3 324 1.4

The yield of single-chain antibody obtained was comparable to other secreted ScFv yields 

reported so far; for instance, 0.2-0.3mgml'^OD*^ (Skerra et al., 1991). The difference 

in expression levels between constructs was attributed to the difference in production of 

individual colonies, however several attempts were made at finding higher producing 

colonies of ScPv(his) 2  and ScFv(his)j which were unsuccessful. Skerra et al. (1991) 

noted a lower expression of McPC603 single-chain antibodies with large numbers of 

histidines e.g. 9 to 10. This may have been a result of lack of tRNA necessary for 

transcription of the histidine codons. This does not explain the low levels obtained when 

ScFv(his) 2  and ScFv(his)^ were produced which required less histidines. B72.3 Fv 

fragments were cultured, under similar growth conditions to those used to produce ScFv 

and a higher expression of 40mgml'^ was achieved (King et al. , 1993). Fv fragments are 

generally produced at higher concentrations than ScFv antibodies, especially in inclusion 

bodies (Cheadle et al., 1992), but the increase in yield achieved by King et al. (1993) 

of 450mgl'\ in fermentations using a defined medium, indicate that the production of 

ScFv could be easily scaled up.

3.2.4 Lysis and proteolysis

The major complication of lysis is the proteolytic digestion of the recombinant protein 

by released proteases. Carboxypeptidase action can occur during biosynthesis, transport 

and in the medium (Geisow, 1991). Obviously enzymatic removal of the C-terminal 

amino acids of the ScFv(his)g (where n is 1-5 histidines) would be disastrous as it would
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prevent their purification by immobilized metal affinity chromatography. Lord (1985) 

noted proteolytic cleavage of the carboxyl terminus of a 67Kd A a-polypeptide resulting 

in a decreased molecular weight. The fact that proteolytic degradation of B72.3 Fv 

fragments was not reported (King et al., 1993) does not mean that it would not occur on 

ScFv constructs, especially since the affinity tails may be sensitive to proteolysis. Also 

the C-terminus of the Fv antibodies may have been specifically designed to inhibit 

proteolytic attack.

3.2.5 Stability of B72.3 ScFv antibodies

Other problems associated with the production of antibody fragments from E.coli include 

the tendency of the fragments to dimerize and the insolubility of the protein. In 

particular, the variable light chain has a tendency to dimerize with itself (Pluckthun,

1990). This problem is circumvented by using single-chain antibodies where the linker 

should prevent homodimers forming. Aggregation between ScFv antibodies may have 

occurred, since free thiols existed on the variable heavy region near the affinity tail. 

However, Lyons et al. (1990) noted that surface cysteines in highly accessible locations 

on B72.3 antibodies appeared to be blocked, and not reactive, thus aggregation did not 

occur. Aggregation between intact ScFv's is also known to occur, possibly due to the 

exposure of hydrophobic residues at the interface of the variable regions (Glockshuber 

et a l ,  1990). This is likely to be related to environmental factors such as temperature 

and pH.

It is interesting to note that others (Skerra et al., 1991; Takkinen et al., 1991; Huston 

et al., 1988) produced ScFv's with the variable light region attached to the signal 

peptide, and thus processed first. The B72.3 ScFv(hinge)n antibody fragments were 

produced in the opposite configuration of Vn-linker-VL, also used by Davis et al. (1990) 

and Bird et al. (1988). The effect on translation may be minimal but the addition of 

affinity tails to one end may make more impact, especially since the different domains 

have different properties. For instance, the addition of histidine residues to the Vh region 

may affect its solubility.
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Dénaturation of single-chain antibodies at high temperatures has been reported. Takkinen 

(1991) observed that the Ox ScFv was fully active after several days incubation at 37°C, 

in comparison to the McPC603 ScFv used by Glockshuber et al. (1990). No data was 

collected concerning the stability of the B72.3 ScFv(hinge)„(his)„ variants at 37°C, 

although chromatographic runs were routinely carried out at 30°C. Previously, minimal 

dénaturation had been found to occur even when B72.3 ScFv(hinge)„ was stored at 37°C 

for one week (Proudfoot, unpublished observation). However, proteolysis and 'hinge 

clipping' was observed, and precipitation following low pH elution from affinity columns 

caused reduced yields (Low, 1993). This indicated that an alternative, less harsh 

purification method would be advantageous. Aggregation, on elution, was also noted by 

Huston et al. (1988) using an anti-digoxin ScFv. The aggregation was enhanced in 

phosphate based buffers at pH7, but reduced in acetate buffer at pH5.5.

In summary, the expression of different ScFv variants was variable, but the levels of 

ScFvhinge(his) 5  obtained compared favourably with those of other workers (Skerra et al. ,

1991). The tac promoter used is not as strong as others such as the bacteriophage T7 

promoter used by Cheadle et al. (1992), but increased strength of a promoter does not 

lead to an increased yield of functional antibody (Skerra and Pluckthun, 1991). The 

signal sequence omp A has been shown to be comparable to other frequently used 

signal sequences bla and pho A in terms of secretion, and has been demonstrated to 

be efficiently processed in E.coli in a variety of instances (Skerra and Pluckthun, 1991; 

Anand et al., 1990; King et al., 1993).

The growth conditions of the XL 1-blue strains containing the ScFv plasmids were not 

optimized. Yields may have been increased by using an alternative E.coli host with an 

increased growth rate. Slow growth was obtained using XLl-blue, especially when 

growing cultures with plasmids encoding the ScFv(his) 2  and ScFv(his)j variants. 

However, for the purposes of this study, the lytic effect of this strain was of paramount 

importance in enabling purification from the supernatant. An alternative growth medium 

could have been used, for example the defined medium used in fermentation by King et 

al. (1993). The inclusion of histidine in growth medium has been reported to increase 

yields of recombinant proteins with histidine affinity tails (Lilius et at., 1991). This
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could be tried in future work. In addition, a shorter induction time such as six hours 

would probably be adequate for all the antibody fragment to enter the medium. A 

shorter induction time, at a lower temperature, would reduce proteolytic degradation.
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3.3 ANTIGEN AFFINITY CHROMATOGRAPHY

Antigen affinity chromatography is one of the most successful methods used for purifying 

antibody fragments and is currently used for purifying B72.3 antibody fragments. The 

disadvantages have been discussed earlier (see introduction). Purifications of the B72.3 

ScFv variants on mucin-agarose were useful in establishing the degree of antigen binding 

activity, and thus the correct assembly of the fragments. Whereas antigen affinity 

chromatography is dependent on the affinity of the antibody, the metal binding tailed 

antibodies require no such property for purification on an immobilized metal affinity 

column. Antigen affinity chromatography was carried out on ScFvhinge(his)j and 

ScFv(his)2 . Of all the variants, these produced the maximum and the minimum antibody 

fragment yields respectively.

Figure 3.1 Purification of ScFvhmge(his)s using mucin-agarose

0.8 -,

0 .7 -

0.6 -

0.5 -

0 .4 -

I
•£

0.0 -

- 0.1 —

0 20 6040 80 100 120 160140

Time (m inutes)

50ml of E.coli supernatant containing ScFvhingefhis)̂ , batch 1, was loaded.

After 60 minutes the flow rate of O.Smlmin'* was increased to 0.75mlmin*’. 
After 85 minutes, the column was washed for a duration of 45 minutes.
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3.3.1 Purification of ScFvhinge(his)s using mucin-agarose.

The ScFvhinge(his) 5  antibody was purified by affinity chromatography at 6 °C as 

described earlier (2.4.2). The absorbance, monitored continuously at 280nm, was 

'off-scale' during loading, and returned to the baseline level after 45 minutes of washing 

(Figure 3.1). On application of the citric acid elution buffer, a peak in absorbance was 

observed which indicated the elution of ScFvhinge(his)j. Eluted fractions of 7.5ml and 

5ml were collected. Samples of the fractions containing single-chain antibody were TCA 

precipitated and electrophoresed (Gel 1). The densitometry data from scanning Gel 1 

was used to calculate antibody fragment concentrations (Table 3.4).

The absorbance of each fraction was measured, at 280nm, in order to derive the ScFv 

concentration. This was calculated using the extinction coefficient of 1.77 for 

ScFvhinge(his)j (see methods 2.3.1). The fragment concentrations determined 

spectrophotometrically and by gel scanning densitometry are compared in table 3.5. 

Although both sets of data indicate a similar antibody concentration at high antibody 

concentrations, i.e. fraction 16; at low antibody concentrations the values obtained from 

gel densitometry are significantly lower. This can be accounted for by the fact that 

impure solutions of antibody contain contaminating proteins which contribute to the 

absorbance at 280nm, but not to densitometry readings at 30kdal. Gel densitometry also 

appeared to be more sensitive to lower concentrations of ScFv, for example fraction 19. 

Since low concentrations of single-chain antibodies were measured, with varying degrees 

of purity, the extinction coefficient method for determining ScFv concentration was not 

used further.
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Gel 1: Purification of ScFvhingeChis); using mucin-agarose
1 2 3 4  5 6 7  8 9  10

kdal

77

66.3

43

30

'

Track 1) marker, 2) supernatant, 3) fraction 4, 4) fraction 14, 5) fraction 15, 6) fraction 16, 7) 
fraction 17, 8) fraction 18, 9) fraction 19, 10) fraction 20

Table 3.4 Antibody concentrations calculated from gel 1.

sample (TCA precipitate) ScFv concentration (figml ')*

supernatant 1 1 . 8 6

fraction 4 (30 minutes) 3.95

fraction 14 (130 minutes) < 0 . 0 1 2

fraction 15 (140 minutes) 0 . 2

fraction 16 (145 minutes) 91.9

fraction 17 (146 minutes) 3.8

fraction 18 (151 minutes) 3.3

fraction 19 (161 minutes) 1.05

fraction 20 (171 minutes) 0

^calculated from gel densitometry see appendix 4.7.1
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Table 3.5 A comparison of data from densitometry and spectrophotometric 

measurements.

Fraction volume
(ml)*

absorbance
(280nm)

Total ScFv' 
(^g)

Total ScFv^ 
O^g)

(4) flow through 5(F - - 198

15 7.5 - 0 . 2 1.5

16 3.8 0.214 460 367.5

17 0 . 8 8 0.084 41 3.8

18 3.9 0.028 62 13.2

19 7.5 - - 7.35

Total ScFv (jig) 563 393.3

Yield (%) 90 63

 ̂ determined by extinction coefficient 
 ̂determined by gel densitometry 
 ̂ total volume of flow through 
* volume after addition of Tris buffer

If the ScFv detected by gel densitometry in the flow through fraction 4 (Table 3.5) was 

representative of the total flow through, then the total antibody fragment accounted for 

by gel analysis was 95 %. Although the antibody was eluted in a very small amount of 

elution buffer, the subsequent addition of copious quantities of Tris buffer, to re

equilibrate the solution resulted in dilution of the eluent. Table 3.6 demonstrates how 

the fractions chosen for calculations affect the final concentration factor.
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Table 3.6 Purification data for mucin-affinity purification of ScFvhinge(his),

Purified
fraction

volume
(ml)

concentration
factor

total
ScFv
(Mg)

total
protein
(Mg)

ScFv as 
% of 
total 
protein

purification
factor

yield(

%)

supernatant 50 1 625 15200 4.1 1 -

pooled 
fractions 
16,17,18 
and 19

16.08 3.1 384.5 554.8 69.3* 16.9 61.5

16,17,18 8.58 5.8 391.9 565.4 69.3* 16.9 62.7

The purification table (Table 3.6) details the efficiency of the purification. The purity 

of the single-chain antibody was, as anticipated, lower than that observed by King et al. 

(1993) who estimated a purity of greater than 90% by SDS-polyacrylamide gels stained 

in standard Coomassie blue, rather than the more accurate Colloidal stain used here (see 

comparison of gels 7 and 8 ).

3.3.2 Purification of ScFv(his) 2  using mucin-agarose.

Chromatography was performed as described in 2.4.2. The absorbance of the eluent, at 

280nm, was continuously monitored (figure 3.2). The fraction collector stopped during 

110 and 130 minutes, but was subsequently restarted, so these fractions were 

unfortunately not available for analysis. It was instantly apparent that the elution peak 

on the chromatogram had a maxima of 0 .2 ; substantially smaller than that seen for 

ScFvhinge(his)j (Figure 3.1). This indicated that less antibody was eluted during this 

purification. Total protein assays using the Protein Plus Assay (Pierce) were not 

performed because the reagent is not compatible with the Tris buffer which was used to 

re-equilibrate the pH of the fractions. Fractions of 1ml were TCA precipitated, and 

electrophoresed on a SDS polyacrylamide gel (gel 2). The concentrations of ScFv(his) 2  

and the total single-chain antibody eluted are given in table 3 .7 .
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Figure 3.2 Purification of ScFv(his) 2  using mucin-agarose.
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45ml of  E.coli supernatant containing ScFv(his ) 2  , batch 2, was loaded.

After a wash step (70 m inutes) the antibody was eluted with citric acid buffer 

at 6°C . The flow rate was 0.75mlm in ^.
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Gel 2: Purification of ScFv (his) 2 using mucin-agarose

\ 2 3 4 5 6 7 8 9  10

kdal

77

66.3

43

30

17

12 A

Track number 1) marker, 2)supematant, 3)flow through 1, 4)wash fraction 2, 5)wash fraction 3, 6)wash 
fraction 4, 7)wash fraction 5, 8)elution fraction 6, 9)elution fraction 7, 10)elution fraction 8.

Table 3.7 ScFv(his) 2  concentrations calculated from gel 2 .

sample (TCA precipitate) ScFv
concentration*

Total ScFv^ 
(Mg)

supernatant 1.17 52.65

flow through 1 (70 minutes) 1 . 1 2 50.4*

fraction 2 (80 minutes) 0.57 4.275

fraction 3 (90 minutes) 0.048 0.36

fraction 4 ( 1 0 0  minutes) 0 0

fraction 5 ( 1 1 0  minutes) 0 0

fraction 6 ( 140 minutes) 0 0

fraction 7 (150 minutes) 0.205 1.74

fraction 8 (158 minutes) 0
. .

^calculated from gel densitometry see appendix 4.3.2 
‘ total volume of flow through 
 ̂determined by gel densitometry
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The maximum peak absorbance obtained for elution of ScFv(his) 2  was a third of that 

obtained for ScFvhinge(his)) (Figure 3.1), and yet the actual antibody concentration was 

only a fraction of that obtained for ScFvhinge(his)g This indicated that a significant 

amount of non-antibody proteins are eluted in the peak fraction. This was confirmed by 

gel 2 whereby fraction 7 (track 9) was clearly seen to contain a number of contaminating 

proteins. Since E.coli proteins are unlikely to have an affinity for mucin, these are more 

likely to be either antibody fragment degradation products or unbound mucin.

Table 3.8 Purification data for mucin-affinity purification of ScFv(his) 2

Purified
firaction

volume
(ml)

concentration
factor

total
ScFv
(Mg)

total
protein
(Mg)

ScFv as 
% of 
total 
protein

purification
factor

yield
%

supernatant 45 1 52.65 7521 0.7 1 -

fraction 7 8.5' 5.3 1.74 17.4 10 14.3* 3.3
* purity measured by densitometry of fraction 7 
‘Volume after addition of Tris buffer
The yield was 3.3% of the single-chain antibody which was originally loaded onto the 

column and the majority of the antibody was found in the loading flow through. This is 

evidence that the majority of ScFv(his) 2  antibody did not have any antigen binding 

activity. The concentration had a negligible effect because of the losses in the loading 

fractions. The low affinity for the column may be due to incorrect folding of the 

antibody, perhaps caused by the formation of inappropriate disulphide bridges. 

Substantial dénaturation or degradation would have been required to reduce the binding 

affinity to such an extent. Proteolytic degradation would have reduced the molecular 

weight of the fragment, but a 30kdal band of antibody was measured by densitometry, 

hence reduction in the number of amino acids is ruled out as a reason for inefficient 

binding. Dénaturation would be likely to have a similar effect on all constructs, and 

since it is not a problem with the other antibody fragments under the same conditions 

either a) the hinge residues provide protection against dénaturation or b) the ScFv(his) 2  

protein was incorrectly formed or folded. The latter is a more probable scenario and 

could be a consequence of the shortened tail. For example, this results in the free 

cysteine being closer to the antibody domains than in the ScFv constructs with a hinge 

(where the cysteine is separated from the final CDR by a further five residues).

118



3.4 METAL AFFINITY CHROMATOGRAPHY

3.4.1 Preliminary Purification on Nickel(ID-H)A-Agarose.

Metal affinity chromatography was used to purify all four constructs using a pH step 

method from pH 8  to pH4. (see methods 2.4.3.3) Preliminary experiments were done to 

verify the metal binding properties of the four constructs. These short experiments were 

later expanded in order to determine the exact pH of elution (3.4.4). A pH step was 

used since it was the quickest elution method. Nickel(II)-IDA-agarose was chosen for 

these purifications since it has an affinity for histidine residues intermediate of that of 

zinc and copper ions (see introduction 1.5.5).

3 .4.1.1 . Purification of ScFv(his) 2

A nickel-IDA-agarose column was prepared and charged as described in 2.4.3.1. 

Figure 3.3 Elution of ScFv(his) 2  from nickel(H)-IDA-agarose
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48ml of  E.coG supernatant containing ScFv(his]jj, batch 2 was loaded.

The wash step lasted 80 minutes. A flow rate o i O.Smlmin * was used, 
and the fraction size was 5mL
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Gel 3: Purification of ScFv(his) 2  using niekel(II)-IDA-agarose

1 2 3 4  5 6 7 8 9  10 11

kdal

77

66.3

43

30

17.2

12

Track number 1) marker 2) fraction 21 3) fraction 22 4) fraction 23 5) fraction 24 6) fraction 25 7) 
fraction 26 8) fraction 27 9) fraction 28 10) fraction 29 11) fraction 30

Table 3.9 Gel 3 loadings, and calculated antibody concentrations.

sample (TCA precipitate) concentration

fraction 2 1 0.215

fraction 2 2 0.327

fraction 23 0

fraction 24 0

fraction 25 0

fraction 26 0

fraction 27 0

fraction 28 0

fraction 29 0

fraction 30 0

♦calculated from gel densitometry, see appendix 4.7.3
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The ScFv(his) 2  concentration in the supernatant and loading fractions were calculated 

(from densitometry of gel 4, appendix 4.7.4) to be l.Vjugml ' and 1.3/xgml' respectively, 

indicating that 74% of the antibody fragment does not bind in the loading step. These 

values are somewhat higher than those obtained previously (see gel 2) which were used 

to calculate yields (see Table 3.7).

The elution profile of ScFv(his) 2  from Ni(II)-IDA-agarose was not a discrete peak. 

There was a sharp rise in absorbance to a level which was maintained over 6-10 

fractions; 30-50ml (Figure 3.3). This broad peak was characteristic of chromatography 

profiles using this single-chain antibody variant. The reason for this was unclear. Only 

a minute amount of antibody was detected in eluted fractions (Table 3.9) indicating that 

very little ScFv(his) 2  bound coordinately to the immobilized nickel affinity column. 

Interestingly, practically the same amount of ScFv(his) 2  bound to the antigen affinity 

column (3.3.2) which gives the impression that correct antibody domain folding may be 

necessary for the ScFv to bind the nickel-IDA-agarose column. The antigen binding 

properties of the antibody are irrelevant for metal coordinate binding, but incorrect 

configuration of the antibody could obscure or disable the histidine affinity tail. This 

could perhaps occur due to inappropriate formation of disulphide bridges.

Figure 3.3a Disulphide bond formation
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3.4.1.2 Purification of ScFvhinge(his) 2

The column nickel(II)IDA-agarose column from the previous run (3 .4 .1.1) was used.

Figure 3.4. Elution of ScFvhinge(his) 2  from nickel(II)-IDA-agarose
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46ml E.coli supernatant containing ScFvhinge(his)2 , batch 2 , was loaded.

After 80 minutes wash, antibody was eluted at &C. The fraction size was 5ml
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The absorbance at 280nm was mirrored by the total protein concentration (compare 

figures 3.4 and 3.5). A sharp increase in absorbance was followed by peak tailing over 

7-10 fractions. The densitometry data from gel 5 showed that the peak in antibody 

fragment elution corresponded to the large absorbance peak in fraction 20 (Table 3.10). 

Some ScFvhinge(his) 2  did bind to the column, albeit transiently. This was illustrated by 

the fact that the loading fraction (gel 5, track 3) contained less antibody than the 

supernatant (gel 5, track 2). The weak nature of the binding is apparent, since the 

fractions before the pH step (fractions 18 and 19) contain antibody fragment. The 

fraction containing the majority of ScFvhinge(his) 2  also contained a significant amount 

of contaminating protein ( gel 5, track 6 ).

Figure 3.5 pH profile and protein elution from nickel(H)-n)A-agarose
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Gel 5: Purification of ScFvhinge(his) 2  using nickel(II)-IDA-agarose

1 2 3 4 5 6 7 8 9 10 11 12

77
66.3

43

30

17.2

Track 1) marker 2) supernatant 3) loading fraction 6 4) fraction 18 5) fraction 19 6) fraction 20 7) 
fraction 21 8) fraction 22 9) fraction 22 10) fraction 27 11) fraction 29 12) fraction 30

Table 3.10 Antibody concentrations calculated from gel 5.

sample (TCA precipitate) concentration
(Atgml-̂ )*

ScFv
(/igml**)

supernatant 4.11 189.1

fraction 6 3.10 142.6

fraction 18 0.52 2 . 6

fraction 19 0 . 2 0 1 . 0

fraction 2 0 1.89 9.4

fraction 2 1 0.44 2 . 2

fraction 2 2 0 . 1 2 0 . 6

fraction 24 0 0

fraction 27 0 0

fraction 29 0 0

fraction 30 0 0

^calculated from gel densitometry, see appendix 4.7.5
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The estimated total ScFvhinge(his) 2  detected by densitometry in the flow through and 

elution fractions accounted for 84% of the loaded antibody fragment. The yield was 

8.0% of the originally loaded single-chain cuitibody, and from SDS-PAGE densitometry 

it appeared that 75% of ScFvhinge(his) 2  did not bind. The majority of antibody which 

bound the column was eluted isocratically at pH 8 . The purity of antibody fragment in 

fraction 2 0 , as a percentage of other protein bands, was calculated from densitometry 

data (appendix 4.7.5). In gel 5, the majority of ScFvhinge(his) 2  is eluted in fraction 20 

where two bands can be seen. One is at the expected molecular weight of about 30kdal, 

but the other is substantially lower (28.8kdal). Although this could represent a 

contaminating E.coli protein, it is likely to be a degraded product of the ScFv. A 

reduction in molecular weight of 1.4kdal could represent the last 12 amino acids of the 

ScFv; effectively the hinge region up to, and including a glutamine residue (1389.5kdal). 

The glutamine residue is the first residue of the hinge region, after the end of the variable 

region. The eliminated amino acids include three proline residues, two of which are 

consecutive and notoriously resistant to proteases.

The proteolytic digestion of B72.3 ScFvhinge antibodies has been recognized by Low 

(1993). The so called 'hinge clipping' continued on storage of the purified protein. 

Since hinge clipping would remove the histidine residues of the tail and thus prevent its 

binding, the 28.8kdal band observed on gel 5 may be the result of protease activity on 

the antibody following purification and during storage. Densitometry data also showed 

that a 28.9kdal band was present in the subsequent fraction (2 1 ), but represented a much 

smaller proportion of the total eluted antibody. This may be a result of the proteases 

weaker efficiency at pH5.0 compared to that at the higher pH in fraction 20 (greater than 

pH6.0). In addition, a faint band with a molecular weight of about 19kdal was identified 

in fraction 20. This could also be a degradation product. Takkinen et al. , (1991) noticed 

cleavage at one end of the linker region. This could be verified by N-terminal 

sequencing. There was a substantial amount of ScFvhinge(his) 2  in the flow through 

fractions, and the presence of the antibody in fractions before elution indicates that 

although the antibody shows some affinity for the nickel column it is not high enough to 

be useful in a purification procedure under these conditions. Tighter binding is required 

to remove the unwanted E.coli proteins. The majority of eluted ScFvhinge(his)2 is found 

in one fraction, of pH 6 .
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3.4.1.3 Purification of ScFv(his)g

A newly charged nickel(II)-IDA-agarose column was loaded and eluted at 6 °C. A wash 

of 70 minutes resulted in a small peak in absorbance occurring just prior to the elution 

step. Since the wash was not monitored, the peak is not shown in the chromatogram 

(Figure 3.6). Fractions of 5ml were collected, and 1ml of each was precipitated using 

TCA and electrophoresed (see gel 6 ).

Figure 3.6 Elution of ScFv(his)g from nickeI(II)-IDA-agarose
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The column was loaded with 46ml of  E.coli supernatant, batch 2, 
containing ScPv(his)2 , and washed for 70 minutes.

The low concentration and low yield of antibody in the supernatant is seen on gel 6  

where there is only a faint SOkdal band of antibody in tracks 6  and 7.
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Gel 6 : Purification of ScFv(his)g using nickel(II)-IDA-agarose

1 2 3 4 5 6 7 8 9 10 11 12

kdal

77

66.3

43

30

Track 1) marker 2) fraction 8 3) fraction 16 4) fraction 17 5) fraction 18 6) fraction 19 7) fraction 
20 8) fraction 21 9) fraction 22 10) fraction 23 11) fraction 24) 12) fraction 25

Table 3.11: ScFv(his) 5  concentrations calculated from gel 6

sample (TCA precipitate) concentration
(^gml‘)*

ScPv(his) 5  

concentration (jig)*

loading 8 < 6 .3 ‘ -

fraction 16̂ 0.24 1.19

fraction 17 0 0

fraction 18 0 0

fraction 19 0.083 0.415

fraction 2 0 0.174 0.87

fraction 2 1 0 0

fraction 2 2 0 0

fraction 23-25 0 0

‘band too saturated to calculate concentration accurately 
^fraction before elution

127



Figure 3.7 pH profile and protein elution from n!ckel(II)-IDA-agarose
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A significant amount of ScFv(his) 5  was found in the early wash fractions (fraction 16, 

gel 6 ) but none was found in the fractions preceding elution (fractions 17 and 18) as was 

observed when using ScFvhinge(his)2 . This indicated a slightly higher affinity, although 

this theory was not conclusively supported by the yields. However, on closer inspection 

of gels 5 and 6  it appeared that the ScFv(his)^ may have been subject to proteolytic 

degradation. If the yield was calculated, including the proteins with a molecular weight 

of 28.6kdal, then the total antibody fragment eluted was 21.3%. This compared 

favourably to a yield of 10% for the total ScFvhinge(his) 2  (intact and degraded).
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Purified samples of ScFv(his)j were blotted and had a lower molecular weight than

expected (results not shown) providing further evidence that the bands are a degradation

product. The reduction in molecular weight is 1.6kdal, which would indicate that the 
cuv̂ ino

molecule lacked any after the last threonine residue. This ScFv did not have a 

'hinge region' per se, but five residues were present at the end of the which were also 

in the hinge of ScFv(his)n constructs. This was a proline rich sequence which also 

contained a cysteine. The low molecular weight fragment of ScFv(his)^ if it were 

cleaved after the threonine residue, lacks the last three residues of the carboxyl terminus 

of the Vh domain. Low (1993) noted no problems of degradation of ScFv B72.3 

fragments which lacked a hinge region. It is ironic that the addition of five amino acids 

to prevent proteolysis could be acting as in improved substrate for enzymatic cleavage. 

