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Abstract 

Novel methods for synthesis of monoprotected homobifiinctional polyethylene 

glycols and subsequent synthesis and application of heterobifunctional derivatives in 

protein immobilization and separation is described. Li addition, modification of 

proteins with PEG and properties of the conjugates are presented. Heterobifimctional 

PEG derivatives having a chelate at one end and at the other one specific ligands for 

proteins have been synthesized. Metal binding constants and kinetic parameters of 

these bifimctional chelate polymers were found in excellent correlation with the 

binding affinities shown by corresponding unconjugated groups. These 

heterobifunctional PEG derivatives were used to characterize the partitioning behavior 

of several proteins in Affinity Two-Phase Partitioning, ATPP, at different conditions. 

Both sides of these bioafBnity chelating polymers were found to be effective in the 

partitioning of these model proteins. These modified heterobifunctional affinity 

chelating polymers were also adsorbed in aqueous media to different chelating 

adsorbents used in IMAC separation. Li this scheme an IMA-adsorbent could be 

transformed to a more selective affiniQr separation mode, by adding an afBni^-

chelating ligand. The attached Ugand could be removed by weakening the metal 

interactions between the two chelates in the system which allowing the column to 

operate again in the original IMAC mode, if desired. The amount of these bioligands 

boimd to the columns were a function of the ^rpe of the IMA-adsorbents, pH, salts 
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and the metal immobilized on the gels. Trypsin and avidin were bound on columns 

loaded with a PAB-PEG-chelate and a biotin-PEG-chelate respectively. As a ^ical 

example, bound trypsin was eluted from the columns with the trypsin inhibitor, 

benzamidine, acting as a competitive ligand. The bioligands were eluted reversibly 

from the IMA-adsorbents, using free IDA as a competitive ligand, using low pH 

buffers or EDTA. PEG derivatives of 5000 daltons, were chemically fixed to non 

essential groups on trypsin through amidation with amino groups using two different 

methods. Kinetic studies were performed upon modification to determine the activity 

and stability of the modified biomolecule under these conditions.In both cases the 

modified enzyme adduct, retained their original biological activities and showed 

substantial changes in properties. 
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CHAPrERl 

INTRODUCTION 

Statement of the Problems 

The classical procedures of isolation and purification of biomolecules such as 

enzymes, hormones, and other proteins and biologically active biomolecules, from 

ordinary or genetically engineered cell cultures on a large scale involves generally a 

combination of different steps with a relatively low specificity. These are usually 

precipitation steps using solvents, salts, or pH adjustments, chromatographic procedures 

such as gel chromatography including ion exchange size exclusion chromatography, etc. 

The major drawbacks of classical procedures are the length of the overall procedures 

(5-7 steps) and very low yields due to loss or denaturation of the product during each 

step (Schneider, M. et., 1979). In addition, these procedures are usually designed to 

recover a specific product from a very complex and dilute broth solution. However, all 

other valuable products present in the starting material either appear diluted in various 

fractions during each step or are uneconomical to recover. Furthermore, other 

disadvantages of these procedures are the technical problems in the design and operating 

conditions and the high production cost, i.e., in many recombinant DNA processes, 

purification of protein products can represent as much as 90% of the overall processing 

cost. 
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The importance of commercialization of biotechnology will conclusively depend 

not only on the ready availability of purified enzymes, proteins and other chemicals but 

also in producing large quantities with 100% purity. 

New purification methods of both high resolution and recovery are essential for 

very dilute and complex products. New processes such as affinity based separations, 

have been developed to achieve high purification by utilising the natural affinity or 

biological interaction between sterically complementary biomolecules, to circumvent 

problems encountered by classical separation procedures. 

Affinity purification is based on a selective and reversible formation of a 

complex between the substance to be purified and another substance, most often called 

ligand. A ligand is usually a substrate or a inhibitor if the protein is an enzyme, which 

may be attached to an insoluble matrix or may be firee in solution. Depending on the 

way in which the affinity ligand is derivatized and physically contained, affinity 

purification methods are classified for example as: affinity adsorption, affinity 

precipitation and affinity partitioning. Purification is sometimes of the order of several 

thousand-fold with very high recoveries of active material. However, the average 

purification achieved by an affinity stq) is just over 100-fold, while all the other 

techniques achieved less than 12-fold (Bonneqea et al., 1986). Advantages of affinity 

chromatography over classical methods for protein purification are: selectivity, and 

rapid and an easy single-step procedure for separation of the desired biomolecule from 

other contaminants. Any specifically interacting system contained of two or more 



24 

species can be, in principle, separated by this method. Figure 1.1 represents the general 

principle of afSnity chromatography. 

The method, however, has several disadvantages that have limited its application 

in large scale operation and restrict its use to v^ costly products. On large scale, this 

method has not been very successful so £ar. Colimm clogging problems have been 

experienced, specifically when dealing with crude extract samples. Pretreatment to 

remove solid particles which would otherwise plug the packed column, resulted in very 

costly products (Janson J. C. et cd. 1984). Furthermore, the coupling of the affinity 

ligand to the solid matrix is difficult, native conformation of biological molecules may 

be altered upon contact with the matrix, desorption of material can be very slow, and 

this can result in very dilute solutions of the product which may require further 

concentration step. Furthermore, a very strong and inflexible binding of the protein to 

a rough surface damages the tertiary structure of the biomolecule causing nonspecific 

binding and strong hydrophobic interactions with the matrix and spacer molecules. 

Alternative approaches involve the development of novel purification techniques 

or using the existing affinity interaction concepts in different modes, to solve the 

problems faced in affinity chromatography while providing products with the same 

degree of purity. 

For instance, affinity partitioning is a technique which uses affinity ligands to 

selectively direct the partitioning of biomolecules to one phase. The phase forming 

polymers, usually involve PEG and dextran in forming PEG/dextran or PEG/salt 

systems. PEG itself can be derivatized by covalently linking affinity groups such as 
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enzyme inhibitors (Takerkart et d., 1974) and other groups such as the same metal 

chelators used in Immobilized Metal Affinity Partitioning (IMAP), (Suh and Arnold, 

1990). However, if more than one type of biological afSnity sites exist in a biomolecule 

which are essential for purification (e.g. metal binding and biospecific binding sites) 

they can be utilized for purification purposes both at the same time using the 

combination of AfGnity Partitioning (AP) and Immobilized Metal Af^ty Partitioning 

(IMAP) techniques. 

In this work we present some alternative modification of polymers to test their 

feasibility as tools to enhance the purification of biomolecules. To achieve these goals, 

we designed and synthesized bifimctional polyethylene glycol affinity ligands, 

containing both a bioaffinity ligand and a metal chelating group such as iminodiacetic 

acid (IDA), histidine etc. Proteins interact with the bioaffinity ligand as well as with 

the pseudo-bioaffinity ligand (the chelate) and the complex protein-biligand partitions 

preferentially in the PEG top phase of an aqueous two phase system. This dual-

fiinctional binding appears to increase the strength of the binding and selectivity of the 

proteins. 

Another attempted approach in our work to enhance affinity purification for 

example is the conversion of an Immobilized Metal Ion Affinity Chromatography 

(IMAC) column to a reversible af5nity column using a heterobifimctional ligand. In this 

approach, after a metal chelate-adsorbent column (IMA-column) loaded with metal ions, 

a biochelate-polymer is loaded to the support following the procedures for IMAC 

interactions. The chelating group in this bifiinctional affinity ligand, could bind the 
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chelated metal in the column in a leversible fiishion, the resultant immobilized ligand 

could be used as an affinity matrix. This scheme could prove useful when the affinity 

ligands (i.e., monoclonal antibodies) interact better in solution than when immobilized. 

After each affinity separation the ligand used in this particular case would be desorbed 

and saved. In addition if desired a different affinity ligand could be attached to the same 

matrix. This general concept is shown in Figure 1.2. Some attempts to test this concept 

are presented in this work. 

Of course, for this scheme to be practical, the soluble bifiinctional affinity 

polymer ligand to be used in this adsorption process must posses an inert and 

hydrophilic backbone and should not exhibit non-specific interaction with contaminant 

molecules and particles in solutions. In addition, it should be chemically and physically 

stable under all working conditions. 

Objectives and Contributions 

The main objectives of this work were: 1) Development of new methods for 

syntheses of monoprotected (with removable protecting groups) derivatives of 

homobifimctional polyethylene glycol, PEG, directiy from tiieir corresponding 

commercially available symmetrical homobifimctional molecules. 2) Subsequent 

synthesis and characterization of several specific heterobifimctional affinity ligand from 

their monoprotected homobifimctional derivatives. 3) Application of these bifiinctional 

derivatives as alternative tools in protein separations and immobilization of 
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biomolecules. 4) Modiiication of proteins with monofiinctional polyethylene glycol 

(methoxy-PEG 5000) and measurement of properties of the conjugates. 

In this research we describe a method for synthesis of monoprotected 

polyethylene glycol (PEG) derivatives directly fin}m commercially available PEG. This 

approach introduces an unambiguous and simple method that allows production of 

heterobifimctional substrates of high purity. Several heterobifimctional af&iity 

complexes of the form X-(CH2-CH20)n-Y, where X is a metal chelator and Y could be 

an affinity ligand, have been synthesized. The dual fimctionality of these 

heterobifimctional affinity polymers have been explored. Metal binding constants and 

capacity of the chelating groups as well as the binding of the affinity groups for 

proteins are described. These models have been tested initially, as tools for protein 

sq)arations in aqueous two-phase systems and to study adsorption and desorption of 

chelate-displacers and reversible binding in IMAC columns. We also describe the 

engineered physicochemical and biological properties of proteins upon modification with 

monofunctional PEG'S. Kinetic studies were performed upon modification to determine 

the activity and stability of the modified biomolecules under these conditions. This 

information could be used in the future for modifications of the same proteins or 

enzymes with heterobifimctional PEG'S in the development of immobilized 

biocatalysts. 
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Organization and Summary of the Dissertation 

In chapter 2 a literature review is presented on the state of the art of affinity 

based sq)aration techniques as well as a description of polyethylene glycol properties 

and their applications in bioseparations and biotechnology. 

In chapter 3, we describe different approaches for the synthesis of 

monoprotected polyethylene glycol derivatives directly from commercially available 

PEG'S. A simple chromatographic separation in the second stq) of our synthetic route 

is the key for these methods. These approaches introduce simple methods for the 

synthesis of monoprotected homobifiinctional molecules that allows production of 

heterobifiinctional substrates of high purity. 

In chapter 4, the synthesis of heterobifimctional soluble affinity polyethylene 

glycol (PEG) derivatives is described. Different reactive groups at two termini have 

been used to obtain heterobifimctional complexes of the form: [X-Polymer-Y], where 

X and Y are different affinity groups. In this particular research the model for a 

heterobifiinctional affinity systems consists of a metal chelator, iminodiacetic acid (IDA) 

or the amino acid histidine, at one end and at the other end biotin, the specific ligand 

for the egg white protein, avidin and p-aminobenzamidine (PAB) a reversible 

competitive inhibitor of trypsin or fluorescein (a fiinctional dye, F). The dual 

fiinctionality of these compounds, X-PEG-Y has been explored. Metal binding 

constants of the polymer chelate, biotin-avidin complex formation and PAB-trypsin 

kinetic parameters and Michaelis-Menton inhibition constant of these bifunctional 

conjugates were found in excellent correlation with the binding affinities shown by 
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are easier to evaluate. Both, the ligands PAB and biotin and the chelate were 

characterized in different applications including, separation technologies. 

Chapter S, describes the application of the heterobifimctional PEG derivatives 

in Affinity Two-Phase Partitioning (ATPP) for protein separation and characterization. 

The heterobifunctional poly(ethylene) glycol derivatives, biotin-PEG-IDA, F-PEG-IDA 

and PAB-PEG-IDA were used to characterize the partitioning behavior of several 

proteins in ATPS. The partitioning of avidin, hemoglobin and trypsin in aqueous two 

phase systems consisting of PEG/salt and PEG/Dextran in the presence and absence of 

these heterobiofiinctional bioffinity ligands are described. Experiments were performed 

at different concentrations of bioaf&iity ligands and at different pH's and ionic strength 

as well as with two phase forming polymers, PEG 2000 and PEG 8000. 

In chapter 6, the feasibility of these bifimctional affinity ligands (biotin-PEG-

IDA, PAB-PEG-IDA, histidine-PEG-PAB and (histamine)2-PEG-biotin) as reversible 

ligands in column chromatography is described. Initially, adsorption and desorption of 

benzyl-iminodiacetic acid, benzyl-IDA, as model to test how chelating ligands interact 

with different metal chelating adsorbents. In this way the appropriate IMA-adsorbent 

under optimum conditions of pH, ionic strength, type of buffer and metal ions were 

evaluated. Different metal chekte-adsorbents based on Sepharose or Novarose with a 

tetra-dentate or tridentate metal-chelating compound (IMA-adsorbent), such as nitrilo 

triacetic acid (NTA), carboxymethylaspartic acid (CM-Asp), di-2-picolylamine (DPA), 

etc. were equilibrated with the metals Ni(II) or Cu(II) according to Porath (1988). 
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Benzyl-iminodiacetic add solutions at difierent concratzations were loaded to the 

column continuously with circulation or frontal analysis in order to find the appropriate 

adsorption behavior and the ligand binding constants and capacities for each IMA-

adsorbent. 

In chapter 7, the engineering physicochemical and biological properties of 

proteins were studied upon modification with monofimctional PEG'S. Trypsin was 

modified with the polymer polyethylene glycol (PEG) and kinetic studies were 

performed upon modification to determine the activity and stability of the modified-

biomolecule under these conditions. 

Monomethoxy (polyethyleneglycol), M-PEG derivatives of5000 daltons average 

moL wt,, were chemically fixed to non-essential groups on trypsin through amidation 

with amino groups using two different methods. In the first method, N-

hydroxysuccinimide (NHS) active ester of PEG succinate (MPEG-SS) of 5000 daltons 

was attached covalently to trypsin. In the second method, the enzyme was modified 

with linear monomethoxy PEG-amine (MPEG-NHJ using glutaraldehyde as a cross-

linking reagent. In both cases when sufficient polymer is attached, the modified enzyme 

adduct, retained most of its original biological activity and showed substantial changes 

in physico-chemical properties. 
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CHAFTER2 

LITERATURE REVIEW 

Protein Purification Methods 

Recent developments in genetic engineering, recombinant DNA, mammalian cell 

culture technology and cell fusion techniques, have made it possible to produce many 

new proteins to be used as pharmaceutical and applications in food preparation, 

agricultural and other activities. The biosynthetic proteins of interest, typically produced 

in a dilute and complex biofluids are often denatured by extreme pH, organic solvents, 

etc. The importance for commercialization of bioproducts, is not only the question to 

produce large quantities of purified enzymes and proteins but also to obtain them in 

high purity. The purification of specific substances from complex biological mixtures 

has traditionally been done by combining several techniques according to differences 

in their physico-chemical properties, e.g. solubility, size, charge etc. These methods 

usually consist of several time-consuming steps. Purification of some particular 

biomolecule or protein represents up to 90% of the cost of the final product (Kadan, 

1986). 

Substantial progress has been made in using affinity techniques by exploiting the 

natural biospecific interactions between proteins and their complementary ligands such 

as substrates, inhibitors, hormones, etc. The technique offers a high degree of specifity 

and provides efficient purification of a desired product from a complex mixture. 
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Affinity chromatography, based on this concept, is one of the most widely used protein 

purification techniques and offers purifications of the order of less than 12-fold 

(Bomiegea et cd.. 1986), depending upon initial puri^ and composition of the sample. 

This method, however, has several disadvantages such as low productivity, difficulty 

in scale-up and plugging of packed columns (Janson, 1984). 

Novel affinity based protein puiification methods have been developed or are 

under development to circumvent the difficulties encountered in conventional affinity 

chromatography. Depending on the physical means of separating the ligand and its 

complementary biomolecules, the techniques can be categorized as affinity precipitation, 

affinity cross-flow filtration and affinity partitioning. These methods are at present the 

most widely investigated for development of novel affinity protein purification methods 

and have proven to be highly promising as alternative techniques for affinity 

chromatography in downstream processing (Lowe, 1984). 

Enzyme Lnmobilizatlon 

The emerging industrial interest in organic synthesis, bioconversion, etc. has led 

to the need for immobilization methods for proteins and enzymes which give high 

activity, as well as good stability, of the bound biomolecules (Mozhaev et al., 1987). 

Proteins have also been immobilized for affinity supports for use in affinity 

chromatography. Both areas of enzyme immobilization and affinity chromatography 

evolved using either soft-gel matrices such as agarose or inorganic matrices such as 

porous glass (Lowe and Dean, 1974; Zaborsky, 1973; Mattiasson, 1988). 
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Immobilized enzymes for example, are used in areas of lipid modification and 

stereospedfic synthesis of fine organic chemicals such as flavor compounds (Belfort 

1989; Swaisgood and Horton,1989). 

A number of reviews on the preparation, characteristics, and application of 

immobilized enzymes are available (Mosbach, 1976; Chibata, 1978; Swaisgood, 1985; 

Mosbach, 1987a,b; Scouten, 1987). 

The effect of the immobilization on the enzyme activity due to 

microenvironmental and diffiisional effects has been extensively reviewed by Goldstein 

(1976) and Katchalski, et al., 1971. These considerations also include the effects of 

local gradients of pH, ionic strength, reactant, and product concentrations. The analysis 

of multienzyme systems has also been considered by Goldstein (1976). More recent 

work by Ruckenstein and Kalhod (1982) and Kalhod and Ruckenstein (1982) has 

considered the ionic effects in more detail. 

Technologies utilizing genetic engineering or affinity interactions offer a lot of 

potential for the development of adsorption techniques which are specific and approach 

the strength of covalent bond binding energies. By genetic engineering it is possible to 

add high affinity "tails" to a recombinant enzyme that greatly increases its binding 

energy for commonly used supports. For example, Bulow and Mosbach (1987) attached 

a polycysteine tail to galactokinase resulting in tighter binding to thiol Sepharose. Also 

Hochuli et al., (1988) added genetically engineered polyhistidine tails to dihydrofolate 

reductase to increase its binding affinity for metal chelate adsorbents. Chemical 
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modification with similar compounds could be performed to increase the binding energy 

of an enzyme for an ion exchanger and/or for hydrophobic surfaces. 

It is also possible to prepare surfaces which exhibit biorecognition (Swaisgood 

and Horton, 1989). Thus immobilized lectins, which recognize specific carbohydrate 

residues were used to adsorb glucose oxidase and catalase (Mattiasson and Borreback, 

1978). Another good example, is a recently demonstrated use of monoclonal antibodies 

(mAb) for specific and oriented immobilization of enzymes (Solomon er al., 1984; 

Solomon et a/., 1986; Solomon et al., 1987; Solomon and Koppel, 1987). The high 

affinity of the avidin-biotin system has been used to specifically immobilize conjugated 

enzymes on covalently immobilized avidin supports (an extended review of avidin-biotin 

system applications is provided by Wilchek and Bayer, 1990b). Similarly, conjugated 

hapten-enzyme systems have also been used in conjunction with covalendy immobilized 

antibodies (Mattiason, 1988; Swaisgood and Horton, 1989). 

Affinity Chromatography 

Affinity chromatography has a unique place in separation technology since it 

enables purification of any biomolecule on the basis of biological function or individual 

structure. It is the most selective protein purification technique and ofiers purifications 

in the order of less than 12-fold (Bonneqea et al., 1986). And more recently Chen, J.P. 

(1990) and Sii, D., et al. (1991). 

The technique can take advantages of the natural affinity displayed between 

biological molecules and their complementary ligands. For example, antibodies form 
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stable complexes with their respective antigens, enzymes bind to their corresponding 

substrates and inhibitors, etc. 

Affinity chromatography is based on the selective adsorption of a biological 

compound from solution onto a solid packing support which has been modified by 

covalent coupling of a chemical species for which the desired product has a specific 

affinity (Scouten, 1981; Turkova, 1978; Lowe and Dean, 1974; Chen, J.P., 1990 and 

Su, D., cf a/., 1991). 

The beginning of affinity chromatography as a routine separation technique was 

due to the introduction of polysaccharides activated by cyanogen bromide for coupling 

of molecules containing primary amino groups to a matrix (Axen, Porath and Emback 

1967). 

In the purification of enzymes, for example, the chemical modification involves 

attaching to the solid a specific inhibitor or cofactor via a spacer molecule that is meant 

to reduce steric hindrance to the binding of the protein. Specific protein-protein 

interactions have also been used to purify antigens and antibodies (Campbell, 1951; 

Jacoby and Wilchek 1974; Cuatrecasas, 1972; Cuatrecasas, 1969). Once the desired 

material has been adsorbed to the column, it is disturbed by changing the pH, ionic 

strength, temperature in the column or by the addition of a stronger ligand or a 

substrate to the solution. 
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Immobilized Metal Affinity Chromatography (IMAQ 

The advantage of affinity chromatography is that high-yield one step 

piuiiications can be achieved from crude extract Some of the disadvantages of affinity 

chromatography are: 1) A different matrix should be used for almost every separation. 

2) It is poor in discriminating between structural variants of proteins, because a small 

region of protein structure determines chromatographic behavior and all retained species 

simultaneously elute during the elution stq). 3) It is not suitable for separation of 

surface-engineered modified proteins. 

Immobilized metal ion affinity chromatography (IMAC) introduced by Porath 

et al., in 1975, is a highly versatile bioseparation method based on interfacial 

interactions between electron donor groups(Lewis acid) of the surface amino acids in 

the biomolecules and immobilized metal ions as electron acceptor(Lewis base) chelated 

to a solid support. Fixed metals such as Zn(II), Cu(II), Ni(II) and Co(II) have been 

particularly used for fractionation of proteins on the basis of their relative content of 

certain amino acids (histidine, in particular). Because the residues recognized by 

immobilized metal are not necessarily clustered at one location , IMAC is an affinity 

method that considers the entire protein surface (in contrast to conventional affinity 

chromatography). In some cases the performance of this technique is even superior to 

that of biospecific affinity-based adsorbents (Vijayalaksmi, 1989). Selectivity in this 

method can be varied by choice of type of chelator-ligand and metal ion as by varying 

the modes of elution, including affinity desorption. 
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Since the contribution of Porath et al., IMAC has witnessed an extensive use in 

the purification of proteins and peptide (Sulkowski, 1989; Porath, 1988 and 1992; 

Vijayalaksmi, 1989) and recently as a means of discriminating between cells of different 

species (Goubran-Botros and Vijayalaksmi, 1989). IMAC analysis of several protein 

models has demonstrated the importance of histidine residues for recognition and 

binding to an immobilized metal ion (Sulkowski, 1985 and 1987). 

Recently two excellent comprehensive reviews describing the principle and the state of 

the art of IMAC have been published (Porath, 1992; Wong, 1991). The principle and 

concept of IMAC is shown in Fig. 2.1. 

Reversible Immobilization & Affinity Chromatography 

Using Metal Chelate Adsorbents 

A great number of techniques for the immobilization and purification of enzymes 

exist. By selecting the proper carrier material and coupling procedure, it is usually 

possible to obtain immobilized derivatives with good activity and stability. However, 

most of them contain irreversibly bonded enzyme, which means that the carrier cannot 

be regenerated and reused. This problem can be circumvented by immobilization based 

on ion exchange, hydrophobic interaction, or thiol-disulfide interchange and metal-

chelate carriers (Wimderwald, 1983). Porath (1992) and Hochuli (1992), have 

independently, used IMAC for enzyme immobilization and Vijayalakshmi (1978) has 

used IMAC for cell immobilization. 
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Several different approaches in reversible immobilization of bioligands for 

purification of biomolecules based on the principle of specific afdnity interaction and 

using IMA carriers have been reported in the literature. Wunderwald (1983) reported 

a method called "sandwich affinity chromatography" using IMA-adsorbent carrier, 

Zn(II)-bis-carboxymethylaniino-Sepharose (Zn chelate Sepharose) to bind a^-

macroglobulin for removal of several endoproteinases such as trypsin, chymotrypsin, 

thermolysin, elastase, ficein, and papain from biological fluids. They reported the 

advantages of this method was due to the simplicity of the loading procedure, high 

capacity of the gel material, e.g., 0.4.-0.54 mg trypsin/mL gel and the possibility to 

regenerate the adsorbent after elution of a2M-proteinase. However, unspecific binding, 

leakage of af&iity ligand and metal from the column was reported. 

The IMA adsorption concept has been also exploited to obtain immobilized 

enzymes adsorbed on metal chelate-gels displaying catalytic activity (Coulet et al., 

1981). In this work the investigators immobilized the enzymes on cobalt, zinc, and 

copper chelate agarose. The immobilization was based on the formation of coordination 

complexes between exposed imidazole and thiol groups of the enzymes and the agarose 

-fixed metal ions. Lactate dehydrogenase G-DH), an enzyme with 13 thiol groups per 

molecule and malate dehydrogenase (MDH), with 10-12 thiol groups as well as alkaline 

phosphatase (AP), a zinc metalloenzyme were used in their experiments. However, with 

this approach the retention of specific activity of the immobilized enzymes was very 

low, 0.7% for LDH, 1.3% for MDH and 4.6% for AP, compared with the native 

soluble enzymes. This was probably due to steric hindrance. 
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A different metal chelate bonding approach as a principle for enzyme 

immobilization has also been previously explored using other supports and salts of 

titanium and zirconium (Kennedy, 1979 and Kennedy and Epton, 1973). 

These chelate concepts of immobilization, although very general, are restricted 

in fact only to enzymes with histidine residues (or other appropriate surl&ce exposed 

amino acids) accessible for metal interaction. Nevertheless, as has been reported by 

Hochuli et al., (1992) model proteins high with engineered (e.g., hexa-histidine) could 

be successfully used for immobilization of proteins. For example, engineered metal 

binding sites, or chelating peptides (CPs) can be used to site-specifically orient and 

immobilize recombinant CP-proteins on a solid support by forming a kinetically inert 

ternary complex with immobilized IDA-Co(IIQ. The concept of reversible 

immobilization of bioligands and biomolecules in IMA-carriers along with other modes 

of chromatography (IMAC and AC) is shown in Fig. 2.2. 

Aqueous Two-Hiase Partitioning (ATPP) 

Aqueous two-phase partitioning has received significant attention and is best 

characterized for separation, concentration and purification of biomolecules. Albertson 

(19S6) discovered the potential of aqueous two-phase systems for biomolecule 

separation of cell particles and proteins. Since its introduction it has been applied to a 

large numbers of different materials, such as plant and animal cells, microorganisms, 

virus, organelles, etc (Albertson, 1986; Walter et a/.,1985;Goubran-Botros et al., 

1991). The basis for separation by two phase systems is the selective distribution or 
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partition of substances between the phases and is characterized by the partition 

coefficient defined by K=C,/Cb where Q and Q are concentrations of the partitioned 

substance in top and bottom phases respectively. The most common aqueous two phase 

systems (ATPS) are generated by dissolving two-water soluble polymers, eg. 

polyethylene glycol (PEG) and dextran or a polymer and a salt, eg. PEG and potassium 

phosphate or sodium sulfate in water. In both cases, PEG will predominate in the upper 

lighter phase, while most of the dextran will distribute to the lower, more dense phase. 

PEG and dextran as phase producing compounds are the most popular and both are 

biodegradable and FDA approved. Nevertheless, due to concentration effectiveness 

other polysaccharides such as modified starch and gums are used in place of dextran. 

Factors affecting the partitioning of biomolecules in aqueous two-phase systems 

are size, and surface properties of the substance such as hydrophobicity and molecular 

conformation, ionic composition, polymers concentration, polymer molecular weight, 

presence of carrier with charge or/and affinity ligand, pH and temperature (Albertson, 

1986; Walter et al., 1985; Johansson, 1984). 

The logarithm of the partition coefficient can be split into several contributing 

terms as follows: 

InK = lnKo+liiKdd + lnK,^^ + lnKu„,p + lnK^ + lnK„^ 

where elec, hfob, biosp, size, and conf stand for electrochemical, hydrophobic, 

biospecific, size and conformational contribution respectively to the partition coefficient 

and hiKo includes the intrinsic factors. 
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Affinity FftrtitioiiiiiS 

Aqueous two phase partitioning can be made more selective and efficient by 

coupling an afGnity ligand to one of-the phase-forming polymers that would serve as 

a carrier, that is to "carry" the desired biomolecule or particles preferentially over to 

one of the phases. Several applications of such carriers with affinity ligands are 

reported in the literature. Ligands that have been used include enzyme inhibitors 

fTakerkart et a/., 1974), triazinedyes (Tohansson and Albertson, 1984; Kopperschlager 

and Johansson, 1982), antibodies (Karr et al., 1986), metals (Wuenschell et al., 1990) 

and hydrophobic all^l chains (Shanbhag and Axelsson, 1975). In most cases, the 

affinity derivatized polymer need only to be present in small concentrations, to greatly 

affect the partitioning of the biomolecule of interest and 10-10,000-fold changes in the 

partition coefficient after addition of an affinity ligand are not uncommon (Albertson, 

1986). Affinity partitioning is based on the preferential distribution of a ligand-protein 

complex to one of the phases. 

Several parameters that affect the affinity partitioning are: concentration of 

polymers (Jameld et al., 1990), type and concentration of salt (Johansson, 1982), 

temperature, pH, ligand density on carrier polymer (Johansson, 1987), sample 

concentration (Szoke, unpublished results), and free ligand (Johansson, 1985). 

Thus, the main advantages of affinity partitioning lies in the fast one step 

purification of a selected product directly from the cell suspension. However, the high 

cost of the phase polymers (e.g., dextran) and their derivatization necessitates the 
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incoiporation of recycling steps into the process design. The drawback of the cheaper 

PEG/salt systems however, is the high salt concentration in both phases. Depending on 

the kind of chaotropic salts, this may lead to denaturation of salt-sensitive biological 

structures and makes its use impossible with systems having ligands with affinities 

based on electrostatic interactions. When aqueous two phase systems with two polymers 

are used (such as PEG and dextran) high salt concentrations are not necessary for phase 

formation and the systems can be made with the desired buffers. 

