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The chemical and biochemical nomenclature and abbreviations that have 
been used, are mainly those recommended by the IUPAC/IUPAC-IUB 
Commissions on Chemical/Biochemical Nomenclature (cf. (1973) Biochem. 
J. 131,1). 
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ted as follows: (ag)a(FCP)b(R)c, with R representing the immobilized ligand. It 
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allowance for the structural changes in the individual compounds, due to the 
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CHAPTER I 

IMMOBILIZATION O F E F F E C T O R - M O L E C U L E S 

/ . / . General introduction 
In biochemistry quite a lot of different types of molecules may be described 

as effector-molecules. An enzyme, which converts its substrate into pro
ducts, is one example. Other examples are: an inhibitor which blocks an 
enzyme, a hormone which binds to a receptor (a macromolecular part of the 
cell-membrane) resulting in the final response, or an antibody which captures 
the antigenic substance. 

In a more general sense, the term effector-molecule may also be applied to 
inorganic and organic chemistry. An inorganic or organometallic compound 
which catalyzes a certain reaction, is one example. A photosensitizer used in 
a photochemical process is probably more illustrative. 

A whole new era began when insoluble polymers, natural or synthetic, 
were first considered. Inorganic or organometallic catalysts can be coupled 
to solid supports, and still retain their catalytic functions. Immobilized pho-
tosensitizers can be applied to photochemical conversions, and finally, al
though slightly different, polymer-bound reagents can be used in organic 
syntheses (Gorecki and Patchornik, 1973; Leznoff, 1974; Neckers, 1975; 
Blossey and Neckers, 1975; Kaye and Weitzman, 1976). 

A more pronounced application of polymeric supports is in solid phase 
peptide synthesis (Merrifield, 1962, 1963; Letsinger, 1963; Stewart and 
Young, 1969; more recent reviews: Marshall and Merrifield, 1971; Fankhau-
ser and Brenner, 1973) and in the related solid phase sequencing of peptides 
and proteins (Laursen, 1975). 

The first examples of immobilized effectors were concerned with the 
application of polymer-supported enzymes. These are now widely applied in 
biochemistry, and also industrially in enzyme reactors (for reviews see: 
SilmanandKatchalski, 1966; Goldman et al., 1971;Zaborsky, 1973;Salmona 
et al., 1974; Dunlap, 1974; Messing, 1975; Weetall, 1975; Mosbach, 1976a, b). 

Immobilized antibodies and antigens were introduced at the same time (for 
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reviews see: Weliky and Weetall. 1965; Silman and Katchalski, 1966; Jakoby 
and Wilchek, 1974), and are applied to special purification procedures, to be 
discussed later, and in the rapidly developing field of solid phase immuno
assay techniques (Line and Becker, 1975) 

The possibility of recycling is the main advantage m the application of 
immobilized effectors. This is especially important when expensive enzymes 
or organometallic catalysts aie used. Immobilization of an enzyme fre
quently leads also to increased stability. Furthermore, the isolation of the 
pure product(s) is easier than when soluble effectors are used. They may be 
separated from the reaction mixture merely by filtration or centnfugation, 
and then re-used. In the case of an immobilized organic reagent, the 
polymer-bound by-product, which remains after the reaction, can be easily 
separated, and then discarded or regenerated. 

A new purification procedure, called affinity chromatography, was intro
duced during the course of these developments (Cuatrecasas et al., 1968), 
and was more or less a logical extension of the same principles. 

1.2. Affinity Chromatography 

1.2.1. Introduction 
Conventional procedures of protein purification rely generally on relatively 
small differences in the physicochemical properties of the proteins in the 
mixture, e.g. solubility, charge, molecular size and shape They are fre
quently laborious and with low yields. This is obvious considering that the 
protein of interest may constitute only 0.1% or less of the dry weight of the 
starting material, and that most of the remainder will consist of other proteins 
with closely related properties. 

It is well known, however, that many molecules possess the ability to bind 
specifically and reversibly to other molecules in solution. For example, 
enzymes form complexes with their substrates or inhibitors. Similarly anti
bodies form complexes with their respective antigens, and some proteins 
interact specifically with other proteins, nucleic acids or carbohydrates. 

This possibility of specific and reversible interaction forms the basis for the 
powerful separation technique, introduced by Cuatrecasas et al. (1968). The 
principle is represented schematically in fig. 1.1. A specific adsorbent is 
prepared by attaching one of the interacting species (e.g. an enzyme-
ìnhibitor) to a water-insoluble matrix. When a solution containing the other 
interacting component (e.g. an enzyme) is passed through a column, packed 
with the specific adsorbent, this component becomes specifically bound, 
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Fig. 1.1 The pnnciple of affinity chromatography. 



whereas the impurities can be washed away. Following this, the desired 
substance, e g. the enzyme, can be eluted by dissociating the complex. This 
can be done, for example, by changing the pH and/or the ionic strength of the 
eluant (see I 2.4.6.). A spacer molecule may be advantageous, to minimize 
stenc hindrance by the matrix (see I 2.4.3.). 

1.2.2. Nomenclature 
A number of terms has been proposed for this technique, e.g. 'biospecific 

adsorption chromatography' (Porath, 1973), 'bioselective adsorption chro
matography' (Scouten, 1974), 'bio-affinity chromatography' (O'Carra, 
1974a), 'ligand specific chromatography' (May and Zaborsky, 1974) and 
'biospecific affinity chromatography' (Porath and Knstiansen, 1975), to 
place special emphasis on the affinity as a result of biospecific interactions, 
and to dinstinguish it from affinity caused by non-specific ion-exchange or 
hydrophobic interactions. Landman and Pntchard (1976) have suggested 
that, unless real bio-affinity is specifically demonstrated, terminology such 
as 'activated gel column' or 'modified gel column' chromatography is prefe
rable It should be borne in mind, however, that the macroscopic phenome
non of biospecific affinity is the net result of a combination of ionic, hydro
phobic, hydrogen-bond, charge-transfer and van der Waals interactions, 
governed by stereospecific factors. Aside from the various terms for the 
technique, the individual components of affinity chromatography have also 
been named differently by a variety of authors. The polymer to which one of 
the interacting species is covalently bound, is termed 'solid support', 'car
rier', 'matrix' or 'insoluble support' (Cuatrecasas and Anfinsen, 1971a,b; 
May and Zaborsky, 1974; Porath and Knstiansen, 1975). 

The interacting species bound covalently is termed 'ligand' (Cuatrecasas 
and Anfinsen, 1971a, b), 'effector'(Brummer, 1974) or 'affinant' (Turkováet 
al., 1973). 

Generally the ligand has to be bound covalently to the matrix through a 
third substance Porath and Knstiansen (1975) suggested the name 'connec
tor substance' ; and for convenience 'connector' is proposed as a name for the 
group involved in the attachment, as well as for the group created in the 
attachment reaction. The former is also referred to as the 'active' or 'reac
tive' group of the matrix. The introduction of these groups is known as 
'activation' 

For stenc reasons it may be advantageous to separate the ligand from the 
matrix. The molecule coupled in between is termed 'spacer', 'arm' or 'exten
sion arm' The process of binding the ligand to the matrix has been named as 
'coupling', 'insolubilization' or 'immobilization'. 

Normally the substance to be isolated by this technique, has no special 
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Fig. 1.2 Nomenclature. 

terminology but 'affiner Partner' (Brummer, 1974) or 'ligate' (Nishikawa, 
1975) has been used. To prevent confusion, the nomenclature used in this 
thesis is summarized in fig. 1.2. 

1.2.3. Historical development 
The concept of separating substances on the basis of biospecific interac

tion is by no means new. Hedin (1907a, b, c) described the specific desorption 
of trypsin from charcoal. Starkenstein (1910) reported the adsorption of 
α-amylase to an insoluble substrate(starch). An appreciable purification of 
lipase was achieved by adsorption onto powdered stearic acid (WillstatterÉ'í 
al., 1923). The separation of a- and ß-amylase, by adsorption onto insoluble 
starch has been described by Holmbergh (1933>. 

An immunologic adsorbent, synthesized by coupling bovine serum albu
min to diazotized p-aminobenzylcellulose was the first example of a fully 
preconceived affinity matrix (Campbell et al., 1951). Rabbit anti bovine 
serum albumin antibodies were purified to an extent of 90%, by single 
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passage of the crude material through a column, filled with this adsorbent 
Lerman (1953) reported the specific purification of tyrosinase using a 
p-azophenol-substituted cellulose column. Arsenis and McCormick (1964, 
1966) purified liver flavokinase by column chromatography on flavin-
cellulose compounds, and flavin mononucleotide-dependent enzymes by 
column chromatography on flavin phosphate cellulose compounds. McCor
mick (1965) described the specific purification of avidmby column chroma
tography on biotin-cellulose (fig 1.3). 

о 
II 

HC — сн 

I I °, 
H2C с н — ( C H 2 ) 4 — c — o—cel lu lose 

Fig I 3 Biotin-Cellulose 

A real breakthrough was not achieved, however, until the application of 
agarose as a matrix (Cuatrecasas et al , 1968), combined with the cyanogen 
bromide activation of insoluble polysaccharides for the coupling with pepti
des or proteins (Axén et al , 1967, Porath et al , 1967; Axen and Ernback, 
1971) This led to the rapid development of the technique now termed affinity 
chromatography A further notable improvement was developed by the 
insertion of spacer molecules between the ligand and the matrix (Cuatrecasas 
et al., 1968, Cuatrecasas, 1970a,b, Steers et at., 1971) 

The number of applications of affinity chromatography to the purification 
of biological macromolecules has grown almost exponentially during the last 
few years A complete review of the literature would therefore exceed the 
scope of this study A survey of the 'essentials' and of some representative 
examples will be given in the following sections, for more details the reader is 
referred to the literature (reviews. Cuatrecasas and Anfinsen, 1971a, b, 
Cuatrecasas, 1971, Feinstein, 1971; Friedberg, 1971; Porath, 1973; Weetall, 
1973; Guilford, 1973, 1974, Lowe and Dean, 1974; Brummer, 1974; May and 
Zaborsky, 1974, Bende, 1974; Jakoby and Wilchek, 1974; Scouten, 1974; 
Grover, 1974, Dunlap, 1974, Turkova, 1974, Porath and Knstiansen, 1975, 
Weetall, 1975, Gnbnau and Tesser, 1975a, b,Cowburnand Fischman, 1975). 
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1.2.4. The essentials of affinity chromatography 
Matrix, spacer and ligand constitute the three main components of an 

affinity column. Suitable coupling methods are necessary to combine these 
three constituents. The degree of substitution should then be determined, 
and to operate the column effectively, the appropriate adsorption and de-
sorption procedures should be developed. 

1.2.4.1. Matrices 
The ideal matrix should meet the following requirements: 

- insolubility 
- macroporosity 
- mechanical and chemical stability 
- suitable particle form 
- hydrophilic character 
- free of non-specific adsorption centres 
- presence of functional groups for coupling 
- resistance toward microbial and enzymatic attack 

It is evident that the matrix should have a minimal solubility in the solvent(s) 
used in the coupling reaction(s) and during the chromatographic process. In 
order to assure a good accessibility of the coupled ligands, and a large 
effective surface, a high degree of permeability will be necessary. The matrix 
should be resistant to possible pressure, to allow proper column operation. 
Spherical bead form of the particles will be advantageous in obtaining good 
flow properties. The presence of functional groups, which can be further 
derivatized, is indispensable. Moreover, chemical and mechanical stability 
under the conditions of activation, coupling, adsorption and desorption is 
also necessary. The matrix should be hydrophilic and free of ionic or hydro
phobic groups to avoid nonspecific adsorption and possible denaturation. 
Resistance of the support material toward possible microbial or enzymatic 
degradation is required in view of the repeated use and storage of the affinity 
matrices and the application of crude biological samples. Facile and reprodu
cible syntheses or commercial availability of the matrices are attractive 
additional properties. 

A matrix possessing all these ideal properties does not yet exist. In the 
early days of affinity chromatography cellulose, EMA (a 1:1 copolymer of 
ethylene and maleic anhydride) and Polyacrylamide were used (Campbell et 
al., 1951; Lerman, 1953; McCormick, 1965; Levin and Katchalski, 1968; 
Fritz et al., 1968; Inman and Dintzis, 1969). Poly-p-aminostyrene has been 
used extensively in the preparation of immunoadsorbents (Silman and Kat
chalski, 1966). (figs. I.4-I.7). Cellulose, however, frequently exhibits consi-
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Fig 1.4 Structure of cellulose, according to Freudenberg and Blomqvist (1935). 
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I'ig. 1.5 (1) Ethylene/maleic anhydride copolymer (EMA); (II) cross-linked EMA. 
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Fig. 1.6 Cross-linked Polyacrylamide. 
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Fig. 1.7 Cross-linked poly-p-aminostyrene. 
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derable nonspecific adsorption, the fibrous and non-uniform structure inju
res flow rate properties and complete penetration of large protein molecules. 
The coupling of amino ligands to ЬМА introduces simultaneously free car-
boxylic functions, and as a consequence thereof the affinity support acquires 
undesirable ion-exchange properties Polyacrylamide, although having many 
good properties, has certain disadvantages The denvatization reactions 
introduce tree carboxylic functions and causes a shrinkage of the beads 
(Cuatrecasas, 1970b, Steers et al . 1971, Brough et al., 1976) A highly 
hydrophobic character with a low porosity are the main disadvantages of 
polystyrene supports. 

A better alternative was found in cross-linked dextrans (Sephadex, fig 
I 8), having a hydrophilic character combined with a low non-specific ad
sorption Unfortunately, gels with the necessarily high permeability become 
far too soft for column procedures (Porath and Knstiansen, 1975) The 
degree of substitution that can be obtained is also relatively low, especially in 
the lower permeability range 

- 0 - Ç H 2 

i/^~°\ 
»^70 

"W 
Д а 

•Μ Ι 
1 1 1 

¿ V ? 

|dextran 

-0 -CH2 

но^і/о-
OH 

/·/# 18 Partial structure of dextran from I eue onoMo( mesenteroides В 512 according to Van 
Cleve el al (1956) and Lindberg and Svensson (1968) 

Considerable progress was made with the introduction of beaded agarose. 
Agarose and agaropectin are the constitutents of the naturally occurring agar. 
This can be isolated from red seaweeds (Rhodophyceae).oiwhichGractlana 
and Gelidutm are examples of commercially important genera (Whistler, 
1973; Arnott et al., 1974) Agarose was first separated from agaropectin by 
Araki (1956), and was apparently an almost neutral polysaccharide, consis
ting of D-galactopyranosyl and 3,6-anhydro-L-galactopyranosyl units These 
are linked alternately (1-3) and (1-4), and are substituted to a minor degree 
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Fig. 1.9 Structure of agarose, according to Araki (1956). 

-D-galactose 

with sulphate half-ester groups (fig. 1.9). Agaropectin has essentially the 
same backbone structure, but with varying amounts of the residues, shown in 
fig. 1.9, replaced by the pyruvic acid ketal 4,6-0-(l-carboxyethylidene)-
D-galactopyranose or by methylated or sulphated sugar units in a manner that 
maintains the alternating sequence of 3-linked ß-D-residues and 4-linked 
a-L-residues. Consequently it is much more acidic than agarose. 

A much improved method for the isolation of agarose from agar was 
developed by Hjertén (1962, 1971). Agaropectin was separated from the 
agarose by precipitation with cetylpyndinium chloride. The same author 
(1963, 1968) also developed a method for the preparation of agarose spheres 
for chromatographic purposes. The beaded agarose is commercially avail
able (Sepharose 2B, 4B, 6B, Pharmacia; Bio-Gel A, Bio-Rad; Servachrom A, 
SERVA; agarose, P-L Biochemicals). 

Thorough investigations into the structure of agarose gels have been 
described by Arnott et al. (1974). The results of X-ray diffraction, sol-gel 
transition experiments and optical rotation calculations support a parallel 
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Fig I IO Schematic representation of an aga- Fig I II Schematic representation of a 
rose gel network, after Arnott et al (1974) cross-linked dextran network, after Arnott et 

ai (1974) 

double helix model for agarose (cf. Rees, 1972). An important feature of the 
agarose double helix is an interior cavity which extends along the length of 
the helix axis, occupied with water molecules which through hydrogen 
bonding contribute to the stability of the double helix In the agarose gel the 
helices are extensively aggregated A schematic representation of the aga
rose gel network is given in fig. 1.10 Relatively large voids are present due to 
the accumulation of the agarose helices into a separate "network phase'. This 
in contrast to a gel of comparable concentration prepared by random cross-
linking of soluble polymer chains as random coils, such as cross-linked 
dextran (Sephadex; fig. I II). The results of an 'H-NMR study of agarose in 
D 2 0 by Guidoni and Viti (1976) are consistent with this model. 

At the moment beaded agarose is apparently the best compromise as a 
matrix (see for example Boegman and Crumpton, 1970). A large number of 
the requirements for an ideal matrix are fulfilled Some disadvantages, how
ever, require noting. The acid and thermal stabilities of agarose are rather 
limited. At temperatures of 40°C or higher the gel beads dissolve. Even at 
room temperature some leakage of soluble carbohydrate occurs (Porath and 
Knstiansen, 1975; Lââs, 1976). 
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The properties of the beaded agarose have been recently further improved. 
Greater mechanical, chemical and thermal stability can be achieved by 
cross-linking. Porath et al. (1971) and Lââs (1976) have described the cross-
linking of agarose with epichlorohydrin or 2,3-dibromopropan-l-ol. The 
improved stability makes it possible to treat this agarose with strong alkali to 
eliminate sulphate half-ester groups, and to reduce possible presence of 
carboxylic functions with lithium aluminium hydride in dioxan. The non
specific adsorption properties, already quite low for agarose, are still further 
reduced in this way. The porosity is not appreciably altered (Porath, 1973), 
and the decrease in available hydroxyl functions for coupling with ligands 
(theoretically 50%) can be compensated for by the addition of sorbitol or 
phloroglucinol during the cross-linking reaction (Porath and Sundberg, 1972; 
Carón et al., 1973; Coombe and George, 1976). Cross-linked, desulphated 
agarose is commercially available as Sepharose CL (Pharmacia). 

Divinylsulphone has also been applied as a cross-linking agent. A notable 
increase in rigidity of the agarose beads, permitting high flow rates, is 
obtained (Porath et al., 1975b). Unfortunately, the divinylsulphone bridges 
are not stable at alkaline pH (about pH 9). The resistance, however, against 
microbial attack or treatment with agarase, also increased by cross-linking 
with epichlorohydrin or 2,3-dibromopropan-l-ol, was about 100%. 

Finally all cross-linked agarose gels show a high stability toward organic 
solvents (Rosengren and Glad, 1976) and chaotropic ions (Porathet al., 1971 ; 
Lââs, 1976). 

The combined use of polysaccharides and synthetic polymers is an addi
tional method of preparing improved matrices. Uriel et al. (1971) have 
described gels composed of a Polyacrylamide network and an interstitial 
agarose gel. Rigidity and bead-uniformity and the presence of different types 
of functional groups are reported advantages (Harvey and Dean, 1976; 
Doleye/a/., 1976). Limited acid and thermal stability, however, are the same 
as for plain beaded agarose. These gels are available from LKB (Ultrogel). 
Gels prepared by the cross-linking of allyl-dextran with N./V'-methylene 
bisacrylamide, were introduced by Pharmacia (Sephacryl). 

Inorganic carriers, such as porous glass beads, are resistant to microbial 
attack and have a very rigid structure; column bed volumes do not change 
upon changing from water to aqueous solutions of higher ionic strength or 
organic solvents, and highly permeable materials can be prepared (Weetall, 
1970, 1973; Weetall and Filbert, 1974; Baum and Wrobel, 1975). Controlled 
pore glass is commercially available (CPG, Corning/Pierce, Electro-
Nucleonics; Servachrom A, SERVA). Non-specific adsorption, however, 
can be rather high; improvements in this respect have been made by coating 
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the glass surface with a monomolecular layer of dextran, covalently bound 
(CPG/dextran, Corning/Pierce) or by the covalent binding of glycerol func
tions (CPG/glycophase, Corning/Pierce). The acid stability of glass is high 
(except HF), but durability in alkaline environments is rather poor. Control
led pore ceramics offer a solution of this problem (Messing, 1974a, b; Weetall 
and Detar, 1974). 

Cellulose as basis for a matrix to be used in affinity chromatography, was 
re-introduced by Brummer (1974). Highly substituted carboxymethylcellu-
lose is converted into CM-cellulose-azide and subsequently reacted with an 
excess of an α,ω-diaminoalkane. Cross-linking and introduction of functio
nal primary amino groups occur simultaneously. These cellulose-derivatives 
are insoluble in water, macroporous, mechanically stable and have good flow 
properties. In comparison with agarose a much higher degree of substitution 
can be reached. These products are commercially available (aminohexyl-
and aminododecyl-cellulose, regardless of succinylation; Merck). 

Cellulose in spherical bead form and of sufficient mechanical strength and 
considerable porosity has been described by various authors (Determanne/ 
al., 1968;Реакае/я/., 1976; Stambergand PeSka, 1976; Tsao, 1976). Applica
tions of this type of cellulose to the preparation of affinity matrices have not 
presently appeared in the literature. 

Recently, highly permeable and stable matrices based on amylose have 
been reported by Serban et al. (1975). The properties are similar to those of 
Sephadex and Sepharose, according to the authors, but amylose is less 
expensive than dextran or agarose. 

Apart from the higher mechanical stability of synthetic polymers, the 
resistance to microbial and enzymatic attack is an additional important 
advantage compared to polysaccharides. Here achievement of a sufficient 
degree of hydrophilicity provides a special problem. A macroporous copo
lymer of hydroxyethyl methacrylate and ethylene dimethacrylate (fig. 1.12) 
has been developed by Turkováef a/. ( 1973; 1975; 1976; MikeS et al., 1976). 
The matrix is prepared in spherical bead form, is highly hydrophilic and 
shows excellent mechanical strength. Recently this material has become 
commercially available under the name Spheron (Koch-Light). 

Another synthetic matrix, consisting of spherical nylon-type beads, cova
lently coated with glycerol (Parikh, 1976), is prepared and marketed by 
Amicon. In this case the beads again are hydrophilic, but deliberately non-
permeable. 

Polyvinylalcohol (PVA) is a highly hydrophilic, synthetic polymer; it dis
solves in water, but can be insolubilized by cross-linking. According to 
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Fig. 1.14 Cross-linked polyvinylalcohol (PVA). 

Porath and Kristiansen (1975), cross-linked PVA is not suitable as a matrix, 
because of loose gel formation and high non-specific adsorption. The results 
of Heitz and Bier (1975) are in contrast with these observations. They 
describe cross-linked PVA gels prepared by hydrolysis of copolymers of 
vinylacetate and l,4-bis(vinyloxy)butane (fig. 1.13), which show high 
pressure- and biostability, and which are free of non-specific adsorption. 
Exclusion volumes of 106 may be obtained. PVA, cross-linked with tereph-
thalaldehyde(fig. 1.14), has been described by Maneckeand Vogt ( 1976) as a 
hydrophilic support for enzyme immobilization. 

1.2.4.2. Ligands 
Any potential ligand should possess the ability to bind specifically, 

strongly and reversibly to the substance which is to be isolated. Different 
elution patterns can be expected depending upon the value of the affinity 
constant of the complex between the immobilized ligand and the macromole
cule to be isolated (fig. 1.15; cf. Brummer, 1974; Cuatrecasas, 1972). This 
constant is defined as association constant (1/mole) or dissociation constant 
(mole/1). At high values of the affinity (K,j,ss< 10~5Μ; Κ,,^ΙΟ 5 M~') the sub
stance is firmly bound to the column and a change in elution conditions is 
necessary to obtain a dissociation of the ligand-macromolecule complex (Fig. 
1.15a). At decreasing values of the affinity constant only a retardation is 
achieved (Fig. 1.15b) and at still lower values (K d l s s>IO- 3 M; K ^ I O 3 NT') 
there will be only a partial separation (fig. 1.15c) or no separation at all (Fig. 
I.15d). 

16 



с 
σ 
η 

α 

effluent 

Fig. 1.15 Different elution patterns, depending upon the value of the affinity constant; impuri
ties ( ), protein to be isolated ( ); arrow indicates the point of change in eluent 
composition. 

The affinity constant for a ligand in solution is generally higher than that for 
the immobilized ligand, but quantitative predictions cannot be made. It is 
difficult therefore to give an 'ideal* value. Cuatrecasas (1971) gives a mini
mum of about K~r3M(Kd,ss), for an useful ligand 10-5M(Kd,ss) has been sugges
ted (March et al., 1974b); values concern the ligands in solution. Alternati
vely the affinity should not be too high, since in that case too drastic elution 
conditions may be necessary. 

Apart from a reasonable affinity, the ligand should possess a functional 
group which allows suitable coupling to a matrix, without being essential for 
the specific affinity itself. 
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The purification problem in question dictates the type of ligand to be 
applied. Some possible combinations are: 

enzyme — substrate 
product 
inhibitor 
coenzyme (cofactor) 

antibody — antigen 
hapten 

receptor — hormone 
vitamin 
lectin 

lectin — polysaccharide 
glycoprotein 

DNA, RNA — complementary DNA, RNA 
(oligo) nucleotides 

Enzymology 
In enzyme purification several types of ligands can be applied. Inherent 

limitations on the use of a substrate are the possible degradation by the 
enzyme during the chromatographic process and the usually low affinity. 
Brodelius and Mosbach (1973) described the purification of a-chymotrypsin 
with immobilized L-trytophan methyl ester. Glycogen, a substrate for 
α-amylase, was used as a ligand in the purification of wheat α-amylase 
(Tkachuk, 1975). 

Kasai and Ishii (1975a) applied enzyme-substrate interaction products as 
ligands. They used a tryptic digest of tryptamin, a basic protein from fish 
sperm, as ligand for the purification of trypsin. This digest consisted of a 
mixture of mainly di- and tri-peptides containing L-arginine as carboxyl 
termini. Later some of these peptides have been prepared synthetically and 
used as ligands (Kasai and Ishii, 1975b; Kasai et al., 1976). 

Generally, enzyme-inhibitors are applied as ligands. Cuatrecasas et al. 
(1968) purified α-chymotrypsin with the immobilized inhibitor D-tryptophan 
methyl ester. High molecular weight, natural or synthetic inhibitors have 
been used also as ligands. Serum kallikrein has been purified with immobi
lized soybean trypsin inhibitor (Fritz et al., i 972). Tuderman et al. {1975) used 
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the synthetically prepared competitive inhibitor poly(l -proline) for the isola
tion of prolyl hydroxylase. 

Many enzymes are dependent on cofactors for their final activity. The 
application of a cofactor as a ligand was first described by Arsenis and 
McCormick (1964), using a flavin-cellulose derivative (fig. I 16) This princi
ple has been re-emphasized by several investigators. Due to the fact that a 
group of enzymes can depend on the same cofactor, the name 'general-ligand 
affinity chromatography' was introduced by Mosbach et al (1972). Different 
dehydrogenases for example can be adsorbed by NAD^-Sepharose; separa
tion of the mixture can be achieved by elution with different concentrations 
of NAD T and NADH. Numerous examples of the application of immobili
zed mono- and dinucleotides (e.g. AMP, с -AMP, ADP, ATP, NAD, NADP; 
figs 1.17, 1.18) have appeared in the literature. Attachment through the 
phosphate moiety has been described by Barker et al. (1972), or through the 
nbose moiety by Lamedor al. (1973) and Seela and Waldeck (1975). Attach
ment is performed usually, however, through the/V6 amino position or the С 
position of the adenine-part of the nucleotide (Barry and O'Carra, 1973a, b; 
Brodelius et al., 1974; Craven et al., 1974a, b; Jergil et al., 1974; Lee et al , 
1974; Lee and Kaplan, 1975, Lowe and Dean, 1971; Lowe and Mosbach, 
1974; Mosbach et al., 1972; Tessere/ al., 1972, 1974; Trayere/ al., 1974; for 
reviews see: Guilford, 1973, 1974; Lowe and Dean, 1974; Jakoby and Wil-
chek, 1974; Lee and Kaplan, 1977). 

Other types of group-specific adsorbents have been developed, apart from 
immobilized coenzymes. Tosai"/ al. (1974) for example used L-aspartic acid 
as a 'general-ligand' for the isolation of a group of enzymes related to the 
metabolism of this amino acid. 

Vice versa, immobilized enzymes can also be used for the purification of 
their inhibitors. Trypsin inhibitors have been isolated with a trypsin-
Sepharose column (Sundberg et al., 1970) Ribonuclease coupled to CM-
cellulose was used for the purification of RNase-inhibitor (Gnbnau et al., 
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1970). Turkováet al (1973) described the isolation of a chymotrypsin inhibi
tor by chromatography on chymotrypsin-Spheron gels 

The separation of enzyme-cofactors by means of affinity chromatography 
has been reported by Das et al. (1975), NAD was separated from ADP and 
AMP on an immobilized alcohol dehydrogenase 

Immunology 
In immunological studies immobilized antigens or haptens can be applied 

to the purification of antibodies and vice versa antibodies can be used as 
ligands in the purification of antigens. Murphy et al. (1971) described the 
isolation of glucagon from pig-ileum by means of rabbit-anti-glucagon-
Sepharose Bovine serum albumin coupled to Polyacrylamide has been ap
plied to the purification of rabbit-anti-bovine serum albumin antibodies (In-
man and Dintzis, 1969). Young et al. (1975) reported the isolation of anti
bodies specific to sickle-cell hemoglobin by using a synthetic peptide, corres
ponding to the first 13 amino acid residues of the ß-chain of sickle-cell 
hemoglobin, coupled to Sepharose. 

A somewhat special application of an immunosorbent was developed by 
Wilchek and Gorecki (1973) who isolated trypsin as its soluble complex with 
dinitrophenylated soybean trypsin inhibitor on an anti-dinitrophenyl anti
body column. 

The presence of immunologically active determinants on the surface of 
cells forms the basis for the specific separation of whole cells A series of 
papers on cellular immunosorbents has been published by Wigzell (1970, 
1971). Edelman et al (1971) and Edelman and Rutishauser (1974) described 
the use of antigens, antibodies or lectins, covalently coupled to nylon fibers, 
in cell fractionation. Killion and Kollmorgen (1976) reported the isolation of 
immunogenic tumour cells by a similar technique. Drugs and hormones, 
covalently coupled to glass and Sepharose beads, have also been used for the 
separation of tumour cells (Venter et al., 1976). 

Receptor proteins 
There are some examples of the purification of receptor proteins by means 

of affinity chromatography. Acetylcholine receptors from Torpedo с alijorma 
electroplax were isolated using an affinity matrix prepared by coupling [N-
( ε -aminohexanoyl)-3-aminopropyl] tnmethyl ammonium bromide to aga
rose (Schmidt and Raftery, 1972, 1973). Other ligands have been described by 
Lmdstrom and Patrick (1974) Lefkowitz et al. (1972) purified ß-adrenergic 
receptor proteins. Insulin- and estrogen-receptor isolations have been repor
ted by Cuatrecasas and Pankh et al (for reviews see. Cuatrecasas and 
Pankh, 1974; Pankh et al., 1974a). 
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Lectins 
Lectins (phythemagglutinins) are proteins present in plants, and are capa

ble of agglutinating red blood cells. A characteristic property of lectins is 
their ability to bind to specific sugar ligands (Porath and Kristiansen, 1975). 
One of these is concanavalin A, an agglutinin isolated from Jack beans, which 
binds reversibly to oligosaccharides containing terminal a-D-gluco-
pyranosyl, a-D-mannopyranosyl or stencally related sugar-residues 
(Nicolson and Singer, 1971) Glycoproteins containing these types of resi
dues also form complexes with concanavalin A. One of the applications of 
immobilized lectins is the fractionation of human serum proteins and the 
isolation of blood group substances (Aspberg and Porath, 1970). 

Lectins themselves are isolated by means of affinity chromatography on 
immobilized sugar ligands, for example soybean lectin with ß-D-galacto-
pyranosylamine-agarose (Gordon et al., 1972). Λ'-Acetyl-D-glucosamine 
and /V-acetyl-D-galactosamine coupled to Sepharose, has been applied to 
the purification of wheat germ lectin and soybean lectin, respectively 
(Vretblad, 1976). Affinity chromatographic isolation of D-galactose binding 
lectins can also be performed by using agarose, treated merely with acid, as 
the affinity matrix (Ersson et al., 1973; Allen and Johnson, 1976). 

Nucleic acids 
Nucleosides, nucleotides and polynucleotides can be purified by affinity 

chromatography using nucleotides, polynbo- or polydeoxynbonucleotides 
or piotems as ligands, and vue versa. The affinity of nucleic acids for these 
ligands is due to either complementary base-pairing or specific nucleic acid-
protein interactions. Most messenger RNA molecules for example contain a 
poly(A) fragment, and can therefore be chromatographed on immobilized 
poly(U) (Lindberg and Persson, 1972). Many examples are given in the 
reviews of Biummer (1974), May and Zaborsky (1974); see also Jakoby and 
Wilchek (1974). 

Mise ella neon s 
Affinity chromatography has also been used for the isolation of specific 

peptides f mm an enzymatic digest of some protein, or in the purification of 
synthetic peptides, prepaied by solid phase synthesis. 

Staphylococcal nuclease has affinity for thymidine 3',5'-diphosphate. 
Complexing of the enzyme with a reactive demative of the nucleotide, 
followed by the formation of a covalent bond ('affinity labeling"), and subse
quent tryptic digestion of the labeled enzyme and then affinity chromato
graphy of the digest on nuclease-Sepharose, yielded peptide-fragments from 
the binding region of the thymidine phosphate. Similarly peptides from 
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dinitrophenylated anti-DNP-antibodies were purified on an anti-DNP-
antibody Sepharose column (Wilchek, 1970; Givol et al., 1970; Wilchek et 
al., 1971; Wilchek and Mirón, 1972; Wilchek and Givol, 1973; Tarone<?ra/., 
1973; Wilchek, 1974). 

Krieger et al. (1976) described the affinity purification of synthetic pepti
des, prepared by solid phase synthesis, and lacking cysteine and methionine. 
Following completion of the solid phase synthesis two extra cycles were 
performed, resulting in a Cys-Met-labeling of the completely grown chains. 
The labeled peptides were isolated on an organomercurial agarose column, 
following cleavage from the solid support (see also 1.2.6.2.). The affinity label 
was removed finally by CNBr-cleavage. 

Yokosawa and Ishii (1976) described the isolation of peptides, resulting 
from tryptic digests of proteins, or synthetically prepared, containing 
L-arginine residues as the carboxyl-termini by means of an anhydrotrypsin-
Sepharose column. This column exhibited a far higher affinity for product-
type than for substrate-type compounds. 

A somewhat different application was the resolution of the optical antipo
des of an amino acid. Complete resolution of D- and L-tryptophan was ac
complished by chromatography on bovine-serum albumin-succinoyl-
aminoethyl-Sepharose (Stewart and Doherty, 1973). 

There are a number of examples of specific affinity chromatography based 
on the interaction of proteins with synthetic ligand substances which do not 
occur in nature. Böhme et al. (1972) described the purification of phospho-
fructokinase, using Cibacron Blue F3G-A as a ligand (fig. 1.19). Roschlau and 
Hess (1972) used the same ligand for the affinity chromatography of yeast 
pyruvate kinase. Easterday and Easterday (1974) and Lamkin and King 
(1976) described similar applications. 
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Fig. 1.19 Cibacron Blue F3G-A: R = -Cl (Colour Index No.: 61211); coupled to 
polysaccharide P: R = -O-P. 
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The coincidence that various proteins, having specific affinity for this dye, 
also possess a super-secondary structure called the dinucleotide fold, was 
emphasized by Thompson et al. (1975; see also Thompson and Stellwagen, 
1976; Thompson?/al.. 1976; Stellwagen and Baker, 1976). This dinucleotide 
fold forms the binding site for substrates and effectors over a wide range of 
proteins. The chromophore was shown tobe a strong competitive inhibitor of 
N ADH. The inhibition constant for lactate dehydrogenase was about 10~ '°м, 
indicating the very high affinity of the chromophore for a dinucleotide fold 
specific for the dinucleotide NADH. Molecular models show that the chro
mophore can assume a conformation that imitates the orientation of the 
aromatic rings and anionic groups characteristic of NAD. 

In addition human interferons have been purified by means of Cibacron 
Blue-agarose (Jankowski et al., 1976; de Маеуег-Guignard and de Maeyer, 
1976). 

A considerable range of different reactive dyes, coupled to a solid support, 
can be used for the isolation of serum albumin (Travis and Pannell, 1975). 
Baird et al. (1976) also investigated a number of Procion dyes, coupled to 
polysaccharides, for the purification of carboxypeptidase G, and found Pro
cion Red HE3B to be a very effective ligand. 

Commercially a\ attable materials 
An increasing number of ready to use affinity matrices is becoming commercially available 

These are summarized below in arbitrary order and without any pretension to completeness. 

Pharmacia 
Con A-Sepharose 4B, Wheat Germ Lectin-Sepharose 6MB, Poly(U)-Sepharose 4B, 

Poly(A)-Scpharose 4B, 5'AMP-Sepharose 4B, 2'5'ADP-Sepharose 4B, Lysine-Sepharose 4B 
and Prolein A-Sepharose CL-4B, all the ligands are coupled to agarose by means of the cyanogen 
bromide activation procedure (see I 2 4.4 ). Cibacron Blue F3G-A is attached to cross-linked 
agarose and is available as Blue Sepharose CL-6B 

Merck 
A limited number of affinity matrices, based on modified cellulose as solid support (see 

I 2 4.1 ) is available: p-aminobenzamidine and m-aminophenyl-bonc acid coupled to succinyla-
ted aminododecylcellulose, and soybean trypsin inhibitor coupled to succinylated aminohexyl-
cellulose Various enzymes, immobilized on CM-cellulose or cross-linked maleic anhydnde 
copolymers, are also available 

Boehrmger 
Various immobilized enzymes, covalently coupled to polyacrylamide-based gel matrices, 

with anhydride, acid chloride, azide, or oxirane functions as the active groups (Enzygel). 

Sigma 

Various enzymes, covalently coupled to different cellulose derivatives, agarose or Polyacryl
amide A whole range of affinity chromatography media (immobilized mono- and dinucleoti-
des, polynbonucleic acids. Con A) are also available. 
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Miles 
Enzymes coupled covalently to different cellulose derivatives, agarose or ethylene-maleic 

anhydride copolymer (Enzite, Enzite-agarose, Enzite-EMA) A wide selection of affinity matri
ces: agarose-coupled antibodies, haptens, lectins, enzyme-inhibitors, and low molecular weight 
synthetic ligands 

P-L Biochemicals 
A whole range of affinity matrices, with agarose or cellulose as the solid support and 

coenzymes, lectins, nucleic acids, nucleosides, mono-, oligo- and polynucleotides or protease 
inhibitors as the ligand. 

ICN 
Immobilized amino acids, enzymes, hormones such as insulin and glucagon, and many other 

types of proteins, with agarose as the support material 

1.2.4.3. Spacers 
In general the matrix will not disturb the interaction between the substance 

to be isolated and a high molecular weight ligand, e.g. a natural enzyme 
inhibitor. In the case of small ligands, however, steric hindrance by the 
matrix may present a problem. 

Cuatrecasas et al. (1968) showed that the effectiveness of agarose-bound 
D-tryptophan methyl ester, in the purification of a-chymotrypsin, was highly 
improved by interposing ε-aminocaproic acid between the agarose and the 
ligand (fig. 1.20). 

Similar spacer effects were established in the purification of staphylococ
cal nuclease on pdTp-aminophenyl agarose derivatives (Cuatrecasas, 
1970b). Here the ligand is a relatively strong inhibitor (K,«¿10~6M). The 
positive effect of a spacer is more apparent in the case of ligands with low 
affinity. Steers et al. (1971) usedp-aminophenyl-ß-D-thiogalactopyranoside 
as a ligand for the purification of ß-galactosrdase (K,~10~3M). No binding 
was observed when the ligand was attached directly to the matrix. A very 
effective affinity column was obtained, however, by interposing a spacer, 
prepared by succinylating the 3,3'-diaminodipropylamine derivative of aga
rose. 

The spacer concept is not of recent origin. Zollinger (1961a) described 
improvement in the coupling yield of reactive dyes to textile fibres when a 
hydrocarbon chain is interposed between the chromophore and the reactive 
group. 

For the introduction of the spacer two different routes can be followed: 
coupling of the spacer to the matrix followed by coupling of the ligand to the 
matrix-spacer conjugate ('solid phase' approach), or initial synthesis of the 
spacer-ligand derivative followed by coupling to the matrix. Both methods 
are currently in use. 
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Fin 1.20 Affinity chromatography of α-chymotrypsin, influence of a spacer; after Cuatrecasas 
et al. (1968) Arrow indicates the point of change in eluent composition 

The choice of the optimum length of the spacer is far from simple, and is 
apparently very dependent on the ligand and the enzyme. A further complica
tion is that the effective length of a spacer need not to be the same as the 
calculated value for the totally extended arm (O'Carra et al., 1973). In the 
affinity chromatographic purification of staphylococcal nuclease, Cuatreca
sas (1970b) found that, after a certain length of the spacer had been reached, 
no further increase in the binding capacity was achieved by continued elonga
tion of the arm. The same phenomenon was found bij Collier and Kohlhaw 
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number of methylene groups in spacer 

Fig. 1.21 Binding of several dehydrogenases to NAD+.Sepharose (a) and of several kinases to 
ATP-Sepharose (b), as a function of spacer length. Binding strength expressed as KC1-
concentration (тм), required to elute the enzyme; after Lowe et ai. (1973a). 

( 1971) in the purification of apo-glutamic-oxalacetic transaminase with pyri-
doxamine 5'-phosphate bound through ana,co-diamino-alkyl spacer to aga
rose. Hipwell et al. (1974) investigated the effect of the spacer length on the 
binding of several dehydrogenases to N6- lo-aminoalkyl-AMP-Sepharose. 
Binding capacity again remained constant, after a certain spacer length had 
been reached. Incontrasi, Loweetal. (1973a) observed a different behaviour 
for several dehydrogenases on NAI>-Sepharose and for several kinases on 
ATP-Sepharose, in which α,ω-diaminoalkanes of varying length were used 
as spacers. The binding was weak to zero for spacers containing 4 or less 
methylene groups (0-5 Â). The binding increased substantially by elongation 
of the spacer from 4 to 8 methylene groups (5-10 Л), reaching a maximum at 
about 8, but then decreased when arms containing more than 8 methylene 
groups were used (Fig. 1.21). It has been suggested that the use of a spacer of 
at least 4 methylene groups is necessary to traverse some barrier (perhaps a 
hydratation layer of the matrix). Further elongation of the spacer results in 
decreasing steric hindrance by the matrix, and consequently an increase in 
binding. The decreased binding observed with longer spacers can possibly be 
explained by folding of the hydrocarbon chain back along itself. 
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Apart from hydrocarbon chain spacers (α,ω-diaminoalkanes; α , ω -
ammocarboxylic acids) several other, more hydrophilic types have been 
studied. Lowe and Dean (1974) and Lowe et al (1973a) investigated the 
effect of oligo-glycme spacers between agarose and NAD* on the binding of 
the two isoenzymes of lactate dehydrogenase The binding did not change in 
going from glycine to tetraglycine Kumazaki et al. (1976) described the use 
of glycylglycyl-L-arginine as an effective ligand-spacer combination for the 
purification of trypsin O'Carra et al. (1974c) reported the assembly of 
hydrophilic spacers on the solid support by reacting cyanogen bromide 
activated agarose sequentially with 1,3-diaminopropanol and the 
N-hydroxysuccinimide ester of bromoacetic acid Sundberg and Porath 
(1974) described the attachment of hgands to polysaccharides by means of 
bifunctional oxiranes In this case the hgand is separated from the matrix by a 
long hydrophilic spacer (fig. 1.22) 

JO - C H ^ - C H - C H ^ - O - i C H j ^ - O - C H j - C H - C ^ - X - R 

I I 
OH OH 

Fif> ¡22 X : NH.O, S 

The useof macromolecular spacer arms suchaspoly-DL-alanine, poly-DL-
lysine and poly-(L-lysyl-DL-alanme), which are relatively hydrophilic and the 
last two of which are suitable for multiple point attachment to the solid 
support Uf. Tessere/ al., 1972), has been described by several authors (Sica 
et al., 1973a,b;Cuatrecasasí-/a/ , 1973, Wilchek, 1973; Parikhp/ al., 1974b, 
Wilchek, 1974, Wilchek and Mirón, 1974b). Natural proteins have also been 
applied as macromolecular spacers Sica et al (I973d,b) and Schwarzberg 
(1976) used albumin, coupled to cyanogen bromide activated Sepharose in 
the presence of urea, to promote coupling in the unfolded state, which 
increased the possibility of multivalent binding to the matrix 

Jost and Yaron ( 1974) reported an interesting example in which the interfe
rence caused by the insoluble matrix was barely overcome, even with the use 
of a very long spacer Leucine aminopeptidase did not bind to the competi
tive inhibitor Thr(Bu' )-Phe-Pro coupled directly to Sepharose Due to a 
diameter of 5 4 nm for the enzyme subunit, a poly(DL-alanine)-spacer (80-90 
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alanyl residues) was interposed instead of the conventional 6-8 membered 
hydrocarbons. The affinity column, however, still did not bind the enzyme. 
Incontrasi, the inhibition potency of Thr(Bu')-Phe-Pro was not impaired by 
coupling to a soluble dextran of molecular weight 500,000. 

Talsky et cil. (1976) showed that spacers have influence, even with high 
molecular weight ligands. The flexibility of trypsin, covalently coupled to 
CM-cellulose, is only about the same as for soluble trypsin when a spacer 
longer than 6 methylene groups is interposed. 

Consideration of the foregoing facts indicates the need for more extensive 
investigations into the application of spacers and their effects. This is espe
cially important because of the serious non-specific adsorption that can be 
introduced by the spacer, and which will be discussed in chapter II. 