The ScFv(his)j was unsatisfactorily purified and constituted only 4.4% of the total protein 

in the reaction eluted with a pH around 5.2.
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3.4.1.4 Purification of ScFvhinge(his)g

The metal affinity column employed in this experiment had been used previously for 

three different chromatography runs. The column was loaded and stored overnight at 

4°C prior to elution. The total washing time, before and after storage, was 265 minutes.

Figure 3.8 Elution of ScFvhinge(his) 5  from nickel(II)-IDA-agarose
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4&nl of E.coli supernatant batch 1, ccxitaining ScF\4iinge(his); 

was loaded and eluted at 6°C

The absorbance at 280nm was continuously monitored and the pH of fractions was 

measured (Figure 3.8). Fractions of 5ml were collected over 10 minute periods, and 1ml 

samples were precipitated with TCA and electrophoresed.
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Table 3.12 S c F v h in g e ( h i s ) s  concentrations calculated from gel 8

sample: gel 7 sample: gel 8 concentration (/xgmr‘)*

fraction 4 (loading) supernatant 11.25

fraction 2 2  (wash) fraction 4 24.48'

fraction 24 (wash) fraction 2 2 0.128

fraction 25 (wash) fraction 24 0

fraction 26 ( 0  minutes) fraction 26 0

fraction 28 ( 2 0  minutes) fraction 27 0.244

fraction 29 (30 minutes) fraction 28 2.82

fraction 30 (40 minutes) fraction 29 6.56

fraction 31 (50 minutes) fraction 30 8 . 2 1

fraction 33 (70 minutes) fraction 31 4.08

fraction 36 (100 minutes) fraction 32 1.99

- fraction 33 1.41

- fraction 34 1.19

Gel 7: Purification of ScFvhinge(his)s (Coomassie blue stain )
1 2 3 4 5 6  7 8  9 10 11 12

Kd

77

66.3

43

30

17.2

Track 1) marker 2) fraction 4 3) fraction 22 4) fraction 24 5) fraction 25 6) fraction 26 7) fraction 
28 8) fraction 29 9) fraction 30 10) fraction 31 11) fraction 33 12) fraction 36
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Gel 8: Purification of ScFvhinge(his)g using nickel(Il)-IDA-agarose (Colloidal stain)

1 2 3 4 5 6 7 8 9  10 11 12 13 14

Kd

77

66.3

43

30

17.2

Track 1) marker 2) supernatant 3) fraction 4 4) fraction 22 5) fraction 24 6) fraction 26 7) fraction 
27 8) fraction 28 9) Auction 29 10) fraction 30 II) fraction 31 12) fraction 32 13) fraction 33 14) 
fraction 34

Two gels are shown here (gel 7 and 8 ) to highlight the difference between the two 

different Coomassie stains (see methods). The gels were loaded with identical samples, 

but in gel 8  the volumes of supernatant and flow through fractions (track 2 and 3) were 

decreased for more accurate densitometry results. In gel 7 fraction 28 was not loaded, 

in gel 8  fraction 36 was not loaded. The concentrations of ScFvhinge(his)^ calculated 

from densitometry of gel 8  is shown in Table 3.12. Densitometry measurements on gel 

7 demonstrated a purity of ScFvhinge(his)^, in fraction 29, of effectively 100. However, 

the same sample, run on gel 8  and stained with Colloidal stain was determined to be only 

68.2% pure. This demonstrated the difference between stains, and the effectiveness of 

the Colloidal stain in revealing contaminants present at low concentrations. This 

difference is evident even from just a visual comparison of gels 7 and 8 . It is estimated 

that the sensitivity of the stain is comparable to that achieved using silver staining, but 

that background is minimized (Neuhoff et al., 1988).
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Although a higher yield was obtained than using any of the other constructs in 

preliminary purifications (see Table 3.13), the concentration factor was only 1.2. The 

variants ScFv(his)2 , ScFvhinge(his)2 , ScFv(his); were all eluted in a small volume (20ml) 

so the concentration factor was three or four-fold. Even though a rapid pH step was 

executed, a large volume of eluent was necessary to remove all the ScFvhinge(his)j. 

Some was still eluted in fraction 34 (after 80 minutes) at pH of about 4.0. 

ScFvhinge(his) 5  certainly had the strongest affinity for Ni-IDA agarose, but since a tailing 

peak was apparent it may be that these fragments have a 'range' of affinities (see further 

discussion). Notably, 24.6% of the ScFvhinge(his)g antibody bound the Ni-IDA-agarose 

column, a significantly higher amount than was achieved by any of the alternative 

fragments. The purity of the eluted antibody also compared favourably to that obtained 

for the other constructs: 68-100% compared to 4.4% of total protein obtained in fractions 

eluted from ScFv(his)s.

There was noticeably less degraded ScFvhinge(his)g than appeared for other constructs. 

This may have been a result of shorter storage time before precipitation or an inherent 

feature of the ScFvhinge(his)g. As with the other three ScFv antibodies there is a large 

amount of 30kdal fragment in the flow through, indicating that a large proportion of the 

antibody does not bind the column. This will be discussed later.
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3.4.1.5 Summary of preliminary purifications

The fast pH step elution of the ScFv constructs enabled an estimation of the usefulness 

of the different single-chain antibodies. The rapid change in pH from pH8  to pH4 gave 

the fastest elution times possible, so that the majority of fragments were eluted in two or 

three fractions. This gave the most concentrated elution of the antibodies and enabled 

visualization of the ScFv fragments which would not be achieved over greater dilution. 

However, since the pH change was so rapid it was difficult to pinpoint the exact pH at 

which each fragment was eluted and therefore more difficult to assess the efficiency of 

binding of the binding tails relative to other known affinity tails. It generally appeared 

that a stronger tail such as ScFvhinge(his)j gave rise to better purity, since it was retained 

longer, and was not eluted in wash fractions like ScFvhinge(his>2 . However, the strong 

affinity prevented the concentration of the ScFvhinge(his)g into a small volume. 

Purification by this method requires a degree of compromise between high dilution/high 

yield and low purity/good concentration.

Table 3.13 Comparison of data from preliminary purifications

Purified fraction volume

(ml)

concentration

factor

total

ScFv

(/ig)

total

protein

(Mg)

ScFv as a 

% of total 

protein

purification

factor

yield

(%)

ScFv(his) 2 48 1 50.4 8022.4 0.63 - -

fractions 21-22 10 4.8 2.7 65.9 4 .F 6.5 3.4

ScFvhinge(his) 2 46 1 189 8698.6 2.2 - -

fractions 18-21 20 2.3 15.2 44.7 34^ 15.5 8

ScFv(his); 46 1 29.4 3680 0.8 - -

fractions 19-20 10 4.6 1.3 29.3 4 . 4 3 5.5 4.4

ScFvhinge(his)j 48 1 540 14592 3.7 - -

fractions 27-34 40 1.2 133 194.4 68.2^ 18.4 24.6

 ̂ determined from densitometry of fraction 2 0  

 ̂ determined from densitometry of fraction 2 0  

 ̂ determined from densitometry of fraction 29
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ScFv(his) 2  had little metal binding affinity and appears to have been incorrectly folded 

or processed. The elution of the other three ScFv constructs occurred as expected; at the 

start of the pH drop to pH4, This indicates that all the constructs have the ability to bind 

nickel(II)-IDA to some degree. Only 8.4% ScFv hinge(his) 2  bound, 4.4% of ScFv(his)j 

bound, and 24.6% of ScFvhinge(his); bound which was originally loaded. These yields 

are low, especially with regard to ScFv(his)j. Part of the reason for the poor yields is 

likely to be due to proteolysis or 'hinge clipping'. A comparison of the yields (Table 

3.13) demonstrates that single-chain antibodies expressed with the hinge region were 

expressed at higher concentrations, and that the total protein in the supernatant was 

higher than the ScFv lacking these five residues. On the basis of these preliminary 

results ScFvhinge(his)s was selected as the most suitable candidate for further 

investigations of IMAC conditions.
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3.4.2 Comparison of elution methods for the purification of ScFvhingefliis); on 

nickel fID-IDA-asarose

A decreasing pH gradient was used for the preliminary experiments (3.4.1) because it 

enabled rapid assessment of metal binding properties of each antibody variant. The most 

popular methods of elution are isocratic pH elutions (Porath and Olin, 1983), decreasing 

pH gradients (Hochuli, 1990) and increasing imidazole gradients (Skerra et al., 1991). 

Comparisons between the modes of elution are seldom made, but are useful, therefore 

several different techniques were investigated for elution of ScFvhinge(his)j

3.4.2.1 Elution using an imidazole gradient from O-lSOmM.

A 5ml nickel(II)-IDA-agarose column was employed which had been used twice before. 

Before loading onto metal chelate columns, the supernatants were dialysed overnight, at 

6 °C, in loading buffer (50mM phosphate buffer, 0.5M NaCl, pH7). During dialysis, a 

precipitate formed which contained the ScFv protein. However, on adjustment of the pH 

to 8 , the precipitate redissolved. The reasons for this reversible precipitation were not 

elucidated but are probably due to the combined effects of factors such as high salt 

concentration, pH and temperature. The dialysis step was omitted in further 

experiments.

High ionic strength buffers (typical IM sodium chloride) are used for IMAC to quench 

any non-specific interactions with the matrix. It also increased the stringency of the 

binding conditions. Increasing the salt concentration in the loading buffer resulted in 

reduced yields of ScFv following IMAC. The most likely explanation for these 

observations may come from the reported instability of ScFv to high salt concentrations 

(Skerra et al., 1994). The composition of the buffer is also important. For example, 

precipitation of an anti-digoxin ScFv has been shown to occur in phosphate buffered 

saline, with sodium azide, but not in dilute acetate buffer at pH5.5 at 4°C. Buchner et 

al. (1992) also found that the stability of a ScFv immunotoxin increased under low salt 

conditions when using Tris buffers.
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Figure 3.9 Elution of ScFvhinge(his)g from nickel(II)-IDA-agarose
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43ml o f E.coli supernatant containing ScFvhinge(his)^, batch 1, was loaded. 

The column was washed for 200 minutes at a flow rate o f 0.5mlmin '

The measurement of eluted protein by absorbance at 280nm was inhibited by the 

absorbance of imidazole. This problem was also encountered by Roos et al. (1991). 

This was overcome by performing the same gradient without loaded protein and 

subtracting the baseline absorbance from the chromatography trace.

Two discrete peaks in absorbance were observed (fractions 29 and 32) during the wash 

step, prior to elution. Although the absorbance was not monitored at this point (Figure 

3.9), the fractions were collected and analyzed by gel electrophoresis (see Gels 9 and 

10). Densitometry of gels 9 and 10 was used to calculate the ScFvhinge(his); 

concentrations.
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Gel 9: (Coomassie stain)

1 2 3 4 5 6 7 8 9 10 11 12

kdal

77
66.3
43

30

17.2

Track 1) marker 2) fraction 4 3) fraction 29 4) fraction 32 5) fraction 35 6) fraction 37 7) fraction 
39 8) fraction 41 9) fraction 42 10) fraction 43 11) fraction 44 12) fraction 44

Table 3.14; ScFvhinge(his) 5  concentrations calculated from gel 9

sample (TCA precipitate) concentration
(^gml-^)*

ScFv in fraction

fraction 4 (load) 4.05 174.2'

fraction 29 0 0

fraction 32 0 0

fraction 35 0.27 1.35

fraction 37 0 0

fraction 39 4.3 21.5

fraction 41 6.7 33.5

fraction 42 5.0 25

fraction 43 5.2 26

fraction 44 5.2 26

fraction 45 5.7 28.5
* determined by gel densitometry (see 4.7T9) 
‘ Total ScFv eluted in 43ml of flow through
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Gel 10: (Coomassie stain)

________ 1 2 3 4 5 6  7 8 9  10 11

kdal

77
66.3
43

30 »

Track number 1) marker 2)-5) supernatant 6) not loaded 7) fraction 46 8) fraction 47 8) fraction 48 
9) fraction 49 10) fraction 50

Table 3.15: ScFvhlnge(his) 5  concentrations calculated from gel 10

sample (TCA precipitate) concentration
(jxgmVY

ScFv in fraction
W *

fraction 46 7.93 39.65

fraction 47 5.1 25.5

fraction 48 4.7 23.5

fraction 49 3.7 18.5

fraction 50 2.05 10.25

* determined by gel densitometry (see 4.7.10)

The absorbance profile during the wash step was unusual in that three peaks occurred 

before the imidazole gradient was applied. The first eluted fraction (29) contained a 

protein (see gel 9) with a molecular weight of 17. Ikdal. This could have been an E.coli 

protein with a relatively high affinity for NP^-IDA or possibly an antibody fragment (as 

suggested for the low molecular weight protein observed in gel 5, fraction 20).
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However, this conjecture was not supported by its molecular weight which was smaller 

than that observed for ScFvhinge(his) 2  in gel 5. It was too large to be a fragment, 

(with a molecular weight of 13.6-15kdal), and a ¥ „  fragment with a hinge and histidine 

residues (molecular weight of 16-18kdal) would have been eluted with the intact affinity 

tailed ScFv antibodies. If it were a fragment it would be most likely to be a V» region 

of ScFvhinge(his)j plus the linker region (calculated molecular weight 17.9kdal) which 

had undergone C-terminal proteolysis. This could account for its partial ability to bind 

NF+-IDA and its lower molecular weight. The removal of 5 terminal histidines results 

in a molecular weight of 17. Ikdal, but some affinity could be retained either by the free 

cysteine (which could contribute to binding) or a histidine residue present in the native 

Vh region.

Fraction 32 and 35 both had a high absorbance at 280nm (3.4.2.1) indicating that they 

contained protein. In fact protein was present at barely detectable levels, but two faint 

bands can be seen in tracks 4 and 5 (gel 9) at about 29kdal and 3 Ikdal. These must have 

been loosely bound ScFvhinge(his)j. The reason for two distinct molecular weight sizes 

is unclear. Perhaps this difference was not detectable on immunoblots because of 

blurring, and was the result of the addition of the unprocessed signal peptide (about 

2.2kdal). A small proportion of protein with an attached signal peptide would be 

expected to be released when lysis occurred. Another protein band occurs in the first 

elution fraction (gel 9) at 15-16kdal. Again, this is either a contaminating E.coli protein 

or a VHhinge(his)i. 5  fragment (16-16.6kdal).

The yield was calculated by interpolating results to account for fractions which were not 

electrophoresed on the gels. Fraction 30 was assumed to contain no purified ScFv, as 

was fraction 38. However, the latter may have been the first elution fraction and could 

have contained some ScFvhinge(his);. Fraction 40 was expected to have contained an 

average of the fraction preceding and following it i.e. 27.5^g. Fractions 51-53 were 

likely to have contained, in total, 10.25/xg of ScFvhinge(his)g. The total antibody 

fragment loaded was 537.5/*g, and it was estimated that 320/xg was purified, hence there 

was a 60%recovery (see Table 3.17). Since 174.2/xg of ScFv was present in the flow 

through the gel densitometry accounted for 92% of the single-chain antibody which was
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loaded. The purity of the desired protein varied between fractions, as much as 66% in 

fraction 39, to 92% in fraction 47. The single-chain antibody was found in numerous 

fractions; it was actually more dilute after elution than it was in the original supernatant.

Using an imidazole gradient Skerra et al. (1991) eluted a McPC603 ScFv(his) 5  antibody 

at 90-120mM. They noted that some of the antibody fragment was also eluted at 55- 

65mM imidazole. The results in 3.4.2.1 show that ScFvhinge(his)^ is eluted over a wide 

range of imidazole concentrations: fractions 38-50 plus. Elution of ScFvhinge(his)j 

started at an imidazole concentration of 25mM and continued to be eluted at 150mm 

imidazole. For this reason, the maximum imidazole concentration was deemed 

insufficiently high, and the following gradient was extended to 250mM (3.4.2.2).

3.4.2.2 Elution using an imidazole gradient from 0-250mM.

Initially a linear gradient to 150mM (3.4.2.1) was assumed to be adequate for elution of 

the strongest B72.3 ScFv construct. However, from gel 10 it appears that the final 

fractions eluted at 150mM imidazole contained significant amounts of ScFvhinge(his)g. 

The purification of ScFvhinge(his)^ was repeated using a higher imidazole gradient 

(maximum concentration 250mM) to determine if the ScFvhinge(his)g would be eluted 

at a higher concentration.

The loaded column was washed for three hours, stored overnight and the single-chain 

antibody was eluted the following day at 6°C. Some antibody was still detected in the 

eluent at 220mM but the majority (approximately 80%) was eluted by 1 lOmM imidazole. 

Samples were precipitated using TCA and analysed on gels 11 and 12.
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Figure 3.10 Elution of ScFvhinge(his)s from nickeI(II)-IDA-agarose
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After overnight dialysis, at ^ C ,  in 50mM phosphate buffer (pH8), 

42.5ml o f E.coli supernatant containing ScFvhingc(his]^, batch 1, 

was loaded onto a 5ml nickel(II)-IDA-agarose column.

On application of an imidazole gradient from 0-250mM an increase in absorbance at 

280nm was apparent. Since there was no distinct peak it was difficult to identify which 

fraction contained eluted antibody. Gel analysis of a large number of fractions was 

necessary. Gels 11 and 12 revealed that antibody was eluted over a large number of 

fractions- from 28 to 44 and over a wide range of imidazole concentrations. The amount 

of antibody eluted was determined by gel densitometry of the fractions on gels 11 and 

12 (see Table 3.15 and 3.16). Since single-chain antibody was eluted prematurely (in 

fraction 20 before the gradient was applied) the yield was not calculated, but the 

densitometry of the other tracks enabled purity assessments.
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Gel 11: (Coomassie stain)

1 2 3 4 5 6 7 8 9 10 11 12

77
66.3
43

30

17.2

Track number 1) marker 2) fraction 17 3) fraction 18 4) fraction 19 5) fraction 20 6) fraction 20 7) 
fraction 22 8) fraction 25 9) fraction 27 10) fraction 28 11) fraction 29 12) fraction 30

Table 3.16 ScFvhmge(his)s concentrations calculated from gel 11

sample (TCA precipitate) concentration ScFv in fraction
(jxgml'Y W *

fraction 4 (load) 1.875 79.7‘

fraction 17 (wash) 0 0

fraction 18 (wash) 0 0

fraction 19 (1st peak) saturated -

fraction 20 2.73 13.7

fraction 22 0.65 3.3

fraction 25 0 0

fraction 27 0 0

fraction 28 0.38 1.9

fraction 29 2.5 12.6

fraction 30 4.4 21.9

* determined by gel densitometry (see 4.7.11)
* taken as a standard for loading i.e. for 42.5ml of flowthrough

143



Gel 12: (Coomassie stain)

1 2 3 4 5 6 7

kdal ' -  -  '•

8 9 10 11 12

77
66.3
43

30

17.2
12

Track number 1) marker 2) fraction 313) fraction 32 4) fraction 33 5) fraction 35 6) fraction 36 7) 
fraction 38 8) fraction 40 9) fraction 42 10) fraction 44 11) fraction 46 12) fraction 48

Table 3.17 ScFvhinge(his)s concentrations calculated from gel 12

sample (TCA precipitate) concentration
(figm l'Y

ScFv in fraction
W *

fraction 31 1.82 22.7

fraction 32 1.23 15.4

fraction 33 1.51 18.9

fraction 35 1.14 14.2

fraction 36 0.74 9.3

fraction 38 0.04 4.9

fraction 40 0.14 1.8

fraction 42 0.06 0.7

fraction 44 0.09 1.12

fraction 46/48 0 0
determined by gel densitometry (see 4.7.12)
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This second purification was not very useful in determining yield since a large amount 

of ScFvhinge(his) 5  was eluted in fraction 19 prior to the start of the imidazole gradient. 

The reason for this peak is unclear, but most likely was a result of a surge of 250mM 

imidazole from the second pump during priming. The data did, however, demonstrate 

the high purity (more than 92%) and high purification factors that can be achieved (22- 

24). This supports the data from purification 3.4.2.1 where purity in the range of 66- 

92% was obtained, coinciding with a purification factor of up to 22 (see Table 3.18).

Multiple binding affinities

The difference in elution profile between the pentahistidine tailed B72.3 ScFv and that 

used by Skerra et aL (1991) is substantial. Notably, Skerra et aL (1991) used Chelating 

Fast Flow Sepharose with a much faster flow rate, and a steeper imidazole gradient was 

obtained than that achieved using Sepharose 6B (see methods 2.4.3). They also used 

immobilized zinc ions which were likely to have less affinity for histidine tailed proteins.

A linear gradient of 160ml was used by Skerra et al. (1991) to create a 0-250mM 

imidazole gradient. In purification 3.4.2.1, 75ml of buffer was used to generate a 0- 

ISOmM gradient. Skerra et al. (1991) do not provide details of flow rates, fraction sizes 

or the degree of concentration, so it is difficult to compare elution profiles. However, 

if a 250mM gradient was made with 160ml and their antibody fragment was eluted 

between 90-120mm then it was collected in 20ml. This is in comparison to the eluted 

fractions of B72.3 ScFvhinge(his)^ which were collected which totalled 70ml. Greater 

dilution may have been due to the stronger affinity of the metal binding tails to nickel 

than zinc-IDA, but the degree of dilution can be minimized by reducing the time for the 

imidazole gradient.

More importantly, the peaks of elution described by Skerra et al. (1991) for McPC603 

ScFv(his)a occur at two different imidazole concentrations over a broad range of 

concentrations (55+ 5 and 105 ±  15mM). The range of imidazole concentrations 

required may reflect the range of affinities that ScFvhinge(his)j has for Ni(II)-IDA- 

agarose. This range of affinities could occur a) if the ScFvhinge(his)j protein was not 

homogeneous and/or b) if the ScFvhinge(his)g binds to the metal ions in several different
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configurations with different stabilities. Since all the ScFvhinge(his)j eluted is of 

approximately the same molecular weight the former theory is likely if only one or two 

amino acids are removed. A difference of one or two amino acids would be hard to 

detect by gel electrophoresis but could be verified by amino acid sequencing.

There may be a possibility that ScFvhinge(his)j binds to the metal ions in several 

configurations. The consecutive histidine tail is likely to exist as a random coil structure. 

Since it is on the carboxyl terminus of the antibody it may exhibit some conformational 

flexibility which facilitates multiple attachment of histidine residues. Small structural 

changes incurred greatly affect the binding affinity of the pentahistidine tail (Todd et a l , 

1991). If more than one coordinate bond is formed with one metal ion, then the chelate 

effect occurs. The chelating effect, reported for HisX^His motifs in a-helical structures 

(Ghadiri and Choi, 1990 and Kellis et a l ,  1991) increased the binding affinities to 24- 

fold higher than those measured for two non-chelating histidines. Different binding 

configurations of the pentahistidine tails to metal ions, which could occur randomly, 

could result in various binding constants and this could explain the broad range of elution 

concentrations required to elute ScFvhinge(his)s from Ni^^-IDA-agarose.

In addition, the cysteine residues present in the ScFvhinge(his)s tail may contribute to 

binding, or to a chelating configuration in concert with one or more histidine residues. 

Less stable configurations or interactions involving lower bond numbers could be eluted 

at low imidazole concentrations; in the 30-45mM range. The relatively stable, multiply 

bonded ScFv antibodies would be eluted in the 45-80mM range and the most strongly 

binding tails enable binding which is not disrupted until a concentration of 80mM 

imidazole or more.

Another factor which could cause the broad elution peaks observed when using an 

imidazole gradient is the antibody fragment structure. The antibody may be undergoing 

unfolding or dénaturation on the column, under the influence of imidazole. This is 

discussed further elsewhere.
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3.4.2.3 Elution using a pH step gradient, 

see 3.4.1.4

The pH step elution method enabled rapid assessment of the binding of the different 

tailed antibodies to the metal chelate column. Using an imidazole gradient, 

ScFvhinge(his) 5  was eluted in 70ml. Using a rapid pH step method ScFvhinge(his)g was 

eluted in 35ml, and therefore in a more concentrated form (see Table 3.18). However, 

the yield was a third to a half of that achieved using an imidazole gradient. Although a 

value was not obtained for the ScFvhinge(his)j concentration in the flow through, a 

comparison of gel 8 (loading fraction) and gel 11 (loading fraction) indicates that more 

ScFvhinge(his)g Wcis lost during column loading in purification 3.4.1.4. This anomaly 

is difficult to explain. The columns used for imidazole and pH elutions were identical 

and columns were charged and pre-treated using the same method. The buffers used 

were consistently made to pH8. The only deviation between the two protocols was the 

omission of the dialysis step which was used for imidazole columns. It was omitted 

when it was thought to aggravate precipitation and an increased likelihood for proteolysis 

to occur. However, the dialysis step may have removed certain amino acids or small 

peptides with high metal binding affinities which competed for metal ions and either 

leached metal ions or lowered the effective capacity of the column. These amino acids 

could be present in the supernatant or growth media. The pretreatment of cells before 

chromatography by Skerra et al, (1991) included the removal of culture broth and the 

suspension of cell contents in loading buffer. This would remove any of the 

contaminating media components.

Peak tailing

Another noteworthy aspect of the pH step elutions which was also found in the two other 

modes of elution was the phenomenon of peak tailing. Peak tailing was observed by Kim 

and Cramer (1991) when using metal affinity displacement chromatography. An 

explanation was given regarding steric effects imposed by the differences in molecular 

weights of the mixture of applied proteins. This effect would not be observed by 

ScFvhinge(his) 5  since it was eluted, essentially, as a pure product. The slow desorption 

kinetics idea postulated by Kim and Cramer (1991) was more in keeping with the results
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obtained for ScFvhinge(his) 5  by imidazole elution. They reduced the overlapping of 

eluted proteins and tailing by the addition of imidazole at low concentrations to the 

mobile phase. Hemdan et al. (1989) thoroughly surveyed the affinity of numerous 

proteins for immobilized metal ions. Their data demonstrated that proteins with one 

histidine residue were eluted in one narrow, discrete band. An increase in the number 

of histidine residues available for coordination is concurrent with the increase in retention 

time and tailing; a larger volume is needed and the peaks are broad and tailing. This 

reflects the strong affinity for the immobilized ion and possibly also a heterogeneity of 

bond strengths (see 3.4.2.2; proposed theory for multiple binding affinities).

3.4.2.4 Elution using a multiple pH gradient, 

see 3.4.3.1

Of all the modes of elution investigated the lowest recoveries were observed using 

multiple step pH gradients. The ScFvhinge(his)) recoveries were 9%; less than half of 

the yield from a pH step gradient and six times lower than those achieved using 

imidazole gradients. The drop in yield may be a reflection of the temperature during 

purification. The imidazole elutions were carried out at a much lower temperature which 

could reduce proteolysis, and also enhance the a-helicity stability of the affinity tail 

(Ghadiri and Choi, 1990). The total protein data (Table 3.19) indicated that protein is 

released throughout the elution procedure. The ELISA data (figure 3.12) also showed 

that ScFvhinge(his) 5  antibody was eluted throughout the purification but dropped to low 

levels before the application of the pH7 elution buffer, and before the linear gradient 

from pH6 to pH4 was applied. This indicated that a certain amount of leaching of 

ScFvhinge(his)j had occurred. The easily eluted fragments could have been very weakly 

interacting ScFv or ScFv-metal ion complexes. The suitability of immobilized nickel at 

low pH's has been questioned due to the relative stability of the Ni^^-IDA complex. 