Theory of Partitioning 

Theoretically, one should expect very large effects on the partition of a protein 

if it binds strongly to a ligand coupled, for example, to polyethylene glycol of a 

dextran-polyethylene glycol phase system as calculated by Flanagan and Barondes 

(1975). If the partition coefficient of the ligand-polyethylene glycol is KL-PEO that of the 

protein is Kp, and that of the complex is Kp.i^i.Ea> ^ dissociation constant is Ki 

in the upper phase and K2 in the lower phase then the following relation holds: 

Kp-L-PEG" KpXKL.pEG^ ^2 ^ 

If the protein has N independent binding sites: 

^p-L-reG~ KPX(KL.PE(;X KJ / K^)" 

If the same dissociation constant in the top and bottom phase is assumed: 

Kp-L-PEG~ KPX(KL.P£C)'* 

or 



log Kp^L-nEc— log Kp+ N xlog K|̂ f  ̂

Since the ligand-PEG may have a K value in the range of 10 to 100 it should be 

expected a 10 to 100-fold increase in partition for every binding site, provided ligand-

PEG is added in excess so that all binding sites are filled. If a protein has several 

binding sites, it would, therefore, expected a change in K value of several orders of 

magnitude. In practice, the observed increase in K value lies between 10 to 10000-fold 

upon the addition of a PEG-ligand. As an example we can consider the effect of 

Cibacron-PEG on the partition coefficient of phosphofructokinase (Johansson et al., 

1983). This enzyme has 16 bindings sites, and according to theory, the log K for the 

enzyme should increase by at least 16 units upon addition of saturating amounts of 

Cibacron-PEG. The fact that it reaches a value of only 3 may have several 

explanations. For example, binding of one or two ligand-PEG molecules to the enzyme 

may hinder binding of more ligand-PEG molecules, that is, the binding sites are not 

independent as supposed in theory. The dissociation constant may also be different in 

the two phases. Furthermore, the fact that part of the surface of the protein molecule 

is withdrawn from direct contact with the major phases polymer compounds by the 

binding of the Hgand-polymer must be taken in consideration. This is discussed in detail 

by Johansson et al. (1983). 

Immobilized Metal Affinity Partitioning (IMAF) 

Plunkett and Arnold (1990) showed that metal chelating proteins, high in 

surface histidine content, can be affinity purified by the substitution of 1 % of the phase-
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forming PEG with a PEG-iminodiacetic acid Cu(II) complex. They were able to obtain 

a high degree of purification of hemoglobin from albumin in a single-step extraction. 

Since then, IMAP has been used more often as a method for extraction of proteins in 

aqueous two-phase systems (Goubran-Botros ex al., 1991; Suh and Arnold, 1990). 

Goubran-Botros et al. (1991) demonstrated the usefulness of chelate metal ions 

for affinity extraction of cells using erythrocytes as a model. Erythrocytes were 

partitioned in aqueous two-phase systems composed of poly (ethylene-glycol) and 

dextran. Soluble chelating polymers were prepared by fixing Cu(II) or Zn(II) ions to 

poly(ethylene-glycol) via the chelating group, IDA. Erythrocytes having exposed metal-

binding sites on their surface were extracted into the poly(ethylene-glycol)-rich phase 

due to the binding to the affinity ligand. It was found that erythrocytes from different 

species could be distinguished by their affinity to chelated metal ions. The principle was 

further applied to the segregation of pathological cells from the corresponding one 

(Nanake/fl/., 1991). 

The principle of the interaction of immobilized metal ions with macromolecules 

is known to be based on the electron donating capability of some of the amino acids on 

the surface of the proteins (histidine, cysteine and tryptophan) to coordinate with chelate 

transition metal ions (Sulkowski, 1985; Hemdan et al., 1989). The concept of protein 

affinity for metal chelator has been extensively studied by the chromatography of 

proteins (Sulkowski, 1989). The contributions of Lonnerdal and Keen (1982) and 

Sulkowski (1985) to the understanding mechanism of this selective recognition has made 

this concept one of the best suited and has wide acceptance in separation technology. 
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Several reviews that describe various properties and applications of the technique have 

been published (Sulkowski, 1985; Porath, 1988 and 1992; Porath and Olin, 1983; 

Winzerling et al., 1992). 

Soluble Polymers Used in Separation and Biotechnology 

A variety of polymers has been used for example, in bioseparations such as in 

aqueous two phase systems, peptide synthesis, modification of enzymes and proteins of 

therapeutic importance, and other related biochemical and biomedical applications. The 

general requirements of any polymer used for these purposes are that it should be 

water-soluble, biocompatible, non-immunogenic, and devoid of biological activity. Not 

all synthetic water-soluble polymers are biologically inert (Katre, 1993). 

Polymers which have been used for aforementioned applications include poly(N-

vinyl pyrrolidone), poly(maleic acid), poly(DL-alanine), albumin, oligosaccharides, 

poly(acrylic acid), poly(vinyl alcohol), carboxymethyl cellulose and dextran, and 

poly(ethylene)glycols (AbuchowsM and Davis, 1981). The most popular soluble 

polymers, among these polymers used for these applications, are polyethylene glycols 

(PEG). 

Polyethylene Glycols (PEG) and Derivatives 

Polyethylene glycol (PEG's) are water soluble, nontoxic, polyethers. A key 

property of PEG is that attachment to other molecules and surfaces provides a 

biocompatible, protective coating. This protective coating slows down rejection of 
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organs and tissues in biological systems (such as in the human body) (Hanis, 1992). 

The coating greatly reduces the adsorption of protein, cell and bacteria, and reduces 

rate of kidney clearance (because of the large size). PEG is nontoxic and has been 

approved by the FDA for topical and internal use in humans. It is soluble in water and 

in many organic solvents. It tends to exclude other polymers from the aqueous 

environment. This property translates into protein rejection, formation of two phase 

systems with other polymers (such as dextran), nonimmunogenicity, and 

nonantigenicity. The water solubility, lack of toxicity, high flexibility and well-defined 

chemistry of PEG's make them ide^y suited for many chemical, biochemical and 

biomedical applications such as: peptide synthesis, phase transfer catalysis, aqueous two 

phase partitioning, protein (i.e., enzyme, antibodies, antigen) immobilization, 

pharmaceutical modifications, protein and cell purification, polymer bound reagents, 

and preparation of surfaces that reject proteins (Harris, 1992; Topchieva, 1980). 

Many of the above mentioned applications require rq)lacement of the parent 

hydroxyl of PEG, H0-(CH2CH20)a-H by a variety of fimctional groups. Typically, 

there are three useful kind of PEG derivatives: a) monofiinctional PEG derivatives 

which contain one reactive group at one end and an inert group at the other end, CH3O-

PEG-X; b) homobifiinctional symmetrical PEG derivatives containing two equally 

reactive fimctional groups at terminus 0.e. X-PEG-X) and c) heterobifimctional 

derivatives of PEG having the general structure X-PEG-Y. They are extremely useful 

as macromolecular crosslinking agents or as spacers between two different entities 

(Sepulchre, 1983; Zalipski, 1990; Yokoyama, 1992; Topchieva, 1988). In addition to 
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the two independent functional groups, the presence of PEG provides water solubility, 

biocompatibility, flexibility and great degree of freedom for each one of the components 

of potential conjugates. 

Among many modified soluble polymers available, the synthesis of 

heterobifimctional polymers, having two different active groups, from their symmetrical 

homobifunctional derivatives is a real challenge. Despite the evident desirability of such 

derivatives, only a few examples are described in the literature (Harris, 1992). The 

methods used for chemical modifications or derivatizations are based on anion-catalyzed 

ethoxylation at atmospheric pressure (Harris, 1992). There are several disadvantages 

connected with this method: ethylene oxide is toxic, potentially explosive and the 

precise control of the chain length and extension of the method to the preparation of 

other derivatives is difficult. Other approaches are based on direct modifications of 

commercially available PEG's (Speranza, 1966; Sepulchre et al., 1983; Zalipsky and 

Barani, 1990). 

Applications of Polyethylene Glycol Derivatives 

Five early key works set the stage for the applications of PEG in different areas 

(Harris, 1992). Without regard to any order these are: l)the observation of Poison et. 

al. (1964) that PEG can be used to drive proteins and nucleic acids from bulk water 

solution for purification and for crystal growth, 2) Albertsson's (1957) discovery that 

PEG and dextran, when mixed with buffer, form aqueous polymer two-phase systems, 

which are hospitable materials for proteins and are extremely useful for purification of 
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biological materials, 3) the finding of Ahkong et al., (1975) that PEG interacts with cell 

membranes to give cell fusion, a key process in biotechnology, 4) Davis and 

Abuchowski's (1977) observation that covalent attachment of PEG to proteins gives 

active conjugates that are nonimmunogenic and nonantigenic so as to greatly increase 

serum circulation lifetimes; and 5) Nagaoka's (1982) findings that covalent attachment 

of PEG to surfaces effectively retards protein adsorption to these surfaces. 

These early works have led to several active areas of investigation, which have 

produced hundreds of research publications. In this literature survey it is brought 

together the interrelationships among these different areas which reveal that there are 

new areas for future investigation, specially in bioseparations and biotechnology. 

1) Bioseparations 

Affinity interactions involving just one affinity flmctional ligand have been 

extensively used mainly in separation technology. Efforts to make affinity separations 

more effective and efficient by combining affinity interactions with other separation 

techniques or by using bifiinctional affinity ligand have been developed or are under 

study (Chen, 1990; Sii and Sadana, 1991). 

Techniques such as affinity precipitation, affinity ultrafiltration, affinity 

partitioning, and af&iity electrophoresis etc. have emerged by making use of a primary 

mode of separation and affinity interactions as a complement to provide more specific 

separations. 
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For example, affinity cross-flow filtration, combines affinity interactions with 

membrane permeation (this is possible only if the ligands are selectively coupled to 

shell side out or shell side in) while unbound contaminants pass through it. This method 

takes advantages of sq)aration in homogeneous phase environments. However, 

macroligands soluble in water have advantages over water-insoluble macroligands since 

the binding between ligand and protein occurs in a homogeneous phase with no 

diffusion limitations (Adamski-Medda et al., 1981; Choe et al., 1986). 

Homo-bifunctional and hetero-bifimctional ligands have been studied for 

increasing efficiency and selectivity in the separation process. Accordingly, as 

compared to monoaf&nity interacting systems, the use of bifimctional affinity 

interactions, by extrapolating the affinity principle, seems to offer considerable 

advantages in terms of strength and selectivity. However, the synthesis of the ligands 

have been limited, in general, to applications in affinity precipitation of proteins. 

Homo-bifiinctional ligand polymers have been synthesized by attaching two 

identical ligand forming molecules to a polymeric spacer molecule. Several examples 

of affinity precipitation with homo-bifiinctional groups have been described in the 

literature (Green et al, 1971; Larsson and Mosbach, 1979); Larsson et al., 1984). 

Derivatives of bis-(Cibacron Blue F3G-A) have been used as functional analogues of 

bis-NAD (Lowe and Pearson, 1983; Hayet and Vijayalakshmi, 1986; Bertrand et al., 

1985; Pearson, 1987; (Pearson et al., 1986) and recently with bis-chelate of Cu(II) as 

homo-bifimctional ligand (van Dam et al., 1981; Taniguchi et al., 1989; Senstad and 

Mattiasson, 1989). 
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Affinity precipitation, although successful in some specific cases, appears to be 

of a rather limited separation value, specially when applied with bifimctional 

homopolymers because it requires oligomeric protein structures with rather equivalent 

binding sites. Furthermore, the synthesis of most of the aforementioned polymers seems 

cumbersome and not very controllable with respect to the number of ligand prepared 

for interactions. 

2) Biotechnology 

A few examples of applications of heterobifimctional PEG'S, reported in the 

literature include: synthesis of enzymatically superactive cofactor-apoenzyme conjugates 

(Nakamura, 1986), preparation of graft polymeric supports for solid-phase peptide 

synthesis (Zalipsky, 1986), targetable polymeric drugs (Zalispsky, 1992) and PEG-grafts 

on surfaces and proteins (Chujo, 1984), polymer-grafted liposomes (Zalipsky, 1993), 

and synthesis of molecular probes (Bertozzi, 1991). 

The use of spacer molecules, such as PEG and hexamethylene groups, in solid 

phase peptide synthesis are required either to create or modify the environment on most 

commonly used polystyrene based solid support. The use of modified beads has resulted 

in a better yield and purity of the finished peptide. 

Grafting of poly(ethylene glycol), PEG, to solid surfaces has been recognized 

as a technique for obtaining low protein adsorption and low cell adhesion characteristics 

(Merril, 1983). For instance, PEG coating is reported to give a marked suppression of 

plasma protein adsorption and platelet adhesion leading to reduced risk of thrombus 



formation, as demonstrated both in vitro and in vivo. The inert character of PEG 

surfaces is believed to be due to the solution properties of the polymer, its molecular 

conformation in aqueous solution, and the fact that it is completely noncharged 

(Nagaoka, 1988). 

The introduction or the grafting of the polystyrene based beads by PEG, 

however, still remains a challenge. Homobifimctional PEG derivatives are usually 

applied. Barany et al. 1992 have published extensively in this area. Their attempts to 

make such monoprotected derivative of a homo-bifimctional PEG have, however, met 

with limited success. These methods, for example are very cumbersome, not 

reproducible, and yield product mixtures that require extensive and careful 

chromatographic fractionation to obtain the final desired product. 

When a solid-phase technique is employed it is important that the biomolecule 

is attached to the support in such a way that its biological properties are retained. 

Furthermore, it is an advantage if the underlying surface, the background, is inert in 

the sense that strong interaction with the immobilized molecule is avoided and that 

nonspecific adsorption of molecules &om solution is minimized. Strong attraction 

forces, e.g., due to hydrophobic interactions, between a protein and a surface could 

eventually lead to conformational changes that effect the biological activity. Nonspecific 

adsorption is a well-known problem in solid-phase diagnostics and in all 

chromatographic methods and is the prime reason for the lack of accuracy of some of 

these tests. 
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Immobilization of the biologically active molecule to free ends of grafted PEG 

chains offers a way to avoid adsorption by the underlying surface. Both gradual 

deformation of the attached molecule and nonspecific adsorption of other molecules or 

particles are minimized. Provided that the immobilization procedure used does not 

change biological properties and that the layer of inunobilized molecules is not so dense 

that crowding phenomena appear, the procedure would be expected to yield products 

with high activity and good stability (Harris, 1992). 

Besides the stepwise synthesis of p^tide and small proteins directly on the resin, 

synthetic or natural peptide and proteins can be covalently attached to PEG-PS supports. 

The immobilization of enzymes stabilizes them and makes them easier to handle 

(Chibata, 1978; Scouten, W.H., 1983). Proteins can also be immobilized for affinity 

supports. The tertiary structure of the immobilized protein and therefore the catalytic 

activity is strongly influenced by matrix properties such as flexibility of the sur&ce and 

hydrophobicity/hydrophobicity. A great advantage of the tentacle polymer PEG-PS is 

its hydrophilicity and flexibility of the PEG q)acer (Harris, 1992). 

The reactive sites on PEG-PS for attachment of proteins are located at the end 

of the flexibility PEG spacers and therefore the immobilized protein is allowed to move 

with the polymer chains and shows a quasihomogeneous behavior. Reactions of the 

terminal OH group show kinetics similar to those of nonimmobilized PEG in solution. 

Therefore, immobilized PEG can be used in many cases where normally soluble PEG 

is used and functionalized. Because of the flexibility of the PEG the tertiary structure 

of the protein is not influenced, and the enzyme conserves its molecular dynamics 
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necessary for catalytic activity. It has been shown that peptide conformations are not 

significantly modified after binding to PEG (Multer, 1977). 

Bifimctional PEG-derivatives are also ideal reagents for coupling molecules to 

molecules or molecules to surfaces. This technology might be important for the next 

generation of drugs and biomaterials. Research has shown that the use of PEG as a 

coupler to bind molecules to other molecules and surfaces provides highly active 

materials. 
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CHAFTER3 

SYNTHESIS OF MONOPROTEXHED DERIVATIVES OF 

HOMOBIFUNCTIONAL MOLECULES 

Overview 

Selective derivatization of one of the two functional groups in a symmetrical 

homobifimctional molecule is always an uphill synthetic task. A novel method for 

synthesis of mono-protected homo-bifimctional polyethylene glycol (PEG) is described 

in this chapter. The methodology utilizes a combination of two protecting groups that 

are orthogonal to each other for the introduction of one of these groups into 

symmetrical homobifimctional PEG polymers. Different well known protecting groups 

have been evaluated for our particular purpose. This approach appears to be 

straightforward for separation of desired products from other non desirable or reactants 

have been developed. The methodology described here might be applicable to any 

symmetrical homobifiinctional molecular substance and for synthesis of their 

corresponding monoprotected derivatives. 

Introduction 

Selective chemical modification at one of the ends of a symmetrical homo

bifimctional molecule is a difficult synthetic task. Several different approaches have 

been described in the literature to achieve such chemical modifications or 
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daivatizations. The solution methods of preparing monoprotected derivatives of 

symmetrical bifimctional compounds usually lead to mixtures of di-protected, 

monoprotected and unprotected products that are usually very difficult to separate from 

each other (Morgan et al., 1936; Soffer et al., 1947). In these experiments a large 

excess of the symmetrical bifimctional compound is usually employed. Such conditions 

result in a mixture that consists of a large amount of unreacted starting materials, a 

small amount of diprotected and only a minor amount of the desired product (Baum et 

al., 1974). As a result, the isolation and purification protocols for the monoprotected 

derivative are usually cumbersome and involve many steps which often do not prove 

to be reliably reproducible (Zalipsky et al., 1986; Zalipsky et al., 1990; Zalipsky et 

al., 1993). 

Attempts have been made to alleviate these product isolation and purification 

problems by devising instead solid-phase based synthetic methods in which an insoluble 

phase is used to temporarily block one of the fimctional groups in these symmetrical 

bifimctional compound. This approach is called "fishhook" method (Harrison et al., 

1967 and Lenzoff et al., 1972) which utilizes insoluble polymers as blocking groups. 

The blocking allows one to perform derivatization exclusively at the other (available) 

functional group. However, this approach has problems of its own. For example, a 

large fraction of the symmetrical compound is always bound to the solid support 

through both of its functional groups thus causing a lower yield of the desired product. 

As a consequence, the product obtained after removal of the derivatized product from 

the solid support is always contaminated with large amounts of the starting materials. 



60 

This strategy, therefore, also requires extensive purification protocols. The use of large 

amounts of the bifimctional compound for immobilization on the solid support was also 

found to be of no help to alleviate this problem. The experience with the derivatization 

of higher bifimctional polymers (e.g., polyethylene glycol, PEG) is even more complex 

where most of the PEG gets cyclized (through both of its end groups) on the insoluble 

support. Only PEG'S of average molecular weight up to 600 give a relatively good yield 

(Becker et al., 1982). 

A third approach for preparation of long-chain monoprotected soluble polymers 

(e.g., PEG) is based on anion-catalyzed ethoxylation at atmospheric pressure. The 

polymerization strategy is based on chain elongation and has its own limitations. The 

main disadvantage is the complex nature of the obtained product in terms of a very 

wide range of polymerization degrees. In other words the product is a mixture of the 

derivatized PEG molecules widely differing in length (Harris, 1992). 

We describe in this work a methodology for the synthesis of hetero-bifimctional 

monoprotected polyethylene glycol, directly from commercially available PEG's of a 

given average molecular weight. This method of synthesis has many advantages over 

other methods. The strategy for this procedure (Fig. 3.2) is the use of dual orthogonal 

protecting groups for introduction of one of these groups into a symmetrical soluble 

polymer. Another key step in this technique has been the use of simple batch-wise ion-

exchange chromatographic separation of charged and uncharged species to obtain 

relatively pure mono-protected derivatives of PEG. The initial step in this process is the 

reaction of the symmetrical homobifimctional polymer with one of the protecting groups 



(e.g benzyl-chloroformate, Z-Q) as shown in Fig. 3.2. After a simple extraction of 

PEG derivatives in a two phase system, the mixture obtained consists of di, mono, and 

unprotected compounds, in percentages of 2S%, 50% and 25% respectively (if a 1:1 

initial reagent is used). A simple batch procedure or a column packed with CM-25-

Sephadex (with a capacity of 45 meq/gm) retained a mixture of mono and unprotected 

polymers. After removal of non-retained diprotected compound by washing the column, 

the adsorbed substances were eluted with 0. IM HCl. To elute the mixture of unreacted 

and mono-protected PEG'S this mixture was further reacted with a second protecting 

group (e.g. di(N-tet-butyloxycarbobyl) carbonate, Boc group, as shown in Fig. 3.2) 

which is orthogonal to the first group (Z group). After extraction of the PEG 

derivatives from the excess Boc reagent in a two phase system, the &'st protecting 

group (Z) is selectively removed (e.g. by catalytic hydrogenation). The resulting 

mixture is then passed through the same ion-exchange column to retain and finally elute 

the monoprotected compound (9) in relatively good yield. As it is evident from the Fig. 

3.2, this methodology is flexible in terms of the order the two orthogonal protecting 

groups are employed and can therefore be used to obtain other kind of monoprotected 

products (e.g. Z-PEG-NH2). 

Alternatively, with the first protecting group, the mixture consisting of mono-di 

and unprotected compounds were passed through a specific chromatographic column 

(i.e., ion-exchange column) to separate the mono and un-protected compounds. The 

resulting fractions, which contain only one compound carrying a hydrophobic group 

was passed through a column containing hydrophobic beads (i.e. phenyl-Sepharose 6B, 
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Pharmacia, Fine Chemicals). The unprotected compounds (with no hydrophobic groups) 

were washed through and the adsorbed mono-protected substance was eluted from the 

column. 

Materials and Methods 

Materials 

Infrared spectra were taken on a Perkin Elmer spectrophotometer using KBr 

pellets. Column chromatography was done on CM-25-Sephadex (Carboxymethyl 

Sephadex) cation exchanger obtained from Pharmacia. Amino group determinations 

were obtained using ninhydrin and trinitrobenzene sulfonic acid (TNBS). UV-

Absorbance measurements were performed on a Shimatzu 160UV scanning 

spectrophotometer. 0,0'-bis(2-aminopropyl)polyethylene-glycol 1900 (NHj-PEG-NHj) 

was purchased from Fluka Chemika. Benzyl-chloroformate (Z-Cl) and t-

butyloxycarbonyl (Boc group) were purchased from Aldrich. All other reagents were 

commercially obtained in reagent quality or better from Aldrich. Fig. 3.1 shows the 

molecular structure of the reagents used in the synthesis of monoprotected PEG. 

Methods 

Preparation of Mono and Diprotected PEG*s (TI &IIR 

1.9 gm (1 mmole) of NH2-PEG-NH2(1900), (compound I in Fig. 3.2) was 

dissolved in a minimum amount of dichloromethane (DCM). Benzyl-chloroformate (Z-

Cl, 1.2 mmole) in DCM was added dropwise over a period of one hr with stirring. The 

mixture was stirred for 10 hrs at room temperature. The solvent was evaporated in a 
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rotary evaporator. Unreacted Z-Cl was extracted in a HaO/ether two phase system. To 

deprotonate the II & III compounds the water lay^ (of pH around 2-2.5) was mixed 

with a 30 gm (3.3 eq/gm) of a strongly anion exchanger (Amberlite IRA 4(X)). The pH 

of the mixture after addition of the resin was 10.2. [Yield: 90%-95% IR: Aromatic 

(1230 cm-'), C=0 (1720 cm"'), NHj (3500 cm"'), CH2-O-CH2 (1000 cm'') UV: 

X^=257 nm)]. 

Ion-Exchange ChromatograDhv 

The mixture consisting of compounds I, n and m ( about 2 gm) was passed 

through a 40 ml column packed with CM-Sephadex (4.5 eq per ml). The column was 

washed with deionized water using a peristaltic pump at 0.5 ml/min flow rate. The 

washing was continued until the effluent showed no uv absorbance at 257 nm (max 

absorbance for the Z group contained in compound m). Compounds I and n were 

eluted from the column using O.IM HCl solution (Fig. 3.3). After deprotonation by 

changing the pH to 10-10.5 using the Amberlite anion exchanger (IRA-400) as 

described above and after drying the product was obtained with a yield of 92% [UV: 

)w=257 nm, IR: Aromatic (1630 cm*'), C=0 (1720 Cm**), NHj (3500 cm"'), CH2-O-

CH2 (1000 cm-^]. 

Protection of NH, Groups in Compound I &n bv Boc Group 

Mixture of I & II (2 gm, 1 mmole) as obtained above was dissolved in DCM 

(50 ml). (Boc)20 (4 mmole) in DCM was added and stirred overnight. Ninhydrin test 

for NH2 groups was negative. The solvent was evaporated under reduced pressure, the 
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residue dissolved in H2O and unreacted (Boc)20 reagent was extracted with ether 

several times. The water layer was lyophilized and dried to yield 90% of compounds 

IV& V. OR: Boc (1700) UV: KMX=257 nm]. 

Preparation of t-Boc-NH-PEG-NH  ̂(Compound VD 

To a mixture of Vl&Vn (10 gm 4.55 mmole) taken in methanol ( 50 ml) 5% 

Pd-C catalyst (2(X)-300 mg) was added. The mixture was hydrogenated at 10-20 PSI 

pressure in a low pressure hydrogenation vessel for 2 hrs. The catalyst was removed 

by filtration and the solvent was evaporated. The residue (9.4 gm, 94% yield) was 

checked by ninhydrin for the presence of NH2 groups and was found to be positive. The 

residue was dissolved in HjO and passed through the CM-25-Sephadex to remove the 

t-Boc-NH-PEG-NH-t Boc (V). t-Boc-NH-PEG-NH2 (VI) was retained in the column, 

and later eluted with a 10% ammonium hydroxide solution (Fig. 3.4). The effluent 

fraction from the column was dried in vacuum. The yield was 6.27 gm. TNBS test 

(Habeeb, 1966) for NH2 groups gave 0.891 mole NH2 per one molecule of mono-

protected PEG (VI). Compound (VI) gave a band in IR region at 1900 cm'*. This 

indicates the presence of the Boc group in compound (VI). [UV: X,^=220 nm, no abs 

at 257 nm Yield: 66.7% IR: Boc (1700 cm"*) TNBS: 0.893 mole NHj per one mole of 

t-Boc-NH-PEG-NHj. 

Synth îS Qf Z-PEg-NH, 

NH2-PEG-NH2 (2 gm, 1 mmol) was dried in a rotary evaporator and dissolved 

in DCM. B0C2O (1 mmol) was dissolved in the same solvent and was added dropwise 
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to the mixture. The reaction mixture was stirred for 12 hrs. The solvent was evaporated 

in the rotary evaporator. The residue was dissolved in water and extracted in a 

H20)/ether system to remove unreacted Boc. The water layer then was passed to a CM-

Sephadex-25 Ion-exchange. Column was washed with DI water until no Boc could be 

detected. The column then was eluted with 10% ammonia solution to remove retained 

materials. After drying the solution from the column, 1.63 gm material was obtained 

(about 75% the total starting material). NH2 analysis by TNBS was positive. 1.63 gm 

(0.815 mmol) of a mixture of NH2-PEG-NH2 and t-Boc-NH-PEG-NH2 was reacted with 

0.67 gm (4.08 mmol) Z-Cl in presence of (1.22 mmol) triethylamine in DCM. The 

mixture was stirred overnight. After evaporation of the solvent and extraction in 

water/ether system, the water layer was lyophilized. The material then was treated with 

50% TFA to remove Boc group in 20 min. The solvent was then removed in vacuo. 

The residue was dissolved in water and was passed into the same Ion-exchange column 

for separation of Z-PEG-Z and Z-PEG-NH2. The column was then washed with water 

to remove Z-PEG-Z. Washing was continued until no absorbance was observed. The 

column was then eluted with 0.1 M HCl to recover the product 0.65 gm Z-PEG-NHj. 

Fig. 3.5 shows the synthetic route for preparation of this compound. Z-groups 

contained in the compound was detected and quantified spectrophotometrically by UV-

absorbance (Fig. 3.6). The molar ratio of Z-groups to that of PEG was found to be 1:1. 

Fig. 3.7 also shows UV-spectnim for Z-PEG-Z. The same molar ratio was found for 

the number of moles of NH2-groups per mole of PEG, by TNBS analysis. 
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Separation of Z-PEG-NH  ̂and NH^-PEG-NH  ̂Using a Hydrophobic column 

A column (0.5 cm x 5 cm) one ml volume packed with Phenyl-Sepharose 6B-C1 

(from Pharmacia) was equilibrated with 50 mM Tris-HCl, 1.5 M NaCl, 3.5 M 

ammonium sulphate, pH 7.5. The starting material (100 mg) of a mixture Z-PEG-NH2, 

NH2-PEG-NH2 separated from a mixture containing Z-PEG-Z, ion-exchange 

chromatography on CM 25-Sephadex.ion exchanger was loaded to this column in 1 ml 

buffer. The flow rate was 30 ml/hr, and all experiment were carried out at room 

temperature. The nonabsorbed material was washed from the column with the starting 

buffer the UV-spectrum of the washed fraction containing Z-PEG-Z is shown in Fig. 

3.7. The absorbed material was eluted by decreasing the salt concentration. The eluted 

material from the column was tested qualitatively for any UV-absorbance. The UV-

spectra for the eluted material (Z-PEG-NH2) is shown in Fig. 3.6. The synthetic route 

for this approach is shown in Fig. 3.8. 