Commercially available materials 
Several pre-synthesized spacer-matrix derivatives can be purchased 

Pharmacia 
AH-Sepharose 4B and CH-Sepharose 4B (CNBr-activated Sepharose 4B coupled with 1,6-

diaminohexane or ε-aminocaproic acid respectively), epoxy-aclivated Sepharose 6B (prepared 
by reaction of Sepharose 6B with 1.4-bis-(2,3-epoxypropoxy-)butane). 

Merck 
Aminohexyl- and succinylated aminohexyl- and aminododecyl-cellulose (cf. Brummer, 1974). 

Sigma 
ε-Aminocaproic acid and 1,6-diaminohexane substituted agarose. 

Miles 
ω-Aminoethyl-, butyl-, hexyl-, octyl- and decyl-agarose, also available are poly-L-lysine-

agarose and poly-DL-alanine-poly-L-lysine-agarose and the succinylated analogues. 

P-L Biochemicals 
E-Aminocaproic acid and 1,6-diaminohexane substituted agarose. 

ICN 
Ethylenediamine, 1,6-diaminohexane, 3,3'-diaminodipropylamine and e-aminocaproic acid 

substituted agarose; also agarose-coupled albumin is available. 

Corning ¡Pierce 
Aminopropyl- and aminohexyl-substituted controlled pore glass beads. 

SERVA 
1,2-Diaminoethane and 3,3'-diaminodipropylamine substituted agarose and the succinylated 

analogues (Servachrom A-A 1, A-A 2, A-C 1, A-C 2); ammopropyl-glass beads (Servachrom 
G-550 aminopropyl). 
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Bio-Rad 
Aminopropyl and 3 З'-diaminodipropylamine substituted agaroses and the succinylated ana

logues Spacer arms are linked to the agarose matrix by ether linkages instead of the CNBr-
coupling 

1.2.4 4 Coupling methods 

1.2.4.4.1. Introduction 
The applicability of a certain coupling reaction depends upon the type of 

functional group(s) present in the matrix and the Iigand, the mechanical 
stability of the matrix and the chemical stability of the matrix and the Iigand. 
The functional group of the Iigand, involved in the attachment, should not be 
essential for the affinity of the Iigand. In the case of high molecular weight 
hgands, denaturation can introduce special problems The degree of substitu
tion which can be achieved should cover a certain range(> 2 μπιοΐε/πιΐ wet 
gel). The linkages formed should be stable under the conditions of coupling, 
adsorption and desorption, and should, ideally, have no adsorption proper
ties of their own The ideal situation would be avoiding the introduction of a 
connecting moiety, which is approached in the immobilization of enzymes by 
gel-entrapment (Zaborsky, 1973; Sal mona et al., 1974). 

Two general procedures are possible for the coupling reactions (fig. 1.23). 

(Matrix) 

-activation · 

Ligand M a t r i x 

Fig 121 Strategies for Iigand immobilization 
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Q-O-CH2-COOH
 C-^U Q-O-CH2-COOCH3

 H 2 N-N H 2 . 

U-O-CH2-CONH-NH2 N ° " ° 2 . Q-0-CH2-CON3 

JJ-0-CH2-CON3 + H2N-Protein —*· [J-o-CHj-CONH-Protein 

Fig. 1.24 

Introduction of a reactive group into the matrix ('activation'), followed by 
coupling with the ligand, or activation of the ligand, followed by coupling to 
the matrix. An eventual spacer can be similarly introduced by previous 
coupling to the matrix or by coupling the pre-synthesized spacer-ligand 
derivative. 

Pre-activation of the matrix offers a more universal procedure, avoiding 
the synthesis of a reactive ligand derivative for each specific case. It has the 
simultaneous advantages and disadvantages of solid phase syntheses. The 
excess of reactive groups should be blocked with non-interfering low molecu
lar weight compounds. Coupling of the pre-activated ligand to the support 
gives a more uniform and chemically well-defined affinity matrix. The former 
method, and several intermediate ones, are currently in use. 

1.2.4.4.2. Enzyme immobilization 
The first example of the covalent coupling of a protein to a solid support 

was described by Micheel and Ewers (1949), gelatin was bound to oxycellu-
lose by applying the Curtius azide method. Improved results were obtained 
by using carboxymethylcellulose (fig. 1.24). Mitz and Summaria (1961) ap
plied this method to the preparation of insoluble enzymes. 

Following Micheel and Ewers an impressive number of methods for the 
immobilization of proteins, on natural and synthetic polymers, has been 
described. Coupling is generally performed through the amino functions, or 
through the aromatic residues of histidine and tyrosine. 

Polymers, reactive per se, have also been developed. Levin et al. (1964) 
described the use of ethylene/maleic anhydride copolymers (fig. 1.5). A 
copolymer of methacrylic acid and methacrylic acid 3-fluoro-4,6-dinitro-
anilide was introduced by Manecke and Singer (1960), (fig. 1.25). 
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Especially in the case of natural polymers, generally polysaccharides, the 
reactive groups are introduced into the plain matrix The activation of cellu
lose by reaction with biomoacetylchlonde was described by J agendoti et al. 
(1963). Cyanunc chloride and derivatives (fig 1.26) have also been applied 
(Kay and Crook 1967; Kay etal., 1968; Wilson etat., 1968a, b; Kay and Lilly, 
1970; Wykes et al., 1971, in the case of synthetic polymers see Monkawaei 
al., 1976). Stasiw et al. (1970) described the coupling of Cholinesterase to 
paper by means of a reactive dye, Procion Brilliant Orange, which is based on 
cyanunc chloride. Activation of polysaccharides by means of cyanogen 
halides, especially CNBr, was introduced by Axcnet al. (1967; Poratheí al., 
1967; Axénand Ernback, 1971). A fairly recent review of chemically reactive 
derivatives of polysaccharides has been published by Kennedy (1974) 

CH3 CH3 CH3 CH3 

- C - C H 2 - C - C H 2 - -- - C - C H 2 - C - C H 2 -
1 1 I I 

COOH C = 0 COOH c = o 
I 
NH 

°2Η~Ύ*^ί\ H 2 N - P r o t e i n ^ ° 2 Ν ν , ^ 

•NH-Protein 

Fin 125 NO2 NO 2 

C\ CI 

N — { N — ( 

Π-ΟΗ • С І - С Л _ Π-Ο-f N 
N = < U N = < 

R R 

,CI .NH-Protein 

Π N — * π N — ^ 
И— О —^ N + H 2 N - P r o t e i n — ^ [ г 0 _ ^ N 

N = < R N = < R 

Fig 126 R= -CI,-NH2,-NHCH2COOH,-OCH2COOH 
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Ц-СООН + R-N=C=N-R 

î ' 
[]-C-0-C=N-R I 

NHR 

I R'NH2 

О 

Fig. ¡.27 Q-C-NHR' + (RNH)2-CO 

In many instances, however, functionalized polymers are used that can be 
activated afterwards. Diazotation of aminoaryl-supports was introduced at a 
fairly early date; e.g. p-aminobenzylcellulose (Campbell et al., 1951), 
p-aminobenzoylcellulose (Gurvich et al., 1962), poly-/7-aminostyrene (Grub-
hofer and Schleith, 1954). Conversion of amino-supports to isothiocyanato-
derivatives has also been described (e.g. Axén and Porath, 1966). Carboxylic 
functions can be activated by converting them to azide derivatives , as 
mentioned earlier, or by reaction with N, N'-substituted carbodiimides ( We-
liky and Weetall, 1965; fig. 1.27). The same reagent is used to synthesize 
active ester derivatives. 

Bifunctional reagents, developed for the insolubilization of proteins by 
means of intermolecular cross-linking (for a review see: Goldman e7 al. 1971), 
can also be used for the coupling of proteins to amino-supports (e.g. glutaral-
dehyde, Weetall, 1973). 

1.2.4.4.3. Ligand coupling in affinity chromatography 
Some of the methods used for the immobilization of enzymes have also 

been applied to the coupling of low molecular weight ligands in affinity 
chromatography. 
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Polysaccharides 
a) Cyanogen bromide activation 

CNBr-activation is the major method for ligand-immobilization in affinity 
chromatography. The activation is performed in alkaline medium at constant 
pH; the proposed mechanism for activation and coupling is presented in fig. 
1.28 (Axén and Ernback, 1971). In the case of agarose (fig. 1.9) C4-OH and 
C6-OH of the D-galactose units are involved in forming the cyclic imidocar-
bonate derivative. Cross-linking also occurs to a certain extent. Model stu
dies by Bartling et al. (1972). Ahrgren et al. (1972), Svensson (1973) and 
Broström et al. (1974) indicate an isourea type linkage between the amino-
ligand and the matrix. 

Several modified procedures have been developed in addition to the origi
nal procedure of Axén et al. ( 1967). Instead of using a pH-Stat device, buffers 
of high capacity have been applied (Porath et al., 1973a; March et al., 1974a). 
To facilitate rapid and easy handling of the CNBr, pre-dissolution in acetoni-
trile, iV-methyl-pyrrolidone or 15% (v/v) formic acid have been described 
(Marché7 al., 1974a; Nishikawaand Baiion. 1975a; Boon, see Gribnauf/a/., 
1977). 

The CNBr-activation has also been applied to synthetic hydroxylic poly-

OH 
agarose 

OH 

in~°4c /NH2 i 
I Lro/ NNHR I 

Fig. 1.28 
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mers (Turkováí7íj/ , 1973). Here, however, the formation of acyclic imido-
carbonate seems highly improbable (cf. fig. 1.12). 

Schnapp and Shahtin (1976) described the activation of amine supports 
with CNBr. A guantdinium bond between the ligand and the matrix is as
sumed in this case. 

b) Bifunctional reagents 
Porath and Fornstedt (1970) reported on the coupling of arginine and 

sulphanilic acid to agarose, using epichlorohydnn as the coupling agent. 
More recently, bifunctional oxiranes were applied to the activation of agaro
se, introducing hydrophilic spacers with a reactive epoxy-function (Sund-
berg and Porath, 1974, 1976; Porath, 1974) Ligands containing NH2 , SH, or 
OH functions can be attached in this way, through stable secondary amino, 
thio-ether or ether bonds respectively (fig I 29). Although cross-linking 
occurred, no impairment of the permeability up to 106 daltons was reported 
(Porath, 1973). 

Activation of agarose with divinylsulphone was described by Porath (1974; 
see also Sairam?/ al., 1974; Sairam and Porath, 1976). Ligands bearing OH or 
NH2 groups have been coupled in this way, the stability of the linkage in 
alkaline medium (pH 8 or higher) is, however, rather limited. 
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с) Oxidation 
Oxidation of suitable polysaccharides with aqueous sodium metaperiodate 

or lead tetra-acetate introduces aldehyde functions into the polymer (Guth
rie, 1961 ; Gal'braikh and Rogovin, 1971 ; Kennedy, 1974). The mechanism of 
this reaction is identical with that for the oxidation of low molecular weight 
1,2-glycols, although the preferred m orientation seems to be unnecessary. 
The dialdehyde functions so formed can be used for coupling with amino-
ligands. Sanderson and Wilson (1971) coupled bovine serum albumin to 
periodate oxidized cellulose, Sephadex and Sepharose; the coupling is follow
ed by subsequent reduction with sodium borohydride (fig. 1.30). Flemming 
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et al. (1973a, b, с; 1974a) have reported the coupling of enzymes to cellulose, 
dextran and agarose in a similar manner. 

Parikhei al. (1974b), and Junowicz and Charm (1976) described the coup
ling of low molecular weight ligands to periodate-oxidized polysaccharides. 
Primary amines form Schiff bases, which can be reduced subsequently with 
sodium borohydride or sodium cyanoborohydride. 

Cellulose and dextrans consist of glucopyranose units with vicinal hy-
droxyl groups, which are available for periodate oxidation (figs. 1.4, 1.8). 
Agarose, however, consists of galactopyranosyl and 3,6-anhydrogalacto-
pyranosyl residues, linked alternately (1-3,1-4), thereby having no vicinal 
hydroxyl functions (fig. 1.9), except when the agarose chains are started with 
D-galactose or terminated by D-galactose or 3,6-anhydro-L-galactose. Con
sequently the attainable degree of 'activation' will be low for Sepharose 
compared with cellulose or Sephadex. This is in agreement with the results of 
Parikhef al. (1974b) and, Junowicz and Charm (1976), and with the fact that 
CNBr-activation or periodate-oxidation results in a comparable degree of 
ligand-substitution for Sephadex; CNBr-activated Sepharose has a much 
higher binding capacity than periodate-oxidized Sepharose (Sanderson and 
Wilson, 1971). 

In conclusion it should be mentioned, that the formation of intra- and 
intermolecular hemiacetal structures during the oxidation may cause an 
early termination of the reaction (Guthrie, 1961 ; Kennedy, 1974), and that the 
oxidation of even a small number of 'glycol groups' to dialdehyde functions 
drastically lowers the stability of the glycosidic linkages under acidic and 
alkaline conditions (Gal'braikh and Rogovin, 1971). 

Polyacrylamide 
Inman and Dintzis (1969) have developed methods for the introduction of 

functional groups into polyacrylamide-matrices (fig. 1.31). The hydrazide 
derivative can be converted easily into the corresponding azide, which then 
permits coupling with amino-ligands. 

The generation of carboxylic functions during the aminoethylation (8%) 
and the hydrazinolysis (2-3%) procedures, may introduce some undesired 
ion-exchange properties. Shrinkage of the beads during the derivatization 
reactions, presumably due to cross-linking, has been reported by Cuatreca-
sas (1970b) and Steers et al. (1971). Brough et al. (1976), therefore, applied 
dihydrazides of longer chain lengths (succinic dihydrazide; mucic acid dihy-
drazide, H2N-NH-CO-(CH2OH)4-CO-NH-NH2), thereby reducing the shrin
kage. 
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Polyacrylamide matrices, reactiveper se, have been described by Eigel et 
al. ( 1974) and Schnaarand Lee (1975); they were prepared by copolymenza-
tion of acrylamide with p-nitrophenyl-, jV-succinimidyl- or /V-phtali-
midyl-acrylate bacile control of the porosity as well as the level of reactive 
group incorporation, are reported to be the advantages. 

Роют filas s 
When glass supports are used, the material is pre-reacted with silane 

derivatives to facilitate the introduction of suitable functional groups, e.g. 
γ-aminopropyl-triethoxysilane (fig 1.32, Weetall, 1973, Weetall and Filbert, 
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1974; Baum and Wrobel, 1975). Silanes containing various organic functional 
groups (reactive per se, or readily to be activated), for example: -CH 2CN, 
-CH2-CH-CH2, -CH2NH-CO-4>-NH2, are commercially available (Weetall, 

1973; Lynn, 1975). 
A major draw-back of glass, is its rather high non-specific binding capacity, 

which can be diminished appreciably by covalently coating with dextran or 
glycerol (see 1.2.4.1.). In this case the described procedures for the activation 
of polysaccharides can be adopted. Even CNBr-activation of the glass sur
face itself has been described (Weetall and Detar, 1975). Although the me
chanism itself remains unclear (analogy to the cyclic imidocarbonate structu
res in polysaccharides has been proposed) the binding capacity of the activa
ted glass is significantly different from that of untreated glass. 

It will be apparent that all of the so-called primary derivatives of solid 
supports can be converted into a wide variety of further derivatized matrices. 
Amino-alkyl substituted supports for example, can be treated with succinic 
anhydride; the resulting COOH group can then be coupled with amine 
ligands in the presence of carbodiimide (Cuatrecasas, 1970a,b). If 
N-hydroxysuccinimide is coupled in this manner, a reactive support is ob
tained, which can be stored under appropriate conditions (Cuatrecasas and 
Parikh, 1972). Useful 'secondary' derivatives can also be prepared by reac
ting periodate oxidized agarose with succinic or adipic acid dihydrazides, 
followed by reduction with sodium borohydride (Parikh et al., 1974b; Juno-
wicz and Charm, 1976). 

Examples of the coupling of pre-activated ligands to plain polysaccharide 
matrices are rather limited. McCormick (1965) coupled biotin (fig. 1.3) to 
cellulose, after pre-conversion into its acid chloride. The coupling of 'reac
tive dye ligands' (cf. 1.2.4.2), and the coupling of activated lysine to Sepharo-
se, for the affinity chromatography of plasminogen (Schroeder, 1976) are 
more recent examples. 

The coupling of pre-synthesized spacer-ligand derivatives to activated 
supports is a more widely used procedure, especially in the case of cofactor 
ligands (Lowe and Dean, 1974; Guilford, 1973, 1974; Lee and Kaplan, 1977). 

Oxidation of glycoproteins and nucleotides with sodium metaperiodate has 
been used for the coupling of these ligands to supports, bearing hydrazide or 
primary amino functions (Lamed et al., 1973; Seela and Waldek, 1975; 
Junowicz and Charm, 1976). 

Hofmann and Kiso (1976) used the very high affinity of biotin for avidin, 
( K d l s s » i 10~15м) in the immobilization of corticotropin (1-24). The latter was 
converted into the biotinyl derivative, and complexed with avidin-Sepharose 
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(cf. Bodanszky and Bodanszky, 1970). The low avidin content of the avidin-
Sepharose, prepared via CNBr-activation, was highly improved by applica
tion of the newly developed FCP-activation procedure, described in section 
Ш.4.1.4. (cf. Hofmann et al., 1977). 

Commeriiallv available materials 

Pharmac ia 
CNBr-activated Sepharose 4B and 6MB, epoxy-activated Sepharose 6B and activated CH-

Sepharose 4B (the V-hydroxysuccinimide ester of CH-Sepharose 4B) 

Merck 
Carboxymethylcellulose hydrazide 

Miles 

Bromoacetylcellulose (ВАС), ra-aminobenzyloxymethylcellulose (ABMC) and carboxy
methylcellulose hydrazide (Enzite-CMC hydrazide) 

P-L Bioihemicah 
V-hydroxysuccinimide ester of succinylated aminopropyl-agarose (Cuatrecasas and Parikh, 

1972). 

ICN 
Adipic acid dihydrazide substituted agarose (Lamed el al , 1973) 

Corning/Pierce 
/V-hydroxysuccinimide or p-nitrophenyl-ester of succinylated aminoalkylglass (CPG/NHS, 

CPG/PNP). ;V-hydroxysuccmimide-Glycophase and CPG/stable diazonium salt (Si-O-
(CH,),NH-CO-<t>-N*2BI - 4 ) . 

SERVA 
p-Aminobenzylcellulose (Servacel PAB 23), p-aminobenzoyl-3,3'-diaminodipropyl-

amine-agarose (Servachrom A-PAB) 

Bio-Rad 
Affi-Gel 10 (iV-hydroxysuccinimide ester of succinylated aminoalkylagarose; ether-linkage 

with the support instead of CNBr-couphng); hydrazide and aminoethyl Bio-Gel Ρ (Polyacryl
amide derivatives according to Inman and Dintzis (1969)). 

Koch-Light 
Spheron ArA 1000 (aminoaryl-polyhydroxyethyl-methacrylate; cf. Turková et al. (1973)). 

More suitable for enzyme immobilization than for affinity chromatography. Enzacryl AA 
(aminoaryl-substituted Polyacrylamide), Enzacryl AH (Polyacrylamide with reactive hydrazide 
functions), Enzacryl Polythiolactone and Enzacryl Polyacelal. 

Аткоп 
Matrex 102 (N-hydroxysuccinimide ester of carboxylated nylon-type beaded polymer). 
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1.2.4.5. Degree of substitution 
The degree of substitution attainable by the affinity matrix is influenced by 

several parameters: number of reactive groups in the matrix after activation, 
ratio amount of ligand/amount of activated matrix, ratio amount of activated 
ligand/volume of the coupling solution, accessibility of the reactive groups, 
difference in hydrophilicity of the activated matrix and the ligand, charge of 
the activated matrix and of the ligand, polarity of the coupling solution, ionic 
strength, pH, temperature and reaction time. Similar parameters influence 
the number of reactive groups which can be introduced during the activation. 

Relatively few systematic studies have yet been published. Coupling of 
glycylleucine or alanine (pKa 9.6-9.7) to CNBr-activated Sephadex G-25 and 
Sepharose, as a function of pH, shows optimal coupling at pH 9.5 (Axén^í 
al., 1967;Cuatrecasas, 1970b). AtlowerpH values the amount of unprotona-
ted amino functions, necessary for coupling, is still too low; at higher pH 
values the competition with hydrolysis of the reactive groups is less favor
able. Kâgedal (1974) reported a linear relationship between the pH-optimum 
for coupling and the pKa of the conjugated acid of various amines. 

The influence of the ratio ligand/activated matrix has been described by 
Cuatrecasas (1968) and several other authors. It has been more thoroughly 
studied during enzyme immobilization. Smith and Lenhoff (1974) investiga
ted the coupling of amino acids and proteins to cellulose carriers, activated 
with cyanuric chloride, and included parameters such as pH, charge of the 
protein and the matrix, temperature and ratio ligand/activated matrix. Simi
lar studies with CNBr-activated agarose have been published by Stage and 
Mannik(1974). 

1.2.4.5.1. Determination of the degree of substitution 

Indirect methods 
The amount of ligand coupled to the solid support can be calculated from 

the difference between the total amount of ligand added to the coupling 
mixture, and that recovered after the coupling. The accuracy of this method 
is rather low, especially when only a small proportion of the added ligand is 
coupled. 

If the matrix contains carboxyl or amino functions as functional groups, to 
which a ligand with an amino or carboxyl group, respectively, is coupled, the 
degree of substitution may be determined by titrating the gel before and after 
coupling (Hixson and Nishikawa, 1973). 

Direct methods 
In the direct methods the amount of ligand or ligand-derivative is deter-
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mined by analysis of the intact gel itself, or of the solubilized gel, or by 
detei mining the amount of ligand or hgand-denvative, after detachment from 
the gel. 

a) Analysis without destruction of the affinity matrix 
Charged ligands can be determined by titration of the gel. When an other

wise uncharged amino-ligand is coupled to a CNBr-activated gel, isourea 
linkages are formed, with a pK, of about IO(Josti j/«/., 1974). Titration of the 
affinity matnx, in combination with a suitable blank, again offers a feasible 
method for the determination of the amount ol ligand coupled (Jost et al., 
1974; Yon and Simmonds, 1975; Simmonds and Yon. 1976. Hofstee, 1974a). 

UV-absorption spectrophotometry of the intact affinity gel, based on 
agarose, has been described by Lowe and Dean (1974) and Koelsch et al. 
(1975) Settled suspensions of the substituted matrix, in ethylene glycol, 
glycerol, or watei, are measured against unsubstituted matrix. Good results 
are obtained if the ligand absorbs at wavelengths above 250-260 nm. Koelsch 
et al. (1975) also applied fluorescence spectroscopy to the intact gels. The 
methods are only applicable when the connector group exhibits no disturbing 
absorption or fluorescence In case of non-absorbing ligands, introduction of 
a chromophonc gi oup can be performed by reaction of the substituted matrix 
with 2.4,6-tnnitrobenzenesulphonate (Inman and Dintzis, 1969; Cuatreca-
sas, 1970b), providing that free amino groups on the ligands are available. 

When radioactive ligands are coupled, determination of the degree of 
substitution can be performed by suspending the affinity gel in a suitable 
scintillation fluid, followed by counting. 

If the ligands contain free sulphydryl groups, the degree of substitution can 
be determined by titration with 5,5'-dithio-bis-(2-nitrobenzoic acid) (Ell-
man's reagent), oi with 2.2'- or 4.4'-dipyndyl disulphide (Ellman, 1959; 
Cuatrecasas, 1970b, Brocklehurst and Little, 1973). For each mole of thiol 
groups one mole ol thionitrobenzoate or thiopyndone is liberated, which can 
be measured spcctrophotometncally. 

Werber ( 1976) found that the isourea linkage, m the case of CNBr coup
ling, is a good nucleophile toward p-nitrophenyl acetate Determination of 
thep-nitrophenolate released, resulted in values for the degree of substitu
tion in agreement within \59c with the results derived from Potentiometrie 
titration, the latter method required 20-fold more material. The same reagent 
can be used when suitable ammo functions are available in the coupled ligand 
molecules. 

b) Analysis by detachment of the ligand 
Reductive detachment of the ligand from the support can be performed in 
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case of azo- or disulphide-linkages; sodium dithionite and ß-mercapto-
ethanol or dithiothreitol have been used respectively (Cuatrecasas, 1970b); 
Brocklehurst et al., 1973). This procedure has also been used to determine 
the point of attachment, when the ligand is coupled through an azo-bond 
(Venterà al., 1975). 

If the ligand is coupled to the matrix through an ester, thioester or amide 
bond, where the carbonyl-moiety is part of the ligand, reaction with 
hydroxylamine results in the liberation of a soluble hydroxamic acid deriva
tive; these compounds can be determined colorimetrically at 500 nm, follow
ing complexation with FeCl3 (Wolpert and Ernst-Fonberg, 1973). 

c) Analysis after, or with concurrent destruction of the affinity matrix. 
Elemental analysis of the dried affinity matrix presents a very simple 

method, and gives accurate values for the degree of substitution, especially 
when the ligand contains element(s) not already present in the matrix-
connector-spacer conjugate; for example with phosphorus or sulphur contain
ing ligands. It is possible occasionally to introduce them afterwards by 
reacting the affinity gel with a suitable reagent. In the case of monovalently 
coupled diamines {cf. III.4.2), introduction of sulphur was achieved by 
reaction with methylsulphonylethyl succinimido carbonate (Msc-ONSu; 
Tesser and Balvert-Geers, 1975). 

U V-absorption spectrophotometry is usually performed following dissolu
tion of the affinity gel. Unsubstituted agarose dissolves readily in water at 
40°C or higher. Dissolution of the substituted agarose often requires more 
drastic conditions because of a certain degree of cross-linking resulting from 
the derivatization reactions. According to Failla and Santi (1973) optimum 
results are obtained with 50% acetic acid or 0.1-1 N NaOH (containing 0.1% 
NaBH4). Unsubstituted agarose, treated in this way, gives solutions, trans
parent at wavelengths above 350 nm, and with only minimal absorption 
between 240 and 350 nm. 

Rosengren et al. (1975) reported a method for the determination of the 
amount of alkyl or phenyl groups in derivatized agarose, based on NMR 
analysis of the material, following dissolution by heating under reflux in 85% 
formic acid. 

When the ligand is a protein or peptide, prolonged hydrolysis in 6 N HCl at 
110°C, followed by amino acid analysis, is one of the methods used to 
determine the degree of substitution. Enzymatic digestion, for example with 
pronase (Cuatrecasas, 1971), can be applied in the case of oligopeptides. 

Tyrosine containing proteins can be determined directly by applying the 
Lowry reaction to the intact affinity gel. The reduced phosphomolybdate 
complex, the result of the reaction between the so-called Folin-Ciocalteu 
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reagent and the protein, diffuses freely out of the support and can be measu
red spectrophotometrically in the clear supernatant (Koelsch et al., 1975). 

1.2.4.5.2. Influence of the degree of substitution on the chromatographic 
performance of the affinity gel 

The amount of ligand coupled to the matrix is an important factor in the 
final performance of the affinity column. It is generally assumed that the 
binding capacity of an affinity matrix increases with increasing degree of 
substitution; and that decreasing values of the affinity constant can be com
pensated for by increasing the amount of ligand coupled. There will be, 
however, a growing number of inaccessible and therefore ineffective ligands, 
with increasing degree of substitution. This is most clearly demonstrated in 
the case of immobilized enzymes, where the relationship between enzyme 
content and relative activity shows an optimum (see, for example, Manecke 
and Vogt, 1976). 

An increasing degree of substitution can also lead to a decreasing specifi
city of the affinity column. Kalderon et al. (1970) noted a loss in specificity 
during the purification of acetylcholinesterase with increasing ligand content 
of the matrix. Similar effects were reported by Schmidt and Raftery (1972, 
1973) in the purification of acetylcholine receptors. An affinity matrix for 
trypsin (p-aminobenzamidine substituted Sepharose) lost its selectivity be
tween trypsin and chymotrypsin at high degrees of substitution (cf. chapter 
VI). O'Carra (1974b) advises substitution levels of about 2 micromoles/ml 
wet gel to avoid non-biospecific interferences. 

Lowe et al. (1973a) found that the binding strength of lactate dehydroge
nase to N АЕУ-Sepharose, determined as the concentration of KCl necessary 
forelution of the enzyme, increased initially at increasing degree of substitu
tion, reaching a plateau at about 2 μΓηο1εΝΑΟ+/ιη1 gel. Harvey et al. (1974a) 
found a linear relationship between binding strength and degree of substitu
tion (in the range 0-4 цтоіе/ті gel) for malate dehydrogenase, lactate dehy
drogenase and glycerokinase for 5'-AMP-Sepharose. The amount of protein 
bound (binding capacity) increased initially with increasing degree of substi
tution, and then finally reached a plateau. The amount of enzyme 
bound^mole of ligand decreased with increasing substitution (in agreement 
with the remarks at the beginning of this section). 

The overall ligand-concentration of an affinity matrix can be lowered by 
decreasing the degree of substitution or by dilution with unsubstituted ma
trix. Harvey et al. (1974a) found similarly shaped curves for binding strength 
versus ligand concentration in both cases; the non-homogeneously diluted 
columns, however, generally showed higher binding strength, probably due 
to a higher local ligand-concentration. 
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The distribution of protein ligands throughout Sepharose beads has been 
investigated by several authors. David et al. (1974) showed, by means of 
radioautography, that the coupling of bovine lactoperoxidase (MW 78,000) to 
CNBr-activated Sepharose 4B, resulted only in a coating of the beads. Stage 
and Mannik (1974) found, using an immunofluorescence technique, that IgG 
(MW 150,000) and IgM (MW 900,000) were bound homogeneously through
out Sepharose 4B beads. Lasch et al. (1972, 1975) studied the distribution of 
ferritin (MW 540,000) and leucine aminopeptidase (MW 326,000), coupled to 
CNBr-activated Sepharose 6B, by means of immunofluorescence and elec
tron microscopy. Homogeneous distribution or formation of a shell-like layer 
around a protein free core was observable, depending upon the degree of 
activation (amount of CNBr used) and the amount of protein, added during 
the coupling. 

1.2.4.6. Adsorption and desorption 
The conditions used in the adsorption of the crude sample to the affinity 

column, are determined by the optimum conditions for complex formation 
between the ligand and the compound to be isolated. Ionic strength, pH, 
temperature and the presence of certain metal ions all play an important role. 
In principle, these conditions can be adopted from experiments in solution, 
and optimized afterwards for the immobilized system. 

The impurities are washed away by means of the initial eluent, or using 
more drastic conditions, provided that the biospecific complex remains 
intact. 

Desorption of the desired substance can be achieved in several ways: 

Non-specific 
Dissociation of the complex is usually performed by changing the pH 

and/or the ionic strength of the eluent. Detergents, unfolding agents (urea, 
guanidine hydrochloride), or chaotropic ions ( I - , SCN") can also be used, 
although the possible risk of denaturation should be considered carefully. A 
temperature gradient can be used to obtain desorption of the desired sub
stance when intense temperature-dependent binding occurs. Harvey et al. 
(1974b) have described the resolution of a mixture of dehydrogenases and 
kinases on a 5'-AMP Sepharose column, using temperature gradient elution. 
Similar temperature effects have been studied by Lowe and Dean (1973) and 
Cornerei al. (1975). Hsu et al. (1976) used temperature effects for the affinity 
chromatographic separation of lectins on plain Sepharose. 

In the purification of cobalamin-binding proteins, the ligand itself was 
temperature-dependently bound to the matrix by complexation with an im
mobilized amine (Nexq, 1975). This was done to avoid drastic elution condi-
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tions, necessary because of the high affinity of the proteins to cobalamin 
(K«ss= 10" M-') 

Similarly, hgands bound to a matrix through azo- or disulphide-hnkages, 
can be used in the affinity chromatography ot labile proteins. Relatively mild 
conditions can be used for the detachment of the hgand-protein complex 
(Cuatrecasas, 1970b, Brocklehurst et al , 1973; Sweet and Adair, 1975). 

The need for strong denatui ing agents for elution, because of high affinities 
(KdS,= 10 lo-1012 M~'), also presents a problem in immunoaffinity chromato
graphy Slight chemical modification of the immobilized hgands, e g. by 
reaction with 2-hydroxy-5-nitrobenzyl bromide, permits less drastic elution 
conditions (Murphy, 1974, Murphy et al , 1976). 

Specific 
Specific elution is performed by adding the soluble ligand, or another 

competitive analogue, to the eluent ('competitive counter-ligand bioelution", 
O'Carra. 1974a). 

In the case of'general ligands'.suchas nucleotides (see I 2 4 2 ) . pulses of 
reduced or oxidized colactors, at the appropriate concentrations, o r a linear 
gradient can be used for the specific elution ofamixtuie of enzymes bound to 
the same affinity column (Mosbach et al , 1972, Lowe and Mosbach, 1974). 

A more advanced method utilizes the ability of certain enzymes to form 
ternary complexes with substrates (or analogues) and cofactors O'Carra and 
Barry (1972) found that lactate dehydrogenase binds to an oxamate-
substituted column (oxamate is a pyruvate analogue) only in the presence of 
the cotactor N ADH Subsequent omission ot N ADH from the eluting buffer 
resulted in almost immediate detachment of the enzyme from the affinity 
matrix Lowe et al (1973b) have described the influence of I -threonine on 
the resolution of ι -threonine dehydrogenase on a N AD+-Sepharose column. 

Double ternary complex formation has been applied by Lange and Vallee 
(1976) to the purification of liver alcohol dehydrogenase The enzyme is 
bound to an inhibitor column, only in the presence of NAD + . Removal of 
NAD+ from the eluting buffer results in a dissociation of the ternary complex 
and the enzyme is released slowly A more rapid elution is achieved by 
simultaneous omission of NAD + and addition of ethanol Here the ethanol 
competes with the inhibitor, and the enzyme is detached as a second ternary 
complex. 

The final result of an affinity chromatographic separation is not determined 
solely by biospecific factors. Parameters, playing a role in every chromato
graphic process, such as column length, column diameter and flow rate, are 
of equal importance in affinity chromatography. Lowe et al (1974a) have 
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reported a systematic study of the binding of glycerokinase and lactate 
dehydrogenase in relation to column geometry and dynamics. 

1.2.5. Theoretical and quantitative aspects of affinity chromatography 
Theoretical treatments of the affinity chromatographic process, appearing 

quite recently in the literature, are based on the theory of gel chromatography 
combined with enzyme kinetics. In a first approximation only equilibrium 
relationships were applied. 

The interaction of an enzyme with an immobilized inhibitor can be repre
sented schematically as follows, analogous to the method of Dunn and 
Chaiken(1974a,b): 

E + LM ' I I 

E ± ? E + Ш ^ E-LM II 

E : free enzyme 
LM : ligand coupled to the matrix 
E : free enzyme present in the matrix beads 
E-LM : enzyme reversibly bound to LM 

When using Sepharose, with an approximate exclusion limit of 4-40· IO6 

(Pharmacia, 1969), and enzymes with considerably lower molecular weights, 
the amount of enzyme bound to the outer surface of the beads will be 
negligible compared with the amount of enzyme bound in the interior. Thus 
only the equilibria according to II will be considered. Steric hindrance of the 
'entering' enzyme molecules by the enzyme molecules already bound is also 
neglected. The dissociation constant of the enzyme-inhibitor complex is 
given by: 

K _ [E] [LM] 
К ш - ΓΕ-LMl ( 1 ) 

For normal gel chromatography (Determann, 1968): 

Ve = V0 + K d V , (2) 

Ve : elution volume of the enzyme 
V0 : void volume (volume outside the gel beads) 
V, : internal volume of the gel beads 
Kd : distribution coefficient (Kd = [E]/[E]) 

In affinity chromatography there is an additional interaction between the 
enzyme and the gel beads, due to the presence of ligands: 
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V ' , = V0 + Ki-V, (3) 

K , _ [E-LM1 + [£] 

K t I/" . liiy Ы | | _l f/- / c\ 
d — —TFÌ— 

(5), (3),(2),(1): 

V'e = Ve + (Ve - V0) · -i^MI (6 ) 

The increase in elution volume, in the case of ligand-enzyme interaction, is 
proportional to the degree of substitution and inversely proportional to the 
dissociation constant. 

For an unsubstituted matrix (1LM1 = 0), V'c is equal to Vc. If Ve = V0, 
which means that the enzyme is totally excluded from the interior of the gel 
beads, V'e = Vc; this corresponds with the fact that interaction with the outer 
surface of the beads was neglected. 

Equation (6) also gives a quantitative basis to the statement, made earlier 
(1.2.4.5.2.) that with decreasing affinity of the ligand the degree of substitu
tion should increase, to obtain retardation. 

Equation (6) can also be written as follows: 

V', , _ (Ve - Vo) . [LM1 ,, , 

v T - 1 — Ч Г "к^; (6a) 

In the case that V c » V0 , (6a) can be simplified to: 

Xl-i = M l ( 6 b ) 
Ve Кш 

Equation (6b) is essentially the same expression as derived by O'Carra 
(1974a): 

Rblo = [Im]/KIm (Im = LM and K[m Ξ К Ш ) (6c) 
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Retardation due to biospecific interaction (Rblo) is made equivalent to the 
elution volume of the enzyme (V'e) expressed in column-volume units (Ve;c/. 
O'Carra and Barry, 1972) minus one unit, representing the initial break
through volume through which even a completely unretarded substance must 
pass (O'Carra et al., 1974b). The derivation of a similar expression by Lowe 
et al. (1974c) must be considered as incorrect. 

The enzyme can be eluted from the affinity column by adding a soluble 
ligand or another competitive inhibitor to the eluent. This can be represented 
schematically as follows (cf. Dunn and Chaiken, 1974a,b): 

E ^ t : 

+ 

С 

H 

ЕС 

E 

+ 

£ 

H 

ЕС 

+ LM S ^ E L M 

С С, ЕС. and ЕС represent the competitive inhibitor and its enzyme complex 
in- and outside the beads respectively. Expressions analogous to (6) and (6b) 
can be derived in the following way: 

к - [ E ] [ C ] (Ъ 
K c ~ ЦсГ ( 7 ) 

= LEI + [£CJ + ÍE-LM1 (q) 
d [EJ + [EC] ( ' 
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K d + K d - i m + K d . lEzLMl 
к ' - ί Ε ] iE] ( 1 0 ) 

Kd rjHCf ( 1 0 ) 

[E] 
(10), (1), (7), (8): 

v , _ K„(l + [Cl/Ki.) + K d -[LM|/K m 
K d ~ ι ; [ C I / K C

 ( l l ) 

In the case of low molecular weight competitive inhibitors it does not seem 
unreasonable to assume that: [£] = [CI and KL = K c; and therefore: 

К Л Ш ] / К Ш 

Kd = Kd + (12) 
1 + [C]/Kt 

(12), (2), (3): 

V c = VC+(VC-V0)-%MI . *ƒ (13) 

or 

v ; « _ (Ve - VQ) , [LM] . K C 

Ve Ve K,M Kc + [C] У ' 

if V e » V 0 : 

R - v 'e ι -I-LM1 · K r 

Rb,»- - ν Γ " ' - Ί ζ 7 Kc + [Cl ( I 3 b ) 

The retardation, as expected, is reduced by the presence of the competi
tive soluble ligand, and depends upon the relative concentrations and disso
ciation constants of the immobilized and soluble ligands. 

Similar approaches have been described by Nishikawa«?? al. ( 1974; see also 
a preliminary note: Hixson and Nishikawa, 1971) and by Porath (1974; Porath 
and Kristiansen, 1975). 

The advantage of this rather simple model is that the theoretical expres-
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sions can be readily interpreted experimentally. This is in contrast with the 
more rigorous, but relatively complex models developed by Wankat (1974), 
Graves and Wu (1974) and Denizot and Delaage (1975), which take into 
account parameters such as diffusion rate, reaction rate, flow rate, and steric 
hindrance by enzyme molecules already bound. 

Equation (13) can be rearranged to: 

A plot of l/(V'e - Ve) as a function of [C] should be linear with an intercept 
equal to Ρ and slope equal to Q. K c equals P/Q, and Kt,M can be obtained from 
P. 

In the case of Staphylococcal nuclease/nucleotide and bovine pancreatic 
RNase/nucleotide interactions, the chromatographically derived constants 
are in good agreement with the values determined by kinetic experiments in 
solution (Dunn and Chaiken, 1974a,b; 1975; Chaiken and Taylor, 1975, 1976). 
Similar experiments with trypsin on immobilized ligands have been de
scribed by Kasai and Ishii (1975b). 

Brodelius and Mosbach (1974, 1976) reported a somewhat different ap
proach for the determination of dissociation constants by means of affinity 
chromatography. A number of lactate dehydrogenases, with known values 
for the Kdlv, with NADH, was chromatographed on an AMP-Sepharose 
column. The known Kd,„ values were plotted as a function of the concentra
tion of NADH, necessary for elution, and demonstrated a linear relationship. 
Values of KdlS!, for other lactate dehydrogenases could be determined with 
this calibration curve. Conversely, when working with one enzyme, it is 
possible to determine KdlSi, values for different cofactors and analogues, again 
after calibration. 

Affinity chromatography has also been used for mechanistic studies. 
O'Carra and Barry (1972) confirmed the compulsory order of substrate 
binding to lactate dehydrogenase; the cofactor NADH binds first and is 
followed by the substrate pyruvate. This was proven by the fact that the 
enzyme had no affinity for oxamate-Sepharose (oxamate is an analogue of 
pyruvate) in the absence of NADH, but did bind in the presence of this 
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cofactor. Other mechanistic studies have been described by O'Carra et al. 
(1974a), and by Akanuma et al. (1971). 

1.2.6. Related techniques and recent developments 
Techniques, more or less related to affinity chromatography have been 

developed, and several types of interaction between molecules have been 
emphasized. 

¡.2.6.1. Solid phase immunoassay; immobilized enzymes 
Labelled immunoassays (LIA) are currently used in many clinical labora

tories to determine low concentrations (ng-pg range) of various compounds 
(hormones, drugs, vitamins). The most popular method is the radioimmu
noassay (RIA) in which the antigen carries a radioactive label. 

A necessary step in most competitive binding immunoassays is the separa
tion of free from antibody-bound antigens. This is generally achieved by 
treating the incubation mixture with adsorbents (charcoal, dextran-coated 
charcoal, ion exchange resins), capable of binding the free antigen only. In 
the double antibody technique, a second antibody, capable of forming a 
precipitating complex with the first one, is applied. In the event of the 
complex not being precipitated, a polymer-bound second antibody can be 
used. Direct application of the original (first) antibody, covalently bound to a 
solid support, makes secondary separations unnecessary, however, since 
antigen binding and separation of free from bound antigen occurs simultane
ously (Line and Becker, 1975). 

Recent developments in the field of immobilized enzymes are concerned 
with new types of polymers, new immobilization techniques, investigations 
into the kinetic and mechanistic aspects of immobilized enzymes, and the 
exploration of alternative applications (see for example Mosbach, 1976a,b; 
Manecke,c. i . , 1976; Weetall, 1975; Sal mona e t al., 1974). 

The immobilization of enzymes on magnetic supports (Gellfand Boudrant, 
1974; Chaplin and Kennedy, 1976) was an interesting development, which 
made rapid separation from the reaction mixture easier. Thorough mixing, 
without internal mechanical devices, by using an alternating magnetic field, 
and application in fluidized-bed reactors are additional advantages. 

The advantages of the application of immobilized enzymes are somewhat 
limited when a cofactor is needed for the final activity; the latter is generally 
added in solution. Gestrelius et al. (1975) described the immobilization of 
alcohol dehydrogenase on NAD+-substituted Sepharose. The resulting im
mobilized enzyme did not require soluble coenzyme for its activity; the 
reduced coenzyme formed after the oxidation of ethanol to acetaldehyde, 
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was re-oxidized by adding lactaldehyde (see also: Mânsson et al., 1976). 
The application of immobilized enzymes in analytical chemistry, led to the 

development of enzyme electrodes, enzyme thermistors and the use of 
enzymes bound to the inner surface of nylon tubes in automated analysis 
systems. For example, a glass electrode coated with a layer of immobilized 
urease has been applied to the determination of urea in body fluids (Guibault, 
1971; 1975; seealsoSalmona.era/., 1974). An enzyme thermistor, consisting 
of a thermistor embedded in a column, filled with an immobilized enzyme, 
has been described by Mosbach et al. (1975). Linear relationships between 
the temperature changes recorded, and the substrate concentrations were 
found in the case of glucose oxidase, penicillinase, trypsin and urease. Inman 
and Hornby (1974) described an automated analysis of sucrose, maltose and 
lactose; nylon tubes, with invertase, amyloglucosidase or ß-galactosidase, 
covalently coupled at the inner surface, and placed in series with a nylon tube 
carrying glucose oxidase, were included in a Technicon Autoanalyzer flow 
system. After leaving the tubes the sample stream is acidified, mixed with ΚΙ, 
and its extinction measured at 349 nm. 

Another field of growing interest is the application of immobilized micro
organisms. The immobilization is performed by gel-entrapment (e.g. Poly
acrylamide). Larsson et al. ( 1976) have described the use of such a system in 
steroid conversion. 

1.2.6.2. Covalent chromatography 
This technique differs from 'normal' affinity chromatography in that cova

lent bonds are formed between a solute and an immobilized ligand. 
Cholinesterases are inhibited by organic phosphates, such as diisopropyl 

fluorophosphate, DFP (Goldstein et al., 1974), due to the phosphorylation 
of the serine active centre. Ashani and Wilson (1972), using 
p-nitrophenylmethyl phosphonate substituted Sepharose, found that 
acetyl-cholinesterase was bound to the column, and could be released by 
elution with oximes (e.g. 2(hydroximinomethyl)-l-methylpyridinium io
dide). 