Kim and Cramer (1991) found significant nickel ion leakage during displacement 

experiments using nickel(II)-IDA-agarose. Scavenging of nickel ions from IDA has been 

observed for human serum albumin, where the protein was found in the breakthrough 

fraction, with a significant amount of bound nickel (Andersson et aL, 1987). Despite the 

strong affinity of the albumin for nickel, it was not retained on immobilized cobalt and 

zinc ions.
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The ScFvhinge(his) 5  eluted at low pH presumably represents antibody fragments which 

bind the most strongly and may represent a more homogenous group of affinity binding 

than are eluted during a pH step. The purity, the purification factor and the 

concentration factor were among the best achieved using any of the aforementioned 

methods.

3.4.2.S Conclusions

The imidazole gradients gave rise to broad peaks which were probably the sum of several 

overlapping elutions. They were not useful in terms of highlighting the differences 

between the metal chelates and the affinity tails. Likewise, a pH step gradient merely 

indicated whether or not the single-chain antibody was retained on the IMAC column. 

A more precise value for elution was achieved by a multiple pH gradient, which despite 

reduced yields, gave rise to a discrete, discernable peak. This was the elution method 

of choice for an empirical comparison of relative binding strengths of the different tails.

Table 3.18 A comparison of data from different elution methods

Elution

mode

Yield

(%)

(%) ScFv 

accounted 

for

Purity Purification

factor

concentration

factor

volume

(ml)

total

ScFv

(Mg)

Imidazole

(0-150mM)

59.5 92 66-92 16-22 0.6 70 320

imidazole

(0-250mM)

- (68) 92-100 22-24 (0.77) (55) (155)

pH step 

gradient

24.6 - 51-100 14-27 1.4 40 133

multiple pH 

gradient

9.1 - 90.7 22 1.3 25 38

mucin

affinity

66 99 69.3 17.3 3.0-6.0 16 385
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Imidazole as a dénaturant

The success of imidazole as a displacing ligand is disputed. Kastner and Neubert (1991) 

pre-incubated cytochrome P-450 with various buffers cuid concluded that imidazole 

caused dénaturation of a third of the recovered protein, resulting in a 40% recovery of 

intact protein. The dénaturation was measured by the spectrophotometric determination 

of the proportion of denatured P420, compared to the intact P450 protein. In contrast, 

Roos (1991) routinely recovered at least 50% of the intact P-450 loaded, and in addition 

remarked on the interference of imidazole in the spectroscopic determinations. The 

cytochrome proteins appear to be susceptible to dénaturation by a variety of factors such 

as low pH. For example, at pH 4.5, 52% recovery was obtained and 35% of the protein 

was thought to be denatured (Kastner and Neubert, 1991). Extreme pH sensitivity is not 

exhibited by B72.3 ScFv antibodies. Kastner and Neubert (1991) used only a 50mM 

imidazole solution, whereas in purifications of the B72.3 antibody fragments a 

concentration of at least l(X)mM was necessary for elution from NF^-IDA-agarose. 

Anderson and Sulkowski (1992) noted that the eluting power of imidazole from 

copper(II)-IDA-agarose was pH dependent. Chicken egg lysozyme was eluted at a lower 

imidazole concentration at pH7 than at pH8.5. An opposite result was found by Kim and 

Cramer (1991) where lactoferrin was eluted from NF^-IDA-agarose more readily at pH7 

than pH6 when imidazole was included in the displacing ligand mobile phase. The role 

of imidazole as a dénaturant has yet to be established.

As described earlier, the information gained from rapid pH step elutions was limited. 

Imidazole elutions of the ScFv constructs enabled comparisons with other histidine-tailed 

proteins.

The yield obtained from the 150mM imidazole gradient was nearly 60%, and therefore 

comparable to the optimized method of mucin-afflnity purification which yielded 66% of 

loaded antibody, as detected by the same method. In addition, the purity of the eluted 

ScFvhinge(his)j, and the purification factor, was simil2ur to that obtained on a mucin- 

agarose affinity column (see 3.3.1). The main difference between the results was the 

concentration effect. Whereas mucin-affinity concentrated the antibody 3-6 fold, the 

imidazole gradient (3.4.2.2) diluted the fragment by 0.6 (when the collected fractions
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were pooled). Concentration of the antibody fragments could be increased by reducing 

the gradient time as described earlier.

For future purifications on IMAC, whereby yield is the essential criterion, a slow method 

such as multiple pH gradients is not advised. A rapid elution in a concentrated form 

would be achieved not by a gradient, but by using an instant imidazole elution of, for 

example, 150mM. Alternatively a lower imidazole concentration could be used in 

conjunction with a decrease in pH. Either method would probably be less harsh than an 

immediate pH shift to about pH2, used during mucin-affinity chromatography.
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3.4.3 Comparison of metal ions for multiple gradient elution of ScFvhinge(his)g 

The ability of IDA-Sepharose columns, charged with three different metal ions, to bind 

ScFvhinge(his)) was examined, in order to determine which was the most suitable. The 

divalent metal ions of copper, zinc and nickel were investigated. The elution protocol 

employed multiple pH gradients to enable the exact measurement of pH at elution which 

was anticipated to vary between metals and provide some measure of relative binding 

strengths. A control run was also carried out whereby uncharged chelating agarose was 

loaded with supernatant, washed, and the same elution procedure was used. It was clear 

from the U.V. trace and gel electrophoresis of collected fractions that the ScFv was 

eluted in the flow through fractions. In addition, no binding of the other protein species 

to the uncharged IDA-agarose was observed. This was consistent with the results of 

Porath et al. (1983) who demonstrated that protein adsorption, via hydrophobic 

interactions, to uncharged IDA-agarose by hydrophobic interaction is minimal.

3.4.3.1 Elution of ScFvhinge(his)g from mckel(II)-IDA-agarose 

Figure 3.11 Purification of ScFvhinge(his)g using nickeI(II)-IDA-agarose
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A nickel(II)-IDA column, used on three previous occasions, was loaded and then washed 

for 230 minutes and single-chain antibodies were eluted using a multiple step gradient. 

The absorbance at 280nm was monitored continuously (Figure 3.11) and all steps were 

carried out at 30°C (measured room temperature). The 5ml fractions collected were used 

for total protein assays, ELISA's and electrophoretic analysis on SDS-polyacrylamide 

gels. The Coomassie Protein Plus assay was used to calculate the antibody yield (see 

Table 3.19) and gel densitometry was used to determine the purity of the eluted antibody 

(see Gel 13).

Figure 3.12 The total protein concentration (measured relative to BSA) and the 

percentage active antibody as determined by ELISA in fractions eluted from 

nickel(n)-IDA
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Table 3.19 Antibody concentration determined by Coomassie Protein Assay

Fraction number ScFv concentration (/^gml ') ScFv per fraction (fig)

25 0.09 0.4

26 1.24 6.2

27 1.20 6.0

28 1.55 7.8

29 2.66 13.3

30 0.40 2.0

31 0.18 0.9

32 0.18 0.9

33 0.02 0.1

total 37.6

Fractions 25 to 33 represented the peak of absorbance at 280nm. The purity in fraction 

28 was 90.7%, as determined from gel densitometry (see appendix 4.7.18). This purity 

indicates that at least 91% of the protein detected by the Coomassie Plus Assay was 

single-chain antibody. Fraction 28 contained 1.34^gml'^ as calculated by the gel 

densitometry, and of 90% purity. The total protein content was then estimated as 

1.49/igml'^ and the Coomassie Plus assay result was 1.55/^gml ^ Hence the two results 

are comparable. Supernatant batch 1 contained 4.1% ScFv. A purification to 90% 

protein is essentially a 22-fold purification. The supernatant volume was 33ml, and 94% 

of the purified ScFv was eluted in 25ml; a concentration of factor of 1.32 (see Table 

3.20).

Table 3.20 Purification of ScFvhinge(his)s on nickel(n)-IDA-agarose

Fraction volume

(ml)

concentration

factor

total

ScFv

(f̂ E)

total

protein

0*g)

ScFv as 

% of total 

protein

purification

factor

yield

(%)

batch 1 33 - 412.5 10032 4.1 - -

25-33 25 1.32 37.6 41.45 90.7 22 9.1
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Gel 13: Purification of ScFvhinge(his)g using nickel(II)-IDA-agarose

1 2 3 4 5 6 7 8

kdal

77
66.3
43

30

17
12

track number 1) marker 2) supernatant 3) fraction 3 4) fraction 10 5) fraction 12 6) fraction 21 7) 
fraction 28 8) fraction 32

Table 3.21 ScFvhinge(his)s concentrations calculated from gel 13

sample (TCA precipitate) concentration

supernatant saturated

3 saturated

10 0

12 0

21 0

28 1.34

32 0

^calculated from gel densitometry, see appendix 4.7.13
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The ScFvhinge(his) 5  was eluted at a lower pH (pH4.82) than that required for elution of 

many reported proteins binding nickel-IDA-agarose. Berthold et al. (1992) used an N- 

terminal histidine hexapeptide to purify a recombinant fusion protein on a nickel(II)-IDA 

matrix. The results may not be directly comparable to those using ScFvhinge(his)g 

because a different buffer system was used. Berthold and co-workers (1992) found that 

general E.coli proteins were not eluted until pH5.5, which demonstrated thatTris-acetate 

buffers have less eluting power. However, in the work described here E.coli proteins 

were eluted from Ni^^-IDA-agarose with washing at pH8.0. The hexahistidine-tailed 

protein purified by Berthold et al. (1992) was eluted at pH5.0, as compared to 

ScFvhinge(his)j elution (under more stringent conditions) at pH 4.8. This implies that 

ScFvhinge(his)g has an extremely high affinity for immobilized nickel ions.

Other examples of purifications on nickel include those by Hochuli et al. (1987), Hochuli 

et al. (1988) and Janknecht et al. (1991) who used Ni^^-nitriloacetic acid (Ni^^-NTA) as 

opposed to Ni^^-IDA. Hochuli and co-workers (1988) reported that satisfactory 

purifications were achieved on this matrix. The lower number of sites available for 

coordination using NTA, as opposed to IDA, reduces the interaction strength and enables 

elution under milder conditions (Janknecht et al.y 1991). Skerra et al. (1991) found the 

selectivity of NF'^-NTA comparable to that of Zn^^-IDA when used in conjunction with 

an imidazole gradient.
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3.4.3.2 Purification of ScFvhinge(his)g using zinc(II)-IDA-agarose

A chelating sepharose column was charged with zinc as described in 2.4.3.1. During 

elution a slight rise in absorbance was noted (see 3.4.3.2), which was attributed to bubble 

accumulation in the detector. Chromatography was carried out at 30°C.

Figure 3.13 Elution of ScFvhinge(his)g from zinc(II)-lDA-agarose
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45ml of E.coli supernatant containir  ̂ScFvhinge(his)g, batch 3, was loaded. 

The wash step lasted 170 minutes.

The ScFv began to elute from the Zn^^-IDA column at pH6.2 and the peak maximum, 

after 200 minutes, occurred at pH5.19.
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Figure 3.14 The total protein concentration (measured relative to BSA) and the 

percentage active antibody in eluted fractions.
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Table 3.22 ScFvhinge(his)s concentrations calculated from Coomassie assay results

Fraction number ScFv concentration (^gml*^) ScFv per fraction (pig)

24 0.79 3.95

25 3.47 17.35

26 9.03 45.15

27 6.63 33.15

28 1.41 7.05

29 0.83 4.15

30 0.72 3.6

Total 114.4
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The presence of ScFvhinge(his) 5  was verified by gel electrophoresis and densitometry 

(see Gel 14). There is some discrepancy between the values obtained from the two 

different methods of assay. Fraction 17 contained 0.62/xg of ScFv and 0.97^g total 

protein. Fraction 24 contained 3.95/xg total protein as measured relative to BSA, but 

only 1.2/xg ScFv as determined by densitometry. Either the value obtained from the gel 

is low, or the ScFv represents only 30% of the total protein in the fraction. Fraction 25 

contained a high concentration of ScFv (26.8/xg) and was calculated from gel 

densitometry to be 77% pure. This indicated a total protein concentration of 34.8/ig. 

In fact, the value was determined to be 45.15/xg, hence the Coomassie Plus Assay 

generated a result 1.3-fold higher than expected.

Gel 14: Purification of ScFvhinge(his)s using zinc(II)-IDA-agarose

1 2 3 4  5 6  7 8 9 10 11
kdal

77
66.3

43

30

Track number 1) marker 2) supernatant 3) loading fraction 4) wash fraction 5) fraction 11 6) fraction 
17 7) fraction 23 8) fraction 24 9) fraction 26 10) fraction 30 11) fraction 32
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Table 3.23 ScFvhinge(his ) 5  concentrations calculated from gel 14

sample (TCA precipitate) ScFv in fraction (jig)*

supernatant saturated

loading fraction saturated

wash fraction 1.94

fraction 11 0

fraction 17 0.62*

fraction 23 0.67

fraction 24 1.179

fraction 26 26.8

fraction 30 0

fraction 32 0

^low molecular weight band, see appendix 4.7.14

The cumulative total protein was 114.4/xg (table 3.22), and if this were considered to be 

pure ScFvhinge(his) 5  then a yield of 56.5% was obtained from 45ml of batch 3 

supernatant containing 4.48/xgml'* ScFv. From gel densitometry, fraction 26 appeared 

to contain 77% ScFvhinge(his)g so the yield was calculated to be 43.5%. To the naked 

eye fraction 26 appeared on gel 14 to be more than 90% pure, so the yield may have 

been slightly higher. Elution occurred within 35ml, but 90% of ScFv was found within 

fractions 25-27, i.e. 15ml. The concentration factor was thus 3-fold (see Table 3.24).

Table 3.24 Purification of ScFvhinge(his)g on zinc(II)-IDA-agarose

Fraction volume

(ml)

concentration

factor

total

ScFv

W

total

protein

W

ScFv as 

% o f total 

protein

purification

factor

yield

(%)

batch 3 45 - 201.6 14580 1.4 - -

25-27

(24-30)

15-35 3 88.1 114.4 77 56 44
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During the pH gradient the ScFvhinge(his)^ was eluted at pH5.2 from zinc(II)IDA- 

agarose; a higher pH than that required to elute the same antibody from nickel (see

3.4.3.1). This difference in elution peak maxima reflects the lower affinity of histidine 

tails for zinc than nickel ions. This is reiterated by Roos (1991) who found more 

microsomal cytochrome P-450 isoenzyme eluted in the flow through and lower yields 

when using immobilized zinc than nickel. Hemdan et al. (1989) found that dog 

myoglobin which has four or five histidyl residues available for coordination was bound 

transiently to Zn^^-IDA-agarose, but required 60 column volumes of pH7 buffer to be 

eluted from NP^-IDA-agarose.

There have been several reported successes for IMAC purifications of naturally occurring 

proteins using immobilized zinc ions. A requirement for these purifications is that the 

native protein should contain closely spaced histidine clusters such as the 

HisX3 HisX2 HisX7 His motif found on human lymphotoxin (Sulkowski, 1987).

Ljungquist et al. (1989) purified fusion proteins with peptide tails of various 

multiplicities. A single peptide tail comprising the sequence AlaHisGlyHisArgPro did 

not bind zinc-IDA. Likewise a dimeric affinity tail with two consecutive copies of the 

above sequence (i.e. four histidines in total) did not bind. Multiple tails of four and eight 

copies (8 and 16 histidines respectively) were necessary for binding to zinc(II)-IDA. 

Elution of fusion proteins, with tails containing 8 or 16 histidine residues, occurred at 

pH5.0 and pH4.5.

The necessity of long tails with a multitude of histidine residues is in stark contrast to the 

ScFvhinge(his)5 . The tails used by Ljungquist and co-workers (1989*) would have 

drastically altered the characteristics of the original protein and may have hindered the 

correct folding of the protein. The ZZ protein A fragment with a pi of 4.8 was 

converted into a basic protein with a pi of 9.0. The B72.3 ScFvhinge(his)^ construct had 

a minimal increase in the number of amino acids and yet they resulted in an appreciable 

affinity for immobilized zinc ions. The sequence used by Ljungquist et al. (1989*) of 

HisXHisXHisX; was obviously not very effective.
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Lilius et al. (1991) used an affinity tail with five consecutive histidine residues fused to 

the carboxyl terminus of galactose dehydrogenase. Since the enzyme was homodimeric, 

each intact enzyme molecule carried two pentahistidine affinity tails. A gradient of 

pH7.5 to pH5 was generated between 50mM sodium phosphate buffer and 

citrate/hydrochloric acid buffer. Notably a salt concentration of only 0.3M sodium 

chloride was used. Lilius et al. (1991) observed no native enzyme binding to an 

uncharged column, so hydrophobic attraction could be assumed to be minimal. Although 

only a 70% purity was achieved from lysed cells, a purification factor of over 1000 was 

reported. The enzyme retained its activity, probably because it was eluted under 

relatively mild conditions (pH5.8). ScFvhinge(his)g was eluted from zinc(II)-IDA- 

agarose at a lower pH of 5.2. The strong affinity of ScFvhinge(his)j for zinc(II)-IDA 

compared to other examples of consecutive pentahistidine or hexahistidine tails (Lilius 

et al., 1991; Berthold et al., 1992; Hochuli et al., 1988) could be due to the cysteine 

residues residing in the hinge region which could have contributed to binding. It is 

interesting to note that the elution profile peak of galactose dehydrogenase(his)$ was 

broad, rounded and tailing (Lilius et al., 1991). This is perhaps peculiar to IMAC 

purifications. Skerra et al. (1991) also found zinc was the metal ion of choice for 

purifying histidine tailed single-chain antibodies.

The reason for the superior purification of ScFvhinge(his)j on zinc(II)-IDA as opposed 

to Ni(II)-IDA is obscure. Naturally occurring 'zinc-fmgers', which confer metal binding 

sites onto metalloproteins, often consist of a HisXjHis structure (Suh et a\., 1991; 

Jongeneel et al., 1989). This configuration is obviously important for coordination to 

zinc ions. Cysteine residues are also known to readily bind with zinc in a number of a 

number of zinc enzymes (Vallee and Auld, 1990). Zinc is known to be stable and inert 

to oxidoreduction, and is less likely to disrupt protein structure than other metals, for 

instance copper. Zinc has a multiplicity of coordination numbers and geometries which 

enable a flexibility and versatility to ligand binding. The significantly higher yield 

obtained by using zinc rather than nickel(II)-IDA may justify future experimentation 

using cobalt, which is known to interact even more weakly with histidine/cysteine 

containing proteins. This would enable elution at a higher pH, and under milder 

conditions, than that necessary to elute from zinc(II)-IDA-agarose.
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3.4.3.3 Purification of ScFvhinge(his)g using copper(II)-IDA-agarose

A chelating Sepharose column was charged with copper as described in 2.4.3.1, and 

loaded with E.coli supernatant. During the loading step the blue colour of the charged 

column was gradually leached, resulting in a practically white column. The column was 

washed for 200 minutes, until the absorbance had dropped to a minimum. 

Chromatography was carried out at 30°C.

Figure 3.15 Elution of ScFvhinge(his)s from copper(II)-IDA-agarose
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42ml of E.coli supernatant containing ScFvhinge(his)j, 

batch 1, was loaded

No obvious elution peak was observed, and gel electrophoretic analysis of fractions 

verified that no ScFv had been eluted during the chromatographic run.
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Table 3.25 ScFvhinge(his) 5  concentrations calculated from gel 15

sample (TCA precipitate) concentration (^gml'*)*

supernatant saturated

fraction 3 (load) 8.4

fraction 8 (load) 8.51

fraction 12 (wash) 0

fraction 28 (wash) 0

fraction 35 (70 minutes) 0

fraction 40 (120 minutes) 0

fraction 45 (170 minutes) 0

fraction 50 (220 minutes) 0

fraction 55 (270 minutes) 0
^calculated from gel densitometry, see appendix 4.7.15.

Gel 15: Purification of ScFvhinge(his)s using copper(II)-IDA-agarose

1 2 3 4 5 6 7 8 9  10 11
kdal

77
66.3
43

30

17
12

Track 1) marker 2) supernatant 3) fraction 3 4) fraction 8 5) fraction 12 6) fraction 28 7) fraction 35 

8) fraction 40 9) fraction 45 10) fraction 50 II) fraction 55
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There was no detectable antibody fragment eluted using this method, however the flow 

through fractions did not contain the same concentration of ScFvhinge(his)j as the 

supernatant (12.5jLigml *).

Table 3.26 Purification of ScFvhinge(his)g on copper(II)-IDA-agarose

Fraction volume

(ml)

concentration

factor

total

ScFv

(Mg)

total

protein

(Mg)

ScFv as 

% of total 

protein

purification

factor

yield

(%)

batch 1 42 - 525 12768 4.1 - -

12-55 0 0 0 - - 0 0

Copper leaching and metal ion transfer (MIT)

The single-chain antibody could not be eluted from copper(II)-IDA-agarose using a pH 

gradient. It is generally accepted that proteins with histidines available for coordination 

bind copper more strongly than other metals. The affinity for other metals follows the 

pattern >  Zn̂ "̂  >  Cô '*' (Belew et al, , 1987). The antibody concentration in the load 

was lower than that in the supernatant, but these two measurements were made using 

different methods (Western blotting and gel densitometry). The ScFv concentration in 

the loaded supernatant was not determined because the band was saturated. This 

discrepancy may be due to experimental error. Since ScFvhinge(his)g has a very high 

affinity, a small amount may have bound which could not be eluted by pH. However, 

the absence of any E.coli proteins binding, as observed normally, and the evidence for 

copper ion stripping, indicates that the metal was removed by small high-affinity peptides 

which had a higher affinity for Cu^^ than the copper ions had for IDA. High affinity 

natural metal-binding sites on some proteins have been identified which scavenge Cu^^ 

ions from Cu(II)-IDA but do not compete for zinc ions. Their ability to remove nickel 

ions depends on pH (Arnold, 1991).

The disappearance of the blue colour of the copper(II)-charged column and the blue/green 

flow through explains the poor purification. The same phenomenon was observed by 

Hansen et al. (1992) when applying excess synthetic peptide to Cu^^-charged Chelating
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Sepharose at pH8 or higher. They attributed the removal of copper ions to metal “ion 

transfer (MIT) from the chelating support to the peptide. The peptides did not contain 

histidine, cysteine or tryptophan residues. MIT was proposed to occur via the amino 

group and result in a tetradentate complex around the copper ion. A similar 'bleeding' 

of metal ions was found to occur when performing IMAC on Ni^^-IDA at pHlO-11.

Belew and Porath (1990) reported the stripping of copper ions from the IDA-Superose 

by dipeptides. A tridentate bond with the copper occurs via the free a-amino group of 

X in a dipeptide with the structure XHis. Peptides with the structure HisX did not cause 

MIT. In addition, Andersson and Sulkowski (1992) found a decrease in retention of 

peptides on immobilized Cu^^ above pH8, which they proposed was due to copper ion 

scavenging. However, the behaviour of small peptides is markedly different to that of 

large proteins and the stripping of copper ions by complex proteins has not been 

reported.

The ability to purify ScFvhinge(his)j on̂  nickel and zinc chelate columns (3.4.3.1 -

3.4.3.2) demonstrated that MIT does not occur to the same extent for other metals, yet 

Zn̂ "̂  and NP+ are thought to bind IDA less strongly than Cû "̂  (Birkenmeier et al., 

1991). This contradiction indicates that a process may have occurred during 

chromatography on the copper(II)-IDA column which was unique to that metal. 

Cytochrome c, with a free cysteine, precipitates in the presence of free Cu^^ (Todd et 

al., 1991) and free cysteine residues are reputed to complex with copper and elute it. 

Free cysteine residues would be needed in appreciable amounts in the supernatant to elute 

the copper and this may be unlikely. The cysteine in the affinity tail may complex with 

copper ions, but for this to occur, there must be a stronger attraction between copper ions 

and cysteine, than between copper ions and IDA. If the cysteine residue does create a 

very high affinity copper binding site, it is unclear why the high affinity site on the other 

B72.3 single-chain variants does not remove the other metal ions -nickel and zinc- which 

bind more weakly to IDA. Perhaps the pH during loading is vital, and MIT would have 

occurred from NF^-IDA at a higher pH, such as pH 10-11 (as described by Hansen et 

al., 1992).
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Several cases of stripping of other metals have been documented. Andersson et al. 

(1987) found that human serum albumin efficiently scavenged from NP^-IDA at 

pH6.8, and yet bound strongly to Cu^^-IDA. The transfer of nickel ions from 

iminodiacetate to peptides observed by Hansen et al. (1992) was concurrent with the 

appearance of a yellow coloured eluent. Zinc(II) depleted inactive carboxypeptidase A 

removes Zn^^ ions from Zn^‘*'-IDA-agarose, and is eluted in an active form complexed 

with Zn̂ "̂  (Muszynska et al., 1986).

3.4.3.4 Summary of IMAC purifications using different immobilized metal ions. 

Table 3.27 Purification of B72.3 ScFvhinge(his)g on a choice of metals

metal peak of 

elution (pH)

yield

(%)

concentration

factor

purity

(%)

purification

factor

copper 8.0 - - - -

nickel 4.82 *9.1 1.32 91 22

zinc 5.19 *43.5 3 77 56

""Determined from the Coomassie Protein Plus assay

Immobilized copper was unsuitable in IMAC purifications of ScFvhinge(his)j. Little or 

no binding was observed, and elution if possible, would only be achievable under very 

harsh conditions (high imidazole concentration o ^  pH of less than 4). In addition, Cu^^ 

is unsuitable because it induces exposed cysteine^oxidize and form dimers. These could 

block the accessibility of the histidines for ligand binding (Arnold, 1991).

Zinc purifications gave at least a threefold higher yield, and the protein was eluted in a 

more concentrated form. Although the nickel yielded more pure antibody, IMAC 

purifications using zinc(II)IDA-agarose actually purified the ScFvhinge(his)) to a greater 

degree from a lower initial concentration (see above table).
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Although ScFvhinge(his)s bound both nickel and zinc ions in appreciable amounts, there 

was a possibility that metal ion displacement of nickel and zinc ions occurred during 

loading of E.coli supernatants. In fact, this may account for the high values found in the 

flow through fractions. Why dialysis reduces leaching is not clear. The long dialysis step 

could have increased the likelihood of altering the antibody shape, for instance by 

dimerization occurring between the free cysteines, which could have reduced the affinity 

of the binding site and, in turn, decreased the level of MIT. An alternative theory is 

based on the fact that the supernatant was derived from growth media, which contained 

the non-metabolized components of the Luria Broth. Small, free peptides, derived from 

the growth media, may have had high affinity binding sites. Dialysis of this protein 

mixture would have removed these contaminants and hence reduced ion leaching.

Although nickel ions are often preferred over zinc due to their strong binding, the weaker 

interaction of zinc ions with ScFvhinge(his)j provides a superior purification, thus it can 

be concluded that the choice of immobilized metal ion is dependent upon the protein of 

interest.
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3.4.4 Comparison of metal binding tails for purifications on nickel(ID-IDA-agarose

The affinity of the four different single-chain antibodies was compared. The four 

antibody fragments with variable histidine tails were purified on nickel(II)-IDA-agarose 

using multiple pH gradient elution to determine the exact pH at which they were eluted. 