Results and Discussion 

Diamino polyethylene glycol (NH2"PEG-NH2, average MW 1900) was chosen 

to demonstrate the usefulness of the synthetic approach developed here for the synthesis 

of hetero-bifiinctional monoprotected derivatives of homobifimctional compounds. The 

key steps in the synthesis had been the use of a combination of two different NH2 

protecting groups that are orthogonal to each other. As outlined in Fig. 3.2, the 

protecting groups were introduced subsequently to generate charged and uncharged 
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intermediates that were very easily separated by cation-exchange chromatography. This 

technique resulted in pure mono-protected derivative of PEG polymer. 

In the first step of the overall route for preparation of monoprotected PEG, Z-Cl 

was added dropwise to I at 1:1 mole ratio. Since both ends of starting material (I) are 

equally reactive, statistically, a mixture should be obtained with 50% X-PEG-Y (II), 

25% X-PEG-X CO and 25% Y-PEG-Y (HI) (where X = NH2, Y = protecting group) 

should be obtained. The charged species I & II were separated from the uncharged 

specie HE simply by passing the mixture through CM-25-Sephadex cation exchanger or 

even easier by adding the mixture to the resin batchwise. The amino group containing 

compounds (I, II) were retained by the resin, whereas di-protected compound in was 

washed out from the column. Washing were continued until no UV-absorbance was 

observed. The column was then washed with 0.1 M HCl (pH = 2-3) to elute a mixture 

of I and n. 

In the second step in our synthetic route, the mixture of I and n were added to 

a tertiary ion-exchanger (Amberlite IRA-400) resin to deprotonate the NH2 carrying 

compounds. The use of solid ion exchanger was preferred over the use of water soluble 

inorganic and organic bases so as to avoid the contamination of their counter ions in the 

subsequent steps. After drying the mixture, the second protecting group (Boc) which 

is orthogonal to the first protecting group, was introduced. This protected the NH2 

groups in both I & n to result in totally uncharged molecular species (compounds IV 

& V). Next, the first protecting group (Z), was quantitatively removed by catalytic 

hydrogenation using a 5% Pd-C catalyst. A mixture of two products, was obtained 
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containing charged (VI) and the other uncharged (V)- This difference in charge 

permitted isolation by the use of CM-25-Sephadex cation exchanger as in the earlier 

case. The monoprotected PEG (VI) was retained, and could then be eluted with 0.1 M 

NH4OH. 

The trinitrobenzenesulfonic acid (TNBS) assay was used to quantitate the 

primary amino groups present in Compound (VI). This gave clear evidence that 

preparation with a monoprotected group by this method is homogeneous with one amino 

group per molecule of PEG, 

Z-PEG-NH2 compound (VI) was checked quantitatively by UV-absorbance and 

showed to be about 99% pure. 

Both quantitative amino groups analysis by TNBS and determination of Z groups 

by UV-absorbance showed experimental values of the terminal functionality of 1 for 

compound (VI) and a functionality of 2 for compound (I). [IR: Aromatic group (1630 

cm-'), C=0 (1720 cm-'), NH2 (3500 cm*') 

UV-absorbance: Xa„=257 nm]. 

Conclusions 

This method for preparation of monoprotected PEG is fast, gives high yields of 

the desired pure materials, there is no need for a large excess of reagents as is the case 

in high dilution methods. It can be performed under mild conditions. All the reactions 

are well standardized and allow virtually quantitative yields (i.e., without any side 

reactions). The intermediates recovered from the ion-exchange step can be recycled. 
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Different protecting groups can be selectively introduced in the homobifiinctional 

compounds. The reaction scheme provides possibility to carry out extensive variation 

in fimctional derivatization thus permitting these mono protected derivatives to be 

converted to a variety of hetero-bifimctional compounds. 

Compound (VI) in particular has many applications in areas such as affinity 

chromatography, peptide synthesis, affinity two phase partitioning, drug delivery and 

other more applications as described in the literature^. Some of these studies are in 

progress and will be published eventually. 
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Fig. 3.3. Ion-exchange chromatography fractionation results. Absorbance versus 
fraction number of elution of charged derivatives (I and U) from 
uncharged (III) compounds. Experimental conditions: 1.9 gm 
(1 mmol) (I, II and III) in 5 ml DI water, 30 ml/hr, column; 40 mi 
loaded with CM-25-Sephadex cation-exchange resin, 
elution conditions; 0.1 M HCl, UV-absorbance was followed 
at 259 nm 
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Fig. 3.4. Ion-exchange chioniatography fractionation results. Absorbance 
versus fraction number of elution of charged derivatives (VI) 
from uncharged (V) compounds. Experimental conditions: 9.4 gm 
(V and VI) in 25 ml DI water, 30 ml/hr, column; 50 ml loaded 
with CM-25-Sephadex cation-exchange resin, elution conditions; 
0.1 M NH4OH, UV-absorbance was followed at 233 nm 
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CHAFTER4 

SYNTHESIS AND CHARACTERIZATION OF SOLUBLE 

HETEROBIFDNCTIONAL AFFINITY CHELATING POLYMERS 

Overview 

The syntheses of heterobifimctional soluble affinity polyethylene glycol (PEG, 

1900) is described in this chapter. The chelate iminodiacetic acid (IDA) and the amino 

acid histidine, at one end and at the other one biotin, the specific ligand for the egg 

white protein, avidin, p-aminobenzamidine (PAB) a reversible competitive inhibitor of 

trypsin and fluorescein dye have been synthesized. The dual functionality of these 

compounds X-PEG-Y has been explored. Metal binding constants of the polymer 

chelate, biotin avidin complex formation and PAB-trypsin kinetic parameters and 

Michaelis-Menton inhibition constant of these bifiinctional conjugates were found in 

excellent correlation with the binding affinities shown by corresponding unconjugated 

native groups. For example, stoichiometric ratio of 3.87:1 for the system biotin-PEG-

IDA/avidin which corresponds to the number of biotin molecules bound to each avidin 

molecule was found. These values are comparable to the corresponding values for the 

native biotin/avidin system of 4:1 The Michaelis-Menton inhibition constant of 

Ki=0.78xl0*^M for modified PAB-PEG-IDA against trypsin was obtained which is 

close to literature values of 10"^ M for the unmodified inhibitor PAB. Fluorescein as 
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F-PEG-IDA was identified spectrophotometrically. The copper binding constant for 

IDA in the biochelating polymers ligand-PEG-IDA was found to be lO""' " (pK=10.17) 

and the molar ratio of Cu(II) to IDA of 1:1, which are in agreement to that of the pure 

IDA. 

Ditroduction 

Heterobifimctional soluble polymers, such as polyethylene glycol derivatives 

having two different ligands at their terminus are very useful and have many potential 

applications in different areas of biotechnology. 

These compounds with the general structure of X-PEG-Y, where X and Y can 

be different fimctional groups such as OH, NH2, etc, or chelating agents and 

biomolecules such as peptide, proteins, enzyme-substrates-inhibitors or other molecules 

such as fluorescent dyes, etc. In bioseparation, e.g. these derivatives can be used as 

affinity ligands in affinity partitioning, affinity chromatography, affinity cross flow 

filtration and other affinity based separations. In addition to the two independent 

functional groups, the presence of PEG provides water solubility, biocompatibility, 

flexibility and degree of freedom for each of the linked components of the X and Y 

groups (Harris, 1992). 

Despite the usefulness and many potential applications of these PEG conjugates 

there are only a few examples in the literature describing such compounds. The 

synthesis of linear soluble polymers, such as polyethylene glycol with dual 
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functionality, from their symmetrical molecules is very difficult. Separation steps are 

very complicated. 

Heterobifimctional derivatives of PEG have been used as crosslinking agents or 

as spacers between different entities (S^ulchre, 1983; Zalipsky etal.y 1990; Yokoyama 

et al., 1992 and Topchieva et aL, 1988). Other examples reported in the literature 

include: synthesis of enzymatically active cofactor-apoenzyme conjugates (Nakamura 

et al.. 1988), preparation of grafted polymeric supports for solid phase peptide 

synthesis 2^psky, 1985), grafts on surfaces and proteins (Harris et al., 1989), 

targetable polymeric drugs Zalipsky, 1990) and recentiy polymer-grafted liposomes 

(Zalipsky, 1993) and synthesis of molecular probes (Bertozzi, 1991). 

In this chapter several dual heterobifiuictional PEG'S (1900 daltons) having the 

chelate IDA, histidine, etc. at one end and a bioligand such as biotin, p-

aminobenzamidine or a fluorescein dye at the other ends have been synthesized. In 

these synthesis the monoprotected PEG derivatives (t-Boc-NH-PEG-NHj) described in 

Chapter 3 were used. The t-Boc-NH-PEG-NH2 derivative reacted with jff-monochloro 

propionic acid, CICH2CH2COOH, in the presence of dicyclohexyl carbodiimide (DCC). 

The t-Bbc-NH-PEG-Cl intermediate obtained was then reacted directiy with 

iminodiacetic acid in the presence of anhydrous K2CO3 to obtain t-Boc-NH-PEG-IDA 

which was subsequently treated with trifluoroacetic acid (TFA) to eliminate the Hoc 

group and produce the NH2-PEG-IDA derivative. Finally, this compound was reacted 

with NHS-biotin to obtain biotin-PEG-IDA. 
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Alternatively, the NHj-group of t-Boc-NH-PEG-NH2 was converted to the ethyl 

ester of the chelate, iminodiacetic acid, t-Boc-NH-PEG-N(CH2C02C2Hs)2, using 

monobromo ethyl acetate. In the next step the Boc-groups in t-Boc-NH-PEG-

N(CH2C02C2H5)2 was removed again with TFA to obtain NH2-PEG-N(CH2C02C2H5)2-

This compound was then reacted with NHS-biotin or NHS-fluorescein dye prior to 

hydrolysis of the ethyl ester to produce the corresponding biopolymer-chelators. 

To prepare PAB-PEG-IDA, NH2-PEG-N(CH2C02C2Hs)2 was first reacted with 

cyanuric chloride to activate the NH2 groups and then reacted with PAB to produce 

PAB-PEG-IDA. Similarly, PAB-PEG-histidine was prepared first by conversion of NH2 

groups in the t-Boc-NH-PEG-NH2 to Fmoc-histidine using DCC (dicylcohexyl 

carbodiimide) in a condensation reaction. The Boc groups was then removed using 50% 

TFA, as reported earlier in this section. After activation of the resulting compound with 

cyanuric chloride and reaction with PAB and removal of Fmoc using base, NH2~ 

histidine-PEG-PAB was obtained. Figures 4.2-6 show the synthetic routes for 

preparation of some of these compounds. 

The dual functionality of these compounds was explored as follows: the biotin 

groups in biotin-PEG-IDA was characterized by titration of this compound with avidin 

(egg white protein) which has a strong affinity for biotin ,one of the B-vitamins (Green, 

1963). Avidin has four identical binding sites for biotin and the association constant for 

the avidin/biotin interaction is 10". 

The PAB-groups in the PAB-PEG-chelator derivatives were identified by their 

reaction with trypsin. The enzymatic activity of trypsin against modified PAB and pure 
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PAB was evaluated and compared but, no significant difference was observed. The 

parameters for Michaelis-Menton kinetics such as V., and inhibition constants IQ 

for modified and pure PAB were calculated and compared. 

The fluorescein containing derivative F-PEG-IDA, PAB in PAB-PEG-IDA, PAB 

in NHj-histidine-PEG-PAB and Fmoc in Fmoc-histidine-PEG-NH2 were identified 

spectrophotometrically, using the extinction coefficients of their corresponding 

unmodified compounds. The chelate groups were characterized with a Cu(II) solution 

or alternatively using Job's method of continuous variation and similar results were 

obtained. 

Materials and Methods 

Materials 

Infrared spectra were taken on a Perkin-Elmer spectrophotometer using KBr 

pellets. The pH of all buffers and reaction solutions was determined with a Fisher 

Scientific Accumet pH meter, model 825 MP. A Buche model EL-131S rotary 

evaporator was used to evaporate and concentrate reaction intermediates and solvents. 

Amino groups determinations were made by ninhydrin and TNBS tests. UV-Absorbance 

measurements were performed on a Shimatzu 160UV scanning spectrophotometer. O, 

O'-bis (2-aminopropyl)polyethylene-glycol 1990 (NH2-PEG-NH2) was purchased from 

Fluka Chemika. NHS-Biotin, d-biotin, avidin from egg white protein and NHS-

fluorescein were purchased from Pierce Company. Bovine trypsin, DL-benzoyl-

arginine-p-nitroanilide (DL-BAPNA), p-aminobenzamidine (PAB), iminodiacetic acid 
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(IDA) cyanuric chloride, histamine, Fmoc-histidine were obtained from Sigma 

Chemicals Co. All other reagents were commercially obtained in reagent quality or 

better from Aldrich. Molecular structures of all chemicals and reagents used in this 

study are shown in Fig. 4.1. 

Preparation Ligand-FEG-IDA Derivatives 

Svntiiesis of Biotin-PEG-IDA 

To prepare biotin-PEG-IDA, t-Boc-NH-PEG-NHz (0.5 g, 0.25 mmol) was 

dissolved in (DCM). Monochloropropionic add, CICH2CH2COOH, (0.0407 g, 0.375 

mmol) and dicyclohexyl carbodiimide, DCC, (0.072 g, 0.35 mmol) was added. The 

mixture was stirred at room temperature for 24 hrs. The completion of the reaction was 

verified with ninhydrin or TNBS test for NH2 groups. After the completion of the 

reaction, the solvent was evaporated and dried under vacuum. Water was added and 

insoluble materials were filtered out. The water layer was extracted with ether several 

times to remove all the impurities. The product was lyophilized to yield 0.4 g t-Boc-

NH-PEG-Cl (80% yield). t-Boc-NH-PEG-Cl (about 0.25 mmol) was dissolved in 10 ml 

of deionized water. Anhydrous K2CO3 (0.42 g, 3 mmol) and iminodiacetic acid, (0.133 

g, 1 mmol) was added and the mixture was stirred at room temperature for 72 hrs. t-

Boc-NH-PEG-IDA was extracted in a two phase system consisting of H2O/CH2CI2. 

After evaporation of the organic phase the residue was found to be 0.468 g (93% 

yield). t-Boc-NH-PEG-IDA (about 0.468 g) was treated with 50% trifluoroacetic acid 

(TPA) in diethylene choride (DMC) under stirring for 20 min. The solvent and TEA 
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was evaporated in rotary evaporator under high vacuum, OAS g NHj-PEG-IDA was 

obtained (95% yield). NH2-PEG-IDA (0.096 g, 48 /tmol) was dissolved in DMF (1 ml) 

and triethylamine (192 nmol) and NHS-biotin (20.48 mg, 60Atmol) were added. The 

mixture was stirred for 30 min. The reaction mixture was left for another 17 hrs at 

room temperature. The solvent (DMF) was evaporated under vacuum in the rotary 

evaporator. The residue was dissolved in H2O and PEG was extracted with DMC 

several times. After evaporation of the solvent the residue was dissolved in water and 

lyophilized (yield 94%). The synthetic route for preparation of biotin-PEG-IDA is 

shown in Fig. 4.2. 

Alternatively, biotin-PEG-IDA was synthesized as follows: The 

N(CH2C02C2Hj)2derivativeoft-Boc-NH-PEG-NH2,t-Boc-NH-PEG-N(CH2C02C2H5)2, 

was prepared. First, 2 g (1 mmole) t-Bbc-NH-PEG-NI^ (prq}ared accoiding to the 

methods described in Chapter 3) reac^ with an excess of ethylbromoacetate according 

to the procedure of (Wuenschell, 1990) in dichloromethane, in presence of potassium 

carbonate. Potassium bromide and excess potassium carbonate were removed by 

filtration. Dichloromethane and excess ethylbromoacetate were removed in vacuo, 

followed by lyophilization. Ninhydrin test was performed for NH2 groups. The yield 

was about 2 g. Boc groups in t-Boc-NH-PEG-N(CH2C02C2Hs)2 was removed by 

reacting 2 g of this compound with 50% trifluoroacetic add (TFA) for 20 min. The 

solvent and TFA were evaporated in the rotary evaporator under high vacuum, 1.9 g 

NH2-PEG-N(CH2C02C2Hs)2 was obtained (95% yield). Ninhydrin test for NH2 groups 

was found to be negative. 



NH2-PEG-N(CH2-C02-C2HS)2, 2 g (1 mmol) was dissolved in 10 ml DMF. 

Triethylamine 2 mmol and NHS-biotin (0.625 mmol) were added. The mixture was 

stirred for 30 min (Bayer et al., 1979) and then left for 17 more hrs at room 

temperature. The solvent was evaporated in vacuo. The residue was dissolved in HjO 

and PEG was extracted with DMC. After evaporation of the solvent and hydrolysis of 

ethyl ester in 10% KOH, the residue was brought to pH 5 and extracted with 

dichloromethane. The solvent was evaporated in vacuo and the presence or absence of 

NH2 was checked with ninhydrin. The yield was 88.3%. The synthetic route for this 

method is shown in Fig. 4.3. 

Synthesis of Fluorescein-PEG-IDA 

NH2-PEG-IDA (0.104 g, 0.052 mmol) was dissolved in DMF. After adding 

0.208 mmol triethylamine and NHS-fluorescein (0.048 g, 0.104 mmol) the mixture was 

stirred for 12 hrs at room temperature. The solvent was evaporated. After extraction 

of the polymer with DCM and evaporation of the solvent the residue was dissolved in 

H2O and lyophilized. Ninhydrin test was negative. The fluorescein compound was 

identified spectrophotometrically using the extinction coefficient of pure fluorescein 

dye. The yield was 90%. The synthetic route for preparation of the product is 

illustrated in Fig. 4.4. 

Synthesis of PAB-PEG-IDA 

A modification of the method used by Abuchowski et al., (1977), NH2-PEG-

N(CH2C02C2H5)2 about 2 g (1 mmol) was dissolved in DCM and 0.209 ml 
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triethylamine was added and the mixtuie was stirred overnight. After the evaporation 

of the solvent, a mixture of 1.04 g PAB and 0.697 ml triethylamine and 0.277 g, 1.5 

mmol) of cyanuric chloride was added in DMF. The reacting mixture was stirred 

overnight. 

The solvent was evaporated in the rotary evaporator and then it was treated 

overnight with 1 M KOH solution for hydrolysis of the ester bond. After extraction of 

the material in DCM and solvent evaporation the product was checked for its presence 

and quantification of PAB groups spectrophotometrically, using the extinction 

coefficient of pure PAB. The yield was about 2 g (100%). Synthetic path for production 

of PAB-PEG-IDA is demonstrated in Fig. 4.5. 

Synthesis of NH,-histidine-PEG-PAB 

Fmoc-NH-his-COOH (0.372 g, 0.6 mmol) was dissolved in DMF (15 ml). After 

adding N-hydroxysuccinimide (69 mg, 0.6 mmol) and diisopropyl carbodiimide, DIG, 

(0.112 ml, 0.7 mmol) the mixture was stirred for 3 hrs. NHj-PEG-NH-tBoc (1 gm, 0.5 

mmol) was added and the reacting mixture was stirred for 24 hrs. After evaporation of 

the solvent in the rotary evaporator, the residue was treated with 50% TFA to remove 

the Boc group. About 1 g of a yellowish material was obtained. The material obtained 

was first reacted with cyanuric chloride and then with PAB, according to the method 

described earlier for preparation of PAB-PEG-IDA, to obtain Fmoc-NH-histidine-PEG-

PAB. The Fmoc group was removed by 1 M NaOH solution , to produce 0.92 g NH2" 

his-PEG-PAB (92% yield). Synthetic scheme is displayed in Fig. 4.6. 
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Synthesis of rhiVaminrt^-PEG-biotin 

Biotin-PEG-IDA (0.5 g, 0.25 mmol) was dissolved in DMF. Dicyclohexyl 

carbodiimide, DCC, (1.75 mmol) and histamine (1.75 mmol) were added. The mixture 

was stiired for 2 hrs at 0-5 C° and then overnight at room temperature. The solvent was 

evaporated, in vacuo. Water was added and the solution was filtered on a glass funnel 

and finally the product was extracted in DCM several times. Imidazole group was 

identified spectrophotometrically. The yield was 90% and the schematic of the reaction 

is shown in Fig. 4.7. 

Ligand Binding Studies 

Determination of Avidin Activity 

The ultraviolet spectrum of avidin in aqueous buffer solution is observed to shift 

to the red (hyperchromic effect) when biotin binds to one of the four avidin active sites 

(Green, 1963). The maximum difference between the spectrum of a pure avidin solution 

and that of avidin bound to biotin occurs at 233 nm. The difference spectra in Fig. 4.8 

(pure biotin/avidin) were obtained by placing standard avidin in buffer solutions in both 

the sample and reference cells of the spectrophotometer and zeroing at 233 nm. 

Aliquots of biotin in buffer solution were then added to the sample cuvette and the 

change in the absorbance spectrum recorded upon addition of each aliquot. A plot of 

absorbance of an avidin solution at 233 nm as a function of amount of biotin added 

yields a titration plateau at the stoichiometric endpoint (four biotin per avidin molecule 

for completely active avidin). Absorbance measurements were made on a Shimatzu 



model UV-160 double beam recording spectrophotometer. In order to determine the 

equivalence binding point, 2.5 ml of a standard avidin solution (typically 0.2 mg/ml, 

in 0.2 M ammonium carbonate buffer at pH 8.9 (standard buffer) were placed in the 

sample cuvette and this was zeroed against 2.5 ml of standard buffer solution were then 

added to both cuvette and the increase in absorbance was determined for each aliquot 

until further addition of biotin resulted in no change in absorbance. The resulting 

titration plateau (Fig. 4.8) was used to calculate the number of biotin molecules binding 

to each avidin molecule. At the equivalence point, the stoichiometric ratio of 4:1 was 

obtained, indicating that the standard avidin was essentially 100%. 

Binding Studies of IDA-PEG-Biotin to Avidin 

In order to determine the stoichiometry of binding of the biotin modified PEG 

to avidin, standard avidin solutions (0.2 mg/ml in standard buffer) were titrated with 

1 mg/ml IDA-PEG-biotin solution. In one experiment, 2.5 ml of a 0.2 mg/ml avidin 

solution in standard buffer was placed in the sample cell of the spectrophotometer and 

2.5 ml of standard buffer in the reference cell, with the absorbance reading at 233 nm 

zeroed. Small aliquot (5-10 ^1) of concentrated IDA-PEG-biotin solution were then 

added to both reference and sample cells and the absorbance change monitored until a 

steady-state value was obtained. From a plot of absorbance versus the number of moles 

of biotin-PEG-chelates added to avidin, the equivalence point corresponding to the 

number of moles of biotin-PEG-chelates to the number of moles of avidin found to be 

in this case equal to a ratio of 3.87:1 (Fig. 4.9). 
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Metal Binding Studies 

Titration of bioligands-PEG-IDA, was carried out as follows: 625 of the same 

buffer was placed in the reference cell and the spectrophotometer was zeroed at 729 

nm. Small aliquots of a Cu(II) solution (in the same buffer) were added to both 

reference and sample cells respectively. Addition of Cu(II) was continued until no 

changes in absorbance was observed (Fig. 4.10). From this experiment the number of 

moles of Cu(II) added to number of moles of biochelates was found to be 1:1. 

In order to find the metal binding constants and capacity of the biochelates, 

Job's method of continuous variation was used (Job, 1928). According to this method 

a solution of biochelates of 10"'M was prepared in acetate buffer (0.1 M, pH 4). Then 

varying amounts of a Cu(II) solution, lO'̂ M were added to produce mixtures with a 

constant total concentration of lO'̂ M. The absorbance of these mixtures was measured 

spectrophotometrically at 236 nm. A plot of absorbance versus mole fraction of Cu"^"*" 

was constructed. Typical curves obtained firom these calculations are shown in (Fig. 

4.11-12). From the plot the mole fraction of complex at maximum point corresponding 

to the complete formation of the complex was found to be 0.5. From the intersection 

of the two tangents drawn from two linear branches of the curve one can calculate the 

values of stability constants of the complex. The same method was used for pure 

iminodiacetic acid, IDA, for reproducibility of the method and comparisons. 
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Enzyme Assay and Inhibition Kinetics Studies 

Kinetic assays of trypsin wiA the substrate, L-BAPNA and the reversible 

competitive inhibitor of this enzyme, p-aminobenzamidine (PAB) follow the kinetic 

equations of 1 and 2 

v-^ (1) 

^maxS 

equations 1&2 can be rearranged to give equations 3&4 

1. 1 ^ K, 
V [s] 

( 3 )  

1 

V ^n«x ^»ax [5] 
( 4 )  

where [I] and [S] are inhibitor and substrate concentrations, respectively, and Kj is the 

inhibition constant. is the maximum reaction velocity and K„ is the Michaelis-

Menten constant. V is the reaction velocity for hydrolysis of the substrate by trypsin. 

Kinetic assays of trypsin were performed using DL-BAPNA as substrate 

following the technique reported by (Erangler et al., 1961) According to this method 

a plot of 1/V vs 1/S (Lineweaver-Burke plot) results in a straight line with slopes of 



KJW^ and a y-intercept of 1/V^. Similady a plot of 1/V vs 1/S at different inhibitor 

concentrations using again the Lineweaver-Burke method results in a series of straight 

lines with slopes of (KJV,.Jx(l -H/K) and a y-intercept of W For reversible 

competitive inhibition, different inhibitor concentrations affect K^, but do not alter the 

value of V^. The value of IQ is determined by plotting IfV vs I at different substrate 

concentrations (Dixon plot). In this form, a series of straight lines are obtained which 

intersect at the coordinates (-i^, 1A^„„). A 0.01 M stock solution of DL-BAPNA in 

dimethyl-sulfoxide (DMSO) was prepared and was diluted in 0.05 M tris-HCl aqueous 

buffer at pH 8.15 containing 0.02 M CaCl2 immediately before use. 100 ^il of trypsin 

solution (I mg/ml, 10"^ M in 0.001 M HCl) was added to 2.4 ml of fresh substrate to 

a total volume of 2.5 ml solution and assayed at 25° C. The initial reaction rate was 

determined by measuring the absorbance of the product, p-nitroaniline, at 410 nm in 

a UV/visible Shimatzu double beam spectrophotometer. The molar extinction coefficient 

of the product in this buffer was determined to be 4595 M*'cm''. The enzymatic 

reaction follows Michaelis-Menton kinetics. The parameters K„and were obtained 

from a Lineweaver-Burke plot and found to be 52.5 x 10"^M and 2.89 x 10"^ M/min, 

respectively. 

Kinetic assays of trypsin, with chelators-PEG-PAB, and pure PAB were 

quantified by calculating reaction velocities in the same buffer as reported above. The 

pure inhibitor PAB is a reversible competitive inhibitor and follows the kinetics of 

equation 2. The K; value for PAB in the same buffer was determined from a Dixon plot 
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and its value, lO'̂ M is in good agreement with that reported by Mae-Guia et al. (1967) 

and the Kj for PAB-PEG-chelate was found to be 0.78xl0"®M. 

Experimental reaction rates can be plotted as V^A^o versus [I] for pure PAB, 

PEG, and PAB-PEG-chelates, and the results can be compared with the same values 

predicted firom equations 1 and 2 as is shown in Fig. 4.13 where VQ is the reaction 

velocity in the absence of inhibitor (or Ugands) at a particular substrate concentration 

[S] and VL is the reaction velocity in the presence of an inhibitor concentration [I] at 

the same substrate concentration. The same procedure was applied to determine the 

inhibition of the enzyme by both the pure PEG and PAB-PEG-chelators. 

Results and Discussion 

Synthesis and Characterization of Biochelates 

t-Boc-NH-PEG-IDA was prepared first by converting the NH2 groups in t-Boc-

NH-PG-NH2 to CI group by reacting of this compound (t-Boc-NH-PEG-NH2) with Cl-

CH2CH2COOH (monochloropropionic acid) in presence of DCC. The ninhydrin and 

TNBS test was used to check for NH2 reacted and it was found to be negative. t-Boc-

NH-PEG-Cl was reacted to IDA (iminodiacetic acid) directly to produce t-Boc-NH-

PEG-IDA. Metal binding capacity of this compound was verified by chelate-Cu(II) 

complex formation spectrum by UV-absorbance. The spectrum of the metal chelate 

complex and the maximum peak at 729 nm of this chelate complex is shown in Fig. 

4.14 along with the spectrum for pure IDA-Cu(II) complex (Fig. 4.15). 
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Alternatively, t-Boc-NH-PEG-IDA was prepared first by converting the NHj 

groups in t-Boc-NH-PEG-NH2 to ester of the iminodiacetic acid using bromoethyl 

acetate in presence of a base (e.g. sodium carbonate) to produce first t-Boc-NH-PEG-

N(CH2C02C2H5)2. The ester groups bound in this compound was then hydrolyzed using 

1 M NaOH solution to obtain t-Boc-NH-PEG-IDA. The ninhydrin and TNBS test were 

negative indicating that all of the NH2 groups were reacted. 

The Boc group in t-Boc-NH-PEG-IDA or t-Boc-NH-PEG-N(CH2C02C2H2)2 was 

removed by 50% TFA (trifluoroacetic acid) efficiently, to release the NHj groups. 

After separation of the impurities using an ether/water two phase system, the ninhydrin 

test was performed and showed positive. Quantitative determination of fimctionality of 

the NHj-PEG-IDA was found by TNBS test, and showed a ratio of 0.96 moles of NH2 

groups per one mole of PEG (0.96:1). As a control experiment the functionality of the 

NH2-PEG-NH2 was also determined by the TNBS test, and a ratio of 1.98:1 (1.98 NH2 

groups per one molecule of NH2-PEG-NH2) was obtained. 