Blumberg and Strominger (1972) reported the isolation of penicillin-
binding proteins with an affinity matrix prepared by coupling 
6-aminopenicillanic acid (fig. 1.33) to succinylated diaminodipropylamino-
Sepharose. The binding proteins are covalently bound by penicilloylation 
and can subsequently be released by elution with hydroxylamine. 

The isolation of tryptophan containing peptides by means of Polyacryl
amide matrices bearing aryI-S,Cl functions (fig. 1.34) was described by Ru
binstein et al. (1976) It should be mentioned, however, that in this case the 
original tryptophanyl peptide is not isolated but its thiolated analogue. 
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Covalent chromatography is most frequently applied to the purification of 
sulphydryl proteins. An organomercunal Sepharose column, prepared by 
coupling p-chloromercunbenzoic acid to aminoethyl-Sepharose, has been 
described by Cuatrecasas (1970b). Sluyterman and Wijdenes (1970) coupled 
/)-aminophenylmercunc acetate to CNBr-activated Sepharose, and used this 
column in the separation of mercaptopapain from nonmercaptopapain. 

The observation that 2,2'-dipyndyl disulphide at pH 3.5-4.0reacts with the 
active site thiol group of papain at least 102 faster than with low molecular 
weight thiols at comparable concentration or denatured enzyme (still contai
ning its thiol group), led Brocklehurstef al. (1973) to develop the synthesis of 
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Sepharose-(glutathione-2-pyridyl disulphide) as an affinity matrix for active 
papain (fig. 1.35). Glutathione was used instead of cysteine, to introduce a 
spacer simultaneously. 

The enzyme is applied to the column at pH 4.0 and room temperature, and 
the impurities are washed away with the starting buffer. The covalently 
bound papain is then detached from the column by eiution with 50 mM 
L-cysteine/pH 8.0 (fig. 1.36). Regeneration of the column is performed by 
reduction with dithiothreitol, followed by oxidation with 2,2'-dipyridyl di
sulphide. 

This type of covalent chromatography is finding increasing application. 
Various proteins, such as bovine mercaptalbumin, creatine Phosphokinase, 
phosphofructokinase, urease and collagens have been purified in this way 
(Carlsson and Svenson, 1974; Carlsson, 1974, 1976; Carlsson et al., 1976; 

NH 
[ j-O-C-NH-CH-ÍCH^-C-NH-CH-O-^-S-S-f % 

соон о с=о 
I 
NH 
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Sykes, 1976). Application to the specific isolation of thiol-containing pep
tides has been described by Egorov et al. (1975). The same technique can also 
be used for the reversible immobilization of enzymes, whether after prelimi
nary thiolation of the protein or not (Carlsson et al., 1974, 1975; Carlsson, 
1976). 

The studies of Brocklehurst and Little (1970, 1972, 1973) infer that the 
active papain is coupled mainly to the 'matrix-half of the disulphide, but it is 
not precisely clear why this should be so with the other proteins. Lin and 
Foster (1975) used 5,5'-dithiobis-(2-nitrobenzoate) (DTNB), coupled to 
aminohexyl-Sepharose, for the binding of bovine mercaptalbumin (BMA-
SH; fig. I.37A). The reactions presented in fig. 1.37B, to account for the fact 

56 



that BMA-SH was bound quantitatively to the column, were proven to be 
valid. 

Sulphydryl Sepharose, prepared by the reaction of ω-aminoalkyl-
Sepharose withN-acetylhomocysteine thiolactone (Cuatrecasas, 1970a,b) can 
also be used in the described procedures. Axén et al. (1975) introduced a 
further alternative to the glutathione-Sepharose (fig. 1.38). Epichlorohydrin or 
bis-oxirane activated Sepharose is treated with sodium thiosulphate followed 
by reduction with dithiothreitol. 

Д~~сн-сн2 

I Na2S203/H20 

[]^~-CH-CH2-S2Ö5Na* + NoOH 

OH 

Dithiothreitol I 
fV~>-^ CH-CH2-SH 

Fig. 1.38 

Commercially available materials 

Pharmacia 
Activated Thiol-Sepharose 4B (the gIutathione-2-pyndy I di sulphide derivative of Sepharose). 

Thiopropyl-Sepharose 6B (Axén et al., 1975). 

Miles 
Agarose-p-aminophenylmercunc acetate. 

P-L Biochemicals 
Agarose-cysteamme; agarose-glutathione-2-pyndyl disulphide 

Corning ¡Pierce 
CPG/Thiol (the N-acetylhomocysteine derivative of aminopropyl-glass). 
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St НУ A 
Setvachrom Л SH (the /V-acetylhomocysleine derivative of 3,3'-diaminodipropylamine-

agarose) S e n a c h m m A Hg(the/> hydroxymercunbenzoyl derivative of the same amino-alkyl 
agarose) 

Bio-Rad 
ΛΠι Gel 401 (/V-acetylhomocysteinyl agarose) Affi Gel SOI (p-chloromercuribenzoyl agaro

se) 

Кос li-11vlit 
Hn/acryl Polythiol (cross linked copolymer of dcr)lamide and V acryloylcysteine), seems 

more suitable foi en/yme immobilization than for chromatographic procedures (Brocklehurstfi 
til 1973) 

Smma 
Cvsteamine agarose 

12 63 Hxdioplwbn chiomatogmphv 

I 2 6.3.1. Intiodnction 
The pnnciple of using interactions between immobilized hydrophobic 

ligands and hydrophobic parts of biological macromolecules in aqueous 
enviionment. tor chromatographic separation was described earlier by Gil-
lam etat ( 1967) Benzoylated DEAE-cellulosc was used tor the fractionation 
of tRNA The first systematic investigations, however, were reported by 
Hofstee (1973a). Er-el et at , (1972; see also Shaltiel and Er-el, 1973) and 
Hjeiten (1971) 

Hydiophobic effects can seriously disturb biospecific affinity chromato-
giaphic pi ocedures( Er-el. etat, 1972; O'Carra <>?«/.. 1973, O'Carra, 1974a); 
these will be discussed in the next chapter. They nevertheless gave a new 
impetus to the further development of 'hydrophobic chromatography'. 

Extensive experimental data of this type of chromatography are available 
in the lucratine, but comparisons are impeded by the use of varying types of 
hydi ophobic mati ices (chaiged as well as uncharged) and of different types of 
proteins Apart horn these factors, the theory ot hydrophobic binding itself, 
and of the influence of several parameters (salt concentration, salt-type, pH, 
tempeiature, polarity reducing agents) appears to be m a nascent stage (Von 
Hippel and Schleich, 1969, Sarma and Ahluwalia, 1973; Tanford, 1973; 
Lew in, 1974) This explains the considerable variance in the literature over 
the underlying principle of this type of chromatography. This is amply 
illustiated by the confusing nomenclature used for the same technique, 
'hydrophobic affinity chromatography', 'hydrophobic adsorption chromato
graphy' (Hofstee. 1973a, 1976c). 'hydrophobic chromatography' (Shaltiel 
and Ei-el. 1973), 'hydrophobic interaction chromatography' (Hjerten, 1973), 
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'hydrophobic salting-out chromatography' (Porath et al., 1973b), 
'phosphate-induced chromatography' (Rimerman and Hatfield, 1973), 'de
tergent chromatography' (Jost et al., 1974), 'specific ion mediated chromato
graphy' (Bussey et al., 1975), 'repulsion controlled hydrophobic chromato
graphy' (Yon and Simmonds, 1975, Simmonds and Yon, 1976), 'salt-
mediated hydrophobic chromatography' (Memoli and Doellgast, 1975; 
Doellgast and Fishman, 1974). 

1.2.6.3.2. The mechanism of hydrophobic binding 
Hofstee (1973a) used the definition of Jencks (1969) for 'hydrophobic 

binding': 'an interaction of molecules with each other which is stronger than 
the interaction of the separate molecules with water, and which cannot be 
accounted for by covalent, electrostatic, hydrogen-bond or charge-transfer 
forces'. This varies slightly from the earlier suggestion of Kauzmann (1959), 
that apolar groups form hydrophobic bonds mainly as a result of their ther-
modynamically unfavorable interaction with water, rather than as a conse
quence of attraction for each other. 

The repulsion of apolar groups from an aqueous phase is related mainly to 
the water structure. Sarma and Ahluwalia(1973) reviewed the experimental 
studies on the structure of aqueous solutions of hydrophobic solutes (see 
also: Tanford, 1973; Lewin, 1974). The model, most commonly adopted, 
especially in the field of solution chemistry, is the 'flickering cluster' model of 
Frank and Wen (1957), developed by Némethy and Scheraga( 1962). Accord
ing to this model, liquid water consists of short-lived clusters of varying 
extent, composed of highly hydrogen-bonded water molecules, in dynamic 
equilibrium with non-bonded monomers: (H20)C|Ustcri=p(H20)rree. The half-
life of the clusters is assumed to be about 10 -11 sec. 

The transfer of an apolar molecule from a nonpolar solvent to water, is 
associated with a decrease in entropy and an increase in Gibbs energy 
(Kauzmann, 1959; see also Von Hippel and Schleich, 1969). This indicates a 
more organized structure of water around the hydrophobic groups, than in 
the bulk of the solution. This situation is called structure increase. 

It might be expected that the disordering of water lowers these thermody
namic barriers, facilitating the transfer of apolargroups to the aqueous phase, 
and weakening hydrophobic interactions (Hatefi and Hanstein, 1974). When 
a salt is dissolved in water the equilibrium between 'free' and 'cluster' water 
will be shifted. It has been shown that ions of electrolytes such as LiCl or 
MgCl2, having high charge density, increase the ordered structure of water 
('structure-forming'), whereas ions with low charge density such as Cs+ , 
K+ or Br - , decrease the ordered structure ('structure-breaking', chaotro-
pic). The former salts therefore enhance the association of hydrophobic 
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groups; conversely, the latter salts (or other chaotropic agents, such as urea) 
weaken hydrophobic bonds. 

Various salts (or ions) have been listed according to their relative chaotro
pic potency in what has been termed the 'lyotropic' or 'Hofmeister series'. 
Hofmeister (1888) initially listed several salts in order of decreasing 'salting-
out' effectiveness (adding increasing amounts of electrolyte to a protein 
solution results in two macroscopic effects: initially the solubility of the 
protein increases, 'salting-in', and after passing through a maximum, it then 
decreases, 'salting-out'; Von Hippel and Schleich, 1969): 

P04_<S04 -<CH,COO" <СГ <Br _ <NO," < α θ ; ~ < I " <SCN" , 
guanidinium 

(CH,)4N
+<NHJ <Rb+,K+,Na+,Cs+<Li+<Mg2+<Ca2+-<Ba2+ 

(CH3)4N
+<(C2H5)4N

+<(C,H7)4N
+<(C4H4)4N

+ 

Na,-citrate<Li 2S0 4<Na 2S0 4<K 2HP0 4<Na 2HP0 4<(NH 4) 2S0 4< 

<MgS04<KOAc<NaOAc<NaCl<NaNo3 

increasing chaotropic potency; decreasing salting-out effectiveness 

It should be mentioned, however, that the following order is not always the 
same for different proteins, and also is not totally consistent with the indica
ted theories. 

The model, described above, has been used by Hjertén (1976) and Hofstee 
(1976c) to elucidate the principle of hydrophobic chromatography. For a 
reversible reaction at constant pressure and temperature: AG = AH - Τ AS. 
When two hydrophobic groups 'interact' in an aqueous solution: 
|AH|<|TAS|(Lewin, 1974)and therefore: AG^-TAS. This means that if the 
'interaction' results in an increase in entropy the reaction will be thermody-
namically favorable (AG<0). When two individual hydrophobic molecules in 
an aqueous solution 'stick' together, the highly ordered water molecules 
present at the molecular interface can go freely into the bulk of the solution; 
in other words the entropy increases, and thus AG<0. 
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To elute substances, hydrophobically adsorbed to a matrix, these hydro
phobic interactions should be diminished. This can be achieved by a decrease 
in ionic strength, addition of chaotropic or polarity reducing agents, or a 
decrease in temperature. With proteins, the situation is much more complica
ted, desorption can be the result of any of the alterations already mentioned, 
but in addition any change in medium that promotes a configurational change 
will also change the hydrophobic interactions (Hjertén, 1973; Shaltiel, 1974; 
Lââs, 1975). 

Finally, to illustrate the tentative character of the described theory of 
hydrophobic binding, an article of Howarth (1975) can be mentioned. 13C-
relaxation time measurements indicate that water is unique in its ability to 
restrict the motion of hydrophobic parts of solute molecules. This motional 
restriction is shown to account for most of the entropy change on solution 
that has hitherto been ascribed to 'structure making'. 

1.2.6.3.3. Practical examples 
To illustrate some of the problems described, representative examples 

taken from a rapidly increasing number of publications concerning this 
subject, will be given. 

Er-el et al. (1972) used a homologous series of hydrocarbon coated Sepha-
roses, prepared by coupling different alkylamines CH3(CH2)nNH2 (n = l-6;8) 
to CNBr-activated Sepharose, during the purification of glycogen Phospho
rylase. Seph-C, did not retain the enzyme, Seph-C2 and -C3 retarded the 
enzyme, Seph-C,,, -C5 and -C6 adsorbed it. Elution was achieved by using a 
deforming buffer (imidazole/mercaptoethanol/citric acid). Recovery of the 
enzyme from Seph-C6 was only possible with 0.2 M acetic acid, which 
denatured the enzyme. ω-Aminoalkyl-Sepharoses have been used in the 
purification of glycogen synthetase (Shaltiel and Er-el, 1973). The enzyme 
was adsorbed by δ-aminobutyl-Sepharose, and eluted with an increasing 
linear gradient of NaCl. In the case of 6-aminohexyl-Sepharose the enzyme 
could only be eluted in its denatured form. With this type of hydrophobic 
matrices glycogen Phosphorylase required at least a C 5 chain for retention. 
Similar matrices have been used in the purification of several other proteins 
(Shaltiel, 1974; Shaltiel etal., 1975; Kulaetal., 1976) and in the fractionation 
of erythrocytes (Halperin and Shaltiel, 1976). It has been suggested that the 
resolving power of these columns must be ascribed to differences in size and 
distribution of available hydrophobic pockets or regions in the specific pro
tein. Retardation or adsorption is achieved through lipophilic interactions 
between these pockets and the hydrocarbon side chains. 

Hofstee (1973a) reported studies on the binding of various proteins to 
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agarose substituted with 4-phenylbutyl amine (A-РВА) and ε -amino-
caproyl-D-tryptophan methyl ester (A-Aca-Trp-OMe). At pH 8, a-chymo-
trypsin binds strongly to A-PBA; the binding cannot be reversed by 1M NaCl, 
but elution is possible with 1м NaCl/ethylene glycol (33-50%, v/v) or ІМ 
tetraethylammonium chloride/pH 8. Bovine serum albumin and ovalbumin 
both bind strongly to A-РВА; ovalbumin can be eluted almost completely 
with ІМ NaCl, BS A only partially, the remaining part is eluted with 1м 
NaCl/ethylene glycol (50%, v/v). These findings suggest that the binding of 
the proteins to the A-РВА results from combined hydrophobic and electro
static effects. a-Chymotrypsin at pH 8, and BSA at pH 5, showed strong 
affinity for A-Aca-Trp-OMe. Elution with ІМ NaCl is possible to a large 
extent (in contrast to A-РВА), but it is also enhanced by ethylene glycol. 

Desorption due to conformational changes, as a result of increasing ionic 
strength or addition of ethylene glycol or tetraethylammonium chloride 
seems to be improbable; activity and/or spectral properties of the proteins 
did not change in the presence of these agents. 

Various other aspects of protein binding to hydrophobic matrices, pre
pared by coupling alkylamines to CNBr-activated Sepharose, have been de
scribed by the same author (Hofstee, 1973b,c; 1974a,b; 1975a,b; 1976a,b,c), 
and will be reviewed briefly. 

Bovine serum albumin and ovalbumin, although electrophoretically pure 
and almost homogeneous by isoelectric focusing, showed an apparent gross 
inhomogeneity. when chromatographed on a hydrophobic column. Stepwise 
elution with NaCl or NaCl/ethylene glycol, or with a NaCl gradient, resulted 
in several separate fractions. This phenomenon is unlikely to be caused by 
inhomogeneity of the proteins, and has been ascribed to the inhomogeneity of 
the binding sites of the adsorbents. In addition, the interaction of the protein 
with the hydrophobic support can be mono-, di-, . . , poly-valently, resulting 
in different overall binding strengths, which will be reflected by different 
elution conditions (see also: Jennissen, 1976a,b). 

Immobilization of enzymes by adsorption onto hydrophobic matrices 
(alkylamine-Sepharose derivatives, Seph-NH-C„) was investigated on the 
supposition that many intracellular enzymes are immobilized by strong but 
non-covalent attachment to cell membranes. Lactate dehydrogenase and 
urease, for example, could be adsorbed onto Seph-NH-C4 (reversed by ІМ 
NaCl) or Seph-NH-Cg (not reversed by Ш NaCl) and still showed activity, 
which could not be accounted for by enzyme leakage. The enzymes were 
apparently bound by ion-exchange and/or hydrophobic interactions, which 
did not, or to only a limited extent, involve the active centre (cf. also Hjertén 
et al., 1974). 
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Fig. 1.39 Ponceau S (Colour Index No.: 27195). 

The degree of substitution of the alkylamine-Sepharoses was determined 
by saturating the column with Ponceau S (fig. 1.39), followed by thorough 
washing, and subsequent elution with 0.3 M NaCl/ethylene glycol (50%, v/v) 
or ІМ n-octylamine-HCl/ethylene glycol (50%, v/v); the dye was measured at 
525 nm. At values of η ^ 3 the adsorbed dye could be totally eluted by salt 
alone, suggesting electrostatic interactions only; at η 5= 4 an additional 
polarity reducing agent was needed, suggesting a combination .of 
hydrophobic/ion-exchange effects. Linear relationships between Ponceau 
binding and binding of ovalbumin, and between Ponceau binding and acid-
base titer of the substituted matrix were reported (Hofstee, 1974a). 

Investigations on the interaction between bovine serum albumin and 
hexyl-, heptyl-, octyl- and 4-phenylbutyl-amine Sepharose, as a function of 
the NaCl concentration, showed a decrease in binding from 0.03 - ІМ, and an 
increase in binding from 1 - 3 M (Hofstee, 1976b,c). A similar trend was found 
for phycoerythrin and pentylamine coupled to CNBr-Sepharose (Hammare/ 
al., 1975). This could be ascribed to an initial decrease in ionic binding 
combined with an increasing salting-in effect, followed by increasing 
salting-out (cf. 1.2.6.3.2). 

Jennissen and Heilmeyer (1975) indicated this salting-in phenomenon dur
ing the hydrophobic chromatography of several enzymes, e.g. 
phosphorylase-b and glycogen synthetase, on alkylamino-Sepharoses 
(CNBr-activated). An increase in the hydrophobicity of the gel necessitated 
an increase in NaCl concentration for desorption (salting-in). Not only the 
ionic strength, but also the type of salt employed appeared to be important. 
The following sequence, listed according to a decreasing elution efficiency, 
was found: KSCN>CaCl2>NH4Cl>NaCl>Na2S04, and corresponded 
with the Hofmeister series. The same authors concluded that a certain 
'critical hydrophobicity' is needed for positive binding. This corresponds 
with a certain degree of substitution, specific for each protein; furthermore, 
an increase in hydrophobicity could be obtained either by an increase in the 

63 



degree of substitution or by an elongation of the alkyl chain at constant 
degree of substitution. 

Similar effects of alkyl chain-length and type of salt used, have been 
reported by Raibaud et al. (1975) and, Kosugi and Suzuki (1976). The previ
ously mentioned 'phosphate-induced', 'specific ion mediated' and 'salt me
diated' (hydrophobic) chromatography (see 1.2.6.3.1.) may be understood in 
view of the described salting-in/salting-out phenomena. Visser and Strating 
(1975) reported systematic investigations into the behaviour of lipoamide 
dehydrogenase isoenzymes on alkyl-, co-aminoalkyl-, ω-carboxyalkyl- and 
ω -hydroxyalkyl-agaroses. 

It will be apparent that many ambiguities could be eliminated by applying 
uncharged hydrophobic matrices. This would also avoid discussion of 
hydrophobic chromatography in terms of 'detergent chromatography' (Jost 
et al., 1974), 'repulsion controlled hydrophobic chromatography' (Yon and 
Simmonds, 1975) or 'hydrophobically shielded' charges on alkylamine sub
stituted CNBr-activated Sepharoses (Hofstee, 1976b). 

One possibility is the coupling of alkylhydrazides in place of alkylamines to 
CNBr-activated agarose, this avoiding the introduction of isouronium func
tions (Lamed et al., 1973; Jost et al., 1974; Wilchek and Mirón, 1974a, b; 
Wilchek, 1974). Nishikawaand Bailón (1975b) subsequently investigated the 
interactions between various proteins and caprylic hydrazide substituted 
CNBr-activated Sepharose, with reference to salts from the Hofmeister 
series. The results were in agreement with the accepted order of this series. 

Acetylation of the isouronium function is an additional method for elimi
nating the positive charge from this group (Wilchek and Miron, 1976; cf. also 
Werber, 1976). 

The ideal solution would obviously be a coupling method that does not 
introduce simultaneously charged functions. Porath et al. (1973b) and Lââs 
( 1975) described the synthesis and use of benzylated cross-linked Sepharose. 
The adsorption of different proteins {e.g. cytochrome c) increased by increa
sing NaCI concentration or by lowering the pH. Elution was achieved by a 
decrease in ionic strength, an increase in pH or by the addition of ethylene 
glycol. 

Charge-free hydrophobic Sepharose derivatives have also been described 
by the group of Hjertén(Hjertén, 1973; 1976; Hjerténe/α/., 1974; Hammare/ 
al., 1975; Rosengren et al., 1975; Pâhlman et al., 1977). The Sepharose 
derivatives were prepared by coupling with glycidyl-ethers (fig. 1.40). Pro
teins such as human serum albumin, ovalbumin orphycoerythrin, were again 
adsorbed at high ionic strength and desorbed by lowering the ionic strength, 
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Fig. 1.40 

decreasing the temperature or by the addition of polarity reducing agents. 
The influence of different types of ions on the adsorption was according to 
the Hofmeister series. Salt-induced conformational changes, as determined 
by CD-spectra, were greatest in solutions of salting-in (chaotropic) ions, 
whereas the adsorption was the highest in solutions of salting-out ions. 

Although the experiments, indicating an increasing affinity with increasing 
alkylchain length, prove the importance of the hydrophobic ligand, the 
matrix itself seems also to influence the hydrophobic (salting-in/salting-out) 
phenomena. Von der Haar (1976a) purified phenylalanyl- and valyl-tRNA 
synthetase, by adsorbing the samples onto plain Sepharose in 50% 
(NH4)2S04, and eluting with a decreasing gradient from 50-15% ('fractional 
interfacial salting-out'). Mevarecheia/. (1976) have reported similar results. 
A more ordered water structure in the gel itself rather than in the solution 
could explain salting-out in the gel at a lower ammonium sulphate concentra
tion than in solution. Bacchi et al. (1974) purified α-glycerophosphate dehy
drogenase on plain Sepharose, by adsorption in Tris/HCl/25% glycerol, 
followed by elution with an increasing gradient of NaCl (0-0.5 M) which was 
probably the salting-in range of NaCl. 

Commercially available materials 
Many ready to use hydrophobic matrices are commercially available, and are in fact more or 

less the same as described under 'spacers' (I.2.4.3.). In addition, ethyl-, butyl-, hexyl-, octyl-
and decyl-agaroses can be obtained from Miles; charge-free octyl- and phenyl-agaroses, pre
pared by coupling the corresponding glycidyl ether to cross-linked agarose, can be obtained 
from Pharmacia (Octyl-Sepharose CL-4B, Phenyl-Sepharose CL-4B). 
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1.2.6.3.4. Conclusion 
The initially rather confusing experimental data are summarized in a 

schematic way in fig. 1.41. 

hydrophilic 
matrix 

hydrophobic 
liqand 

water protein 

Fig. 1.41. A: chromatographic separation, based on intermoleculai interactions of protein and 
ligand (depending on 'water-structure'); 'crossed salting-in/saltmg-out'. This, in fact, would be 
the 'ideal' hydrophobic chromatography B: chromatographic separation, based on inter- and 
intramolecular interactions of the protein (depending on 'water-structure'); 'pure salting-
in/salting-out'. 

1.2.6.4. Affinity elution 
In affinity chromatography non-specific methods are usually applied to 

elute a specifically bound substance. In 'general ligand' affinity chromato
graphy a group of enzymes having affinity for the same ligand is adsorbed, 
and the enzymes are then eluted separately by more specific procedures (cf. 
1.2.4.2). There is thus a decrease in specificity on one side, but an increase on 
the other side. In 'affinity elution' substances are adsorbed onto a polymer, 
generally an ion-exchanger and without particular specificity, but are eluted 
in a highly specific manner. In the case of enzymes, for example, elution is 
performed with a substrate or inhibitor solution. Von der Haar (1974a, b; 
1976b) described the purification of various aminoacyl-tRNA synthetases by 
non-specific adsorption to ion-exchangers, followed by elution with tRNA, 
ATP, or amino acids. 
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1.2.6.5. Affinity electrophoresis 
Takeo and Nakamura (1972) observed a retardation in the mobility of 

various phosphorylases when glycogen was added to the Polyacrylamide 
electrophoresis gel. The retardation was substrate specific, and the proce
dure was termed affinity electrophoresis. Horejsi and Kocourek (1974a,b) 
separated several phytohemagglutinins by affinity electrophoresis on 
0-glycosyl Polyacrylamide gels, prepared by copolymerization of allyl-
glycosides with acrylamide and N.W-methylenebisacrylamide. 

Crossed immuno-affinoelectrophoresis has been developed by Bog-Han-
sen (1973). The arrangement of the gels is illustrated in fig. 1.42; Gel 1: first 
dimension gel in which the first electrophoresis has already been performed; 
Gel 2: first intermediate gel containing the active component (concanavalin A 
coupled to agarose); Gel 3: second intermediate gel (only agarose); Gel 4: 
reference gel containing antibodies. 

GEL 4 

GEL 3 

GEL 2 

GEL 1 

+ 1 

Fig. 1.42 

When for example human serum, containing a considerable number of 
glycoproteins, was applied to this electrophoresis system all the glycopro
teins were bound by the Con-Α gel, whereas the other proteins reached the 
reference gel and precipitated with the antibodies. Using this method it is 
possible to predict, with very little material, the results of an eventual affinity 
chromatographic experiment. Further improvements of this method have 
been described by Caron et al. (1975; 1976). 

,1 

*2 
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12 6 6 Affinity partitioning 
Flanagan et al ( 1975) introduced the method of'affinity partitioning' This 

method is based upon the phase partition method (Albertsson, 1971). Two 
water-rich liquid phases are formed by mixing aqueous solutions of two 
polymers dextran (MW 500,000) and polyethylene glycol (MW 6,000). Each 
of the phases is rich in one of the polymers, the upper phase in polyethylene 
glycol, the lower phase in dextran If the components, of the mixture to be 
purified differ in distribution, they may then be separated by several extrac
tions or by use of countercurrent distribution Difference in distribution may 
be due to a variety of physical and chemical differences. In the affinity 
partitioning method ligands are attached to one of the polymers. In this way 
acetylcholine-receptor eni iched membranes were purified by the application 
ot polyethylene glycol to which cholinergic ligands had been coupled A 
similar system was described by Shanbhag and Johansson (1974) who isola
ted human serum albumin with palmitoic acid substituted polyethylene gly
col. 

Dextran ot molecular weight 70,000, activated with 2,3-dibromopropan-
l-ol, is commercially available (ВНР-activated Dextran 70; Pharmacia). 

1.2.6 7 Charge transfer and metal-thelate affinity <hromatography 
Pellizzan et al (1973) desenbed the use of silver-sulphoethyl cellulose (a 

strong acidic cation exchanger in the Ag^-form) for the isolation of ethynyl 
steroids from biological fluids. The binding of the olefinic parts of these 
molecules to silver ions is generally attributed to an interaction between the 
π -electrons ot the olefin and hybrid orbitals of the metal (Cotton and Wilkin
son, 1967) 

Porath (1976) has given a preliminary report concerning the use of charge 
transfer interactions in affinity chromatography. Tryptophan and У -acetyl 
tryptophan could be separated on a column carrying 1,3-dinitrophenyl 
groups at the end of a long hydrophihc spacer. 

Complexing of zinc or copper ions by histidine or cysteine in neutral 
solution forms the basis for metal-chelate affinity chromatography (Porath et 
al., 1975a). Gel-bound chelates of zinc or copper are prepared by passing zinc 
chloride or copper sulphate solutions through iminodiacetic acid substituted 
Sepharose columns. Human serum could be fractionated; the iminodiacetic 
acid substituted Sepharose itself adsorbed only very little protein, and the 
metal-chelate gel remained an efficient adsorbent in ІМ NaCl The involve
ment of oidinary ionic adsorption in the fractionation is therefore ruled out. 
Neither Cu2 + nor Zn 2 + were detected in the eluate, unless EDTA was added 
to the eluent 
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1.3. Suppliers 

Amicon Corpora/ion 
21 Hartwell Avenue, Lexington, 
Massachusetts 02173 
U.S.A. 

Вю-Rad Laboratories 
32nd and Griffin Avenue, Richmond, 
California 94804 
U.S.A. 

Corning Glass Works 
Coming, New York 14830 
U.S.A. 

ICN Life Sciences Group 
26201 Miles Road, Cleveland, Ohio 44128 
U.S.A. 

Koch-Light Laboratories Ltd 
Colnbrook SL3 OBZ Buckinghamshire 
England 

LKB-Produkter AB 
S-161 25 Bromma 
Sweden 

E. Merck 
Darmstadt 
W.-Germany 

Milei Laboratories Ltd 
Stoke Court 
Stoke Poges 
Buckinghamshire SL2 4LY 
England 

P-L Bioihemicals Inc. 
1037 West McKinley Avenue, 
Milwaukee, Wisconsin 53205 
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CHAPTER II 

P R O B L E M S IN A F F I N I T Y C H R O M A T O G R A P H Y 

/ / . / . Introduction 
Although the principle of affinity chromatography is quite simple, it will be 

clear from chapter I that a purification in this way requires more than a 
routine chemical immobilization of a ligand, adsorption of the complemen
tary binding component and elution by some general change in the composi
tion of the eluent. Difficulties can be expected from a limited stability of the 
ligand-matrix bond and from possible non-specific interactions caused by the 
ligand itself, or by the connector or the spacer. In addition, conservation of 
the beaded matrix structure may not be compatible with the conditions which 
are necessary for the chemical derivatization. 

11.2. Ligand leakage 
Cuatrecasas and Parikh (1972) demonstrated the instability of alanine-

agarose, prepared by coupling the amino acid to the CNBr-activated matrix. 
The half-life of the ligand release in 0.05 M sodium bicarbonate, pH 8.0, at 
room temperature, was about 40 days. Albumin substituted agarose showed 
a substantial higher stability, presumably because of multivalent linkage of 
the protein to the matrix; this similarly applies to macromolecular spacers 
such as poly(Dl.-lysine) or poly(DL-alanyl)-poly(DI.-lysine) (Sica et al., 
1973a, b; Wilchek. 1973; Parikh et al., 1974b; March et al., 1974b). 

Many other publications concerning ligand leakage have appeared in the 
last years. These are related mainly to agarose or porous glass supported 
steroids (Ludens ¿7 <://., 1972; Rosner and Smith, 1975; Best-Belpommeeí al., 
1976), cathecholamines (Yong, 1973; Venter and Kaplan, 1974; Yong and 
Richardson, 1974, 1975; Vauquelin etat., 1975; Carón and Lefkowitz, 1976), 
en/ymes (Schnapp and Shalitin, 1976) or hormones (Davidson and van 
Herle, 1973; Davidson etat., 1973; KoVoetal., 1975; Bolander and Fellows, 
1975). Instability of the linkage between alkylamines and CNBr-activated 
agarose has been reported by Hofstee (1974a, 1976c) and by Junowicz and 
Charm (1976). 

Tesser et al. (1972, 1974) investigated the chemistry of the detachment 
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process in the case of ligands coupled to Polyacrylamide, according to the 
method of Inman and Dintzis (1969), or to CNBr-activated Sepharose. The 
release of ligands from a Polyacrylamide support was ascribed to hydrolysis 
of the amide linkage, facilitated by anchimeric assistance of neighbouring 
carboxyl and carboxamide groups. Model studies with ε-aminocaproic acid 
p-nitroanilide coupled to CNBr-activated Sepharose showed that the ligand 
itself, or guanidine or urea derivatives were released, depending upon the pH 
and the compositionoftheeluent (fig. II. 1). Wilcheke/a/. (1975) investigated 
the structure of the so-called 'super-active' insulin, which is released from 
insulin-agarose by bovine serum albumin solutions (Oka and Topper, 1974; 
Topper et al., 1975). They similarly found that amines, coupled to CNBr-
activated agarose, were released by amine-containing buffers as N,N'-
disubstituted guanidines. 

5 < p H < 1 0 

U-O'VN^R 

H20 

1 
Гг°ч /N H2 

U-сЛн +RNH2 

1 
0 

IT-0-C-NH2 

Ц-ОН + R N H 2 

free ligand 

8 < p H < 1 0 
(amine-containing buffer) 

Π-0 NH2 

U-0'.4NH2R 

R'NH 2 

1 
n-O-C-NHR 

If он -""»' 

1 

Π-ΟΗ /NHR 

Ц-ОН v N H R . 

guanidine-
derivative 

pH>10 

U-o'.NNHR 

OH" 

1 
/NH2 

Π-Ο-C-NHR 

U-OH °" 

\ 

Π-ΟΗ /NH2 

l b H

+ o = c , N H R 

urea-
der ivat ive 

Fig. ¡I.I Suggested mechanisms for ligand release from an affinity matrix, prepared by coup
ling the ligand (RNH2) to the CNBr-activated support; after Tesser et al. (1974). 
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Enhanced stability of the ligand-matrix conjugate may be achieved by 
coupling ligand molecules polyvalently to the CNBr-activated support, as 
suggested by Tesser et al. (1972). This enhancement can be quantified by 
mathematical treatment of the leakage phenomenon (Gribnau and Tesser, 
1974). 

M 

Π matrix r j ligand 

Fig. 11.2 Schematic representation of the detachment of a multiply bound ligand-molecule 
from a matrix: k: detachment rate constant. 

The hydrolytic detachment of a multiply bound ligand molecule from a 
matrix can be described as a consecutive reaction (fig. II.2). An expression 
for the concentration of free ligands (CN) can be derived, assuming pseudo 
first order kinetics, which is compatible with the proposed detachment 
mechanism (cf. fig. II. 1), and reaction constants of the same magnitude inali 
steps (cf. Flory, 1936, 1937, 1953). If the concentration of totally fixed ligands 
at t=0 is given by C 0 (μπιοΐε/ιηΐ wet gel), then: 

t-o — C A + C B + · • · + C N (I) 
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The rupture of the first bond (A—-B) is described by the following equations: 

-dCA/dt = k-CA JdCA/CA = - k J d t CA = C„e-k l 

Rupture of the second bond (B—C): 

dCB/dt = k-CA - k - C = kCo-e 1" - k C B 

or: 

dCB/dt + к-Св = k-C 0e" k t 

Solution of this differential equation, and of analogous equations for the 
reactions С—>-D,D—-E, etc., by the method of Teorell (1937) leads to: 

г — г ·<·'" — с .ysî^.ekt 

\_-A * ^ 0 C *~0 л| c 

C B = C 0 k t e - k l = C 0 ^ - e k ' 

Cc = ±-C0(kty-e-" = c o - ^ - e - k ' 

Г - *· • · * Г -fitti""'·!--1" - ρ (kt) .ρ-i" 
С м ~ 2 (ій) L o ( k t ) e " C o (ü=ÖT 

Combination of these equations with equation (I) yields the expression: 

CN = C 0 - C 0 e - k t ¿ (-*f (ID 
pio"' 
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For each value of n, the original number of bonds between the ligand and 
the matrix, a curve can be constructed foi CN/C„ as a function of kt Results 
for n= 1 6 are represented in fig. II.3. 

C N / C O 

0 8 -

hif> II Ì Graphic icpiesentation of C N /C 0 as a function of kt , for η = 1, , 6 

It is cleai that a time-lag exists between the start of the detachment 
reactions and the appearance of the first free ligand molecules, in the case 
n> I This interval increases with increasing values of n. and with decreasing 
values of к 

From equation (II) a leakage-halftime ( τ ) can be calculated by setting 
CN equal to C„/2. 

"-1 (kt)P 

CN/C„ = 1 - e k' У — - (Ilia) 
¿ η ' 
p = 0 

• " Σ ψ-{(m» 

Since equations (Illa.b) are transcendental, no exact analytical solution 
can be given Graphic solution, however, leads to the results presented in 
Table 11.1. 
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Table ILI. Numerical results of the solution of equation (Illb), for 

η = 1, . . . , 6. 

η kt„ 

1 0.69 
2 1.68 
3 2.67 
4 3.67 
5 4.67 
6 5.67 

A less time-consuming and more generally useful solution can be attained 
by application of the Newton-Raphson procedure, with the assistance of an 
appropriate computer program. Apparently the following generalization is 
allowed: 

τ η « { ( η - 1 ) + In 2}/k (IV) 

It is also possible to calculate a value for the time-lag, mentioned previous
ly. By substituting chosen values of CN/C0and n, the same computer program 
provides the accessory values of kt (Table II.2.). 

Table lì.2. Values of kt at varying values of η and CJCa, as the result of 
computer-calculation {cf. equation Ilia). 

C N / C 0 

n = l 

n=2 

n=5 

n=10 

io-2 

kt 

0.10· 10-' 

0.15· 10° 

0.13· 10' 

0.41· 10' 

io-4 

kt 

0.10· io-3 

0.14· 10-' 

0.44· 10° 

0.22· 10' 

io-6 

kt 

0.10· IO"5 

0.14· IO"2 

0.1710° 

0.13· 10' 

IO"8 

kt 

0.10· io-7 

0.14· IO"3 

0.66· io-· 

0.77· 10° 

10-'° 

kt 

0.10· io-9 

0.14· IO-4 

0.26· IO"' 

0.47· 10° 

IO-'2 

kt 

0 .1010-" 

0.14· 10"s 

0.10· io-· 

0.29· 10° 
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There is a decrease of kt with decreasing values of CN/C0 and constant 
value of n, and an increase of kt with increasing values of η and constant value 
of CN/C0. The result for increasing values of η is remarkable in that the 
difference between the values of kt at the extrema of CN/C0 (first and last 
column of table II.2) diminishes quite rapdidly. Replacement of a monova-
lently coupled ligand by a bivalently one is much more profitable than, for 
example, the change from n=5 to n= 10. 

A value can be calculated for the detachment rate constant from the 
experimental results of Tesser et al. (1974). In their experiments at pH 8 
(Tris/HCl, 5· 10 ~3M) and room temperature, this constant appears to be 
0.11· IO-4 min - 1 . This value, combined with the data from Table II.2 indi
cates that after 5-6 sec the concentration of free ligand molecules will reach a 
value of 2 picomoles/ml wet gel, when originally 2 цто1е8/т1 wet gel were 
coupled, monovalently. This order of magnitude is in agreement with ligand-
leakage rates found by the previously mentioned authors. At the same value 
of к the above 5-6 sec period, will change in 2 hr (n=2), 11 days (n=5) and 
11-12 weeks (n=10). This trend corresponds with the findings of Wilchek 
(1973) who compared the stability of lysine and polylysine substituted Sepha-
rose. 

In many cases, this rather minimal leakage will not be prohibitive for the 
isolation of biological macromolecules by affinity chromatography. It will be 
disastrous, however, in the case of the isolation of minute amounts of 
material out of large volumes, or in receptor localization (cf. chapter V). 

Two comments on this mathematical approach have appeared in the litera
ture. Thöni (1975) indicated that equation (Illa, b) is the cumulative probabi
lity function of the Poisson distribution: p(X) = Д^.е '-^/Х!, withA= kt or 
kx. This function is related to the chi-square distribution; for different values 
of η and CN/C0, the corresponding values of kt can be derived from a table 
with the percentile values for this chi-square distribution (e.g. Spiegel, 1961) 
as follows: 

( k t ) "={-2 ( ^cv j_ or: <*>- ={^\sh. 

Lasch (1975) has extended the model by taking statistical factors into 
account. The shape of the ligand release curves is qualitatively the same as 
represented in fig. II.3. Values of kt n were computed also using the 
Newton-Raphson procedure. The increase of these values with increasing η 
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was less progressive than shown in Table II. 1 ; for η = 1-6, kxn increases from 
0.69 to 2.22. 

To quote the author: 'The interpretation of this somewhat surprising result 
is that the stability gained by an additional point of attachment is partially 
offset by an increased probability of cleavage of a ligand-matrix bond'. 

II.3. Non-specific interactions 
Charged groups and/or hydrophobic spacer molecules can diminish the 

bioscpecificity of an affinity matrix. Hofstee (1973a,c; 1976 b,c) demonstra
ted that at relatively low ionic strength usually only negatively charged 
proteins were bound to alkyl- or arylamino-agaroses; the binding was salt-
reversible to a varying degree, and therefore ascribed mainly to electrostatic 
interactions. The isourea functions in affinity matrices, the result of coup
ling ligands through an amino group to the CNBr-activated support, are 
strongly basic; butylamino-agarose was found to have a pK a of 10.5 (Jost et 
al., 1974; Wilchek, 1974; Wichek and Mirón, 1974a,b), whereas avalué of 9.6 
was reported for dodecylamino-agarose (Yon and Simmonds, 1975). 

The disturbing ion-exchange effects could be suppressed by working at a 
suitable salt concentration. A further possibility is the coupling of ligand 
molecules through a hydrazide group, resulting in agarose derivatives with a 
pKa of 4.2 (Jost et al., 1974; Wilchek, 1974). Acetylation of the nucleophilic 
isourea function with acetic anhydride or /j-nitrophenyl acetate has also 
been described (Wilchek and Miron, 1976; Werber, 1976). A serious disad
vantage of this method, however, is an increased instability of the ligand-
matrix bond. 

Essentially charge free linkages are to be preferred. The ¿>/.v-oxirane acti
vat ion^/ . 1.2.4.4.3) offers a good alternative in this respect, but also in view 
of enhanced stability of the ligand-matrix bond. 

Hydrophobic spacers are another source of non-specific interactions. Er-
el et al. (1972) synthesized affinity matrices for glycogen Phosphorylase, by 
coupling CNBr-activated glycogen to ω-aminoalkyl-Sepharoses; the latter 
were prepared by coupling α,ω-diaminoalkanes to CNBr-activated Sepha-
rose. The agarose derivatives, with and without glycogen, behaved similarly 
with respect to the enzyme! This result was ascribed to hydrophobic interac
tions with the sp'acer molecules. Further elaboration of this type of interac
tion has resulted in hydrophobic chromatography (section 1.2.6.3). 

O'Carra et al. (1973) re-investigated the purification of ß-galactosidase on 
an affinity column prepared by coupling p-aminophenyl-ß-D-thiogalacto-
pyranoside (K, = 5 т м ) to succinylated 3,3'-diaminodipropylamine-
Sepharose, as described by Steers et al. (1971), (fig. II.4A). 
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π NH О О 
Π II И II / = \ 
n-0-C-NH-(CH2)3-NH-(CH2)3-NH-C-(CH2)2-C-NH^J>-; 

> 4 ^ o t 

в 
_ NH ОН О ОН О 
Π іі ι » ι « / = \ 
||-0-C-NH-CH2-CH-CH2-NH-C-CH2-NH-CH2-CH-CH2-NH-C-CH2-NH-<^J> 

с 
„ NH О О О О 
Π II » и H И / = \ ОН 
n-0-C-NH-NH-C4CH2)4-C-NH-NH-C-(CH2)2-C-NH^J>-S-jJ K n H 

F,g 114 

The experimental results were in disagreement with those expected 
based on the theory presented in section 12 5. The retardation of the enzyme 
ν as considerably higher than could be computed from equation (6c). Substi
tuting a-D-glucopyranoside or/V-phenylglycine for the specific ligand did not 
change the affinity properties of the column. Introduction of a more hydro-
philic spacer (fig. II.4B), however, lowered the affinity substantially (O'Car-
ra, 1974a; O'Carra et al., 1974b, с) The increase in affinity by the original 
spacer was therefore ascribed to the hydrophobicity of the spacer rather than 
its spacing effect. It should be mentioned, however, that the charged isourea 
group also appeared to be involved Nishikawa and Bailón (1975c) demon
strated that ß-galactosidase did not bind to an affinity column prepared by 
coupling a spacer-ligand combination, analogous to that of Steers et al., 
through a hydiazide- instead of an amine-function to the CNBr-activated 
support (fig. II.4C) Morrow et al. (1975) developed a semi-quantitative 
theory to explain the nonspecific binding of the ß-galactosidase. Simulta
neous hydrophobic and electrostatic interactions were thought to be respon
sible. 

Huang and Aminoff (1974) similarly criticized the results of Cuatrecasas 
andIliano(197l), with the purification of sialidase. The spacer(Gly-Gly-Tyr) 
was as equally effective as the spacer-ligand combination. 

The hgands themselves can also carry charges or possess hydrophobic 
parts, which may induce non-specific side effects. The former was observed 
by Schmidt and Raftery (1972, 1973) in the purification of acetylcholine 
receptors, using hgands containing tetra-alkylammonium groups. An exam
ple of the latter was demonstrated by Aukrust et al. (1976) during the 
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purification of За-hydroxysteroid dehydrogenase on an affinity column pre
pared by coupling glycocholic acid through its carboxyl group to 
ethylenediamine-Sepharose. The non-specific hydrophobic effects were 
suppressed by adding 10% DMF to the eluent. Similar effects were found by 
Visser ( 1976) in using 4-( Y -aminopropyl)-pyrazole coupled to FCP-activated 
Sepharose (to be described in chapter III), as an affinity matrix for liver 
alcoholdehydrogenase. 