It is generally accepted that more than one histidine residue is required for binding 

ID A-agarose, but even more are necessary for binding immobilized zinc (Hemdan et al, , 

1989). Thus nickel was the metal of choice for determining the different binding 

strengths of the single-chain antibodies. The purifications using various affinity tails 

were all carried out at ambient temperature and were monitored continuously.

3.4.4.1 Purification of ScFv(his) 2  using nickel(Il)-lDA-agarose 

Figure 3.16 Elution of ScFv(his) 2  from nickeI(II)-IDA-agarose.
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A nickel(II)-IDA-agarose column (3rd use) was loaded and then washed for 130 minutes. 

There was a slight increase in absorbance as the chromatography progressed (see figure 

3.16), and small peaks occurred at 225 minutes, 250 minutes and 320 minutes, so the 

absorbance of fractions at 280nm was measured manually to confirm the results (see 

figure 3.17).

Figure 3.17 The total protein concentration measured relative to BSA (squares) and 

the absorbance at 280nm of fractions.
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Protein analysis using the Coomassie assay showed an increase in eluted protein in 

fractions 45 and 46 (225 and 235 minutes) which corresponded to a pH of about 5.6-5.7. 

There was a conspicuous waver in the pH recorded at this point. Verification of the A2 8 0  

of fractions showed only a slight increase in fraction 43 (see figure 3.17).

A multitude of fractions were analysed by electrophoresis on two gels followed by 

densitometry. Gel 16 is shown below. Another gel loaded with fractions 31, 35, 37, 43, 

44, 45, 46, 47, 49, 51 and 53 did not have any bands in any tracks. No purified single

chain antibody was detected even though the flow through only constituted half of the 

applied antibody. The supernatant protein concentration was 66/xgml* (3.2.2), so 

ScFv(his) 2  represented 2.2%of the total protein concentration. Only 55% of the loaded 

ScFv(his) 2  was accounted for by densitometry. The peak in absorbance (fraction 43) 

occurred at pH6. The peak in protein concentration (at 235 minutes) corresponded to 

pH5.45. The densitometry data indicated no single-chain antibody was present in any 

of the fractions analyzed. The data is not conclusive, which is not surprising given the 

previous results obtained using this construct. Mucin affinity purification of this antibody 

variant demonstrated the low yield of correctly folded antibody (gel 2) and a pH step 

gradient on nickel(II)-IDA-agarose revealed very little binding (3.6%).

The concentration of ScFv(his) 2  in supernatant was 1.05/xgml’̂  (3.2.2), so if 3.6% of the 

loaded antibody (48.3/xg) bound, then there would be only 1.74/xg of ScFv(his) 2  eluted 

from the column. This would be difficult to detect when diluted in several fractions.. 

Only 55 % of the loaded ScFv(his) 2  was accounted for using gel densitometry, which 

implies errors could occur during the detection.
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Gel 16: Purification of ScFv(his) 2  using nickel(II)-IDA-agarose

1 2 3 4 5 6 7 8 9 10 11 12

kdal

77
66.3

43

30

Track number 1) marker 2) supernatant 3) fraction 2 4) fraction 10 5) fraction 12 6) fraction 14 7) 
fraction 16 8) fraction 20 9) fraction 22 10) fraction 24 11) fraction 26 12) fraction 30

Table 3.28 ScFv(his) 2  concentrations calculated from gel 16

sample (TCA precipitate) concentration
(jxgmV^)*

ScFv in fraction 
(Atg)

supernatant 1.46 67.16'

fraction 2 (load) 0.73 33.58^

fraction 10 (wash) 0.45 2.25

fraction 12 (wash) 0.25 1.24

fraction 14 (wash) 0 0

fraction 16 (wash) 0 0

fraction 20 (wash) 0 0

fraction 22 (wash) 0 0

fraction 24 0 0

fraction 26 0 0

fraction 30 0 0

‘for 46ml of supernatant ^for 46ml of flow through
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S.4.4.2 Purification of ScFvhinge(his) 2

During the first few column volumes of the wash step the pH meter measured a drop 

from pH8 to pH7.5. A peak in absorbance occurred concurrently. Although the peak 

in absorbance was not recorded, the fraction was collected and electrophoresed on a 

polyacrylamide gel (gel 17). Figure 3.18 demonstrates the low background absorbance 

that occurs when no protein is eluted.

Figure 3.18 Elution of ScFvhinge(his) 2  from mckeI(II)-IDA-agarose
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Figure 3.19 The total protein measured relative to BSA and the absorbance at 

280nm of fractions during the elution step
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Gel densitometry of the wash fractions revealed that a large proportion of the antibody 

did not bind during the loading step. Some ScFvhinge(his) 2  was transiently retained on 

the column at pH8 and was eluted isocratically during the first few wash steps (wash 

fraction 2 and 3, Gel 17). Another gel (not shown) was loaded with elution fractions 14, 

17, 20, 23, 26, 29, 32, 35, 38, 41 and 44. None of these fractions contained detectable 

levels of ScFvhinge(his)2 . The Coomassie Protein Plus assay results indicated a small 

rise in protein elution at fraction 35 (250 minutes) which corresponded to a fluctuation 

in the pH of the fractions around pH 4.8 to 4.9. The significance of this very small 

change is disputable since gel electrophoresis revealed streaking of a protein of a 

molecular weight around 60kdal in tracks containing fractions 35 and 38 which was 

unlikely to be protein derived from single-chain antibodies.
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Gel 17: Purification of ScFvhinge(his) 2  using nickel(II)-IDA-agarose

1 2 3 4 5 6 7 8 9  10________
kdal

77
66.3
43

30

17
12

Track number 1) marker 2) supernatant 3) supernatant 4) load fraction 3 5) load fraction 5 6 and 7) 
not loaded 8) wash fraction 2 9) wash fraction 5 10) wash fraction 8

Table 3.29 Gel 17 loadings and calculated ScFvhingeChislj concentrations

sample (TCA precipitate) concentration
(jigmVY

ScFv in fraction
w

supernatant 4.11 189.1'

supernatant 1.37 -

fraction 3 (load) 2.26 11.3

fraction 5 (load) 3.91 179.9"

fraction wash 2 2.13 10.6

fraction wash 5 0 0

fraction wash 8 0 -

^calculated from gel densitometry, see 4.7.17 
'for 46ml of supernatant 
^for 46ml of flow through

From gel 17 the ScFvhinge(his) 2  concentration in the supernatant was 4.11/igmr'. This
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is exactly the same as found previously (gel 5) and represents 2.6%of the total protein 

found in the supernatant. Load fraction 3 contains substantially less ScFv than load 

fraction 5 which is perhaps less dilute. Assuming that the latter fraction is representative 

of the cumulative loading fractions, then 95% of the antibody fragment did not bind the 

column. If the total flow through was 180/xg (calculated from track 5, table 3.29) and 

wash fraction 2 was the only fraction containing eluted antibody (wash fraction I and 3 

were not analysed), then 100% of the antibody loaded was accounted for using this 

technique.

3.4.4.3 Purification of ScPv(his)g

Figure 3.20 Elution of ScFv(his)s from nickeI(II)-IDA-agarose.
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After loading, the column was washed for a duration of 100 minutes. Fractions of 10ml 

were collected and samples from regular intervals were assayed for protein content (see 

figure 3.21) and analysed by SDS-polyacrylamide gel electrophoresis (gel 18).

Figure 3.21 The elution profile of ScFv(his)g from mckel(II)-IDA>agarose

2.0 -,

1 .5 -

• • • • • •

I
§ e#1 1. 0 -

- 4

I
0 .5 -

- 2

0.0
0 10 20 30

Fraction num ber

Total protein concentration (squares) m easured relative to B SA  

and pH  o f fractions m easured in each fraction (circles) 

one fraction equals 10 m inutes

177



Gel 18: Elution of ScFv(his)) from nickel(II)-IDA-agarose

1 2 3 4 5 6 7 8 9  10 11 12
kdal

77
66.3
43

30

17.2
12

Track number 1) marker 2) supernatant 3) fraction 1 4) fraction 4 5) fraction 12 6) fraction 7 7) 
fraction 21 8) fraction 24 9) fraction 28 10) fraction 32 11) fraction 36 12) fraction 40

No bands of purified ScFv were apparent on the gel. Fraction 1 (load) was too saturated 

to determine the ScFv concentration in the supernatant. None of the other fractions 

contained any detectable levels of antibody. For densitometry data for gel 18 see 

4.7.18.

No peak in absorbance at 280nm occurred to indicate the elution of ScFv(his) 5  (Figure 

3.20). The Coomassie Protein Plus assay indicated an increased protein elution in 

fraction 23 and 26-28. The linear pH gradient was disrupted at about pH5.8 and pH4.8, 

which corresponded to fraction 23 and 27. The presence of single chain antibody in 

these fractions was not detected by gel densitometry (gel 18). The elution of single chain 

antibody ScFv(his)) from NP^-IDA-agarose would be expected at the same point as that 

for ScFvhinge(his)j i.e. starting at pH5.8 with a peak maxima at pH4.8. No protein was 

detected by the Coomassie protein assay.
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The previous purification of ScFv(his)j (3.4.1.3) resulted in a yield of 4.4%, and it was 

evident that a portion of the antibody had been degraded. If only 5 % of ScFv(his); was 

retained on the Ni^^-IDA-agarose using the multiple gradient purification method then 

only 1.2/xg would be eluted with a typical concentration factor of 1.3, and the antibody 

would be eluted in 30ml i.e. at 0.041^gml ^ After preparation for electrophoresis, this 

would have resulted in O.OlT^g ScFv antibody detectable on a gel. From the gel 

documentation data (4.7.18) the sensitivity was calculated to be such that a minimum of 

0.019/xg was detectable. Thus the low yield, which was likely to have been achieved, 

pushed the measurement to the limits of its detection. The information that was gleamed 

from this experiment, was that a large proportion (more than 80%) of ScFv(his)s did not 

even bind the column.

5.4.4.4 Purification of ScFvhinge(his)g 

see 3.4.2.4

A significant peak in the absorbance at 280nm indicated the elution of ScFvhinge(his)g 

from NP'^-IDA-agarose (Figure 3.11). The elution which started at pH5.8, and peaked 

at pH4.8 was confirmed by both the antibody activity and thé total protein concentration. 

In this instance, the significant yield of antibody, meant that a good proportion of the 

total protein actually was antibody. Gel electrophoresis (gel 13) resulted in a single band 

with more than 90% purity.

3.4.4.5 Summary and conclusions regarding the binding affinities of the different 

single-chain antibody tails

Table 3.30 A comparison of the multiple pH step purifications using the four single

chain antibody variants

Single-chain success of purification using affinity tail

ScFv(his) 2 no yield - no binding

ScFvhinge(his) 2 weak interaction; elution at pH8 - weak binding

ScFv(his)j no yield - no binding

ScFvhinge(his)j 9.1% yield. Elution at pH4.8 - strong binding
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The inability to purify the single-chain antibody constructs by multiple pH gradients is, 

in part, due to their low concentration in the supernatant. It is likely that throughout the 

long wash and elution steps the ScFv antibodies are eluted gradually at undetectable 

concentrations. The ScFvhinge(his) 2  antibody has some affinity for the nickel-IDA- 

agarose, but was not retained at pHS.O for sufficiently strongly to enable a successful 

purification from the E.coli proteins. The ScFvhinge(his)g antibody was retained and its 

original concentration was sufficient to enable a significant elution peak to be recognized.

It is evident that the pentahistidine tail, in conjunction with the hinge sequence, is the 

most useful tail for purification by IMAC under the conditions used. It is unclear 

whether the lack of binding exhibited by ScFv(his)g is due to a lower binding affinity than 

ScFvhinge(his)5 , or due to proteolysis. Because the number of histidines and cysteines 

are the same in both variants, the latter theory is more likely, where the hinge region of 

ScFvhinge(his)j affords proteolytic protection to the antibody fragment.

Alternatively, the hinge region, which separates the histidines from the carboxyl terminus 

of the antibody, may help accessibility of the tail to the metal ions or prevent incorrect 

folding of the antibody during synthesis. The last theory could explain the low affinity 

of ScFv(his) 2  for mucin (see 3.3.2).

The slight rises in total protein at pH5.6 and pH4.9 for ScFv(his) 2  and ScFvhinge(his) 2  

respectively were thought to be due to very small amounts of eluted ScFv. However, the 

detection of higher molecular weight protein in a gel of fractions from the purification 

of ScFvhinge(his) 2  indicates that it is an E.coli protein. The fluctuation in the linear 

decrease of pH in these fractions is probably also explained by these contaminating 

artifacts. It is obvious that ScFvhinge(his) 2  only has a limited affinity for nickel(II)-IDA. 

It would be possible to use it for isocratic purifications at pH8, although a proportion 

would be likely to be contaminated with E.coli proteins. Removal of metal 

stripping/competing proteins (i.e. by dialysis) could enable effective purifications of this 

variant. There is some uncertainty regarding the conformation of ScFv(his) 2  (see mucin 

affinity chromatography). Since the ScFvhinge(his) 2  antibody did not have as high 

affinity for nickel(II)-IDA-agarose as ScFvhinge(his)^ it is unlikely that ScFv(his) 2  would 

bind more strongly, even if it was fully functional.

180



In conclusion, the contribution of the cysteine residue, in combination with two 

histidines, is not sufficient for satisfactory purifications of ScFv proteins from E.coli 

proteins. The additional three histidines on ScFvhinge(his)) provide a higher affinity 

which enables their elution at low pH. The additional residues of the hinge region seem 

to enhance expression and purification, but the exact reasons for this are not known. 

E.coli XL 1-blue cells transformed with ScFv(hinge) constructs consistently produced 

significantly higher levels of antibody than those without the hinge region. The 

fragments lacking the hinge sequence (GluSerLysTyrGly) may have been more 

susceptible to proteolysis, but why these amino acids should offer protection is unclear.
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3.5 DISCUSSION OF METHODS

The analysis of differences between the affinities of the antibody fragments was 

complicated by the very low quantities of antibody purified, and aggravated by 

proteolysis. The quantification of ScFv by extinction coefficients is common in industry, 

but requires pure protein. For this reason it was only deemed suitable for mucin-affinity 

purified antibody. Even then, the concentration determined spectroscopically (3.3.1) 

differed from that calculated from gel densitometry (by 26%). However, the continuous 

monitoring of the eluent absorbance at 280nm was invaluable at indicating where protein 

was eluted -except when an imidazole gradient was used, because imidazole itself absorbs 

strongly at this wavelength.

The Coomassie assay reagent (Pierce) was demonstrated to be applicable to protein 

concentrations below those recommended by the manufacturer, although accuracy in 

pipetting was imperative. The measurement of total protein was useful in indicating 

possible antibody elution and could be used in calculating the purity of the fractions. 

Together with gel densitometry data, the Coomassie Protein Plus assay was useful. An 

accurate method of antibody detection, common in industry, is the ELISA. An ELISA 

was developed, which was independent of antigen binding activity, and gave a direct 

measurement of the concentration of ScFv antibodies (see 2.3.6). However, the limited 

availability of the necessary antibody prohibited its use. A less accurate and less useful 

competition assay was developed. The large number of replicates necessary for accurate 

results were very time consuming and the sensitivity of the assay to pH severely limited 

its use. The assay was also inhibited by imidazole.

The inability to accurately detect the antibody was problematic. The best sensitivity was 

obtained using gel electrophoresis, coupled with the documentation system, especially in 

conjunction with the colloidal stain. This enabled quantification and simultaneous purity 

analysis. Inaccurate purity assessments could have been made if artifacts on the 

polyacrylamide gel absorbed light and were recorded as contaminating proteins. Its 

major drawback was the inability to distinguish between 30kdal proteins derived from 

E.coli and the recombinant antibody. For this reason quantification of the antibody in 

the supernatant was obtained by Western Blotting. The amplification of colour signal by
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sandwiched antibodies causes blurring on Western blots and can be irregular, so that

calculations using densitometry are not ideal.

183



3.6 FUTURE RESEARCH

Since the antibody detection was problematic, a better assay would be useful. This could 

be an ELISA using the appropriate antibody for B72.3 ScFv. An alternative assay could 

perhaps be developed based on the cysteine residues or the histidine residues, for 

example, Diethylpyrocarbonate (DEPC) interacts with the imidazole ring of histidine with 

a concomitant change in absorbance (Leohard et al., 1970).

An increased yield or concentration of antibody would facilitate detection. This could 

be achieved by using a different host strain to grow to a higher cell density. A non- 

lysing strain could be used to periplasmically concentrate the antibody, or a shorter 

induction period could be used. The growth media could be optimised and fermentations 

could be carried out to increased yields (as discussed earlier.)

Chromatography on zinc^^-IDA is recommended with a rapid elution procedure. 

Recently high performance chromatographic matrices such as Fast Flow Chelating 

Sepharose (Pharmacia) have been introduced which enable much higher flow rates and 

superior resolution to be achieved in a fraction of the time. Alternative chelators for 

immobilization supports such as TED (Tris carboxymethyl ethylenediamine; Porath and 

Olin, 1983) or NTA or DPA could be utilized. These may be of particular use in 

purifying ScFvhinge(his)j since they bind the metal ion more avidly and the protein less 

so. They are recommended for proteins with a high affinity for metal ions.

The large quantities of ScFvhinge(his)g found in the flow through when loading 

supernatant onto NF^-IDA columns may have arisen because of very high affinity sites 

which strip the metal ions. The stripping may also occur on ID A-agarose, but to a lesser 

extent, since the affinity for that metal ion is reduced. If non-binding of ScFv variants 

is due to metal ion stripping, the problem may be reduced further by using a different 

chelating matrix and by dialysis. The quantities of metal ions in the fractions should be 

measured in order to assess metal ion transfer.
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There is very little known about protein dénaturation on immobilized metal affinity 

columns but Belew and Porath (1990) consider it as a relatively rare phenomenon. 

Kastner and Neubert (1991) reported that metal contact dénaturation occurs when metal 

ions 'bleed' from the column, on application of elution buffer. The occurrence of 

dimérisation of antibodies during the procedure was not investigated, but the presence of 

free cysteines may have played an important role. This could be measured on non- 

reducing gels.

As a purification process, the losses are generally higher than those obtained using 

mucin-affinity chromatography, with the exception of imidazole elution methods. 

Imidazole elutions provide high yields but poor concentration of the antibody. The 

concentration factor could easily be improved by using steeper imidazole gradients. All 

of the IMAC purifications, except those using multiple gradient elutions, gave rise to 

purer single-chain antibodies than that purified by conventional mucin-affinity 

chromatography (see table 3.17). The results described illustrate the possibilities for a 

purification procedure which could be optimised. Metal affinity chromatography on a 

large scale has many benefits, including the low cost and availability of charged support, 

the easy scale-up of chromatography and the ability to use the system in a semi- 

continuous process. As demonstrated, the columns are reusable for several runs before 

recharging is necessary. A fundamental advantage is the ability to sterilize the columns 

at high temperatures for an aseptic process; this would not be possible using the protein 

mucin on an affinity matrix. The use of affinity chromatography in the pharmaceutical 

industry is slowly being recognized. The increase in interest, at the laboratory scale, is 

illustrated by the recent release of a cloning/chromatography kit. This is used for 

binding a histidine tailed protein on NTA resin called QIAexpress (Qiagen), for purifying 

up to lOmg of protein in one step.

The future of immobilized metal affinity chromatography, for the purification of 

pharmaceuticals, in an industrial process is uncertain. The removal of, possibly toxic, 

metal ions is at least as important as the removal of protein contaminants, hence any 

problems of metal ion leaching would need to be confronted first.
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4.0 APPENDIX

4.1 The DNA sequence of the variable heavy fragment from the ompA leader

sequence to the end of the affinity tail with two histidine residues i.e. V„(his) 2

omp A leader sequence

start of 
Vu reoior

Xhol primer R2555 - X
CGC G cfr GGA GTT GTA GAT AAG GAG GGG
GGG GGA GGT GAA GAT GTA TTG GTG GGG
Pro Pro Arg val

'^+60
Leu Asp Asn Glu Ala

ATC GGG A TT GGA GTG GGA GTG GGT GGT
TAG GGG TAA GGT GAG GGT GAG GGA GGA
lie Ala H e Ala Val Ala Leu Ala

+120
Gly

[G A G G TT GAG GTG GAG GAG TGT GAG GGT
GTG CAA GTG GAG GTG GTG AGA GTG GGA

Lcin Val Gin Leu Gin Gin Ser Asp Ala
TGA GTG AAG ATA TGG TGG AAG GGT TGT
AGT GAG TTG TAT AGG AGG TTG GGA AGA
Ser Val Lys H e Ser Cys Lys Ala Ser
GGT A T T GAG TGG GGG AAG GAG AAG GGT
GGA TAA GTG AGG GGG TTG GTG TTG GGA
Ala H e His Trp Ala Lys Gin Lys Pro
GGA TA T A TT TGT GGG GGA AAT GAT GAT
GGT A TA TAA AGA GGG GGT TTA GTA GTA
Gly Tyr H e Ser

+300
Pro Gly Asn Asp Asp

AAG GGG AAG GGG AGA GTG AGT GGA GAG
TTG GGG TTG GGG TGT GAG TGA GGT GTG
Lys Gly Lys Ala Thr Leu Thr Ala

+360
Asp

ATG GAG GTG AAG AGG GTG AGA TGT GAG
TAG GTG GAG TTG TGG GAG TGT AGA GTG
Met Gin Leu Asn Ser Leu Thr Ser Glu
AAA AGA TGG TAG TAG GGG GAG TGG GGG
T T T TG T AGG ATG ATG GGG GTG AGG GGG
Lys Arg Ser Tyr Tyr Gly His Trp Gly
TCC TCA CGC CCA TGC CCA TCA CAC CAC
AGG AGT GGG GGT ACG GGT AGT GTG GTG
Ser Ser Pro Pro Cys Pro Ser His His

+180

+240

+420

+ 4 7 4

lie
primer R3726 

corresponds to a stop codon

Arg Ala

EcoRI
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4.2 The DNA sequence of the variable heavy fragment from the ompA leader

sequence to the end of the region coding for the hinge and two histidine residues

i.e. V„hinge (his);

CTA GAT AAC GAG GCG TAA AAA ATG AAA AAG ACA GCT
GAT CTA T TG  CTC CGC A TT T T T  TAC T T T  T T C  T G T  CGA
Leu Asp Asn Glu Ala End Lys Met Lys Lys Thr Ala

Start of 
V h region

CCC C C T CGA GTT 
GGG GGA GCT CAA
Pro Pro Arg Val 

+ 60
A TC  GCG A T T  GCA GTG GCA CTG GCT
TAG CGC TAA CGT CAC CGT GAC CGA
lie Ala lie Ala Val Ala Leu Ala

+ 120
"CAG G TT CAG CTG CAG CAG T C T  GAC GCT GAG T T G  GTG AAA
GTC CAA GTC GAC GTC GTC AGA CTG CGA CTC AAC CAC T T T
Gin Val Gin Leu Gin Gin Ser Asp Ala Glu Leu Val Lys

+180
TC A  GTG AAG A T A  TCC TGC AAG GCT T C T  GGC TAC ACC T TC
AGT CAC T T C  T A T  AGG ACG T T C  CGA AGA CCG A TG  TGG AAG
Ser Val Lys lie Ser Cys Lys Ala Ser Gly Tyr Thr Phe
GCT A T T  CAC TGG GCG AAG CAG AAG C C T GAA CAG GGC CTG
CGA TAA GTG ACC CGrC T TC  GTC T TC  GGA C T T  GTC CCG GAC
Ala lie His Trp Ala Lys Gin Lys Pro Glu Gin Gly Leu

GGT TTC  G C T ACC GTA GK:G CAA (3CT
CCA AAG CGA TGG CAT CGC G T T  CGA
Gly Phe Ala Thr Val Ala Gin Ala

C C T  GGG GCT 
GGA CCC CGA
Pro Gly Ala
A C T  GAC CAT 
TG A  CTG GTA
Thr Asp His 

+240
GAA TGG A T T  
C T T  ACC TAA
Glu Trp lie

GGA TA T 
C CT A TA
Gly Tyr
AAG GGC 
TTC  CCG
Lys Gly

A T T  T C T  
TAA AGA
lie Ser 

+300 
AAG GCC 
T T C  CGG
Lys Ala

CCC GGA AAT GAT GAT A T T  AAG TAC AAT GAG AAG T T C
GGG C C T T T A  CTA C TA  TAA T T C  ATG T TA  C T C  T T C  AAG
Pro Gly Asn Asp Asp lie Lys Tyr Asn Glu Lys Phe

A TG  CAG C TC AAC 
TAC GTC GAG T TG
Met Gin Leu Asn
AAA AGA TC G  TAC 
T T T  T C T  AGC ATG
Lys Arg Ser Tyr
TCC TCA 
AGG AGT
Ser Ser

GAG TCC 
CTC AGG
Glu Ser

ACA CTG 
T G T  GAC
Thr Leu
AGC CTG 
TC G  GAC
Ser Leu
TAC GGC 
A TG  CCG
Tyr Gly

hinge
AAA TA T 
T T T  A TA
Lys Tyr

A C T GCA 
TGA CGT
Thr Ala 

+360 
ACA T C T  
T G T  AGA
Thr Ser
CAC TGG 
GTG ACC
His Trp
region
GGT CCC 
CCA  GGG
Gly Pro

GAC AAA TCC 
CTG T T T  AGG
Asp Lys Ser
GAG GAT T C T  
C TC CTA AGA
Glu Asp Ser
GGC CAA GGC 
CCG GTT CCG
Gly (^n Gly
CCA TGC CCA 
GGT ACG GGT
Pro Cys Pro

TCC AGC A C T  GCC TAC 
AGG TCG TGA CGG A TG
Ser Ser Thr Ala Tyr
GCA
CGT
Ala 
+ 420 
ACC 
TGG
Thr

GTG T A T  T T C  T G T  
CAC A T A  AAG ACA
Val Tyr Phe Cys
AC T C TC  
TGA GAG
Thr Leu

A CA GTC 
TG T CAG
Thr Val

+480
TCA
AGT
Ser

CAC CAC 
GTG GTG
His His

TGA T G ^  
A C T A C T

A T T  CGC GCC 
T Â Â T g CG CGG
lie Arg Ala

primer R3724

EcoRI

187



4.3 The DNA sequence of the variable heavy fragment from the ompA leader

sequence to the end of the affinity tail with five histidine residues i.e. V„(his)s

CCC CCT CGA GTT CTA GAT AAC GAG GCG TAA AAA ATG AAA AAG ACA GCT
GGG GGA GCT CAA GAT CTA TTG CTC CGC A TT T T T  TAC T T T  T T C  TG T CGA
Pro Pro Arg Val Leu Asp Asn Glu Ala End Lys Met Lys Lys Thr Ala

+ 60
ATC GCG A T T  GCA GTG GCA CTG GCT GGT TTC  GCT ACC GTA GCG CAA GCT
TAG CGC TAA CGT CAC CGT GAC CGA CCA AAG CGA TGG CAT CGC GTT CGA
H e  Ala H e  Ala Val Ala Leu Ala Gly Phe Ala Thr Val Ala Gin Ala

+ 120
CAG G TT CAG CTG CAG CAG T C T  GAC GCT GAG TTG  GTG AAA C C T  GGG GCT
GTC CAA GTC GAC GTC GTC AGA CTG CGA C TC AAC CAC T T T  GGA CCC CGA
Gin Val Gin Leu Gin Gin Ser Asp Ala Glu Leu Val Lys Pro Gly Ala