Synthesis of Biotln-PE(^-lDA 

Following the method of Bayer et a!., (1979) NHS-biotin (N-

hydroxysuccinimide) in DMF at room temperature biotin was attached to the NH2-PEG-

IDA directly or first to NH2-PEG-N(CH2C02C2Hs)2 followed by the hydrolysis of the 

ester bond. The solvent was evaporated at 50^ C at high vacuum in the rotary 

evaporator with a 94% yield. No NH2 groups were found using ninhydrin or TNBS 

analysis. The reaction scheme is shown in Fig. 4.2 and 4.3. 
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Synthesis steps for preparation of PAB-PEG-chelates were described in the 

method section of this chapter. To characterize this compound and to determine the 

efficiency of PAB coupling to activated PEG, UV-absorbance measiurements were 

performed using the extinction coefficient of pure PAB (epAB=21136 cm'̂ M"*). The 

cyanuric chloride activation of PEG for coupling PAB to PEG was carried out in 

organic solvent and an organic base. The coupling efficiency of this reaction was found 

to be approximately 40-50%. The low coupling efficiency is due to poor nucleophilicity 

of the aromatic amino group as compared with aliphatic amines. UV-absorbance spectra 

of the free inhibitor PAB and he PAB-PEG-chelators in aqueous solution show a 

maximum absorbance peak at 293 nm Fig. 4.18 and 4.18A. The UV-spectra for Fmoc-

NH-his-PEG-NHj and fluorescein-PEG-IDA are also shown in Fig. 4.19 and 4.20. 

Binding of Chelators-PEG-PAB to Trypsin 

In this study it was found that PAB-PEG-chelates also inhibit trypsin in a 

reversible competitive manner. Figure 4.21 shows the Linweaver-Burke plot for PAB-

PEG-IDA. The value of K; was determined to be 0.78 x 10*^M. The binding of DDA-

PEG-PAB to trypsin, as indicated by the plot of VL/VQ versus ligand concentration in 

Fig. 4.13, is also in close agreement to that of the pure inhibitor, PAB. Therefore, it 

appears to be no significant secondary binding of the PEG to the enzyme which might 

alter the measured K; value relative to that of the pure inhibitor. The linear relationship 

solid line in Fig. 4.13 is predicted by reversible competitive inhibition of Michaelis-

Menton kinetics (equation 2). The experimentally determined value of Kj for chelators-
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PEG-PAB is in the same order of magnitude as to that of FAB, M. Also shown in 

Fig. 4.13 is the normalized trypsin enzymatic reaction rate in the presence of pure 

PEG. The pure PEG at these conditions appears not to have a significant inhibitory 

effect on the reaction rate as seem in Fig. 4.13. 

Binding Studies of Avidin/Biotin-PEG-IDA and Avidin/Blotin 

The kinetics of binding of avidin for biotin is almost intantaneous (Green, 1963). 

Avidin has four binding sites which are reactive toward four molecules of biotin. In 

order to test the reactivity of the biotin after modification, binding studies were 

performed. Avidin was titrated with biotin and biotin-PEG-IDA and the results of these 

studies are shown in Fig. 4.8-4.9. From the point of equivalence of these figures a ratio 

of 4.08 moles of biotin per one mole of avidin (4.08:1), and for avidin/biotin a ratio 

of 4.02 moles of biotin-PEG-IDA per mole of avidin were obtained respectively. As it 

can be seen firom these figures, the equivalent point for avidin/biotin is sharper than the 

equivalent point for avidin/biotin-PEG-IDA. This might be due to some change in the 

kinetics of binding caused by modification of biotin with polyethylene glycol. The 

spectrum of avidin/biotin-PEG-IDA is shown in Fig 4.16. Fig. 4.17 is also the UV-

spectra for pure avidin for comparisons. 

Metal Binding Studies 

In order to find the metal binding capacity of the modified biochelates PEG, 

aliqouts of Cu(II) solution were added to a given amount of chelates-PEG-ligands. After 

addition of each aliquot the absorbance of the complex at 235 nm was measured. 
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Addition of Cu(IQ solution was continued until no increase in absorbance was observed. 

The titration showed a (1:1) ratio for Cu(Il)/IDA-PEG-ligands which is quite in 

agreement with the results of (1:1) complex formation for CH30-PEG-IDA/Cu(II) 

complex (Wuenschell et al., 1991) and IDA/Cu(II) complex. According to these 

authors, when the derivatized PEGs are metalized with excess Cu(II), followed by 

exhaustive dialysis to remove unbound metal, the free, dialyzable Cu(II) becomes 

negligible as the Cu(II)-IDA-PEG ratio approaches 1:1. 

The method of continuous variation (Job's method) was used to determine the 

stability constant for the formation of the complex biotin-PEG-IDA/Cu(II) and PAB-

PEG-IDA-Cu(II), t-Boc-NH-PEG-IDA-Cu(II) etc. According to this method mixtures 

of constant total concentration of Cu(II) and IDA-PEG-bioligands but with varying 

amount of Cu(II) solution were prepared and the absorbance at 236 nm for each mixture 

was measured spectrophotometrically. A plot of absorbance vs mole fraction of Cu(II) 

was constructed (Fig. 4.11 & 4.12). From this plot the stoichiometric ratio of the 

complex was found to be 0.5. This value is the stoichiometric ratio of 1:1 for the 

complex formed. From this curve and the intersection of the two tangents drawn from 

two linear branch of these curves the values of the formation constants for 

biochelates/metal complex were found to be LogKi=10.4. Similarly, the formation 

constant for IDA/Cu(II) complex was calculated and it was LogK,=10.5. These values 

of stability constants are in quite agreement with those reported in the literature for 

IDA/Cu(II) (Martell, 1974). The detailed calculation of this method is described in the 

experimental section. The binding of histidine-PEG-bioligands with Cu(II) was also 
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performed qualitatively. The UV-spectrum of these biochelates/Cu(II) complex was very 

similar to UV-spectra of IDA/Cu^ complex. The UV-spectra for Cu(II)/IDA-PEG-

fluorescein and Cu(II)/IDA-PEG-PAB complex in aqueous solution were obtained and 

were found similar to those of IDA-Cu(II) t-Boc-NH-PEG-IDA/Cu(II) and biotin-PEG-

IDA/Cu(]I) complex having maximum absorbance peak at 729 nm Fig. 4-22-23. 

Conclusioiis 

Several heterobifiinctional soluble affinity biochelate polymers, polyethylene 

glycol, such as biotin-PEG-IDA, biotin-PEG-(histamine)2, PAB-PEG-IDA, PAB-PEG-

histidine and fluorescein-PEG-IDA have been synthesized. The dual fimctionality of 

these compounds have been characterized. Biochelates such as PAB-PEG-IDA and 

PAB-PEG-histidine bind specifically to the enzyme trypsin. The binding constant 

(inhibition constant) of the modified inhibitor was identical to that of the binding 

constant of pure PAB (these values were 7.8 pM and 10 /iM respectively) these results 

indicate that there is no secondary binding (non-specific binding) between enzyme and 

polyethylene glycol chain. PAB-PEG-chelates binds to trypsin with equal inhibition 

constant as pure inhibitor PAB. UV-absorbance measurement using the extinction 

coefficient of PAB shows a 40%-50% conversion during modification reaction of PAB 

with PEG-chelate. This low conversion is due to the fact that the NH2 groups in PAB 

which is attached directly to the phenyl ring, is much less reactive (weak nucleophile) 

towards electrophiles than NH2 groups attached to aliphatic chains. Biotin in biotin-

PEG-chelate binds specifically to egg white protein avidin with a molar ratio of 3.87:1 
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conesponding to the numb^ of moles of biotin to per mole of avidin which is in exact 

agreement with the ratio 4:1 for immodified biotin. The results of these experiments 

also reveal that the reaction goes to completion during modification (100%). 

Fluorescein moiety in fluorescein-PEG-IDA was identified by UV-absorbance spectrum. 

It was identical to unmodified fluorescein. The percent conversion was calculated using 

the extinction coefficient of free fluorescein. A 90% conversion was found. The binding 

capacity of the chelate group of these biochelate polymers were found by titration of 

these compounds with Cu(II) solution. A molar ratio of 1:1 corresponding to one mole 

Cu(II) per mole of biochelate was found. Binding constants and stoichiometric ratios 

of Cu(II) with biochelate was determined by Job's method of continuous variation and 

a pKi= 10.45 was found which is fairly close to pKi=10.5 of pure IDA. Presumably 

these biospecific water-soluble chelate polymers could be used in aqueous two phase 

system as affinity ligands and reversible affinity ligand in column chromatography such 

as Immobilized Metal Affinity Chromatography (IMAC) for protein separation as will 

be presented in subsequent chapters. 
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CHAPTERS 

APPLICATION OF HETEROBIFONCTIONAL BIOSPECIFIC 

CHELATE POLYMERS IN PROTEIN PURIFICATION 

AND CHARACTERIZATION USING TWO PHASE SYSTEMS 

Overview 

The heterobifiinctional poly(ethylene) glycol derivatives, biotin-PEG-IDA and 

PAB-PEG-IDA were used to characterize the partitioning behavior of several proteins 

in ATPS. The partitioning of avidin, hemoglobin and trypsin in aqueous two phase 

systems consisting of PEG/salt and PEG/Dextran in the presence and absence of these 

heterobifimctional affinity ligands are described. Experiments were performed at 

different concentrations of affinity ligands and at different pH's and ionic strength as 

well as with two phase forming polymers, PEG 2000 and PEG 8000. The partitioning 

of avidin and trypsin in PEG 2000/Dextran were found to be higher than in PEG 

8000/Dextran systems, and at the same conditions the partitioning of avidin and trypsin 

in PEG8000/Na2S04 system were higher than in PEG2000/Na2S04 systems. The effect 

of biaffinity ligands groups in partitioning was tested with the biligands-PEG-IDA with 

and without metal ion loaded onto the chelate in both PEG/Na2S04 and PEG/Dextran 

systems. The effect of IDA, in these biochelate polymer derivatives was also evaluated 

by charging the biochelate with metal ions fost, and then adding it to the two-phase 

systems consisting of human hemoglobin, a protein with a large number of surface 
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accessible histidines that can interact with immobilized metal ions. Both sides of these 

biafiinity chelating polymers were found to be quite effective in the partitioning and 

extraction of these model proteins in two-phase systems. 

Introduction 

Aqueous two-phase systems for protein separation have been used since 1955 

(Albertson). This method has become an important emerging technique for the 

separation, concentration and purification of proteins, cells, organelles, and other 

biological products (Albertson, 1986, Walter et al., 1985; Goubran-Botros et al., 

1991). 

A variety of affinity ligands have been incorporated into the two phase systems 

by coupling them to one of the two phase-forming polymers. These, selectively enhance 

the partitioning of the proteins and biomolecules, to the top or bottom phases. If the 

affinity ligand is a metal chelate, the partitioning is enhanced due to the number of 

accessible binding sites on the surface of the proteins or the number of accessible 

histidine or electron donor residues present on the surface of the biomolecules. These 

polymers can be derivatized by covalently linking charged groups or other ligand, such 

as fatty acids, dyes, enzyme inhibitors (Takerkart et al., 1974; Johansson and 

Andersson, 1984; Koppersch and Johansson, 1982; Karr et al., 1986; Shanbhag and 

Andersson, 1975, Wuenschell et al., 1990) or metal chelators (Plunkett and Arnold, 

1990; Birkenmeier, 1991; Vijayalakshmi, 1989). These affinity derivatized polymers 

need to only be in low concentrations (1%-10% of the total phase polymer) to greatly 
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affect the partitioning of proteins and biomolecules. One-hundred to ten-thousands fold 

changes in the partition coef&cient after addition of an affinity ligand is not uncommon 

(King, 1992). The main advantage of affinity partitioning is due to the fact that only 

one purification step is necessary. However, the cost of the phase polymer and 

derivatization should be considered as one of the disadvantages. Use of high 

concentrations will not result in irreversible binding due to multiple attachment as 

observed foraffinity gel beads (Johansson, et al., 1984) since the number of ligand 

molecules per ligand-polymer molecule can be chosen to be any ratio, for instance 1. 

Enzyme can therefore can be easily recovered with 100% yield in activity. 

Several factors such as molecular weight of phase-forming polymers, affinity 

ligand-polymers, number of ligand per polymer, ligand density, type of salts and 

concentration, pH, bulk proteins and temperature have been found to influence the 

partitioning of proteins and biomolecules (Chen, 1990; Johanson, 1984; Johanson, 

1985). 

Most of the affinity ligand-polymers using PEG as one of the phase-forming 

compounds in af&iity partitioning are mono or homo-bifimctional PEG derivatives and 

to our knowledge no heterobifimctional PEG'S have been reported. In chapter 4, we 

described the syntheses of two heterobifimctional polyethylene glycols (PEG1900), 

having an affinity ligand, biotin or PAB, at one end and the chelator EDA at the other 

end. These derivatives are obvious candidates to be used in ATPS. 

In this chapter we describe the application of these bifimctional PEG derivatives 

in aqueous two phase systems and explore their use in protein separation and 
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characterization. The ability of model proteins avidin and trypsin to bind their 

complementary affini^ ligands biotin and PAB respectively, attached to poly (ethylene 

glycol), and their interaction with sur&ce amino add residues, was used as a tool to 

increase the selectivity of the separations and characterization of the proteins. The 

bifunctional derivatized polymers, IDA-PEG-bioligands, were able to interact strongly 

and specifically with the model proteins. The dual fimctionality of these modified 

PEG'S enhanced the partitioning of the model proteins as compared with 

monofimctional PEG derivatives incorporated into the same two-phase systems. In order 

to test the individual contribution of each side of these bifunctional polymers, different 

experiments were performed. For example, the specificity of the bioligand moiety of 

these biopolymer (biotin, and PAB) were tested by adding them to two-phase systems, 

without charging the chelate side with metal ions. Similarly, and in order to 

characterize the pseudo-af^ty chelating effect, experiments were performed by 

charging it with metal ions first and then added to the two-phase systems, containing 

the protein, hemoglobin, rich in surface histidine (20 histidines) which has affinity for 

chelated metal-ions, but having no affinity for PAB or biotin. This concept of affinity 

partitioning is shown in Fig. 5.1. 

Materials and Methods 

The pH of all buffers and reaction solutions was determined with a Fisher Scientific 

Accumet pH meter, model 825 MP. UV-absorbance measurements and UV-spectra 

were obtained with a Shimatzu 160UV scanning spectrophotometer. PEG 2000 was 
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obtained £rom Fluka, PEG 8000, trypsin and human hemoglobin firom Sigma chemical 

Co. (St.Louis). Bifimctional affinity ligands were prepared as described in chapter 4 

experimental section. Iminopure avidin (egg white) was purchased from Pierce. All 

buffers and reagents were in reagent quality or better from Sigma (St. Louis, Mo) and 

Aldrich, Milwaukee, WI). Dextran T500 with average mol. wt. (M»)= 450,000 and 

average mol. wt. (M«=194,000) was supplied by Pharmacia, Uppsala, Sweden. 

Preparation of Two-Hiase Systems 

Two-phase systems of (5 or 2 grams) in small 2 ml plastic centrifuge tubes were 

prepared by weighing from stock solutions of polymer in water, of 40% (w/w) PEG 

20% (w/w) dextran and 30% Na2S04. Systems were prepared at room temperature 

(22°C-24°C) using phosphate buffer Q)H 6-7), tris-acetate (pH 8.0), NaHCOj (pH 8.7-9) 

and ammonium carbonate (pH 10-11) (tris-acetate buffer was used instead of tris-HCl 

buffer to prevent any interference with chelating interactions). When the Cu(II)-IDA-

PEG-bioligands were used, they represented 1%-10% of the total PEG of the phase-

forming systems. 

A pre-determined amount of 1%-10% (% is based on the total PEG phase-

forming systems) of affinity polymer solutions were added to a solution containing 

certain amount of trypsin, avidin or human hemoglobin). The mixture then was added 

to the two-phase systems consisting of PEG/Dextran or PEG/salt at room temperature. 

Systems were buffered depending on the pH desired for each experiment. The final 

concentration of proteins in each system was 1 mg/mL of systems except otherwise 
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specified. The final molar concentration of the buffers for each system and for all 

experiments was 25 mM. The final compositions of PEG/Dextran systems were 6.5% 

PEG (2000 or 8000) and 10% (w/w) Dextran 500,000 and the final compositions for 

PEG/salt systems were 14% PEG and 8% (w/w) Na2S04 respectively. All necessary 

ingredients, buffer, water, enzymes samples were mixed with polymer solutions to give 

the desired final concentration. Partitioning experiments were performed by replacing 

part of PEG (e.g. 1%, 2% etc.) with bioligand-PEG-IDA or bioligand-PEG-IDA/ 

Cu(II). 

Measurement of Partition Coefficients 

After the introduction of proteins and bioligands into the two-phase systems, the 

mixtures were inverted gentiy for about 50 times, kept for 5 to 10 min and then 

centrifuged for about 2 min at 2000-1500 g to complete the phase separation. Samples 

of known volume were withdrawn from the top phase using a pipet, a syringe (as 

shown in Fig. 5.2) was used to withdraw samples fix)m the bottom phases: after 

appropriate dilution with D1 water, absorbance was measured spectrophotometrically 

at 280 nm for trypsin and avidin, and at 409 nm for human hemoglobin. Each sample 

was referenced against a sample from protein-free phase system of identical 

compositions. 

The partition coefficients are defined as the ratio of the protein concentration 

(absorbance) in the upper and lower phases. The affinities of proteins for bioligands and 

metal ions on each side of the bioligand-PEG-IDA-Cu(II) were expressed in terms of 
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Alog K, defined as the difference between the logarithm of the partition coefficients of 

protein in presence (IQ and in the absence C^o) of metal-IDA-PEG-bioligands 

(AlogK=logK-logKa). All partitioning experiments were carried out in duplicate and 

at room temperature. 

Partition Coefficients of Bioligands-PEG-IDA at Diffierent pH's 

To determine the partitioning of polymer-ligand (biochelate) between the two 

phases, equal volumes (IOO-SOOAII) were withdrawn from the phases and diluted several 

fold with water. The absorbance was measured at 280 or 294 nm using the UV-

spectrophotometer. Corresponding diluted phases from systems not containing 

bioligand-polymer were used as blanto. The partition coefficient, K, was calculated as 

the ratio between the absorbance in upper and lower phases. 

Results and Discussions 

Partition Coefficients of Biochelate Polymers at Dil̂ ierent pH's 

The partition coefficients of bioligands-PEG-IDA, such as PAB-PEG-IDA and 

Fluorescein-PEG-IDA with an average molecular weight of 2000 at different pH's, in 

two-phase systems, composed of PEG/dextran and PEG/salt were compared as are 

shown in Fig. 5.6-7. As it can be seen from these figures, the partition coefficients of 

Fluorescein-PEG-IDA in the pH range of 6-8 was constant and increased dramatically 

from 8 to 10 and stayed constant afterwards. The high partition coefficient of this 

compound at different pH's is apparently due to the attachment of the hydrophobic 

molecule fluorescein to the PEG polymer. The sharp increase in partition coefficient 
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in the pH range of 8-10 is probably due to further increase in hydrophobicity of this 

compound and its tendency for the more hydrophobic PEG-phase. The partition 

coefficients of PAB-PEG-IDA in the two-phase systems composed of PEG/salt and 

PEG/dextran and at different pH's were found and are shown in Fig. 5.7. As it can be 

seen firom this figure, the partition coefficients of this compound is a strong function 

of pH range with a maximum at pH 10 and an average K value of 8. This average 

value is comparable with the K value of 8.6 reported for monomethoxy-PEG-PAB 

(9000) by Takerkan et al., (1974). These partition coefficients values are quite different 

from that of unsubstituted PEG(9000) with a partition coefficient of 1.8. This difference 

in partitioning indicates an enhancement of the affinity of PEG-ligand for the upper 

phase when p-aminobenzamidine (PAB) is attached to the polymer chain. During these 

experiments it was also observed that the partition coefficients of PAB-PEG-IDA with 

higher bioligand (PAB) substitution are higher than for the bioligand-PEG-PAB with 

lower substitutions. For example, when the degree of substitution was increased from 

20% to 40% the partition coefficient (KJ increased from 8 to an average of 40. 

Similar observations have been reported for other affinity ligand-polymers 

(Johansson and Joelsson, 1987). For example and as it was mentioned earlier, 

increasing the number of dye molecules coupled to the dextran macromolecule changes 

the ligand affinity for the parent polymer rich-phase (Dextran phase) from 0.97 to 24.3. 

These changes in partition coefficient are very important, as mentioned before, since 

the whole concept of affinity partitioning is based on the predictable behavior of the 

polymer affinity ligand. 
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Partition Coefficients of Proteins in Presence of Bioligands-PEG-IDA in Different 

Two-Phase Systems 

Initially, several preliminary partitioning experiments with the model proteins, 

avidin and trypsin in different two-phase systems were performed. The result of the 

partition coefficients of avidin and trypsin in two-phase systems of MgSOlj/PEGCSOOO), 

phosphate/PEG (8000), PEG(2(XX))/Dextran, and PEG(2000)/Na2S04 are shown in 

Table 5.1-5 

The partition coefficient of avidin in the presence of NH2-PEG-IDA-Cu(II) with 

copper bound was found to be slightly higher than the partition coefficient in the 

presence of NH2-PEG-IDA (Table 5.1). This might be due to the feet that when ligand-

polymers such as NH2-PEG-IDA or NHj-PEG-IDA/CuOI), with low MW (2000), is 

added to the two-phase systems consisting of high MW PEG'S such as PEG80(X)/salt 

or PEGSOOO/Dextran, some of the high MW polymer (e.g. PEG 8000) in the bottom 

phase will be replaced with the low MW polymer (e.g. ligand-polymer 2000 MW) and 

will transfer to the top phase. This phenomenon is called "polymer fractionation 

phenomenon" and the low molecular weight polymer is referred to as sacrificial 

polymer (Hartounian et al., 1991). According to this phenomenon the lower the 

molecular weight of the polymer added to the two-phase systems, the higher molecular 

weight polymer, is replaced in the bottom phase and transfer to the upper phase. 

The partition coefficients of avidin in the presence of biotin-PEG-IDA or biotin-

PEG-IDA/Cu(II) were found to be 4.27 (Table 5.1) which are higher than the partition 

coefficients of NH2-PEG-IDA or NH2-PEG-IDA/Cu(II) which are 0.75 and 1 
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respectively. This is due to the &ct that the partition coefficient of bioligand-polymers 

(KJ such as biotin-PEG-IDA or biotin-PEG-IDA/Cu(II) are higher than the partition 

coefficients of NH2-PEG-IDA or NH2-PEG-IDA-Cu(II), due to the presence of a 

hydrophobic molecule such as biotin in these compounds. In addition, the equal 

partition coefficients for avidin in presence of biotin-PEG-IDA or biotin-PEG-

IDA/Cu(II) can be explained as follows: the binding sites on two-tryptophan for each 

avidin's sub units are responsible for binding of both biotin molecules and metal ions. 

However, the binding or association constants for these two of interactions are lO'̂ M 

(Green, 1974) and 10^ M for biotin/avidin and metal ions/avidin systems respectively. 

Since enough biotin-PEG-IDA or biotin-PEG-IDA/Cu(II) was initially added to the two-

phase systems, all of the binding sites of the protein might have been occupied by biotin 

and no sites were left for metal ion's interactions. As it can be seen from Table S.1-2 

the presence of metal ions in bioligands-PEG-IDA-Cu(II) has no significant effect on 

partitioning of avidin. The partition coefficient of the biotin-PEG-IDA's was found to 

be about KL=0.2 using Flanagan's (1974) equation (equation 5.1) with n=4 for avidin, 

with four binding sites. 

K„.=K^O(KL)* (Eq. 5.1) 

This is Flanagan's (1974) model for proteins in aqueous two phase partitioning (ATPP), 

where n is the number of independent and equal binding sites and for the systems with 

high (saturated) ligand concentration. It should be emphasized that the low for these 

systems might be due to the polymer fractionation phenomena as mentioned earlier. 
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The differences observed in partitioning of avidin in these Tables are due to the 

differences in the experimental conditions such as the type and concentration of the salts 

and pH of the systems and the characteristic and Qrpe of the two-phase systems by 

themselves. For afSnity partition, aqueous two-phase systems (ATPS), composed of two 

polymers, such as dextran and poly(ethylene) glycol (PEG) are normally used. PEG/salt 

ATPS have been used here are generally not suitable for af&iity partition since high 

ionic strength in the system may influence ligand-protein interactions. In general, the 

effects of salts on partitioning of proteins are complex when affinity ligands are used. 

The salt may influence the base partitioning (without ligand) of proteins as well as the 

partitioning of ligand-polymer, ligand-protein, protein-protein, and ligand-ligand 

(Johansson, 1987). However, PEG/salt ATPS are suitable for immobilized metal ion 

partitioning due to presence of high concentration of salt. Therefore, aqueous two-phase 

systems composed of PEG and salt seem to be favorable for metal chelate affinity 

partitioning. 

Affinity partitioning has mainly been studied in systems containing dextran and 

PEG as two phase-forming polymers to prevent the problems associated with the 

polymer/salt systems as mentioned above. Dextran however, can be replaced with less 

expensive substitutes such as pullulan or starch derivatives (Nguyen et al., 1988). 

Now, consider some more examples to show the partition coefficients of avidin 

in two-phase systems consisting of PEG 20(X)/dextran in presence of I) biotin-PEG-ID A 

and n) biotin-PEG-IDA/Cu(II). The results are shown in Table 5.3. In these systems 
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a molar ratio of ligand to protein of 3:1 was used. In addition, PEG(2000) was used 

instead of P£G(8000) as one of the two-phase forming polymers. Significant increase 

in the partitioning of avidin was observed. 

As the last example, values reported in Table 5.5 for PEG2(XX}/salt systems 

follow Eq.5.1. The partition coefficients of PAB-PEG-methoxy(5000) for these systems 

at different pH's were found in the range of 7-20 using Eq.5.1, for n=l. Typical UV-

spectra for both top and bottom phases, with and without carriers are shown in Fig. 

5.3-5. 

It should be emphasized that the inverse effects of polymer-ligand on partitioning 

of the proteins in aqueous two-phase systems are not only attributed to the 

aforementioned reasons. As we know the concept of the affinity partitioning is based 

on the assumption that as the ligand is bound to one of the phase-forming polymers, it 

is distributed in a two-phase system in an extreme manner, either in favor of the upper 

or of the lower phase. However, the results of analysis of some of the data obtained by 

Johansson and Joelsson (1987), showed some discrepancies between the theoretical 

predictions and actual partitioning of biological macromolecule in aqueous two-phase 

systems containing a polymer-bound affinity ligand. First, extremely one-sided 

partitioning of an affinity ligand was observed in several cases, and in other cases 

partitioning of the polymer-bound ligand, while clearly one-sided, were not extreme (K 

varying from 0.138 to 55). Secondly, partition behavior of the polymer-bound ligand 

observed by these authors in several cases contradicts the other fundamental assumption 

of the affinity partition technique; namely that polymer-bound ligand should distribute 
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between the two phases in a manner similar to that of the parent phase-forming 

polymer. For example, the dextran-bound ligand in dextran/PEG system fevors the 

PEG-rich phase (Ki.=39.8) and the FicoU-bound ligand prefers the dextran-rich phase 

(K£,=0.5) in the dextran/Ficoll systems. Also, the data on partitioning of dextran-70-

bound dye (procion yellow HF-3G) with various number of dye molecules coupled to 

one dextran macromolecule indicate much larger effects of the dye fragment on the 

partition behavior of the ligand macromolecule than might be expected. 

The afGnity concept according to these authors, appears to be in conflict with 

reality as implied by K^, values obtained from their data. For example, increasing the 

number of dye molecules coupled to the dextran macromolecule changes the ligand 

affinity for the parent polymers-rich phase from initially 0.97 to 24.3 in dextran/PEG 

8000 two-phase system with the substitution degree increasing from 1.3 to 8.3. An 

extensive data examined by Johansson indicated that first, the partition coefficient of 

a protein decreases rather than increases under the influence of the PEG-bound 

hydrophobic ligand (Alog K<0). Second, this effect depends not only on the structure 

of the ligand, but also on the particular protein being partitioned. According to 

(Kopperschlager et al., 1990) discrepancies between the theoretical predictions and 

actual partitioning in two-phase systems containing a polymer-bound ligand are usually 

attributed to a different solute-ligand binding constants in the two phases and/or 

existence of multiple and interdependent binding sites in the solute molecule. These 

authors suggested that under these circumstances that the transfer of the solute in 
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question is much less fovorable in the phase with higher affinity for the ligand. The 

higher the affinity of a ligand for a given phase, the less strong would be the binding 

to the product in this phase. This has been confirmed experimentally. In conclusion, the 

affinity partitioning process is the result of two oppositely directed effects: the one-

sidedness of the ligand partitioning, and the strength of the ligand-product binding in 

the phases. If the ligand in the complex with product distributes in the upper phase, but 

the complex in this phase is highly unstable, it will dissociate and the product will 

return into the lower phase, e.g. the efficiency of the extraction will decrease. For 

instance in our work these effects are observed with the partitioning behavior of PAB-

PEG-chelate and biotin-PEG-chelate. 

In this work, the polymer-bound affinity ligand synthesized had a molecular 

weight of 2000, therefore, most of the experiments were performed in two-phase 

systems composing of PEG 2000/salt or PEG 2000/Dextran and wherever, PEG 8000 

was used, interesting comparisons were observed. 

E^ect of pH, Type, and Molecular Weight of the Polymer in the Two-Phase 

Forming Systems on Partitioning of Proteins 

The partitioning of avidin at different pH's and in the absence of the bioligand-

PEG-IDA in two-phase systems consisting of PEG(8000 or 2000)/N%S04 and PEG 

(8000 or 2000)/Dextran T500 were performed. The results of these experiments are 

shown in Fig. 5.8-9. The partition coefficient of avidin (Fig. 5.8) in two-phase systems 
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consisting of PEG 8000-2000/d«tran at pH 10 was increased dramatically for both 

PEG'S. Partition coefficient of avidin in the pH range of 7-8 was always constant and 

was always minimum at pH 9 and then increased gradually. These observations can be 

explained in terms of changes in the net charges on the surface of the avidin molecules 

at different pH's. Avidin has an isoelectric point of pl=10.5 and in the pH range of 7-

8, the net charge on the surface of the molecule is positive and the molecule tends to 

remain in the bottom phase. In the pH range of 9-10 (around the isoelectric point) the 

net charge of the molecule is zero or slightly positive and still has tendency to stay in 

the bottom phase. Beyond pH range of 10-11, the molecule carries a net negative 

charge and now partitions in the upper phase. The results are in quite good agreement 

with the general trends reported in the literature (Johnansson, 1984; Johansson, 1985). 