Polarity reducing agents, such as N.jV-dimethylformamide, glycerol, ethyl
ene glycol, can also be utilized to suppress the hydrophobic effects of the 
spacer molecules (Lowe and Mosbach, 1975; see also section 1.2.6.3). The 
use of hydrophilic spacers, however, is likely to be preferred; for example the 
spacers introduced simultaneously with the bis-oxirane activation (see sec
tion 1.2.4.4.3). 

II.4. Matrix structure: microscopic observations on commercial Sepharose; 
deviations from normal bead-structure 

Conservation of the bead-form of the matrix during the various stages of 
the coupling reactions (to be described in chapter III) was examined micro
scopically. In the case of Sepharose the observed phenomena were reasons 
for further microscopic investigations into different lots of the blank matrix 
(Gribnau et al., 1975; see also Gribnau and Tesser, 1975a,b; Gribnau and 
Stumm, 1977). 

Materials and methods 
Sepharose 2B (lot no.: 7641), Sepharose 4B (lot no.: 2684, 8820,2184, 8061, 

3373, 3861, 5448), Sepharose 6B (lot no.: 7739); CNBr-activated Sepharose 
4B (batch no.: 3581) and Con A-Sepharose 4B (lot no.: 2572) were purchased 
from Pharmacia Fine Chemicals. 

Tests for bacterial contamination were performed by means of routine 
plating and staining techniques in the Micribiology Department of the Medi
cal Faculty (Catholic University, Nijmegen). 

Bright field, phase contrast and Nomarski differential interference con
trast photomicrographs were taken with the aid of a Leitz Ortholux micro
scope on 35 mm Agfapan 25 Professional film. 

Results 
The first sample of Sepharose 4B (lot no.: 2684) examined microscopically, 

showed at bright field and with moderate magnification the following structu
res (fig. II.5): 

- normal, clear beads 
- beads with one or more small vacuoles; the latter are optically empty 
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- beads with one or more bigger vacuoles, containing strongly refractive, 
mobile, non-motile particles of varying shape and magnitude 

- collapsed beads 

о : 
! ν 
) 

>-——ι Fig. 11.5 Blank S e p h a r o s e 4B, lot no. 

™ ^ m V V ' .' 26«4 Bright Held. 

Other lots of varying ages, including samples of Sepharose 2B and 6B, 
were examined in order to get an impression of the frequency of these 
phenomena. All of them exhibited approximately similar results, with the 
exception of lots no.: 5448 and 7641 which contained only few beads with 
vacuoles. 

Two commercial Sepharose 4B derivatives were also investigated micro
scopically: 

- CNBr-activated Sepharose 4B (batch no.: 3581; freeze-dried) was re-
swollen and photomicrographs were taken. It was evident that the spherical 

_». I 

-

Ì— , 

!> 

Fig. 11.6 CNBr-activated Sepharose 
4B, batch no. 3581, after reswelling. 

100μιη ,-- Bright field. 
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structure of the beads had not been reconstituted (fig. II.6). The same 
strongly refractive particles were present but they were not mobile (fig. II.7), 
and were obviously fixed to the agarose matrix. In order to test the effect of 
the CNBr-activation alone, a sample of freshly activated Sepharose 4B was 
also examined microscopically. In comparison with blank Sepharose 4B of 
the same lot, no change of mobility of the particles could be detected. 

- Con A-Sepharose 4B (lot no.: 2572) again showed the same vacuolated 
and collapsed beads. The refractive particles were less mobile. 

Fig. II.7 CNBr-activated Sepharose 
4B, batch no.: 3581, after reswelling. 
Nomarski differential interference con
trast. 

Routine plating and staining methods, performed to control bacterial con
tamination, showed in some cases the presence of Gram-negative bacteria 
and indifferent Streptococci. 

More advanced microscopic techniques (phase contrast and Nomarski 
differential interference contrast) were then applied to samples of the repre
sentative lot no.: 2684, to obtain a more detailed observation of the irregular 
structures. 

The refractive particles show a higher specific gravity than the surrounding 
fluid since in turning beads they tend to remain at the 'bottom' of the vacuole. 
When the vacuolated beads were flattened by pressure of the coverglass, the 
particles were frequently arranged at the periphery of the vacuole. This effect 
is caused by the collapsing wall. More pressure may finally result in rupture 
of the beads. The diameter of the particles varies between 0.5 and 5 μιτι (fig. 
II.8). They are non-motile but show Brownian movement. 
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50 pm 

Fig. II.8 Agarose globule (Sepharose 
4B. lot no.: 2684) filled with Huid and 
numerous particles; at the left and right 
hand side other beads with vacuoles on
ly. Nomarski differential interference 
contrast. 

Bacteria could be detected microscopically in the same lot of Sepharose 
4B. as typical short or long rods adhering to the outside of the beads or 
floating in the fluid of a vacuole (fig. II.9). In the latter case the rods were 
located throughout the whole lumen of the vacuole. The number of bacteria-
filled vacuolated beads was far less than that of vacuolated beads filled with 
particles. 

Fig. 11.9 Agarose globule (Sepharose 
4B, lot no.: 2684) filled with fluid and 
bacteria. Phase contrast. 

Discussion 
Until recently microscopic data on beaded agarose (Sepharose) were ra

ther scarce in the literature. Hjertén (1964) illustrated his standard procedure 
for the preparation of agarose spheres with a photomicrograph to show the 
spherical shape of the grains. A similar photograph has been published by 
Pharmacia Fine Chemicals (1969). Neither of them showed many details. 
Lasch et al. (1972, 1975) published fluoromicrographs of Sepharose 6B beads 
with fluorescein isothiocyanate-labelled leucine aminopeptidase attached 
covalently. They also reported electron microscopic investigations on Sepha
rose 6B beads to which ferritin was coupled covalently. Capel (1974) 
published fluorescence patterns and electron microscopical pictures of 
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IgG,-Sepharose beads after successive incubations with rabbit anti-human 
IgG serum and fluorescein isothiocyanate labelled horse anti-rabbit Ig serum, 
or peroxidase labelled horse anti rabbit Ig serum. David et al. (1974) publish
ed radioautographs of Sepharose 4B protein conjugates. Amsterdam et al. 
(1975) investigated the ultrastructure of beaded agarose by electron micro
scopy. Excellent scanning electron photomicrographs, showing Sepharose 
4B beads before and after incubation with an agarose degrading bacterium, 
have been published by Malmqvist and Hofsten (1975). 

None of the above investigators have described deviations from the normal 
bead structure. Neame ¿7 a/. (1976) reported observations, some of which are 
consistent with the microscopic findings given here. There are, however, 
differences in details and interpretation. In the lots described here the diame
ters of the refractive particles obviously vary continuously, whereas Neame 
et al. described two classes of much smaller size (0.2 and 0.4 μιή). In contrast 
to Neame et al. no active motility of the particles was observed. Their 
mobility was not influenced by CNBr-activation. In contrast to bacteria or 
yeast cells the particles show a relatively high specific gravity. 

The results of the described investigations make it rather unlikely that the 
particulate inclusions are bacteria or yeasts. The origin of the vacuoles and of 
the particles deserves further investigation. The structural deviations may 
influence the chromatographic properties of the support material. Diffusion 
of ligand-solution from the vacuolated beads could also be a reason for 
leakage and for the necessity of prolonged washing procedures. 

II.5. Aim of the investigations 
It is clear from the mathematical approach and the supporting experimen

tal data that the combination of CNBr-activated polysaccharides and polyva
lent spacers and/or ligands leads to a substantial increase in stability of the 
final affinity matrix. Coupling procedures resulting in linkages between the 
matrix and the spacer/ligand with an inherently higher stability than the 
isourea bonds are, however, to be preferred. 

In consequence the initial purpose was to investigate alternative methods 
for introducing reactive functions, or readily activated groups, into polysac
charide matrices, especially beaded agarose (Sepharose). 

The second intention was to demonstrate the applicability of the new 
method(s) in different areas. Investigations into the immobilization of en
zymes on polysaccharide and synthetic supports seemed to be particularly 
advantageous in view of the possibly useful technological applications. 

The work of Cuatrecasas (1969a) on the localization of insulin receptors in 
or on fat cells by means of immobilized insulin (prepared by coupling insulin 
to CNBr-activated Sepharose) was re-investigated. This was also invoked by 
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the reports of Davidson and Van Herle (1973), Davidson et al. (1973) and 
Kolb et al. (1975). These workers have indicated a slow but continuous 
leakage of insulin from Sepharose-insulin preparations, thereby questioning 
the validity of the conclusions, drawn by Cuatrecasas. 

Finally, the purification of trypsin was chosen as a model system to 
demonstrate the applicability of the new coupling method(s) in the synthesis 
of biospecific adsorbents in affinity chromatography. 
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CHAPTER III 

I N V E S T I G A T I O N S I N T O A L T E R N A T I V E C O U P L I N G 
P R O C E D U R E S 

/ / / . / . Introduction 
A number of general problems has to be considered in the development of 

activation procedures for agarose. The potential application of organic chem
ical reactions is limited by the fact that the agarose is present as an aqueous 
suspension of swollen beads which have a limited thermal and mechanical 
stability. In addition, the differing chemical reactivities of homogeneous 
versus heterogeneous systems will also be relevant. 

Inspection of the structure of agarose (fig. 1.9) reveals the possibility of 
forming a cyclic acetal derivative by reacting the hydroxyl functions at C4 

and C6 of the D-galactopyranosyl units with an aldehyde. A primary amino 
function, with possibilities for further coupling reactions, could be intro
duced by performing the acetalization with a nitro-substituted aldehyde, fol
lowed by reduction with sodium dithionite, or with a N-protected amino-
acetal, followed by deprotection. The ether linkages to the matrix will be 
more stable than the isourea bonds resulting from the CNBr-activation 
procedure; moreover, the amino functions are bivalently attached to the 
matrix. Acetáis are known to be acid-labile but the lability is presumably in 
the same range as for agarose itself. The stability of polymeric acetáis may be 
illustrated by the fact that a polyvinylalcohol/formaldehyde acetal has a 
stability greater than nylon in acidic medium (Sakurada, 1954). 

Amino functions can be introduced directly into a polysaccharide chain by 
nucleophilic displacement of previously introduced p-toluenesulphonyl or 
methanesulphonyl groups with ammonia or a diamine. This type of reaction 
is known in textile chemistry as 'animalization'; cellulose (cotton) attained 
the properties of wool with respect to acid dyes by this treatment (Karrerand 
Wehrli, 1926a,b). 

In the textile industry elaborate chemical investigations have been per
formed in order to develop suitable methods for the covalent coupling of dyes 
to fibres (especially cellulose), with concomitant preservation of fibre 
strength. A breakthrough was achieved by the introduction of the so-called 
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reactive dyes, compounds consisting of a chromophonc part coupled to a 
reactive part which can be linked to the fibre ( Vickerstaff. 1957). 

Application of methods and materials derived from this field of chemistry 
may provide a third possibility for the activation of agarose and other poly
saccharides. 

III.2. Ac etat formation 

III 2.1 Agaiosejp-mtrobenzaldehyde, p-mtrobenzalchlonde 
There were two reasons for selecting the synthesis ofp-nitrobenzyhdene 

derivatives of agarose In the first place the nitro groups can be reduced with 
sodium dithionite (Weliky and Weetall, 1965), leading to an aminoaryl-
agarose Secondly, the incorporation of nitro groups can readily be deter
mined by IR spectroscopy 

Ligands containing a carboxyl group can be coupled to the aminoaryl-
agarose via an active ester derivative or by carbodumide activation A further 
possibility is the diazotation of an appropriate ligand followed by coupling to 
the aminoaryl group or, conversely, the coupling of a ligand, containing an 
activated aromatic ring, to the diazotized support. In the latter case the 
limited acid stability of the acetal linkages should be considered carefully. 

Acetáis have to be synthesized under reasonably anhydrous conditions. 
The agarose (Sepharose 4B), whether or not previously cross-linked with 
epichlorohydnn according to Porath et al (1971), was lyophilized therefore 
before use 

The reaction between agarose and p-nitrobenzaldehyde was investigated 
under various conditions (tf Meerwein, 1965). The products were analyzed 
by IR spectroscopy and elemental analysis Unfortunately no detectable 
incorporation ofp-nitrobenzylidene groups could be obtained Consequently 
an alternative approach was considered. It was possible that a p-nitro-
benzylidenc derivative could be synthesized by reacting agarose with 
p-mtrobenzalchlonde under alkaline conditions The irreversibility of this 
reaction presented an additional advantage (Garegg and Swahn, 1972). 

p-Nitrobenzalchlonde was synthesized from the corresponding aldehyde 
according to Zimmermann and Muller (1885); the reaction with agarose or 
cross-linked agarose was performed under various conditions, but once again 
no positive results were obtained 

Drastic conditions needed to overcome the apparent low reactivity of the 
p-nitrobenzaldehyde or -chloride, as described by Hibbert and Sturrock 
(1928), 7emliCka and Horwitz (1971), Garegg et al. (1972) and Garegg and 
Swahn (1972), could not be applied here on account of the properties af 
agarose Use of the benzalbromide in place of the chloride reduced the 
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reaction time but quite high temperatures were still necessary (Garegg and 
Swahn, 1972; Khan, 1974). 

III.2.2. Agarose¡aminoacetaldehyde dimethylacetal 
Aminoacetaldehyde dimethylacetal was chosen as a more reactive alterna

tive top-nitrobenzaldehyde. Preliminary experiments showed that previous 
protection of the amino-function is advisable. The methylsulphonylethyl-
oxycarbonyl protecting group (Msc; Tesser and Balvert-Geers, 1975) was 
applied; deprotection can be performed in alkaline medium, in which the 
acetal linkages are stable. 

Model experiments were carried out with ethylene glycol and trimethy-
lene glycol (cf. Hibbert and Timm, 1924; Hibbert and Sturrock, 1928), 
yielding the well-characterized dioxolan and 1,3-dioxan derivatives respecti
vely. Many experiments with methyl-ß-D-galactopyranoside, as a more rea
listic model for agarose, did not lead to the desired derivative. Treatment of 
dry agarose with the Msc-aminoacetaldehyde dimethylacetal under various 
reaction conditions also did not lead to a sulphur containing polymer, as 
indicated by a negative Lassaigne test (cf. III.5) and/or elemental analysis. 
Similar experiments with Glycophase-G/CPG-100 (glycerol coated porous 
glass) and polyvinylalcohol were likewise unsuccessful. 

III.3. Introduction of amino functions into polysaccharides through their 
p-toluenesulphonyl or methanesulphonyl derivatives 

III.3.1. Cellulose 

III.3.1.1. Introduction 
Prior to investigations on agarose, experiments were performed with cellu

lose in order to obtain more experience of chemical derivatization of poly
saccharides. The results of Karrer and Wehrli ( 1926a, b) were reinvestigated. 
They described the introduction of amino functions into cellulose; so-called 
'Immungarn', cotton fibres without affinity for acid dyes (cf. Tagliani, 1926; 
Rath, 1972), prepared by partial esterification of the cellulose with 
p-toluenesulphonyl chloride, was converted into 'Amingarn' by treatment 
with ammonia or diamino alkanes. The latter fibres showed an excellent 
affinity for acid dyes. 

Native cellulose has a rather low reactivity, which is caused by the poor 
accessibility of the functional groups in the polymer to chemical reagents. 
Strong intermolecular hydrogen bonds are responsible for this phenomenon 
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Fi)> ¡II I The adsorption of NaOH by cellulose from aqueous solutions as a function of the 
NaOH concentration (Vieweg curve) 

(Urquhart, 1958, Husemann and Werner, 1963, Segal, 1971) Several meth
ods have been described to improve the accessibility, thereby increasing 
the reactivity The action of sodium hydroxide on cellulose is the most 
important one, technically It is known as 'mercenzation' after its inventor 
Mercer(1844, see Ott, 1946) More systematic investigations on the swelling 
of cellulose in sodium hydroxide solutions have been reported by Vieweg 
(1907, see Mark, 1932) The 'Vieweg curve' represents the take-up of 
sodium hydroxide by cellulose from aqueous solutions of varying concentra
tions (fig III 1) The plateaux in the curve correspond to alkahcellulose I and 
II, differing in crystalstructure from the native polysaccharide Washing the 
alkahcellulose with water yields so-called 'hydrate cellulose' wmch has a 
much higher porosity than the native material, and which is consequently 
much more reactive 

Drying of the 'hydrate cellulose' yields again the unreactive modification 
This can be avoided by performing the dehydration procedure by means of 
'WAN-exchange' (Water-Alcohol-Non polar liquid) In this procedure the 
alkahcellulose is washed sequentially with water, methanol, acetone and 
finally cyclohexane It is then dried to yield the so-called 'inclusion-cellulose' 
(Staudinger. 1942, Staudmger and Dohle, 1953, Sebille-Anthoine, 1961; 
Green, 1963, Bruneau et al , 1973, see also Husemann and Werner, 1963 and 
Segal, 1971) 

A further enhancement of the reactivity can be achieved by regeneration of 
the cellulose, yielding cuprammonium or viscose rayon depending on the 
regeneration procedure used The former is prepared by precipitating the 
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cellulose from its solution in copper(II)tetrammonium hydroxide (Schwei-
zer's reagent, 'Cuoxam') ; the latter by precipitation from a cellulose xanthate 
solution (Husemann and Werner, 1963; Jayme and Lang, 1963; Rath, 1972). 
These treatments combined with the WAN-exchange procedure yield a 
highly reactive type of cellulose. 

Many reports on the synthesis of tosylated or mesylated cellulose have 
appeared in the literature. Native, mercerized and WAN-exchanged, or 
regenerated and WAN-exchanged cellulose were used in combination with 
pyridine as the solvent at varying reaction times and temperatures ( Wolfrom 
et al., 1941; Heuser et al., 1950; Roberts, 1957; see also: Ott, 1946; Pacsu, 
1963; Garbraikh and Rogovin, 1971). Hess and Ljubitsch (1933) found that 
cellulose tosylates contained chlorine and, to a lesser extent, nitrogen, de
pending upon the reaction conditions. 

Aminodeoxycellulose has been prepared by treatment of the sulphonate 
esters with ammonia or diaminoalkanes. The products contained varying 
amounts of nitrogen and always a residual amount of sulphur (Karrer and 
Wehrli, 1926a, b; Sakurada, 1929; Hess and Ljubitsch, 1933; Wolfrom etal., 
1941; see also: Gal'braikh and Rogovin, 1971). 

III.3.1.2. Experimental section 

Regenerated, cyclohexane-mclusion-cellulose 
Cotton-wool (3 3 g) was dissolved, under nitrogen, in 1 I of a copperdDtetrammonium-

hydroxide solution ( 12 g of copper(II)hydroxide and 2 g of copper(I)chlonde in 1 1 of aqueous 
ammonia 25%) The dark-blue viscous solution was filtered through glass-wool by nitrogen 
pressure and then injected, with continuous stimng, into I I of 5% aqueous potassium sodium 
tartrate; neutrality was maintained by continuous addition of acetic acid. The precipitated 
cellulose was collected and washed thoroughly with 5% acetic acid, water and methanol The 
regenerated cellulose was suspended subsequently in methanol, acetone and cyclohexane, in 
each for 24 h, filtered off and then dried m vacuo 

p- Toluenesulphonyl-cellulose 
Cellulose powder (Whatman CF-11,0.5g,I) and regenerated, cyclohexane-inclusion-cellulose 

(0 5 g, II) were each suspended m dry pyridine (50 ml), containingp-toluenesulphonyl chloride (5 
g) The suspensions were stirred for 22 h at room temperature. After that period acetone (75 ml) 
containing water (7.5 ml) was added to each of the reaction mixtures to decompose the excess 
tosyl chloride After 5 min the mixtures were poured into 600 ml of distilled water, stirred for 30 
mm and Filtered The products were resuspended in 600 ml of distilled water, and allowed to 
stand overnight They were filtered off subsequently, washed, and extracted with methanol and 
then with diethyl ether in a Soxhlet apparatus, followed by drying m vacuo over phosphorus 
pentoxide 

The IR spectrumof II showed peaks characteristic of sulphonate groups at 1180,1190 and 1370 
cm-1 

Analysis: (I) %S 0 4; (II) %S 8.2; blank (each) %S <0 2 

89 



Ammolli oxyi elliiiose 
The two tosylates and appropriate blanks (0 2*> g) were suspended in 40 ml of aqueous 

ammonia 2V7c sealed ma Carius tube and heated for 2 h at 100°C The products were filtered off 
washed thoroughly with water methanol and diethyl ether and dried in \ at no over concentra
ted sulphuric acid 

Only the product from tosylcellulose II was positive to the tnnitrobenzenesulphonate test 
(Inman and Dintzis 1969) and to the ninhydrin test (c/ III 5) The sulphonate peaks had 
disappeared from the IR spectrum 

Analysis treated I r ÍS 0 2 r'rN 0 1 
treated II 9fS I S ÇÎN I 7 
blank (each) <2N<0 I 

HI.3.1 3 Discussion 
The remarkable difference in reactivity between native and regenerated 

inclusion-cellulose is obvious from the above experimental data. The degree 
ot substitution (DS) of the tosyl-cellulose 11 is 0 69 (calculated from: 
100/(162+ 154n) = ÇfS/32n, with η representing the number of tosylgroupsper 
anhydioglucose unit) The number of amino groups (p) incorporated per 
anhydroglucose unit, after treatment of tosyl cellulose II with ammonia, can 
be calculated similaily from. 100/(162+154n-155p) = Cf N/14p, and amounts 
to 0 27 The discrepancy between the experimental residual sulphur content 
of the aminodeoxycellulose ( 1 5% ) and the calculated value 
[ 1200 (n-p)/( 162 + 154n- 155p) = 5 94%] can only be explained by substantial 
hydrolysis apparently occurring simultaneously to the aminolysis. A similar 
phenomenon was observed by Hess and Ljubitsch( 1933). and Wolfram ef a/. 
(1941). 

/// 3.2. Aginóse 

ill 3 2 I ¡ntiodiution 
The estenfication of agarose (Sepharose 4B) with p-toluenesulphonyl or 

methancsulphonyl chloride was performed under a variety of reaction condi
tions adapted from the experiments with cellulose. The regeneration proce
dure, used with cellulose, could not be applied, however, since the agarose 
was insoluble in the copper(II)tetrammonium-hydroxide solution. In addi
tion, conservation of the bead-form was intended. 

The agarose was cross-linked with epichlorohydnn according to the me
thod of Porath el cil (1971), lyophilized and dried in vacuo before use. 

Samples of the agarose derivatives were then treated with hexamethylene-
diaminc under various reaction conditions in an attempt to introduce simul
taneously spacers and amino functions. 
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III.3.2.2. Experimental section 
Epichlorohydrin cross-linked agarose 

100 ml of settled Sepharose 4B was washed with 250 ml of distilled water and added to 100 ml of 
1M NaOH containing 0 5 g of sodium borohydnde Epichlorohydrin (2 ml) was then added, and 
the reaction mixture was kept at 60°C for l h, the suspension was mixed continuously by axial 
rotation The product was filtered off, washed with hot water until neutral, and then with cold 
water, lyophihzed and dried m \acuo over concentrated sulphuric acid The yield was variable, 
generally between 1 5 and 2 g 

p-Toluenesulphonyl-agarose 
ρ Toluenesulphonyl chloride was recrystallized before use (cf Fieser and Fieser, 1967) 

Pyridine was dried over potassium hydroxide, distilled and then kept over potassium hydroxide 
(I) Cross-linked agarose (1 g, 3 27 mmoles) was suspended in 150 ml of pyridine, and allowed 

to swell for 2 h Tosyl chloride (5g, 26 23 mmoles) was added and the reaction mixture was kept 
at 60°C for 3 h, the suspension was mixed by axial rotation After cooling, the mixture was 
poured into 250 ml of acetone containing 10% water and stirred for 30 min in order to decompose 
the excess of tosyl chloride The product was filtered off, washed with water (11), methanol (100 
ml) and diethyl ether (50 ml) and then extracted with diethyl ether for 4 h (la) and 17 h (lb) in a 
Soxhlet apparatus and finally dried in vacuo over concentrated sulphuric acid Yield I I g 

The product was positive to Lassaigne's test for sulphur The IR spectrum showed the 
characteristic sulphonate absorptions at 1180, 1190 and 1370 cm - 1 

Analysis (la) %S 2 4, (lb) %S 2 4, blank % S < 0 2 
(II) Cross-linked agarose (0 93 g, 3 01 mmoles) was suspended in 25 ml of pyridine and allowed 

to swell for 30 min Tosyl chloride (2 30 g, 12 06 mmoles), dissolved in 5 ml of pyridine, was 
added and the reaction mixture kept at 60°C for 1 25 h, the suspension was mixed by axial 
rotation The product was filtered off after cooling, thoroughly washed with acetone (500 ml), 
and dried in vacuo Yield 1 g 

The product gave a positive Lassaigne test for sulphur and had the familiar IR spectrum 
Analysis (II) %S 2 2 %N 0 1 %C1<0 2 

blank % S < 0 2 % N < 0 1 %C1<0 2 
(III) Cross-linked agarose (4 g, 13 07 mmoles) was suspended in 100 ml of dry methanol and 

rotated for 5 h at room temperature The agarose was filtered off, washed with 100 ml of dry 
acetone and rotated for another 1 5 h The agarose was filtered off again, washed with 100 ml of 
'super dry' pyridine (prepared by heating pyridine under reflux over calcium hydride, followed 
by distillation), and rotated overnight in a further 100 ml The agarose was then filtered off, 
resuspended in 100 ml of 'super dry' pyridine, and treated with tosyl chloride (15 g, 78 68 
mmoles) The reaction mixture was rotated for 6 days at room temperature After that period it 
was poured into 200 ml of pyridine-water (4 1, v/v) with cooling, stirring was continued for a 
further 30 mm The product was filtered off, washed with pyridine-water mixtures varying 
gradually from 4 1 to pure water, followed by II of distilled water It was washed subsequently 
with methanol (200 ml) and diethyl ether (100 ml) and dried in vacuo Yield 9 30 g 

The product was positive to Lassaigne's test, and had the expected IR spectrum 
Analysis %S 12 2 % N < 0 1 %C1<0 2 

Methanesulphonyl-agarose 
(I V) The mesylation was performed in the same way as described above for the tosylation (II), 

using cross-linked agarose (0 92 g, 3 01 mmoles) and redistilled mesyl chloride (1 42 g, 12 40 
mmoles) Yield 0 9 g 

The product was positive to Lassaigne's test for sulphur The IR spectrum showed the 
characteristic sulphonate absorptions at 1180, 1190 and 1370 cm - 1 

Analysis %S 1 3 %N 0 2 %C1<0 2 
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(V) The mesylation was performed in the same manner, described for the tosylation (III), 
using cross linked agarose (2 g 6 54 mmoles) and redistilled mesyl chloride (4 54 g 39 63 
mmoles), half volumes of the solvents were used 

The product was positive to Lassaigne s test for sulphur and had the characteristic IR 
spectrum 

Analysis 7(S 18 4 % N < 0 1 %C\<02 

(6-AmmohexyI) amtnodeoxy agarose 
(VI) Tosyl agarose (11, 0 86g) was suspended in aqueous hexamethylenediamine (20% w/v, 

20 ml) and rotated for 1 25 h at 80°C The mixture was cooled, filtered and the product was 
washed with water ( 100 ml) and then packed into a small glass column The column was eluted 
with 1 M NaCl (100 ml), water until the eliiate was chloride negative, 0 5м NaOH (50 ml) then 
water until the eluate was neutral The agarose derivative was then placed on a glass filter, 
washed with methanol (100 ml) and dried in \aiuo Yield 0 70 g 

The product was ninhydnn positive but also remained positive to the I assaigne test The IR 
spectrum of the product did not differ very significantly from that of the original tosylate 

Analysis %S 1 45 %N 0 5 
(VII) Tosyl agarose (III, 1 g) was suspended in dimethylformamide (10 ml) and allowed to 

swell o\ernight A solution of hexamethylenediamine in the same solvent (109f w/v 25 ml) was 
then added and the mixture was rotated for 6 h at 80°C The cooled mixture was filtered and the 
product was washed with dimethylformamide (100 ml) and water (100 ml) The denvatized 
agarose was then treated in the same way as described above (VI) Yield 0 83 g 

The product was ninhydnn positive but also gave a positive Lassaigne test The IR spectrum 
showed a relatively lower intensity for sulphonate absorption compared with the spectrum of the 
original tosylate 

Analysis %S 9 0 %N 2 75 
(VIII) Mesyl agarose (I V,0 78 g) was treated exactly as described under (VI) Yield 0 74 g 
The product was very faintly positive to ninhydnn, and was significantly positive to the 

Lassaigne test The IR spectrum did not differ from the spectrum of the original mesylate 
Analysis %S 0 7 %N 0 15 
(IX) Mesyl agarose (V, 1 g) was treated exactly as described under (VII) Yield 0 94 g 
The product was ninhydnn positive and positive to the Lassaigne test The IR spectrum 

showed a relatively lower intensity for the sulphonate absorption compared with that of the 
original mesylate 

Analysis %S 14 9 %N 2 1 

III 3 2.3 Discussion 
Microscopic observation demonstrated that the cross-linking of Sepharose 

4B with epichlorohydrin did not affect the spherical bead structure signifi
cantly Reswelling after lyophihzation, however, yielded partly reswollen, 
deformed beads 

The degree of substitution for the tosyl and mesyl derivatives can be 
calculated from 100/(306+154n) =%S/32n and 100/(306+ 78m)= %S/32m 
respectively, η and m representing the number of tosyl and mesyl groups per 
anhydro (galactopyranosyl-anhydrogalactopyranose) unit respectively. The 
cross-linking with epichlorohydrin is neglected in these calculations. The 
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values for the tosyl derivatives are: 0.26(1), 0.24(11) and 2.83(111); for the 
mesyl derivatives: 0.13(1 V) and 3.19(V). Solvent-exchange treatment of the 
agarose prior to the chemical reaction and relatively long reaction times were 
obvious requirements for high substitution levels. The incorporation of chlo
rine at higher temperatures (II, IV) was minimal in contrast with the results 
for cellulose (Hess and Ljubitsch, 1933). 

The cross-linked agarose retained a reasonable beaded structure after the 
sulphonylation reaction. The change to an aqueous medium, however, cau
sed some type of Osmotic shock', yielding a completely destructed polymer. 
Several alternatives, for example washing the product with acetone, drying 
and subsequent reswelling in water, or changing the medium gradually from 
pyridine to water, did not improve the situation. 

The aminolysis of the sulphonates yielded ninhydrin-positive products. 
The number of primary amino groups incorporated into the matrix (p for 
the tosyl and q for the mesyl derivative) can be calculated from: 
100/(306+154n-56p)= %N/28p and 100/(306+78m+20q)= %N/28q. The re
sults are summarized in table III. 1. 

Table ¡ILL 

VI 

VII 

VIII 

IX 

Ρ 

0.05 

0.69 

-

-

q 

-

-

0 

0.42 

%S (exp.) 
original 

2.2 

12.2 

1.3 

18.4 

%S (exp.) 
residual 

1.45 

9.0 

0.7 

14.9 

%S (cale.)* 
residual 

1.79 

9.74 

1.32 

15.74 

*) for the tosyl derivative: % S residual= 3200(n-p)/(306+154n-56p) 
for the mesyl derivative: % S residual= 3200(m-q)/(306+78m + 20q) 

The calculated residual sulphur content is higher than the experimental 
value, indicating that some degree of hydrolysis and cross-linking occurred 
simultaneously with the aminolysis. The extent of the hydrolysis is substan
tially less than in the aminolysis of tosyl cellulose (cf. III.3.1.3). 

In spite of several variations in the experimental conditions, it appeared to 
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be impossible to obtain a higher incorporation of amino groups, and to 
eliminate all the tosyl or mesyl functions. 

The hydroxyl groups at C2 of the anhydrogalactopyranosyl- and at C2, C4 

and C6 of the galactopyranosyl units in agarose are available for sulphonyla-
tion. The nucleophilic displacement of secondary sulphonyloxy groups on a 
pyranoid system does not normally occur unless performed in high boiling 
aprotic solvents of high dielectric constant and providing that steric and 
electronic factors are favourable. Sulphonate esters on C2 are not replaced 
because of the electron-withdrawing properties of the anomeric centre and 
ring oxygen and, perhaps the unfavourable dipolar interactions in the tran
sition states. Sulphonate groups at primary positions are usually very readily 
replaced. The C6-sulphonate of D-galactopyranoside presents an exception; 
it shows a particular resistance to displacement by anionic nucleophiles, in 
comparison with the corresponding glucopyranoside. This has been attribu
ted to a field effect operating from the axial C4-hydroxyl group, and unfavour
able dipolar effects in the transition state. Displacement by neutral nucleo
philes requires relatively less drastic conditions (Freudenberg and Doser, 
1925; Sugihara and Teerlink, 1964; Nadkarni and Williams, 1965; Hough and 
Richardson, 1967; Richardson, 1969; Wu et al., 1974). 

The described effects combined with the additional disadvantages of a 
heterogeneous reaction system explain the present experimental results. The 
stability of the amine-substituted agaroses was investigated by the method 
described by Tesser et al. (1974; see also section III.4.2). No leakage of 
coupled material could be detected even after 10 days at room temperature 
(caution: sodium acetate appeared to be highly positive in the Reindel Hoppe 
test, cf. III.5). 

The low incorporation of amino functions, the drastic reaction conditions 
required, the high residual tosyl- and mesyl- content and the damage caused 
to the matrix structure during the isolation of the sulphonate derivative 
necessitated the investigation of other alternatives. 

Ill A. Activation of polysaccharide matrices with halogenated pyrimidines 
and reactive dyes 

III.4.1. Introduction 
The possibility of attaching dyes covalently to fibres has long been attrac

tive to dye-stuff chemists since both attachment by physical adsorption 
(direct dyes) and mechanical retention (vat or azoic dyes) possess serious 
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disadvantages. Cross and Bevan (1895) reported the first covalent combina
tion of a dye with cellulose. The cellulose was treated with aqueous sodium 
hydroxide, esterified with benzoyl chloride followed by nitration and subse
quent reduction. Diazotation of this material permitted coupling with aroma
tic amines and phenols to yield coloured cellulose. 

During the 1920's the Society of Chemical Industry (later CIBA) started 
investigations on cyanuric chloride (2,4,6-trichloro-l,3,5-triazine; fig. 
III.2a). Dyes of the Chlorantine Light Green series (Colour Index No.: 14155 
and 34045) were synthesized by reacting cyanuric chloride successively with 
one equivalent each of a blue and yellow dye, containing an amino function 
for coupling. The third chlorine was usually substituted by a colourless 
amine, e.g. aniline. The capacity of the products, still containing the third 
chlorine atom, to couple covalently to cellulose was not then recognized 
(Zollinger, 1961a). 

k N J 0 8 e 3 

1.116 

Fig. III.2 (a) Cyanuric chloride (2,4,6-trichloro-i-triazine); (b) charge density distribution in 
nitrogen heterocycles, after Peacock (1965). 

During the period 1930-1933 CIBA chemists investigated the use of 
cyanuric chloride as an acylating agent for cellulose. It was shown that the 
treated cellulose contained chlorine atoms capable of further reaction with 
suitable groupings, for example, dyes (CIBA, Brit. Pat. 363,897; Haller and 
Heckendorn, 1941). Extensive analytical details have been described by 
Warren et al. (1952). 

Finally, it was realized that a trifunctional molecule such as cyanuric 
chloride could be substituted with a water soluble dye and that such a dye 
could be coupled covalently to cellulose under alkaline conditions (Rattee 
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and Stephen, 1960). This led to the manufacture of the first commercial 
reactive dyes for cellulose fibres, the Procions (I.C.I.), in 1956(Vickerstaff, 
1957). An impressive number of reactive systems has appeared meanwhile in 
the patent literature (for reviews see: Beech, 1970; Siegel, 1972; Rath, 1972; 
Peters, 1975). 

III.4.1.1. Reactive dyes based upon triazines 
The high reactivity of cyanuric chloride (2,4,6-ІгісЫого-л-ігіагіпе, fig. 

III.2a) arises from the presence of the three heterocyclic nitrogen atoms, 
which cause an electron deficiency at the adjacent carbon atoms. The charge 
density distribution in nitrogen heterocycles has been calculated by Peacock 
(1965); the values are given in fig. III.2b. The chlorine atoms further increase 
the relatively positive charge on the carbon atoms. The combination of both 
effects facilitates a nucleophilic attack in which chlorine is replaced (nu-
cleophilic aromatic substitution). The reactivity of the resulting dichlorotria-
zinyl residue depends upon the type of substituent introduced. 

Zollinger (1961a) reported apparent reaction rate constants for the substi
tution of chlorine by aniline at 25°C of 14 1 • mole-1 · min-1 for the first substitu
tion and 0.11 I mole - 1 min - 1 for the second one (corrected for statistical 
factors: 4.67 and 0.055 respectively). This enables a stepwise derivatization 
of cyanuric chloride. Pure mono-, di- and tri-aniline-substituted compounds 
are obtained by performing the reaction at 0-5°C, 40°C and 80°C respective
ly. Alkoxy- and aryloxy-substituents cause only comparatively feeble deac
tivation of the residual chlorine atoms (Beech, 1970). This corresponds 
approximately with the Mulliken electronegativity of the atoms directly 
coupled to the triazine nucleus. 

The preferential coupling of a dichlorotriazinyl dye, or rather a reactive 
dye in general, in aqueous alkali to the cellulose fibre instead of rapid 
hydrolysis, is determined by several factors. Cellulose anions and hydroxyl 
anions are the two types of nucleophiles which compete during the coupling 
reaction (Sumner, I960). The nucleophilicity of the cellulose anion is higher 
than that of the hydroxyl ion, which enhances the coupling to cellulose 
(Beckmann et al., 1962). This has been confirmed by experiments with 
water-soluble model compounds (primary and secondary alcohols, sorbitol, 
glucose) demonstrating a higher reactivity for the alcohols compared to water 
(Dawson et al., 1960; Preston and Fern, 1961; Ingamells et al., 1962). In 
addition, the higher dissociation constant of cellulose (pK 13.7) compared to 
water (pK 15.7) results ina higher concentration of cellulose-O- than O H - in 
the fibre, whereas the concentration of the dye in the cellulose phase can be 
as much as 500 times higher than in solution depending upon the adsorptive 
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affinity of the dye (Preston and Fern, 1961; Ingamellser «/., 1962). A decrea
sed tendency to hydrolysis of the dye due to its adsorption onto the fibre, as 
suggested by Zollinger (1959, 1961b) has been disproved by the results of 
Beckmann et al. (1962). 

The point of attachment of reactive dyes to cellulose has been the subject 
of many investigations (cf. Hildebrand, 1972). The results indicate for mono
and dichlorotriazinyl dyes the same trend as for the reaction of cellulose with 
p-toluenesulphonyl chloride. The latter occurred in the ratio C6-OH: 
C2-OH:C3-OH = 23.4:2.2:0. KDawson, 1958; Dawson et al., 1960; Gardner 
and Purves, 1942). 

The hydrolytic stability of the dye-fibre bond in case of mono- and dichlo
rotriazinyl dyes has been shown to be maximum in the pH range 6 to 7; on 
departure from this region the stability decreased by about tenfold per pH 
unit (Senn et al., 1963; Senn and Zollinger, 1963; see also: Beech, 1970; 
Hildebrand, 1972; Peters, 1975). In the alkaline region nucleophilic attack by 
hydroxyl ions on the electron-deficient carbon atoms, according to an 
associative-dissociative mechanism, can take place. A more detailed mecha
nism has been worked out by Rys (1967). In the acid range, hydrolysis by 
specific hydroxonium ion catalysis has been proposed by Senner al. (1963) 
and, Senn and Zollinger (1963). An intermediate triazonium ion is formed, 
thereby facilitating nucleophilic attack by water. 

The ease of hydrolysis of the link formed between a dichlorotriazinyl-dye 
and cellulose depends strongly upon the type of substituents on the triazine 
nucleus. Preston and Fern (1961) investigated the stability of different types 
of dye-fibre linkages (fig. III.3a,b; see also: Beech, 1970). 

IH.4.1.2. Reactive dyes based upon diazines 
Another class of reactive dyes, based on tetrachloropyrimidine, was intro

duced in 1959(Drimarene, Sandoz; Reactone, Geigy). In these compounds 
the chromophore is coupled at C4 of the heterocyclic system (Ackermann and 
Dussy 1961, 1962). Chlorine at C2 and C6 can again be substituted by nu
cleophilic attack of cellulose anions; substituents in the 5 position do not 
undergo displacement, although they modify the reactivity of the other 
positions. 

The reactivity of this type of dyes is lower than that of the corresponding 
dyes based on the triazine nucleus, which is caused by the replacement of one 
nitrogen atom of the heterocyclic system by a methine group (fig. III.2b). 
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Fig. Ш.З (a) Main types of dye linkage in case of dichloro-tnazinyl dyes: cold dyeing (1), 
cross-link (2), partial hydrolysis (3), amine aflertreatmenl (4); D=chromophore. (b) Hydrolysis 
of type 1,2,3 and 4 dyeings of Procion Yellow M-R on viscose rayon in 0.01 N HCl (after Preston 
and Fern, 1961). 

Hildebrand (1969; 1972) found hydrolysis rate constants of 0.35- IO"3 min"1 

and 0.33 min - 1 for the trichloropyrimidinyl and dichlorotriazinyl derivative 
of the same chromophore. 

The hydrolytic stability of the dye-fibre bond is accordingly higher for the 
diaziny 1-dyes. Senn et al. ( 1963) and, Senn and Zollinger ( 1963) compared the 
detachment of dyes from cellulose as a function of ρ Η at 100°C. The stability 
of the bonds with cellulose was approximately 100 times higher for the 
trichloropyrimidinyl derivative than for the dichlorotriazinyl derivative (fig. 
III.4). 

The position at which hydrolysis occurred appeared to depend on the 
nature of the bridging group between the chromophore and the diazine. With 
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Fig III 4 Hydrolytic stability of different reactive dyeings on cellulose as a function of pH at 
100°C, after Senn et til (1963) 

dyes containing oxygen bridges, alkaline hydrolysis occurs chiefly between 
the reactive system and the chromophore, whereas dyeings of dyes contai
ning imino or methyhmino bridges are cleaved between the reactive system 
and the cellulose (Thumm and Benz, 1962) 

A combination of the reactivity of the dichlorotnazinyl dyes and the final 
dye-cellulose bond stability of the tnchloropynrnidinyl dyes was achieved by 
the application of 2,4,6-trifluoro-5-chloropynmidine ( 'PCP', fig III 5) as the 
reactive group This compound can be synthesized from tetrachloropynmi-
dine (Childress and McKee, 1950) by halogen exchange with silver fluoride 

CI 

Fig III 5 2,4,6-lnfluoro-5-chloro pynmidine ('FCP ) 
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(Schroederí'í al., 1962) or with hydrofluoric acid or alkali fluorides (Bayer, 
Belgian Patent 706,987 (15 12 1966); cf. Siegel, 1972). These reactive dyes 
were introduced into the market in 1970(Verofix, Bayer; Reactolan, Geigy; 
Dnmalan F, Sandoz) for wool and in 1971/1972 (Levafix EA/PA, Bayer; 
Dnmarene K/R, Sandoz) foi cellulose (Soell, 1973, Rys and Zollinger, 1974; 
Bayer, British Patent 1,169,254(5.11.1969)). 

Fluorine is far more rapidly displaced in nucleophihc aromatic substitution 
reactions than the other halogens, because of its extreme electronegativity; 
l-fluoro-2, 4-dinitrobenzene, for example, reacts about 750 times faster with 
pipendine than the corresponding chloro- or bromo-compound (Bunnette? 
al., 1957). Difluorochloro-pynmidinyl dyes are about 170 times more reac
tive than the corresponding tnchloro-pynmidinyl dyes (Hildebrand, 1969; 
see also Hildebrand, 1972), whereas both compounds yield essentially the 
same end-product after reaction with alkali cellulose. It was suggested that 
both fluorine atoms in the 2,4-difluoro-5-chloropynmidine derivative can be 
replaced sequentially at about the same rate (Hildebrand and Meier, 1971c). 
This was questioned by Rys and Zollinger (1974), but partly supported again 
by Altenhofen (1975). 

Ill .4 I 3. Reactmtv of halogenated diazmes and triazmes toward frequently 
ос с un mg jimt tional groups 

The reactivity of difluorochloro-pynmidinyl dyes toward cellulose-
OH/-0~, the side-chain functional groups of cysteine, histidine, lysine, and 
the tt-amino groups of /V-terminal amino acids was demonstrated by the work 
of Hildebrand and Meier (1971a,b,c; see also Hildebrand, 1972), and of 
Altenhofen (1975). The latter performed model experiments with Gly-NH-
Me, Ac-Cys-NH-Me, Ac-Lys-NH-Me and Ac-His-NH-Me. and found for 
the lysine derivative approximately equal reaction rates for the first and 
second substitution, in the case of cysteine the rate of the second reaction 
was about ten times slower. 

Very detailed data of the reactivity of chloro-tnazinyl dyes with respect to 
the functional groups mentioned previously, have been published by Shore 
( 1968a,b.c) and Reinert et al. (1968). Calculations based on experiments with 
appropriate model compounds yielded the following order of decreasing 
reactivity cysteine thiol-, /V-terminal α-amino-, histidine imidazolyl-, lysine-
t-amino-, serine hydroxyl-, tyrosine hydroxyl-, arginine guanidino- and 
threonine hydroxyl-group. The indolyl group of tryptophan appeared to react 
only at very high pH values, and the cystine disulphide and methionine 
thioether groups showed no reactivity. The relative reactivity is particularly 
dependent on the pH of the reaction mixture. Some of the results of Shore 
(1968b) are summarized in figure III 6a, b. 
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Fig. III.6 Pseudo-monomolecular rate constants (k) for the reaction of ethyl-compounds (a) and 
side-chain functional groups of amino acids (b) with a monochloro-triazinyl dye (Procion 
Brilliant Red H-3B) as a function of pH, at 20°C; curves were constructed on the basis of the 
experimental data of Shore (1968b). 