+ 180
TCA GTG AAG A TA TCC TGC AAG GCT T C T  GGC TAC ACC T TC  A C T  GAC CAT
AGT CAC TTC  TA T AGG ACG TTC  CGA AGA CCG ATG TGG AAG TGA CTG GTA
Ser Val Lys H e  Ser Cys Lys Ala Ser Gly Tyr Thr Phe Thr Asp His

+ 240
GCT A T T  CAC TGG GCG AAG CAG AAG CCT GAA CAG GGC CTG GAA TGG A TT
CGA TAA GTG ACC CGC TTC GTC TTC GGA C T T  GTC CCG GAC C T T  ACC TAA
Ala H e  His Trp Ala Lys Gin Lys Pro Glu Gin Gly Leu Glu Trp H e
GGA TA T A T T  T C T  CCC GGA AAT GAT GAT A T T  AAG TAC AAT GAG AAG TTC
CCT A TA TAA AGA GGG CCT T TA  CTA CTA TAA T T C  ATG T T A  C TC  T TC  AAG
Gly Tyr H e  Ser Pro Gly Asn Asp Asp H e  Lys Tyr Asn Glu Lys Phe

+ 300
AAG GGC AAG GCC ACA CTG ACT GCA GAC AAA TCC TCC AGC A C T GCC TAC
TTC  CCG TTC  CGG TG T GAC TGA CGT CTG T T T  AGG AGG TCG TGA CGG ATG
Lys Gly Lys Ala Thr Leu Thr Ala Asp Lys Ser Ser Ser Thr Ala Tyr

+360
ATG CAG CTC AAC AGC CTG ACA T C T  GAG GAT T C T  GCA GTG T A T  T TC  TG T
TAC GTC GAG TTG  TCG GAC TGT AGA CTC CTA AGA CGT CAC A T A  AAG ACA
Met Gin Leu Asn Ser Leu Thr Ser Glu Asp Ser Ala Val Tyr Phe Cys

+ 420
AAA AGA TCG TAC TAC GGC CAC TGG GGC CAA GGC ACC ACT C TC ACA GTC
T T T  T C T  AGC ATG ATG CCG GTG ACC CCG G TT CCG TGG TGA GAG TG T CAG
Lys Arg Ser Tyr Tyr Gly His Trp Gly Gin Gly Thr Thr Leu Thr Val

----------------------------------------------------------+ 480

TCC TCA CCC CCA TGC CCA TCA CAC CAC CAC CAC CAC TGA TGA ATT CGC
AGG AGT GGG GGT ACG GGT AGT GTG GTG GTG GTG GTG ACT ACT TAA GCG
Ser Ser Pro Pro Cys Pro Ser His His His His His * * H e  Arg

GCC primer R3723CGG ^
Ala
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4.4 The DNA sequence of the variable heavy fragment from the ompA leader
sequence to the end of the region coding for the hinge and five histidine residues
i.e. V„hinge (his)5

C C C  C C T  CGA G T T  C T A  G A T A AC GAG G CG T A A  A A A  A T G  A A A  A A G  A C A  G C T
GGG GGA G C T  C A A  G A T C T A  T T G  C T C  CG C A T T  T T T  TA C  T T T  T T C  T G T  C G A
Pro Pro Arg Val Leu Asp Asn Glu Ala End Lys Met Lys Lys Thr Ala

+ 60
A T C  GCG A T T  G C A  G TG  G CA  C T G  G C T  G G T T T C  G C T  A C C  G T A  G C G  CAA G C T
TA G  CGC T A A  C G T  CA C C G T  GAC CGA C C A  A A G  C G A  T G G  C A T  C G C  G T T  CGA
H e  Ala H e  Ala Val Ala Leu Ala Gly Phe Ala Thr Val Ala Gin Ala

+ 120
CAG G T T  CAG C T G  CAG CAG T C T  GAC G C T  GAG T T G  G TG  A A A  C C T  GGG G C T
G TC  CAA G TC  GAC G T C  G TC AG A  C T G  C G A  C T C  A A C CA C T T T  G G A  C C C  C G A
Gin Val Gin Leu Gin Gin Ser Asp Ala Glu Leu Val Lys Pro Gly Ala

+ 180
T C A  G TG  A A G  A T A  T C C  TG C  AAG G C T  T C T  G GC T A C  A C C  T T C  A C T  GAC C A T
A G T  CAC T T C  T A T  AG G  A C G  T T C  CGA A G A  C C G  A T G  T G G  A A G  T G A  C T G  G T A
Ser Val Lys H e  Ser Cys Lys Ala Ser Gly Tyr Thr Phe Thr Asp His

+ 240
G C T  A T T  CA C T G G  G CG AAG CAG AAG C C T  GAA CAG GGC C T G  GA A  TG G  A T T
CGA T A A  G TG  A C C  CG C T T C  G TC  T T C  GGA C T T  G T C  C C G  GAC C T T  A C C T A A
Ala H e  His Trp Ala Lys Gin Lys Pro Glu Gin Gly Leu Glu Trp H e

GGA T A T  .A T T T C T C C C GGA A A T G A T G A T A T T AAG T A C A A T GAG AAG T T C

C C T A T A TA A AG A GGG C C T T T A C T A C T A T A A T T C A T G T T A C T C T T C AAG

Gly Tyr H e Ser Pro Gly Asn Asp Asp H e Lys Tyr Asn Glu Lys Phe
+ 300

AAG GGC AAG GCC A C A CTG A C T GCA GAC A A A T C C T C C AGC A C T GCC TA C

T T C CCG T T C CGG T G T GAC TG A C G T C T G T T T AGG AGG T C G T G A CGG A T G

Lys Gly Lys Ala Thr Leu Thr Ala Asp Lys Ser Ser Ser Thr Ala Tyr
+ 360

A T G CAG C T C AAC AGC C T G A C A T C T GAG G A T T C T G CA G TG T A T T T C T G T

TA C G TC GAG T T G T C G GAC T G T AG A C T C C T A A G A C G T CAC A T A AAG A C A

Met Gin Leu Asn Ser Leu Thr Ser Glu Asp Ser Ala 
+ 420

Val Tyr Phe Cys

AAA AGA TC G TA C TA C GGC CAC TG G GGC CA A GGC A C C A C T C T C A C A G TC

T T T T C T AGC A T G A T G CC G G TG A C C C C G G T T CC G TG G T G A GAG T G T CAG

Lys Arg Ser Tyr Tyr 
Irv» ■V3'

Gly His Trp Gly Gin Gly Thr Thr Leu Thr Val

T C C T C A GAG T C C T A T
i O f \

GG T C C C C C A T G C C C A T C A CA C CA C CAC CAC

T T T A T A CC A GGG G G T A CG GGT A G T G TG G TG G TG G TG AGG A G T C T C AGG

Ser Ser Glu Ser Lys Tyr Gly Pro Pro_ Cys Pro Ser His His His His

CAC TG A TG A A T T CGC GCC primer R3725
GTG A C T A C T T A A GCG CGG
His * * H e Arg Ala
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4.5 Determination of antibody fragment concentration from densitometry data

The polyacrylamide gels were scanned using the gel documentation system (UVP). An 

image detected by the camera was stored on floppy disc. This was retrieved in gel 

scanning software and each track was systematically scanned relative to the background. 

Molecular weight markers were used as standards. Data was obtained in the format 

below. The first values represent the accuracy and sensitivity of the data. The noise 

level indicates fluctuations in the readings. The height and area threshold are the 

minimum levels necessary for detection, and therefore the sensitivity of the assay was 

calculated from these.

Initially a background was set, for example a track with no protein. The molecular 

weight markers were identified and labelled, as a standard for all other readings, using 

these values, the programme calculated the molecular weight of all the protein bands 

present in the track. The area given for each molecular weight was used to calculate the 

concentration of that protein. The concentration of marker protein loaded was known 

and this was used as a standard on each gel. When using Western blotting, a known 

concentration of B72.3 Fab' was used for comparison (rainbow markers used on 

nitrocellulose are of various colours and often low intensity, so were deemed unsuitable 

as standards).

The antibody fragment purity was also calculated by the area at 30kdal as a fraction of 

the sum of the areas of all the other proteins in the same track.
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Densitometry data for blotl
Noise estimated 20.6895, Peak height threshold set 41.3791, area threshold set 124.137 
identified markers (mw in daltons)
Peak 6 value 92500 
Peak 8 value 69000 
Peak 12 value 30000 
Peak 17 value 14300

marker, track number 1
Mol. Weight Peak Number Saturation Max. Height
181820.5 1. 0. 27.0 291.0
154616.8 2. 0. 31.0 338.9
127979.1 3. 0. 35.5 508.4
104509.6 4. 0. 34.8 295.5
90082.5 5. 0. 39.5 258.5
87688.7 6. 0. 39.5 181.4
79922.7 7. 0. 35.4 296.2
68265.8 8. 0. 41.7 298.9
66802.3 9. 0. 41.7 162.2
64112.6 10. 0. 39.9 283.8
59037.9 11. 0. 23.7 201.0
48783.4 12. 0. 19.9 126.4
46477.4 13. 0. 22.8 204.5
42597.6 14. 0. 21.4 179.0
39444.7 15. 0. 23.6 262.7
35223.5 16. 0. 26.4 146.8
34684.6 17. 0. 26.0 126.8
30012.0 18. 0. 41.6 759.3
20832.8 19. 0. 28.1 162.5
19374.7 20. 0. 27.5 133.6
15932.3 21. 0. 32.4 320.2
14530.3 22. 0. 39.4 580.8
11186.2 23. 0. 28.0 280.2
9444.5 24. 0. 25.7 173.9
8745.2 25. 0. 27.2 156.8
6836.9 26. 0. 33.9 483.8
6138.9 27. 0. 36.2 175.3

track number 2
Mol. Weight Peak Number Saturation Max. Height

161010.1 1. 0. 12.2 142.7
88876.4 2. 0. 20.1 168.8
57596.4 3. 0. 15.7 129.4
36013.6 4. 0. 13.6 156.4

no 30000 band detected, assay sensitivity: area> 124 (0.063/tg)
27141.2 5. 0. 15.4 129.9
11714.6 6. 0. 19.8 265.9

track number 3
Mol. Weight Peak Number Saturation Max. Height

87688.7 1. 0. 16.0 190.6
58545.0 2. 0. 19.7 357.4
45527.4 3. 0. 11.0 141.3
30322.4 4. 0. 60.3 551.9
27464.3 5. 0. 18.7 154.3

Area

Area

Area

191



13874.9 6. 0. 22.2 257.2
11535.7 7. 0. 18.2 194.7

track number 4
Mol. Weight Peak Number Saturation Max. Height

91306.5 1. 0. 15.6 155.7
49911.6 2. 0. 14.3 138.0
46720.9 3. 0. 15.9 138.3
37284.3 4. 0. 19.3 143.9
31540.6 5. 0. 144.7 1626.8
20535.9 6. 0. 16.6 153.3
18259.1 7. 0. 16.6 173.4
11896.2 8. 0. 24.1 250.2
6942.9 9. 0. 17.4 194.5

track number 5
Mol. Weight Peak Number Saturation Max. Height

50506.1 1. 0. 15.6 134.5
31540.6 2. 0. 19.8 255.5
25524.5 3. 0. 13.9 154.1
11714.6 4. 0. 18.8 250.9

track number 6
Mol. Weight Peak Number Saturation Max. Height

90082.5 1. 0. 14.5 189.4
45761.7 2. 0. 11.5 131.1
30630.6 3. 0. 38.8 367.7
20832.8 4. 0. 17.2 142.9

track number 7
Mol. Weight Peak Number Saturation Max. Height

32428.4 1. 0. 140.8 1796.0
15216.1 2. 0. 15.6 132.1
13249.0 3. 0. 21.0 164.9

track number 8
Mol. Weight Peak Number Saturation Max. Height

33576.7 1. 0. 103.8 835.1
12651.4 2. 0. 18.8 172.2

track number 9
Mol. Weight Peak Number Saturation Max. Height

95081.9 1. 0. 16.4 143.4
34684.6 2. 0. 100.1 690.1
13249.0 3. 0. 25.2 271.4

track number 10
Mol. Weight Peak Number Saturation Max. Height

30322.4 1. 0. 132.1 1877.2
17454.5 2. 0. 15.9 133.8
13874.9 3. 0. 22.5 125.4
13249.0 4. 0. 23.3 219.1

Area

Area

Area

Area

Area

Area

Area

An area of 1877= 1/xg, 1 unit area=5.33xlO“̂ /ig
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track number 11 
Mol. Weight Peak Number Saturation Max. Height

176974.9 1. 0. 16.3 137.4
136920.0 2. 0. 16.6 183.9
70624.4 3. 0. 16.4 144.0
52095.9 4. 0. 16.1 145.1
46720.9 5. 0. 15.4 152.5
44155.9 6. 0. 17.7 129.5
41932.6 7. 0. 17.3 179.9
34684.6 8. 0. 15.3 134.8
30322.4 9. 0. 107.1 1018.3
28429.5 10. 0. 100.3 760.2
21738.1 11. 0. 19.2 172.4
18533.5 12. 0. 16.3 132.9
16426.6 13. 0. 16.5 138.0
13249.0 14. 0. 19.6 249.3

Area

An area of 1018.3=0.5ptg, 1 unit area=4.91x10^/ig 

Average of track 10 and 11: 1 unit area=5.12xl0*^/ig

Table 3.2 was calculated using the above densitometry data. For example, track 3, 

loaded with ScPv(his) 2  supernatant, contained a 30.3kdal protein covering an area of 

551.9 units. Since 1 unit area is equal to 5 .12xl0-4/xg, 0.28/ig of antibody fragment was 

present in this band. The loading and dilution factors were such that a sample equivalent 

to 0.3ml of supernatant was loaded. Thus the concentration of the antibody in the 

supernatant was 0.9/xgml'^
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:OOMASSIE PLUS PROTEIN ASSAY STANDARD CURVES

4.6.1 Equations describing the polynomial curves relating absorbance to protein 

concentration (0-2.5/igm ‘)

Polynomial Regression on data, pH4 
y = AO + A1 X +  A2 x ' 2 4- A3 x" 3 + ...

Parameter Value SD

AO 0.087846645 0.07254 R =0.99817
A1 29.300857 7.76177 R" 2 =0.99635
A2 210.41210 124,38527 SD =0.08317

Polynomial Regression on data ,pH6 
y = AO -1- A1 X +  A2 x" 2 +  A3 x" 3 + .. .

Parameter Value SD

AO 0.011701419 0.08469 R =0.9981
A1 15.167411 4.17417 R" 2=0.9962
A2 70.864497 34.5023 SD =0.08481

Polynomial Regression on data, pH7 
y = AO + A1 X +  A2 X* 2 +  A3 x" 3 + .. .

Parameter Value SD

AO -0.0063888881 0.01886 I
A1 18.891964 1.08911 R" 2
A2 75.197006 10.17556 SD =

Polynomial Regression on data, pH8 
y = AO + A1 X +  A2 x 2 4- A3 x 3 + ...

Parameter Value SD

AO 0.010730959 0.04383 R =0.99957
A1 12.923047 1.94213 R" 2=0.99914
A2 55.667391 13.94816 SD =0.04034
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Figure 4.1

Standard curves for total protein assay at low concentrations (0-2.5p.gmI’ )
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4.6.2 Equations describing the polynomial curves relating absorbance to protein 

concentration (2.5-20/^gm ‘)

Polynomial Regression on data, pH4 
y = AO + A1 X + A2 2 + A3 x  ̂ 3

Parameter Value SD

AO 0.064824419 0.05617 R =0.99993
A1 38.358378 0.95954 R" 2=0.99986
A2 9.5296695 2.17998 SD =0.10818

Polynomial Regression on data, pH6 
y =  AO +  A1 X + A2 x" 2 +  A3 X* 3 + .. .

Parameter Value SD

AO -0.51775612 0.31932 R =0.99777
A1 33.144184 3.38843 R" 2=0.99555
A2 1.9596637 5.71959 SD =0.56407

Polynomial Regression on data, pH7
y = AO +  A1 X + A2 x" 2 -1- A3 x" 3 + .. .

Parameter Value SD

AO -0.14735169 0.10687 R =0.99976
A1 27.360194 1.42006 R" 2=0.99952
A2 23.643753 2.84892 SD =0.18529

Polynomial Regression on data, pH8 
y =  AO +  A1 X + A2 x" 2 +  A3 x" 3 + .. .

Parameter Value SD

AO 0.069507131 0.11072 R =0.99977
A1 12.102089 1.36936 R" 2=0.99954
A2 50.850953 2.68436 SD =0.18061
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Figure 4.2 S tandard  curves for total protein assay (2.5-20pgmr*)
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4.7 DENSITOMETRY DATA

4.7.1 Densitometry data for gel 1

Noise level estimated as 1.79283, Peak height threshold set to 3.58566, Peak area threshold set to 10.757 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
132.7 1. 0. 6.7 25.0
93.7 2. 0. 6.9 70.8
88.2 3. 0. 6.1 23.7
76.7 4. 0. 56.7 589.2
66.1 5. 0. 56.5 657.4
56.9 6. 0. 9.0 42.2
53.7 7. 0. 7.9 48.7
50.8 8. 0. 6.1 12.0
42.9 9. 0. 49.9 801.7
35.8 10. 0, 5.8 50.1
34.8 11. 0. 4.9 24.0
33.1 12. 0. 4.4 40.0
30.0 13. 0. 60.4 650.2

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

117.8 1. 0. 9.1 83.8
91.8 2. 0. 16.9 218.1
83.9 3. 0. 21.5 235.3
70.8 4. 0. 22.2 199.8
66.1 5. 0. 15.6 61.7
64.8 6. 0. 15.7 31.3
56.4 7. 0. 40.9 644.8
49.4 8. 0. 25.0 206.4
43.2 9. 0. 41.2 594.2
38.5 10. 0. 48.7 745.0
35.4 11. 0. 19.7 77.8
34.8 12. 0. 19.4 106.0
32.4 13. 0. 28.2 368.1
31.6 14. 0. 24.6 129.8
29.4 15. 0. 43.8 669.7
28.4 16. 0. 24.1 94.9
28.0 17. 0. 23.3 308.2
25.4 18. 0. 16.7 167.5
24.1 19. 0. 12.9 97.8
23.3 20. 0. 16.4 149.3
22.4 21. 0. 15.2 82.2

track number 3
. Mol. Weight Peak Number Saturation Max. Height Area

132.7 1. 0. 6.7 18.4
116.6 2. 0. 15.1 182.0
90.0 3. 0. 27.4 416.3
82.3 4. 0. 38.6 425.8
70.1 5. 0. 36.7 407.8
64.8 6. 0. 27.5 160.1
54.8 7. 0. 54.8 906.3
48.1 8. 0. 38.8 355.1
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42.6 9. 0. 55.2 803.6
37.8 10. 0. 59.6 1213.5
34.8 11. 0. 33.2 243.2
31.5 12. 0. 42.9 855.3
30.2 13. 0. 38.0 224.3
29.3 14. 0. 43.6 450.9
28.5 15. 0. 40.4 236.8
27.8 16. 0. 39.0 342.5
27.0 17. 0. 37.1 294.4
25.4 18. 0. 33.5 323.1
24.5 19. 0. 28.6 272.5
23.4 20. 0. 35.7 392.4
22.4 21. 0. 34.9 222.4

level estimated as 2.12505, Peak height threshold set to 4.2501, Peak area threshold set to 12.7503
number 4
Mol. Weight Peak Number Saturation Max. Height Area

20.3 1. 0. 3.0 13.0

level estimated as 1.62735, Peak height threshold set to 3.2547, Peak area threshold set to 9.7641
number 5
Mol. Weight Peak Number Saturation Max. Height Area

93.7 1. 0. 3.0 18.6
86.5 2. 0. 2.8 12.8
30.1 3. 0. 3.1 15.9
29.6 4. 0. 2.7 10.6
21.1 5. 0. 3.1 13.9

L number 6
Mol. Weight Peak Number Saturation Max., Height Area

131.4 1. 0. 4.4 20.0
125.0 2. 0. 3.9 21.0
109.8 3. 0. 4.3 42.9
101.4 4. 0. 3.6 18.2
94.6 5. 0. 3.6 31.7
85.6 6. 0. 3.2 15.4
57.5 7. 0. 2.8 12.9
54.8 8. 0. 4.3 30.3
50.8 9. 0. 5.1 39.4
46.9 10. 0. 2.3 9.8
40.8 11. 0. 3.5 26.1
29.2 12. 0. 88.5 1488.1
26.3 13. 0. 5.1 49.9
25.5 14. 0. 4.5 28.8
24.6 15. 0. 4.8 35.5
23.7 16. 0. 5.5 35.5
23.3 17. 0. 6.4 40.8
22.5 18. 0. 5.9 27.1
21.1 19. 0. 5.5 36.1
20.6 20. 0. 3.5 16.2
19.8 21. 0. 3.3 21.6
18.9 22. 0. 3.6 28.5
18.5 23. 0. 4.6 20.9
18.1 24. 0. 4.8 23.4
17.3 25. 0. 3.5 20.4
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Mol. Weight Peak Number Saturation Max. Height Area
130.1 1. 0. 4.8 25.7
121.4 2. 0. 2.8 15.8
108.8 3. 0. 4.3 46.6
95.5 4. 0. 3.8 30.1
90.0 5. 0. 4.6 39.5
79.8 6. 0. 3.3 21.3
69.4 7. 0. 3.2 14.5
66.7 8. 0. 3.4 17.1
62.8 9. 0. 3.0 13.8
58.1 10. 0. 4.9 33.8
55.3 11. 0. 3.8 11.1
54.2 12. 0. 3.9 14.7
49.9 13. 0. 3.5 22.4
45.3 14. 0. 3.1 21.7
43.2 15. 0. 3.8 17.5
41.9 16. 0. 3.9 14.8
40.8 17. 0. 5.0 31.7
34.6 18. 0. 2.7 13.3
30.0 19. 0. 29.0 306.2
28.3 20. 0. 3.8 15.6
26.3 21. 0. 3.5 32.6
24.5 22. 0. 2.5 20.8
23.7 23. 0. 3.6 21.4
23.3 24. 0. 5.3 37.4
22.5 25. 0. 6.2 22.1
21.1 26. 0. 5.4 52.8
20.5 27. 0. 4.6 34.1
19.8 28. 0. 4.1 27.3
19.3 29. 0. 4.0 24.6
18.5 30. 0. 5.0 33.0
18.1 31. 0. 5.6 35.5
17.3 32. 0. 3.7 19.6
17.0 33. 0. 2.8 11.7

Noise level estimated as 1.72012, Peak height threshold set to 3.44023, 
track number 8

Peak area threshold set to 10.3207

Mol. Weight Peak Number Saturation Max. Height Area
127.6 1. 0. 5.1 33.6
122.6 2. 0. 4.9 28.4
107.7 3. 0. 5.2 47.1
99.4 4. 0. 4.8 26.3
93.7 5. 0. 5.8 38.9
88.2 6. 0. 3.9 17.1
58.6 7. 0. 5.3 63.8
53.2 8. 0. 5.3 27.1
42.6 9. 0. 3.8 18.8
39.7 10. 0. 6.6 52.4
38.3 11. 0. 4.2 27.4
36.2 12. 0. 3.9 24.2
35.3 13. 0. 3.8 19.7
34.1 14. 0. 3.7 16.5
33.4 15. 0, 4.6 20.8
32.7 16. 0. 4.4 22.0
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29.8 17. 0. 22.2 266.3
28.0 18. 0. 4.1 21.2
27.3 19. 0. 3.9 28.7
26.3 20. 0. 5.7 29.5
26.1 21. 0. 5.8 11.6
25.8 22. 0. 6.1 34.3
24.9 23. 0. 6.8 36.4
24.6 24. 0. 5.6 11.0
24.4 25. 0. 5.4 10.8
24.2 26. 0. 5.3 10.3
23.3 27. 0. 9.2 93.3
22.5 28. 0. 8.5 46.0
21.7 29. 0. 6.1 30.8
21.2 30. 0. 5.9 33.4
20.9 31. 0. 5.6 10.8
20.3 32. 0. 6.8 64.2
19.4 33. 0. 6.6 56.6
19.1 34. 0. 6.4 32.3
18.4 35. 0. 5.3 28.6
18.0 36. 0. 7.3 54.0
17.2 37. 0. 7.9 69.5
16.9 38. 0. 6.8 19.9
16.6 39. 0. 7.1 60.7

track number 9
Mol. Weight Peak Number Saturation Max. Height Area

131.4 1. 0. 8.4 16.5
126.3 2. 0. 8.4 71.8
108.8 3. 0. 7.2 82.4
100.4 4. 0. 5.7 28.1
94.6 5. 0. 7.1 52.2
88.2 6. 0. 6.9 41.7
83.1 7. 0. 4.8 22.0
77.5 8. 0. 4.6 31.0
74.5 9. 0. 4.3 19.7
69.4 10. 0. 4.5 35.5
61.6 11. 0. 5.9 38.6
58.6 12. 0. 6.0 23.1
57.5 13. 0. 5.9 21.3
53.2 14. 0. 5.4 46.9
40.5 15. 0. 3.5 15.1
39.0 16. 0. 4.5 20.0
38.0 17. 0. 4.9 29.4
36.2 18. 0. 4.0 23.5
35.3 19. 0. 3.6 18.6
32.8 20. 0. 5.6 45.4
31.9 21. 0. 5.5 35.5
30.0 22. 0. 7.9 85.9
29.3 23. 0. 5.4 10.4
29.1 24. 0. 5.3 10.4
28.8 25. 0. 5.4 19.8
28.0 26. 0. 6.3 43.2
27.3 27. 0. 5.8 42.4
26.2 28. 0. 6.6 69.7
25.4 29. 0. 5.8 16.7
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24.9 30. 0. 6.8 37.3
23.8 31. 0. 8.6 81.2
23.5 32. 0. 9.0 26.6
23.3 33. 0. 9.1 18.0
23.1 34. 0. 8.9 17.8
22.6 35. 0. 13.2 80.6
21.8 36. 0. 10.4 61.3
20.9 37. 0. 10.7 79.6
20.8 38. 0. 10.7 75.4
20.1 39. 0. 8.6 41.1
19.6 40. 0. 8.9 51.4
19.2 41. 0. 8.4 33.6
19.0 42. 0. 8.4 38.3
18.4 43. 0. 8.7 56.2
18.0 44. 0. 9.3 52.7
17.6 45. 0. 9.4 62.0
16.9 46. 0. 11.3 83.5
16.4 47. 0. 12.6 166.2
15.8 48. 0. 7.4 49.6

Noise level estimated as 2.15303, Peak height threshold set to 4.30606, Peak area threshold set to 12.9182 
track number 10::no peaks 
track number ll:n o  peaks

4.7.2 Densitometry data for gel 2

Noise level estimated as 2.84968, Peak height threshold set to 5.69936, Peak area threshold set to 17.0981 
marker track number 1

Mol. Weight Peak Number Saturation Max. Height Area
128.9 1. 0. 19.4 81.2
113.9 2. 0. 15.2 103.0
111.1 3. 0. 15.4 30.5
108.4 4. 0. 15.2 57.3
99.3 5. 0. 18.2 121.9
76.5 6. 1. 173.9 1876.9
65.9 7. 1. 174.9 2029.4
54.6 8. 0. 42.6 283.2
42.8 9. 0. 153.6 3087.6
34.7 10. 0. 29.5 507.5
31.8 11. 0. 24.4 158.8
29.9 12. 1. 184.3 2657.2
26.5 13. 0. 10.7 42.1
25.7 14. 0. 13.1 72.9
25.5 15. 0. 13.1 81.9
24.3 16. 0. 9.2 102.1
22.9 17. 0. 8.0 73.8
21.2 18. 0. 42.8 405.1