Fig. 5.8. also shows the effect of molecular weight of the polymer phase-

forming systems on the partitioning of avidin. The partition coefficient of protein in 

two-phase systems with PEG 2000 is higher than the partition coefficients with PEG 

8000. These results are in agreement with the general rules reported in the literature 

CTohansson, 1984 and 1985). 

Partition coefficients of avidin in two-phase systems consisting of PEG 2000-

8000/Na2S04 at different pH's are shown in Fig. 5.9. As it can be seen the partition 

coefficients at lower pH's up to 8 are higher, then drop to a minimum at pH 8 and 

finally increased from pH 9-11 slowly. Both systems consisting of two PEG'S follow 

the same trend. 
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Figure 5.9 also shows the effect of molecular weight of the PEG'S on 

partitioning of avidin in this system. As it can be seen from this figure the partition 

coefficient of avidin in systems consisting of PEG 8000 are higher than the systems 

with PEG 2000. This is in contrast to PEG/dextran two-phase systems. These results 

also are in agreement with the general rules reported in the literature as the partition 

coef&cients in PEG/sodium sulfate systems for hydrophobic proteins are very small, 

reflecting the proteins preference for the salt-rich phase (Plimkett et al., 1990). A 

comparison between Fig. 5.8 and Fig 5.9 shows that partitioning of avidin in two-phase 

systems consisting of PEG/dextran is higher than the partitioning in PEG/salt systems 

at the same conditions. 

Partitioning of bovine trypsin at different pH's and in the absence of PAB-PEG-

IDA or PAB-PEG-IDA-Cu(II), in two phase systems consisting of PEG(2000)/NajS04 

were performed. The result of these experiments are shown in Fig. 5.10. As it can be 

seen from this figure, the partition coefficients of trypsin in this system around pH 10 

was increased dramatically. As it can be seen in Fig. 5.10 the partition coefficients of 

trypsin in the pH range of 6-8 were not changed significantly and had always the lowest 

values. From pH 8 to 10 the partition coefficients gradually increased and at pH 10 

increased sharply. Bovine trypsin like avidin has an isoelectric point of (pi=10.5) and 

it is expected to follow a partitioning behavior (trend) similar to avidin, at different 

pH's and in the same two-phase systems. However, as it can be observed from Fig. 

5.10. the partitioning of trypsin, in contrast to avidin partitioning in the same system 
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is always increasing. This difference in partitioning is attributed to the differences in 

the hydrophobidty/hydrophilicity characters of these two proteins. Avidin is a 

glycoprotein and is more hydrophilic than trypsin. Therefore, the tendency of avidin 

molecules for the upper phase is lower compared to trypsin. Lower phases, in PEG/salt 

or PEG/dextran two-phase systems, are always viewed as positively charged phases, 

and upper phases in the same two-phase systems are always considered negatively 

charged. Accordingly, both proteins at low pH (pH < PI) have a net positive charge and 

tend to stay in the lower phase. If the pH increases gradually to the pH around the 

isoelectric points, both proteins become neutral (pH=pI, net charge=0). At this point 

avidin still prefers to stay mostly in the bottom phase and slightly in the upper phase, 

due to its hydrophilic character. However, trypsin at its isoelectric point is partitioned 

mostly in favor of the upper phase. Our experimental observations in general follow the 

trends described in the literature. 

The effect of the type of two-phase system and pH's on partitioning of trypsin 

is shown in Fig. 5.11. The partition coefficients of trypsin in salt/PEG systems at 

different pH's shows a sharp increase at pH values of 9-10. 

This behavior in enzyme partitioning is comparable with those r^rted by Takerkart 

et d., (1974) in two-phase systems composed of PEG 9000/dextran systems. 
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Effect of PAB-PEG-IDA. and PAB-FEG-IDA-Cu(II) on Partition of Trypsin 

Bovine trypsin was added to a system containing increasing concentrations of 

PAB-PEG-IDA or PAB-PEG-IDA-Cu(II). Different extraction curves were obtained 

(Fig. 5.12). PAB-PEG-IDA and PAB-PEG-IDA-Cu(II) cause changes in partition 

coefficients of about K/Ko= 10. 

Fig. 5.12 is a typical extraction curve showing the effect of increasing 

concentration of PAB-PEG-IDA or PAB-PEG-IDA-Cu(II) on the ratio of partition 

coefficient, K/Ko, for trypsin. This curve resemblers typical binding isotherms in which 

KJKfj increases with the concentration of the ligand in the phase system until reading 

a saturation value of (BC/KQ) ^ . 

The partition coefficients of trypsin in the presence of both PAB-PEG-IDA and 

PAB-PEG-IDA-Cu(II) increased up to a level equivalent to 6% of PAB-PEG-IDA's 

concentration (PAB-PEG-IDA concentrations expressed as a percentage of total PEG 

as a phase-forming polymer) added to the systems. The partition coefficients of trypsin 

up to this concentration level were higher for the systems containing PAB-PEG-

IDA/Cu(II), compared with the systems containing PAB-PEG-IDA. This difference in 

partition behavior might be due to the interaction of both PAB (for PAB binding site) 

and IDA-Cu(II) for metal coordinate binding sites (electron donor groups such as 

histidine) on the surface of the protein simultaneously. At higher polymer-ligand 

concentrations the K/KQ values level off and remained constant and are the same for 
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both polymer-ligands. The concentiatioii of PEG-ligand at this level is so high that any 

further increase does not affect the partition of trypsin (e.g. K/Ko ). 

The results presented show that the influence of PAB-PEG-IDA and PAB-PEG-

IDA/Cu(II) on the partitioning of trypsin follows the same trends observed for many 

other afOnity partitioning systems reported in the literature (Walter et al., 1985). The 

effect of the bifimctional polymer PAB-PEG-IDA on the partitioning of trypsin is 

clearly shown in Figure 5.12. This result reveals that the tendency of chelated Cu(II) 

to coordinate with surface-exposed histidine residues and the af^ty of PAB for the 

enzyme in the partitioning act separately as reflected in the K/Ko values shown in Fig. 

5.12. 

At higher concentrations, the effect of PAB-PEG-IDA and PAB-PEG-IDA/Cu(II) 

are close to each other: Several factors may cause this effect. The ligand molecule 

already bound to the protein sterically hinder the binding of further ligand. A 

comparison of the physical dimensions of a globular protein such as trypsin and the 

heterobifunctional linear PEG molecule may provide clues on the observed behavior. 

The linear bifunctional polymer-ligand could be attached from both sides to the surface 

of the protein or one side might be attached while the other end moves freely over the 

protein surface. In both cases the polymer could cover a considerable surface area on 

the protein. Therefore, a few bound PEG molecules might provide a PEG shield around 

the trypsin molecules. 
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Partition Coefficient of Avidin as a Function of Biotin-PEG-IDA or 

Biotin-FEG-IDA-Cu(II) 

Partition behavior of avidin in two-phase systems composed of PEG/Dextran at 

different increasing concentrations of biotin-PEG-IDA (with and without metal was 

performed, the result of this study are shown in Fig. 5.13. The partition coefficient of 

avidin as a function of ligand-polymers for both biotin-PEG-IDA and biotin-PEG-IDA-

Cu(II) are very close. This is due to the fact that the metal and biotin binding sites on 

the surface of the protein are the same and the contribution of the metal chelate on 

partitioning of avidin is not significant. 

Partition of Hemoglobin, Hemoglobin/Trypsin Mixture in the Presence 

of PAB-PEG-roA-Cu(ID 

These experiments allowed us to provide some light on the quantitative 

contribution of the ligands PAB and IDA on the partitioning of trypsin and proteins. 

The partitioning behavior of hemoglobin was used to study the metal chelate 

contribution of IDA-Cu(II) in PAB-PEG-IDA-Cu(II) in the affinity partitioning of this 

protein in two-phase systems composed of PEG 2000/Dextran. 

This protein has already been used as a model protein in aqueous two-phase 

systems composed of PEG and salt to study metal chelate affinity partitioning (Plunkett 

et al., 1990). Two different experiments were performed in this work. In the first one 

the partitioning of hemoglobin alone in the presence of increasing concentrations of 
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PAB-PEG-IDA-Cu(II) was performed. Partition coefficients measurements were 

performed at 280 and 409 nm (typical max absorbance of hemoglobin) as described in 

detail in the experimental sections. In the second experiment, an equimolar mixture of 

trypsin and hemoglobin was used and the partitioning behavior of this mixture was 

tested in two-phase systems with identical compositions and conditions. Partition 

coefficients were measured at both X=409 nm and X=280 nm. 

In order to screen the relative contributions of each side of these 

heterobifimctional polymers, the partition coefficients were plotted against increasing 

concentrations of PAB-PEG-IDA-Cu(II) for both hemoglobin and hemoglobin/trypsin 

systems. 

The ratios of the partition coefficients, K/KQ versus ligand concentration for pure 

hemoglobin measured at 2 wavelengths are shown in Figure 5.14. The increase in K/KQ 

clearly, shows the effect of the IDA-Cu(II) groups in partitioning of hemoglobin. Using 

these two wavelengths the partition behavior (or contribution) of trypsin would be better 

characterized in a system composed of trypsin and hemoglobin. We consider this system 

a way of showing the competing binding effects of the ligand for both proteins. 

In Fig. S. IS the profile of the partition coefficients (K/Ko) for hemoglobin and 

hemoglobin/trypsin systems, versus the increasing amount of affinity-polymers at 

X=409 nm are almost the same. The results shown in this figiure reflect the independent 

contribution of the metal-chelate in the partitioning of hemoglobin in two-phase systems 

in the presence and absence of trypsin. Figure 5.16 shows the partition coefficients of 
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hemoglobin/trypsin mixture, versus the increasing amount of affiniQr-polymer at two 

wavelengths X=409 nm and X=280 nm. The two curves shown in this figure are 

relatively identical. 

The contribution of both PAB groups and metal-chelate on partitioning of trypsin 

and hemoglobin in two-phase systems is shown in Fig. 5.17 In this figure, partition 

coefficients versus affinity ligand concentration has been increased for systems 

consisting of both proteins compared with the one with systems consisting of 

hemoglobin only. This increase in partitioning reflects the contribution of PAB in 

partitioning of trypsin in two-phase systems. Similar results are shown in Fig. 5.18-19. 

Conclusioiis 

In the present study the feasibility of proteins to complex with chelated metal 

ions (IDA-Cu(II)) attached to one end and bioaffinity ligand attached to other end of 

water soluble poly(ethylene) glycol have been explored in aqueous two-phase systems. 

Using trypsin, avidin and hemoglobin as model proteins, the impact of the bioaffinity 

ligand such as p-aminobenzamidine or biotin and transition metal ion (Cu(II)) chelated 

to IDA, on the partitioning of these proteins was clearly shown. Different factors such 

as pH, molecular weight of two-phase forming polymers, concentration of affinity 

ligand, and the type of two-phase systems on partitioning of model proteins were 

investigated. 
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Finally, specificity of each side of these bifimctional bioaffinity ligand for 

different binding sites on the proteins was demonstrated by investigating partition of 

trypsin and hemoglobin in the same two-phase systems. 

Aqueous two-phase partitioning in conjunction with metal affinity and specific 

affinity partitioning using heterobifimctional affinity polymers can be used as tools for 

distinguishing and screening of the specific binding sites on the surface of the proteins. 
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Fig. 5.10. Partition coefficients of trypsin in two-phase 
systems consisting of Na2S04 PEG/(2000) at 
different pH 
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Table 5.1. Affinity partitioning of avidin (egg white protein) in two-phase systems in 
presence (K) and absence (Kg) of heterobifunctional affinity PEG. 

Ligands KQ K K/KO 

NHz-PEG-roA 0.032 0.02 0.75 
NH2-PEG-IDA-CU(II) 0.032 0.04 1 
biotin-PEG-IDA 0.032 0.111 4.27 
bioin-PEG-IDA-Cu(II) 0.032 0.11 4.27 

Systems: 15% PEG 8(X)0, 10.5% mgS04 containing 0.5% bifimctional PEG's, 1 mg 
protein, 50 mM phosphate buffer, pH 8. 

Table.5.2. Affinity partitioning of avidin (egg white protein) in two-phase systems in 
presence (K) and absence (KQ) of heterobi^ctional affinity ligands. 

Ligands KQ K K/KQ 

biotin-PEG-IDA 0.35 1.375 3.93 

biotin-PEG-IDA-Cu(II) 0.35 1.73 4.94 

Systems: 15% PEG 8,000, 10.5% phosphate containing 0.01% bifimctional PEG's, 1 
mg protein, 0.05 phosphate buffer at pH 8. 
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Table.5.3. Affinity partitioning of avidin (egg white protein) in two-phase systems in 
presence (K) and in the absence (BCQ) of heterobifimctional af^ty ligands. 

Ligands Ko K K/KO 

I) NH2-PEG-IDA 0.18 1.357 1.51 
n) NH2-PEG-IDA-CU(1I) 0.18 1.55 1.72 
ni) biotin-PEG-IDA 0.18 2.475 2.75 
IV) biotin-PEG-IDA-Cu(II) 0.18 3.797 4.22 

Systems: 6.5% PEG2000, 10% Dextran T500 (500,(XX) MW) 0.01% biftmctional 
PEG'S, 1 mg/mL protein, 0.05 phosphate at pH 8. 

Table 5.4. Affinity partitioning of avidin in two-phase systems in presence and 
absence (KQ) of affinity ligands 

Ligands Ko K K/Ko 

biotin-PEG-IDA 0.02 0.227 12.6 
biotin-PEG-IDA-Cu(II) 0.02 0.5 27 

Systems: 14% PEG20(X), 8% Na2S04 1% bifunctional PEG's, 0.5 mg/mL protein, 
0.05 M phosphate at pH 7.0 
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Table 5.5 Affinity partitioning of trypsin in two-phase systems in presence of 
Methoxy-PEG-PAB (5000) at different pH. 

pH KO K K/KO 

5 0.0056 0.0404 7.215 
7 0.58 5.758 9.923 
10.5 0.01 0.1383 24.48 

Systems: % PEG(2000), % Na2S04, 1% polymer-ligand 0.5 mg/mL trypsin, 50 mM 
buffers at pH=5, 7, 10.5. 
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CHAFTER6 

REVERSIBLE BOUND AFFINITY CHELATING UGANDS 

FOR SPECmC PROTEIN SEPARATIONS 

Overview 

In this chapter we explored the use of the synthesized biaffinity PEG's and 

applications of metal chelate interaction for development of reversible and specific 

protein separation and reversible enzyme immobilization. The affinity ligands biotin and 

p-aminobenzamidine, PAB (trypsin inhibitor), for proteins avidin and trypsin 

respectively were covalently coupled to soluble polymers, poly(ethylene glycol), PEG 

(1900) bearing a chelating compound (EDA, or histidine). The modified 

heterobifunctional affinity-chelating polymers were adsorbed in aqueous media to 

different chelating adsorbents including DPA-Novarose, IDA-Novarose, TED-

Novarose, aspartic acid-Novarose and NTA-Novarose used in IMAC sq)aration. In this 

manner the difference in chelating properties of the chelates are exploited in an 

alternative mode to reversibly bound specific ligands to IMA-adsorbents. In this scheme 

an IMA-adsorbent can be transformed to a more selective affinity separation mode, just 

by adding any affinity-chelating ligand. The affinity-chelate ligand could be removed 

by weakening the metal interactions between the two chelates in the system which 

allows the column to operate again in the original IMAC mode if desired. 
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These chelate biopolymers behaved as their native unmodified counterpart 

against their complementary biomolecules. For racample, PAB-PEG-chelates and biotin-

PEG-chelates were bound to enzyme trypsin and protein avidin efficiently. The amount 

of these bioligands bound to the columns were a function of the type of the IMA-

adsorbents, pH, salts and the metal immobilized on the gels. The capacities of these 

affinity ligands were found to be in the range of 2-10 mg/ml of packing for PAB-PEG-

chelate biotin-PEG-chelate and histidine-PEG-PAB on different columns. Trypsin and 

avidin were bound on columns loaded with PAB-PEG-chelate and biotin-PEG-chelate 

respectively. As a typical example bound trypsin was eluted from some of the columns 

with the trypsin inhibitor, benzamidine, as competitive ligand. The chromatographic 

studies were performed on Bio-Rad economy columns (0.5 cm x 5 cm) with 1 ml 

volume and 30 ml/hr flow rate. The bioligands were eluted reversibly from the IMA-

adsorbents, using free IDA as a competitive ligands or using low pH buffers or EDTA. 

Introduetioii 

The immobilization of proteins has found many biotechnological applications 

such as in af^ty separations by chromatography to immunoassay systems (Smith et 

al., 1992). A great number of techniques for the immobilization of enzymes exist 

(Wunderwald et al., 1993). By selecting the proper carrier material and coupling 

procedures, it is usually possible to obtain immobilized derivatives with good activity 

and stability. However, most of them contain irreversibly bounded enzymes or 

bioligands, which means that the carrier cannot be regenerated and reused. Some of 
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these problems have been circumvented by methods of immobilization based on ionic 

interactions (Smith et al., 1992) hydrophobic interactions (Ljunqhuist et al., 1989) or 

thiol disulfide interchanges (Piesech et al., 1992). 

Conventional immobilization methods involves the adsorption of proteins to 

plastic plates or covalent attachment to chromatographic resins. This results in a random 

orientation which could obscure the binding sites on the proteins. These limitations have 

been overcome by alternative methods for immobilization of proteins. 

Affinity adsorption chromatographic purification using heterobifimctional 

ligands on hydrophobic supports has been reported. In one case, soybean trypsin 

inhibitor was modified with detergent, with the result that hydrophobic residues were 

attached to the inhibitor. By passing the modified derivative through an octyl-Sepharose 

column the inhibitor was bound to the support and still able to bind trypsin either in 

free solution, or after immobilization (Kaul et al., 1988). Under the conditions used in 

this study a much lower capacity for trypsin was reported, compared with conventional 

column separations with the trypsin inhibitor chemically bound to the support. In their 

work no nonspecific interaction between enzyme and the hydrophobic part of the 

heterobifimctional detergent was reported. In similar studies Guzman et al. (1988) 

modified water-soluble non-ionic surfactants with pyridine (compound that acts as an 

inhibitor for cholinesterase). The surfactant-ligand was adsorbed hydrophobically onto 

an octadecyl reverse phase silica packing. An average ligand loading of 550 n mole/ 

ml of packing was obtained compared to typical loadings of 1-2 n moles/ ml of packing 

of covalently derivatized agarose-particles. 
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Several different approaches for reversible immobilization of bioligands in the 

purification of biomolecules based on the principle of specific affinity interaction and 

using IMA carriers have been rqwrted in the literature. Wunderwald (1983) reported 

a method described as "sandwich affinity chromatography" using IMA-adsorbent 

carrier, Zn(II)-bis-carboxymethylamino-Sepharose, (Zn-chelateSepharose) to bound a2-

macroglobulin for removal of several endoproteinases such as trypsin, chymotrypsin, 

thermolysin, elastase, bromelin, ficin, and papain from plant extracts. The apparent 

advantages involved, simplicity of the loading procedure, high capacity of the gel 

material, e.g. 0.4.-0.54. mg trypsin/ml gel and the possibility of reusing the adsorbent 

after elution of aj-M-protein. No non-specific binding, leakage of affinity ligand or 

metal from the colunm was rqxirted. Since the technique is suitable only to a group of 

endoprotease, this limited its application to separation of specific proteins. 

Engineered metal binding sites have also been used to immobilize the IgG 

binding domain of Protein A to chelate affinity chromatography columns for antibody 

capturing. However these methods suffer from having labile linkages that limit the 

conditions that can be used to elute bound proteins. (Ljungh et al., 1989). To solve that 

problem, engineered metal binding sites or chelating peptides have been used to site-

specifically orient and immobilize CP-proteins (chelating proteins) on a solid support 

with the chelator IDA and Co(II) (Hutchens et al., 1992). 

This kinetically inert linkage provides specific orientation as well as inertness 

of the linkage during elution steps. Naturally occurring proteins that bind to 
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immobilized Co(II), such as myoglobin, can also be converted to kinetically inert 

immobilized complexes. 

Porath et al, (1981) demonstrated the potential usefulness of metal-chelate 

chromatography for enzyme immobilization, thus extending the field of the IMAC 

application still further. Hochuli et al. (1992) have independently, also used IMAC for 

enzyme immobilization and Vijayalakashmi (1989) has used IMAC for cell 

immobilization and separations. 

Hochuli et al. (1992) have also immobilized recombinant enzymes to the 

nitrilotriacetic acid NTA resin charged with NiCQ) ions for application in organic 

chemistry. These authors used genetic engineering techniques to synthesize fusion 

proteins with hexahistidine tails, having a very strong interaction with nitrilotriacetic 

acid-chelate Ni(II). These hybrid protein containing affinity tags were used for rapid 

product purification from culture medium or cell lysate by immobilized metal affinity 

chromatography (IMAC). 

The equilibrium binding analysis showed that the interaction of hexahistidine 

peptide with immobilized Ni(II) ions at neutral or slightly basic pH is very stable, with 

an apparent dissociation constant (KJ of 0.7x10^ M (Loetscher et al., 1992). In 

addition, the hexahistidine peptide extension proteins can also be used for direct 

immobilization to generate antibodies against the protein of interest. 

In this section of our work, we describe a new potential approach for 

immobilization of biospecific' ligands to immobilized metal affinity adsorbents (IMA-

adsorbent). Heterobifimctional polyethylene glycol, PEG, carrying a chelate, histidine 
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IDA, histamine etc. at one end and at the other end a biospecific ligand such as biotin 

& or p-aminobenzamidine (PAB). These heterobifiinctional affinity chelate polymers 

could bind under appropriate conditions to inunobilized metal affinity gels, apparently 

reversibly. The chelate side of these bifimctional affinity ligands binds to immobilized 

metal ions on the gel to make a mixed coordination complex in a sandwich iashion. The 

bioligand attached to the gel is capable to bind proteins specifically at the conditions 

that usually are used in conventional affinity chromatography. Elution of the 

immobilized bioligands and enzymes can be performed by decreasing the chelating 

metal ion interactions according to the standard methods established in IMAC (Porath, 

1970, 1983, 1992). Selective desorption can be considered in the elution such as 

including in the eluent buffer species that compete either with the chelating ligands or 

the metal ion. 

A great advantage of tentacle polymers such as polyethylene glycol's PEGs 

are their hydrophilicity and flexibility spacer arms. The affinity ligand sites on the 

chelate-PEG-bioligand for immobilization or separation of the proteins are located at 

the end of the PEG spacers and therefore the immobilized protein or affinity ligands is 

allowed to move away from the support surface. Because of the flexibility of the PEG 

spacers the tertiary structure of the protein is not influenced. Conformational changes 

during attachment to hard and inflexible supports, usually produce changes in tertiary 

structure and in enzyme activity. 

Several theories have been proposed to explain the low protein affinity of PEG 

both on surfaces and in solution. It has been suggested that poly(ethylene)oxide (PEO) 
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surfaces exhibit low degrees of protein adsorption due to the unique way in which the 

PEO molecule binds water (Gombotz et al., 1991). The water molecules that are 

hydrogen bonded to the ether oxygens of PEO are believed to form a protective 

hydration shell, which has also been called structured water. These concepts explaining 

the low protein adsorption behavior of PEO surfaces have been called the "excluded 

volume" or "osmotic repulsion" or entropic repulsion theories (Harris, 1992). 

Materials and Methods 

The pH of all buffers and reaction solutions was determined with a Fisher 

Scientific Accumet pH meter, model 825 MP. UV-Absorbance measurements were 

performed on a Shimatzu 160UV scanning spectrophotometer. Bovine trypsin (MW of 

24,000 Da), DL-benzoyl-arginine-p-nitroanilide (DL-BAPNA), p-aminobenzamidine 

(PAB), iminodiacetic acid (IDA), ethylene-diamine-tetra-acetic acid (EDTA), and 

tetraethylene pentaamine (TEPA) were obtained from Sigma Chemicals Co (St.Louis). 

Avidin, egg white protein (MW 68,0(X) Da) and biotin were purchased firom Pierce 

company. DPA-Novarose (SE40/1000 or 10,000), IDA-Novarose (SE40/1000 or 

10,000), tris(carboxymethyl) ethyldiamine (TED)-Novarose, were commercially 

available from INOVATA Ab (Sweden). IDA-Sepharose Fast Flow provided from 

Pharmacia, Sweden. 1,4,7-triazacyclononane-Novarose or Sepharose (tridentate-

macrocyclic adsorbent), carboxymethyl aspartic acid-Novarose-SE40/1000 (CM-Asp), 

hydroxy-carboxymethyl aspartic acid-Novarose-SE40/1000 (CM-Asp-OH), nitrilo 

triacetic acid Novarose or Sepharose 6B, DPA-Sq)harose, poly(ethyleneimine)-
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Novarose (PH), tetraethylene pentamine Sepharose (TEPA) were prepared in our 

laboratory. All of the heterobifiinctional affinity chelate polymers used in this study 

were prepared according to the procedures described in the experimental section of 

chapter 4. All other reagents were commercially obtained in reagent quality or better 

from Aldrich Chemical Co (Milwaukee, USA). Figure 6.1 shows some of the IMA-

adsorbents used in this studies. 

Chromatographic Systems 

The chromatographic systems consisted of Pharmacia LKB UVICORD n 

series 8300 (as the detector and control units) Bausch and Lomb, UV-spectrophotometer 

model 601, Masterflex pump. Fisher Recordial chart recorder series 5000 and Bio-Rad 

fraction collector model 2110 and Bio-Rad Econo columns of 1-2 ml volumes. 

Chromatographic Methods 

Chromatographic studies in this work were performed in three different 

modes: recirculation, elution or frontal modes. All these different IMA-adsorbents were 

degassed and packed using distilled water into (0.5 cm x5 cm) columns, 1 ml volume. 

The gels were loaded with 5 column vol of 0.05 M metal ions (sulfrite or chloride) in 

distilled water. Loosely bound metal was then washed away with 5-10 bed volumes of 

acetate buffer 0.05, M, 0.5 M NaCl, pH-3.8-4.0 or for the colunuis loaded with DPA-

Novarose first with 5 bed volumes of 100 mM imidazole at pH 7, then 5 bed vol, 

acetate buffer followed by 5-bed vol, distilled water. The gels were fiuially, equilibrated 

with 0.05 M loading buffer. (All buffers are included a 0.5 M NaCl). The samples of 
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benzyl-ID A, bioIigands-PEG-chelates or biomolecules were dissolved in the same buffer 

at a certain concentration (most of the experiments were performed at the same 

concentration and equivalent to the metal capacity of the chelating gels, except 

otherwise specified). A flow rate of 30 mL/hr was maintained throughout most 

experiments. A sample consisting of 10 ml of bioligand or benzyl-IDA in equilibration 

buffer was applied to the different IMA-adsorbent columns in the three different modes, 

recycling, elution or frontal modes. All experiments were performed at room 

temperature. 

In recycling modes about 10 ml samples, were circulated through the column 

at a constant flow rate of 30 ml/hr. The UV-absorbance versus time of the samples was 

continuously recorded by a spectrophotometer and chart recorder, included a cyclic 

process. After equilibrium was achieved (no changes in absorbance), the recycling was 

stopped and the percentage of the adsorption (based on the initial absorbance of the 

sample loaded) was calculated as follows: 

AJ55%=10 0 —xlOO 
Aiaifei 

where, A|-.=e^uilibrium absorbance 

Aui=initial absorbance 

F4a=dilution effect after recycling 

Unabsorbed material was washed away with equilibrium buffer. Adsorbed 

materials then were eluted from the columns by changing the pH or by including a 
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competitive ligand in the eluent. Fractions of 2.5 ml were collected and UV absorbance 

were measured with a Shimatzu, model 160 UV spectrophotometer. 

In the elution mode, samples were dissolved in 1 ml equilibrating buffers and 

loaded to the top of the columns. The columns then were washed with starting buffers. 

Absorbance of the effluent was monitored spectrophotometrically and recorded using 

a chart recorder. Samples of 2.5 ml were collected until zero baseline was reached. 

Adsorbed materials were eluted from the column as described earlier. 

In the frontal mode, to study the adsorption of bioligands in IMA-adsorbents, 

colunms of 1 ml were prepared as described earlier. The solutions of bioligands in 

equilibrating buffers and at different concentrations (e.g. 1,2,3, and 4x10^ M) were 

pumped into the column with a constant flow rate of 30 ml/hr. Samples were applied 

to the column until the absorbance of the effluent reached a constant plateau level 

nearly equal to that of the applied solution. The elution volume then was determined 

from the median bisector of the recorder elution front. 

In all the chromatographic procedures described above, the columns were 

regenerated by washing the gels with approximately 5 bed volumes of 100 mM of 

TEPA (tetraethylene-penta amine) or EDTA depending upon the type of the metal ions 

used for separations. After the removal of TEPA or EDTA with several column 

volumes of distilled water, the columns were reloaded with metal ions and equilibrated 

again with loading buffers to desired pH for the next frontal analysis using different 

concentration of bioligand or biomol^ule. 
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The frontal afGnity chromatogn^hy data was analyzed using different 

concentration of bioligands or biomolecules according to the Kasai equation (Kasai ex 

al., 1986). 