III.4.1.4. Application of FC Ρ and derivatives to ligand immobilization 
The application of FCP to ligand immobilization clearly merited a thorough 

investigation. Two activation procedures were developed: (1) Coupling of a 
reactive azo-dye, based on FCP, to agarose, followed by reduction and diazo-
tation. This reactive support could be used for the immobilization of 
tyrosine- or histidine-containing proteins, or for the coupling with low mole
cular weight ligands, containing an activated aromatic ring. (II) Application 
of the FCP group as such. Here two strategies are possible, and have been 
discussed previously (section 1.2.4.4.1. and fig. 1.23). Investigations on the 
pre-activation of matrices were emphasized. 

The reactivity of the FCP-agarose toward amines and mercaptans was 
examined, and the ratio between hydrolysis and substitution during the 
coupling with amines was determined. Agarose, coupled with 
hexamethylenediamine and ε-aminocaproic acid by this method, was titra
ted and the results were compared with those from elemental analyses. 
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Ihe stability of the rCP-agarose bond was determined in three ways 1) 
incubation of agaiose coupled with a ïeactive dye based on ЬСР, at ioom 
tempeiatuie in bulteis of diffeient pH followed by spectrophotomctric 
investigation of the supemalants, 2) incubation of hexamethylenediamine-
substituted \ CP agarose at mom temperature in buffers of different pH, 
followed by thin layei chmmatogiaphic screening of the concentiated super-
natants, ~\) incubation of insulin-substituted FCP-agamse under different 
conditions, followed by detei ruination of the insulin activity of the supeina-
tants (to be discussed in chaptei V) 

I-inally, the bCP-activation was applied to other types of matrices and 
some I CP-analogues were also investigated 

/// 4 2 Expel ¡mental sec tion 

Sephadex and Stpharose weie obtained dom Pharmacia the latter matrix was thetked by 
micmseopic investigation betöre use I'oljaciylamidc and cellulose weie products from Bio 
Rad and Whatman lespectivelv 

Samples ot the ion exchange lesins N K / 2 and N K / 4 (cross linked aminomethyl 
polvstyienel and ol reactive dyes tetrafluoropy nmidine (TbP) tetrachloropynmidine ( ГС P) 
and 2 4 6 tnlluoio s chloiopyiimidmc (1 С Ρ) weie a gift from Bayei AG 1 everkusen W 
Gei many Ihe last named compound is an almost colourless liquid (density I 67*>) with a 
boiling pomi ol II6"C/"761) mm and melting point ot about 2°C It is flammable (flash point 
between 2Γ and SVC ) and expenniental use is advised to be pertormed in a well ventilated 
hood 

Most ol the olhei leagentsand solventsustd were of analytical giade quality xylene (mixture 
ol the thiee isomers and free of thiophcne) and dioxan weie of a practical grade 

Stundtud di\ Stpluno\< (I) 
Ihe follow mg method was applied to piepaie samples of Sepharose 4B with a standardized 

water content (tig III 7) the wet suspension was transiei red into a sinteied glass lunnel (Scholt 
λ. Gen Main/ ID II and then allowed to d n p d i y a small tube (length 40 cm and internal 
di tmetei 1 mm) was put al the end ol the tunnel to accelciate the tiltiation Amounts of this 
Sephamsc coi responding to an arbitrai y but constant mark on the filtei (coi responding to 22 4 
ml) weie taken as stalling material The weight ol these samples vaned geneially between 23 
and 2S g the agaiose content was approximately 4 rr 

Сонрішц ot itiittiM d\t ^ to ÍIÍ,'ÍIIO\Í (2ι 
Sephaiose 4B was washed lice fiom sodium a/idc ind 2S g of the standard diy material was 

suspended in a solution ol 0 1 g of dye in 11 ml ot water The suspension was stirred for 10 mm 
(not with a magnetic stii ICI bar') a n d l ^ m l o t iNaCI solutionOO 104) g/l) were added ThepH 
was increased subsequently to 10 s 11 0 by addition of 1 м NaOH The icaction mixtuie was 
kept Π this constant pH ( pH Stat equipment Radiometei Copenhagen type Τ Γ I le) and 
stiiied loi 24 h at ioom temperatine 

The product was lilteied otl washed thoioughlv with watti and packed into a column the 
1 ittei was eluled slowly with watei (about 2M) ml) The coloured Sepharose was stored, 
suspended in a 0 Ο^Ύ aqueous sodium a/ide solution at 4°C 

Ihe degree ot substitution was determined colonmetricallv (Metrohm Spektralkolonmeter 
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Θ 

Fig. III.7 Method for the preparation of standard dry Sepharose (for explanation see text). 

E-1009). A sample of the wet product was lyophilized and dried in vacuo over concentrated 
sulphuric acid. An aliquot was dissolved in warm 0.1 м HCl, and measured together with 
standard solutions of the dye, also in 0.1 м HCl. ForLevafix Brilliant Red E-4BA( \= 5 l2nm)a 
degree of substitution of 12.4 % was found. This value should be corrected, however, for the 
amount of additives which are included in the commercial dye. 

Coupling of reactive dyes to cross-linked agarose (3) 
Cross-linking was performed as described in section III .3 2.2. The procedure for dye-coupling 

was as in (2) except that the reaction was allowed to proceed for 1 h at 60°C. A degree of 
substitution of І1Л% was found for Levafix Brilliant Red E-4BA, again uncorrected. 

Réduction and diazotation of azo-dye linked matrices 14) 
1 g of standard dry, coloured. Sepharose 4B (Levafix Brilliant Red E-4BA) was suspended in 

20 ml of water, and small amounts of solid sodium dithionite were added until the colour had 
changed from dark red to a light yellow-brown. The product was filtered off and washed with 
water. 
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Dia70tation was performed by suspending the reduced agarose derivative in 3 ml of 0.1 M HCl 
at 0°C, followed by dropwise addition of 1 M sodium nitrite solution; the presence of nitrite in the 
reaction mixture was checked with Kl-staich paper. The suspension was stirred for 30 min, the 
treated agarose was filtered off and washed with ice-cold water. 

The presence of reactive diazonium functions was demonstrated by reaction with ß-naphtol in 
alkaline solution, resulting in an immediate dark red colouration of the agarose. 

FCP-aitivation of agarose (5) 
Reactions were performed in a 100 ml three-necked round-bottomed flask, with a cooling 

mantle (fig. III.8). The interior of the flask was previously silanated as follows: the flask was 
rinsed, after thorough cleaning, with а У/с (w/v) solution of Dow Corning 200 Fluid 350 CS in 
chloroform; after evaporation of the chloroform it was heated for 30 min at 300°C. 

The agarose was suspended in the reaction medium by means of a 'Vibro-Mixer' (model E-l; 
AG fur Chemie-Apparatebau, Mannedorf-Zunch, Switzerland). 

VIBRO-MIXER 

Fig. III.8 Experimental set-up for the FCP-activation of polysaccharides. 
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Method A 
Approximately 25 g of standard dry Sepharose 4B were suspended in 50 ml of 3 м NaOH, and 

rotated slowly for 15 min at room temperature The alkali Sepharose was filtered off on the 
standard filter and sucked dry by vacuum to the original mark This material was suspended in 40 
ml of a mixture of xy lene/dioxan ( 1 I ,w/w) and the suspension was agitated with the vibro-mixer 
at maximum frequency, and cooled to 0°C 

A solution of 4-5 g (2 5-3 0 ml) of FCP in 4 ml of the same xylene/dioxan mixture was added 
dropwise at such a rate that the temperature did not rise above 0 5°C, this procedure required 
about I h The reaction was quenched by addition of concentrated acetic acid (4 2 ml) The 
activated agarose was filtered off on a sintered glass funnel and washed with xylene/dioxan (200 
ml), dioxan (200 ml) and finally water (1 1) The wet cake was stored at 4°C 

The FCP-agarose did not dissolve in water at higher temperatures (>40°C), in contrast with 
native Sepharose 4B An aliquot was washed with acetone, sucked dry by vacuum, and dried in 
\acuo over concentrated sulphuric acid The N-, F- and Cl-contents were determined by 
elemental analysis Some representative examples are given in table III 2 

Table HI 2 

batch 

a 
b 
с 

%N 

4 6 
4 7 
4 6 

%F 

2 9 
2 8 
2 9 

%CI 

5 9 
5 7 
6 0 

Method В 
Alkali-Sepharose 4B, prepared as in method A, was packed into a plastic synnge (20 ml, 

Brunswick), the needle of which was replaced by a teflon lube (length 7 cm, internal diameter 3 
mm), cf fig III 8 

The Sepharose was added to a solution of FCP (4 5 g) in 40 ml of xylene/dioxan ( I I , w/w), 
which was cooled previously to 0°C, at such a rate that the temperature did not rise above 4°C, 
this required about 25 mm The reaction was allowed to proceed for another 15 min at 0°C, and 
concentrated acetic acid (4 2 ml) was added at the end of this period The FCP-agarose was 
isolated as described in method A Representative examples are given in table III 3 

Table III 3 

batch 

d 
e 
f 

%N 

5 8 
5 7 
5 7 

%F 

5 3 
5 4 
5 05 

%C1 

6 5 
6 6 
6 4 

Method С 
Approximately 25 g of standard dry Sepharose 4B were washed with 250 ml of a solution of 

NaOH or Na 2 C0 3 (cf table III 4), and sucked dry by vacuum to the original mark on the 
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standaid filter The alkali Sepharose was packed into a plastic syringe, as described above in 
method В 

Τ he total amount at alkali Sephai ose was injected in one portion into a solution of FC Ρ in 40 ml 

ol \ylene/dio\an( I 1 w/v») which had beencooled pieviously t o - I0°C The temperature rose to 

f 9 4 but then diopped quite rapidly the reaction was allowed to proceed for I S min at + VC A 

slight excess of acetic acid ( г standard volume times alkali concentration) was added after that 
peiiod I he isolation ol the activated agarose </< was performed as described above in method 
A Representative icsults are eiven in table I I I 4 

ΊιώΙι 1114 

batch 

g 

h 

ι 

J 

к 

1 

m 

η 

О 

Ρ 

q 

г 

alkali 

1 (H) M N a ü H 

0 27 м N.iOH 

0 10 M NaOH 

0 2"? M N a X O , 
(pH I I 4) 

0 27 M N a X O , ' 

N a H C O , pH 10 0 

0 27 vi N a H C O , 
pH 8 4 

1 00 M NaOH 

1 12 MNaOH 

rCPtg) 

1 07 

1 07 

1 00 

I 03 

1 09 

Ι Π 

0 9S 

1 01 

1 OK 

4 87 

S06 

4 86 

CAN 

0 8 

1 7 

0 9 

0 6 

о ss 

os 

0 5 

--

--

4 1 

4 2 

4 1 

<7cÎ 

0 6 

1 1 

0 9 

OS 

0 4 

0 4 

0 4 

- -

- -

4 2 

4 0 

1 S 

CfCl 

1 0 

1 9 

1 IS 

OSS 

0 6 

OSS 

os 

- -

- -

4 6 

4 7 

4 4 

Coupling of ICI' agarose »uh lit \amelh\lenediamme I6l 
I С Ρ activated Sephai ose 4B sucked dry by vacuum was suspended in an aqueous solution 

ol hexamethylenediamine ( H M D A ) and the suspension was rotated slowly for IS 20 h at room 

temperature The product was filtered off washed thoroughly with double distilled water 0 05м 
HC I (2 times the gel volume) double distilled water 0 I м NaOH (5 times the gel volume) and 
again with double distil led water unti l the eluate was neutral 

A qualitative check on the presence of primary amino functions was performed with the 
ninhydnn reagent (</ I I I S) An aliquot of the H M D A Sepharose was washed with methanol, 
sucked dry and dried finally in ι auto The Ν- h-andCI-conlents were determined by elemental 

analysis Representative results are given in table I I I S 
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Table III 5 

FCP-Sepharose HMDA %N %F %CI %N %F %C\ 
(g) before HMDA after HMDA 

I 

II 

III 

IV 

V 

VI 

17 25 

14 80 (d) 

8 «5(a) 

5 00(h) 

2 70 ( 0 

5 00(1) 

4 g/50 ml 

2 g/50 ml 

2 g/25 ml 

1 2g/10ml**) 

0 4g/IOml 

0 4g/10ml 

4 4 

5 8 

4 6 

1 7 

0 9 

0 5 

nd*) 

5 3 

2 9 

1 3 

0 9 

0 4 

nd 

6 5 

5 9 

1 9 

1 15 

0 55 

6 95 

9 4 

7 7 

3 4 

2 0 

0 9 

nd 

0 9 

0 3 

0 2 

< 0 1 

< 0 1 

nd 

5 7 

53 

1 75 

1 2 

0 45 

*) nd not determined **) adjusted to pH IO 

Coupling of FCP-agarose и Uh aniline (7) 
Separóse 4B (23 04 g standard dry) was activated according to method A Half of the 

activated product was suspended in a solution of aniline (I 74 g) m 25 ml of 0 07 м phosphate 
buffer(pH7 0)and 10ml of peroxide freedioxan(I) The suspension was rotated for 26 h at room 
temperature The product was filtered off washed with water/dioxan (2 5 1 ν /ν) and water An 
aliquot was washed with acetone, sucked dry and dried in vacuo N F and Cl-contents were 
determined by elemental analysis 

Half of the aniline Sepharose was suspended in a solution of HMDA (2 g) in water (25 ml), the 
mixture was rotated for 40 h at room temperature Isolation of the product, e te was performed as 
described in (6) 

The same procedure was repeated with another batch of FCP Sepharose, the composition of 
the reaction mixtures was 0 18 g of aniline 2mlof peroxide free dioxan and 10ml of 0 2 м borate 
buffer pH 8 0 (II) and 9 0 (III) respectively Coupling with aniline was performed for 86 h, and 
with HMDA for 21 h 

All of the aniline Sepharose derivatives were positive to the ninhydnn test, after treatment 
with HMDA Analyses are given in table III 6 

Table III 6 

FCP-Sepharose aniline-Sepharose after HMDA 
treatment 

%N %F %C1 %N %F %C\ %N 

I (a) 4 6 2 9 5 9 57 1 2 5 55 69 

II (b) 4 7 2 8 5 7 6 0 nd nd 7 1 

III (b) 4 7 2 8 5 7 5 4 nd nd 7 5 
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Coupling of FCP-agarose with imidazole (8) 
FCP-Sepharose 4B (sucked dry by vacuum; 5g) was washed with 50 ml of 0.2 м borate buffer 

pH 9.0, and suspended in 5 ml of a solution of imidazole (0.5 M), in the same buffer and the 
suspension was rotated for 17 h at room temperature. The product was filtered off, washed with 
water, 0.1 M HCl, water, 0.1 M NaOH and double-distilled water; an aliquot was washed with 
methanol, sucked dry and dried in vacuo. N- and F-contents were determined by elemental 
analysis. 

Analyses: FCP-Sepharose (f) 9?N 5.7 %F 5.05 %CI 6.4 
imidazole-Sepharose %N 10.75 %F 1.28 

Coupling of FCP-agarose with ethanethiol (9) 
FCP-Sepharose 4B (sucked dry by vacuum: 2g) was suspended in a mixture of etanethiol (1 

ml), 0.2 M borate buffer pH 9.2 (5 ml) and ethanol (7 ml). The suspension was rotated for 21 h at 
room temperature. The product was filtered off, washed thoroughly with ethanol/water 
(l:l;v/v), ethanol and acetone The material gave a positive Lassaigne test for sulphur. 

Analyses: FCP-Sepharose %N 3.8 % 2.55 %CI 4.8 %S<0.2 
EtSH-Sepharose %S 2 8 

Stability of the agarose derivatives (10) 
(I) Samples (2 g) of standard dry Sepharose 4B and epichlorohydrin-cross-linked Sepharose 

4B, coupled with Levafix Brilliant Red F-4BA as described in (2,3), were incubated for 66 h at 
room temperature in 3 ml-volumes of buffers (0 1 м citric acid/0.2 м N a 2 H P 0 4 , according to 
Mcllvaine; pH 2 50/4.12/6.20/8 25) and aqueous ammonia (1 м; pH 11.8). The samples were 
washed previously with 10 ml of the respective buffers. 

The absorption of the clear supernatants was determined on a Metrohm Spektralkolonmeter 
E-1009, at 512 nm, against appropriate blanks. 

(II) Samples (0.1 g) of standard dry HMDA-Sepharose (batch 1, table III.5) and blank 
Sepharose 4B were incubated for 46 h at room temperature in 0.5 ml-volumes of the following 
solutions- NaOAc/HOAc (0 005 м; pH 5.00 and 6 15), tnethylamine/HOAc (0 08 м; pH 8.50), 
triethylamine (0.08 м; pH 11.80), ammonia (1 м;рН 11.71), sodium azide (0.05%; pH 6.00) The 
samples were washed previously with 2 ml of the respective solutions 

Samples (0.1 ml) of the clear supernatants were dried m vacuo, the residues were dissolved in 
0.01 ml of methanol and the total volumes were spotted on a pre-coated silica gel plate (Merck, 
F 2 , 4 ) . The plate was developed in 1-butanol/acetic acid/water (4 : 1 : 1), and the components 
were detected by means of UV, ninhydrin and chlorme/o-tolidine (cf. III.5). 

FCP-AgaroselHMDA; substitution versus hydrolysis (11) 
Sepharose 4B was activated according to method С (batch q, table III.4). 

(a) coupling with HMDA 
FCP-Sepharose (sucked dry by vacuum; 13 g) was suspended in a solution of HMDA (3.75 g; 
sevenfold molar excess) in water (50 ml), and in a nitrogen atmosphere. The pH of this solution 
was adjusted previously with concentrated HCl to ρ H 10.00, and kept at this value by means of a 
'pH-Stat' apparatus. 
(b) hydrolysis 
FCP-Sepharose (sucked dry by vacuum; 13 g) was suspended in 50 ml of a carbonate/bicarbo
nate buffer (0.28 M; pH 10.00). 

Both suspensions were stirred at room temperature, and samples (5 ml) were taken at 
t= 0/0.25/1/4/21 h. The samples were filtrated, and the agarose was washed with water (100 ml) 
and acetone (50 ml), sucked dry and dned in vacuo. The N- and F-contents were determined 
by elemental analysis, table III.7. 
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Table III 7 

t(h) % N a % N b %F a %F b 

0 

0 25 

1 

4 

21 

4 2 

6 1 

6 6 

6 8 

7 2 

4 2 

4 2 

4 3 

4 4 

4 2 

4 0 

1 7 

1 4 

1 0 

0 6 

4 0 

3 3 

3 1 

2 75 

2 5 

Characterization of agarose derivatives by Potentiometrie titration (12) 
Sepharose 4B was activated according to method С (batch p, table III 4) Samples of the 

standard dry material (7 g, 'S-FCP') were suspended in 20 ml of buffered solutions (0 2 м 
carbonate/bicarbonate, pH 10 00), and rotated for 17 h at room temperature 

'S-Aca' 2 14 g of ε-aminocaproic acid/20 ml (tenfold molar excess) The product was filtered 
off and washed with water (500 ml), I м HCl (25 ml) and double-distilled water (250 ml) 

'S-HMDA' 1 91 g of hexdmethylenediamine/20 ml (tenfold molar excess) The product was 
filtered off, and washed with water (500 ml), I м HCl (20 ml), water (200 ml), 1 м NaOH (25 ml) 
and double distilled water (250 ml) 

'S-OH' 20 ml of buffer only Theproduct was filtered off and washed with water(500ml), IM 
HCl (20 ml) and double distilled water (250 ml) 

Samples(lg)ofstandarddryS Аса, S-HMDA, S-OH, S-FCPand blank Sepharose ('S'), were 
washed with 25 ml of acetone, sucked dry and dried/n vacuo (note a smaller standard filter was 
used, Schott & Gen, Mainz, 15aD-3, with 20 cm of tube with internal diameter of 1 mm at the 
end) The weight of the dry materials and the N-, F- and Cl-contents were then determined 

Samples (3 g) of S,S-FCP, S-Aca, S-HMDA and S-OH were prepared using the same standard 
filter, suspended in 10 ml of 1 M KCl, and adjusted to pH 1 8 with concentrated HCl Potentiome
trie titration was performed with 0 0998 м NaOH 

Table III 8 

Sample 
(standard 
dry, 3g) 

S 

S-FCP 

S-Aca 

S-HMDA 

S-OH 

%N*) 

nd 

4 1 

4 6 

6 3 

4 2 

%F*) 

nd 

3 2 

1 3 

0 8 

2 3 

%CI») 

nd 

4 6 

4 I 

4 3 

4 5 

matrix content of 
standard dry gel 

(%) 

3 36 

3 93 

444 

3 93 

366 

meq OH" 
(pH 3 0—11 5) 

0 085 

nd 

0 285 

0 230 

0 184 

*) of the dry gel-material 
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Mef\luilphon\Uth\lox\i(irhoml HMDA ацаюн 111) 
Standard dry S HMDM I g) from expei ι menti 12) was washed with 20 ml of DM f /watei (1 I 

v/v) and suspended in 2 4 ml ol the same mixture The pH was adjusted to 9 8 with tnethyl 
amine Methylsulphonj lettivi succinimidocarbonate (Msc ONSu 97 mg) dissolved in 0 S ml of 
DMF was then added to the agarose derivative IhepH was maintained at 8 s У "> for s mm and 
then lowered lo 6 8 by the addition of 0 I Maceticacid The product was fillet ed off washed with 
DMP/water (НИ) ml) water ( 100 ml) acetone (*0 ml) sucked diy and then diied m ι at ito 

Analysis <~iN S 81 r, S 1 98 

TCP ш ti\ alum of ttfiarost < oitphnu и uh HMD f I iSH (14) 
Sepharose 4B(2S g standaid drv) was activated with T( Paecoidingto method B(S) 4 90 g of 

TCP weie used The alkali Scph.uosc was added at such a late that the temperature of the 
reaction mixture did not use above 10° С about 20 mm were rcquiicd lor the addition The 
reaction was allowed to proceed foi a lurther И min at loom temperature whereon concentrated 
aceticacid(4 2 ml) was added The actn atcd agaio"-c was isolated as described ibovcint^l The 
TCP Sepharose did not dissolve in hot water 

Analysis r ?N 2 2 9f СI S "" 

TCP Sepharose (sucked dry by vacuum I 1 g) was suspended in a 0 Ή м aqueous HMDA 
solution ( 10 ml) and the suspension was rotated for 69 h at room temperature 1 he product was 
isolated as described in (6) The matenal reictcd positively to ninhvdnn 

Analysis r Í N H r?( 14 7 

TCP Sepharose (sucked dr> by vacuum 1 Ig) w is washed with tetiahvdroturan(THI 10ml) 
and suspended in a mixture of triethv lamine (0 S ml) ethanethiol (0 s ml) and Τ HF (Imi) The 
suspension was rotated for 69 h at room temperature The product was tillered olT washed with 
ethanol packed in a small column and eluled w ith ethanol and finally dried Τ he I assaigne te si 
for sulphur was positive 

Analysis < > ( I 4 8 r ; S I 0 (blank 44 - 0 2) 

TFP tictiiation of agarosi coupling »/r/i HMDA ttSH f/5) 
Sepharose 4В (2^ g standard drv) was activated with TFP(S Hg) according to method B(S) 

The alkali Sepharose was added at such a rate that the temperature ol the leaction mixture did 
not rise above 0°C approximately 2^ mm being required The reaction was allowed t ι proceed a 
further 10 min at 2°C whereon concentrated acetic acid (4 2 ml) was added The piodiict was 
isolated as described in (5) The ГЬР Sepharose did not dissolve in hot water 

Analysis 4 N 7 1 "c\ 112 

TFP Sepharose (sucked dry by vacuum 2 g) was suspended in a 0 7 м aqueous HMDA 
solution Ci ml) and the suspension was rotated lor 20 h at room tempeiature The product was 
isolated as described in (6) and reacted positively to the ninhydrin leagent 

Analysis 9ÎN 11 6S %F 6 2 

TFP Sepharose (sucked dry by vacuum, 2g) was coupled with FtSH as described in( 14) The 
I assaigne test for sulphur was positive 

Analysis -7rF 8 7 ÇfS 6 4 (blank 9fS < 0 2) 

fCPattnattonofSephadex louplmg Htth HMDA tt%H (16) 
Sephadex G-iO was swollen in water foi 24 h and activated according to method \ (5) The 
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Sephadex beads showed a somewhat fiacturcd surface alter the activation The wet product was 
washed with acetone dried i/i \aiuo and stoied, cool and dry 

Analysis %N 0 4 % Ь 0 2 % d 0 5 

FCP Sephadex (standard dry, 3 g) was suspended in a 0 7 м aqueous HMDA solution (5 ml), 
and then iotated for 16 h at room tempei ature The product was isolated as in (6), and gave a 
positive ninhydnn test 

Analysis %N 0 7 7,V < 0 I r/rCl 0 6 

ГСР Sephadex (standard diy, 3g) was suspended in a mixture of 0 2 м borate buffer (pH 9 2,5 
ml) ethanol (7 ml) and FtSH(l ml) and the suspension was rotated for 17 h at room temperature 
The product was isolated as described in (9) and gave a faintly positive Lassaigne test 

Analysis %S 0 3 (blank Sephadex %S < 0 2) 

tCP-actnation of cellulose coupling iwr/i HMDA EtSH (17) 
Cellulose (Whatman СГ 11,4 g) was suspended in 1 м NaOH (SO ml) and the suspension was 

rotated for 18 h at room temperature The alkali cellulose was filtered off, and added gradually to 
a solution of 7 91 g of FCP in 40 ml of xylene/dioxan, at such a rate that the temperature did not 
rise above 5°C which required about 10 min The reaction was allowed to proceed for a further 
15 min, 5 ml of concentrated acetic acid were then added and the product was isolated as 
described in (5) A part of it was washed with acetone, dried in ι acuo and stored, cool and dry 

Analysis ÇÎN 2 4 %Ь 2 4 7cC\ 2 4 

FCP-cellulose (sucked dry by vacuum, 1 g) v> as suspended inaO 35 м HMDA solution (5 ml), 
and the suspension was rotated tor 22 h at room temperature The product was isolated as 
described in (6) and gave a positive ninhydnn test 

Analysis % N 4 0 7c¥ 0 4 %C1 2 5 

FCP cellulose (sucked dry by vacuum, 0 5 g) was washed with tetrahydrofuran and suspen
ded in a mixture of tetrahydrofuran ( I ml) EtSH (0 5 ml) and triethylamine (0 1 ml) and the 
suspension was rotated for 21 h at room temperature The product was isolated as described in 
(14), and reacted positively to the Lassaigne test 

Analysis %S 2 35 %¥ 0 9 (blank cellulose 7c S < 0 2) 

FCP-actnation of crost linked ammomethyl pohstyrene coupling with EtSH (18) 
The ion exchange resin NKZ 2 was dried for 2 days at 40°C and for 2 days in vac««, 10g (20-30 

meq N H2) were suspended in a solution of FCP ( 1 Og) in 50 ml of toluene, at 0 5°C Triethylamine 
(5 6 ml) was then added gradually, followed by concentrated acetic acid (3 ml) after 1 h The 
product was filtered off, washed with toluene (250 ml), diethyl ether (250 ml), sucked dry and 
then dried in ι acuo 

A sample (2 g) was suspended in a mixture of tetrahydrofuran (3 ml), EtSH (1 5 ml) and 
triethylamine ( 1 6 ml), and the suspension was rotated for 28 h at room temperature The product 
was filtered off, washed with ethanol (2S0 ml) dried and ground in a mortar, washed again with 
ethanol and dried, Lassaigne s test for sulphur was positive 

Analysis 7cS 0 4 (blank NKZ-2 7cS < 0 2) 

III.4 3. Discussion 

III.4.3.1. Coupling with reattive azo-dyes (2-4) 
Reactive dyes can be coupled to agarose under relatively mild reaction 
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conditions, and in aqueous medium. Addition of sodium chloride to the 
reaction mixture is necessary to decrease the negative surface potential of the 
polysaccharide, thereby reducing the repulsion of the dye-anions. This re
sults in a higher adsorption of the dye, thus facilitating the final covalent 
coupling (cf. Vickerstaff, 1950; Beckmann, 1965; Beech, 1970; Rattee and 
Breuer, 1974). 

The high absorption of the chromophores in the visible range, permits 
colorimetrie determination of the degree of substitution. The latter varied 
between 11-12% (based on dry gel-weight, and uncorrected for the presence 
of additives in the commercial dye). 

Performance of ligand coupling by the successive reactions: coupling of 
agarose with dye - reduction - diazotation - coupling with ligand, permits a 
qualitative, visible control of the reaction sequence due to the characteristic 
colour changes during the different steps. Phenols are coupled under alkaline 
conditions (sodium carbonate), whereas amines require a slightly acidic or 
neutral pH. The diazotized aminoaryl-Sepharose appeared to be a very 
stable compound; diazonium groups were detectable even after 60 h at room 
temperature. 

The ease of reducing the coloured support with sodium dithionite was 
dependent on the type of dye used. Reduction by addition of solid sodium 
dithionite to an aqueous suspension of the dyed agarose occurred consider
ably faster than reduction with the same reagent under alkaline conditions, 
which is generally advised (cf. Fierz-David and Blangey, 1947). 

Ill A.3.2. FCP-activation of agarose (5) 
The choice of the solvent system in which the reaction between FCP and 

agarose has to be performed is rather critical, owing to the hydrophobicity of 
FCP and the hydrophilicity of the agarose gels. Several systems were investi
gated and the best results were obtained with a 1 : 1 (w/w) mixture of xylene 
and dioxan (cf. Warren et al., 1952; Smith and Lenhoff, 1974). 

The order in which the reactants are added may also influence the compo
sition of the final product. Three procedures were therefore investigated. In 
method A, Sepharose 4 В was treated with 3 M NaOH, and then suspended in 
the above solvent system; the FCP was added gradually to the thoroughly 
mixed supension. 

The degree of substitution of the resulting activated agarose can be calcula
ted from: 100/(306+ 148.5n)= %N/28n= %Cl/35.5n= %F/38n, where η re
presents the number of difluorochloropyrimidinyl residues (DFP) per 
anhydro-(galactopyranosyl-anhydrogalactopyranose) unit ('ag', MW 306). 
Partial hydrolysis and cross-linking, occurring to an unknown extent, were 
not taken into account. Values based on the N- and Cl-content of the matrices 

112 



(nN and nCi, respectively) are summarized in table III.9 {cf. table III.2). 

Table 111.9. 

batch nN nc, MW %F(exp.) %F(calc.) N/F 

a 0.66 0.68 403 2.9 6.19 2.15 

b 0.69 0.65 408 2.8 6.41 2.26 

с 0.66 0.69 404 2.9 6.22 2.11 

These values average out at the empirical formula: (ag)3 (DFP) 2, ( M W 1215), 
with respect to %N and %C1 values. The fluorine content was considerably 
less (54%) than that calculated, however, resulting in a N/F ratio of about 2 
instead of 1. This must be explained by partial cross-linking and hydrolysis 
during the activation reaction. Two tentative, limiting structures for the 
activated polymer may be represented as follows: MFP(OH)-ag-ag-ag-
MFP(OH), (MW 1211) and ag-MFP-ag-MFP-ag, (MW 1175), with MFP(OH) 
and MFP representing monofluoro-monohydroxy-chloropyrimidinyl and 
monofluoro-chloropyrimidinyl residues respectively. The calculated nitro
gen contents for these two structures are 4.62 and 4.77 respectively, both of 
which are in agreement with the experimental data. 

The order in which FCP and alkali-agarose were mixed was inverted in 
method B, to reduce the extent to which reactive fluorine was lost during the 
activation procedure according to method A. The results are summarized in 
table III. 10 {cf. table III.3). 

Table III.10. 

batch nN nCi MW %F(exp.) %F(calc.) N/F 

d 0.92 0.77 443 5.3 7.91 1.50 

e 0.90 0.78 439 5.4 7.76 1.45 

f 0.89 0.76 438 5.05 7.72 1.53 
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There is an increase in the degiee of substitution and a decrease in N/F 
ratio, compared with the results of method A, although the same total 
amounts of FCP, Sepharose and alkali had been used. This is the result of a 
more favourable competition between coupling with agarose and mere hy
drolysis. 

Warren et al. (1952) found that optimal activation of cellulose with cyanu-
nc chloride was obtained after pre-tieatment of the cellulose with 13-
14%(~-3M) NaOH. This is in the range of alkali-concentration where the 
swelling of the cellulose has reached a maximum and the internal structure of 
the cellulose has been considerably changed This corresponds roughly lo 
the inflection point in Vieweg's curve (fig. III.1;(/. section 111.3.1 1). Smith 
and Lenhoff (1974) applied the same conditions to the activation of Sepha
rose with cyanunc chloride. 

Agarose in the wet state is already a highly swollen polymer, however; 
94-98% of the bead-weight consists of water Therefore pre-treatmcnts with 
lower amounts of alkali were investigated. Furthermore, a shorter reaction 
time was used and the total amount of alkah-agarose was added in one portion 
to the FCP-xylene/dioxan solution, to obtain a uniform substitution of the 
matrix (method C). The results are summarized in table III. 11 (c/. table III 4). 

The influence of the change in leaction conditions is apparent fiom the 
experiment in which again 3 M NaOH and approximately 5 g of FCP were 
used. The degiee of substitution is lower than that found in method A and B, 
owing to the shorter reaction time The value of the N/F ratio is lowei than in 
method A due to the reversed addition of the reagents, but higher than in 
method В because of the direct presence of the total amount of alkali already 
at the beginning of the reaction. 

Lowering the concentration of NaOH to 1 32 M, resulting in equimolar 
amounts of FCP (5 g = 29 7 mmole) and alkali (standaid dry volume of the 
Sepharose multiplied by 1.32 = 29 7), did not change the degree of substitu
tion, but lowered the N/F ratio slightly The difference between 3 M and 1.32 
M NaOH was clearly a surplus, which was consumed only by hydrolysis of 
the excess of FCP. 

An approximately sixfold decrease in the degree of substitution was ob
tained by application of the original concentration of alkali (3 M) but with a 
reduced amount of FCP ( 1 g), the N/F ratio increased slightly, due to a larger 
excess of alkali Reducing the concentration of NaOH from 3 M to 0.27 M, 
with a constant amount of FCP ( 1 g), again resulted in equimolar amounts of 
FCP and NaOH. The degree of substitution was doubled with a simultaneous 
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Table IIl.lì. 

g 

h 

i 

3.00 M NaOH 

0.27 M NaOH 

0.10 M NaOH 

batch alkali FCP nN nc, MW %F %F N/F 

(g) (exp.) (cale.) 

1.07 0.10 0.09 320 0.6 1.14 1.82 

1.07 0.20 0.18 335 1.3 2.27 1.75 

1.00 0.10 0.10 321 0.9 1.22 1.31 
0.27MNa2CO3, 1.03 0.06 0.05 315 0.5 0.76 1.60 
(pH 11.4) 

1.09 0.06 0.05 315 0.4 0.75 1.70 

1.13 0.05 0.05 314 0.4 0.62 1.44 

0.95 0.06 0.05 314 0.4 0.68 1.54 

4.87 0.57 0.50 390 3.2 5.55 1.74 

5.06 0.59 0.51 394 4.0 5.73 1.44 

4.86 0.57 0.46 391 3.5 5.58 1.60 

к 

1 

m 

Ρ 

q 

г 

»» 

»» 

ï> 

3.00 M NaOH 

1.32 M NaOH 

slight decrease of the N/F ratio, both effects being due to a more favourable 
competition between coupling and hydrolysis. 

With even lower concentrations of alkali, a lower degree of substitution 
and a lower value for the N/F ratio were obtained. A further lowering of the 
pH gave an even lower degree of substitution but with an increase in the N/F 
ratio. Finally, at ρ H values equal to or lower than 10 no detectable substitu
tion occurred; the number of ionized agarose-hydroxyl functions had become 
minimal, merely resulting in hydrolysis of the FCP. 
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An overall survey of the results of methods А, В and С is presented in table 
III.12. 

Table III. 12. 

Method alkali FCP (g) Sepharose 4B (g) nN N/F 

23-25 A 

В 

С 

С 

С 

с 

с 

с 

3.00 M NaOH 

" 

" 

- • 

1.32 M NaOH 

0.27 M NaOH 

0 10 м NaOH 

0.27 M N a X O , . 
(pH 1 1 4 ) ' 

4-5 

" 

-

1 

4-5 

1 

y * 

·' 

0.67 

0.90 

0.57 

0.10 

0.58 

0.20 

0.10 

0.06 

2.2 

1.5 

1.7 

1.8 

1.5 

1.8 

1.3 

1.6 

Matrices of a wide range of degree of activation can be synthesized by 
controlled variation of the amounts of alkali and FCP, yielding reproducible 
results. Approximately one difluorochloropynmidinyl residue was introdu
ced per agarose unit, at the maximum degree of substitution, obtained in 
method В by application of 29.7 mmoles of FCP/3.3 mmoles of agarose units 
(ninefold excess). The achievement of a higher degree of substitution is 
obviously impeded by stenc factors and the incompatibility of the hydrophi-
lic polymer with the hydrophobic reagent. The exposition of the 
D-galactopyranosyl moieties {cf. fig. 1.9) are, mainly for stenc reasons, the 
presumable points of attachment. 

Reactive matrices with an unimpan ed beaded structure are obtained by all 
three methods The activated agarose does not dissolve in water at higher 
temperatures (^40°C), in contrast to the native material, permitting further 
denvati/ation under more drastic conditions. A change from water to organic 
solvents does not affect the matrix structure. The FCP treated agarose is 
reactive towaid amines and mcrcaptans, and the coupling capacity does not 
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diminish upon prolonged storage at 4°C in the wet state, which will be 
discussed in chapter IV. 

Ill A 3.3. Coupling of FCP-agarose with amines and menaptans (6-9) 
Mono-substi tution, cross-linking and hydrolysis can occur during the reac

tion of hexamethylenediamine ( H M D A ) with FCP-agarose. An excess of 
H M D A was used to diminish the possibility of cross-linking. T h e degree of 
substitution, assuming that there will be no cross-linking with H M D A , can be 
calculated from: 100/(306+ l 4 8 . 5 n + 9 6 p ) = % N / 2 8 ( n + p ) , with η representing 
the original number of D F P groups and ρ representing the number of H M D A 
groups, per agarose unit. The maximum value of ρ will be 2n divided by the 
N / F ratio; the correct ion, introduced by dividing with this rat io, is necessary 
in view of the previous hydrolysis and cross-linking during the FCP-
activation. The results, summarized in table 111.13 (cf. table III.5), indicate 
that the maximum value of ρ is achieved in most of the batches , with the 
exception of batch II ; in this case a relatively lower excess of H M D A was 
used. This means that both fluorine atoms of the DFP-residues have been 
subst i tuted. 

Table 111.13. 

batch n N ρ p m a x M W %C1 %C1 
(exp.) (cale.) 

I 0.63 0.48 - 446 nd 5.02 

II 

III 

IV 

V 

VI 

0.92 

0.66 

0.20 

0.10 

0.05 

0.84 

0.62 

0.24 

0.13 

0.06 

1.23 

0.61 

0.23 

0.15 

0.07 

523 

463 

359 

334 

319 

5.7 

5.3 

1.75 

1.2 

0.45 

6.24 

5.06 

1.98 

1.06 

0.56 

An indication of the extent to which hydrolysis and cross-linking occur 
during the coupling reaction with HMDA can be obtained by comparing the 
increase in nitrogen content with the decrease in fluorine content (table 
III. 14); ΔΝ should be equal to |2AF| (both expressed in at%) if monovalent 
coupling of HMDA had been the exclusive reaction. 
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Table 111.14. 

batch AN(at%) |2AF|(at%) 

II 

III 

IV 

ν 

VI 

0.26 

0.23 

0.12 

0.08 

0.03 

0.46 

0.27 

0.11 

0.10 

0.05 

The best agreement between the two values was found for batch IV; in this 
case the HMDA-coupling was performed at pH 10. 

Substitution versus hydrolysis as a function of time for the coupling of 
HMDA to FCP-agarose was investigated in experiment (11). Activated aga
rose was incubated at pH 10 with and without HMDA; samples weTe taken at 
different points of time, and the N- and F-contents were determined. The 
results are presented in figure III.9. 

The value for the nitrogen content of FCP-agarose will hardly be changed 
by the hydrolytic detachment of fluorine, since F and OH have similar 
equivalent weights (curve N b). The fluorine content was diminished by about 
one half during the first 15 min of reaction with HMDA (curve F J . This 
probably corresponds with monosubstitution of the DFP groups; the second 
fluorine of each DFP group will have a diminished reactivity due to the 
deactivating influence of the alkylamino group. This is in agreement with the 
experimental curves. 

The equation: N a - N b = 2(Fb - Fa) should be valid, assuming no additio
nal cross-linking by HMDA. The two respective curves show fairly good 
agreement, indicating that cross-linking by HMDA had occurred only to a 
limited extent. 
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af/. 

Fig. Ш.9 The coupling of hexamethylenediamme to FCP-activated agarose; substitution 
versus hydrolysis. Na, increase of nitrogen content due to substitution with HMDA, ND, 
nitrogen content during hydrolysis; Fa, decrease of fluorine content due to substitution with 
HMDA and hydrolysis; FD, decrease of fluorine content due to hydrolysis. 

The reaction of aniline with FCP-agarose will not be complicated by 
additional cross-linking. The degree of substitution can be calculated from: 
100/(306+ 148.5n+73p)=%N/(28n+ 14p), with ρ representing the number of 
aniline molecules per agarose unit. The results are summarized in table 
III.15(c/. table III.6). 

Table III.15. 

batch n N ρ p m a x M W %Cl(exp. ) %Cl(calc .) 

I 0.66 0.47 0.61 438 5.55 5.34 

II 0.69 0.53 0.61 447 nd 5.48 

III 0.69 0.28 0.61 428 nd 5.71 
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The increase in nitrogen content (0.08 at% for I) is somewhat smaller than 
the corresponding decrease in fluorine content(0.09 at% for I), which is 
presumably due to hydrolysis. 

The value of ρ did not reach its maximum, as in the coupling reactions with 
HMDA. which must be ascribed to the substantial lower nucleophilicity of 
the aryl-amino group. Total displacement of fluorine was not achieved, even 
after 40 h of coupling; after-treatment with HMDA yielded ninhydrin-
positive products. 

Coupling of FCP-agarose with imidazole was performed at pH 9;the degree 
of substitution, calculated from: 100/(306+ Ι48.5η + 48ρ) = %Ν/28(η+ρ), was 
0-97 (pm¡ix 1.17). The increase in nitrogen content (0.36 at%) agreed with the 
corresponding loss of fluorine (2x0.20 at%), indicating that only minor 
hydrolysis had occurred during the coupling reaction. 

The reactivity of FCP-agarose toward mercaptans was exemplified by the 
reaction with ethanethiol. The degree of substitution, calculated from: 
100/(306+148.5n + 42p) = %S/32p. was 0.34 (pmax 0.51). 

The above results demonstrate the applicability of FCP-activated Sepha-
rose to the immobilization of aliphatic and aromatic amines and of com
pounds containing a thiol group or an imidazole moiety. The beaded matrix 
structure is not impaired by the conditions of the coupling reactions, as 
observed microscopically. The FCP-Sepharose affords therefore a versatile 
material for ligand immobilization. 

III.4.3.4. Stability of the agarose derivatives (10) 
Incubation of the Levafix Brilliant Red E-4BA derivatives of native and 

cross-linked Sepharose 4B in buffers of different pH, followed by spectro-
photometric measurement of the clear supernatants, yielded the leakage 
curves represented in figure III. 10. Leakage was absent or negligible in the 
range of pH 4 to 8. Prior cross-linking with epichlorohydrin resulted in 
greater acid stability of the final agarose derivative. 

Chromatography of the concentrated acidic incubation media (pH 2.50) on 
Sephadex G-10 demonstrated the presence of coloured, high molecular 
weight components in addition to the free dye. The matrix itself apparently 
had started hydrolyzing, the stability of the link between agarose and the 
'ligand' no longer being the limiting factor. 

The amounts of coloured agarose incubated, corresponded to 8 mg of 
commercial dye (degree of substitution 12%, matrix content of the gel 3.4%; 
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Fig. III. IO Hydrolytic stability of Levafix Brilliant Red E-4BA derivatives of Sepharose 4B(a) 
and epichlorohydrin cross-linked Sepharose 4B(b). For Explanation see text. 

commercial dye means: dye + additives). The amount of dye detached at pH 
4.12 during 66 h from the not previously cross-linked matrix, corresponded to 
0.003 mg of commercial dye, resulting in a leakage of 0.04%/66 h. 

Treatment of blank and HMDA-substituted agarose, as described in expe
riment (10), yielded the same results for blank and substituted matrices, 
indicating that no detectable detachment of HMDA or derivatives had occur
red during the period of incubation. The amounts of HMDA-Sepharose 
incubated, corresponded to 0.42 mg of HMDA (cf. table III. 13); the detection 
limit of HMDA with the chlorine/o-tolidine reagent (cf. III.5) was determined 
to be 20 ng. This means that the leakage of the agarose derivative in the 
described experiment was less than 0.02%/46 h, or on the average: 15.7 
pmole/h/0.1 g of standard dry gel (degree of substitution: 0.42 mg/0.1 g = 3.6 
цто1е/0.1 g of standard dry gel). 