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

128.9 1. 0. 28.1 81.0
116.7 2. 0. 49.8 516.3
91.1 3. 0. 97.2 986.6
82.4 4. 0. 122.3 1061.7
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70.1 5. 0. 138.3 1462.9
58.1 6. 0. 146.7 1772.2
49.1 7. 0. 147.8 1507.8
45.4 8. 0. 141.8 681.9
42.4 9. 0. 164.4 1829.4
38.1 10. 0. 142.8 923.3
37.3 11. 0. 141.7 917.9
34.1 12. 0. 141.3 1355.8
32.6 13. 0. 123.3 1021.6
31.7 14. 0. 120.3 1006.6
30.2 15. 0. 103.5 568.8
29.4 16. 0. 156.8 1440.1
28.6 17. 0. 111.3 644.6
27.8 18. 0. 103.6 666.0
26.8 19. 0. 102.3 753.1
25.8 20. 0. 106.9 1098.8
23.6 21. 0. 85.7 1268.6
22.5 22. 0. 71.8 634.9
21.3 23. 0. 120.5 1226.7
20.4 24. 0. 102.0 1223.4
19.1 25. 0. 173.4 1424.9

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

128.9 1. 0. 14.1 27.6
115.3 2. 0. 43.7 445.3
88.8 3. 0. 92.6 892.3
80.4 4. 0. 121.2 1108.1
68.4 5. 0. 136.5 1417.5
56.7 6. 0. 143.4 1719.3
48.0 7. 0. 146.9 1480.6
44.5 8. 0. 138.9 794.1
41.6 9. 0. 164.2 1802.4
37.3 10. 0. 142.8 924.6
36.6 11. 0. 140.6 893.2
33.6 12. 0. 142.3 1353.4
32.4 13. 0. 120.4 891.2
31.4 14. 0. 120.6 1095.3
29.8 15. 0. 99.4 546.8
29.0 16. 0. 157.2 1418.8
28.2 17. 0. 112.1 650.6
27.5 18. 0. 105.4 670.1
26.6 19. 0. 105.4 751.6
25.6 20. 0. 110.1 1130.6
23.3 21. 0. 81.0 1178.5
22.3 22. 0. 66.8 510.8
21.1 23. 0. 94.5 998.1
20.2 24. 0. 96.1 1064.9
18.9 25. 0. 123.0 1183.9

track number 4
Mol. Weight Peak Number Saturation Max. Height Area

115.3 1. 0. 16.1 74.8
109.7 2. 0. 9.0 33.2
89.9 3. 0. 54.3 460.8
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81.4 4. 0. 77.9 612.5
69.3 5. 0. 91.0 906.1
56.7 6. 0. 101.9 1088.6
49.1 7. 0. 100.1 996.6
45.0 8. 0. 94.2 443.4
42.0 9. 0. 123.3 1280.0
37.6 10. 0. 97.0 610.3
36.8 11. 0. 96.0 571.2
33.8 12. 0. 98.9 863.1
32.4 13. 0. 74.9 592.7
31.4 14. 0. 77.8 700.9
29.8 15. 0. 60.1 276.2
29.1 16. 0. 116.0 942.3
28.2 17. 0. 68.4 456.0
27.5 18. 0. 64.6 378.1
26.5 19. 0. 67.3 405.9
25.6 20. 0. 71.7 588.2
23.1 21. 0. 48.8 635.5
22.2 22. 0. 36.3 263.8
21.1 23. 0. 59.1 563.0
20.2 24. 0. 57.7 606.1
19.5 25. 0. 41.7 410.1

Noise level estimated as 3.61906, Peak height threshold set to 7.2381, Peak area threshold set to 21.7143
track number 5

Mol. Weight Peak Number Saturation Max. Height Area
61.1 1. 0. 11.6 105.3
58.1 2. 0. 12.0 68.4
54.0 3. 0. 11.5 45.3
51.4 4. 0. 12.9 89.4
42.8 5. 0. 14.3 219.4
39.9 6. 0. 11.1 22.3
39.0 7. 0. 11.4 80.9
36.8 8. 0. 8.7 42.1
35.4 9. 0. 8.4 40.6
34.3 10. 0. 10.5 86.4
33.3 11. 0. 9.1 32.9
32.6 12. 0. 7.7 22.2
31.7 13. 0. 8.9 70.7
30.9 14. 0. 7.8 37.2
30.3 15. 0. 7.8 22.8
30.1 16. 0. 7.8 28.3
29.2 17. 0. 7.5 65.5

track number 6: no peaks
track number 7: no peaks
track number 8: no peaks

Noise level estimated as 2.48523, Peak height threshold set to 4.97046, Peak area threshold set to 14.9114
track number 9

Mol. Weight Peak Number Saturation Max. Height Area
36.1 1. 0. 6.5 61.0
34.3 2. 0. 10.0 77.9
32.8 3. 0. 19.2 234.7
30.8 4. 0. 10.6 71.1
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29.7 5. 0. 17.3 120.0
28.7 6. 0. 6.2 21.7
28.1 7. 0. 5.2 27.6
25.8 8. 0. 8.6 89.2
24.1 9. 0. 5.5 38.6
23.9 10. 0. 5.7 28.1
23.5 11. 0. 5.6 19.8
22.1 12. 0. 14.1 145.8
21.4 13. 0. 5.4 27.6
19.5 14. 0. 16.1 171.6

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

22.1 1. 0. 5.2 36.1

track number 11: nc» peaks

4.7.3 Densitometry data for gel 3

Noise level estimated as 2.24582, Peak height threshold set to 4.49164, Peak area threshold set to 13.4749
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
118.7 1. 0. 32.5 161.3
103.5 2. 0. 35.2 306.8
75.7 3. 0. 193.1 2449.1
65.2 4. 0. 190.0 2240.6
52.2 5. 0. 60.2 412.6
42.4 6. 0. 164.4 3491.1
34.9 7. 0. 46.7 231.4
33.6 8. 0. 51.0 855.2
29.9 9. 1. 210.0 3407.0
29.6 10. 0. 38.6 244.4
29.4 11. 0. 32.1 158.8
29.1 12. 0. 37.5 536.4
27.8 13. 0. 31.2 211.7
26.1 14. 0. 31.5 274.4
24.5 15. 0. 34.2 200.4
17.1 16. 1. 206.8 2679.1
12.2 17. 1. 202.7 2039.5

Noise level estimated as 4.05257, Peak height threshold set to 8.10514, Peak area threshold set to 24.3154
track number 2

Mol. Weight Peak Number Saturation Max. Height Area
65.2 1. 0. 13.3 158.1
61.7 2. 0. 15.0 72.1
54.2 3. 0. 18.9 206.6
49.1 4. 0. 13.7 67.1
45.2 5. 0. 16.2 92.2
44.3 6. 0. 16.3 62.9
42.0 7. 0. 16.1 77.9
39.3 8. 0. 16.2 107.2
37.0 9. 0. 16.9 108.2
35.4 10. 0. 16.8 140.3
33.4 11. 0. 17.0 96.9
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32.7 12. 0. 16.0 101.2
29.9 13. 0. 14.7 140.8
29.7 14. 0. 17.8 166.1
29.6 15. 0. 19.8 330.6
29.0 16. 0. 16.2 276.7
27.2 17. 0. 9.7 36.4
26.5 18. 0. 8.8 49.1
24.0 19. 0. 8.4 32.9
22.2 20. 0. 9.6 81.2
19.3 21. 0. 11.0 122.4
14.9 22. 0. 9.1 69.9

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

32.5 1. 0. 10.4 143.4
29.7 2. 0. 14.5 214.9
29.6 3. 0. 10.6 39.9
29.6 4. 0. 9.9 110.3
28.5 5. 0. 8.7 147.4
17.5 6. 0. 11.6 89.8
14.2 7. 0. 8.3 35.6
12.5 8. 0. 11.5 69.6
10.8 9. 0. 17.6 56.3

track number 4
Mol. Weight Peak Number Saturation Max. Height Area

14.5 1. 0. 8.6 55.4
10.8 2. 0. 18.6 100.1

track number 6: no peaks
track number 7: no peaks
track number 8: no peaks
track number 9: no peaks
track number 10: no peaks

4.7.4 Densitometry data for gel 4

Noise level estimated as 4.67447, Peak height threshold set to 9.34894, Peak area thre
marker, track number 1

Mol. Weight Peak Numbélaturation Max. Height Area
111.1 1. 0. 13.3 60.1
76.7 2. 0. 138.3 2043.
66.0 3. 0. 132.0 1551.
42.8 4. 0. 122.1 2675.
35.3 5. 0. 17.8 52.5
34.3 6. 0. 19.1 91.9
33.5 7. 0. 18.3 85.1
32.8 8. 0. 16.1 78.2
30.0 9. 1. 164.7 2186
17.1 10. 1. 163.9 1900
12.2 11. 0. 147.7 1428
9.8 12. 0. 40.4 237.^
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track number 2
Mol. Weight

9.2
Peak Number 

1.

Saturation
0.

Max. Height
18.4

Area
102.2

track number 3
Mol. Weight Peak Number

9.0 1.
track number 4: no peaks 

track number 5: no peaks 
track number 6: no peaks 
track number 7: no peaks 
track number 8: (supernatant)

Saturation
0 .

Max. Height
14.6

Area
61.3

Mol. Weight Peak Number Saturation Max. Height Area
103.2 1. 0. 41.3 341.1
99.4 2. 0. 34.7 146.7
86.5 3. 0. 92.2 941.0
80.3 4. 0. 114.8 1048.2
71.8 5. 0. 117.7 1356.1
57.4 6. 0. 137.0 1792.9
49.3 7. 0. 147.2 1552.2
44.9 8. 0. 146.7 720.8
41.8 9. 1. 156.3 2009.8
36.5 10. 0. 137.7 807.6
35.6 11. 0. 136.8 955.9
32.4 12. 0. 139.8 1522.6
31.0 13. 0. 128.9 1074.6
30.5 14. 0. 121.2 1099.7
29.9 15. 0. 115.2 654,0
29.7 16. 0. 149.5 1560.9
29.6 17. 0. 116.5 570.6
29.5 18. 0. 111.4 715.4
29.2 19. 0. 98.1 776.9
28.7 20. 0. 103.1 1026.3
25.6 21. 0. 80.7 1174.2
22.7 22. 0. 69.3 643.9
18.4 23. 0. 91.1 967.3
15.0 24. 0. 105.2 1083.7
11.3 25. 0. 110.8 1068.8
9.6 26. 1. 179.7 1441.8

track number 9
Moi. Weight Peak Number Saturation Max. Height Area

104.2 1. 0. 28.0 173.5
99.4 2. 0. 21.5 94.8
87.3 3. 0. 73.8 690.7
81.1 4. 0. 97.9 922.2
71.8 5. 0. 103.8 1084.0
59.7 6. 0. 117.1 1505.7
50.7 7. 0. 121.3 1252.3
44.9 8. 0. 119.9 702.1
41.8 9. 0. 137.3 1537.3
36.5 10. 0. 118.5 1648.7
32.4 11. 0. 117.9 1148.8
31.1 12. 0. 96.6 825.7
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30.5 13. 0. 97.1 855.9
29.9 14. 0. 90.8 509.3
29.7 15. 0. 129.2 1179.7
29.6 16. 0. 90.7 529.2
29.4 17. 0. 86.2 632.7
29.2 18. 0. 78.7 548.2
28.5 19. 0. 86.6 842.7
25.4 20. 0. 69.1 1016.1
21.9 21. 0. 58.6 529.3
18.1 22. 0. 73.4 799.5
14.7 23. 0. 86.1 997.1
11.6 24. 0. 73.4 424.9
9.2 25. 1. 173.8 1436.3

track number 10
Mol. Weight Peak NumbMax.Sinig^on Area

55.8 1. 0. 15.4 133.4
49.3 2. 0. 14.0 118.6
41.8 3. 0. 14.4 128.1
8.8 4. 0. 19.6 129.8

track number 11
Mol. Weight Peak Number Saturation Max. Height Area

9.0 1. 0. 16.9 75.7

track number 12: no peaks

4.7.5 Densitometry data for gel 5

Noise level estimated as 4.20348, Peak height threshold set to 8.40696, Peak area threshold set to 25.2209
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
120.2 1. 0. 14.3 94.8
76.6 2. 0. 113.5 1542.5
65.9 3. 0. 115.1 1368.8
55.3 4. 0. 29.4 58.6
42.7 5. 0. 98.7 2106.9
34.3 6. 0. 22.9 340.6
32.0 7. 0. 19.5 110.7
31.7 8. 0. 19.6 39.0
29.9 9. 1. 149.6 1788.6
26.1 10. 0. 10.4 96.4
24.7 11. 0. 10.9 85.8
24.0 12. 0. 8.9 48.7
17.1 13. 0. 120.9 943.3

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

107.6 1. 0. 20.4 120.9
103.4 2. 0. 16.7 80.9
89.9 3. 0. 48.9 471.6
83.8 4. 0. 60.5 429.8
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73.6 5. 0. 63.1 661.9
59.3 6. 0. 96.9 965.1
51.5 7. 0. 71.3 605.1
43.8 8. 0. 112.3 958.6
40.9 9. 0. 100.3 542.1
37.7 10. 0. 122.1 1326.0
33.9 11. 0. 75.7 660.9
32.4 12. 0. 74.4 580.2
31.7 13. 0. 62.0 475.2
29.7 14. 0. 118.5 1275.0
28.4 15. 0. 53.1 261.1
27.7 16. 0. 54.8 394.8
26.6 17. 0. 52.0 390.0
24.8 18. 0. 58.6 590.6
21.4 19. 0. 36.0 567.9
19.0 20. 0. 34.9 306.2
17.6 21. 0. 52.3 560.3

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

107.6 1. 0. 24.4 113.3
103.4 2. 0. 18.6 92.1
89.0 3. 0. 58.4 567.5
83.0 4. 0. 68.0 464.7
72.8 5. 0. 63.6 661.2
58.5 6. 0. 99.6 996.3
50.0 7. 0. 78.7 702.6
42.7 8. 0. 115.0 1017.2
40.1 9. 0. 97.3 444.6
36.8 10. 0. 134.6 1572.6
33.6 11. 0. 76.1 618.8
32.1 12. 0. 72.2 548.9
31.6 13. 0. 59.3 445.5
29.6 14. 0. 88.7 961.5
28.5 15. 0. 48.5 237.5
27.7 16. 0. 49.6 355.5
26.5 17. 0. 47.7 325.9
24.8 18. 0. 56.3 491.1
21.5 19. 0. 34.6 493.5
18.8 20. 0. 32.4 289.0
17.4 21. 0. 59.4 605.5

Noise level estimated as 5.01387, Peak height threshold set to 10.0277, Peak area threshold set to 30.0832
track number 4

Mol. Weight Peak Number Saturation Max. Height Area
69.0 1. 0. 10.0 81.5
61.0 2. 0. 10.0 55.0
54.5 3. 0. 10.6 74.6
45.5 4. 0. 8.6 53.6
42.7 5. 0. 7.6 33.9
40.1 6. 0. 8.9 60.8
35.3 7. 0. 8.7 45.3
33.9 8. 0. 8.5 55.3
32.7 9. 0. 10.0 56.3
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32.4 10. 0. 9.9 54.1
31.1 11. 0. 8.9 34.4
30.2 12. 0. 29.6 192.0
29.2 13. 0. 5.9 30.8
24.1 14. 0. 5.8 46.9
22.9 15. 0. 5.8 30.7
20.8 16. 0. 9.0 65.4
20.2 17. 0. 7.8 51.8
18.9 18. 0. 6.9 42.6
17.5 19. 0. 8.8 61.4

Noise level estimated as 2.86025, Peak height threshold set to 5.72051, Peak area thre 
track number 5

Mol. Weight Peak Number Saturation Max. Height Area
108.7 1. 0. 5.8 36.4
101.4 2. 0. 7.1 53.3
75.1 3. 0. 7.8 51.8
69.8 4. 0. 10.3 65.8
64.3 5. 0. 7.6 49.5
57.7 6. 0. 6.8 49.2
46.1 7. 0. 6.3 23.0
43.8 8. 0. 6.7 50.3
39.0 9. 0. 6.0 40.8
30.3 10. 0. 11.7 74.2
26.6 11. 0. 5.8 39.5
24.3 12. 0. 7.0 40.9
23.0 13. 0. 7.0 71.4
21.9 14. 0. 7.5 49.7
20.4 15. 0. 8.4 58.9
19.4 16. 0. 8.6 55.8
18.9 17. 0. 10.3 57.7
18.3 18. 0. 10.4 30.8
17.8 19. 0. 11.1 69.1

Noise level estimated as 2.78533, Peak height threshold set to 5.57065, Peak area threshold set to 16.712
track number 6

Mol. Weight Peak Number Saturation Max. Height Area
72.8 1. 0. 13.5 82.1
65.9 2. 0. 5.9 22.4
57.7 3. 0. 10.4 89.7
52.9 4. 0. 6.0 22.8
50.0 5. 0. 6.0 17.5
48.0 6. 0. 6.1 18.0
42.7 7. 0. 38.3 250.1
39.7 8. 0. 11.3 77.8
36.8 9. 0. 6.5 48.9
34.3 10. 0. 8.3 57.8
33.1 11. 0. 8.8 48.4
32.3 12. 0. 9.9 45.6
31.7 13. 0. 11.8 63.1
30.2 14. 0. 111.8 702.2
28.8 15. 0. 29.5 275.3
27.2 16. 0. 7.8 29.6
26.9 17. 0. 7.5 34.3
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26.2 18. 0. 6.4 21.5
23.8 19. 0. 5.6 48.8
20.8 20. 0. 5.9 65.9
17.6 21. 0. 8.1 60.7

track number 7
Mol. Weight Peak Number Saturation Max. Height Area

33.1 1. 0. 3.8 26.9
32.4 2. 0. 4.1 17.1
31.7 3. 0. 4.6 19.4
30.4 4. 1. 29.1 165.2
28.9 5. 0. 4.0 34.3
23.8 6. 0. 3.3 21.9
21.0 7. 0. 4.6 23.2
16.4 8. 0. 5.9 18.9

Noise level estimated as 5.7171, Peak height threshold set to 11.4342, Peak area threshold set to 34.3026
track number 8

Mol. Weight Peak Number Saturation Max. Height Area
30.3 1. 0. 6.0 44.9

track number 9: no peaks
track number 10:: no peaks

4.7.6 Densitometry data for gel 6

Noise level estimated as 3.1279, Peak height threshold set to 6.2558, Peak area threshold set to 18.7674
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
121.4 1. 0. 22.1 177.1
116.9 2. 0. 20.0 76.0
107.2 3. 0. 20.0 151.7
75.2 4. 0. 167.7 3351.3
62.4 5. 0. 159.7 2280.3
40.6 6. 0. 153.2 4184.8
34.6 7. 0. 33.2 538.9
32.6 8. 0. 22.8 111.3
31.8 9. 0. 24.9 191.4
29.8 10. 1. 192.1 2835.6
26.9 11. 0. 21.8 227.7
24.4 12. 0. 18.4 175.9
23.4 13. 0. 15.0 117.0
22.5 14. 0. 11.3 84.9
20.2 15. 0. 10.4 76.8
19.2 16. 0. 11.4 63.8
17.5 17. 0. 43.7 376.0

Noise level estimated as 5.08464, Peak height threshold set to 10.1693, Peak area threshold set to 30.5078
track number 2

Mol. Weight Peak Number Saturation Max. Height Area
108.3 1. 0. 91.9 1346.0
88.5 2. 0. 130.8 1508.9
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82.0 3. 0. 161.5 1714.3
71.0 4. 1. 176.4 2427.0
58.9 5. 0. 167.9 2081.3
49.8 6. 1. 174.5 2730.9
40.9 7. 1. 186.6 3141.2
36.6 8. 1. 187.6 2911.8
34.1 9. 0. 161.3 1299.4
32.8 10. 0. 161.6 1701.6
31.5 11. 0. 135.6 1490.3
29.5 12. 1. 176.7 3347.2
27.6 13. 0. 123.2 999.3
26.0 14. 0. 127.4 1031.7
24.6 15. 0. 127.2 1392.2
22.6 16. 0. 42.3 168.7
22.2 17. 0. 42.4 84.4
20.1 18. 0. 95.3 1522.6
18.6 19. 0. 76.2 670.9
17.6 20. 0. 58.8 354.6

Noise level estimated as 5.16113, Peak height threshold set to 10.3223, Peak area thresl
track number 3

Mol. Weight Peak Number Saturation Max. Height Area
107.2 1. 0. 11.3 81.2
99.3 2. 0. 13.0 89.3
92.0 3. 0. 12.6 84.1
86.0 4. 0. 14.3 106.7
78.9 5. 0. 14.6 68.8
76.7 6. 0. 14.7 83.5
67.4 7. 0. 20.4 157.9
63.9 8. 0. 21.8 161.4
58.2 9. 0. 18.6 127.5
53.5 10. 0. 18.8 92.3
51.0 11. 0. 18.8 55.8
48.7 12. 0. 19.6 77.8
47.0 13. 0. 20.2 78.8
43.7 14. 0. 22.3 169.5
41.7 15. 0. 23.9 188.0
39.1 16. 0. 18.0 69.1
38.0 17. 0. 16.4 108.2
36.0 18. 0. 12.6 50.0
34.6 19. 0. 14.6 146.9
32.9 20. 0. 16.3 200.5
31.7 21. 0. 14.4 69.2
30.8 22. 0. 13.5 65.9
30.3 23. 0. 14.5 150.7
28.9 24. 0. 11.5 54.1
27.8 25. 0. 14.5 145.9
26.2 26. 0. 10.5 81.3

Noise level estimated as 2.95546, Peak height threshold set to 5.91093 , Peak area thres
track number 4

Mol. Weight Peak Number Saturation Max. Height Area
97.4 1. 0. 6.2 34.4
90.3 2. 0. 6.9 46.2
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8&9 3. 0. 6.5 28.9
74.5 4. 0. 6.4 33.9
68 8 5. 0. 10.0 47.7
63.9 6. 0. 11.1 107.4
56.1 7. 0. 9.4 75.0
51.6 8. 0. 9.1 42.1
50.4 9. 0. 8.8 34.1
47.6 10. 0. 8.4 25.0
45.5 11. 0. 9.0 42.7
41.7 12. 0. 10.2 110.9
38.5 13. 0. 9.3 75.2
36.4 14. 0. 8.7 46.8
34.6 15. 0. 10.0 102.8
33.4 16. 0. 8.3 78.9
31.2 17. 0. 6.6 23.6
30.9 18. 0. 6.4 33.4
27.7 19. 0. 6.0 36.1
26.9 20. 0. 6.0 32.3

Noise level estimated as 6.47961, Peak height threshold set to 12.9592, Peak area threshold set to 38.8777
track number 5

Mol. Weight Peak Number Saturation Max. Height Area
122.6 1. 0. 5.8 58.1
101.2 2. 0. 6.1 49.6
68.1 3. 0. 7.9 47.3
66.0 4. 1. 8.2 68.4
56.1 5. 0. 6.3 42.6

Noise level estimated as 3.39366, Peak height threshold set to 6.78732, Peak area threshold set to 20.3619
track number 6

Mol. Weight Peak Number Saturation Max. Height Area
91.1 1. 0. 13.7 75.9
84.4 2. 0. 5.7 34.8
69.6 3. 0. 15.9 189.8
66.0 4. 0. 15.9 156.0
54.8 5. 0. 14.9 142.6
49.8 6. 0. 9.5 66.1
44.6 7. 0. 11.3 68.4
42.0 8. 1. 19.6 102.4
38.5 9. 0. 9.5 101.2
32.2 10. 0. 8.3 104.9
30.9 11. 0. 4.5 27.3
30.2 12. 0. 7.4 52.5
28.6 13. 0. 8.4 79.5
27.8 14. 0. 5.8 48.3
20.5 15. 0. 5.2 25.7
19.6 16. 0. 7.8 54.1
19.1 17. 0. 8.0 30.7
17.6 18. 0. 13.4 97.8

Noise level estimated as 4.2355, Peak height threshold set to 8.471, Peak area threshold set to 25.413
track number 7

Mol. Weight Peak Number Saturation Max. Height Area
91.1 1. 0. 18.2 117.4
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85.2 2. 0. 6.9 37.8
72.4 3. 0. 22.1 236.2
66.0 4. 0. 12.4 54.9
62.4 5. 0. 9.8 47.9
58.2 6. 0. 11.3 53.1
54.8 7. 0. 13.8 86.6
49.8 8. 0. 9.8 52.3
42.4 9. 0. 26.4 273.0
38.8 10. 0. 10.0 64.6
37.2 11. 0. 8.9 42.1
36.4 12. 0. 8.5 40.8
35.2 13. 0. 8.5 37.6
33.7 14. 0. 9.3 66.7
31.9 15. 0. 10.9 69.3
31.5 16. 0. 9.6 36.6
30.6 17. 0. 13.9 86.4
30.2 18. 0. 18.3 110.1
28.6 19. 1. 48.5 551.4
26.0 20. 0. 11.1 118.9
24.3 21. 0. 8.5 66.5
23.2 22. 0. 10.2 74.4
22.1 23. 0. 6.7 32.3
20.9 24. 0. 6.2 44.9
19.3 25. 0. 7.4 45.3
18.0 26. 0. 6.3 57.8

track number 8
Mol. Weight Peak Number Saturation Max. Height Area

68.8 1. 0. 10.4 111.1
58.2 2. 0. 8.1 61.7
49.8 3. 0. 4.8 32.9
45.0 4. 0. 4.6 30.0
40.9 5. 0. 4.6 33.0
38.2 6. 0. 5.5 34.8
29.1 7. 0. 5.1 43.2
26.0 8. 0. 12.4 90.1

track number 9
Mol. Weight Peak Number Saturation Max. Height Area

68.8 3. 0. 8.4 37.5
66.0 4. 0. 11.8 78.1
58.2 5. 0. 7.7 62.9

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

68.8 2. 0. 10.1 75.1
57.5 3. 0. 5.7 39.2
22.2 4. 0. 6.7 45.2

track number 11
Mol. Weight Peak Number Saturation Max. Height Area

68.8 7. 0. 12.4 86.3
66.0 8. 0. 10.1 66.9
58.2 9. 0. 9.9 87.1
49.8 10. 0. 5.2 28.4
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40.6 11. 0. 5.7 28.2
29.1 12. 0. 4.9 25.8
26.0 13. 0. 6.1 55.

number 12
Mol. Weight Peak Number Saturation Max. Height Area

91.1 1. 0. 7.7 47.7
84.4 2. 0. 7.5 56.4
77.4 3. 0. 7.7 28.7
75.2 4. 0. 8.2 39.4
69.6 5. 0. 10.7 75.9
66.7 6. 0. 9.0 31.7
62.4 7. 0. 7.4 28.3
58.9 8. 0. 9.3 64.3
44.6 9. 0. 9.0 64.6
42.0 10. 0. 7.9 30.6
40.9 11. 0. 7.8 36.6
36.4 12. 0. 8.1 76.3
27.0 13. 0. 8.1 56.8
26.1 14. 0. 7.6 71.4