1 --Kd 1 . 1 
(P) (V-Vq) Lt (P) (Lc) 

Where (P) is the concentration of bioligands, V is the elution volume of P and is the 

elution volume of P when there is no specific interaction (this was found by passing the 

bioligands through a bare column with no metal loaded, using the same conditions as 

described when columns loaded with metal ions) is the apparent dissociation 

constant, is the total binding capacity for the bioligands. 

Binding Studies of Benzyl-IDA in IMA-Adsorbents 

Columns of 0.5 or to 2 ml with different chelating gels and at different 

conditions such as pH, salt, buffers, type of metals and concentration, etc., were used 

to study the adsorption/desorption of benzyl iminodiacetic acid, benzyl-IDA. In all of 

the experiments a solution of benzyl-IDA (amount of the samples was equivalent to the 

metal capacity of the adsorbents) in equilibrating buffers at certain pH was circulated 

through chelating columns and spectrophotometer to measure the absorbance versus 

time. The percentage of absorbance (based on the initial absorbance of the sample 

loaded) was measured by the difference using equation 1 and following the procedure 

described earlier, for the cyclic process. 
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The rate of adsorption of benzyl-IDA in DPA-gel columns was also tested using 

the method of elution chromatography. Columns with 2 ml gels were packed. After 

charging the gel with metal and equilibrating the column with buffers at different pH, 

samples (equivalent to the metal capacity of the gels) of benzyl-IDA dissolved in small 

volumes of the same buffer were injected to the top of the colunm. As control 

experiments, columns having the same gel bed volume were prepared and equilibrated 

with the same equilibrating buffer but not charged with metal. Samples of benzyl-IDA 

of the same size were injected to the top of the column. Absorbance versus time for 

columns at different pH, with and without metal were plotted, as mentioned in the 

previous section. 

Calculation of the Equilibrium Dissociation Constant Kj and Binding Capacity 

Lt for Benzyl-IDA in Chelating Columns using Scatchard Plots and Frontal 

Analysis 

The equilibrium dissociation constants and binding capacities for benzyl-IDA-

Ni(II) in DPA-gel column were calculated with equation S using Scatchard plots 

(Scatchard, 1947). According to this method benzyl-IDA-Ni(II) at different 

concentrations (e.g. 80%, 100%, etc. based on the metal capacity of the adsorbent) in 

50 mM MOPS-acetate buffer at pH 7.0 (including 0.5 M NaCl) were passed through 

the colunm in recycling mode, as described earlier. After equilibrium was reached, the 

concentration of the free and bound benzyl-IDA, L and RL respectively, were measured 
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by a difference assay using the maximum UV absorbance of benzyl-IDA, X =262 

nm. The following equations were used in this method: 

RL ^ R + L 

^  ,  [ R ]  [L3 
[i2L] 

[L] . [L] ^ Kg 
[i2L] [Lt] [L^] 

Where: L= concentration of free chelate in solution 

L= binding capacity of the cheating gel for benzyl-IDA 

RL=amount of benzyl-IDA bound to the colunm 

R= un-occupied sites on the column 

Kd= equilibrium dissociation constant 

Analytical frontal affinity chromatography was also used to study the adsorption of 

benzyl-IDA in DPA-Novarose gel. Columns of 1 ml were packed with gels and 

saturated with loading buffer (50 mM MOPS-acetate, 0.5 M NaQ, pH=7). The 

solutions of benzyl-IDA at different concentrations (1,2,3, and 4x10"^ M) in 

equilibrating buffer was pumped into the column with a constant flow rate of 30 ml/hr. 

The effluent absorbance was monitored at 262 nm and analyzed with equation 2. 
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Reversible Adsorption of Bens^l-IDA in DPA-Novarose 

In a different set of e3q)enments, Benzyl-IDA, lO'̂ M, in equilibrating buffer was 

applied to the previous column continuously at constant concentration and flow rate, 

until the absorbance at 262 nm of the efQuent reached a constant plateau. As a control 

experiment another 1 ml column was prepared but was not charged with metal ions. 

Benzyl-IDA with equal concentration was applied, and the effluent absorbance was 

similarly monitored. The column already charged with metal and benzyl-IDA was 

washed with equilibrating buffer solution until no absorbance was observed in the 

effluent. The column was then eluted with an IDA solution of 4x10'̂  concentration 

in equilibrating buffer at pH 7 in order to replace benzyl-IDA from the column. 

Alternatively, and in a separate experiment, elution was performed at pH 2-3 using 

HCl solution for comparison. 

Washing Steps of Benzyl-IDA and Heterobifimctional Ligands from IMA-

Adsorbents 

In general all the washing after adsorption, were performed with same starting 

buffers Goading buffers). UV-absorbance was measured spectrophotometrically and 

recorded on a chart recorder. Washing was continued until no absorbance was 

detected. 

Immobilization of Hetero-Bifunctional Affinity Ligands in Different IMA-

Adsorbents 

Frontal affinity chromatography was used to study the binding of histidine-PEG-

PAB, IDA-PEG-PAB, IDA-PEG-biotin, and (histamine)2-PEG-biotin in different IMA-
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adsorbents. Columns of 1 ml gels such as DPA-Novaiose (SE40/1000), TED-Novarose 

(SE40/1000), CM-asp-OH-Novarose (SE40/1000), CM-asp-Novarose (SE40/1000), 

IDA-Sepharose etc. were prepared according to the chromatographic method section. 

The columns then were equilibrated with loading buffer (SO mM MOPS-acetate 

pH=7 or SO mM phosphate buffer at pH 8). Solutions of chelate-PEG-ligand of O.S 

mg/ml concentration in equilibrating buffer was pumped into the column with a constant 

flow rate of 30 ml/hr. The effluent absorbance at 294 nm (corresponding to the max 

absorbance of PAB) was monitored by a UV-spectrophotometer and was recorded with 

a chart recorder. Sample solutions were applied continuously to the column until the 

absorbance of the effluent reached a constant plateau level nearly equal or half of that 

of the absorbance of the solution applied. After washing the colunms with starting 

buffer to zero baseline, the amount of ligand adsorbed in the columns was calculated 

by mass balances, using the extinction coefficient of the bioligand-PEG-chelates. As a 

control, samples of pure bioligands-PEG-chelate were applied to blank (bare) columns 

loaded with no metal ions. 

Affinity Adsorption of Proteins on IMA-adsorbents Loaded with Bifunctional 

Affinity Ligands 

After immobilization of the biochelate polymers PAB-PEG-IDA, PAB-PEG-

histidine, biotin-PEG-IDA, and biotin-PEG-(histamine)2 on IMA-adsorbents, the 

columns were equilibrated with standard loading buffers according to procedures 

reported for affinity chromatography (AC). For trypsin studies with immobilized PAB 



183 

the standard buffer was tris-HCI buffer or tris-acetate (0.05 M, 20 mM CaClj, 0.1 M 

NaCl, pH=8.1). After equilibrating the column with this buffer, samples of trypsin, 

2.5 mg in 1 mL buffer were loaded to the column. At 30 ml/hr flow rate, the amount 

of trypsin absorbed on the column was measured by a difference assay using the molar 

extinction coefficient of trypsin at 280 nm (e28o=35000 cm'̂ M*') and the total volume 

of the solution after the elution step. 

In order to elute trypsin from the affinity modified IMA-adsorbents, 100 mM 

of benzamidine in the eluting buffer was continuously applied to the column at the same 

flow rate of 30 ml/hr. The absorbance of the effluent was monitored and recorded at 

294 nm (max absorbance for benzamidine), and 2.5 ml samples were collected. Elution 

was continued until no changes in UV-absorbance at 294 nm was observed (when 

absorbance reached values, corresponding to the initial absorbance of benzamidine). 

The amount of eluted trypsin was measured using Bradford assays. 

Similarly, avidin (egg white protein) was adsorbed on affinity modified IMAC-

adsorbents. Here biotin-PEG-IDA was loaded to 1 ml DPA-Novarose colunm charged 

with Ni(II) metal ions (following the protocol described earlier), then the column was 

equilibrated with the loading buffers 0.2 M NaHCOs, pH 8.7. Avidin samples of 2.5 

mg in the same buffer were injected. The amount of ligand adsorbed onto the column 

were calculated again by difference assays using the extinction coefficient of avidin of 

e"28o=113,900 cm-» M"'. 

All chromatographic steps were carried out ar room temperature and at the same 

flow rates of 30 ml/hr. Fractions of 2.5 ml collected during the washing steps were 
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assayed for enzyme activity. As a contiol and comparison, pure proteins were 

chromatographed on a 1 ml blank IMA-adsorbent column (0.5 cm x 5 cm) from Bio-

Rad (Econo-column) charged with metal ions, and also on the same volume of gel over 

which was previously passed an amount of bifimctional ligand not modified with the 

affinity groups, that is using only IDA-PEG's. 

Reversible Elution of the Bifimctional FEG's 

To remove the bifimctional PEG'S firom the IMA-adsorbents after desorption of 

the proteins, 100 mM of IDA solution (for the case of PAB-PEG-IDA and biotin-PEG-

IDA) in equilibrating buffer as competitive agent, or acetate buffer at pH 4 (for the case 

of histidine-PEG-PAB or (histamine)2-PEG-biotin were applied into the columns. 

Absorbance at 294 nm was monitored until zero baseline was reached. The amount of 

biochelate polymer was measured using the extinction coefficients of PAB-PEG-

histidine-chelate at 294 nm or at 280 nm (£294=12300 cm'̂ M'̂  or e2go=1150 cm"'M"^) 

or extinction coefficients of PAB-PEG-IDA (C294=4941, Cjg, =3581cm'̂ M"*). 

Purification of Proteins using Conventional Affinity Columns 

Immobilized p-aminobenzamidine (Sepharose-PAB) was packed in a 1 mL (0.5 

cm X 5 cm) column and equilibrated with tris-HCl buffer containing 20 mM calcium 

chloride at pH 8.0. Chromatographic adsorption of trypsin (2.5 mg) on this column was 

performed. Fractions of 2.5 mL were collected, and the amount of enzyme adsorbed 

on the affinity column was measured using the extinction coefficient of the enzyme (^ 

=35200 cm'̂ M*^) and total volume of the elution. Similarly, immobilized biotin 
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(Sepharose-biotin) was packed in a 1 mL (O.S cm x S cm) column and equilibrated 

with the 0.2 M NaHCOs buffer at pH=8.7. Chromatogn^hic separation of avidin (2.5 

mg) on this column was similarly performed. 

Results and Disciission 

Binding Studies of Benzyl-IDA in IMA-adsorbents 

After equilibrating the column with buffer at appropriate pH, including 0.5 M 

NaCl, benzyl-IDA 80 /xmole in the sme buffer was circulated through the column at 

30 ml/hr the absorbance at equilibrium was recorded and the normalized absorbance 

versus time was plotted and shown in Fig. 6.2-3. From these plots the rate of 

adsorption of benzyl-IDA in different gels was found to increase as follows: 

MacrocydiO PEI > DPA > NTA > TED 

The effect of the pH on the rate of adsorption of benzyl-IDA in the DPA-gel 

was studied. The normalized adsorption versus time for benzyl-IDA in the DPA-gel at 

different pH (acetate buffer with no salt) is shown in Fig. 6.4. The following increasing 

order of the rate of adsorption was obtained: 

pH=8>7>6>S>4 

The effect of the mode of loading of benzyl-IDA on the rate of adsorption was 

evaluated as follows: Benzyl-IDA was first mixed with metal and then loaded to the 

bare DPA-colunm (not charged with metal ions). The conditions in the column were 

pH=7, MOPS buffer 0.05 M and no salt. The following results were obtained (Fig. 

6.5). 
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Ben^l-IDA/NiCII) >Beiizyl-IDA 

Effect of gel capacity on the rate of adsoiption of ben2yl-IDA/Ni(II)perfonned. 

Two different DPA-gels with 30 /tmol and 90 ^mol per ml gel were tested for benzyl-

IDA adsorption, already mixed with Ni(II). The pH was 7 (MOPS buffer 0.05M, 

0.5M NaCl). The results are shown in Fig. 6.6. 

High capacity gel> Low capacity gel 

The rate of adsorption of benzyl-IDA/Ni(II) in IDA-gel at pH=7 using MOPS and 

phosphate buffer (no salt) is compared in Fig. 6.7 and observed that was higher 

according to: 

MOPS buffier> phosphate buffer 

Similarly, the rate of adsoiption of benzyl-IDA in DPA-gel at pH=7 (no salt) using 

phosphate and acetate buffer is shown in Fig. 6.8 and the relation was: 

Acetate buffer > phosphate buffer 

The effect of salt on rate of adsorption of benzyl-IDA in gel-DPA/Ni(II) 

In Fig. 6.9 the rate of adsorption of benzyl-IDA in DPA-gel at pH=7 (MOPS 0.05 M, 

NaCl 0.5 M) with and without salt are compared and the relation was: 

Adsorption with no salt > adsorption with salt 

The effect of metal type on the rate of adsorption of benzyl-IDA in DPA-gel is 

shown in Fig. 6.10 the rate of adsorption of benzyl-IDA in DPA-gel at pH=7 

(phosphate .01 M, no salt) loaded with Ni(II) and ZnCQ) is compared and resulted in: 

Ni(ID>Zii(ID 
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Effect of benzyl-IDA/Ni(II) concentration on the rate of adsorption in DPA-gels 

is shown in Fig. 6.11. Different concentration (% concentration of the samples are 

chosen based on the metal capacity of the chelating gel) of benzyl-IDA/Ni(II) was 

loaded to a bare DPA-gel column ^ pH=7 (MOPS 0.05 M NaCl 0.5 M). The 

concentrations chosen were as follows: 

Benzyl-IDA 80% +Ni(II) 80% and it was found that the higher the concentration of the 

benzyl-IDA/Nl(II) the higher the adsorption rate. So, 

Benzyl-XDA/NiOD 100%>beiizyl-IDA/Ni(ID 80% 

Effect of the metal concentration on the rate of adsorption of benzyl-IDA/Ni(II) 

in DPA-adsorbent is shown in Fig. 6.12. as it can be observed that when a mixture of 

benzyl-IDA and Ni(II) at two different metal concentrations is passed through the DPA-

gel colunm the rate of adsorption is higher for the mixture with a higher metal 

concentration. 

Benzyl-IDA (80%)+ Ni(80%)>benzyl-IDA(20%) +Ni(20%) 

Absorbance versus time for columns at different pH, with and without metal 

using elution chromatography are shown in Figs.6.13-15. As it can be seen from these 

plots, the rate of adsorption at higher pH's are higher than at lower pH's. Similar 

results were obtained using the circulation mode). 

Rate of adsorption at pH=6>5>4 
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Binding Studies of Bioligand-FEG-IDA in IMA-adsorbents 

The effect of the different chelating gels on biotin-PEG-(histamine)2 adsorption was 

studied. Different chelating gels were loaded with metal ions and equilibrated with 

buffer at pH=7 (MOPS 50 mM, 0.5 NaQ). As a typical example, Biotin-PEG-

(histamine)2 was circulated through the column at 30 ml/hr. After equilibrium was 

achieved, circulation was stopped and columns were washed with starting buffer. 

Normalized absorbance (absorbance at different times over initial sample absorbance) 

versus time was plotted as shown in Fig. 6.27. The rate of adsorption on these 

adsorbents can be ordered as follows: 

NTA>DPA>roA 

As it can be seen, NTA-Sepharose loaded with Ni(II) adsorb and retain (histamine)2-

PEG-biotin faster than DPA-Novarose. 

Effect of the solute types on adsorption, in IMA-adsorbents are shown in Fig. 

6.28-30 the rate of adsorption of benzyl-IDA and biotin-PEG-(histamine)i are compared 

in three different IMA-adsorbents, at pH=7 (MOPS 0.05 M, 0.5 M NaCl) the increase 

in adsorption can be shown as follows: 

Biotin-PEG-(histamlne)2 > benzyl-IDA 

The dissociation constant and binding capacities for benzyl-IDA in DPA-Novarose were 

obtained using Schadchart plots for benzyl-IDA and the 

values were 

Kj=66 X lO^M and L=60 x 10^ M or 60 ^imol benzyl-ID A/ml gel 
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Analytical frontal chromatography was also used to calculate dissociation 

constants and binding capacities for benzyl-IDA in DPA-Novarose adsorbent The 

results of this study were; 

Kj=94 X l(r®M and L=69.5 x 10^ M = 69.5 n mol/ml 

During the adsorption experiments no metal ion leakage was observed with these 

systems. This was expected considering that the coordination of Ni(II) and DPA-gel 

results in a complex formation with a high stability constant. This complex was not 

broken even with an EDTA solution. Figure 6.16 shows breakthrough curves of benzyl-

IDA with and without Ni(II) of benzyl-IDA in DPA-Novarose. Figure 6.17 shows 

breakthrough curves of benzyl-IDA at different concentrations in the same column. 

Figure 6.18 shows the double-reciprocal plots of the data according to the Kasai 

equation (equation 2). The linear regression correlation coefficient (r), apparent 

equilibrium dissociation constant (KJ, and binding capacity (LJ for benzyl-IDA are also 

indicated. These values are comparable with the values obtained by Schatchart plots. 

Elution of Benzyl-IDA from IMA-adsorbents 

Hution profile using IDA as a competitive eluant and the result of the elution 

at pH 2 are shown in Fig. 6.19-20 respectively. There is a difference between these two 

profiles. Elution with HCl at pH 2 is broader than that of the elution with IDA, at pH 

7. Furthermore, benzyl-IDA eluted at pH 2 was lower than eluted at pH 7 with IDA 

included in the buffer. However, the UV-absorbance spectrum of the eluted solution 

was very similar to benzyl-IDA compared to the eluted solution obtained from elution 
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with IDA. In Fig. 6.21-22., the differences in spectra might be due to small metal ions 

present caused by leakage during the elution with IDA at high concentration. 

During elution using IDA as a competitive ligand, the color of the adsorbent 

changed gradually from dark green to purple as more IDA solution entered the column. 

Finally, the whole column turned purple when all of the benzyl-IDA was replaced with 

IDA. This phenomena might reflect a difference between DPA/Ni(II) (IDA) and 

DPA/Ni(II) benzyl-IDA on the column. Replacement of the bond hydrogen with the 

IDA molecule by the benzyl group of the benzyl-IDA molecule might be the cause of 

this diffa-ence. Typical adsorption and washing profiles for benzyl-IDA in DPA-gels 

are shown in Fig. 6.23. 

Lmnobilizatioii of Heterobifimctional Ligands in IMA-Adsorbents 

Preliminary studies indicated that bioligands-PEG-chelates bound fairly to most 

of the IMA-adsorbents used in this study. Conditions such as pH, amount of salt, type 

of bioligands and concentrations, type of metal ions, capacity of the IMA-adsorbent and 

type of IMA-adsorbent by itself have some effects on retention of these bioligands on 

the IMA-adsorbents. 

In some cases no retention was observed. The results of these studies are shown 

in (Table 6.1). In some cases and under some condition used for IMA-adsorbent loaded 

with metal ions, a negligible amount of biochelate polymer was adsorbed to the bare 

column (IMA-adsorbent loaded with no metal ions). This was especially noticeable with 

biochelates carrying positive charge such as PAB-PEG-IDA or histidine-PEG-PAB etc. 
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This non-specific adsoiption on blank column howeva, seems to diminish after IMA-

adsorbents are charged with metal ions. 

The low capacities of these adsorbents for biochelate polymers as seen in Table 

6.1 might be due to several factors for example: 

1) at neutral pH or slightly alkaline pH, opposite charge at the two termini in 

PAB-PEG-chelate (positive charge on PAB and net negative charge on chelates) might 

force the molecule of polymer to fofd in a coiled shape. Consequently the secondary 

functional group (chelate) that is responsible for binding to IMA-adsorbent might be 

buried inside the molecule. To confirm this hypothesis, and to break the possible 

internal ionic interaction the amount of salt in buffer during the adsorption step was 

increased from 0.5 M to 1 M, and in fact an increase in retention of biochelate was 

observed. An increase in pH had also similar promotion effect on the retention of 

bioligands in IMA-adsorbents. 

2) low retention of biochelate polymers in IMA-adsorbents might be due to 

possible excluding effect of PEG hydration. Each ether unit of PEG needs a minimum 

of two and often three hydrogen atoms to bound water molecules and satisfy the 

hydration capacity of the molecule. Because of the large excluded volume of the PEG 

molecules, a repulsive force might result in a decrease in interaction of the secondary 

flmction of the biochelate (chelate side), when it approaches the matrix surface. (Harris 

et al., 1992). This problem seems can be alleviated some how by using larger pore size 

IMA-adsorbents (e.g. SE40/10,000 instead SE40/100 or SE40/1000). To test this 
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approach, IDA-Novarose SE40/10,000 was used and an increase in retention from 2 

mg/ml gel to 8 mg/ml of biochelators was observed. 

3) the apparent capacity for trypsin was probably due to lower values of 

coupling of PAB to PEG and therefore lower affinity sites than expected. 

IMA-adsorbents/biochelate polymer ligand binding constants were found by 

irontal analysis. Some of the typical values were found to be in the range of lO'̂ -lO^ 

M which values strong enough to hold these biochelate polymers on the IMA-adsorbent 

columns, during the chromatographic steps for protein adsorption. The results of frontal 

analysis and the profile of the breakthrough curves for adsorption of the bioligand on 

the IMA-adsorbent Ni(II)/DPA-Novarose with DDA-PEG-PAB and his-PEG-PAB 

systems are shown in (Fig. 6.24). 

Increasing the ionic strength of the medium could promote the interactions but 

would also increase the possible chances of nonspecific hydrophobic interactions with 

the column. The presence of uncharged/hydrophilic PEG chain could alleviate this 

possibility. 

Washing Step of Heterobifunctional Biochelate Polymers 

Washing of bifunctional affinity polymers biotin-PEG-(histamine)2 from NTA-

Sepharose and from DPA-Novarose (in circulating mode) loaded with Ni(n) were 

performed according to the procedures described previously. Typical adsorption and 

washing profiles for biotin-PEG-(histamine)2 respectively are shown in Fig. 6.25-26. 
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Chromatography of Frotdns on Metat-IMA-Adsorbents Loaded with Bioligand-

PEG-Chelates 

DPA-Novarose, IDA-Novarose, etc., charged with the biochelate polymers, 

including PAB-PEG-IDA, PAB-PEG-histidine served as affinity ligands once attached 

to the IMAC-adsorbents. Figure 6.31 shows typical adsorption patterns of 2.5 mg of 

trypsin passed over two identical columns. Peak I is a ^ical adsorption pattern on the 

IMA-column loaded with biochelate and peak H is the adsorption profile for the same 

column loaded with PEG-chelate only, and no affinity ligand attached (blank column). 

The difference in sizes of the peaks was found to be 2.18 mg which was comparable 

with 1.17 mg for adsorption of trypsin on conventional immobilized-PAB affinity 

column (Fig. 6.32-33). This means more than 95% increase in the capacity in this 

particular mode. Elution of the trypsin from the column was performed by the usual 

procedure in conventional affinity chromatography. Benzamidine 50 mM in tris-acetate 

buffer at pH=8.0 was continuously applied into the column until no changes in UV-

absorbance at =294 nm corresponding to maximum absorbance of benzamidine was 

observed. The amount of the trypsin in the eluate was measured by Bradford method 

using a calibration curve prepared for several known concentration of pure trypsin (Fig. 

6.34). The amount of trypsin found by this method 1.65 mg, was a little lower than the 

amoimt found by UV-absorbance measurements using the extinction coefficient of pure 

trypsin. However, estimation of the amount of protein adsorbed on the colunm as 

measured by UV-absorbance at 280 nm (2.18 mg) was more reliable. Similarly, avidin 

was chromatographed using biotin-PEG-IDA and biotin-PEG-(histamine)2 in the IMAC 
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systems. A typical adsorption profile for avidin adsorption on this column and a blank 

column with identical size and conditions is shown in Fig. 6.35. The type of adsorbents 

and conditions are shown in the legends of these figures. 

Some Observations in nmnobilization of Proteins and Biochelates 

in IMA-Adsorbents 

During the course of equilibrating the column with tris-HCL-buffer at pH=8.1, 

for protein (trypsin) adsorption, the color of the metal at the top of the column faded. 

This observation was especially noticeable for the case of IMA-adsorbent loaded with 

Cu(II) on IDA, Asp-OH, and others. However with DPA-column loaded with Ni(II), 

this was not observed (or at least was not significant). 

In another set of experiments phosphate buffer was used instead of tris-buffer, 

and when 20 mM CaCl2 was used in the system this resulted in precipitation of 

phosphate in the colunm and for this reason Tris-acetate 0.05 M, 0.5 NaCl, at pH=8 

was used instead of phosphate. These results are shown in table I 

Elation of Chelates-PEG-Bioligands from IMA-Adsorbents 

Chelate-PEG-bioligands could be eluted totally from the IMA-adsorbent by 

including a competitive ligand such as IDA in the starting buffer or a buffer at low pH. 

Fig. 6.36 shows the elution profile for PAB-PEG-His from IDA-Sepharose with 50 mM 

acetate, 0.05 NaCl buffer at pH=4. The amount of PAB-PEG-IDA and PAB-PEG-

histidine eluted from the columns were measured spectrophotometrically using the 

extinction coefficients of PAB-PEG-IDA of e28o=35811cm''M'^ and for PAB-PEG-
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histamine £280= 13,148 cm"^M"' along with the eluted volumes. These values were found 

equal to the respective amount (2 mg) initially retained on the colunms, before protein 

loading. During the chromatographic steps no leakage of bifimctional affinity ligands 

was observed. Figure 6.37. is a typical UV-spectra of ffis-PEG-PAB after elution from 

the MA-adsorbent (after desorption of protein from the column). 

Chromatography of Proteins on Unmodified IMAC Adsorbents 

Two IMAC columns were prepared and charged with metal ions, according to 

the procedure described in the material and method section. Avidin and trypsin were 

chromatographed on these columns respectively. It was observed that both proteins have 

significant interactions with immobilized metal ions on these columns. For the case of 

trypsin, the enzyme was adsorbed on DPA-Novarose gel charged with Ni(II) ions 

significantly higher than when compared with the same columin loaded with PAB-PEG-

IDA or PAB-PEG-histidine (Fig. 6.38). If unmodified IMAC columns were first loaded 

with a chelate-polymer (such as NHj-PEG-IDA) with no bioligand modification, much 

lower adsorption was observed as shown in Fig. 6.31. Similarly, avidin was 

chromatographed on several different unmodified IMAC column and fairly significant 

interaction was observed. For example 2.5 mg avidin dissolved in 0.05 MOPS buffer 

at pH=7.0 (including 0.5 NaCl) was loaded to the DPA-Novarose charged with Ni(II) 

(or other columns loaded with different metals). It was observed that all the protein was 

retained on the column. Not more than 2.5 mg avidin/ml gel was tested on the column 

to find the capacity of the column nor elution steps were performed. 
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However, if the same columns were loaded with chelate polymer (NHj-PEG-

IDA) or just pure IDA (specially for DPA-Novarose) no significant amount of protein 

was retained on the column. It might be concluded that when the IMA-adsorbent is first 

loaded with the biochelate polymer and then with the protein, a competition between 

immobilized bioligand and metal ions on the column (which have not been occupied by 

biochelate polymer) for binding sites of protein occurs. 

Furthermore, so far, as it was mentioned earlier, loading of the biochelate 

polymers and proteins has been performed in two steps. First, the biochelates were 

immobilized on IMA-adsorbents and then proteins w^ loaded to the column. It might 

be interesting to explore a system in which the bioligand and protein are mixed first in 

solution in stoichiometric ratios and then added to the IMA-columns. This might have 

some interesting results over previous approach, since the bioligands could saturate all 

the binding sites on the protein (in the case of avidin four binding sites) and thus the 

possibility of any nonspecific binding between proteins and metal ions on the column 

could dramatically be minimized. Moreover, the protein would be shielded and could 

have more handles for interactions with IMA-adsorbents. 

For the case of trypsin whether the binding sites of this enzyme for PAB and 

metal ions are the same or not, non specific binding is unavoided (binding constant of 

both PAB and metal ion for trypsin is in order of lO"^ M). 
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Atternative Mode of Loading of Biolisands on IMA-Adsorbents 

In the case where the biochelate polymer is first mixed with metal ion in 

solution and then added to the bare (not charged with metal) IMA-adsorbents, some 

advantages over the previous approach of adsorbing the biochelate polymer to the 

column after the metal ion. In this case, the metal ions will be already bound by the 

biochelate in solution and when passed through the column it might have more 

flexibility to orient itself towards suitable sites on the bare IMA-adsorbent. This 

approach was used with benzyl-ID A and the adsorption pattern is shown in (Fig. 6.5). 

Other similar results, not shown, were observed for other biochelate polymers but not 

explored in detail. 

Conclusion 

The heterobifimctional PEGs described here are a new class of polymers with 

interesting properties. The immobilized PEG chains are relatively mobile and show a 

quasi-homogeneous behavior. Interaction of the terminal affinity groups show kinetics 

similar to those of non-immobilized PEG'S in solution. Therefore, immobilized PEG 

can be used in many cases where normally soluble PEG is used and functionaUzed. The 

easy separation of immobilized modified PEG'S by simple elution firom the IMA-

adsorbent is a great advantage. Other obvious advantages of the technique described 

here is the simple regeneration of the support material, by washing the gel in situ with 

a solution of 10 mM EDTA in 1 M NaCI. For instance, a column containing Ni(II) 

chelate agarose or Novarose many times regenerated and loaded with bioligand gave 
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each time identical results with respect to bioligands and enzyme loadings and activity. 