Both experiments demonstrate that highly stable immobilized 'ligands' are 
obtained by coupling these molecules to FCP-activated agarose. The mean 
leakage was about 0.5· ]0_3%/h. This compares favourably with the leakage 
from products based on CNBr-activated agarose, as observed by the various 
authors mentioned at the beginning of section II.2. Tessererà/. (1972, 1974) 
reported a leakage of 0.17%/2h, at pH 8 (Tris/HCl) and room temperature; 
Wilchek ( 1973) indicated a leakage of 15%/3 months, at pH 8 (sodium bicar
bonate) and room temperature. 
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III.4.3.5. Characterization of agarose derivatives by Potentiometrie 
titration (12) 

The titration profiles of ε-aminocaproic acid and hexamethylenediamine 
substituted FCP-activated Sepharose 4B (S-Aca, S-HMDA), and of the 
activated matrix treated with coupling buffer without amino components 
(S-OH), are presented in figure III.l 1. The titrations were performed in 1 M 
KCl (cf. Yarone-í al., 1972; Hofstee. 1974a) in the pH range 1.8 to 12, using 
unsubstituted Sepharose as a blank. The results are given in a differential 
form, which has the advantage that the distribution of titratable groups over 
the whole pH range is readily seen (cf. Yon and Simmonds, 1975). Due to an 
increasing error at the extremes of the pH range, only data between pH3and 
11.6 are shown. 

The S-OH matrix clearly has acidic properties, which is not unexpected in 
view of the pK a values of compounds with a comparable structure, e.g. 
cyanuric acid (7.2) or barbituric acid (4.0). The presence of amino and 
carboxyl groups in S-HMDA and S-Aca, respectively, already apparent from 
fig. III.l 1, is more clearly illustrated in fig. III.12; a correction for the 
presence of the acidic hydroxychloro-pyrimidinyl residues has been applied 
by subtracting the differential curve of S-OH. The occurrence of negative 
values in the curve of S-HMDA indicates that the extent of hydrolysis during 
the coupling of FCP-agarose with HMDA is lower than that during the 
treatment with the coupling buffer only. The pK a values of S-Aca and 
S-HMDA are 5-6 and 10-11 respectively; the literature pK a value of 
ε-aminocaproic acid is 4.43 and of hexamethylenediamine 10.76. 

The degree of substitution (DS) of S-Aca and S-HMDA can be calculated 
from the elemental analysis data, using the equations: 
100/(306 + 148.5n + 11 lp) = %N/(28n + 14p) and 100/(306 + 148.5n -I- 96p) = 
%N/28(n+p), respectively, with η representing the original number of DFP 
groups, and ρ the number of ε-Аса or HMDA groupsper agarose unit (table 
III.16). 

Table 111.16. 

DS(meq/g dry gel) DS(meq/g dry gel) 
(elemental analysis) (titration) 

S-HMDA 0.92 0.4-1.2 

S-Aca 0.44 0.7-1.5 
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Fig. 111.11 Differential titration of samples(3 g, standard dry) of (a) S-Aca, (b) S-HMDA and (c) 
S-OH in the range pH 3.0-11.6; the curves have been corrected for the titration of blank 
Sepharose in the same ρ H range. 
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Fie. 111.12 Differential titration of samples Og, standard dry) of (a) S-Aca and (b) S-HMDAin 
the range pH 3.0-11.6; the curves have been corrected for the titration of S-OH in the same pH 
range. 

Values of the degree of substitution can also be calculated from the titrime-
tric data of S-HMDA and S-Aca(c/. table 111.8). A correction must be applied 
for the presence of the acidic hydroxychloro-pyrimidinyl residues, which are 
introduced during the original FCP-activation and the subsequent coupling. 
The application of unsubstituted agarose as a blank will give too high values 
of the DS; using S-OH as a blank will yield too low values of DS, owing to a 
presumably lower extent of hydrolysis during the coupling than during the 
incubation with buffer only. The application of the original FCP-agarose as a 
blank neglects the hydrolysis, which has occurred during the coupling; 
furthermore, titration of this material is impeded by its reactivity. Therefore, 
only the two limits, which are determined by unsubstituted Sepharose and 
S-OH, are given (table III.16). The DS of S-HMDA calculated from the 
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elemental analysis agrees with the range determined by the titrimetric data. 
The DS of S-Aca, calculated from the elemental analysis, is even lower than 
the lower limit calculated from the titration. It appeared, however, that the 
hydrolysis of cyanuric chloride is catalyzed by carboxylate anions (Horro-
bin, 1963), probably via an active ester intermediate (Meier and Weigmann, 
1973). S-OH will therefore present a blank value which is too low for S-Aca. 

Moreover, the DS of S-HMDA can be calculated directly from the number 
of groups dissociating between pH 8.0 and 11.6 yielding avalué of 0.8meq/g 
dry gel. A similar calculation of the DS of S-Aca from the number of groups 
dissociating between pH 3.0 and 7.0 again must include, however, a correc
tion for the presence of acidic hydroxychloro-pyrimidinyl residues, dissocia
ting in the same range (a value of 0.6 meq/g dry gel is obtained by using the 
curve of S-OH between pH 3.0 and 7.0 for this correction). 

Additional characterization of S-HMDA was achieved by reacting the 
polymer with methylsulphonylethyl succinimido carbonate (Msc-ONSu; 
Tesser and Balvert-Geers, 1975), followed by determination of the sulphur 
content (13). For χ eq NH2/g dry S-HMDA and ρ eq S/g dry S-HMDA-Msc, 
the following equation can be derived: x=p/(l-150p). This results in a value 
of 0.68 meq NH2/g dry S-HMDA, which is lower than that calculated from 
the titration. This must be ascribed to partial inaccessibility of the amino 
groups for Msc-ONSu. 

Titration and Msc-derivatization both give values for the effective number 
of primary amino groups, in the case of S-HMDA; the calculation based on 
the nitrogen content, determined by elemental analysis, presents a theoreti
cal upper limit. The lack of a suitable blank impedes the titrimetric determi
nation of the carboxyl content of S-Aca; a parallel experiment with sodium 
acetate may offer a solution. Derivatization by carbodumide coupling with a 
suitably labelled compound (e.g. cystamine), followed by elemental analysis 
may afford another alternative. 

III.4.3.6. Application of FCP-analogues, and FCP-activation of other 
polymers (¡4-18) 

Activation of agarose was also performed with TCP and TFP, being less 
and more reactive respectively than FCP. The experimental conditions were 
adjusted accordingly. The number of trichloro- and trifluoro-pyrimidinyl 
residues per agarose unit was 0.28 and 1.22 respectively, based on the 
nitrogen content of the products and assuming monosubstitution only. The 
calculated halogen contents were higher than the experimental values, indi
cating partial hydrolysis and cross-linking. The activated matrices had an 
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unimpaired beaded structure, were thermostable, and were reactive toward 
amines and mercaptans. 

Preliminary experiments indicated that other polysaccharides (cellulose, 
Sephadex) and aminomethyl-polystyrene could also be activated with FCP. 
Cellulose was comparable with agarose with respect to reactivity, the other 
polymers were substituted only to a minor extent 

III.5. Appendix 

Ш.5.1. Qualitative analytical procedures 

\inhydnn test for primary amino functions in polìmeri 
A small sample of the dry poly mer and a crystal of ninhydnn were suspended in a little water, 

and heated The presence of primary amino groups was demonstrated by a blue colouration (the 
dye was adsorbed by the polymer) 

Las saigne s test for sulphur 
A small sample of the dry polymer was fused with a small piece of metallic sodium in an 

ignition tube and maintained at red heat tor 1 mm The hot tube was plunged directly into 1-2 ml 
of distilled water in a test tube and the total content was boiled for 1 min and filtered The 
presence of sulphide in the filtrate was demonstrated by the addition of a few drops of a solution 
of sodium nitroprusside (pink to purple colouration), or by addition of a lead (II) acetate solution, 
after previous acidification with acetic acid (black precipitate) 

Methods and reagents used for the detection of components in TLC 

UV 
Quenching of fluorescence after exposure of the plates (Merck, F2i4) at the excitation wave

length of 254 nm 

Ninhydnn 
The ninhydnn reagent, used for the detection of primary amino groups, was composed of 240 

mg of ninhydnn in 400 ml of I butanol and 16ml of concentrated acetic acid Thcchromatograms 
were sprayed with the reagent and the plates were then heated in an oven at 100°C for 5 10 min 

Chlormelo tolidine (Retndel Hoppe test) 
In the Reindel Hoppe test for -NH2 and -NH- groups, the silica gel plates were exposed to 

chlorine for 5-10 sec, the excess of chlorine was removed by blowing with a hair-dryer and the 
spots were visualized by spraying with the reagent composed of a solution of 4g ofo-tolidine in 
80 ml of concentrated acetic acid and 320 ml of water, mixed with a solution of 3 36 g of KI in 400 
ml of water (c/ Reindel and Hoppe, 1953, 1954) 

Elemental analysis 
Elemental analyses were earned out by the Element Analytical Section of the Institute for 

Organic Chemistry TNO (Utrecht, The Netherlands) under the supervision of Mr W J Buis, 
and by Mr J Diersmann (Dept Org Chem , Cath Univ , Nijmegen, The Netherlands) 
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Ш.5.2. Microscopie observations on agarose beads: Dehydration by 
solvent-exchange as an alternative to lyophilization 

In the development of alternatives to the CNBr-activation it may be 
necessary to use dry agarose, especially when anhydrous reaction conditions 
are required. Standardization of activation procedures is also easier with dry 
agarose. 

Cyanogen bromide or Ws-oxirane activated Sepharose is supplied as a 
freeze-dried powder; water has to be absent in order to preserve the active 
groups. Dehydration by means of lyophilization requires previous freezing of 
a wet suspension; prolonged freezing can damage the matrix structure. 
Dehydration by means of solvent-exchange has been investigated as an 
alternative to freeze-drying. The effects of both methods on the structure of 
the gel beads, after drying and also after re-swelling, were compared by 
means of microscopic observation. The influence of the two drying procedu
res on the coupling capacity of CNBr-activated gels was examined by coup
ling L-cystine. The degree of substitution was determined by elemental 
analysis of the sulphur content (Gribnau et al., 1977). 

Materials 
Sepharose-4B (Lot no : 7135, 5448) and freeze-dned CNBr-activated Sepharose 4B (Batch 

no 3581) were purchased from Pharmacia (Uppsala, Sweden), Ultrogel AcA 34 (Batch no · 
3714), was a gift from LKB (Stockholm, Sweden) and Affi-Gel 10 (Control no 13269) was 
obtained from Bio-Rad Labs (Richmond, Calif , U S A ) Cyanogen bromide, L-cystine and 
polyethylene glycol (PEG, MW 1000) were obtained from EGA-Chemie (Steinheim/Albuch, 
W -Germany), Aldnch (Milwaukee, Wise , U.S A ) and Koch-Light(Colnbrook, Great Britain) 
respectively 

Nomarski differential-interference-contrast photomicrographs were taken with the aid of a 
Leitz Ortholux microscope on 35-mm Agfapan 25 Professional film 

Methods 

The CNBr-activation was performed essentially as described by Axéne/a/. (1967, see also: 
Axén and Ernback, 1971). The Sepharose 4B, after washing with distilled water, was gently 
sucked dry on a sintered-glass funnel The CNBr was dissolved in 15% ( v/v) formic acid, prior to 
addition (Boon, 1976). Two activations were carried out. A (2 g of CNBr per 20 g of Sepharose 
4B); В (0.4 g of CNBr per 20 g of Sepharose 4B). 

Coupling with L-cystine was performed in carbonate-bicarbonate buffer (0 5 м, pH 9.3) at 
room temperature (0 5 g of L-cystine in 30 ml of bufferper 5 g of CNBr-Sepharose) The coupling 
products were washed with coupling buffer, distilled water, 1 N HCl (briefly) and distilled water 
Samples for elemental analysis were prepared by washing the gels with acetone and drying m 
vacuo over concentrated sulphuric acid. 

Unsubstituted matrices (Sepharose, Ultrogel) were washed with distilled water and lyophili-
zed The dried gels were re-swollen in distilled water In the solvent-exchange procedure the gels 
were washed several times with acetone, tetrahydrofuran (THF) or methanol respectively, 
sucked dry and finally dried m vacuo overnight Re-swelling in water occurred instantaneously 
for the acetone- and THF-treated gels Photomicrographs were taken of the dried materials 
(suspended in liquid paraffin) and of the re-swollen beads. CNBr-activated Sepharose 4B was 
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Table ìli.¡7. Microscopie observations on differently treated agarose matri
ces 

No.Matrix Treatment Structure 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 

11 
12 

13 
14 

15 

16 

17 

18 
19 
20 
21 

22 

23 
24 
25 

26 

Sepharose 4B 

Ultrogel AcA 34 

CNBr-Sepharose 4B 
(Pharmacia) 

CNBr-Sepharose 4B 
(A, B) 

CNBr-Sepharose 4B 
(B) 

Affi-Gel 10 

acetone-dried: dry 
acetone-dried; re-swollen 

THF-dned, dry 
THF-dried; re-swollen 
methanol-dned, dry 
methanol-dried; re-swollen 
lyophilized; dry 
lyophilized; re-swollen 
lyophilized (I9i lactose): dry 
lyophilized (19? lactose); re-

swollen 
acetone-dried; dry 
acetone-dried; rc-swollen 

lyophilized; dry 
lyophilized; re-swollen 

lyophilized (lactose, dextran); 
dry 

lyophilized (lactose, dextran); 
re-swollen 

acetone-dried; dry 

acetone-dried; re-swollen 
lyophilized; dry 
lyophilized; re-swollen 
(acetone + PEG)-dried; dry 

(acetone + PEG)-dned; re-
swollen 

lyophilized. (PEG); dry 

Fig. 111.13a; uniformly shrunken beads 
Fig. 111.13b; re-swollen beads as in 

untreated Sepharose 4B 
as no. 1 
as no. 2 
Fig. 111.13c; shrunken beads 
Fig. III. 13d; only minor re-swelling 
as no. 13 
as no. 14 
as no. 13 
as no. 14 

Fig. ІІІ.ІЗе; uniformly shrunken beads 
Fig. II1.13f; re-swollen beads as in 

untreated Ultrogel 
Fig. HI.I3g; collapsed beads 
Fig. III.I3h: re-swollen, but damaged 

beads 
Fig. ПІ.ІЗі; shrunken beads and flakes 

of additives 
Fig. III. 13j: re-swollen, but deformed 

beads 
as no. 1 

only minor re-swelling 
as no 13 
only minor re-swelling 
as no 1 ; beads had larger diameter 

as no. 16 

as no. 1: beads had larger diameter 
lyophilized. (PEG); re-swollen as no. 16 
dehydrated*; dry 

dehydrated; re-swollen 

as no. 16; beads were more 
deformed 

as no. 16; minor re-swelling, 
beads were more deformed 

* The Bio-Rad catalogue does not give details of the dehydration procedure. 
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F/g. ///. /J Photomicrographs of differently treated agarose matrices; all of the figures are on the 
same scale. For details see Table 111.17 and text. 
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treated as desenbed above. Lyophilization was also carried out in the presence of 1% (w/w) 
lactose or 25% (w/w) PEG in water. In the solvent-exchange procedure 25% (w/w) PEG in 
acetone was also used as an elucnt. 

Results 
The results of the microscopic observations are represented infig. III. 13 and 

table III. 17. In order to check the re-swelling of the dried agarose gels, the 
wet volumes of Sepharose 4B before and after treatment were compared (the 
gels were filtered by gravity on a sintered-glass funnel, and the volumes 
marked). Acetone treatment as well as lyophilization resulted in dry mate
rials, which regained 90% of their original volume after re-swelling, whereas 
with methanol-treated Sepharose 4B only 15% re-swelling occurred. 

The influence of the two drying procedures on the coupling capacity of 
CNBr-activated Sepharose 4B was examined by coupling with L-cystine. 
One sample of CNBr-Sepharose (A, B; see Methods) was coupled with 
L-cystine immediately after activation. Two other samples were lyophilized 
or acetone-dried respectively, and after re-swelling were coupled with 
L-cystine. Elemental analyses showed only minor differences between the 
degrees of substitution of the different samples (table III. 18). 

Table ІП. 18. Influence of dehydration on coupling capacity 

CNBr-Sepharose Treatment Degree of substitution (%S) 

5 g (A) untreated 1.37 

,, acetone-dried 1.14 

lyophilized 0.99 

5 g (В) untreated 0.76 

,, acetone-dried 0.72 

,, lyophilized 0.73 

Discussion 
There were remarkable differences between the results of the freeze-

drying and solvent-exchange treatments. Treatment of unsubstituted Sepha
rose 4B with water-miscible, but rather apolar, solvents such as acetone or 

130 



THF, according to the solvent-exchange procedure, resulted in dry, uni
formly shrunken, beads (fig. 111.13a). These beads kept their spherical ap
pearance, and regained their original structure quickly, after re-swelling in 
water (fig. 111.13b). Repeated swelling and drying in this way caused no 
damage to the matrix structure. Application of a more polar solvent such as 
methanol also led to uniform shrinkage, but with a severe loss of re-swelling 
capacity (figs. 111.13c, d). Lyophilizationfrom water led to a more deformed 
re-swollen structure than did dehydration by means of solvent exchange. Dry 
lyophilized beads seem to have more or less collapsed instead of having 
shrunk uniformly. 

Ultrogel, a mixed polyacrylamide-agarose gel, consists of clear beads of 
uniform size, without vacuoles. Sepharose beads have a more variable dia
meter, and often are vacuolated (cf. II.4). The differences between the 
results of solvent exchange and freeze-drying were somewhat more pro
nounced for Ultrogel (figs. Ill. 13e-h). 

Both drying procedures applied to CNBr-activated Sepharose 4B led to 
minor re-swelling products. This was also found with Affi-Gel, a dehydrated 
substituted agarose. The tendency existed that the re-swelling capacity was 
inversely proportional to the degree of cross-linking. Neither of the two 
methods affected the coupling capacity of the activated gels. 

Drying of activated agarose in the presence of additives led to better 
results; the additives prevent the beads from collapsing or shrinking too 
severely. CNBr-activated Sepharose 4B is usually freeze-dried in the pre
sence of lactose and dextran (Pharmacia Fine Chemicals, 1974) (figs. ІІІ.ІЗі, 
j). This material was found to contain 10% CNBr-Sepharose and 90% additi
ves. Lyophilization in the presence of PEG or treatment with PEG-acetone 
gave the same results with respect to bead structure. However, the solvent-
exchange procedure is less time-consuming than freeze-drying. Moreover, 
the amount of PEG used in the acetone treatment is substantially less than in 
the freeze-drying procedure, since in the former method the excess of inter
stitial PEG is removed during filtration. Therefore, dehydration by means of 
solvent-exchange offers a good alternative to lyophilization. 
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CHAPTKRIV 

ENZYME-IMMOBILIZATION 

I V.l. Introduction 
The advantages of the application of immobilized enzymes have been 

discussed pieviously in section I.I, whereas current coupling methods were 
reviewed in sections 1.2.4.4.2/3. The requirements with respect to matrix 
properties parallel those for affinity chromatographic supports (cf. 1.2.4.1). 
The mechanical stability of the matrices has to be emphasized especially 
when large scale industrial applications (e.g. enzyme reactors) are planned. 
Synthetic and inorganic supports are to be preferred in this respect (cf. 
Johansson and Mosbach, 1974a,b). 

Several enzymes were bound to FCP-activated Sepharose 4B, and the 
enzymatic activities of the products were determined, to investigate the 
applicability of the FCP coupling method to enzyme immobilization. In 
addition, the analogous compounds TCP en TFP, and other support mate
rials, v/'c. cellulose, cross-linked dextran and cross-linked aminomethyl-
polystyrene, were applied. Enzyme immobilization by means of previous 
coupling of the support with a reactive azo-dye, followed by reduction and 
diazotation was also examined. 

IV.2. Experimentell section 

Samples of the enzjmes: trypsin (Trypiire*; Novo Industri A/S. Denmark), penicillinase 
(Penase Leo. Lovens kemtske Fabrik. Denmark), subtihsin Novo (Novo Industri A/S. Den
mark), glucose oxidase (GOD grade II: Boehnnger, Mannheim. W.-Germany) and 
ι -asparaginase (Bayer AG. Wuppertal-Elberfeld, W.-Germany), and of the kallikrein-trypsin-
inhibitor ( Bayer. AG) were a gift from the last-named company. Bovine serum albumin (demine-
rali/ed was purchased from Povite (Organon Tcknika. Oss. The Netherlands). 

Determination of the enzymatic activity of the various products, and part of the immobiliza
tion reactions were performed at the laboratories of Bayer AG. Wuppertal-Elberfeld (Dr. E. 
Rauenbusch). 

The enzymatic activities are expressed in units (U): one unit is defined as the amount of 
(immobilized) enzyme which converts I micromolc of substralc/min. The experimental condi
tions of the different tests, and the substrates used, are summarized below. 
- trypsin and trypsin-inhibitor: N-benzoylargininc-p-nitroanilide (ΒΑΡΝΑ), 25°C. pH 7.8; the 

liberated ^-nitroaniline was measured at 405 nm {cf. Erlanger et ¡il , 1961) 
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- penicillinase benzylpenicillin (penicillin G), 25°C, pH 7 5, the liberated pemcilloic acid was 
determined by Potentiometrie titration at constant pH {if Davies et al 1974) 

- subtilisin N-acetyltyrosine ethyl ester (ATEE), 25°C, pH 8 0, the liberated /V-acetyltyrosine 
was determined by Potentiometrie titration at constant pH (if Ottesen and Svcndsen 1970) 

- glucose oxidase D-glucose, 25°C, pH 7 0, the liberated hydrogen peroxide was determined 
enzymatically with peroxidase/o-dianisidine (cf Bergmeyer et al , 1970) 

- ι-asparaginase L asparagine, 37°C, pH 7 2, the liberated ammonia was determined with 
Nessler s reagent (e/ Arens et al , 1970) 
The FCP-activated Sepharose 4B, used in the experiments, was prepared according to method 

A(if III 4 2) The indicated amounts of activated supports and protein-bound matrices referto 
the standard dry materials, unless otherwise indicated The immobilized enzymes were stored 
suspended in an aqueous 0 05% sodium azide solution, at 4°C 

Albumin (I) 

Two samples of FCP-Sepharose (sucked dry by vacuum, 2 9g) were washed briefly with 0 2м 
borate buffer of pH 9 2 ( 10 ml) and were then suspended in solutions of 400 mg (I) and 800 mg (II) 
respectively of bovine serum albumin in the same buffer (4 ml) The suspensions were rotated for 
22 h at room temperature The products were filtered off, washed with the abo\ e buffer and then 
resuspended i n a i м aqueous solution of ethanolamine (10 ml, pH adjusted to 9 2) for 17 h at 
room temperature, to eliminate any reactive fluorine that was possibly still present after the 
coupling with albumin The products were again filtered off, washed with 25 ml of aqueous 0 1 м 
ethanolamine (containing 0 1 w NaCI and adjusted to pH 10), followed by 250 ml of distilled 
water 

The albumin contents of the filtrates and wash solutions were determined spectrophotometn-
саІІу(Е^' 0=6 6,c/ Pasman 1976), 247 mg and 292 mg of albumin appeared tobe immobilized in 
experiment I and II respectively 

Kalhkrein-trypsin-inhibitor (2) 

FCP-Sepharose (2 5 g) was suspended in 30 ml of 0 I м phosphate buffer (pH 7 0), containing 
25 mg of the inhibitor Coupling was allowed to proceed for 20 h at room temperature, and the 
product was then filtered off and washed with the above buffer with and without the addition of 
0 5 ч NaCI, 2 5 g of immobilized inhibitor were obtained 

Inhibitory capacities original amount of inhibitor 91 U 
inhibitor-Sepharose 13 U 
filtrates (total) 27 U 

Trypsin (3) 
(3a) FCP-Sepharose (2 g) was suspended in a solution of trypsin (20 mg) in 0 05 м phosphate 

buffer, pH 7 0(3 0 ml) The mixture was rotated for 20 h at4°C and then washed with the above 
phosphate buffer (100 ml), which contained additionally 0 5 м NaCI, followed bij 100 ml of the 
buffer only, 1 6 g of the product were obtained 

Enzymatic activities original amount of enzyme 18 6 U 
enzyme-Sepharose 6 2 U 
filtrates (total) <0 5 U 

(3b) FCP-CeIlulose(l 5 g of the moist product from experiment (17), if III 4 2) was suspen
ded in a solution of trypsin (50 mg) in 3 5 ml of 0 07 M phosphate buffer (pH 6 0) which contained 
in addition 0 01м benzamidine The suspension was routed for 24 h at 4°C The treated cellulose 
was filtered off, and was washed with 50 ml of the above phosphate/benzamidine solution The 
product was resuspended in aqueous I м ethanolamine/0 01 м benzamidine (5 ml, pH adjusted to 
6 0), to eliminate the possibility of residual, reactive fluorine The inactivation reaction was 

133 



allowed to proceed for 36 h at 4°C The product was filtered off again, and was washed with 0.005 
Mben7amidme/HCI(pH 5 5); l.9gof moist, immobilized enzyme were obtained. The enzymatic 
activity of the trypsin-cellulose was determined after previous washing with 0.1 м glycine/HCl 
buffer (pH 2 0), to remove the benzamidine. 

Enzymatic activities: original amount of enzyme: 54.5 U 
enzyme-cellulose: 2.9 U 

Penicillinase (4) 
(4a) FCP-Scpharose (sucked dry by vacuum; 3 g) was added to a solution of 18.7 mg of 

penicillinase in 0.2 м borate buffer, pH 8.4(4 ml), and the suspension was rotated for 18 h at room 
temperature. The product was filtered off, and then washed with 30 ml of the above buffer and 
resuspendedin 10 ml of an aqueous 1 M ethanolamme solution (pH previously adjusted to 8.4). to 
eliminate any reactive fluorine, possibly still present after the enzyme coupling. The reaction 
mixture was filtered, after 5 h at room temperature, and the agarose derivative was transferred to 
a small column, followed by elution with 1 M aqueous NaCl and a 0.05% sodium azide solution 
(about 250 ml of each); 4.25 g of immobilized enzyme were obtained. 

Enzymatic activities: original amount of enzyme: 1650 U 
enzyme-Sepharose· 907 U 

(4b) The coupling of the FCP-activtited Sepharose (2 g) with penicillinase (2.5 mg), and the 
isolation of the product, were performed as described for trypsin (3a), but at room temperature. 
Yield: 1.5 g. 

Enzymatic activities· original amount of enzyme: 250 U 
enzyme-Sepharose: 218 U 
filtrates (total): 28 U 

(4c) An aliquot of the FCP-Sepharose was stored for three months at 4°C. A sample (I g) was 
coupled with penicillinase (1.1 mg), as described in (4b), after this period. Yield: 1.71 g. 

Enzymatic activities original amount of enzyme: 110 U 
enzyme-Sepharose: 101 U 
filtrates (total). 1.8 U 

(4d.e) Penicillinase was also coupled to TCP (4d) and TFP (4e) activated Sepharose (from 
experiments (14) and (15); if. section III.4.2), by addition of 1 g of the activated material to a 
solution of the enzyme (I. I mg) in 0.05 м phosphate buffer ρ H 7.0(20 ml). The suspensions were 
rotated for 18 h at room temperature, and the products were isolated as described for trypsin 
(3a). Yields: I 4 g (4d) and 1 5 g (4e) of immobilized enzyme. 

Enzymatic activities: original amount of enzyme: (4d) 110 U (4e) 110 U 
enzyme-Sepharose: 84 U 79 U 

filtrates (total): 9 U 15 U 
(4f) FCP-Cellulose (0 4 g of the dry product from experiment (17); cf. section III.4.2) was 

swollen in water for lh at 4°C. The swollen product was suspended in 0.05 M phosphate buffer, 
pH 7 0 (30 ml), containing 2.2 mg of penicillinase. The suspension was stirred for 20 h at room 
temperature, and the product was isolated as described for trypsin (3a). Yield: 0.8 g of moist 
cellulose-bound enzyme. 

Enzymatic activities: original amount of enzyme: 220 U 
enzyme-cellulose: 95 U 

(4g) FCP-Sephadex G-50 (0 2 g of the dry product from experiment (16);c/. section III.4.2) 
was swollen in water for 1 h at 4°C, and then coupled with penicillinase according to (4f). Yield: 
1.6 g of moist material 

Enzymatic activities: original amount of enzyme: 220 U 
enzyme-Sephadex. 79 U 

(4h) FCP-activated aminomethyl-polystyrene (3 g of the product from experiment (18); cf. 
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section III.4.2) was washed with 0.07 M phosphate buffer, pH 7.0(25 ml), and then added to a 
solution of penicillinase ( 10 mg) in 4 ml of the above buffer. The reaction was allowed to proceed 
for 28 h at room temperature, the product was filtered off, washed with buffer and treated with 
1 M ethanolamine (pH 8) for 1 h The resin was again filtered off and then washed with the above 
phosphate buffer with and without the addition of 0.5 M NaCl Yield: 6.4 g of enzyme-resin. 

Enzymatic activities: original amount of enzyme: 880 U 
enzyme-resin. 163 U 

(4i) A sample (I g) of Sepharose 4B, coupled with a reactive azo-dye (cf. experiment (2), 
III 4.2), was subjected to reduction and subsequent diazotation (<ƒ. experiment (4), III 4.2). A 
small sample was treated with an alkaline ß-naphtol solution, and the colour of the matrix 
changed immediately to dark red 

The reactive support was suspended in 0 05 м phosphate buffer, pH 7.0 (20 ml), containing 1.1 
mg of penicillinase. The product was isolated after a reaction period of 18 h at room temperature, 
as described for trypsin (3a). Yield- 0.8 g. 

Enzymatic activities: original amount of enzyme: 110 U 
enzyme-Sepharose 97 U 
filtrates (total): 12 U 

Subtilism (5) 
FCP-Sepharose(lg) was suspended in 0.05 M phosphate buffer, pH 8.0 (20 ml), containing 10 

mg of subtilism. The coupling was allowed to proceed for 18 h at room temperature. The product 
was isolated as described for trypsin (3a), and the yield was 0.9 g of immobilized enzyme. 

Enzymatic activities: original amount of enzyme' 1980 U 
enzyme-Sepharose· 272 U 
filtrates (total). 1611 U 

Glucose oxidase (6) 
FCP-Sepharose (I g) was added to a solution of glucose oxidase (10 mg) in 20 ml of a 0.1 м 

phosphate buffer (pH 7.0), and the reaction mixture was rotated for 18 h at room temperature. 
The product was isolated as described for trypsin (3a). Yield: 0.9 g. 

Enzymatic activities: original amount of enzyme. 1730 U 
enzyme-Sepharose. 36 U 
filtrates (total): 1290 U 

L-Asparaginase (7) 
FCP-Sepharose (sucked dry by vacuum; 3g) was suspended in a solution of L-asparaginase (98.5 

mg) in 0.2 M borate buffer, ρ H 8.4 (4 ml), and the coupling reaction was allowed to proceed for 17 
h at room temperature. The product was filtered off, washed with 30 ml of the above buffer, and 
was then resuspended in 10ml of an aqueous I м ethanolamine solution (pH previously adjusted 
to 8.4). The product was filtered off, after 5 h at room temperature, and was then eluted ina small 
column with aqueous 1 M NaCl followed by a 0.05% sodiumazide solution (about 250 ml of each). 
The yield of immobilized enzyme was 5.21 g. 

Enzymatic activities: original amount of enzyme: 19400 U 

enzyme-Sepharose' 850 U 
filtrates 13140 U 

IV.3. Discussion 
The introductory experiments with albumin indicate that substantial 

amounts of the protein can be bound to FCP-activated agarose (about 80-90 
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mg/g moist gel) It is advisable to perform the protein coupling in the smallest 
possible amount of solvent, which will be determined by the volume of the gel 
itself and of course bv the solubility of the protein 

The relative activities (R) of the inhibitor and enzymes, coupled to Sepha-
lose 4B were calculated from R = z/(x-y), in which χ represents the total 
amount ot piotein (expressed in units) added during the coupling reaction, y 
the total amount of protein (U) recovered from the filtrates and wash solu
tions and / the activity (U) of the total amount of protein-polymer conjugate 
(PPC) The results are piesented in table IV 1 

Table IV I 

/ι.* ,ііч ,ii4 • » relative 
protein χ (U) y (U) 7 (U) activity 

(U/gPPC) a c t l v , t y 

1 , 6 1 (R)(%) 
trypsm-inhibitor 

trypsin (la) 

penicillinase (4b) 

(4c) 

subtilisin 

91 

186 

250 

110 

1980 

27 

0 5 

28 

1 8 

1611 

13 

6 2 

218 

101 

272 

5 2 

3 9 

145 

59 

302 

20 

33 

98 

93 

74 

glucose oxidase 1730 1290 36 40 8 

[-asparaginase 19400 13140 850 163 13 

Literature data demonstrate a similar considerable variation of R-values 
Blown and Minier (1975) found aR-valueof 5- 109f for trypsin, immobilized 
by means ot cyanunc chloride on Sephadex G-200 The same authors found 
values ot 10- 509?· whenCNBr-activated Sephadex G-200, Sepharose, Ultro-
gel or the polymers hMA or CMC-hydrazide were applied Slightly higher 
values (50 - 709f) have been reported by Brummer et al (1972) and Merck 
( 1975) for the two last-named polymers Flemmingef al (1974b) and, Weetall 
and Vann (1976) immobilized trypsin on thiophosgene and glutaraldehyde 
activated aminoalk>l-glass respectively, and found R-values of 16% and 
18 59f 
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The relative activity of subtilisin on Sepharose (74%) is rather high com
pared with that of the same enzyme, immobilized on carboxymethyl-
cellulose(I5%;Merck, 1975). Brümmeref al. (1972) found a value of 38% for 
the subtilisin-CMC conjugate. 

The immobilization of glucose oxidase on diazotized aminoaryl-
polyvinylalcohol has been described by Maneckeand Vogt (1976). They also 
found a rather low relative activity (0.5-3.3%). Brown and Joyeau( 1974) have 
reported values of 15-25% for the same enzyme, coupled to poly-aldehyde 
resins. The immobilization of glucose oxidase on poly-p-aminostyrene via 
activation of its carbohydrate residues by periodate oxidation, yielded a 
product of high relative activity (93%; Zaborsky and Ogletree, 1974). 

Several factors are responsible for the discrepancy between the activity (z) 
of the final protein-Sepharose conjugate and the difference (x-y) between the 
original and recovered amount of protein. 

The activity of the enzyme itself in solution may decrease during the period 
of the coupling reaction (e.g. autolysis of trypsin). 

The immobilization itself, especially in the case of multiple point attach
ment, can cause a deformation of the ternary structure of an enzyme leading 
to sub-optimal conditions, or on the contrary prevent a change in conforma
tion which is necessary for substrate conversion. Furthermore, if the active 
centre, or near-by parts, of an enzyme or an inhibitor are reasonably accessi
ble for the reactive groups of the polymer, and carry primary amino groups, 
thiol functions or imidazole moieties, coupling will also proceed via these 
functions, blocking the active centre in this manner; for example: Lys15 in 
thekallikrein-trypsin-inhibitor(c/. Trautscholdef a/., 1966; Frey et al., 1968; 
Werle, 1973) or His46 in trypsin (cf. Keil, 1971). 

Smith and Lenhoff (1974) investigated therefore the effect of the presence 
of substrates during the immobilization of glucose-6-phosphate dehydroge
nase, by cyanuric chloride, onto cellophane, bud dit not find any improve
ment. Weetall and Vann (1976), on the contrary, coupled trypsin to glutaral-
dehyde activated aminoalkyl-glass, without and with substrate, and found a 
2.6-fold increase in relative activity in the latter case, with equal protein-
contents of the conjugates. Brown and Racois (1976) reported the immobili
zation of trypsin after prior complexing of the enzyme with a synthetic, high 
molecular weight inhibitor, prepared by coupling p-aminobenzamidine to 
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methacryloyl-E-aminocaproic acid, followed by copolymenzation with a 
hydrophilic methacrylic acid derivative. They found a twofold increase in 
relative activity toward low molecular weight, and a four-fold increase to
ward high molecular weight substrates, compared with the immobilized 
enzyme, synthesized by coupling without prior complexing 

The coupling of trypsin to FCP-cellulose has been performed in the pre
sence of benzamidine but dit not yield the positive effects, described above. 

Variation of the degree of substitution also highly influences the relative 
activity of the final product Kay and Lilly (1970) have reported a decrease in 
relative acti ν it y from 70 to 46'/ with an increase of enzyme content from 19 to 
52 mg/g CM-cellulose, during the immobilization of chymotrypsin. The 
relative activity of trypsin coupled to periodate oxidized cross-linked dextran 
decreased from 60 to 69f at an increase of the degree of substitution from 10 to 
750 mg of protein/100 mg polymer (Flemming et al., 1973b). Similar trends 
have been indicated by Manecke and Vogt (1976) during the immobilization 
of papain and glucose oxidase. Increasing steric hindrance resulting in a 
deci easing accessibility for the substrate, will be the cause of the above 
phenomenon 

Finally, the inhibitory ór enzymatic properties of the FCP-agarose coupled 
products have been determined under conditions, which are optimal for the 
proteins in solution It has been indicated, however, that the microenviron-
ment, determined by the chemical nature of the matrix, can for example 
affect the pH-activity optimum (Goldstein, 1976, Goheeref al., 1976; Chaplin 
and Kennedy, 1976; Svensson, 1974, 1976; Kleine et al., 1976; Orth and 
Brummer, 1972, Goldman et al., 1971). The FCP-activated agarose has an 
acidic character (cf. experiment (12), III.4 2/3), which can cause a lowering 
of the effective pH at which the enzyme is acting. This should increase the 
apparent optimum pH. 

A systematic investigation of all the above factors was beyond the scope of 
this study 

Penicillinase retained a high activity after immobilization on FCP-agarose. 
A similar result was found during the coupling of the enzyme to polymers 
with reactive anhydride functions (Rauenbusch, 1976). This enzyme was 
used therefore to investigate other coupling methods and support materials. 
The results are summarized in tabel IV.2. 
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Table IV.2. 

activated support x(U) y(U) z(U) activity relative activity 
(U/gPPC) (R) (%) 

TCP-Sepharose (4d) 

TFP-Sepharose (4e) 

FCP-cellulose (4f) 

FCP-Sephadex (4g) 

FCP-aminomethyl-
polystyrene (4h) 

diazotized amino-
aryl-Sepharose (4i) 

110 

110 

220 

220 

880 

110 

9 

15 

nd 

nd 

nd 

12 

84 

79 

95 

79 

163 

97 

60 

53 

119 

49 

25 

121 

The storage stability of FCP-Sepharose and FCP-aminomethyl-
polystyrene at 4°C, and in the wet state, was investigated by determination of 
their coupling ability toward penicillinase as a function of time. FCP-
Sepharose did not loose very much of its binding capacity (1 g bound 109U at 
the beginning, and 101 U after 3 months, representing about a 7% decrease). 
FCP-aminomethyl-polystyrene, on the contrary, demonstrated a decrease in 
binding capacity of about 10%/day, presumably by a further cross-linking 
reaction between the fluorochloro-pyrimidinyl residues and the amino func
tions of the resin. 

In conclusion, the applicability of reactive matrices, prepared by activa
tion of the polymers with FCP or analogous pynmidine derivatives, to 
enzyme immobilization has clearly been demonstrated; the development of 
optimal reaction conditions, however, deserves further study. 'Indirect' 
activation via coupling of a reactive azo-dye, also offers a suitable method. 
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CHAPTER V 

HORMONE-IMMOBILIZATION 

V.l. Introduction 
Immobilized hormones are used m the affinity chromatographic isolation 

of the complementary antibodies from antisera. The isolation of anti-porcine 
insulin-, anti-bovine growth hormone-, anti-thyrotropic hormone- and anti-
glucagon antibodies has been described by Cuatrecasas (1969b), Fellows et 
al. (1973), Tate et al. (1974) and Murphy et al. (1976), respectively. Rather 
drastic elution conditions are generally required for the final detachment of 
the adsorbed antibodies, which is due to the high association constant of the 
antigen-antibody complex (for reviews see: Porath and Knstiansen, 1975; 
Lowe and Dean, 1974). Purified antibodies play an important role in the 
previously described solid phase immunoassay technique (cf. 1.2.6.1). 

In addition, polymer-bound hormones are applied to the isolation of the 
corresponding receptors, macromolecular components of cell membranes 
with which the hormone interacts, thereby eliciting in some way the final 
response. The purification of insulin-, estrogen-, thyrotropin- and adrenergic 
receptors has been reported by Cuatrecasas and Pankh (1974), Pankh et al. 
( 1974a), Tate et al. (1974) and O'Hara and Lefkowitz (1974), respectively. 

A related application is the use of hormone-polymer conjugates in investi
gations on hormone-receptor interaction and receptor-localization with in
tact cells. Several reports concerning these subjects have appeared in the 
literature (insulin: Cuatrecasas, 1969a; Blatt and Kim, 1971; Oka and Top
per, 1971; Soderman et al., 1973; glucagon: Johnson et al., 1972; bovine 
growth hormone. Hecht et al., 1972, Schwartz et al., 1973; ACTH: Lee 
Selinger and Oven, 1971; norepinephrine. Carón and Lefkowitz, 1976. For 
reviews see: Cuatrecasas and Hollenberg, 1976; Cuatrecasas, 1974) 

V.2. Insulin 
Insulin is a pancreatic hormone which regulates several metabolic proces

ses, especially in liver, muscle and fat cells. It facilitates the transmembra-
nic transport of glucose, free fatty acids and amino acids, by increasing the 
permeability of the cell membranes. In addition, the hormone exerts various 
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direct actions on the metabolism of e.g. fat cells: stimulation of glucose 
oxidation, inhibition of hormone-stimulated lipolysis (hydrolysis of triglyce
rides), stimulation of lipogenesis (incorporation of glucose into the triglyce
ride fraction) and activation of pyruvate dehydrogenase (cf. Liibke et al., 
1975a; Hasselblatt and Von Bruchhausen, 1975; Fritz, 1972; Dörzbach, 
1971). The question how insulin-receptor binding yields the described effects 
is still a point of discussion in the literature (cf. Tell et al., 1975), and beyond 
the scope of this study. 

Investigations on the localization of the insulin receptors have been repor
ted by Cuatrecasas (1969a). Insulin was coupled covalently to CNBr-
activated Sepharose, to prevent its penetration into the fat cells. The immobi
lized insulin nevertheless appeared to possess insulin-like activity with res
pect to stimulation of glucose oxidation and antilipolysis. These results were 
interpreted as supporting the unitary view that the insulin receptors are 
localized on the outer surface of the cells (cf. Fritz, 1972). This view has been 
confirmed recently by the experiments of Jarett and Smith ( 1975), who used a 
covalent ferritin-insulin conjugate as an electron microscopic marker for the 
insulin receptor. Their results demonstrated clearly that the receptors are 
localized on the external cell surface. In addition, the ferritin-insulin stimula
ted glucose oxidation in an identical manner to native insulin, but was not 
observed in the cytoplasm of the cells. This indicates that the hormone does 
not need to enter the cells to cause its biological effects. 

Although the essence of Cuatrecasas' conclusion appears therefore to be 
correct, the supporting experiments have been criticized by Katzen and 
Vlahakas (1973) and Butcher et al. (1973) with respect to insufficiently 
detailed experimental data. More fundamental objections were raised by 
Davidson and Van Herle( 1973), Davidsons al. (1973) and Ko\bet al. (1975). 
These workers observed a continuing leakage of insulin from the agarose 
supports and the last-named authors have drawn the far-reaching conclusion 
that the 'leaking' insulin in essence represents the total biological activity of 
the immobilized product. Detachment of so-called 'super-active' insulin-
derivatives from preparations based on CNBr-activated agarose, by albumin 
solutions, was reported by Oka and Topper (1974). A mechanism for the 
detachment, similar to that described by Tesserei al. (1974; cf. fig. II. 1 and 
section II.2), was found by Wilchek et al. (1975). An analogous detachment 
of insulin, prolactin and placental lactogen derivatives from the respective 
immobilized products, based on CNBr-activated agarose, by treatment with 
aqueous ammonium bicarbonate was found by Topper et al. (1975). 

In view of the above described results and the high stability of FCP-
activated Sepharose derivatives, it was decided to repeat the experiments of 
Cuatrecasas with insulin, bound to this activated support material. 
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V.3. Experimental section 
Samples of crystalline bovine insulin (E-017. D-078) were a gift f rom Dr R. Geiger (Hoechst 

A G , Frankfurt /M , W.-Germany), the peptide content was determined by ammo acid analysis, 
and found tobe 84Çf. A sample of bovine insulin ( from the firm Dr Ch. Brunnengraber. Lübeck, 
W.-Germany), purified by gelfiltration on Sephadex G-50fine in 109f acetic acid ( K F I/19/A) was 
a gift f rom Dr. D. Brandenburg (Deutsches Wollforschungjinsti tut, Aachen. W.-Germany). 
A C T H (1-24) was supplied as a gift by Dr. W. Kittel (Ciba-Geigy A G , Basle, Switzerland). 

Bovine serum albumin was obtained from Povitc/Organon Teknika (Os.s, The Netherlands; 
lot no • 474 and 698) and from Merck AG (Darmstadt, W -Germany; lot no.: 5225514). Collage
nase (from C. HtstohtHttm) was purchased from Sigma (St Louis, Missouri , USA; type I, 
125-200 U/mg) and from Worthington Biochemical Corporation (Freehold, New Jersey, 
USA; type I , 125-250 U/mg.) Adenosine-5'-triphosphate (ATP; disodium salt), ß-nico-
tinamide-adcnine dinucleotide ( N A D . free acid), glyccrol-3-phosphate dehydrogenase 
(GDH) and glycerokinase ( GK) were products of Bochnnger Mannheim GmbH (Mannheim, 
W.-Germany). A l l other reagents were of analytical-grade quality (Merck A G . Darmstadt, 
W -Germany). 