4.7.7 Densitometry data for gel 7

Noise level estimated as 1.7312, Peak height threshold set to 3.4624, Peak area threshold set to 10.3872 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
154.6 1. 0. 24.3 226.4
134.7 2. 0. 20.9 119.2
126.5 3. 0. 21.0 200.2
111.6 4. 0. 19.9 96.9
89.0 5. 0. 35.0 510.1
76.6 6. 0. 140.2 1496.6
65.2 7. 0. 131.6 1359.1
57.8 8. 0. 40.2 328.7
51.6 9. 0. 33.3 194.9
42.5 10. 0. 126.7 2440.6
35.7 11. 0. 18.3 148.7
33.9 12. 0. 17.1 107.3
29.8 13. 0. 134.4 2086.3
26.5 14. 0. 12.2 101.6
25.3 15. 0. 10.8 41.8
25.0 16. 0. 10.8 95.2
22.6 17. 0. 6.7 60.4
21.6 18. 0. 6.0 45.6
17.2 19. 0. 91.6 1283.6

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

154.6 1. 0. 49.8 430.6
126.5 2. 0. 83.7 1190.5
83.6 3. 1. 167.1 4571.2
35.2 4. 1. 168.8 26566.2
22.2 5. 1. 148.2 1953.1
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20.8 6. 0. 141.6 835.3
17.9 7. 1. 157.5 7349.7

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

94.8 1. 0. 3.8 12.9
90.2 2. 0. 4.4 20.6
85.8 3. 0. 4.6 20.6
61.3 4. 0. 12.9 223.7
57.1 5. 0. 12.2 47.2
53.9 6. 0. 16.5 151.2
48.4 7. 0. 10.0 88.5
42.5 8. 0. 10.4 135.1
39.2 9. 0. 6.1 24.2
37.5 10. 0. 7.4 90.0
29.3 11. 0. 19.1 162.4
28.2 12. 0. 3.6 15.5
22.0 13. 0. 4.4 13.9

track number 5
Mol. Weight Peak Number Saturation Max. Height Area

58.5 1. 0. 8.5 68.9

track 6: no peaks 
track 7: no peaks

track number 8
Mol. Weight Peak Number Saturation Max. Height Area

29.3 1. 0. 111.7 996.7

track number 9
Mol. Weight Peak Number Saturation Max. Height Area

28.9 1. 1. 165.5 2366.2

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

55.1 1. 0. 13.7 68.2
29.2 2. 1. 165.4 2308.6
19.3 3. 0. 3.9 10.6
16.6 4. 0. 5.7 17.5
15.4 5. 0. 30.5 115.5

track number 11
Mol. Weight Peak Number Saturation Max. Height Area

29.6 1. 0. 90.6 799.4
19.6 2. 0. 14.7 48.7
15.4 3. 0. 6.9 18.7

track number 12
Mol. Weight Peak Number Saturation Max. Height Area

29.8 1. 0. 22.0 162.6

track number 13
Mol. Weight Peak Number Saturation Max. Height Area
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75.7 I. 0. 4.8 34.6
30.2 2. 0. 3.6 20.9
17.2 3. 0. 3.8 26.7
16.6 4. 0. 3.5 24.0

4.7.8 Densitometry data for gel 8

Noise level estimated as 1.27299, Peak height threshold set to 2.54597, Peak area threshold set to 7.63791 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
143.2 1. 0. 30.7 265.5
115.7 2. 0. 9.8 56.4
110.9 3. 0. 10.1 20.1
108.5 4. 0. 10.4 20.7
95.5 5. 0. 23.1 195.2
77.1 6. 0. 149.7 2068.9
66.4 7. 0. 146.8 1998.4
55.4 8. 0. 32.2 321.9
43.0 9. 0. 128.4 2133.1
40.3 10. 0. 79.1 529.4
36.5 11. 0. 16.1 103.6
34.9 12. 0. 18.3 227.7
32.9 13. 0. 10.7 42.3
30.0 14. 0. 153.7 1985.4
23.4 15. 0. 6.9 48.9
21.8 16. 0. 4.1 15.2
21.2 17. 0. 4.3 24.3
19.7 18. 0. 6.2 44.0

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

143.2 1. 0. 18.1 36.2
122.0 2. 0. 42.7 752.7
93.4 3. 0. 66.3 826.7
85.8 4. 0. 81.7 858.2
73.1 5. 0. 80.8 779.7
67.1 6. 0. 61.1 354.7
57.2 7. 0. 121.6 1957.8
50.1 8. 0. 92.4 692.8
44.5 9. 0. 127.0 1718.3
38.9 10. 0. 145.7 2576.3
35.7 11. 0. 80.9 700.2
33.1 12. 0. 98.8 1707.2
29.7 13. 0. 130.2 3375.4
24.2 14. 0. 57.9 615.1
22.2 15. 0. 43.1 390.2
20.8 16. 0. 50.3 552.1

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

130.1 1. 0. 55.8 596.1
120.7 2. 0. 66.1 727.5
112.0 3. 0. 56.5 222.6
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93.4 4. 0. 99.2 1354.5
84.9 5. 0. 124.3 1585.6
7Z3 6. 0. 114.0 1193.2
67.8 7. 0. 93.3 451.8
56.0 8. 0. 157.1 2672.0
50.1 9. 0. 128.8 1096.9
43.8 10. 0. 151.2 2303.9
38.2 11. 0. 158.8 3342.8
35.3 12. 0. 122.7 945.6
34.1 13. 0. 111.6 334.1
32.5 14. 0. 129.8 2323.7
29.3 15. 0. 140.9 2718.4
26.9 16. 0. 110.8 867.5
25.8 17. 0. 106.0 893.3
23.7 18. 0. 106.5 1857.4
20.7 19. 0. 95.8 1033.9
18.2 20. 0. 140.9 1894.7

Noise level estimated as 2.75087, Peak height threshold set to 5.50173, Peak area threshold s
track number 4

Mol. Weight Peak Number Saturation Max. Height Area
82.2 1. 0. 6.4 50.2
70.0 2. 0. 15.5 149.7
63.6 3. 0. 17.6 115.5
58.4 4. 0. 14.8 68.9
56.6 5. 0. 15.5 118.9
49.6 6. 0. 8.9 69.4
46.1 7. 0. 7.7 38.1 .
44.9 8. 0. 7.6 36.7
30.8 9. 0. 7.6 57.8
30.2 10. 0. 7.0 30.6

Noise level estimated as 2.54251, Peak height threshold set to 5.08502, Peak area threshold i
track number 5

Mol. Weight Peak Number Saturation Max. Height Area
65.0 1. 0. 5.1 28.8
58.4 2. 0. 6.8 45.7

track number 6
Mol. Weight Peak Number Saturation Max. Height Area

76.3 2. 0. 6.1 27.2

Noise level estimated as 5.76404, Peak height threshold set to 11.5281, Peak area threshold
track number 7

Mol. Weight Peak Number Saturation Max. Height Area
71.6 3. 0. 6.0 31.2
67.1 4. 0. 5.0 29.8
60.9 5. 0. 5.2 25.1
47.8 6. 0. 2.7 15.4
35.5 7. 0. 3.9 22.2
34.2 8. 0. 4.3 16.9
32.6 9. 0. 4.5 21.1
31.2 10. 0. 11.2 111.2
27.7 11. 0. 4.1 21.1
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26.0 12. 0. 3.9 28.7
22.8 13. 0. 2.8 25.2
18.9 14. 0. 4.2 17.4
18.3 15. 0. 4.5 17.2

track number 8
Mol. Weight Peak Number Saturation Max. Height Area

85.8 7. 0. 3.3 17.5
75.5 8. 0. 3.5 27.0
67.8 9. 0. 4.1 19.9
60.9 10. 0. 6.8 37.4
57.8 11. 0. 10.0 66.3
54.9 12. 0. 7.6 55.4
48.2 13. 0. 3.5 26.4
35.9 14. 0. 4.4 18.4
35.5 15. 0. 5.1 18.6
34.1 16. 0. 9.5 54.9
31.1 17. 0. 77.9 897.2
28.5 18. 0. 7.6 36.1
28.0 19. 0. 7.2 43.6
26.3 20. 0. 5.8 24.3
25.4 21. 0. 6.5 47.6
24.8 22. 0. 5.5 19.5
24.0 23. 0. 5.3 19.5
22.8 24. 0. 5.6 35.3
22.5 25. 0. 5.6 21.1
21.8 26. 0. 4.8 22.9
20.5 27. 0. 6.9 55.1
19.5 28. 0. 5.1 19.3

Noise level estimated as 2.50384, Peak height threshold set to 5.00768, Peak area threshold set to 15.023
track number 9

Mol. Weight Peak Number Saturation Max. Height Area
79.6 9. 0. 8 54.9
71.6 10. 0. 7.04 39.5
57.8 11. 0. 33.5 631.8
49.2 12. 0. 8.2 58.6
39.4 14. 0. 5.3 24.0

38.2 15. 0. 6.9 42.8
36.1 16. 0. 8.9 53.4
35.7 17. 0. 9.0 42.6
34.2 18. 0. 11.9 53.6
30.5 19. 0. . 127.5 2685.5
26.6 20. 0. 9.9 47.4
26.1 21. 0. 9.4 62.7
23.6 23. 0. 9.1 36.0
23.0 24. 0. 9.4 54.1
21.9 25. 0. 10.3 48.6

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

73.1 11. 0. 13.6 114.5
58.4 12. 0. 39.2 765.2
49.6 13. 0. 11.4 106.2
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44.9 14. 0. 9.7 56.0
40.0 16. 0. 8.5 47.8
37.7 17. 0. 9.1 59.8
36.5 18. 0. 11.7 64.2
35.5 19. 0. 12.3 59.8
34.4 20. 0. 15.0 82.5
30.6 21. 0. 153.5 2616.9
26.8 22. 0. 13.0 94.6
25.7 23. 0. 11.0 42.6
25.1 24. 0. 9.9 19.8
23.9 26. 0. 12.5 60.4
23.1 27. 0. 11.7 34.2
22.5 28. 0. 11.4 34.0
22.2 29. 0. 11.3 62.5

track number 11
Mol. Weight Peak Number Saturation Max. Height Area

62.3 3. 0. 15.2 106.2
59.0 4. 0. 19.4 141.3
56.0 5. 0. 17.1 146.7
48.7 6. 0. 14.9 149.7
38.4 7. 0. 12.7 100.1
36.3 8. 0. 13.7 64.6
35.9 9. 0. 13.9 64.8
34.4 10. 0. 15.4 84.4
31.4 11. 1. 84.0 1111.8
28.0 12. 0. 18.0 230.3
26.6 13. 0. 17.2 127.6
25.7 14. 0. 14.2 77.2
24.5 15. 0. 13.2 73.3
23.1 16. 0. 12.9 50.1
22.5 17. 0. 13.2 109.1

track number 12
Mol. Weight Peak Number Saturation Max. Height Area

143.2 1. 0. 18.1 161.7
134.3 2. 0. 17.1 96.8
118.2 3. 0. 18.9 201.1
110.9 4. 0. 16.3 79.3
107.4 5. 0. 16.0 91.5
96.5 6. 0. 16.3 109.8
90.5 7. 0. 16.8 82.3
88.6 8. 0. 16.7 119.5
73.9 9. 0. 18.1 146.7
69.3 10. 0. 18.6 123.3
65.7 11. 0. 17.4 34.7
62.9 12. 0. 21.0 80.4
61.6 13. 0. 21.0 42.0
59.7 14. 0. 21.7 121.3
56.6 15. 0. 19.1 119.2
50.1 16. 0. 17.4 238.1
36.5 17. 0. 17.3 92.1
36.1 18. 0. 16.9 76.9
34.6 19. 0. 17.3 96.2
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32.0 20. 1. 68.0 906.8
29.7 21. 0. 16.4 93.9
2&8 22. 0. 16.2 94.4
28.2 23. 0. 15.5 90.6
26.5 24. 0. 17.0 144.0
25.5 25. 0. 15.8 62.3
25.2 26. 0. 15.8 31.2
24.6 27. 0. 17.0 97.7
23.6 28. 0. 16.3 80.1
23.3 29. 0. 16.2 32.2
23.0 30. 0. 16.2 76.5
18.7 31. 0. 36.3 252.7

track number 13
Mol. Weight Peak Number Saturation Max. Height Area

124.7 1. 0. 17.5 68.2
118.2 2, 0. 18.8 154.7
74.7 3. 0. 17.5 149.7
68.6 4. 0. 17.3 133.5
62.9 5. 0. 19.6 129.3
59.7 6. 0. 19.9 93.6
56.6 7. 0. 18.3 167.6
50.1 8. 0. 17.4 189.5
36.1 9. 0. 18.6 193.2
34.6 10. 0. 18.5 102.5
32.5 11. 1. 39.9 514.3
28,5 12. 0. 17.4 225.8
26.1 13. 0. 17.9 200.9
18.8 14. 0. 35.8 265.1

track number 14
Mol. Weight Peak Number Saturation Max. Height Area

154.3 1. 0. 19.4 38.7
144.8 2. 0. 21.4 160.6
138.7 3. 0. 20.4 153.8
120.7 4. 0. 21.6 199.6
114.5 5. 0. 18.7 74.3
108.5 6. 0. 18.9 110.3
98.6 7. 0. 19.9 190.1
89.5 8. 0. 19.2 144.9
70.8 9. 0. 28.7 551.0
64.3 10. 0. 26.2 196.1
60.9 11. 0. 22.1 106.4
57.2 12. 0. 21.7 127.2
54.3 13. 0. 20.7 99.9
50.6 14. 0. 21.8 175.2
44.5 15. 0. 19.7 200.5
42.4 16. 0. 18.6 122.4
38.7 17. 0. 17.8 68.5
36.9 18. 0. 24.3 275.0
34.8 19. 0. 24.5 135.2
33.2 20. 0. 37.1 542.6
30.9 21. 0. 19.1 131.2
29.9 22. 0. 19.3 94.9
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29.1 23. 0. 19.7 96.4
28.3 24. 0. 19.6 96.3
27.9 25. 0. 18.9 74.6
27.2 26. 0. 18.7 37.3
26.9 27. 0. 18.9 37.6
26.6 28. 0. 19.4 38.8
26.3 29. 0. 19.5 38.9
26.0 30. 0. 19.6 124.7
24.6 31. 0. 17.8 85.4
23.4 32. 0. 17.7 151.9
22.4 33. 0. 17.6 115.2
21.1 34. 0. 17.2 190.3
19.2 35. 1. 41.5 281.7

4.7.9 Densitometry data for gel 9

Noise level estimated as 7.61404, Peak height threshold set to 15.2281, Peak area threshold set to 45.6842 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
138.5 1. 0. 27.7 86.6
77.3 2. 0. 134.9 1256.5
66.6 3. 0. 134,5 1265.9
54.8 4. 0. 30.9 141.8
43.1 5. 0. 129.3 1663.5
36.8 6. 0. 22.1 128.2
35.7 7. 0. 20.8 80.2
34.6 8. 0. 19.7 112.0
33.0 9. 0. 17.9 53.4
30.1 10. 0. 133.1 1481.1
17.2 11. 0. 119.7 1131.6

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

88.4 1. 0. 72.3 1080.9
72.4 2. 0. 94.8 867.3
55.7 3. 1. 133.5 1745.3
49.3 4. 0. 121.9 713.1
43.7 5. 1. 146.1 1691.4
36.5 6. 1. 151.8 3662.6
31.3 7. 0. 119.9 1031.1
29.4 8. 0. 117.0 1323.1
27.3 9. 0. 102.2 796.7
25.3 10. 0. 103.6 604.3
24.0 11. 0. 112.2 1027.9
20.9 12. 0. 108.6 1200.0
17.4 13. 1. 136.5 2368.6

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

17.1 1. 0. 92.2 827.0
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track number 4; no peaks

Noise level estimated as 7.86324, Peak height threshold set to 15.7265, Peak area threshold set to 47.1794 
track number 5

Mol. Weight Peak Number Saturation Max. Height Area
30.1 1. 0. 8.9 88.0

track number 6: no peaks

Noise level estimated as 8.86915, Peak height threshold set to 17.7383, Peak area threshold set to 53.2149
track number 7

Mol. Weight Peak Number Saturation Max. Height Area
73.6 1. 0. 19.3 189.2
40.8 2. 0. 18.6 212.5
29.8 3. 0. 110.0 1400.8

track number 8
Mol. Weight Peak Number Saturation Max. Height Area

59.4 1. 0. 18.4 282.6
29.6 2. 1. 158.9 2180.4
17.9 3. 0. 18.0 221.0

track number 9
Mol. Weight Peak Number Saturation Max. Height Area

29.6 1. 0. 149.2 1636.7

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

29.6 1. 0. 146.4 1711.9

track number 11
Mol. Weight Peak Number Saturation Max. Height Area

63.4 1. 0. 21.6 196.1
30.3 2. 0. 146.0 1692.9

track number 12
Mol, Weight Peak Number Saturation Max. Height Area

64.4 1. 0. 24,5 285.3
31.1 2. 1. 159.0 1861.4

4.7.10 Densitometry data for gel 10

Noise level estimated as 7.97584, Peak height threshold set to 15.9517, Peak area threshold set to 47.855 
m arker, track num ber 1

1. Weight Peak Number Saturation Max. Height Area
76.9 1. 0. 109.3 898.1
66.2 2. 0. 105.3 794.4
58.7 3. 0. 18.6 133.5
42.9 4. 0. 95.1 1142.9
30.0 5. 0. 116.0 1068.1
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track number 2
Mol. Weight Peak Number Saturation Max. Height Area

55.1 1. 0. 29.0 389.1
48.2 2. 0. 19.5 163.5
42.9 3. 0. 28.8 324.6
37.9 4. 0. 36.0 346.8
31.6 5. 0. 16.1 116.7
29.4 6. 0. 28.2 250.6
22.0 7. 0. 21.0 65.1

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

54.4 1. 0. 21.5 221.8
42.1 2. 0. 29.1 252.3
40.3 3. 0. 22.2 108.8
37.4 4. 0. 37.2 343.0
29.1 5. 0. 31.2 330.5

track num ber 4
Mol. Weight Peak Number Saturation Max. Height Area

119.0 1. 0. 29.8 284.0
80.1 2. 0. 93.5 1437.9
67.1 3. 0. 75.3 851.8
51.7 4. 0. 107.1 1300.1
46.1 5. 0. 87.8 797.5
41.0 6. 0. 126.9 1780.6
35.5 7. 1. 151.3 2080.7
33.5 8. 0. 91.2 616.9
32.1 9. 0. 74.1 600.8
30.6 10. 0. 77.1 632.5
29.1 11. 0. 130.2 1522.8
28.1 12. 0. 61.3 959.3
25.8 13. 0. 38.4 352.0
23.5 14. 0. 35.2 363.8
22.8 15. 0. 34.7 241.8
21.9 16. 0. 61.4 441.0

track number 5
Mol. Weight Peak Number Saturation Max. Height Area

41.8 1. 0. 18.9 114.5
37.1 2. 0. 30.2 200.7
29.0 3. 0. 23.2 159.2

Noise level estimated as 9.2247, Peak height threshold set to 18.4494, Peak area threshold set to 55.3482 
track number 7: no peaks

track number 8
Mol. Weight Peak Number Saturation Max. Height Area

52.4 1. 0. 12.4 140.3
31.0 2. 0. 8.1 68.7
28.7 3. 1. 161.8 1853.3

track number 9
Mol. Weight Peak Number Saturation Max. Height Area
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53.0 1. 0. 10.9 98.5
28.9 2. 0. 124.6 1191.5

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

52.4 1. 0. 11.0 108.0
38.2 2. 0. 6.2 62.1
30.9 3. 0. 8.2 86.0
28.8 4. 0. 114.3 1102.6

track num ber 11
Mol. Weight Peak Number Saturation Max. Height Area

122.3 1. 0. 8.4 87.5
101.0 2. 0. 8.6 60.8
93.0 3. 0. 8.0 81.4
70.8 4. 0. 7.8 70.8
63.6 5. 0. 9.9 69.7
52.4 6. 0. 10.6 73.9
38.8 7. 0. 7.6 65.8
35.8 8. 0. 6.3 58.7
31.0 9. 0. 9.5 89.4
29.1 10. 0. 79.1 853.3

Noise level estimated as 8.1086, Peak height threshold set to 16.2172, Peak area threshold set to 48.6516
track num ber 12

Mol. Weight Peak Number Saturation Max. Height Area
29.4 1. 0. 66.3 477.7

4.7.11 Densitometry data for gel 11

Noise level estimated as 7.88966, Peak height threshold set to 15.7793, Peak area threshold set to 47.3379
m arker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
145.9 1. 0. 20.8 110.6
133.4 2. 0. 16.1 135.8
113.1 3. 0. 16.4 91.4
104.9 4. 0. 16.0 62.7
76.5 5. 0. 133.7 1354.1
65.9 6. 0. 130.1 1017.9
57.0 7. 0. 36.1 284.6
51.1 8. 0. 27.2 107.7
42.8 9. 0. 129.4 1682.3
35.1 10. 0. 17.4 208.1
29.9 11. 1. 135.8 1469.1
17.1 12. 0. 116.9 1246.6

track num ber 2
Mol. Weight Peak Number Saturation Max. Height Area

143.8 1. 0. 30.6 182.8
118.3 2. 0. 52.2 591.5
94.4 3. 0. 80.4 652.7
82.5 4. 0. 119.9 1371.8
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67.9 5. 0. 106.5 1204.8
52.4 6. 1. 147.3 1977.5
46.8 7. 0. 114.8 671.8
41.2 8. 1. 142.0 2308.8
35.9 9. I. 153.3 2274.8
34.2 10. 0. 127.4 814.6
32.8 11. 0. 114.8 865,2
31.0 12. 0. 94.8 1119,3
29.5 13. 0. 93.1 530.2
28.9 14, 0. 96.6 876,0
27.2 15, 0. 86,1 789,7
24.8 16. 0. 93,7 1526,2
21.5 17, 0. 59,4 611.3
19.7 18. 0. 87,3 1030.4
16.4 19, 0. 119.3 1639,5

track number 3: no peaks
track number 4: no peaks

track number 5
Mol. Weight Peak Number Saturation Max. Height Area

118.3 1, 0. 61,8 941,3
108.1 2, 0. 61,5 469,5
83.7 3, 0. 115,3 2000,2
67.9 4, 0. 107.4 768,8
64.0 5. 0. 110,6 713.1
51.7 6. 0. 123,5 1572,6
46.2 7, 0. 138,4 1258,7
41.2 8. 1. 150.4 1372,7
38.8 9. 1. 147.7 982.9
36.3 10, 1. 154.4 3023.4
29.1 11, 1. 154.9 6025.2
24.6 12. 0. 50.0 345.0
22.6 13, 0. 25.3 173,7
21.5 14, 0. 17.5 69,2
20.9 15, 0. 17.4 84.2
19.7 16. 0. 36.9 370.0
16.9 17, 0. 76.4 988,2

track num ber 6
Mol. Weight Peak Number Saturation Max. Height Area

53.1 1, 0. 19.1 196,3
42.4 2, 0. 35.7 292,9
37.5 3, 0. 37.8 236,8
29.5 4. 0. 91.5 887.5

Noise level estimated as 7.47434, Peak height threshold set to 14.9487, Peak area threshold set to 44.8461
track number 7

Mol. Weight Peak Number Saturation Max. Height Area
143.8 1. 0. 18.5 165,3
29,2 2. 0. 18.7 209.2
23,8 3. 0, 19.3 113,9

track number 8: no peaks
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number 9: no peaks

number 10
Mol. Weight Peak Number Saturation Max. Height Area

29.1 2. 0. 10.3 121.3

number 11
Mol. Weight Peak Number Saturation Max. Height Area

67.9 1. 0. 5.9 45.0
57.8 2. 0. 4.9 45.8
42.0 3. 0. 6.6 69.1
38.3 4. 0. 7.2 59.1
34.4 5. 0. 6.3 47.2
33.0 6. 0. 7.4 53.4
31.7 7. 0. 8.8 89.1
29.2 8. 0. 74.1 822.1
25.1 9. 0. 7.4 46.1
23.9 10. 0. 6.6 47.5
22.1 11. 0. 6.5 46.5

; number 12
Mol. Weight Peak Number Saturation Max. Height Area

97.3 1. 0. 5.8 46.3
82.5 2. 0. 8.1 51.5
69.9 3. 0. 10.6 119.7
57.8 4. 0. 11.8 171.3
46.2 5. 0. 9.6 82.5
42.0 6. 0. 10.6 85.4
38.8 7. 0. 12.6 113.5
32.7 8. 0. 14.7 144.7
32.4 9. 0. 14.8 58.2
29.7 10. 0. 136.2 1425.6
22.0 11. 0. 6.1 49.0
20.3 12. 0. 8.3 73.3
19.4 13. 0. 9.9 87.8
17.3 14. 0. 9.8 46.2

4.7.12 Densitometry data for gel 12
Noise level estimated as 5.76117, Peak height threshold set to 11.5223, Peak area threshold set to 34.567 
marker, track number 1

ol. Weight Peak Number Saturation Max. Height Area
133.5 1. 0. 21.4 117.2
116.9 2. 0. 13.3 72.3
110.9 3. 0. 13.9 108.6
76.5 4. 0. 128.4 1457.6
65.8 5. 0. 123.6 1302.8
42.7 6. 0. 124.1 1711.2
34.4 7. 0. 14.1 168.8
29.9 8. 0. 133.3 1639.9
17.1 9. 0. 45.9 511.6

Noise level estimated as 22.2904, Peak height threshold set to 44.5809, Peak area threshold set to 133.743 
track number 2
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Mol. Weight Peak Number Saturation Max. Height Area
55.8 1. 0. 10.2 148.7
29.2 2. 0. 133.8 1657.7

Noise level estimated as 17.3578, Peak height threshold set to 34.7155, Peak area threshold set to 104.147 
track number 3

Mol. Weight Peak Number Saturation Max. Height Area
28.9 1. 1. 105.5 1126.6

Noise level estimated as 21.837, Peak height threshold set to 43.6739, Peak area threshold set to 131.022 
track number 4

Mol. Weight Peak Number Saturation Max. Height Area
29.0 1. 1. 136.4 1378.8

Noise level estimated as 17.1602, Peak height threshold set to 34.3203, Peak area threshold set to 102.961 
track number 5

Mol. Weight Peak Number Saturation Max. Height Area
32.7 1. 0. 21.0 190.1
29.2 2. 1. 109.5 1037.8

Noise level estimated as 9.05848, Peak height threshold set to 18.117, Peak area threshold set to 54.3509 
track number 6

Mol. Weight Peak Numbefiaturation Max. Height Area
29.6 1. 0. 75.3 678.5
15.6 2. 0. 7.2 71.0

Noise level estimated as 8.64404, Peak height threshold set to 17.2881, Peak area threshold set to 51.8642 
track number 7

Mol. Weight Peak Number Saturation Max. Height Area
29.2 1. 0. 37.3 359.9
19.3 2. 0. 10.6 69.3

Noise level estimated as 5.5326, Peak height threshold set to 11.0652, Peak area threshold set to 33.1956 
track number 8

Mol. Weight Peak Number Saturation Max. Height Area
28.9 1. 0. 17.1 130.3

track number 9
Mol. Weight Peak Number Saturation Max. Height Area

29.0 1. 0. 7.3 53.5

Noise level estimated as 6.01695, Peak height threshold set to 12.0339, Peak area threshold set to 36.1017 
track number 10

Mol. Weight Peak Number Saturation Max. Height Area
28.4 1. 0. 12.1 82.0

track number 11
Mol. Weight Peak Number Saturation Max. Height Area

19.8 1. 0. 11.5 74.7

track number 12
Mol. Weight Peak Number Saturation Max. Height Area

13.8 1. 0. 15.3 74.1
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4.7.13 Densitometry data for gel 13

Peak height threshold set to 3.43738, Peak area threshold set to 10.3122, 
marker, track number 1

Mol. Weight Peak N
121.9 1.
77.0 2.
66.3 3.
43.0 4.
34.7 5.
33.0 6.
30.1 7.
26.6 8.
24.8 9.
17.2 10.
12.2 11.
8.3 12.
7.0 13.
6.4 14.
5.7 15.
5.1 16.