The use of an easily removable transition-metal ion as a mediator for fixing an affinity 

ligand and then an enzyme to a solid support appear to offer many advantages and 

makes possible a more selective immobilization than by ion exchange or hydrophobic 

adsorption chromatography. As a matter of fact, it should be possible to select a variety 

of metal ions for achieving the highest stability, and such a selection can be based on 

preliminary tests using the same initial support. Improvements of the technique are 

expected for both bioaffinity ligand and enzyme capacity and stability over a broad 

range of pH with new derivatiz^ gels now under investigation, e.g., using 

polyhistidine tails. Preliminary results are presented here suggesting that the strong 

affinity binding necessary for significant purification in a single-stage using a pseudo-

affinity ligand combined with chelating column is possible. In summary, we have in this 

study introduced a method for reversible immobilization of bioligands and enzymes 

(proteins) on IMA-adsorbents. This method is comparable with biospecific affinity 

chromatography and with separations using covalently immobilized PAB-Sephaiose for 

trypsin separation and immobilized D-biotin for protein avidin sq)aration and 

immobilization. The activity of the protein retained after immobilization and elution 

from these reversible IMA-carriers due to the interaction between bioligand and proteins 

occurred in quasi-homogeneous environments. Preliminary adsorption-desorption studies 

with benzyl-iminodiacetic acid (benzyl-ID A) as a model chelate ligands were performed 

on these supports. From these experiments it was found that factors such as chelator 

type, metal, buffer, pH, salt, concentration of solute, gel capacity and the mode of 
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loading of the sample have an effect on the percentage of adsorption of benzyl-ID A and 

bioligands-PEG-chelates in IMA-adsqibents. The results of these studies then were used 

to choose the proper metal ions and IMA-adsorbent systems, for further studies with 

the heterobifimctional biochelate affinity polymers. The method proposed, appears to 

have potential, since stearic hindrance can be controlled and reduced significantly by 

choosing proper bifimctional soluble polymers that could act as spacer arms. 
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Fig. 6.1. IMA-adsorbents used in Chapter 6 
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Fig. 6.2. Rate % of adsorption of benzyl-IDA in 
chelating column at pH=7.0 (including 0.5 
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Fig. 6.3. Rate % of adsorption of benzyl-IDA in 
chelating column at pH=7,0 (including 0.5 
MNaCl) 
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Fig. 6.4. Rate % of adsorption of benzyl-IDA in 
DPA-Novarose column at pH=7.0 O.IM 
acetate buffer (no salt is included) 
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Fig. 6.6. Rate % of adsorption of benzyl-IDA(Ni++) 
in low (30ul mol/ml) and high (90ul mol/ml) 
capacity DPA-gel at pH=7.0 (0.05M, 
MOPS and 0.5 M NaCl) 
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Fig. 6.7. Rate % of adsorption of benzyl-IDA(Ni++) 
in DPA-Novarose column for MOPS and 
phosphate buffer at pH=7.0 (no salt is 
included) 
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Fig. 6.8. Comparison of rate % of adsorption for 
benzyl-IDA in DPA-Novarose gel at 
pH=7.0 using phosphate and acetate buffer 
(no salt is included) 
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Fig. 6.9. Rate % of adsorption for benzyl-IDA in 
DPA-Novarose(Ni++) at pH=7,0 (MOPS, 
0.05M buffer) with and without salt 
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Fig. 6.10. Rate % of adsorption for benzyl-ID A in 
DPA-Novarose(Ni++) loaded with 21n+ + 
and Ni++ at pH=7.0 (0.01 M phosphate, 
no salt) 
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Fig. 6.11. Rate % of adsorption for benzyl-
IDA(Ni++) at different concentrations in 
DPA-Novarose at pH=7.0 (MOPS 0.05M, 
0.5 M NaCl) 



211 

"1 1 r 
• 20Xbenz7l-IDA+100XNi++ 
O 20Xbenz7l~IDA+20X Ni+ + 

100 150 
Tizne(zziiii) 

200 

Fig. 6.12. Rate % of adsorption for benzyl-
ID A(Ni++) at different concentrations in 
DPA-Novarose column at pH=7.0, using 
MOPS buffer 0.05M (no salt included) 
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Fig. 6.13. Retention time vs absorbance of benzyl-
IDA in DPA-column with and without 
Ni++ at pH=4.0 
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Fig. 6.15. Retention time vs absorbance of benzyl-
IDA in DPA-gel column with and without 
Ni++ at pH=6.0 
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Fig. 6.16. Breakthrough curves of benzyl-IDA in 
DPA-Novarose at pH 7 (50 mM MOPS 0.5 
M NaCl) 
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Fig. 6.17. Breakthrough curves of benzyl-IDA at 
different concentrations in DPA-Novarose 
at pH 7 (50 mM MOPS 0.5 M NaCl) 
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Fig. 6.18. Double reciprocal plot according to Kassai 
equation (equation 2) for calculation of 
binding constant and binding capacity of 
benzyl-IDA in DPA-Novarose (pH, MOPS-
acetate buffer, 50 mM and 0.5 M NaCl) 
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Fig. 6.19. Elution profile of benzyl-ID A from DPA-
Novarose column using IDA 
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Fig. 6.20. Elution profile of benzyl-IDA from DPA-
Novarose column using buffer at pH=2.0 
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Fig. 6.21. UV-spectrum of Benzyl-IDA eluted from IMA-adsorbent using 
EDA as a competitive eluent 
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Fig. 6.22. UV-spectnim of Ben2yl-IDA from IMA-adsorbents 
using buffer at PH 2 
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Fig. 6.23. Adsorption and washing profiles for benzyl-
IDA in DPA-Novarose loaded with Ni(II) 
at pH 7.0 (50 mM acetate buffer) 
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Fig. 6.24, Adsorption of H-PEG-PAB in DPA-
Novarose column loaded with and without 

(MOPS-acetate, 0.05 M, 0.5 M 
NaCl, pH 7.5) 
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Fig. 6.25. Adsorption of (histamine)2-PEG-biotin in 
DPA Novarose and NTA-Sepharose at pH 
7.0 (50 mM MOPS 0.5 M NaCl) 
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Fig. 6.26. Washing steps for (histamine2-PEG-biotin 
in DPA-gel and NTA-gel charged with 
Ni(II) at pH=7.0 (MOPS, 0.05 M, 0.5 M 
NaCl) 
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Fig. 6.27. Rate % of adsorption of biotin-PEG-I(His)2 
in chelating column at pH=7.0 (0.05 M 
MOPS buffer, 0.5 M NaCl) 
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Fig. 6.28. Rate % of adsorption of biotin-PEG-I(His)2 
and benzyl-IDA in DPA-Novarose(Ni-^"^) at 
pH=7.0 (MOPS 0.05 M, 0.5 M NaCl) 
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Fig. 6.29. Rate % of adsorption of biotin-PEG-I(His)2 
and benzyl-DDA in NTA-Gel(Ni++) 
column at pH=7.0 (MOPS, 0.05 M, 0.5 M 
NaCl) 
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Fig. 6.30. Rate % of adsoiption of biotin-PEG-5(His)2 
and benzyl-IDA-Gel(Ni+ +) column at 
pH=7.0 (0.05 M MOPS, 0.5 M NaCl) 
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Fig. 6.31. Adsorption pattern of trypsin on DPA-
Novarose columns loaded with PAB-PEG-
histidine (curve I) and chelate polymer (not 
modified with af^ty ligands). (50 mM 
tris-acetate buffer, 0.5 M NaCl, pH 8.1) at 
flow rate of 30 ml/hr. 2.5 mg. Trypsin in 
buffer was loaded in elution mode 
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Fig. 6.32. Typical adsorption profiles of 2.5 mg 
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Fig. 6.33. Adsorption pattern of 2.5 mg trypsin p^sed 
through immobilized p-aminobenzamidine 
(PAB) on Sepharose (from Pharmacia). 
Chromatography was performed in elution 
mode in tris-HCl buffer (50 mM, 0.5 M 
NaCl, pH 8.1) at a flow rate of 30 ml/hr at 
room temperature 
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Fig. 6.34. Calibration curve for enzyme determination 
by Bradford assay 
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Fig. 6.35. Adsorption pattern of avidin in DPA-Ni(II) 
I) loaded with biotin-PEG-IDA and II) 
loaded with PEG-IDA (blank) (0.2 M 
NaHC03, buffer at pH 8.7). 0.88 mg 
avidin in 1 ml buffer was applied in elution 
mode 
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Fig. 6.37. UV-spectra for histidine-PEG-PAB eluted 
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Fig. 6.38. Adsorptoin pattern of 2.5 mg trypsin passed 
through I) immobilized PAB on Sepharos 
n) DPA-Ni(II) loaded with PAB-PEG-IDA 
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performed in elution mode in tris-HCl 
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Table 6.1 Absoiption/desoiption of heterobiiimctional affinity ligands in 
different IMA-adsoibents at different conditions 

1 Absorbant Metal Ligand Buffer pH ligand 
retained 
(mg) 

DPA-Novarose 
DPA-Novarose 
(SE/1000 
SO/unole/mL) 

NiOD 
NiOT 

^PAB-
PEGIDA 
PAB-PEG-. 
hisddine 

MOPS. 
O.OSM 
phosph.O 
.05 M 

q
 

o
o
 

2.4 
3.0 

TED-Novarose 
(SE40/100 
65;unole/inL) 

NiOD PAB-PEG-
IDA 

MOPS, 
O.OSM 

7.0 IJ 

CM-ASP-OH-
Novarose 
(SE40/1000) 

CuOD PAB-PEG-
IDA 

MOPS, 
O.OSM 

7.0 0.0 

CM-ASP-
Novarose 
(SE40/1000) 

CuCD) PAB-PEG-
E>A 

MOPS. 
O.OS 

7.0 0.0 

IDA-Sepharose 
32/miole/mL 

Cu(II) 

Cuffl) 

PAB-
PEGIDA 
PAB-PEG-
hisddine 

MOPS. 

O.OS 

o
 

o
 

0.0 

2.1 

DPA-Novarose 
(SE40/1000) 

NiOD hisddine-
PEG-PAB 

MOPS, 
O.OSM 

7.0 2.6 

IDA-Novarose 
(110/unoIe/mL) 
(SE40/1000 fine 
gel) 

Cu(II) hisddine-
PEG-PAB 

phosphat 
e O.OS M 

00
 

8 

IDA-Sepharose 
C32funole/mL) 

CuCEO hisddine-
PEG-PAB 

phosphat 
O.OSM 

8.1 
S 

4 

HO-CM-ASP-
Novarose 

NiOD hisddine-
PEG-PAB 

phosphat 
O.OSM 

8.1 
S 

4 

CM-ASP-
Novarose 
(SE40/1000) 

NiOD hisddine-
PEG-PAB 

phosphat 
O.OSM 

8.1 
S 

0.36 



Table 6. l(Continued) 

P£I -NovariMe 
(SE/IOOO) 

NiOD PAB-PEG-
IDA 

MOPS. 
0.05 M 

7.0 IJ 

Macrocyclic-
Novaiose 
(SE40/1000) 

Cu(I]) IDA-
PEGPAB 
on) 

MOPS. 
0.05 M 

7.0 OJ 

NTA-Novarose NidO PAB-PEG-
IDA 

MOPS. 
0.05 

7.0 1.17 

IDA-Novarose 
(60funole/inL) 
(SE40/1000) 

CuGl) hisddine-
PEG-PAB 

phosphat 
0.05 M 

8.1 
5 

2 

DPA-Novarose NiOD hisddine-
PEG-PAB 

MOPS, 
0.05 M 

7.5 2.19 

DPA-Novarose 
(SE40/1000) 

NiOD biotin-PEG-
IDA 
on) 

MOPS. 
0.05 M 

7.0 0.6 

Macrocyclic-
Novarose 
(SE40/1000) 

NiOD IDA-PEG-
PAB 
on) 

MOPS, 
0.05 M 

7.0 OJ 

IDA-Sepharose NiOD PAB-PEG-
hisddine 

phosphat 
0.05 M 

8.1 
5 

4.0 

DPA-Novarose 
(SE/1000 
80|(mole/inL) 

NiOD (histainine)2 
-PEG-biotm 

MOPS 
0.05 M 

7.0 3.11 

IDA-Sepharose 
P2/tniole/mL) 

Cu(IQ (histaniiTie)t 
-PEG-biotin 

MOPS 
0.05 M 

7.0 4.2 

DPA-Novarose 
(SE40/1000 
80^mole/mL) 

NiOD PAB-PEG-
IDA (11) 

MOPS 
0.05 M 

8.1 
2 

2.6 

DPA-Novarose 
(SE40/I000 
SO/tmole/mL) 

NiOD PAB-PEG-
IDA GI) 

MOPS 
0.05 M 

8.1 2.1 
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CBAPTERT 

CHEMICAL MODmCATION OF CATALYTIC PROTEINS 

wrm POLYCETHYLENE GLYCOL): MODEL STUDY 

WITH BOVINE TRYPSIN COUPLED TO PEG'S 

Overview 

Monomethoxy (polyethyleneglycol), M-PEG derivatives of5000 daltons average 

mol. wt., were chemically fixed to non-essential groups on trypsin through amidation 

with amino groups using two different methods. In the first method, N-

hydroxysuccinimide (NHS) active ester of PEG succinate (MPEG-SS) of 5000 daltons 

was attached covalently to trypsin. In the second method, the enzyme was modified 

with linear monomethoxy PEG-amine (MPEG-NH2) using glutaraldehyde as a cross 

linking reagent. In both cases when sufficient polymer is attached, the modified enzyme 

adduct, retained their original biological activities. The conjugates showed substantial 

changes in properties, such as solubility, electrophoretic mobility in acrylamide gels, 

separations in gel filtration colunrn, change in pH optima, change in ultraviolet 

spectrum and extinction coefficient. Changes in kinetic parameters (K„, Kj, V„„). and 

protease activity against macrobiomolecules such as avidin for its specific binding 

affinity towards biotin were observed and characterized. Moreover they exhibit 

nonimmunogenic activities against sm^ and large molecules such as enzyme substrates 

and inhibitors. The PEG-modified trypsin exhibit equal or higher enzymatic activity 



241 

against small biomolecules such as DL-benzoyl-arginine-p-nitroanlide, DL-BAPNA, 

(enzyme substrate) depending on the chemistry used for binding PEG-trypsin. The 

PEG-trypsin examples showed an increase in for the case when it was modified 

with SS-PEG derivative, and an increase or no change in when it was modified 

with MPEG-NH2 treated by glutaraldehyde. The Michael-Menten constants (K^ 

obtained from both methods were smaller than the corresponding values of native 

enzymes, indicating an enhancement in the affinity of modified compared to unmodified 

enzymes. Furthermore, inhibition constants (K;) towards PAB for modified-trypsins in 

both cases, were larger than native trypsin. This decrease in inhibition activities by the 

reversible competitive trypsin inhibitor, p-aminobenzamidine (PAB), against modified 

enzymes with glutaraldehyde, showed retained activity after 4 months of storage at 4 

°C and gave similar values for the kinetic parameters (V„, Kg, and Ki) against enzyme 

substrates and inhibitors. The ultraviolet spectra of the modified trypsins showed a shift 

in their maxima from 280 nm to 270 nm and there was also an increase in the 

extinction coefficients at 280 nm, indicating some changes in the chromophore groups. 

Moreover, trypsin autolysis and protease activity of these conjugates were strongly 

suppressed upon the PEG modification. For example protease activity of trypsin for 

large molecules such as avidin and the consequence of its change in binding to biotin 

was diminished upon modification with PEG'S. All these kind of behavior might be 

explained in terms of stearic hindrance brought about by modification of trypsin with 

PEG molecules presumably by hydrogen or covalent bonding of the PEG molecules. 



242 

Introduction 

Proteins can covalently bound to synthetic polymers such as poly(ethylene 

glycol) to produce soluble conjugates with several useful characteristic when they 

compared with the native unmodified counterparts. 

PEG has been attached to a large number of proteins using a variety of coupling 

procedure by several activated PEG'S primarily reactive towards amino groups of the 

proteins, to produce adduct with several interesting properties (Delgado, 1992 and 

Katre, 1993). 

These enzymes properties are important and used in different areas. For 

example, polyethylene glycol-modified proteins are useful as diagnostic tools and in 

preparative separations of biological cells or biomacromolecules, nonimmunogenic and 

long-lasting protein-therapeutics (Harris, 1992). There is also, an increasing interest in 

the use of enzymes to catalyze reactions in organic media, since a number of well 

defined reactions are known to occur in water with very low yield, due to kinetic or 

thermodynamic limitations, but they are successfully released by enzymes in non

aqueous solvents. Due to the increased amphipatic nature of modified enzymes, they 

become soluble in organic solvents and they can act then as catalysts for numerous 

organic reactions (Inada, Y. 1986). 

To improve enzyme properties, for immobilization and bioseparations 

technology, water-soluble enzyme-polymer grafts have also been achieved by covalently 

bonded, water-soluble enzyme-polymer composites. By water soluble enzyme polymer 
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grafting the natural compact folding j)f the enzyme is maintained so that the catalytic 

activity of the enzyme molecule can be preserved. 

From entropic and kinetic point of views, it is possible to stabilize an enzyme 

molecule by covalently attaching a polymer chain in a manner as to stitch it into its 

native conformation. As an example, glucose oxidase was mixed and reacted with a 

soluble synthetic polymer such as poly(vinyl alcohol) in the presence of a coupling 

agent such as DCC, to enhance the stability by covalent grafting to this enzyme 

[Hixson, 1973]. 

Glutaraldehyde has been used widely for cross-linking or proteins; this reagent 

allows preparation of active materials in the form of soluble and insoluble polymers. 

This reagent consists of water miscible polymer solutions which react predominately 

with the a-amino groups of lysine in proteins to produce Schiff base adduct at many 

cross-linking sites in the protein moiety. The reaction involves mainly intermolecular 

or intramolecular cross-linkages of monomers and polymers [Guillochon, 1986]. The 

cross-linked enzymes, depending on the conditions applied, give a soluble or insoluble 

network with reduced but considerable enzyme activity. 

The use of water-soluble cross-linking agents such as glutaraldehyde to couple 

amino groups of a molecule to other molecule is well established and has been used for 

preparation of soluble and insoluble cross-linked enzymes (Habeeb, 1967 & 1986). The 

reactions are very rapid, quantitative, and indeed, they proceed under mild conditions. 

Trypsin is a well-characterized enzyme that has been extensively studied. 

Trypsin has been modified with polyethylene glycol as well as other polymers using 
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different coupling procedures to produce soluble or insoluble adducts for applications 

in medicine, inmiobilization and other related areas. Several examples from the 

literature of the trypsin conjugates follow: Trypsin has been cross-linked (Beaven et al., 

1973), entrapped in gels (O'Driscoll er a/., 1972) bound to soluble supports such as 

polyvinylpyrrolidone or dextran (von Specht et al., 1973; Marshall et al., 1976, and 

von Specht et al., 1977), modification with polyethylene glycol, PEG, for drug 

applications (Abuchoski et al., 1979), effect of degree of PEG modification on enzymes 

(Fuke et al., 1994), as biocatalyst in organic solvents (Gaertner et al., 1990), 

copolymers of lysine and polyethylene glycol graft (Nathan et al., 1993), and 

modification with vinyl polymers as sensors (Ito et al., 1993). 

In this chapter, the characteristics of modified trypsin with PEG using two 

different methods are described. In the first approach, trypsin modification was 

performed using SS-PEG directly according to (Zalipski, et al., 1992 and Abuchowski, 

1984). In the second approach the enzyme was covalently grafted by methoxy 

polyethylene glycol mono amine, NH2-PEG, using glutaraldehyde as cross-linking 

reagent (the primary amine of PEG-NH2 suggested the use of this reaction for 

preparation of a water-soluble modified trypsin). This approach has not yet been 

attempted according to the literature survey. 

The aim of this study is to examine, by kinetic assay and biochemical and 

biophysical studies (pH optimum activity, protease activity etc.) the changes brought 

about by the modification and the effect of modification by these two methods on 

enzyme activities. 
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The results of this study can be used for possible future conjugation of these 

enzymes with heterobifiinctional PEG's (chapter 3) for applications in areas such as 

immobilization, bioseparations and biocatalysis. 

Materials and Methods 

The pH of all buffers and reaction solutions was determined with a Fisher 

Scientific Accumet pH meter, model 825 MP. A Buchi model EL-S rotary evaporator 

was used to evaporate and concentrate reaction intermediaries and solvents. Amino 

group determinations were obtained using ninhydrin and trinitrobenzene sulfonic acid 

(TNBS). UV-absorbance measurements were performed on a Shimatzu 160UV scanning 

spectrophotometer. D-biotin, avidin from egg white, BCA protein assay kit which 

included a "Reagent A" and a "Reagent B" were purchased from Pierce chemical Co. 

Sepharose 6B was purchased from Pharmacia. Bovine trypsin, DL-benzoyl-arginine-p-

nitroanilide (DL-BAPNA), p-aminobenzamidine (PAB), N-hydroxysuccinimidyl active 

esters of PEG succinate SS-PEG (5(XX)), PEG-NHj, 5% trinitrobenzene sulfonic acid 

(TNBS), and glutaraldehyde were obtained from Sigma Chemical Co (St. Louis, Mo). 

All other reagents were commercially obtained in reagent quality from Aldrich. 

Molecular structures of all chemicals and reagents used are shown in Fig. 7.1. 

Method 1. Modification of Trypsin Using SS-PEG 

Briefly, trypsin (41 mg, 0.0017 mmol) was dissolved in 20 ml CaCl2 (20 mM) 

and was adjusted to pH=7.8-8 with NaOH (0.1-0.5 M). Activated PEG, N-

hydroxysuccinimidyl active esters (SS-PEG 5000), with an average molecular weight 
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of SOOO daltons (250 mg, 0.05 mmof), 5 fold excess over amino groups in DMF was 

added dropwise to the enzyme solution and the pH was kept constant at 7.8-8 using 0.1-

0.5 NaOH solutions. After 20-30 min the reaction mixture brought to pH 3 using 0.1 

M HQ solution. The reaction mixture was dialyzed at room temperature against water 

using an Amicon ultrafiltration cell equipped with a YM30 membrane with 30,000 MW 

cutoff, to remove nonreacted compounds. The solution obtained after ultrafiltration was 

finally lyophilized (Zalipsky et al., 1992, Abuchowski et al., 1984). The synthesis 

route for preparation of modified trypsin using MPEG-SS (5000 dalton) is shown in 

Fig. 7.2. 

Method n. Modincation of Trypsin with NHj-PEG Using Glutaraldehyde 

The grafting reaction was performed as follows: monomethoxy, mono amino 

polyethylene glycol 5000 dalton, MPEG-NHj, (10 mg, 0.002 mmol) and trypsin (50 

mg, 0.002 mmol) were mixed in 1 ml of 50 mM phosphate buffer at pH 6.8. To this 

mixture 0.033 gm of glutaraldehyde was added and mixed at 20^ gentiy using a shaker. 

The reaction was stopped after 15 min, by adding 1 mg of glycine. The mixture was 

passed through a size exclusion column and the fractions were collected for analysis. 

The synthetic route for the preparation of this modified trypsin is shown in Fig 7.3. 

Schematic representation of modified trypsin prepared by the two methods are shown 

in Fig. 7.4. 

\ 
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Gel Filtration Chromatosraphy 

Gel filtration chromatography was performed using a column loaded with 

Sepharose 6B (with a exclusion limit of 2 x 10^ MW cut ofO with a bed volume of 30 

mL. Sample (1 mL) of modified soluble polymers prepared by method n were eluted 

with 0.1 phosphate buffer (pH.6.8) at a flow of 1 ml/min. Molecular calibration of the 

gel ^ig. 7.5) was carried using a gel calibration kit (obtained from Bio Rad Chemical 

Co.) with aldolase (158,000), catalase (232,000), ferritin (440,000), thyroglobulin 

(669,000), dextran blue (2,000,0(X)), and native trypsin (24,000). Four fractions having 

enzymatic activity were collected and designed as fractions 1,2,3 and 4 according to 

their elution order from the column. 

Total Protein Determination 

Protein concentrations in each sample were determined by BCA assay or from 

UV-adsorption measurements at 280 of 1 mg/ ml modified enzyme solutions. For these 

measurements, a standard calibration curve or the extinction coefficients of the pure 

enzymes were used. 

BCA "Working Reagent" was prepared by adding "Reagent A" to Reagent B" 

in a 50 to 1 volumetric ration. Aliquot of sample (0.1 mL) was added to 2 mL of the 

BCA "working reagent" and in incubated at 37*^^ for 30 min. After cooling the test 

tubes for 15 min at 25°C, absorbance at 562 nm was measured. To measure the total 

protein in the modified enzyme samples, a calibration curve (Fig. 7.6) was prepared 

using BCA reagent and native enzyme. Alternatively, ultraviolet adsorption 
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measuiement of modified enzymes were used to measure the proteins contained in these 

samples using extinction coefficients of pure native enzyme at (32512 M''cm'̂ ). The 

results of BCA and UV-absorbance measurements showed a 25%-20% loss in total 

protein for the case of PEG modification of enzyme with glutaraldehyde. 

Polyacrylamide Gel Electrophoresis 

Modified trypsin was analyzed by sodium dodecylsulfate polyacrylamide gel, 

SDS-PAGE, electrophoresis, on 7.5% polyacrylamide gels in tris glycine buffer, pH 

8.9 according to Davis (Davis, 1964). The gels were stained for protein with 

Coomassie Brilliant Blue, followed by destaining in 7% acetic acid solution. The results 

of this experiment are shown in Fig. 7.7 which represents a typical electrophoresis 

behavior. As it can be seen fiom this figure in the case of the trypsin conjugate the 

sample injected did not penetrate ^ into the separating gel but in contrast, the sample 

injected for native trypsin appeared as a band according to its molecular weight. Even 

at lower concentrations of polyacrylamide the pattern was similar. 

Degree of Modification 

The free amino groups were determined in borate buffer, pH=9.0 (Habeeb, 

1966). According to this method, absorbance of 2.5 ml of sample solution after addition 

of 10 /X of a 5% TNBS solution against buffer was read at 420 nm and the pocentage 

of modified free amino groups was calculated. Solution of the respective unmodified 

native enzyme served as standards containing 100% free amino groups as determined 
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by TNBS analysis. A standard calibration curve for pure trypsin is shown in Fig. 

7.7. 

Alternatively, UV-absorbance measurements of unknown concentration of 

modified trypsin were performed at 280 nm. The molar extinction coefficient of native 

trypsin (32512 M'̂ Cm"') was used to calculate the amount of protein in the samples. 

The results of these two approaches showed 87.9% and 100% reduction in amino 

groups for modified-enzymes, prepared by method I & n respectively 

Ultraviolet Absorption Spectra 

In order to detect the changes in the chromophobic groups accompanying trypsin 

modification, either with PEG using glutaraldehyde, or MPEG-SS, ultraviolet 

absorption ^ectra of the modified enzymes were measured in water or phosphate buffer 

at pH 6.8, using a Shimatzu model 160UV, double beam scanning spectrophotometer. 

Absorption spectra for PEG-modified trypsin treated with glutaraldehyde or MPEG-SS 

along with the spectrum for native trypsin are shown in Fig. 7.9. 

Enzyme Assay and Inhibition Kinetics Studies 

Kinetic assays of native and modified trypsin prepared by method I & n, were 

performed with the substrate, L-BAPNA and the reversible competitive inhibitor p-

aminobenzamidine (PAB) follow the kinetics equation of 1 & 2: 
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(1) 
K * S  

-1=—L-+_^ (i+JlL) _JL (2) 
V V^ax [SI 

Equations 1 & 2 can be rearranged to give equations 3 & 4 

1 .  1  .  

 ̂ ^max »̂ax t̂ ] 

V=- ^nax-^ 

(3)  

Ki 

where [I] and [S] are inhibitor an substrate concentrations, respectively, and Kj is the 

inhibition constant (or inverse of the binding constant of inhibitor to enzyme). is 

the maximum reaction velocity and K„ is the Michaelis-Menton constant V is the 

reaction velocity for hydrolysis of substrate by trypsin. 

Kinetic assays of trypsin were performed using DL-6APNA as substrate 

following the technique reported by (Erangler et al., 1961). A plot of 1/V vs 1/S 

(Lineweaver-Burke plot) results in a straight line with slope of and an intercq)t 

of 1/VB^. Similarly, a plot of l/W vs I/S at different inhibitor concentrations using 

\ 
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again the Lineweava-Burk method results in a series of straight lines with slopes of 

(K-/V—Jx(l +I/K) and a y-intercept of 1/V^. For reversible competitive inhibition, 

different inhibitor concentrations affect K^, but do not alter the value of The value 

of K; is determined by plotting 1/V vs I at different substrate concentrations (Dixon 

plot). In this form, a series of straight lines are obtained which intersect at the 

coordinates (-Kj, 1/V^. 

In a different approach, 0.01 M stock solution of DL-BAPNA in dimethyl-

sulfoxide (DMSO) was prepared and was diluted in 0.05 M tcis-HCl aqueous buffer 

at pH 8.15 containing 0.02 M CaCl2 immediately before use. 100 /xl of trypsin solution 

(1 mg/ml, lO'̂ M in 10^ M HCl was added to 2.4 ml of fresh substrate to a total 

volume of 2.5 ml solution and assayed at 25*^0. The initial reaction rate was determined 

by measuring the absorbance of the product p-nitroaniline, at 410 nm. The molar 

extinction coefficient of the product in this buffer was determined to be 4595 M"'cm''. 

The enzymatic reaction followed Michaelis-Menten kinetics. The parameters K„, K; and 

obtained are shown in Fig. 7.10-13. 