Male Wistar rats ( 170 - 200 g) were obtained from the Central Anitnal Research Laboratory, 
Catholic University, Nijmegen (Dr. W J I. van der Gulden). 

Immobilization of mutlin 
( l - I I I ) Sepharose 4B (standard dry ; 24.30 g) was activated with FCP (4.37 g) according to 

method A (c/. I l l 4.2), analysis: 9 ÍN 4 1. c/cY 2.7. %C1 5.1. Three coupling experiments with 
insulin (E-017) were performed: I (40 mg of insulin/100 mg of FCP-Sepharose), I I (80 mg of 
insulin/2 9 g of FCP-Sepharose) and HI (40 mg of insulin/2.9 g of FCP-Sepharose). 

The insulin was dissolved inO 2 м borate buffer, p H 9.2 (4.5 ml), with gentle heating (S30°C). 
The activated agarose, previously washed with the borate buffer, was added to the clear insulin 
solutions, and the suspensions were rotated for 22 h at room temperature. The products were 
filtered off after that period, washed with the above buffer (30 ml), and then resuspended in 1 M 
aqueous ethanolamine ( p H adjusted to 9 2, 10 ml) The suspensions were rotated for 17 h at room 
temperature; the products were then filtered off, washed with a 0.1 M aqueous solution of 
chtanolamme (containing 0 1 м N d C l , and the p H adjusted to 10; 25 ml), followed by 250 ml of 
double-distilled water. The preparations I I and I I I were transferred into a small column, and 
then slowly eluted with aqueous 0 1 м ethanolamine (containing 0.1 м NaCl; pH 9.2; 280 ml/15 
h), 0 2 M borate buffer. p H 7.4 ( 100 ml/2 h) and finally with the latter buffer containing in addition 
0 05% sodium azide (100 ml/2 h) A l l three preparations were stored, suspended in the a/ide 
containing buffer, at 4°C. 

A ' b l a n k ' was prepared by treatment of FCP-Sepharose (2 9g) with aqueous I M ethanolamine 
(10 m l : p H 9 2) for 22 h at room temperature. The product was isolated as described for the 
insulin preparations I I and I I I 

( IV) Sepharose 4B (standard dry ; 22 89g) was activated with FCP(4.66g) according to method 
A ((ƒ. HI .4.2); analysis. 0 ÍN 3.8. %F 2.6, %C\ 4 8 The FCP-activated agarose ( I g) was washed 
with 0.2 M borate buffer, pH 9.2, and then suspended in a solution of insulin (E-017,62 mg) in 3 ml 
of the same buffer The suspension was rotated for 23 h at room temperature. The inactivationof 
residual fluorine and the isolation and storage of the final produci were performed as described 
for I I and 111 

(V) Sepharose 4B (standard dry; 23.68 g) was activated with FCP (4.45 g) according to method 
A (cf. 1II.4.2), but at a lower temperature ( - 5 Ό ; analysis: % N 2.6, %F 1.5, %CI 3.4. The 

activated agarose (220 mg), previously washed with 0.2 м borate buffer, p H 9 2, was added t o a 
solution of insulin (E-017,80 mg) in 2.5 ml of the same buffer. The suspension was rotated for 22 h 
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at room temperature The inactivation of residual fluorine and the isolation and storage of the 
final product were performed as described for II and III 

(VI) FCP-activated Sepharose 4B (batch f, table III 3, 300 mg), was washed with 0 2м borate 
buffer, pH 9 0, and then suspended in a solution of insulin (D-078,100mg) in 2 5 ml of the same 
buffer The coupling was allowed to proceed for 22 h at room temperature Further procedures 
as described for II and III 

(VII) FCP-activated Sepharose 4B (batch r, table III 4, 3 g) was washed with 0 2м carbona
te/bicarbonate buffer, pH 9 2, and then added to a solution of insulin (KF I/19/A,80 mg) in the 
same buffer (4 5ml) The suspension was rotated for 10mm at room temperature, and solid NaCI 
was then added to a final concentration of 0 5 м The coupling was allowed to proceed for 19 h at 
room temperature, and inactivation of residual fluorine was then performed by treatment of the 
agarose derivative with 10 ml of an aqueous solution of 1 м ethanolamine (containing 0 5м NaCI, 
pH 9 2) for 5h at room temperature The product was washed with double-distilled water, 
followed by water/dimethylformamide (11, v/v) containing 0 5м NaCI The immobilized insulin 
was then transferred to a small column, eluted slowly with the latter solution (250 ml/24h), 
followed by 0 07 M phosphate buffer, pH 7 0, containing 0 05% sodium azide (250 ml/24h) The 
product was stored, suspended in the same buffer, at 4°C 

The insulin contents of the covalent conjugates (II-VII) were determined by ammo acid 
analysis (Mr M G J Buys, Jeol JLC-6AH amino acid analyzer, with a one column system), 
standard dry samples were hydrolyzed in 1-2 ml of 6 м HCl for 24 h at 110°C (internal standard 
norleucine) The amount of insulin, coupled in preparation I was determined by spectrophoto-
metric measurement of the coupling solution and the eluates, in combination with a standard 
curve for insulin (280 nm) 

Determination of antilipolytic activity 
The antihpolysis experiments and their evaluation were performed by Mrs Dr M Meyer-

Grass (Eidgenossische Technische Hochschule, Zurich, Switzerland, on a postdoctoral fel
lowship in Nijmegen) 

Preparation of fat cells 
Krebs-Ringer-bicarbonate/albumin buffer ('incubation medium' or 'medium') was prepared 

from the following solutions 
A the following salts were dissolved together in double-distilled water (11) NaCI (34 700 g), 

KCl (1 780 g), CaCl2 2H 2 0 (1 855 g), KH2PO« (0 790 g) and MgSO« 7H 2 0 (1 430 g) 
В NaHCO, (12 940 g) was dissolved in double-distilled water (1 1), and the solution was 

saturated with 0 2 /C0 2 (95/5) for 30 min and then stored in the refrigerator 
С Bovine serum albumin (50 g) was dissolved in double-distilled water ( 100 ml) The solution 

was dialyzed (in Visking 18/32 tube) against double-distilled water, at the beginning the water 
was changed each hour (four times) and then after periods of 12-16 hours (four times) The 
dialyzed solution was adjusted to pH 7 4 with 2 M NaOH, stored for 48 h at 4°C and, if necessary, 
readjusted to pH 7 4 The albumin concentration was determined after filtration, by determina
tion of the dry-weight of six 0 5 ml samples, and decreased to 14% (w/v) by appropriate dilution 
with double-distilled water, EDTA (disodium salt) was then added to a final concentration of 5 

DIM 

Solution A (20 ml) and solution В ( 16 15 ml) were mixed and, after addition of sodium pyruvate 
( 11 mg), saturated with 02/C02(95/5) for 10 - 20 mm Solution C(25 ml) was added, the pH was 
re-adjusted to 7 4 and double-distilled water was then added to the mixture to make a final 
volume of 100 ml The medium (100 ml-samples) was frozen and stored at -18°C 
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The preparation of free fat cells from rat epididymal fat pads was performed according to the 
method of Rodbell ( 1964). although slightly modified. Male Wistar-rats ( 170- 200 g) were killed 
by decapitation, the epididymal fat pads were removed, rinsed briefly with medium (~ 37°C).cut 
into pieces and distributed over 3-4 small polyethylene containers ( 10 ml) each containing 2 ml of 
medium (37°C) The fat tissue was then fuither cut finer, and a solution of collagenase (3 ml; 
37°C) was added to each container (3-5 mg of collagcnase/g of wet fat tissue) The suspensions 
were incubated for 45-50 min at 37.0 -37.2°C, in a metabolic shaker, 0;/CO,(95/5) was bubbled 
through during the first 5 min and then the containers were closed. The libeiation of cells was 
manifested by an increasing turbidity in the medium. The free cells were separated from tissue 
fragments by filtration through nylon gauze under slight pressure. The filtrate, containing only 
free fat cells, was centnfuged for 30 sec at 400g in polyethylene tubes; the fat cells floated to the 
surface and the medium was aspirated. The cells were washed by suspending them in fresh 
medium (37°C), again followed by centnfugation(30sec. 400xg), and aspiration of the medium. 
This procedure was repeated three times The suspensions were pooled, diluted to the required 
volume and 0 5 ml aliquots were transferred with an Eppendorf-pipctte to the polyethylene 
incubation vials, containing 1.5 ml of medium ( 3 7 Ό . 

The fat pads of four rats (4-7.2 g) were used generally for 10- 12 determinations in triplicate. 
The content of each incubation vial corresponded to 60- 100 mg of dry cell-material (determined 
after drying for 24 h at 40°C), or 30 - 50 mg/ml (< f Rodbell and Jones (1966). 12-20 mg/ml, Kono 
and Barham (1973): 23-30 mg/ml). Each vial contained consequently 234 10' - 390 10* cells/ml 
(Lang, 1974) (fig. V.5a). 

Analytical procedures 
The lipolysis in free fat cells was determined by measuring the amount of glycerol liberated 

into the incubation medium, according to Wieland (1962): the principle of the method is 
illustrated in fig V.l. The amount of NADH formed during the enzymatic reaction is equivalent 
to the original amount of glycerol, and can be determined spectrophotometrically. The determi
nations were performed at pH 9.8, and the dihydroxy-acetone-phosphate was converted irrever
sibly into the hydrazone (and/or azine) to shift the equilibrium in the appropriate direction. 

glycerol + ATP 

I glycerokinase, Mg** 

L-glycerol-3-phosphate + ADP NAD* 

glycerol- 3 -phosphate dehydrogenase 

dihydroxy-acetone-phosphate NADH 

I hydrazine / pH 9Θ 

hydrazone/ azi ne 

Fig. V.I Enzymatic determination of glycerol, according to Wieland ( 1962). 

Bujfer solution; glycine (7.5 g). hydrazine hydrate (97%; 26.5 g) and 1м aqueous MgCl, ( I ml) 
were added to 450 ml of double-distilled water The pH ot the solution was adjusted to 9.8 by 
addition of 5 м КОН, and water was then added to a final volume of 500 ml. The solution was 
stored at 4°C. 
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Enzyme solution (sufficient for IO determinations) the solution was freshly prepared by 
addition of ATP (15 mg), NAD (7 5 mg), GDH(0 2 ml of the commercial crystalline suspension, 
containing 10 mg/ml) and GK (0 04 ml of the commercial crystalline suspension, containing 1 
mg/ml) to 20 ml of the above buffer solution 

Procedure samples (0 2 ml) were mixed with enzyme solution (2 ml), and the enzymatic 
reaction was allowed to proceed for 40 mm at room temperature The amount of NADH formed, 
was determined spectrophotometncally at 366 nm, an aqueous solution of glycerol ( I т м ) was 
used as a standard Blank values were obtained by performing the procedure with 0 2 ml of 
medium and water respectively The glycerol concentration (C) of the samples was calculated 
from C(mmole/ml)= Δ Ε , 6 6 sampie/ÄE,ef t s t anda rd The amount of glycerol producedptr g of dry 
cell-material (A) followed from the equation A (mmole/g) = C/dry-weight(g/ml) The detection 
limit of the enzymatic glycerol assay was found to be 0 2 μπιοΐε/ιτιΐ 

The antilipolytic activity of soluble and immobilized insulin was determined by measuring 
their effect on ACTH stimulated lipolysis Samples (± 200 mg, standard dry) of the immobilized 
insulin preparations were washed with double-distilled water (20 ml) and aqueous NaHCO, 
(solution B, 40 ml) Ahquots (SO - 150 mg) of the freshly washed insulin Sepharose were 
suspended in the bicarbonate solution, and appropriate dilutions were made Pipetting, with 
Eppendorf equipment, was performed with continuous stirring of the suspensions, to obtain 
optimal homogeneity 

Varying amounts of the insulin preparations and a constant amount of ACTH were added 
simultaneously to the incubation vials, each containing approximately the same amount of fat 
cells in 2 ml of medium (see above) All experiments were performed in triplicate, the addition of 
the hormones generally occurred within 90 100 mm after the decapitation of the rats Samples 
(0 5 ml) of the media were transferred into small ice cooled test tubes, after an incubation period 
of 45 mm (metabolic shaker, 37°C) The glycerol determinations were performed with 0 2 
ml-aliquots of these samples as described above 

Determination of lipogenetic activity 
The lipogenesis experiments were performed in co-operation with Mrs Diplom Biochem С 

Diaconescu and Dr D Brandenburg (Deutsches Wollforschungsinstitut an der Rheinisch-
Westfälischen Technischen Hochschule, Aachen, W -Germany) 

The effect of immobilized insulin (batch VII) on the lipogenesis of free fat cells was determined 
essentially as described by Moody et al (1974) This method is based on the incorporation of 
'Η-glucose into the lipids of free fat cells The lipids were extracted by adding toluene based 
scintillation fluid directly to the vials, after a 2 h period of incubation, and the radioactivity in the 
lipids was measured by liquid scintillation counting A standard curve for soluble insulin was 
determined simultaneously with the experiments with the immobilized preparation 

Leakage stability of the msulin-Sepharose preparations 
(a) The bio-assay of the various batches of immobilized insulin was, in each case, combined 

with a leakage test An amount of the msulin-Sepharose (3= the highest concentration, used in the 
fat cell experiments) was incubated at the conditions of the bio-assay, but without fat cells The 
suspension was then centnfuged (10 min, ± 3000xg), and the insulin activity of the clear 
supernatant was determined by using the latter as medium in a fat cell experiment, simultane
ously with the bio-assay of the msulin-Sepharose itself 

(b) The stability of the insulin Sepharose was independently investigated by incubation of 
several preparations (II, HI, IV) in the medium (2 ml) at 37°C, for 45 and 140 min respectively, 
followed by centnfugaüon ( 10 min, ± 3000x g) of the suspensions and determination of the insulin 
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contents of the clear supernatants This was performed by means of radioimmunoassay (c/ 
Ditschuneit and Faulhaber, 1975; Mr R Herms, Department of Medical Biology (Dr Th. J. 
Benraad), Catholic University, Nijmegen), the separation of'free' and 'antibody-bound' insulin 
was performed with the 'double-antibody solid-phase' technique as described by Den Hollander 
et al. (1972) The standard curve for soluble insulin was made with the same batch of insulin, 
used in the corresponding immobilized preparation, and the standard samples contained the 
same concentration of albumin as the medium used in the leakage experiment 

VA. Results and discussion 

V.4.I. Immobilization of insulin 
The results of the various immobilization reactions, in which insulin was 

covalently attached to FCP-activated Sepharose 4B, are summarized in table 
V.l. The indicated weights of the agarose derivatives refer to the standard 
dry material, whereas the values of the fluorine analyses are with respect to 
the acetone-dried FCP-Sepharose. 

Table V.l. Analytical data of the immobilized insulin preparations. 

batch FCP- % F added degree of Theoretical 
Sepharose (g) insulin (mg) substitution activity 

(mg/g)a) (mU/g) c ) 

I 

и 

III 

IV 

V 

VI 

VII 

0.1 

2.9 

2.9 

1.0 

0.2 

0.3 

3.0 

2.7 

2.7 

2.7 

2.6 

1.5 

5.05 

3.5 

40 

80 

40 

62 

80 

100 

80 

27.0b ) 

8.54 

5.03 

6.70 

8.57 

32.96 

18.86 

675,000 

213,500 

125,750 

167,500 

214,250 

824,000 

471,500 

a) determined by amino acid analysis (except batch I). 
b) determined by spectrophotometric measurement of the coupling solution and wash-eluates, 
after the coupling. 
c) the activity of insulin is expressed in units, each unit representing the amount of insulin that, 
when injected subcutaneously, lowers the blood glucose of a normal rabbit of 2 kg body weight to 
0 064% within 1 h and to 0 045% after 2 h (cf. Forst and Hansen, 1975). A value of 25 U/mg was 
used for bovine insulin (Klostermeyer and Humbel, 1966) 

Although a higher degree of substitution of I, compared with II and III, can 
be understood from the difference in experimental conditions, the large 
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discrepancy is also definitely due to the lower accuracy of the determination 
method applied. 

Table V.2. Amino acid composition of insulin-FCP-Sepharose, after hydro
lysis with 6 MHCI for 24 h at 110°C. 

amino acid 

Asp 

Thr 

Ser 

Glu 

Pro 

Gly 

Ala 

Val 

Cys 

He 

Leu 

Tyr 

Phe 

Lys 

His 

Arg 

experimental 
II 

2.99 

1.01 

2.95 

6.99 

1.30 

3.93 

3.07 

4.18 

2.58 

0.43 

6.31 

3.93 

2.95 

0.82 

2.12 

1.04 

ratio 
III 

2.93 

0.96 

2.88 

6.92 

1.15 

4.11 

2.95 

3.92 

2.76 

0.41 

6.15 

3.99 

2.97 

0.91 

2.00 

0.94 

theoretical ratio 
(native bovine insulin) 

3 

1 

3 

7 

1 

4 

3 

5 

6 

1 

6 

4 

3 

1 

2 

1 

147 



The amount of incorpoiatcd insulin is considerably higher than for the 
preparations based on CNBr-activated Sepharose (0.171-0.860 mg/g, Cua-
trecasas, 1969a, 0 253-0.310 mg/g, Kolb et al., 1975). 

Two examples of the amino acid analyses, representative of the various 
immobilized preparations, are given in table V.2. 

The values are quite repioducible, and the amino acid pattern of the 
immobilized preparations agrees well with that of native bovine insulin. Low 
values for Val, Су s and Ile were also observed by Kolb et al. (1975); Cys is 
destioyed during the hydrolysis, and 24 h is known to be a too short reaction 
period for complete hydrolysis of the Ile-Val bond (cf. Jaeger, 1974). 

No definite conclusions concerning the point(s) of attachment of insulin to 
the support, can be drawn from the ammo acid analyses Several sites in the 
insulin molecule are suitable for coupling to FCP-activated agaiose: 
(x-NH,(GlyAI), a-NH,(Phe B I ). fc-NH,(LysB29) and the imidazole-moieties 
of His" B , | n (fig. V 2a)" 

The final positon of the bond between insulin and FCP-Sepharose, in the 
random coupling reaction, will depend upon the stenc accessibility (fig. 
V.2b) and the reactivity of the respective functional groups. The order of 
reactivity ol the three amino groups is clearly different with respect to the 
type of reagents and solvents used, and also depends upon the pH of the 
reaction medium. The following ordei ot reactivity toward fluorescein- and 
phenyl-isothiocyanate was observed- Phe B 1 >Gly A 1 >Lys B 2 9 The acetylation 
with acetic anhydride in aqueous medium occurred in the order PheH 1> 
Gly u > L y s B : \ whereas withp-nitrophenyl acetate in an organic solvent the 
order Lys B 2 9 >Phe B I >Gly M was observed (for an extensive review, see Klos-
termeyerand Zahn, 1971). The relevant data of Shore (1968b; if. 111.4.1.3), 
concerning the reactivity (expressed as -log k) of the respective functional 
groups toward dichlorotnazinyl derivatives arc summarized in table V.3. 

It may be suggested from these data that the coupling of insulin to FCP-
Sepharose at pH 9. occurs preferentially through the PheB'-residue, when no 
additional stenc factois have to be considered. From the results of sulphito-
lytic and tryptic cleavage experiments, Cuaticcasas (1969a) concluded that 
insulin, coupled to CNBr-activated Sepharose at pH 5 or 6, is linked pnma-
nly through the/V-terminal phenylalanyl residue. Insulin coupled at pH 9 was 
linked primarily through the lysyl icsidue. 
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Fig. V.2 (а) Theprimary structureof bovine insulin, according to Sanger et al. (1955) (b) The 
structure of insulin in 2-zinc pig insulin (after Adams et al , 1969); the dotted lines represent the 
disulphide bonds Both ends of the B-chain are flexible in solution (Klostermeyer and Zahn, 
1971). 
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Table V 3 Reactivities of N-terminal and main-chain amino acid residues, 
toward a dichlorotnazinyl dye at 20°C (Shore, 1968b) 

functional group 

a-NH,(Gly) 

a-NH2(Phe) 

e-NH,(Lys) 

ïmidazolyl(His) 

pH = 5 

7 20 

6 85 

8 66 

5 95 

-log к 

p H = 9 

3 97 

3 67 

5 04 

4 93 

V 4 2 Lipolvsis and antilipolytis, biological activity of msulin-FCP-
Sepharose 

The biological activity of soluble and immobilized insulin was determined 
by measuring the inhibitory eftect on the ACTH-stimulated Iipolysis in free 
tat cells The excretion ot glyceiol into the incubation medium was used as 
the parametei Different concentrations of ACTH have been mentioned in 
reports on this type of fat cell experiments 2-20 μg/ml (Perry and Bowen, 
1962), 0 01-lug/ml (Rodbell and Jones, 1966) and 0 04 μg/ml Cuatrecasas, 
1969a) An optimum stimulation of the Iipolysis was observed at an ACTH 
concentration of 1 μg/ml, or 3 10~7M(Konoand Barham, 1973, Lang, 1974) 

The results of two independent fat cell experiments, with each determina
tion in triplicate for insulin-Sepharose batch I, are represented in fig V 3 
(the validity of this experimental scheme has been discussed by Crofford 
( 1968), and Kuo and DeRen/o (1969)) The addition of ACTH increased the 
Iipolysis considerably above the basal level, whereas the stimulation was 
inhibited by soluble, as well as by immobilized insulin No inhibitory effect 
was observed with two non-physiologically high concentrations It must be 
assumed that at these concentrations the inhibition of the Iipolysis has been 
reversed The revet sion of the antihpolytic effect of insulin has been descri
bed in the literature ((/ Kono and Barham, 1973 and references) The 
inhibitory effects are generally observed with physiological concentrations 
(less than approximately 1 nM or 140 μυ/ml), whereas the reversion is 
obseived typically with non-physiologically high concentrations (approxi
mately 1-100 nM or 0 14-14 mU/ml) 
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Fig. V.3 The antilipolytic activity of soluble and immobilized insulin (batch I), and the results 
of control experiments. 

Log dose-response curves were determined for other insulin-Sepharose 
preparations. Representative results for batches II and III are given in fig. 
V.4. The curves of the immobilized preparations are shifted to the right with 
respect to the curve for soluble insulin, and the value of the maximum 
possible effect has been reduced, which may be described as partial agonistic 
behaviour. The relative activities of several insulin-Sepharose derivatives, 
based on the corresponding equivalent amounts of soluble insulin, are sum
marized in table V.4. 
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Fig. V.4 Log dose-response curves for insulin-Sepharose (batch II, III). 

Table V.4. Relative antilipolytic activities of different insulin-Sepharose 
derivatives. 

batch degree of substitution 
(mg/g) 

relative activity 

II 

111 

V 

VI 

8.54 

5.03 

8.57 

32.96 

0.85 

0.26 

0.35 

0.20 
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It is clear from fig V.4 that the effective activity of a given overall amount 
of insulin is highly dependent on the degree of substitution of the respective 
immobilized preparations. This may be understood from the fact that the 
insulin molecules will be coupled throughout the agarose beads. The distribu
tion of insulin in, and on, the beads will depend upon the ratio insulm/FCP-
Sepharose during the coupling reaction and on the degree of activation, 
analogous to the results of Lasch et al. 1972, 1975; cf. 1.2.4.5.2). 

The insulin attached only to the outer surface of the beads will be accessi
ble for interaction with the fat cells. This 'effective concentration' may be 
determined by immunological methods, although difficulties are to be expec
ted from altered immunological properties of the insulin due to the immobili
zation (c/. Suzuki et al., 1972; Fellows et al., 1973). 

V.4.3. Control experiments 
The possibility of hormone adsorption by the walls of the incubation vials 

was investigated to preclude incorrect experimental data (c/. Cuatrecasas 
and Hollenberg, 1975). The polyethylene vials were coated with cetyl alcohol 
to prevent any possible adsorption (Cecil and Robinson, 1975). Parallel 
experiments with the coated and non-coated vials yielded identical results for 
insulin and only slight differences for ACTH. 

High concentrations of unsubstituted Sepharose and ethanolamine-treated 
FCP-Sepharose were tested in the fat cell assay, to prevent drawing conclu
sions from results, based on artefacts. Neither of these 'blanks' demonstra
ted any significant effect on ACTH-stimulated hpolysis (fig. V.3). 

V.4.3.1. Dilution of bead-suspensions 
The criticism of the data of Cuatrecasas (1969a), by Katzen and Vlahakas 

(1973) and by Butcher et al. (1973), was concerned with the fact that immobi
lized insulin concentrations corresponding to even fractions of beads pei 
incubation vial (each containing IO4-105 cells), had apparently been used in 
the fat cell experiments. To quote Katzen and Vlahakas (1973):'. . . . one is 
faced with the dilemma of explaining how it would be operationally possible 
to dilute a suspension of insulin-Sepharose equivalent to about 17 microunits 
of insulin immobilized per bead to a range of 2-10 microunits of insulin-
Sepharose per final volume . . . '. 

Repeated bead counts of two 'dilutions' of insulin-Sepharose batch I, by 
means of a Thoma Counting Chamber, and extrapolation to physiological 
concentrations, revealed that about 60 - 100 beads per incubation vial were 
present. More accurate determinations were performed by the evaluation of 
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photomici ographs of several samples of Sepharose 4B (lot no. : 5448), sodium 
hydroxide- and ethanolamine-treated FCP-Sepharose 4B, and of the insulin 
preparations I-III (the Sepharose derivatives originated from the same lot 
no " 5448) Similar determinations were performed with free fat cells. The 
results are summarized in table V 5. 

Table V.5. Dimensions of agarose derivatives and fat cells 

preparation average diameter (μιπί 

Sepharose 4B (lot no : 5448) 49.82 

rCP-Sepharose/NaOH 52.64 

FCP-Sepharose/H2N(CH2)2OH 51.89 

msulin-Sepharose 1 48 24 

insulin-Sepharose II 60.17 

insulin-Sepharose III 50 71 

fat cells 60.43 

The largest population of agarose beads (and derivatives) was found in the 
range 20-40 μ m; only a very small number of beads with a diameter =S ΙΟμιτιοΓ 
3ïl ΙΟμπι was observed These results clearly deviate from the values indica
ted by Pharmacia (1969; 40-190 urn). Furthermore, the denvatization reac
tions did not significantly change the bead dimensions. 

The minimum and maximum number of beads per ml of settled gel were 
calculated from the observed diameters, and are compared with the data of 
Katzen and Vlahakas (1973), and of Pharmacia (1969), see table V 6. 

The theoretical activity per bead (based on the equivalent amount of 
soluble insulin) was calculated for the preparations I-III, using the data of 
table V 1 and V.6(last column). Finally the number of beads per ml of final 
incubation medium was determined, for representative fat cell experiments. 
The results are summari7ed in table V.7. 
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Table V.6. 

Sepharose 

diameter (μιτι) 

average 
diameter (μιτι) 

minimum number of 
beads/ml settled gel 

Katzen, 
Vlahakas 

2B 

60-300 

163 

7.1· 104 

Pharmacia 

4B 

40-190 

— 

2.8· 10s 

from 
photomicrographs 

4B 

20-110 

50 

1.4· 106 

maximum number of 
beads/ml settled gel 

8.8· 10* 3 107 2.4-108 

average number of 
beads/ml settled gel 4.4· 105 1.5· 107 

Table V.7. 

batch 

I 

II 

III 

average 
weight of 

dry 
cell-material 

(mg/ml) 

35 

47 

52 

average^ 
number 

of cells/ml 

2.73· 105 

3.67· 10s 

4.06-105 

dilution-b) 

factor 

6· 10* 

2.4· 10« 

6· 10* 

average0^ 
number 

of beads/ml 

2.5-40 

6.3-100 

2.5-40 

theoreti-d ) 

cal acti
vity per 

bead (μυ) 

2.8-45 

0.8-14 

0.5-8 

a) I mg of dry cell-material contains about 7800 cells (Lang, 1974). 
b) derived from the lowest insulin-Sepharose concentration, used in the respective fat cell 
experiments. 
c,d) calculations based on the average and maximum number of beads/ml settled gel (cf. table 
V.6, last column). 
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It is clear from the above results that dilution of the insulin-Sepharose 
suspensions to physiological concentrations, as applied in the described fat 
cell experiments, is possible, and does not lead to the apparent requirement 
of using fractions of beads per incubation vial, even for the lowest concentra
tions used. 

V.43.2. Leakage stability 
Finally, it was also investigated whether the antilipolytic activity of the 

immobilized insulin originated from soluble hormone, detached during the 
incubation. Non-physiologically high concentrations of insulin-Sepharose 
were incubated under the conditions of the fat cell experiments (Krebs-
Ringer/albumin, 37°C, 45 min), but without fat cells The medium was then 
separated from the Sepharose by centnfugation. Insulin-activity could not be 
detected in the clear supernatant, by means of the bioassay (fig V 3; detec
tion limit: approximately 10 μυ/ml) It must be concluded therefore that the 
'leakage' was less than 0 1% (table V 8). 

Table V.8. 

batch 

I 

II 

Mncubdlion 

(mm) 

45 

45 

(mU/ml) 

27.0 

8.6 

detection limit 
( 10 uU/ml; expressed 

as percentage of C) 

0.037 

0.116 

biological 
activity 

It was conceivable, in principle, that the concentration of detached, solu
ble insulin was in the range where reversion of the antilipolytic activity 
occurs. The determination of soluble insulin activity was therefore perfor
med also by means of radioimmunoassay (detection limit: 0.5 μυ/ml; cj. 
Ditschuneit and Faulhaber, 1975), to exclude this possibility and to increase 
the sensitivity of the leakage test. The results of the experiments are summa
rized in table V.9. 

Schwartz et al. (1973) reported that bovine growth hormone was detached 
from immobilized preparations based on CNBr-Sepharose, by proteolytic-
active material released from the adipose tissue. Insulin-Sepharose (batch II) 
was incubated with fat cells under the usual conditions, for 45 and 140 min, 
respectively The suspensions wei e centnfuged and the insulin content of the 
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Table V.9. 

batch 

II 

III 

IV 

incubation 

(min) 

45 

140 

45 

140 

45 

140 

^--insulin 

(mU/ml) 

17.63 

13.67 

12.06 

detached insulin 

(μυ/ml) 

3 

5 

2 

4.5 

2 

2.5 

% leakage 

0.017 

0.029 

0.015 

0.033 

0.016 

0.020 

clear supernatants was then determined by radioimmunoassay. The data 
were not significantly different from those of the leakage experiments with
out fat cells. Leakage caused by enzymatic degradation of the insulin 
and/or the solid support can therefore be ruled out (cf. Fritz, 1972). 

V.4.3.3. Lipogenesis 
The determination of the lipogenetic activity of insulin-Sepharose was 

performed in order to have an independent control of its biological activity, 
combined with an additional check on the leakage stability. Appropriate 
dilutions of the immobilized hormone were incubated with free fat cells, and 
the stimulated incorporation of 3H-glucose into the lipid fraction was measu
red. The activity of the insulin preparation (batch VII) was 5-10%, based on 
the equivalent amount of soluble insulin. Stability tests, performed as descri
bed for the antilipolysis experiments, again demonstrated a negligible hor
mone detachment. 

V.4.4. The underlying mechanism of insulin-Sepharoselfat cell interaction 
The described experiments demonstrate that insulin, covalently bound to 
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FCP-Sepharose, retains part of its antilipolytic and lipogenetic activity. 
These activities were not artefacts caused by detached hormone, which 
illustrates the suitability of the FCP-coupling method in the field of hormone 
immobilization. It remains to be elucidated, however, by which mechanism 
the biological activity is manifested. Association of fat cells with the insulin-
agarose beads as observed by Sodermanc/«/. (1973), could not be confirmed 
by the present observations (fig. V.5b,c). The results of these authors can be 
explained partially, however, by the presence of hydrophobic polymethylene 
spacers in their preparations for which no control experiments were descri
bed. 

The rather high biological activity observed, seems incompatible with a 
continued 'coating' of the beads with fat cells in view of the ratio of the 
numbers of fat cells and beads (table V.7) and their approximately equal 
dimensions (table V.5). It is conceivable that collisions of the fat cells with 
the insulin-substituted beads are sufficient to trigger the receptors, resulting 
in the final response. In this context the concept of mobile or 'floating' 
receptors, which can be oriented toward the nearby insulin, has been pro
posed by Cuatrecasas (1975) and still presents a point of serious discussion 
(Rodbell, 1976). 

V.4.5. Suggestions for future research 
Several experiments are conceivable in order to obtain more information 

with respect to the mechanism of the insulin-Sepharose/fat cell interaction. 
Selective immobilization instead of random coupling prevents attachment 

of the hormone to those sites which are essential for its biological activity. 
Furthermore, chemically well-defined affinity matrices can be expected from 
this strategy. Fauchere and Pelican (1975) described the specific covalent 
attachment of ACTH (5-24) and of [Val5]-angiotensin II amide to solid 
supports via their cysteinyl derivatives. The specific coupling of [Lys8]-va-
sopressin through the ε-amino group of Lys, has been described by Robin
son et al. (1976). Hofmann and Kiso (1976) reported the 'targeted attach
ment' of ACTH by complexing [biocytin25]-ACTH(l-25) amide with avidin-
Sepharose. The high affinity of the avidin-biotin complex yields an almost 
irreversible immobilization. The use of /V" B l -biotinylinsulin in combina
tion with high capacity avidin-Sepharose (prepared by coupling avidin to the 
FCP-activated support) for the selective immobilization of insulin was also 
reported recently (Hofmann et al., 1977). The insoluble preparation demon
strated approximately 15% of the lipogenetic activity compared with an 
equivalent amount of soluble biotinylinsulin. 

The application of insulin-coated solid spherical particles, instead of the 
highly porous agarose beads appears profitable; the insulin coupled inside the 
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Fig. V.5a Photomicrograph of free fat cells, 
obtained from collagenase-treated rat epidi
dymal adipose tissue; nuclei are indicated by 
arrows (Nomarski differential interference 
contrast). 
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Fig. V.5b Photomicrograph of an insulin-
Sepharose/fat cell incubation mixture, fo
cused on fat cells (bright field). 
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Fig. V.5c As in (b), but focused on Sepha-
rose beads. 
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latter beads is not effective and only increases the risk of disturbing leakage. 
The introduction of spacers may also be considered. 

Finally, the use of segments of epididymal fat pads instead of f ree fat cells 
would markedly reduce the accessibility of these cells and should yield 
therefore considerably decreased values for the biological activity of the 
insulin-Sepharose, as compared with free fat cells (cf. Schwartz et al., 1973; 
Kolb<?/a/., 1975; Rodbell, 1976). This experiment may also provide a further 
control of possible insulin-leakage, provided that enzymatic detachment is 
excluded. 
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CHAPTER VI 

AFFINITY CHROMATOGRAPHY OF TRYPSIN 

VI. 1. Introduction 
The synthesis of a biospecific adsorbent for trypsin was chosen as a model 

to investigate the applicability of the FCP-activation procedure to ligand 
immobilization in affinity chromatography. 

The analogous compound cyanuric chloride has been used in the immobili
zation of enzymes (cf. 1.2.4.4.2), which can be used in turn for the affinity 
chromatographic isolation of the corresponding inhibitors (cf. 1.2.4.2). Ap
plication of this reagent to the immobilization of low molecular weight 
ligands, except dyes, has not yet been described in the literature. 

VI.2. Trypsin, chymotrypsin 

І.2.І. Occurrence, enzymatic activity and specificity 
Trypsin is a proteolytic enzyme formed by enzymatic conversion of its 

inactive precursor trypsinogen, which is synthesized in the pancreatic cells 
of vertebrates. Cleavage of a hexa- or an octapeptide, depending upon the 
species, from the N-terminus of the zymogen yields the predominant form of 
the enzyme: ß-trypsin. Subsequent cleavage of ß-trypsin at L y s m - Ser132 

leads to α-trypsin, a two-chain structure held together by disulphide bonds. 
Further cleavage of α-trypsin at the Lys , 7 6-Asp 1 7 7 bond yields another active 
form, pseudo-trypsin(Liibke era/., 1975b;Keil, 1971 ¡Smith and Shaw, 1969; 
Schroeder and Shaw, 1968). 

Chymotrypsinogen is also produced by pancreatic cells and yields the 
active enzyme chymotrypsin, after enzymatic conversion. Depending upon 
the type and number of bonds that are cleaved in the zymogen, α-, β-, γ-, ô -
and π-chymotrypsin are formed (Lübke et al., 1975b; Hess, 1971). 

Chymotrypsin catalyzes primarily the hydrolysis of amide bonds of pro
teins and peptides adjacent to the carbonyl group of the aromatic L-amino 
acid residues of tryptophan, tyrosine and phenylalanine. Hydrolysis also 
occurs adjacent to other large hydrophobic amino acid residues, e.g. leucine 
and methionine, although more slowly. Furthermore, the enzyme catalyzes 
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the hydrolysis of esters of aromatic amino acids, and even alanine esters are 
hydrolyzed 100 times faster than glycine esters. The side chain need not be 
aromatic since the phenyl group of phenylalanine can be replaced by a 
cyclohexyl residue without effect on the hydrolysis rate of the ester deriva
tives. These effects are consistent with the observed shape and hydrophobic 
nature of the substrate binding pocket (Blow, 1971; Hess, 1971). 

Trypsin possesses a very narrow specificity, catalyzing preferentially the 
hydrolysis of bonds involving the carboxyl group of i.-arginine or L-lysine.The 
arginine side chain is preferred to the lysine side chain, especially at higher 
pH values. Substituents which eliminate the positive charge of the ε-amino 
group of lysine simultaneously block trypsin catalysis. The enzyme acts both 
on amides and esters, but the rate of hydrolysis of an ester is about 300 times 
higher than that for the corresponding amide (Keil, 1971). 

Chemical modifications of chymotrypsin, reviewed by Hess (1971), 
revealed that for this enzyme Asp' 0 2, His5 7 and Ser 1 9 5 are directly involved in 
the catalytic process. The presence of a reactive serine residue in the cataly
tic site of chymotrypsin, and of a number of other enzymes, has led to the 
term 'serine proteases'. In many of these enzymes the amino acid residues 
adjacent to this reactive serine are identical. The sequence Asp-Ser-Gly has 
been found in chymotrypsin, trypsin, thrombin and elastase. The serine 
proteases with different substrate specificity, are structurally different at the 
substrate binding site but show similarities with respect to their catalytic site. 
Blow et aì.{\ 969; see also Blow, 1971, 1976) proposed that at the catalytic site 
in chymotrypsin a series of hydrogen bonds exists between the seryl hy-
droxyl, histidyl imidazole, and aspartyl carboxylate groups. This combination 
of functional groups was termed 'charge relay system'. The proposed mech
anism of amide hydrolysis by chymotrypsin is represented in fig.VI. 1. A 
similar 'charge relay system' is formed by Asp90, His46 and Ser183 in trypsin 
(Keil, 1971; Kasai and Ishii, 1973). 

The investigations of Niemann and co-workers (see Baker, 1967) on chy
motrypsin have led to a generalized concept of binding areas on its substrates 
or inhibitors (fig. VI.2a). The general substrate structure has R,, R,, R,. and 
Η groups; the contact areas for these groups on the enzyme are represented 
by ρ,, ρ , , ρ,, and ρ,,, respectively. A similar model, involving a tetrahe-
dral arrangement of four sites around the u-carbon of the specificity group, 
has been developed by Cohen and co-workers (see Blow, 1971, 1976). They 
are designated as sites which can accommodate an aryl group (or Ξ ρ_,), and 
an acylamido group (am = ρ,), a hydrolytic (catalytic) site (η = ρ,), and a 
restricted site only large enough to hold the α-hydrogen (Ιι Ξ ρΜ). Baker 
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( 1967) has described an analogous model for trypsin substrates and inhibitors 
(fig. VI.2b). 

The substrate specificity of trypsin and chymotrypsin originates from the 
different binding requirements dictated by the ρ, areas of the enzymes. It is 
assumed that the specificity site of trypsin, to which positively charged 
groups of substrates or inhibitors bind electrostatically, contains the negati
vely charged Asp 1 7 7 at the bottom of a hydrophobic binding pocket. Aspartic 
acid at this position has so far been found only in trypsin, thrombin and the 
trypsin-like protease from Streptomyces gríseas. In all other presently 
known serine proteases this position is occupied by neutral amino acids. The 
amino acid residues Ser190, C y s m 22°, Val213, Tip215 and Tyr228 in the ρ 2 

area of chymotrypsin form a hydrophobic pocket which gives this enzyme its 
specificity (Blow, 1976, 1971; Stroud et al.. 1974; Keil, 1971; Hess, 1971; 
Steitz et al.. 1969; Dickerson and Geis, 1969). 

VI.2.2. Preparation of active trypsin 
Active trypsin is prepared in vitro by limited proteolysis of trypsinogen, 

which is obtained from an acid extract of pancreas by ammonium sulphate 
fractionation and crystallization (Keil, 1971; Schroeder and Shaw, 1968). It 
has been noted, however, that many samples of crystalline trypsin display a 
considerable degree of chymotryptic activity. This undesired chymotryptic 
activity can be greatly diminished by treatment of the trypsin preparation 
with an irreversible inhibitor of chymotrypsin, L-(l-tosylamido-2-phenyl)-
ethyl chloromethyl ketone (TPCK; Kostka and Carpenter, 1964; Schoell-
mann and Shaw, 1963). Digestion of proteins, even with the TPCK-treated 
trypsin, however, frequently results in a mixture of tryptic and chymotryptic 
peptides, suggesting the presence of traces of chymotrypsin (Jany et al., 
1976). This phenomenon, combined with the tendency of trypsin to undergo 
autolysis during isolation and storage, induced the use of affinity chromato
graphy as a rapid and effective purification procedure. 

VI.2.3. Biospecific adsorbents for trypsin and chymotrypsin 
Several affinity matrices for trypsin, based on high or low molecular weight 

inhibitors as ligands and with or without the application of spacers, have been 
described in the literature. Feinstein (1970a) used chicken ovomucoid, a 
protein from egg-white capable of inhibiting trypsin but without effect on 
chymotrypsin, coupled to CNBr-activated Sepharose for the purification of 
trypsin. The adsorbent bound trypsin, but not chymotrypsin, at pH 8.1 and 
the enzyme was finally eluted at pH 2.0. Trypsin and chymotrypsin were 
both bound by immobilized turkey ovomucoid and soybean trypsin-inhibitor 
at pH 8.1, and were both again released at pH 2.0 (Feinstein, 1970b). Robin-
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son et al. (1971) also reported the use of chicken ovomucoid covalently 
coupled to agarose. They were able to separate a- and ß-trypsin by the 
application of a pH gradient (4.50 - 2.75) during the elution procedure; 
chymotrypsin again was not retarded by this column. Light and Liepnieks 
(1974) activated bovine trypsinogen with enterokinase in the presence of an 
excess of Sepharose-bound soybean trypsin-inhibitor. Elution of the agarose 
with a pH gradient yielded two separate peaks for α-and ß-trypsin. Immobi
lized soybean trypsin-i nhibitor was used by Porath and Kristi ansen ( 1975) for 
the separation of trypsin from chymotrypsin, in spite of the affinity of this 
ligand for both enzymes. They found a different pH dependence for the 
binding of trypsin and chymotrypsin to the inhibitor. Chymotrypsin was 
eluted between pH 5.5 and 3.5 whereas trypsin was released in the pH 
interval 3.3 - 2.5; specific elution with tryptamine and benzamidine, respecti
vely, at constant pH and ionic strength was also performed. Johnson and 
Travis (1976) used a similar pH gradient elution during the purification of 
human trypsin and chymotrypsin on Sepharose-bound Trasylol (kallikrein-
trypsin-inhibitor from bovine lung, identical with the bovine pancreatic 
trypsin-inhibitor, described by Kunitz and Northrop (1937)). 

These high molecular weight, polypeptide inhibitors are very stable to 
denaturation and to the action of proteolytic enzymes because of their 
compact tertiary structure resulting from a high content of disulphide brid
ges. They only rarely demonstrate, however, an exclusive specificity for 
trypsin (Keil, 1971). Furthermore, only few of the naturally occurring inhibi
tors have been well-identified chemically, and the point(s) of attachment to 
the support are uncertain due to the random coupling. The affinity matrix 
will, therefore, have a heterogeneous character. The heterogeneity of the 
ligand material itself, resulting in rather poorly reproducible separations with 
immobilized ligands from different batches, presents an additional problem 
(Amneus et al., 1976). 

A different approach has been described by Kasai and Ishii (1972; 1975a; 
Yokosawae/ al., 1976). They prepared an affinity matrix for trypsin by the 
immobilization of a mixture of oligopeptides (mainly di- and tri-peptides) 
containing L-arginine as carboxyl termini. This mixture was obtained by 
tryptic digestion of protamine, a highly basic protein from fish sperm. Tryp
sin was bound by the adsorbent in the range pH 7.3 - 5.0; chymotrypsin was 
only slightly retarded. Trypsin was released by elution with 5 т м HCl or 10 
т м benzamidine (pH 7.3 - 5.0). One of the components of the protamine 
digest, viz. Gly-Gly-Arg, has also been synthesized and used as a ligand 
(Kumazakie/a/., 1976; Kasai and Ishii, 1975b; Van Muijen, 1973). The first 
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named authors reported a decreased affinity compared with the immobilized 
oligopeptide mixture; Van Muijen observed no affinity at all. The ligand 
Gly-Ala-Arg was found to yield better results (Kasai et al., 1976). 

Low molecular weight, synthetic inhibitors of trypsin must combine a 
hydrophobic region with a positively charged group. A great number of 
compounds which meet these structural requirements has been developed. 
Benzamidine, p-aminobenzamidine and phenylguanidine (fig. VI.3) were 
found to be highly potent, competitive inhibitors of trypsin (Mares-Guiaand 
Shaw, 1965). The inhibition constants (K,) are presented in table Vl.l, 
together with data of other, recently developed, inhibitors. 