Saturation Max. Height Area
0. 41.9 335.8
1. 146.9 2067.4
1. 146.9 1665.6
1. 140.0 2436.8
0. 28.9 298.2
0. 19.1 89.1
1. 149.4 2203.6
0. 14.6 166.5
0. 7.3 31.1
1. 145.6 2195.2
1. 145.2 2643.0
0. 11.9 86.2
0. 8.3 40.6
0. 9.5 65.7
0. 7.6 36.1
0. 8.5 89.7

track number 2 (supernatant B l)
Mol. Weight Peak Number Saturation Max. Height Area

106.9 1. 0. 113.2 1566.0
86.4 2. 1. 148.4 2078.4
69.8 3. 1. 141.3 1420.4
34.0 4. 1. 151.6 13879.0
26.9 5. 1. 132.4 891.9
25.7 6. 0. 126.7 1300.6
23.0 7. 0. 99.1 1010.5
20.5 8. 0. 124.1 1610.1
16.1 9. 1. 134.8 2997.9
12.4 10. 0. 105.2 1274.6
8.2 11. 0. 98.9 1906.8
6.9 12. 0. 97.2 1446.5
5.2 13. 0. 83.1 2359.1
3.3 14. 0. 52.7 542.5
2.4 15. 0. 21.2 115.4

track number 3 (elution fraction 3)
Mol. Weight Peak Number Saturation Max. Height Area

64.1 1. 0. 5.5 29.2
54.7 2. 0. 11.8 89.6
47.0 3. 0. 5.1 21.9
41.3 4. 0. 12.2 82.6
36.1 5. 0. 24.9 218.8
33.0 6. 0. 6.2 33.8
31.7 7. 0. 3.5 16.6
28.3 8. 0. 6.4 47.4

track number 4 (elution fraction 10)
Mol. Weight Peak Number Saturation Max. Height Area

41.3 1. 0. 5.0 14.8
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36.1
16.3

2 .

3.
0 .

0 .

13.5
18.4

43.5
57.6

Noise level estimated as 6.4436, Peak height threshold set to 12.8872, Peak area threshold set to 38.6616 
track number 5: no peaks

Noise level estimated as 4.06394, Peak height threshold set to 8.12789, Peak area threshold set to 24.3837
number 6

Mol. Weight Peak Number Saturation Max. Height Area
63.0 1. 0. 12.6 75.2
52.0 2. 0. 8.7 56.3

number 7
Mol. Weight Peak Number Saturation Max. Height Area

60.8 1. 0. 6.2 35.7
50.2 2. 0. 5.0 37.4
29.0 3. 0. 101.8 720.1

number 8
Mol. Weight Peak Number Saturation Max. Height Area

118.0 1. 0. 3.0 24.4
63.0 2. 0. 8.2 63.2
52.9 3. 0. 9.3 70.5

4.7.14 Densitometry data for gel 14
Noise level estimated as 4.57261, Peak height threshold set to 9.14523, Peak area threshold set to 27.4357 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
147.0 1. 0. 22.9 302.6
104.8 2. 0. 15.1 194.6
90.9 3. 0. 15.8 158.5
77.2 4. 1. 157.3 1837.4
66.5 5. 1. 155.0 2292.1
56.4 6. 0. 22.4 226.3
51.7 7. 0. 14.6 119.5
43.1 8. 0. 142.9 2490.1
37.6 9. 0. 10.7 63.2
35.7 10. 0. 25.9 160.7
34.7 11. 0. 14.3 132.9
33.2 12. 0. 10.2 40.2
32.6 13. 0. 12.8 127.2
30.0 14. 1. 156.4 1888.6
28.4 15. 0. 24.2 98.0

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

166.1 1. 0. 110.1 1474.3
144.1 2. 0. 58.4 648.8
129.3 3. 0. 83.6 905.9
120.0 4. 0. 105.7 1308.5
110.6 5. 0. 59.7 237.5
104.8 6. 0. 63.3 492.3
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97.2 7. 0. 120.9 1182.0
89.6 8. 0. 136.4 1933.5
82.6 9. 0. 146.9 2060.2
70.2 10. 1. 168.4 4393.0
43.6 11. 1. 169.6 18435.1
30.7 12. 1. 168.5 7371.9

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

166.1 1. 0. 87.6 1167.9
149.0 2. 0. 50.9 202.8
143.1 3. 0. 51.6 585.3
131.9 4. 0. 46.4 228.2
127.5 5. 0. 57.3 422.3
118.4 6. 0. 91.9 1046.2
110.6 7. 0. 46.8 93.6
106.9 8. 0. 48.8 287.7
95.9 9. 0. 99.2 1068.8
87.2 10. 0. 130.7 1995.0
81.0 11. 1. 160.3 2759.1
68.3 12. 1. 153.4 3726.9
58.4 13. 1. 145.5 1390.2
51.7 14. 1. 167.5 5337.3
34.8 15. 1. 165.9 17499.3

Noise level estimated as 2.16013, Peak height threshold set to 4.32027, Peak area threshold set to 12.9608
track number 4

Mol. Weight Peak Number Saturation Max. Height Area
157.4 1. 0. 5.3 38.0
146.0 2. 0. 6.1 35.4
141.2 3. 0. 4.9 14.2
136.5 4. 0. 7.8 52.5
131.0 5. 0. 6.3 24.0
125.8 6. 0. 6.8 32.1
122.4 7. 0. 7.3 41.1
116.0 8. 0. 7.9 43.2
112.9 9. 0. 8.5 70.4
106.2 10. 0. 8.0 37.8
101.3 11. 0. 10.7 91.6
95.3 12. 0. 9.6 62.8
92.1 13. 0. 9.2 27.0
90.9 14. 0. 9.3 18.2
88.4 15. 0. 9.9 47.6
83.8 16. 0. 11.6 96.1
81.0 17. 0. 11.5 64.0
77.7 18. 0. 9.3 36.1
75.1 19. 0. 9.9 37.9
72.6 20. 0. 10.9 63.4
71.2 21. 0. 10.8 42.5
66.0 22. 0. 14.2 141.6
63.8 23. 0. 11.9 46.8
62.1 24. 0. 12.3 58.6
60.0 25. 0. 11.5 53.8
58.0 26. 0. 10.1 40.1
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55.3 27. 0. 11.6 105.4
53.1 28. 0. 9.1 38.2
48.2 29. 0. 17.8 165.5
46.5 30. 0. 9.5 36.7
44.8 31. 0. 9.9 69.6
43.1 32. 0. 7.3 28.2
42.2 33. 0. 8.1 46.6
39.8 34. 0. 10.9 97.4
38.9 35. 0. 10.5 101.4
35.4 36. 0. 12.6 171.8
34.3 37. 0. 12.3 70.9
33.1 38. 0. 13.5 117.0
31.6 39. 0. 11.7 138.5
30.3 40. 0. 12.8 82.9
29.8 41. 0. 12.9 109.2
28.9 42. 0. 8.9 26.6
28.6 43. 0. 8.8 24.1
28.0 44. 0. 18.8 83.5
27.3 45. 0. 5.6 26.6
27.1 46. 0. 4.8 35.5

track number 5: no peaks

track number 6
Mol. Weight Peak Number Saturation Max. Height Area

30.3 1. 0. 7.3 63.0
29.6 2. 0. 10.8 84.3
28.3 3. 0. 11.3 69.8
27.6 4. 0. 3.7 14.3

Noise level estimated as 3.45425, Peak height threshold set to 6.9085, Peak area threshold set to 20.7255
track number 7

Mol. Weight Peak Number Saturation Max. Height Area
31.4 1. 0. 17.1 102.3

track number 8
Mol. Weight Peak Number Saturation Max. Height Area

34.7 1. 0. 7.5 60.1
29.9 2. 0. 7.3 72.7
29.3 3. 0. 8.3 58.8

track number 9
Mol. Weight Peak Number Saturation Max. Height Area

63.8 1. 0. 9.5 139.4
51.4 2. 0. 15.5 172.9
49.1 3. 0. 12.7 126.9
45.4 4. 0. 7.9 74.7
39.3 5. 0. 8.0 66.0
33.4 6. 0. 11.4 121.6
30.4 7. 1. 186.7 2732.6
28.8 8. 0. 21.8 104.2

Noise level estimated as 3.51213, Peak height threshold set to 7.02426, Peak area threshold set to 21.0728 
track number 10
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Mol. Weight Peak Number
28.1 1.

track number 11 
Mol. Weight

50.7
Peak Number 

1.

Saturation
0.

S aturation
0.

Max. Height 
8.2

Max. Height 
8.3

Area
38.6

Area
64.4

4.7.15 Densitometry data for gel 15

Noise level estimated as 1.90165, Peak height threshold set to 3.80329, Peak area threshold set to 11.4099
marker, track 1

Mol. Weight Peak Number Saturation Max. Height Area
109.3 1. 0. 32.9 354.4
77.4 2. 1. 139.1 2330.4
66.7 3. 0. 124.9 1528.4
43.3 4. 0. 122.0 2572.6
33.5 5. 0. 22.0 325.0
31.5 6. 0. 17.6 35.1
30.9 7. 0. 19.0 110.8
30.0 8. 1. 148.8 1985.5
29.0 9. 0. 15.8 31.2
28.8 10. 0. 15.5 106.4
28.2 11. 0. 12.0 68.4
27.5 12. 0. 11.4 84.6
26.9 13. 0. 9.6 60.5
25.4 14. 0. 8.7 57.6
24.7 15. 0. 8.7 34.3
24.0 16. 0. 9.6 54.5
23.3 17. 0. 8.9 49.7
17.3 18. 0. 121.9 1802.3
12.1 19. 0. 112.7 2341.2
6.6 20. 0. 5.7 56.3
4.9 21. 0. 4.5 35.3

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

118.4 1. 0. 103.4 802.2
109.3 2. 0. 96.5 478.9
102.0 3. 0. 118.5 1064.8
87.8 4. 1. 145.9 1600.8
75.6 5. 1. 147.5 2683.6
62.8 6. 1. 139.9 1494.8
36.2 7. 1. 152.7 8484.4
29.4 8. 1. 146.7 7924.0
26.6 9. 0. 120.7 595.0
25.3 10. 0. 131.7 1898.1
22.3 11. 1. 135.6 2362.1
17.6 12. 0. 134.1 1767.3
14.6 13. 1. 136.6 1710.5
10.2 14. 0. 133.0 3406.3
7.6 15. 0. 115.5 802.5
6.8 16. 0. 115.6 1905.9
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4.8 17. 0. 97.9 2566.7
1.9 18. 0. 6.7 39.2

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

121.2 1. 0. 4.1 14.9
102.0 2. 0. 56.2 559.0
85.8 3. 0. 119.8 1539.2
74.8 4. 0. 131.3 1280.3
62.8 5. 0. 124.9 1309.5
51.1 6. 0. 128.2 1283.3
46.9 7. 0. 121.4 242.6
41.5 8. 1. 140.3 1321.4
38.0 9. 1. 144.3 1112.5
35.0 10. 1. 145.7 1961.4
32.0 11. 0. 120.6 1017.6
31.1 12. 0. 112.7 1199.2
30.4 13. 0. 108.1 707.7
29.4 14. 0. 123.1 2662.3
28.5 15. 0. 95.5 710.7
27.7 16. 0. 89.3 619.8
26.5 17. 0. 96.3 1157.3
23.5 18. 0. 53.8 570.5
21.5 19. 0. 79.0 1067.3
17.8 20. 0. 44.5 258.7
12,5 21. 0. 77.6 2188.0
8.8 22. 0. 41.3 164.9
6.6 23. 0. 68.8 986.9
6.1 24. 0. 68.3 767.7
5,0 25. 0. 58.7 718.8
3.8 26. 0. 52.9 1114.4
2.5 27. 0. 29.6 468.2

track number 4
Mol. Weight Peak Number Saturation Max. Height Area

103.2 1. 0. 58.1 517.9
86.8 2. 0. 126.4 1687.2
74.8 3. 0. 133.8 1333.3
63.8 4. 0. 132.3 1277.1
52.0 5. 0. 133.2 1347.1
47.7 6. 0. 126.9 380.4
42.0 7. 1. 143.2 1239.0
36.5 8. 1. 148.0 3166.7
32.1 9. 0. 125.6 1168.6
31.1 10. 0. 118.1 1144.1
30.5 11. 0. 112.0 746.8
29.4 12. 0. 127.5 2692.7
28.6 13. 0. 101.4 856.4
27.7 14. 0. 93.1 730.0
26.5 15. 0. 100.8 1198.4
23.5 16. 0. 52.5 498.6
21.3 17. 0. 80.2 1071.0
12.7 18. 0. 79.2 2407.1
8.8 19. 0. 35.9 142.8
6.7 20. 0. 64.8 1573.1
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4.9 21 . 0 . 55.0 773.0
3.7 22 . 0 . 48.1 286.1
3.5 23 . 0 . 48.5 1126.7

track number 5 onwards: no peaks

4.7.16 Densitometry data for gel 16
Noise level estimated as 5,94514, Peak height threshold set to 11.8903, Peak area threshold set to 35.6708 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
77.1 1. 0. 129.0 2484.8
66.4 2. 0. 131.2 1904.9
43.1 3. 0. 116.7 2082.6
39.6 4. 0. 92.8 868.7
30.0 5. 1. 145.1 1788.1
29.2 6. 0. 37.5 484.9

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

136.1 1. 0. 53.8 437.2
131.9 2. 0. 52.6 466.4
115.6 3. 0. 81.9 566.1
111.2 4. 0. 103.6 759.1
106.1 5. 0. 66.8 395.8
93.7 6. 0. 113.6 1225.1
87.3 7. 1. 134.9 1364.9
75.3 8. 1. 145.6 3909.0
63.9 9. 1. 130.4 1241.6
58.1 10. 0. 120.9 719.9
53.8 11. 0. 123.2 954.5
47.2 12. 1. 130.3 1501.9
37.9 13. 1. 148.6 6483.0
31.3 14. 1. 137.4 2698.2
30.4 15. 0. 124.9 728.5
29.8 16. 0. 122.0 604.0
29.2 17. 1. 136.5 1853.7
28.2 18. 0. 122.5 1021.6
27.5 19. 0. 122.9 1248.1
26.5 20. 0. 100.7 1231.1
25.5 21. 0. 120.0 1363.3
24.8 22. 0. 120.4 1296.3
24.0 23. 0. 101.0 559.0

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

88.7 1. 0. 69.0 771.3
80.2 2. 0. 88.0 903.0
71.8 3. 0. 95.6 957.0
65.8 4. 0. 45.8 219.3
59.4 5. 0. 65.6 611.2
55.6 6. 0. 64.6 254.0
51.5 7. 0. 68.8 585.9
47.7 8. 0. 71.6 498.5
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39.3 9. 0. 108.7 1703.7
37.4 10. 0. 85.1 1141.5
32.7 11. 0. 55.8 756.4
30.8 12. 0. 116.9 1810.7
29.7 13. 0. 51.2 302.9
28.8 14. 0. 90.9 1475.3
27.3 15. 0. 44.9 177.2
27.0 16. 0. 48.4 350.0
26.0 17. 0. 50.7 619.0
25.0 18. 0. 48.1 312.1
24.6 19. 0. 49.2 350.8
23.9 20. 0. 64.0 418.8

track number 4
Mol. Weight Peak Number Saturation Max. Height Are

108.6 1. 0. 37.9 247.3
87.3 2. 0. 64.6 701.6
78.9 3. 0. 83.1 802.3
70.7 4. 0. 92.9 896.7
64.5 5. 0. 41.2 238.3
58.1 6. 0. 62.4 532.3
54.4 7. 0. 58.7 290.8
50.9 8. 0. 64.4 475.9
47.2 9. 0. 63.8 436.3
40.9 10. 0. 77.6 774.6
39.0 11. 0. 101.7 779.1
36.9 12. 0. 73.2 917.3
32.6 13. 0. 46.3 513.1
30.7 14. 0. 107.9 1614.9
29.6 15. 0. 42.1 248.0
28.8 16. 0. 77.6 958.5
24.7 17. 0. 42.8 369.9
23.8 18. 0. 112.4 590.9

Noise level estimated as 5.09484, Peak height threshold set to 10.1897, Peak area threshold set to 30.569
track number 5 

Mol. Weight Peak Number Saturation Max. Height A
63.9 1. 0. 10.2 38.2
59.4 2. 0. 10.7 50.7
56.9 3. 0. 10.9 53.1
52.0 4. 0. 12.6 115.5
48.2 5. 0. 11.8 90.0
44.8 6. 0. 10.9 43.2
43.1 7. 0. 11.3 44.2
41.2 8. 0. 11.6 56.5
39.3 9. 0. 12.0 90.2
37.4 10. 0. 11.4 44.9
36.9 11. 0. 11.3 81.9
31.0 12. 0. 15.4 142.4
30.4 13. 0. 11.7 80.4
29.2 14. 0. 11.2 137.1
24.4 15. 0. 14.7 118.9
23.7 16. 0. 35.9 199.4

track number 6: no peaks
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tr a c k  n u m b e r 7 onw ards: no peaks

4.7.17 Densitometry data for gel 17
Noise level estimated as 2.41494, Peak height threshold set to 4.82989, Peak area threshold set to 14.4897 
marker, track number 1

Mol. Weight Peak Number Saturation Max. Height Area
125.1 1. 0. 24.5 199.6
104.6 2. 0. 26.9 291.4
76.4 3. 1. 158.0 1726.2
65.8 4. 1. 155.6 1696.9
42.8 5. 0. 145.6 2474.2
34.7 6. 0. 25.0 286.4
33.1 7. 0. 15.0 58.0
29.9 8. 1. 159.5 1979.8
27.9 9. 0. 14.4 106.2
26.7 10. 0. 11.4 95.4
25.5 11. 0. 6.1 33.5
25.0 12. 0. 5.3 24.5
17.1 13. 1. 158.8 2145.5
11.9 14. 1. 160.3 2556.1
7.5 15. 0. 7.0 50.8

track number 2
Mol. Weight Peak Number Saturation Max. Height Area

109.3 1. 0. 34.8 330.2
87.4 2. 0. 92.5 1142.9
70.9 3. 0. 90.5 878.6
55.8 4. 0. 110.5 1129.5
49.1 5. 0. 100.0 795.6
43.2 6. 0. 128.2 995.2
40.5 7. 0. 133.0 742.8
38.0 8. 1. 151.1 1623.8
34.5 9. 0. 87.2 602.1
32.6 10. 0. 89.5 741.8
31.1 11. 0. 69.6 566.1
29.5 12. 0. 129.0 1725.9
28.0 13. 0. 66.8 664.0
26.9 14. 0. 54.8 338.9
25.9 15. 0. 54.2 574.2
23.0 16. 0. 30.4 260.9
20.4 17. 0. 47.8 616.7
16.2 18. 0. 63.6 1076.7
13.9 19. 0. 44.9 310.8
11.7 20. 0. 45.3 458.3
8.6 21. 0. 56.9 682.2
7.2 22. 0. 75.8 1269.8
5.4 23. 0. 50.5 631.6

track number 3
Mol. Weight Peak Number Saturation Max. Height Area

111.0 1. 0. 6.8 50.8
103.0 2. 0. 6.6 19.5
86.1 3. 0. 34.8 373.3
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70.9 4. 0. 38.6 272.7
64.8 5. 0. 22.7 67.1
55.8 6. 0. 55.6 505.5
49.1 7. 0. 44.2 346.3
42.8 8. 0. 68.6 431.0
40.5 9. 0. 66.1 375.1
37.6 10. 0. 67.6 566.2
34.3 11. 0. 31.6 218.5
32.6 12. 0. 34.8 298.3
30.9 13. 0. 26.3 238.2
29.4 14. 0. 63.0 575.8
28.3 15. 0. 20.3 139.2
27.8 16. 0. 20.2 118.9
26.6 17. 0. 17.0 123.0
25.5 18. 0. 20.5 159.4
22.4 19. 0. 6.6 38.2
20.6 20. 0. 8.3 48.1
19.4 21. 0. 9.9 70.0
17.3 22. 0. 6.9 37.6
15.8 23. 0. 14.4 131.4
13.5 24. 0. 5.6 40.3
11.2 25. 0. 10.3 87.3
10.2 26. 0. 7.8 15.3
9.9 27. 0. 7.7 15.1
9.6 28. 0. 7.8 15.5
8.4 29. 0. 14.0 143.4
7.5 30. 0. 13.2 52.4
6.8 31. 0. 15.0 190.1

number 4
Mol. Weight Peak Number Saturation Max. Height Area

107.7 1. 0. 13.0 54.6
84.8 2. 0. 92.5 1101.1
69.9 3. 0. 90.3 832.3
55.8 4. 0. 114.8 1119.3
48.4 5. 0. 100.1 863.8
42.8 6. 0. 131.9 1019.9
40.5 7. 0. 111.2 497.0
37.0 8. 1. 150.6 1637.6
33.9 9. 0. 77.9 552.2
32.3 10. 0. 75.4 636.2
30.9 11. 0. 60.2 561.5
29.4 12. 0. 82.2 947.9
27.9 13. 0. 47.6 514.7
26.6 14. 0. 43.8 308.0
25.6 15. 0. 47.9 443.7
24.0 16. 0. 8.5 32.3
22.5 17. 0. 27.0 212.3
20.6 18. 0. 32.2 180.9
19.6 19. 0. 36.8 267.3
15.8 20. 0. 48.4 709.3
13.3 21. 0. 31.7 226.8
11.4 22. 0. 34.4 382.5
8.4 23. 0. 48.4 532.1
6.9 24. 0. 68.2 1119.4
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track number 5
Mol. Weight Peak Number Saturation Max. Height Area

104.6 1. 0. 24.8 161.5
84.8 2. 0. 102.3 1209.0
69.9 3. 0. 101.3 952.4
55.8 4. 0. 128.1 1293.0
48.4 5. 0. 112.3 904.7
42.8 6. 0. 142.4 1122.5
40.1 7. 0. 142.2 929.4
37.0 8. 1. 156.8 1896.9
33.9 9. 0. 92.9 660.0
32.3 10. 0. 88.4 775.3
30.9 11. 0. 77.7 619.7
29.2 12. 0. 131.6 1639.8
28.1 13. 0. 70.6 771.8
26.6 14. 0. 61.8 421.8
25.5 15. 0. 70.6 639.4
22.5 16. 0. 35.4 283.3
20.4 17. 0. 49.3 301.9
19.6 18. 0. 52.8 343.5
15.4 19. 0. 67.4 1006.2
13.3 20. 0. 45.5 367.5
11.4 21. 0. 49.9 546.8
8.2 22. 0. 67.0 755.3
6.8 23. 0. 93.9 1536.1
5.2 24. 0. 65.7 882.9

level estimated as 3.08557, Peak height threshold set to 6.17113, Peak area threshold set to 18.5134
number 6
Mol. Weight Peak Number Saturation Max. Height Area

27.9 1. 0. 6.3 47.6

number 7; no peaks

number 8
Mol. Weight Peak Number Saturation Max. Height Area

136.8 1. 0. 28.2 187.3
116.1 2. 0. 28.0 188.5
107.7 3. 0. 29.5 296.4
90.1 4. 0. 28.3 240.8
81.1 5. 0. 25.9 320.2
64.8 6. 0. 26.0 200.6
57.5 7. 0. 28.1 240.3
48.4 8. 0. 28.7 295.2
40.9 9. 0. 34.5 497.3
37.6 10. 0. 29.3 170.4
35.9 11- 0. 29.2 323.0
33.3 12. 0. 16.1 31.8
32.9 13. 0. 16.0 31.9
32.6 14. 0. 16.1 88.9
29.5 15. 0. 102.5 1069.9
27.8 16. 0. 17.2 121.1
27.2 17. 0. 12.7 88.1
25.7 18. 0. 8.5 64.0
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24.4 19. 0. 6.7 62.8
2Z7 20. 0. 5.1 23.3
22^ 21. 0. 5.4 25.9
21.1 22. 0. 7.4 36.4
19.8 23. 0. 7.5 45.6
18.6 24. 0. 8.4 46.9
16.2 25. 0. 13.8 172.4
12.5 26. 0. 10.4 174.5
9.3 27. 0. 5.5 21.4
8.8 28. 0. 5.6 32.4
7.9 29. 0. 6.0 45.1
7.1 30. 0. 4.2 25.4

Noise level estimated as 3.57279, Peak height threshold set to 7.14558, Peak area threshold set to 21
track number 9

Mol. Weight Peak Number Saturation Max. Height Area
61.0 1. 0. 4.1 31.2
39.7 2. 0. 4.1 22.6

track number 10
Mol. Weight Peak Number Saturation Max. Height Area

14.1 1. 0. 4.7 29.6

4.7.18 Densitometry data for gel 18

Peak height threshold set to 4.64332, Peak area threshold set to 20.5897
marker, track number 1
Mol. Weight Peak Number Saturation Max. Height Area

100.9 1. 0. 22.3 162.9
77.2 2. 1. 142.1 2121.8
66.5 3. 0. 136.6 1614.7
43.2 4. 0. 127.1 2342.4
33.7 5. 0. 22.1 249.1
31.6 6. 0. 14.8 81.3
31.4 7. 0. 14.6 29.0
30.0 8. 1. 153.3 2063.4
28.1 9. 0. 10.3 67.5
27.2 10. 0. 9.8 117.9
25.4 11. 0. 5.9 24.9
22.7 12. 0. 7.8 51.5
17.3 13. 1. 149.6 2086.8
12.0 14. 1. 141.1 2235.1
8.5 15. 0. 5.8 29.5

track number 2
Mol. Weight Peak Numbei Saturation Max. Height Area

86.5 1. 0. 5.4 31.9
83.0 2. 0. 5.4 25.9
78.0 3. 0. 6.8 36.7
74.1 4. 0. 6.6 25.3
67.4 5. 0. 9.1 81.2
58.7 6. 0. 10.4 111.8
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49.3 7. 0. 8.3 39.4
46.8 8. 0. 7.8 28.1
42.5 9. 0. 7.1 39.7
38.8 10. 0. 6.8 38.8
36.5 11. 0. 7.9 44.6
35.5 12. 0. 7.5 34.8
33.1 13. 0. 7.7 84.6
31.7 14. 0. 6.5 70.6
27.1 15. 0. 4.7 39.7
25.2 16. 0. 4.8 29.1
13.9 17. 0. 4.9 35.5
11.5 18. 0. 5.4 33.3
8.2 19. 0. 4.6 24.0
7.6 20. 0. 5.0 30.2

track number 3 onwards: no peaks
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