Autolysis Activity of Modified Trypsin 

The activities of modified trypsin fractions, prepared by method n were retained 

for at least four months at 5 C°. These protein conjugates exhibit substantial activity 

towards the DL-BAPNA, enzyme substrate, comparable with those of fresh native 

enzymes, shared in a similar fashion. 
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Protease Activity Against Avidin/Biotin Complex 

In order to determine the equivalence binding point of the avidin biotin system, 

2.5 ml of a standard avidin solution (typically 0.2 mg/ml, in 0.2 M ammonium 

carbonate buffer at pH 8.9 (standard buffer) incubated with either of modified or native 

trypsin, were placed in the sample cuvette in the spectrophotometer and this was zeroed 

against 2.5 ml of standard buffer solution at 233 nm using a Shimatzu model 160-UV 

shimatzu double beam recording spectrophotometer. Aliquots of concentrated biotin 

solution (5-10 fil) in standard buffer solution were then added to both cuvettes and the 

increase in absorbance was determined for each aliquot until further addition of biotin 

resulted in no change in absorbance. The resulting titration plateau was used to 

calculate the number of biotin molecules binding to each avidin molecule. This 

experiment was repeated for several time intervals. As control, the same experiments 

were repeated but, no trypsin was added to the sample cell and at the equivalence point, 

the stoichiometric ratios of 4:1 were obtained (a typical curve at time zero is shown in 

Fig. 7-14. The values of molar ratios of biotin to avidin obtained when modified or 

unmodified trypsin was added to avidin in the sample cuvette. Then these values were 

divided by the corresponding values for the case when no trypsin was added and plotted 

versus time (Fig. 7.15-17). Schematic representation of action of native and modified 

trypsins on biotin/avidin interaction is shown in Fig. 7.18. Both modified trypsins 

obtained by methods I & n, showed little or no protease activity against avidin, for its 
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specific affinity towards biotin. However, for avidin, its specific affinity towards biotin 

dramatically decreased when it was incubated with unmodified trypsin. 

pH Optima 

Studies of modified prepared by method I) and native trypsin at different pH 

(pH optima) were performed by plotting the initial velocities (VQ) versus pH using DL-

BAPNA as substrate. The result of this experiment showed only a subtle of pH 

optimum for the modified trypsin. The results are shown in Fig. 7.19. 

Results and Discussions 

Modification of Trypsin 

Synthesis with NHS-PEG-a major objective of the work reported here was to 

modify enzymes (trypsin) and study their properties such as immunogenicity against 

small and large molecules, their retention of the activity, and others such as solubility 

in different aqueous or organic solutions, using different methods of modification. 

In the first method with SS-PEG, trypsin was modified when the amino groups 

of trypsin react nucleophically with the ester bonds of the activated PEG. Primary 

amines are the main targets for NHS esters. Accessible a-amino groups present on the 

N-termini of proteins react with NHS esters and form amide bonds. However, a-amino 

groups on a protein are not always available for reaction. Therefore, the reaction with 

side chains of amino acids becomes important. 

V 
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There are five amino acids having nitrogen in their side chains, but only the e 

amine of lysine reacts significantly with NHS esters (Mattison et al., 1993). Reaction 

of NHS esters with primary amines of proteins produces a covalent amide bond and 

releases N-hydroxysuccinimide as by product. The reaction of SS-PEG with proteins 

is relatively fast and yields active, ^et extensively modified conjugates under mild 

conditions in about 30 minutes. This reaction is shown in Fig. 7.2. Since hydrolysis of 

the NHS ester is a major competing reaction at alkaline pH, so the best pH's from 

coupling are between 7.5-8. 

In contrast, cyanuric chloride, the most commonly used activated PEG 

introduced by Abuchowski et al. (1977) is reactive towards fimctional groups other than 

amines (e.g. SH in cysteine and hydroxyl groups OH on proteins. Modification of 

proteins with cyanuric chloride activated PEG was often accompanied by substantial 

reduction in activity (Abuchowski et al., 1984). In addition, cyanuric chloride is toxic 

and residual contamination is a big concern (Beauchamp, 1983; Zalipski, 1992; Katre, 

1993). 

Modification of Trypsin with NHj-PEG Using Glutaraldehyde 

In the second method trypsin was modified with MPEG-NH2 using 

glutaraldehyde as coupling reagent. Glutaraldehyde is of relatively low cost, non toxic, 

and its reaction with primary amines is faster (about 10 min) compared to 30 minutes 

with NHS derivatives. In addition, the use of glutaraldehyde has been well established 

V 
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and it has been used in many coupling reactions as well as in the preparation of soluble 

and insoluble cross-linked proteins (Habeeb, 1966). Trypsin has been crosslinked with 

this reagent to produce insoluble enzymes adducts at very mild conditions with a 

substantial amount of stability and reactivity (Habeeb, 1967). 

Our idea initially was to use MPEG-NH2> which possesses an amino group, 

available for coupling to the NH2 groups of proteins via the glutaraldehyde reagent 

which could also serve as solubilizing agent. 

If appropriate molar ratios of PEG to enzyme (approx 100:1) is used it is 

possible to get homogeneous soluble modified enzymes. The addition of enough heavily 

hydrated PEG molecules to trypsin before adding glutaraldehyde reagent, decreases the 

immediate contact between the protein molecule (excluding effect of PEG) thereby, 

increases the chances of reaction between MPEG-NHj greatly. There are several 

examples in the literature related to copolymeric modification of protein surfaces 

(Katre, 1993). Veronese et al. (1985) have modified the surface of proteins by covalent 

attachment of acrylic polymers. They prepared polymers in a ratio of 99:1. The 

copolymer then was coupled by the NH2 groups of ribonuclease-A and catalase to form 

water-soluble polymer-protein conjugates. In this work no covalent aggregations was 

observed and biological activity was retained. A 1:99 ratio of activated N-

acryloxysuccinimide groups minimized the probability of cross-linking the protein 

molecules. 
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In this work a 1:1 molar ratio to PEG to trypsin was used. The covalent addition 

of several random coil synthetic polymer chains to the compact globular trypsin should 

produce protein changes in the molecules size thus gel exclusion was attempted for 

separation. Chromatographic separations were performed on a Sepharose 6B column 

using a calibration curve (Blue dextran as standard). 

Hution profiles of modified trypsin via glutaraldehyde showed a heterogeneity 

of reaction products as evidenced by the presence of several peaks fractions of different 

molecular weights. We designated these fractions as #1,2,3 and 4 with molecular 

weight of 1600,000, 500,000, 170,000, and 50,000 respectively, obtained using a 

standard calibration curve. 

Precipitation of Enzyme Using the Glutaraldehyde Reagent 

Crosslinking was extensive, since precipitation was observed during the 

modification reaction. This was probably due to the initial low molar ratio of PEG-NH2 

to trypsin. Glutaraldehyde solutions are not clearly defined and the mechanism of 

crosslinking between glutaraldehyde and protein is not well understood. Glutaraldehyde 

reacts with NH2 groups of lysine in the protein and gives rise to a heterogenous 

population of crosslinking monomers and polymers. The interpretation of crosslinking 

modified proteins appears in fact to be difficult [Guillochon, 1986]. 
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Ultraviolet Spectra of Modified Trypsin 

The ultraviolet spectra of the modified trypsin by these two methods in 

phosphate buffer at pH-6.8, are shown in Fig. 7.8-9. A shift in their maximum 280 nm 

to 270 nm and an increase in the value of extinction coefficients at 280 nm, was 

observed which indicate some changes in the chromophobic groups upon modifications. 

Similar changes in UV-spectra for trypsin have been observed in the literature (Habeeb, 

1989). 

Electrophoretic Studies 

Polyacrylamide gel electrophoresis of native trypsin before and after reaction 

with PEG shows the effect of PEG attachment on the electrophoretic mobilities of 

trypsin and is shown in Fig. 7.6. Modified fractions of the trypsin coupled with 

glutaraldehyde (fraction 1,2,3 and 4) results in lower electrophoretic mobility of all the 

fractions. Unmodified trypsin shows a band through the gel according to the 

corresponding molecular weight (MW=24,000), whereas the modified mixture forms 

a band at the top of the separating gel. Similar results were obtained when the degree 

of crosslinking of the acrylamide gel was lower. 

This lack of electrophoretic mobility of the PEG-enzymes could have been 

caused by the entanglement of PEG stands with the polyacrylamide gel or it might be 

due to a PEG shell around the enzyme due to hydrogen bonds, covering the electrical 

negative charges required for migration of the modified enzyme in the gel. These 
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results are somehow in agreement with those observed for other enzymes reported in 

the literature (Wieder, 1979). 

Kinetic Study 

Lineweaver-Burke plots were used to determine the kinetic parameters of the 

modified and immodified trypsin. The results are shown in Fig. 7.11-14 and Table 7.1-

2. Trypsin and PEG-trypsin prepared from both methods, exhibit ^Cchaelis-Menten 

kinetics. Modification of trypsin with. PEG'S caused some alternation in the calculated 

K„„ and Kj values. For example, conjugates prepared by modification with SS-PEG 

showed an increase in and a decrease in K„ values compared to the corresponding 

values for the native enzyme. However, the inhibition constant, was larger as 

compared with native enzyme. The results are shown in Table 7.1. In the other 

approach the modified enzyme with PEG, using glutaraldehyde, results show smaller 

and K„, values compared to the native protein as well as the IQ, Table 7.2 shows 

these values for four different fractions. This has been observed previously in the 

literature (Wieder 1979). 

The small loss in activity when the modification was carried out using method 

H is associated with the glutaraldehyde reaction either due to intermolecular or 

intramolecular cross-linking or unknown side reactions possibly involving active sites 

of the enzyme. The loss of activity after modification by both methods, might be due 
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to the interaction of the coupling agent, or simply stearic hindrance associated with the 

modification (Hodgins, 1972; Kenneth, 1979). 

Changes in Kg, and have been observed for most modified proteins. For 

example, modified phenylalanine ammonium-lyase (Wieder, 1979) and PEG-uricase 

(Chen, 1981) showed an increase in K^ and a decrease in In some cases no 

changes ia Kg. of modified compared to the native enzymes were observed. For 

example, modified asparagine and glutamine (Wada et al., 1990) showed similar values 

for Kg,. Increases in and decreases in Kg, values have been observed for modified 

trypsin (Abuchowski, 1979; Gaertner, 1992; Zalipski, 1992) using different activation 

procedures. 

Protease Activity of Modified Trypsin 

The effect of the proteolytic activity of modified and unmodified trypsin on the 

activity of avidin towards biotin is shown in Fig. 7.16-18. Avidin has four binding sites 

for biotin attachment. However, in the presence of native trypsin the activity of avidin 

against biotin decreases dramatically, and after only 40 minutes, 90% of the original 

activity is lost. In contrast, when avidin is incubated with modified trypsin, no 

significant decrease in affinity of this protein was observed against biotin. After ISO 

minutes only less than 5% of the activity was lost. These results were compared with 

control assays in the absence of trypsin. 
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These results suggest a shielding effect of the PEG against protease digestion of 

these conjugates. The effect of protease activity of modified and native trypsin against 

the avidin/biotin complex is shown schematically in Fig. 7.18. These results are in 

agreement with published results for^gestive activities of native and modified trypsin 

against other enzymes (Abuchowski, 1979). Poly(ethylene) glycol modification almost 

invariably reduced sensitivity for proteolysis of many proteins (Katre, 1993). This 

resistance to proteolysis upon modification reflects stearic hindrance produced by PEG 

strands that surround the protein (Abuchowski, 1977, 1979; Wieder, 1979; Lisi, 1982; 

Ashihara, 1978). 

pH Optima 

The poly(ethylene) glycol attachment to trypsin in Method I resulted in only a 

subtle shift in pH optimum. The pH optima for the modified and native trypsin are 

shown in Fig. 7.19. Both modified ^d unmodified enzymes, showed pH optima at 

8. IS, while the modified enzyme shows a broadening of the optimum in the alkaline 

direction. At high pH, the native enzyme has low activity, while the modified enzyme 

still posses > 90% of the same activity at that of pH 8.15. This might be due to 

stabilization of the tertiary structure of the protein at higher pH's by attachment of the 

PEG. Alternatively, the linkage of the PEG to the amino groups of the enzymes may 

have altered the local environment of the enzyme active site, resulting in catalytically 

favorable ionic or conformational changes above the pH optimum (Delgado, 1992). 
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Similar effects have been observed on phenylalanine ammonia-lyase O^ederm 1979), 

uricase (Chen, 1981). There are a few cases where no changes in pH optima have been 

observed (Yoshimoto, 1986). 

Conclusioiis 

In summary, monofimctional PEG derivatives of average molecular weight of 

5000 daltons were attached covalently to the enzyme, trypsin, using glutaraldehyde and 

SS-PEG as the coupling agents. The reaction mixtures were passed through an Amicon 

ultrafiltration cell using YM30 membrane cutoff or through a gel permeation column 

to separate the products and un-reacted compounds. The amount of PEG attached to 

amino groups of trypsin was determined by reaction with trinitrobenzene sulfonic acid 

(TNBS). The adducts produced showed a 100% loss in primary amine groups for the 

case of glutaraldehyde treated enzyme and 87.9% for the case of SS-PEG modification. 

The covalent attachment of PEG SOOO daltons to protein yields a soluble adduct with 

several interesting properties: 1) the modified enzymes retained substantial activities and 

exhibited nonimmunogenic characteristics based on their activities against small 

molecules such as enzymes substrates and inhibitors and against large molecules such 

as avidin. In comparison with native trypsin, the trypsin conjugate prepared by the first 

method showed equal or greater activity against small substrates. This is due to some 

changes in structural conformation of the enzyme upon modification or is due to some 

stearic hindrance. Trypsin is a protease and is able to digest itself and other 

\ 
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biomolecules at certain conditions. However, digestive properties decreased upon 

polymeric modification. 2) protease activity of trypsin and trypsin conjugate against 

avidin/biotin complex system was tested at different times. No significant changes in 

number of moles of biotin to avidin was observed when avidin was incubated with/ 

without the modified trypsins. However, a significant decrease in the number of moles 

of biotin to avidin were obtained when unmodified trypsin was incubated with avidin. 

3) the trypsin conjugates showed substantial changes in their properties, such as 

electrophoretic mobility in sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE). In 

the case of trypsin conjugate the sample injected did not penetrate far into the 

separating gel but in contrast, the sample injected for native trypsin appeared as a band 

according to their molecular weight. 4) Enzymatic activity of modified trypsin was 

retained after 120 days (at 4 °C). However, a significant decrease in activity was 

observed for native trypsin. 5) Modified enzymes prepared by these two methods 

followed the Michaelis-Menten kinetics and showed changes in the kinetic parameters 

Kg,, and inhibition constant Kj. Attachment of PEG to trypsin produced an increase 

in and a decrease in the K„ when modified with SS-PEG. A decrease in and 

an increase in K„ was observed when modified enzymes were prq)ared with the 

glutaraldehyde reagent. The inhibition constants IQ for the modified enzymes prepared 

by both methods increased compared to unmodified enzymes. Similar changes in 

properties, of other modified enzymes have been reported in the literature. 6) Other 

changes in properties of the enzyme following PEG modifications were observed. The 

V 
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solubility of the oizymes were increased over wider pH range.changes. Shift of pH 

optima to slightly higher values. Blue shift in maximum UV-absorbance q)ectra from 

280 nm to 270 nm and an increase in extinction coefficient at 280 nm were observed. 

7) in our approach PEG modified trypsin using glutaraldehyde as a crosslinking agent, 

molar ratios of 1:1 corresponding to one mole of PEG-NH2to one mole of enzyme were 

used. This resulted in production of some precipitation of the enzyme due to probably 

some extended cross-linking reactions. The two methods used in this study, namely, 

covalent attachment of PEG, through SS-PEG, without intra-chain bridging exhibits a 

behavior very similar to that of cross-linked soluble adducts obtained with the 

glutaraldehyde reagent. 
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CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This dissertation presents novel methods for synthesis of mono-protected homo-

bifimctional polyethylene glycol (PEG) and subsequent synthesis, characterization, and 

application of hetero-bifimctional derivatives in immobilization and separation of 

proteins. In addition, modification of proteins with monofimctional polyethylene glycol 

(methoxy-PEG's) and properties of the conjugates are presented. 

Some of the salient results are summarized as follows: 

1. Synthesis of monoprotected derivatives of homobifimctional poly(ethylene)glycol 

A combination of two protecting groups that are orthogonal to each other and a 

simple chromatographic separation in our synthetic route are the key steps for these 

methods. These methods for preparation of monoprotected PEG are fast, give high 

yields of the desired pure materials, there is no need for a large excess of reagents as 

is the case in high dilution methods. It can be performed under mild conditions. All the 

reactions are well standardized and allow virtually quantitative yields i.e. without any 

side reactions. The intermediates recovered from the ion-exchange step can be recycled. 

Different protecting groups can be selectively introduced in the homobifimctional 

\ 
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compounds. The reaction scheme provides possibility to carry out extensive variation 

in functional derivatization thus permitting these mono protected derivatives to be 

converted to a variety of hetero-bifimctional compounds. 

2. Synthesis and characterization of heterobifimctional affinity chelating polymers 

Several heterobifimctional soluble affinity biochelate polymers, polyethylene 

glycol, such as biotin-PEG-IDA, biotin-PEG-(histamine)2, PAB-PEG-IDA, PAB-PEG-

histidine and fluorescein-PEG-IDA have been synthesized. The dual fimctionality of 

these compounds have been characterized. Biochelates such as PAB-PEG-IDA and 

PAB-PEG-histidine bind specifically to the enzyme trypsin. The binding constant 

(inhibition constant) of inhibitor side to the enzyme active site was identical to that of 

the binding constant of pure PAB (these values were 7.8 fjM and 10 /xM respectively) 

these results indicate that there is no secondary binding (non-specific binding) between 

enzyme and polyethylene glycol chain (because PEG is a hydrophilic compound in 

aqueous solution). PAB-PEG-chelates bind to trypsin with equal inhibition constant as 

pure inhibitor PAB. This is because apparently there is no significant hydrophobic 

interaction between enzyme and polyethylene glycol chain. UV-absorbance 

measurement using extinction coefficient of PAB shows a 40%-50% conversion during 

modification reaction of PAB with PEG-chelate. This low conversion is due to the fact 

that NH2 groups in PAB which is attached directly to phenyl ring, is much less reactive 

(weak nucleophile) towards electrophiles than NH, groups attached to aliphatic chains. 
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Biotiii groups in biotin-PEG-chelates bind specifically to egg white protein avidin with 

a molar ratio dose to 4:1 corresponding to the number of moles of biotin to per mole 

of avidin in good agreement with the ratio 4:1 for unmodified biotin. The result of 

these experiments also reveal that the reaction goes to completion during modification 

(100%). The fluorescein moiety in fluorescein-PEG-DDA was identified by UV-

absorbance spectrum. It was identical to unmodified fluorescein. The percent conversion 

was calculated using the extinction coefficient of free fluorescein. A 90% conversion 

was found. The binding capacity of the chelate side of these biochelate polymers were 

found by titration of these compounds with Cu(]I) solution. A molar ratio of 1:1 

corresponding to one mole Cu(II) per mole of biochelate was found. Binding constants 

and stoichiometric ratios of Cu(II) with biochelate was determined by job's method of 

continuous variation and a pKi= 10.45 was found which is fairly close to pKi=10.5 of 

pure iminodiacetic acid, IDA. 

3. Application of heterobiofiinctional biospecific chelate polymers in protein purification 

and characterization using two phase systems 

The feasibility of proteins to complex with chelated metal ions (IDA-Cu(II)) 

attached to one end and bioafflnity ligand attached to other end of water soluble 

poly(ethylene) glycol have been explored in aqueous two-phase systems. Using trypsin 

avidin and hemoglobin as model proteins, the impact of the bioaffinity ligand such as 

p-aminobenzamidine or biotin and transition metal ion (Cu(II)) chelated to IDA, on the 

partitioning of these proteins was clearly shown. Different factors such as pH, 

\ 
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molecular weight of two-phase forming polymers, concentration of afOnity ligand, and 

the type of two-phase systems on partitioning of model proteins were investigated. 

Finally, specificity of each side of these bifimctional bioafBnity ligand for different 

binding sites on the proteins was demonstrated by investigating partition of trypsin and 

hemoglobin in the same two-phase systems. 

4. Application of heterobiofunctional biospedfic chelate polymers in protein purification 

and characterization using IMA-adsorbents 

In summary, we have in this study introduced a method for reversible 

immobilization of bioligands and enzymes (proteins) on IMA-adsorbents. This method 

is comparable with biospecific affinity chromatography and covalently immobilized 

PAB-Sepharose for trypsin separation and immobilized D-biotin for protein avidin 

separation and immobilization. The activity of the protein retained after immobilization 

and elution from these reversible IMA-carriers due to the interaction between bioligand 

and proteins occurred in quasi-homogeneous environments. The heterobifiinctional 

PEGs described here are a new class of polymers with interesting properties. The 

immobilized PEG chains are relatively mobile and show a quasi-homogeneous behavior. 

Interaction of the terminal affinity groups show kinetics similar to those of non-

immobilized PEG'S in solution. Therefore, immobilized PEG can be used in many cases 

where normally soluble PEG is used and fimctionalized. The easy separation of 

immobilized modified PEG's by simple elution from the IMA-adsorbent is a great 

advantage. Other obvious advantages of the technique described here is the simple 
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regeneration of the support material, by washing the gel in situ with a solution of 10 

mM EDTA in 1 M NaCL For instance, a column containing Ni(IQ chelate agarose or 

Nbvarose many times regenerated and loaded with bioligand gave each time identical 

results with respect to bioligands and enzyme loadings and activity. The use of an easily 

removable transition-metal ion as a mediator for fixing an affinity ligand and then an 

enzyme to a solid support appear to offer many advantages and makes possible a more 

selective immobilization than by ion exchange or hydrophobic adsorption 

chromatography. As a matter of fact, it should be possible to select a variety of metal 

ions for achieving the highest stability, and such a selection can be based on 

preliminary tests using the same initial support. 

S. Chemical modification of catalytic proteins with poly(ethylene) glycol 

We have modified trypsin with methoxy-polyethylene glycol's (M-PEG's) either 

by covalent attachment of methoxy-polyethylene glycol succinimidyl succinate, MPEG-

SS directly, or with Methoxy polyethylene glycol-amine, MPEG-NHj, using 

glutaraldehyde as coupling reagent. Poly(ethylene) glycol attachment to trypsin by both 

methods, resulted in some desirable useful changes in the enzyme molecule. The 

modified enzymes retained substantial activities and exhibited nonimmunogenic 

characteristics based on their activities against small molecules such as enzymes 

substrates and inhibitors and against large molecules such as avidin. Polymeric 

modification of trypsin with polyethylene glycol increased the solubility of the enzymes 

over wider pH range. Other changes in properties of the enzyme following PEG 
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modifications were observed. Shift of pH optima to slightly higher values. Blue shift 

in maximum UV-absorbance spectra from 280 nm to 270 nm and an increase in 

extinction coef&cient at 280 nm were observed. The electrophoretic mobility of the 

modified enzyme decreased to almost zero in acrylamide gels. Modified enzymes 

prepared by these two methods followed the \fichaelis-Menten kinetics and showed 

changes in the kinetic parameters K^, and inhibition constant Kj. Attachment of 

PEG to trypsin produced an increase in and a decrease in the Kg, when modified 

with SS-PEG. A decrease in and an increase in was observed when modified 

enzymes were prq)ared with the glutaraldehyde reagent. The inhibition constants Kj for 

the modified enzymes prepared by both methods increased compared to unmodified 

enzymes. Similar changes in properties, of other modified enzymes have been reported 

in the literature. In our approach PEG modified trypsin using glutaraldehyde as a 

crosslinking agent, molar ratios of 1:1 corresponding to one mole of PEG-NHjto one 

mole of enzyme was used. This resulted in production of some precipitation of the 

enzyme due to probably some extended cross-linking reactions. 

Recommendations 

Monoprotected derivatives of homobifimctional and heterobiofimctional 

compounds), in particular have many applications in areas such as affinity 

chromatography, peptide synthesis, affinity two phase partitioning, drug delivery and 

other more applications as described in the literature. Therefore, much further work 
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would be needed for synthesis and characterization of polymen with larger molecular 

weights and having other type of bioligands. 

Further work in application of aqueous two-phase partitioning in conjunction with 

metal affinity and specific affiniQr partitioning using heterobifimctional affinity polymers 

are needed. This could probably result in using these systems as tools for distinguishing 

and screening of the specific binding sites on the surface of the proteins and other 

biomolecules. 

Alternative mode of loading of bioligands and proteins on IMA-adsorbents could 

probably result in some improvement as follows: 

1. If the biochelate polymer is first mixed with metal ion in solution and then 

added to the bare (not charged with metal) IMA-adsorbents, some advantage could be 

gained over the previous approach of adsorbing the biochelate polymer to the column 

after metal ions are attached first. In this case, metal ions will be already bound by the 

biochelate in solution and when passed through the column it might have more 

fiexibility to orient itself towards suitable sites on the bare IMA-adsorbent. This 

approach was some how used with benzyl-IDA as shown in (Fig. 6.5). Other similar 

results, not shown were observed for other biochelate polymers but not explored in 

detail. 

2. As it was mentioned earlier, loading of the biochelate polymers and proteins has 

been performed in two steps. First, the biochelates were immobilized on IMA-

adsorbents and then proteins were loaded to the colunm. It would be interesting to 

explore when the bioligand and proteins were mixed first in solution in stoichiometric 
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ratios and then added to the IMA-colunins. This might have some interesting results 

over previous approach, since the bioligands could saturate all binding sites on the 

protein 0n the case of avidin four~ binding sites) and thus the possibility of any 

nonspecific binding between proteins and metal ions on the column could dramatically 

be minimized. Moreover, the protein would be shielded and could have more handles 

for interactions with IMA-adsorbents. 

3. Improvements of the technique are expected for both bioaffinity ligand and 

enzyme capacity and stability over a broad range of pH with new derivatized gels now 

under investigation, e.g., using polyhistidine tails. Preliminary results are presented 

here suggesting that the strong affinity binding necessary for significant purification in 

a single-stage using a pseudo-affinity ligand combined with chelating column is 

possible. 

In conjunction with protein modification, two methods were used. Covalent 

attachment of PEG, through SS-PEG, without intra-chain bridging exhibits a behavior 

very similar to that of cross-linked soluble adducts obtained with the glutaraldehyde 

reagent. If an appropriate stoichiometric ratio of PEG-NH2/trypsin could be chosen, the 

degree of crosslinking can be minimized and the homogeneity of the product could 

possibly be maximized. 
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AFFENDK A 

ABBREVIATIONS 

AP Affinity Partitioning 

ATPP Affinity Two-Phase Partitioning 

Benzyl-IDA Benzyl Iminodiacetic Acid 

BSA Bovine Serum Albumin 

CM-Asp carboxymethylaspartic Acid 

DI Deionized water 

Gly r GlycineHb Hemoglobin 

His Histidine 

IDA iminodiacetic acid 

IMAC Immobilized Metal Affinity Chromatography 

IMAP Immobilized Metal Affinity Partitioning 

MPEG-NH2 Monomethoxy PEG-amine 

MPEG-SS active ester of PEG succinate 

NHS N-hydroxysuccinimide 

NTA Nitrilo Triacetic Acid 

OD Optical DensityPABp-aminobenzamidine 

PEG Poly(ethylene)glycol 

pi Isoelectric Point 

SDS-PAGE Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophresis 
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Tris tris(HycIroxymethyl)Aminomethane 

UV Ultraviolet 

X-(CH2-CH20)„-Y Heterobifunctional PEG 

LDH lactate dehydrogenase 

MDH malate dehydrogenase 

AP alkaline phosphatase 

CPs chelating peptides 

CM-25-Sephadex Carboxymethyl Sephadex 

TNBS r trinitrobenzene sulfonic acid 

NH2-PEG-NH2 0,0'-bis(2-aminopropyl) polyethylene-glycol 

Boc group t-butyloxycarbonyl 

DCM dichloromethane 

Z-Cl Benzyl-chloroformate 

FDA Federal Department of Agriculture 

F-PEG-IDA fluorescein containing derivative 

DL-BAPNA Dl-benzoyl-arginine-p-nitroanilide 

DMF Dimethyl foramide 

DCC Dicyclohexyl carbodiimide 

TEA Tetrafluroacetic acid 

AC Affinity Chromatography 

EDTA ethylene-diamine-tetra-acetic acid 

TED tris(carboxymethyl) ethyldiamine 
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tridentate-macrocyclic 1,4,7-tiiazacyclononane 

CM-A^ caiboxymethyl aspartic acid 

CM-Asp-OH hydroxy-carboxymethyl aspartic acid 

NTA nitrilo triacetic acid 

PEI poly(ethyleneimine) 

TEPA tetraethylene pentamine 



294 

AFPENDKB 

NOMENCLATURE 

e extinction coefficient 

CpAB extinction coefficient of pure PAB, 

\nix maximum wavelength, nm 

fda dilution ^tor after recycling 

final equilibrium absorbance 

Ajoii initial absorbance 

Cb concentrations of the partitioned substance in bottom phase, mol/lit 

Q concentrations of the partitioned substance in top phase, mol/lit 

K partition coefficient, dimensionless 

K biotp partition coefficient(biospecific), dimensionless 

Ko partition coefficient with no affinity ligand, dimensionless 

K, dissociation constant (lower phase), dimensionless 

K  ̂ dissociation constant(upper phase), dimensionless 

partition coefficient(conformational), dimensionless 

K, apparent dissociation constant, M 

Kew partition coefficient(electrochemical), dimensionless 

Khfob partition coefficient(hydrophobic), dimensionless 

Ki inhibition constant, mol/lit 

Kl-PEO partition coefficient ligand-polyethylene glycol, dimensionless 

Ko. Michaelis-Menten constan, mol/lit 

Kp partition coefficient of protein, dimensionless 

Kp-l^PEO partition coefficient of complex, dimensionless 

partition coefficient(intrinsic factors), dimensionless 

K, formation constants, mol/lit 

N independent binding sites, constant number 

\ 
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V reaction velocity, mol lir4"' 

Vo reaction velocity in the absence of inhibitor, mol lir4*' 

VL reaction velocity at time t, mol lir's"' 

maximimi reaction velocity, mol lir^s*^ 

m inhibitor concentration, mol/lit 

[S] substrate concentrations, mol/lit 
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