Table Vl.l. Low molecular weight, synthetic inhibitors of trypsin; characters 
in parentheses refer to fig. VI.3. 

inhibitor Κί(μΜ) reference 

benzamidine (a) 

p-aminobenzamidine (a) 

phenylguanidine (b) 

m-,p- (phenoxyalkoxy)-
benzamidines (c) 

ω -amino acid esters(d) 

m-aminobenzamidine (a) 

ω -amidinophenylalkyl-
amidinophenyl ethers (e) 

aromatic /m-amidines (0 

18.4 Mares-Guia and Shaw (1965) 

8.25 

72.5 

4.6-9.2 Baker and Erickson( 1967, 1968) 

1.7-58.7 Muramatu and Fujii (1971) 

8 Hixson and Nishikawa (1973) 

0.07-9.5 Geratzeí al. (1975) 

0.02-0.39 Tidwell É7 α/. (1976) 

Markwardte/fl/. (1968) and Mares-Guiat-f «/.(1977) investigated a number 
of benzamidine derivatives and observed a decreasing inhibitory capacity in 
going from electron-donating to electron-withdrawing p-substituents. 
Mares-Guia^i al. (1977) reported a 27-fold decrease forp-nitrobenzamidine 
compared with thep-amino compounds (K, : 227 and 8.25 μΜ, respectively). 
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Fig. V1.3 Synthetic, low molecular weight inhibitors of trypsin (for references see table VI. 1). 

This phenomenon was ascribed to an enzyme-inhibitor interaction of the 
dipole-dipole type; correlations with acid-base properties, charge densities 
on the amidinium function, or charge-transfer properties were ruled out on 
the basis of experimental results. 

The inhibitors, p- and m-aminobenzamidine are directly suitable for im
mobilization through the free, aromatic amino function. Several workers 
have reported the use of these inhibitors as ligands, during the affinity 
chromatographic purification of trypsin; polymethylene chains of varying 
lengths were applied as spacers. The structures of the different affinity 
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Fig VI 4 Affinity matrices for trypsin, I, II (Hixson and Nishikawa, 1973, 1974), III (Jameson 
and Elmore, 1971, 1974). IV (Brummer, 1974) 

matrices are represented in fig. VI.4. Jameson and Elmore (1971, 1974) have 
used/>-(p'-ammophenoxypropoxy)-ben/.amidine as a hgand, and were able 
to separate a- and ß-trypsin. Trypsin-like proteases have also been isolated 
by means of immobilized benzamidine derivatives (e.g. acrosin, Schleumng 
et al., 1973; thrombin, Hixson and Nishikawa, 1973, 1974; kallikrein, Sam-
paioet a!.. 1974). 

The sample of trypsin was applied to the column, which had been previ
ously equilibrated with an appropriate buffer solution, pH 8.0 or 5.5; the 
same buffer was used to elute the impurities. Release of the purified trypsin 
was generally performed by the application of a more acidic buffer (pH 2.0 -
2.5). The biospecificity of the affinity matrices was demonstrated by the 
unretarded passage of chymotrypsin and chymotrypsinogen at the pH of the 
stai ting buffer, and by the release of trypsin after the addition of 10 mM 
benzamidine to the starting buffer (for references, see fig. VI.4). 

Another method for the preparation of chymotrypsin-free trypsin is the use 
of a matrix which specifically binds chymotrypsin but leaves trypsin unretar
ded. Cuatrecasas et al. (1968) have described the use of the enantiomeric 
substrate analogue D-tryptophan methyl ester as a hgand in combination with 
E-ammocaproicacidasaspacer(c/'. fig. 1.20). 4-Phenylbutylamine, coupled 
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directly to CNBr-Sepharose, has been used by Stevenson and Landman 
(1971). Control experiments demonstrated the non-retarded passage of chy-
motrypsinogen, trypsin and diisopropyl fluorophosphate-treated chymo-
trypsin. Tomlinson et al. (1974), however, observed a 'marked variation' in 
specificity with both of the above affinity matrices. The biospecificity of 
Sepharose-yV-e-aminocaproyl-D-Trp-OMe has also been questioned by 
Sharma and Hopkins (1975a, b). They observed that acetylated chymotryp-
sin, in spite of its fully retained enzymatic activity, was not bound by the 
affinity support at pH 8; this in contrast to the native enzyme. 

Turková<?f al. (1976) have described the specific adsorption of chymotryp-
sin by hydroxyalkyl methacrylate gels, substituted with N-benzyloxy-
carbonylglycyl-D-leucine or A/-benzyloxycarbonylglycyl-D-phenylalanine, 
and with 1,6-diaminohexane as a spacer. 
Trypsin was not adsorbed to this gel, whereas chymotrypsin was not bound 
by the gel, substituted with the spacer only. N-benzyloxycarbonyl-D, 
L-phenylalanyl-triethylenetetramine-Sepharose was applied by Fujiwara et 
al. (1975), and Fujiwara and Tsuru (1976) to the separation of chymotrypsin, 
subtilisin, pepsin and neutral metalloendopeptidases; these enzymes posses
sed a different affinity depending upon the pH of the medium. Chymotrypsin-
ogen, trypsinogen, trypsin and the formerly mentioned, alkali-denatured, 
enzymes were all found to pass through the adsorbent column. 

The successive use of a chymotrypsin-specific adsorbent (4-phenyl-
butylamine-Sepharose) and a trypsin-specific adsorbent (p-amino-
benzamidine-cellulose), for the preparation of highly purified trypsin has 
been reported by Jany et al. (1976). 

VI.3. Strategies, results and discussion 
In view of the literature data,p-aminobenzamidine was used as a ligand in 

the preparation of trypsin-specific adsorbents. The structures and ligand 
contents of the first series of agarose derivatives are presented in fig. VI.5. 
Sepharose4B was activated with FCP according to method A (cf. 111.4.2) and 
then coupled withp-aminobenzamidine or aniline at pH 7.5; the latter com
pound was coupled in order to obtain a control matrix. FCP-Sepharose was 
also substituted with hexamethylenediamine, and the resulting product was 
reacted successively with the di-p-nitrophenyl ester of pimelic acid, and 
p-aminobenzamidine or aniline, to introduce a long spacer arm between the 
matrix and the ligands. All matrices were reacted with an excess of ethanol-
amine, after the ligand coupling, to eliminate residual reactive fluorine. The 
ligand contents were calculated from spectrophotometric determinations of 
the free ligand, remaining in solution after the coupling (I, II) or of the 
liberatedp-nitrophenol (III, IV). 
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The chromatographic performance of adsorbent III (fig. VI.5) with respect 
to trypsin, chymotrypsin and human serum albumin is depicted in fig. VI.6. 
The proteins were applied to the column, which had been previously equili
brated with acetate buffer, pH 5 5. Following the elution of non-adsorbed 
material the eluent was changed to HCl/glycine buffer, pH 2.0, but only very 
small amounts of protein were released. Comparison with the elution pattern 
of the same amount of trypsin, with an unsubstituted Sepharose column, 
revealed clearly that almost all of the enzyme had remained adsorbed to the 
affinity supportil i, in spite of the change in elution conditions. The matrices 
I, II and IV demonstrated a similar behaviour, as did a sample of the 
corresponding FCP-Sepharose after deliberate alkaline hydrolysis. The pro
teins could also not be eluted by an aqueous 1 M KCl/25% ethylene glycol 
solution, or by aqueous 7 M urea (cf. 1.2.6 3.3). 

The applicability of the ligand was re-investigated by using Affi-Gel 10 as 
the reactive, immobilizing support material (fig. VI.7; c/ section 1.2.4.4.3 
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Fig VI 6 Elution profiles of (a) trypsin, (b) chymotrypsin, (с) human serum albumin, on 
adsorbent III, (d) trypsin, on unsubstituted Sepharose 4B Bed volumes 1 6ml, and flow rate 20 
ml/h. Samples (10 mg) of each protein were applied to fresh columns 
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Fig VI 7 Adsorbents based on Affi-Gel 10 (Bio-Rad; Cuatrecasas and Pankh, 1972) 
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e f f l u e n t 

Fig. VI.8 Elution profiles of· (a) trypsin, (b) chymotrypsin, (с) human serum albumin, on 
Affi-Gel/p-aminobenzamidme Bed volumes 1 6 ml, and flow rate 20 ml/h. Samples (10 mg) of 
each protein were applied to fresh columns. 

and Cuatrecasas and Parikh, 1972). The elution patterns of trypsin, chymo
trypsin and human serum albumin are represented in fig. VI.8. The profiles 
were as expected; part of the applied trypsin was adsorbed at pH 5.5, and 
subsequently released at pH 2.0, whereas chymotrypsin and albumin were 
not retarded by the adsorbent. The aniline-substituted matrix did not bind 
albumin, whereas only a small fraction of the trypsin sample was bound; 
chymotrypsin was considerably retarded (fig. VI.9). These results are under
standable in view of the previously described properties of the enzymes. The 
ethanolamine-treated matrix retarded none of the applied proteins. 

Recurring to the FCP-based gels, it was wondered what type of non
specific binding was involved, that could not be reversed by salt, polarity-
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Fig. VI.9 Elution profiles of: (a) trypsin, (b) chymotrypsin, (c) human serum albumin, on 
Affi-Gel/aniline. Conditions as in fig. VI.8. 

reducing or denaturing agents. Small columns of deliberately hydrolyzed 
FCP-Sepharose were equilibrated with buffer (pH 5.5) and the chromato
graphic behaviour of proteins, with different isoelectric points, was investi
gated (fig. VI. 10). The basic proteins trypsin and cytochromec were released 
only at a pH value near or above the isoelectric point; the highly acidic 
protein pepsin, was also found to pass unretarded at a pH value above its 
isoelectric pH. These phenomena, in combination with the apparently acidic 
character of hydrolyzed FCP-Sepharose (cf. fig. III. 11), indicate that ionic 
effects play a role. The behaviour of albumin, and the inability of salt alone to 
affect the binding of the proteins, however, remain to be explained. The latter 
may be understood in view of 'salting-in/salting-out' phenomena (cf. 
1.2.6.3.2/3). 
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The presence of an excess of hydroxy-chloropyrimidinyl residues in the 
final affinity matrix was avoided by inverting the coupling procedure. The 
ligand was activated with FCP, and subsequently coupled to Sepharose 4B 
(adsorbent V, fig. VI. 11). The adsorbent was tested with trypsin, and demon
strated the expected behaviour: the enzyme was bound at pH 5.5 and relea
sed at pH 2.0(fig. VI. 12). The initial binding was improved by changing the 
pH of the starting buffer to 8.0, which is nearer to the optimum pH of catalysis 
(7.8 - 8.2; Kasai and Ishii, 1975a; Keil, 1971; Erlanger et al., 1961). Non
specific side effects were again investigated by means of cytochrome c, 
which had already been found to be a suitable test protein due to its similar 
isoelectric point, as compared with trypsin, and also its clear coloration. This 
protein did not bind to the column, indicating the absence of non-specific 
effects, observed with the previous adsorbents. Chymotrypsin, however, 
was also bound to the affinity matrix at pH 8 and again released at pH 2.0. 

The lack of selectivity of adsorbent V between trypsin and chymotrypsin, 
may be caused by the accumulation of two aromatic ring-systems (cf. 
VI.2.1). e-Aminocaproic acid was applied therefore as a spacer, between 
the ligand and the pyrimidinyl residue. Three different strategies were used in 
the preparation of the final affinity matrix (adsorbents VI - VIII, fig. VI. 13a). 
e-Aminocaproyl-p-aminobenzamidine hydrochloride was synthesized ac
cording to fig. VI. 13b; FCP-activation of the spacer-ligand conjugate was 
performed as described forp-aminobenzamidine (fig. VI. 11). FCP-activated 
Sepharose 4B was prepared according to method С (cf. IH.4.2 and table III.4, 
batch h), to reduce the number of hydroxy-chloropyrimidinyl residues in the 
product. All three matrices exhibited behaviour towards trypsin and chymo
trypsin that was similar to that described for adsorbent V. Both enzymes 
were bound at pH 8.0 and released at pH 2.0, although chymotrypsin appea
red to be eluted at a slightly higher pH value than was trypsin (fig. VI. 14). 

Finally, the ε-aminocaproyl spacer was replaced by the dipeptide glycyl-
glycine. Sepharose 4B was activated with FCP, according to method С (cf. 
III.4.2), and then coupled with Gly-Gly. p-Aminobenzamidine was then 
covalently bound by carbodiimide coupling (adsorbent IX, fig. VI. 15). 
Chromatography of trypsin and chymotrypsin on this adsorbent yielded the 
elution profiles represented in fig. VI. 16a,b. Trypsin was bound at pH 8.0 and 
released at pH 2.0, whereas chymotrypsin passed through the column with 
slight retardation. The reproducibility of the results was proven, and the 
system was then investigated more thoroughly by the following experiments: 
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Fig. VI.II FCP-denvatization of p-aminobenzamidine (cf. Schroeder et al., 1962; Bayer, 
British Patent, 1,169,254 (5.11 1969)), and subsequent coupling to Sepharose 4B. 
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Fig. VI.12 Elution profiles of· (a), (b) trypsin, (с) chymotrypsin, (d) cytochrome с, on adsorbent 
V Bed volumes 1 6 ml. and flow rate 20 ml/h Samples of the enzymes (10 mg) and of 
cytochrome с (1 mg) were applied to fresh columns. 
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Boc-Aca-OH 

DCC; EtOAc 

( B o c - A c a - ) 2 0 
/=\ /NH2 

P-H2N-(.Л-с (* СГ ; DMF/pyndine 
^ ^ SNH2 

Boc-Aca-NH-(\ //-CC* Cl 
^ - ^ N N H 2 

EtOAc/MeOH 
HCl 

/ = \ ^NH 2 

H-Aca-NH-(v /)-C(+ Cl" 
ν-? N N H 2 

b 

Fi>. K/./i (a) Introduction of Е-атіпосаргоіс acid as a spacer, (b) Synthesis of 
E-aminocaproyl-p-aminobenzamidine hydrochloride. 
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A254-

рН80 рН40 pH 20 

рН О pH 40 pH 2 0 

-»- effluent 

Fig. VI.14 Elution profiles of. (a) trypsin (5 mg) and (b)chymotrypsin (5 mg), on adsorbents Vi
vi l i . Bed volumes 0.5 ml, and flow rate 20 ml/h. 

D-FCP-Gly-Gly - N H ^ Q -
/NH2 

C \ ( + 
N N H 2 

C I " 

IX 
Fig. VI. IS 

- the affi nity column was eluted with buffer (pH 10) after a complete chroma
tographic cycle with trypsin. The adsorbent did not release any additional 
protein, indicating the absence of non-specific effects observed with previ
ous adsorbents (I-IV). Performing the FCP-activation according to method С 
instead of A, effectively diminishes the simultaneous introduction of 
hydroxy-chloropyrimidinyl residues. 
- in the case of trypsin, the material eluted at ρ H 8.0 was subjected to a new 
chromatographic cycle; the elution profile did not contain any peak at pH 2.0, 
which indicated that the column had not been 'overloaded' with enzyme. 
- trypsin, bound at pH 8.0, was also released by eluting the column with a 
benzamidine solution (15 mM, pH 8.0); a subsequent change of the eluent to 
buffer pH 8.0 (without benzamidine) and then to buffer pH 2.0, no longer 
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yielded a peak. This result confirmed the biospecificity of the adsorbent, 
which was already demonstrated by the lack of affinity toward chymotryp
sin. 
- the pH of the starting buffer could be decreased to 5.4, without any effect 
on the elution profile of trypsin; chymotrypsin, however, was eluted as a 
considerably sharper peak than with bufferai pH 8.0(c/. fig.VI.16d). Opera
tion in a pH range near 5 considerably stabilizes trypsin against autodigestion 
(Schroeder and Shaw, 1968). 
- determination of the tryptic and chymotryptic activity of the pooled frac
tions of the non-adsorbed material, demonstrated the absence of these two 
enzymes. 
- bovine serum albumin was not retarded by the adsorbent at pH 5.4 and 
subsequent elution with buffers at pH 2.0 and at pH 10.0 did not release 
additional material, indicating the absence of non-specific protein binding. 

A 2 5 4 Α2ΘΟ 

pH 8 0 pH 2 0 pH 5 4 pH 2 0 

p H 8 0 p H 2 0 p H 5 . 4 ρ H 2.0 

— · - e f f l u e n t 

Fig. VI.16 Elution profiles of: (a) trypsin (5.3 mg), (b) chymotrypsin (5.0 mg), on adsorbent IX: 
(c) trypsin (4.0 mg), (d) chymotrypsin (2.4 mg), on adsorbent X. Bed volumes 2.7 ml (a. b) and 2.6 
ml (c, d), and flow rate 20 ml/h. 
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- FCP-Sepharose, which was coupled with the spacer only, merely demon-
stiated ion-exchange properties. 

Quantative data with respect to the purification of trypsin were obtained 
with adsorbent X. which was prepared as described for IX (degree of substi
tution, determined by elemental analysis: 108 цтоіев of p-aminobenz-
amidine/g of dry gel, or approximately 4.3 ц т о ^ ^ wet gel). The elution 
profiles are presented in tig VI. 16c, d. peak A and В represented 1.5 and 2 0 
mg of protein, respectively, as determined by the Lowry method (Lowry et 
al , 1951), which means a recovety of 87.5%. The enzymatic activities of the 
original, commercial tiypsin sample and ot the protein eluted as peak A and 
B, were determined with AZ-ben/oylarginine-p-mtroanilide as substrate (Er
langer et al., 1961;с/ section IV.2). The following values were found: 1.2 
U/mg (original trypsin),0 06U/mg(A)and 1.9U/mg(B). One chromatograph
ic cycle resulted in an increase in activity of 58%, with a total recovery of 
activity of 81%. The capacity of the adsorbents IX and X was approximately 
10 mg of commercial trypsin/g wet gel 

The degiee of purification obtained is at least comparable with the litera
ture data, values ot 20-40% have been reported for commercial trypsin 
(Jameson and Flmore, 1974; Brummer, 1974; Hixsonand Nishikawa, 1973). 
Tiypsin-binding capacities of 1-3 mg/ml gel and ligand contents of 0.9 
Hmoles/ml gel (0.1 g of CNBr/ml gel; Jameson and Elmore, 1974) and 12-30 
Hmoles/ml gel (0.2 g of CNBr/ml gel, Hixson and Nishikawa, 1973, 1974) 
have been obtained. 

The apparent dependence of the selectivity of the adsorbent on its ligand 
content was remai kable. Adsorbents IX and X, based on FCP-activated 
Sepharose with the composition (ag),(FCP)0 0 f >, resulting in a final ligand 
content of 108 ц т о ^ / ц dry gel, demonstrated the expected difference in 
affinity toward trypsin and chymotrypsin An affinity matrix, based on 
FCP-Sepharose: (ag), (FCP)„ <4, bound both en/ymes at pH 8 Oand released 
them at pH 2 0! 

In conclusion, it is clear that the FCP-activation can be used successfully 
as a coupling method foi the preparation of biospecific adsorbents. The high 
degree of substitution which can be obtained, may be advantageous in the 
application of ligands with a low affinity; a potential decrease in selectivity, 
due to a high ligand content, should be considered carefully. 

The hydrophobic, aromatic character of the pyrimidinyl moiety, poten
tially disadvantageous, did not present a problem at a low degree of activa
tion (comparable with the values obtained by CNBr), and in combination 
with a rather rigid and hydrophilic spacer such as glycylglycine. The choice 
of an optimal spacer remains an empirical factor, as is apparent from the 
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described results. An additional example was found in experiments with 
FCP-Sepharose and Sepharose-FCP-Gly-Gly, both coupled with 
4-phenylbutylamine, which have not been described further. Chymotrypsin 
was irreversibly bound by the former adsorbent, whereas the latter exhibited 
no affinity whatsoever. 

VI.4. Experimental section 
p-Aminobenzamidine dihydrochlonde was synthesized according to Shaw and Woolley 

(1957), but also became commercially available during the investigations (Merck AG, Darm
stadt, W -Germany) All other chemicals used were of analytical-grade quality (Merck) except 
l-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, which was obtained from 
Aldrich Europe (Janssen Pharmaceutics, Beerse, Belgium) Affi-Gel 10 was obtained from 
Bio-Rad Laboratories (Richmond, California, USA) 

The enzymes trypsin (from bovine pancreas), chymotrypsin A4 (α-chymotrypsin, from bovine 
pancreas), and pepsin (from porcine gastric mucosa) were products of Boehnnger Mannheim 
GmbH (Mannheim, W -Germany) Human serum albumin and cytochrome r were obtained 
from Behnngwerke AG (Marburg-Lahn, W -Germany) and Sigma (St Louis, Missouri. USA), 
respectively Tryptic and chymotryptic activities were determined with the coi responding 
'Biochemica Test Combination' of Boehnnger (/V-benzoylarginine-/?-nitroanilide as substrate 
for trypsin and N-carboxypropionyl-phenylalamne-p-nitroanilide as substrate for chymotryp
sin) 

All the chromatographic procedures were performed in a cold room (2-4°C) The column 
eluates were monitored with LKB Uvicord I or III instruments 

The following buffers were used as eluents pH 10 0(0 I м ethanolamme/HCI). pH 8 0(0 I м 
Tns/HCI), pH 5 5/5 4/4 0 (0 1 м acetic acid/sodium acetate), pH 2 0 (0 1 м glycine/HCl), all 
buffers contained in addition 0 1 M NaCI and 0 001 м CaCI2 

The relevant experimental details of the preparation of the various adsorbents which were 
apparently unsuitable for the biospecific adsorption of trypsin have already been summarized in 
the foregoing section, and will not be discussed further 

FCP-SepharoselGly-Glylp-ammobenzamidme (adsorbents IX, X) 
(IX) FCP-activated Sepharose 4B (batch k, table III 4, sucked dry by vacuum, 4 g) was 

suspended in a solution orglycylglycine (0 79g) in buffer, pH 10 6(0 5 м Na,CO,/NaHCO,, 5 
ml) and the suspension was rotated for 27 h at room temperature The product was filtered off, 
washed with double-distilled water (250 ml) and suspended in a solution ofp-aminobenzamidine 
dihychlonde (0 62 g, 3 mmoles) in water, the pH of the suspension was adjusted to 5 0 and 
l-(3-dimethylaminopropyl)-3-ethylcarbodumide hydrochloride (0 57 g, 3 mmoles) was then 
added The reaction was allowed to proceed for 2 h at room temperature and at pH 5 The 
product was then filtered off, washed with double-distilled water, aqueous NaCI (0 5 м, 100 ml) 
and again with double-distilled water (250 ml) The agarose derivative was stored, suspended in a 
0 05% aqueous sodium azide solution, at 4°C 

(X) FCP-activated Sepharose 4B(batchj, table III 4, sucked dry by vacuum, 11 g) was reacted 
with glycylglycine (0 74 g) and then with p-aminobenzamidine dihydrochlonde (1 25 g, 6 
mmoles, carbodumide 1 15 g, 6 mmoles), as described for (IX) The nitrogen contents of the 
Gly-Gly substituted support and of the final affinity adsorbent were determined by elemental 
analysis and found tobe 0 8 and I 3%, respectively Calculations yielded the following empirical 
formulas 

(ag),(FCP)o (K.íGlyGlyío 03 and (ag),(FCP)0 06(GlyGly)0 03(p-aminobenzamidine HCI)0 OÍS 
or 108 μπιοΐββ of hgand/g of dry affinity gel 
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SUMMARY 

The conventional procedures for the purification and isolation of biological 
macromolecules generally rely on differences in physicochemical properties, 
e.g. solubility, charge and molecular weight. Recently, separation techni
ques have been developed which are based on the fact that many macromole
cules possess the ability to bind specifically and reversibly to other molecules 
('ligands'). Enzymes, for example, form complexes with their substrates or 
inhibitors; similarly antibodies form complexes with their respective antigens, 
and some proteins interact specifically with other proteins, nucleic acids or 
carbohydrates. A selective adsorbent can therefore be obtained by coupling 
such ligands (e.g. an inhibitor) covalently to an insoluble support material 
(e.g. cellulose, agarose). Elution of a crude enzyme preparation through a 
column, filled with this adsorbent, leads to a specific binding of the enzyme 
whereas the impurities can be washed away. Dissociation of the enzyme-
ligand complex by changing the pH and/or the ionic strength of the eluent, 
yields finally the pure enzyme. 

This technique was introduced in 1968 under the name affinity chromato
graphy, but the principle had been applied earlier, particularly in immunolo
gy. A short survey of the historical development, and a more detailed review 
with respect to the essentials of this technique and its applications, as well as 
data with regard to more recent developments and related methods, repre
sent the content of chapter I. 

A stable, covalent bond between the ligand and the support material is 
essential for the successful application of affinity chromatography. The 
coupling of ligands, with a primary amino function, to polysaccharides is 
currently performed by prior cyanogen bromide activation of the polymer. 
The final link between the two components is of the isourea type. The 
limited stability of this bond, particularly in alkaline medium and in the 
presence of nucleophilic amines, leads, however, to the detachment of the 
immobilized ligands yielding free ligands and ligand derivatives into solution. 
In the event that the quantity of released ligands is small in comparison with 
the amount of material to be isolated, a certain loss of material only has to be 
considered. A small leakage may, however, seriously impede the affinity 
chromatographic isolation of receptor proteins, which are generally only 
present in very low concentrations, due to prior complexing with solubilized 
ligands. 

The leakage is decreased by coupling the ligands polyvalently to the 
matrix. Estimations of the length of an induction period ('time-lag') in this 
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process are made by means of a mathematical model, in which the ligand-
detachment is described as a consecutive, pseudo-first order reaction An 
adsorbent with a degree of substitution of 2umoles of monovalently coupled 
ligand/ml gel, yields a free ligand concentration of 2 picomoles/ml gel after 
5-6 sec at pH 8(Tns/HCI, 5 mM)and room temperature. The model indicates 
that the above 5-6 sec period will change into 2 hours, 11 days and 11-12 
weeks, with an original number of bonds between ligand and matrix of 2,5 and 
10, respectively This trend is in agreement with experimental data in the 
litei ature 

The introduction of a so-called 'spacer' molecule between ligand and 
matrix, to decrease stenc hindrance during the complex formation, yields 
positive results but often also causes non-specific interactions In addition, 
the structure of the currently used polymeric support, agarose (Sepharose), 
appears to be subject to variations (chapter II) 

The primary purpose of the investigations described in this thesis, was the 
development of alternatives to the cyanogen bromide activation, in order to 
obtain ligand-matnx conjugates of higher stability Less successful attempts 
at introducing a primary amino group into polysaccharides, suitable for 
further coupling by means of peptide-chemical methods, by acetalization or 
by nucleophilic displacement of sulphonyl esters with aliphatic diamines, 
were followed by investigations on the applicability of reagents and methods 
derived from dyestuff/textile chemistry Reactive dyes, compounds consis
ting of a chromophonc group coupled to a reactive group, which can be 
linked to textile fibres, presented a good starting-point. In particular, the 
application of 2.4,6-tnfluoro-5-chloro-pynmidine (FCP) to Sepharose (a sus
pension of beaded agarose in water), according to an appropriately devel
oped and optimized activation procedure, yielded a thermally stable product 
with conservation of the original matrix structure, which was reactive toward 
amines and mercaptans Agarose derivatives, varying in composition from 
(ag),(HCP)0 ne to(ag),(FCP)0 4 0 , were synthesized in a reproducible way. The 
coupling with hexamethylenediamine, aniline and ethanethiol, respectively, 
yielded an incorporation of 0 2-2 7/0 9-1 7/1 1 mmole/g dry agarose. 

The stability of Sepharose coupled to a reactive dye, based on FCP 
(Levafix Brilliant Red E-4BA), and of hexamethylenediamine-substituted 
FCP-Scpharose was investigated by incubation in buffer solutions of differ
ent ρ H values, for varying periods (up to 66 h) at room temperature, followed 
by the determination of the amount of detached ligand. This indicated a 
leakage of 0 5 IO_,Çf/h in the range pH 4 to 8. Similar experiments with 
immobilized ligands, based on cyanogen bromide activated Sepharose, yield
ed a leakage of 0 1%/h. 
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The possibility of obtaining a high degree of substitution is a further 
advantage of the FCP-activation, in addition to the high stability of the final 
product. A degree of substitution of 0.2-2.7 mmole/g dry agarose was ob
tained during the coupling of FCP-Sepharose with hexamethylenediamine, 
as compared to 0.25-1 mmole/g dry agarose reported in the literature for 
cyanogen bromide activation. In addition, the FCP-activated Sepharose can 
be stored for a considerable period, in the wet state and at 4°C, without a 
substantia] decrease in coupling capacity (about 7%/3 months). 

The FCP-analogues 2,4,5,6-tetrachloro- and 2,4,5,6-tetrafluoro-
pyrimidine, and other polymers (cellulose, Sephadex, aminomethyl-
polystyrene) appeared to be also applicable. In addition, the coupling of a 
reactive azo-dye to agarose, for example, followed by reduction with sodium 
dithionite and subsequent diazotation, represents a useful method for the 
immobilization of ligands with an activated aromatic ring system. The reac
tion sequence can be easily followed visually due to the characteristic colour 
changes that are produced. 

It was apparent during the above investigations that dehydration of Sepha
rose by means of solvent-exchange was advantageous over lyophilization 
(chapter III). 

The applicability of FCP-activated supports was investigated in three 
different projects (chapter IV-VI). 

Several enzymes, e.g. glucose oxidase, trypsin, subtilisin and penicillin
ase, were immobilized on FCP-Sepharose and demonstrated a relative activity 
of 8 to 98%. Penicillinase, in particular, showed only a very slight decrease in 
relative activity after immobilization. Similar results were obtained during 
the coupling of this enzyme to FCP-activated cellulose, Sephadex and 
aminomethyl-polystyrene as well as during the application of TCP end TFP, 
and during the immobilization via a reactive azo-dye (chapter IV). 

The antilipolytic activity of insulin, coupled to cyanogen bromide activa
ted Sepharose, has been considered to be in support of the unitary view that 
hormone receptors are localized on the outer surface of the cell membranes. 
The apparently limited stability of the isourea linkage, and the doubts with 
respect to the results of these insulin-Sepharose experiments, raised in the 
literature, led to an investigation of the properties of insulin-FCP-Sepharose. 
Insulin-contents of 8-30 mg/g gel were obtained, whereas the relative activity 
varied between 0.8 and 0.2. Although this activity did not originate from 
detached insulin, which was rechecked by leakage experiments in combina
tion with determination of the insulin by RIA methods, the mechanism by 
which it is manifested still deserves further investigation (chapter V). 
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The synthesis of abiospecific adsorbent for trypsin was chosen as a model 
to investigate the applicability of the FCP-activation in affinity chromato
graphy p-Aminobenzamidme, a competitive inhibitor of trypsin, was chosen 
as a ligand. directly suitable for immobilization. The non-specific ion-
exchange properties of the first series of synthesized agarose derivatives 
were obviated either by FCP-activation of the ligand instead of the matrix, or 
by modifying the initial FCP-activation procedure. The adsorbents prepared 
in this way, however, demonstrated no selectivity between trypsin and 
chymotrypsin. The introduction of ε-aminocaproic acid as a spacer was 
ineffectual. These problems were solved by the application of glycylglycine 
as a spacer. The final affinity matrices had a degree of substitution of 
approximately 4 μmoles of ligand/g gel, or about 100 Rimóles ligand/g dry 
adsorbent. The specific activity of a current, commercially available trypsin 
preparation was increased by 5Ш after a single chromatographic cycle. The 
biospecificity of these adsorbents was demonstrated by the possibility of 
cluting trypsin using a benzamidine solution, and by the absence of any 
affinity for chymotrypsin (chapter VI). 
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S A M E N V A T T I N G 

De conventionele methoden voor de zuivering en isolering van biologische 
macromoleculen berusten op verschillen in fysisch-chemische eigenschap
pen, zoals oplosbaarheid, lading en molecuiilgewicht. Daarnaast zijn meer 
recent scheidingstechnieken ontwikkeld die gebaseerd zijn op het feit dat 
veel van dergelijke macromoleculen op specifieke en reversibele wijze in 
wisselwerking kunnen treden met andere moleculen, die in het navolgende 
liganden zullen worden genoemd. Enzymen, bijvoorbeeld, vormen een com
plex met hun substraat of remmer, antilichamen kunnen complexeren met de 
overeenkomstige antigenen en sommige eiwitten binden specifiek aan andere 
eiwitten, nucleïnezuren of koolhydraten. Door nu een dergelijk ligand (b.v. 
een enzymremmer) covalent te koppelen aan een onoplosbaar dragermateri
aal (b.v. cellulose, agarose) kan een selectief adsorbens worden verkregen. 
Elutie van een ruw enzympreparaat door een kolom, gevuld met dit adsor
bens, resulteert in een specifieke binding van het enzym terwijl de verontrei
nigingen uitgewassen kunnen worden. Dissociatie van het enzym-ligand com
plex, door verandering van de pH en/of de ionsterkte van het eluens, levert 
uiteindelijk het zuivere enzym. 

Deze techniek werd in 1968 geïntroduceerd onder de naam affiniteits-
chromatografie, maar het principe werd reeds in voorgaande jaren toegepast, 
met name in de immunologie. Een kort overzicht betreffende de historische 
ontwikkeling, een nadere beschouwing aangaande de wezenlijke onderdelen 
van deze techniek en haar toepassingen, alsmede gegevens betreffende re
cente ontwikkelingen en verwante methoden, vormen de inhoud van hoofd
stuk I. 

Een stabiele, covalente binding tussen ligand en dragermateriaal is van 
wezenlijk belang voor het welslagen van de affiniteitschromatografie. De 
gangbare methode voor het hechten van liganden met een primaire amino 
functie aan Polysacchariden maakt gebruik van de cyanogeen bromide acti
vering. Hierbij worden de liganden via een isoureum band aan de drager 
gekoppeld. De beperkte stabiliteit van deze binding, met name in alkalisch 
milieu en in aanwezigheid van nucleotide aminen, geeft echter aanleiding tot 
het in oplossing komen van de geïmmobiliseerde liganden en overeenkomst
ige derivaten. Is de hoeveelheid vrijkomend ligand gering ten opzichte van de 
hoeveelheid te isoleren materiaal, dan zal slechts met een zeker verlies 
rekening gehouden moeten worden. In het geval van receptor-isolatie, waar
bij het gaat om de isolering van minieme hoeveelheden uit grote volumina, 
kan echter een geringe lekkage de affiniteitschromatografische zuivering 
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onmogelijk maken, door voortijdige complexvorming met de vrijgekomen 
ligand. 

De toepassing van polyvalent gekoppelde liganden kan de lekkage terug
dringen. Aan de hand van een wiskundig model, waarbij de ligandafsplitsing 
opgevat wordt als een consecutive, pseudo-eerste orde reactie, kunnen 
schattingen gemaakt worden betreffende een inductie periode in de lekkage 
Een adsorbens met een substitutiegraad van 2 umol monovalent gekoppeld 
ligand/ml gel, geeft bi| pH 8 (Tns/HCl, 5 mM) en kamertemperatuur, na 5-6 
sec een vrije ligand concentratie van 2 pmol/ml gel Uit het genoemde model 
volgt dat, bij een oorspronkelijk aantal bindingen tussen ligand en drager van 
2, 5 of 10, de periode van 5-6 sec vergroot wordt tot respectievelijk 2 uur, 11 
dagen en 11-12 weken. Deze tendens is in overeenstemming met, in de 
literatuur vermelde, experimentele resultaten 

De invoering van een ζ g 'spacer-molecuul' tussen ligand en drager, ter 
vermindering van eventuele stensche hindering bij de complex-vorming, 
geeft, naast positieve effecten, ook vaak aanleiding tot nonspecifieke interac
ties Daarnaast blijkt ook de structuur van de meest gebiuikte polymeer, 
agarose (Sepharose), nogal aan variaties onderhevig (hoofdstuk II). 

De ontwikkeling van alternatieven vooi de cyanogeen bromide activering, 
resulterend in een stabielere ligand-drager combinatie, vormde het primaire 
doel van het onderzoek dat in dit proefschrift is beschreven Na minder 
succesvolle ervaringen met de invoering van een primaire amino groep in 
polysaccharide dragers, geschikt voor verdere koppeling met behulp van 
peptide-chemische methoden, viaacetalisenngof nucleotide substitutie van 
sulfonyl esters door alifatische diaminen, werden reagentia en methoden, 
ontleend aan de kleurstof-/textielchemie, op hun bruikbaarheid onderzocht 
Reactieve kleurstoffen, verbindingen opgebouwd uit een chromofoor en een 
reactieve groep, die covalent aan de textielvezel kan worden gehecht, vorm
den een goed uitgangspunt Met name de toepassing van 2,4,6-tnfluor-5-
chloorpynmidine (FCP) op Sepharose (een suspensie van 'beaded' agarose 
in water), volgens een daartoe ontworpen en geoptimaliseerde activerings
procedure, leverde een thermisch stabiel product, met behoud van de oor
spronkelijke matrix structuur, en reactief ten opzichte van aminen en mer-
captanen. Agarose derivaten, vanerend in samenstelling van (ag) s (FCP) 0 0 6 

tot (ag)|(FCP)o90. konden op reproduceerbare wijze worden verkregen. 
Koppeling met hexamethyleendiamine, aniline en ethylmercaptaan resul
teerde in een inbouw van respectievelijk 0.2-2,7/0,9-1,7/1,1 mmol/g droge 
agarose. 

De stabiliteit van Sepharose gekoppeld met een reactieve kleurstof, geba
seerd op FCP (Levafixbrillantrot E-4BA), en van hexamethyleendiamine-
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gesubstitueerde FCP-Sepharose werd onderzocht door incubatie in buffers 
van verschillende pH, gedurende langere tijd (tot 66 uur) bij kamertempera
tuur, gevolgd door bepaling van de hoeveelheid vrijgekomen ligand. Dit 
leverde een lekkage op van 0,5· 10~3%/uur, in het interval pH 4-8. Dergelijke 
experimenten met geïmmobiliseerde liganden, gebaseerd op cyanogeen 
bromide geactiveerde Sepharose, gaven een lekkage van 0,1%/uur te zien. 

Naast een hogere stabiliteit vormt ook de mogelijkheid tot het verkrijgen 
van een hogere substitutiegraad een voordeel van de FCP-activering. Zo kon 
voor de koppeling van FCP-Sepharose met hexamethyleendiamine een sub
stitutiegraad bereikt worden van 0,2-2,7 mmol/g droge agarose, tegenover 
gerapporteerde waarden van 0,25-1 mmol/g droge agarose in het geval van 
cyanogeen bromide activering. Bovendien is de FCP-geactiveerde Sepharo
se, in vochtige toestand bij 4°C, geruime tijd houdbaar zonder aanmerkelijk 
verlies van koppelingscapaciteit (ca. 7%/3 maanden). 

Ook de FCP-analoga 2,4,5,6-tetrachloor- en 2,4,5,6-tetrafluorpyrimidine, 
en andere polymère dragers (cellulose, Sephadex, aminomethyl-poly-
styreen) bleken toepasbaar. Daarnaast vormt koppeling van een reactieve 
azo-kleurstof aan b.v. agarose, gevolgd door reductie met natrium dithioniet 
en vervolgens diazotering, een visueel goed te vervolgen methode voor de 
immobilisering van liganden met een geactiveerd aromatisch ringsysteem. 

Tijdens het hierboven beschreven onderzoek bleek dat dehydratering van 
Sepharose door middel van 'solvent-exchange' voordelen bood boven 
droogvriezen (hoofdstuk III). 

De toepasbaarheid van FCP-geactiveerde dragers werd onderzocht in drie 
verschillende projecten (hoofdstuk IV-VI). 

Verscheidene enzymen, zoals glucose oxidase, trypsine, subtilisine en 
penicillinase, werden geïmmobiliseerd op FCP-Sepharose en hadden een 
relatieve activiteit van 8-98%. Vooral penicillinase vertoonde slechts een 
geringe afname van de activiteit als gevolg van de immobilisering. Analoge 
resultaten werden verkregen bij de. koppeling van dit enzym aan FCP-
geactiveerde cellulose, Sephadex en aminomethyl-polystyreen, evenals bij 
de toepassing van TCP en TFP, en bij de immobilisering via een reactive 
azo-kleurstof (hoofdstuk IV). 

De antilipolytische activiteit van insuline, gebonden aan cyanogeen bro
mide geactiveerde Sepharose, is opgevat als een ondersteuning van de alge
mene hypothese dat hormoonreceptoren zich op het buitenoppervlak van de 
celmembranen bevinden. Met het oog op de gebleken beperkte stabiliteit van 
de isoureum binding, en de in de literatuur gerezen twijfels omtrent de 
resultaten van deze insuline-Sepharose experimenten, werden de eigen-
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schappen van insuline-PCP-Sepharose prepaiaten onderzocht. Substitutie-
graden van 8-30 mg/g gel weiden vcikregen, terwijl de relatieve activiteit 
varieerde van 0,8 tot 0,2 Ofschoon de/e activiteit niet afkomstig kan zijn van 
afgesplitst insuline, nogmaals gecontioleerd door lekkage experimenten in 
combinatie met ladioimmunoassay bepaling van vrij insuline, verdient het 
werkingsmechanisme van het geimmobihseerde hormoon nog nader onder
zoek (hoofdstuk V) 

De synthese van een biospecifiek adsorbens voor trypsine werd als model 
geko/en om de toepasbaarheid van de FCP-activenng in de affiniteitschro-
matografie te onderzoeken. Hieibij wcid/7-aminoben/amidine, een competi
tieve remmer van trypsine, geko/en als direct koppelbaar ligand De non-
specifieke mnenwisselaar eigenschappen van de eerste reeks gesyntheti
seerde agarose derivaten konden woiden ondervangen door ofwel FCP-
activenng van het ligand m plaats van de drager, ofwel door een wijziging van 
de aanvankelijke FCP-activenngsprocedure De aldus verkregen adsorben-
tia vertoonden echter nog geen selectiviteit tussen trypsine en chymotrypsi-
ne, terwijl ook de in\ oering van t -aminocapronzuur als spacer geen oplos
sing bleek te bieden De/e weid wel gevonden bij de toepassing van glycyl-
glycine als spacer De uiteindelijke affimteitsmatnces hadden een substitu
tiegraad van ca. 4 μπιοί ligand/g gel. of ca. 100 μπιοί ligand/g droge 
polymeer, en een capaciteit van ca 10 mg enzym/g gel De specifieke 
activiteit van een gangbaai handelspreparaat nam na eenmaal chromatogra-
feren, toe met ^8rf De biospecificiteit van de laatstgenoemde dragers werd 
aangetoond door de elueerbaarheid van trypsine met een benzamidine-
oplossing, en door de afwezigheid van affiniteit voor chymotrypsine (hoofd
stuk VI). 
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van: Dr. B. Th. Berendts (Fysisch Laboratorium van de Faculteit der Wis
kunde en Natuurwetenschappen te Nijmegen), Dr. Ir. J. L. Hendrikse en Dr. 
Ir. J. H. Kaspersma (voormalige medewerkers van het Laboratorium voor 
Fysische Chemie/Katalyse van de Faculteit der Wiskunde en Natuurweten
schappen te Nijmegen), die hun bijdrage leverden bij de uitwerking van het 
mathematisch model, en de computer programmering (hoofdstuk II); van 
Mevr. Dr. M. Meyer-Grass (ΕΤΗ Zürich), die een belangrijk aandeel had in 
de antilipolyse experimenten (hoofdstuk V), evenals van de heer A. J. M. 
Buis (Zoölogisch Laboratorium van de Faculteit der Wiskunde en Natuurwe
tenschappen te Nijmegen) en van het Centraal Dierenlaboratorium van de 
Faculteit der Geneeskunde te Nijmegen (hoofd Dr. W. J. I. van der Gulden); 
van Mevr. Diplom. Biochem. C. Diaconescu, Dr. D. Brandenburg en Prof. 
Dr.-Ing. H. Zahn (Deutsches Wollforschungsinstitut, Aken), die hun steun 
verleenden bij de lipogenese experimenten (hoofdstuk V); van Dr. Th. J. 
Benraad en de heer R. Herms (Laboratorium voor Medische Biologie van de 
Faculteit der Geneeskunde te Nijmegen), die de radioimmunoassay 
bepalingen voor hun rekening namen (hoofdstuk V); van de heren Th. A. M. 
Janse en N. Groot, die tijdens hun bijvakstage onderzoek verrichtten met 
betrekking tot de acetalisering van agarose en de ligandkoppeling via reac
tieve azo-kleurstoffen (hoofdstuk III); van de heer C. A. G. van Eekelen, die 
tijdens zijn bijvakstage op enthousiaste wijze wezenlijk bijdroeg aan het 
welslagen van de affiniteitschromatografie van trypsine (hoofdstuk VI) en 
het onderzoek naar dehydrateringsmethoden voor Sepharose (hoofdstuk 
III); van de heren J. Diersmann, M. G. J. Buys (respectievelijk Laboratorium 
voor Organische Chemie en Algemene Dienst/Gemeenschappelijk Instru-
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mentarium van de Faculteit der Wiskunde en Natuurwetenschappen te Nij
megen) en W.J. Buis (Organisch Chemisch Instituut TNO, Utrecht) voor het 
verrichten van diverse analysen; van de heren W. H. M. van Luyn en R. 
Zwijnen voor hun technische assistentie. 

Speciaal zij ook dank betuigd aan Dr. С Stumm (Laboratorium voor 
Microbiologie van de Faculteit der Wiskunde en Natuurwetenschappen te 
Nijmegen), die op nauwgezette en enthousiaste wijze de vele microscopische 
opnamen verzorgde, aan Dr. G J. F. Chittenden (Laboratorium voor Exo
biologie van de Faculteit der Wiskunde en Natuurwetenschappen te Nijme
gen) die het manuscript controleerde op correct Engels, en aan Dr. J. T. W. 
A. R. M. Buis voor zijn zorgvuldige correctie van de drukproeven. 

De heer J. G. Wfese wordt met dank vermeld voor zijn snelle en accurate 
verzorging van de tekeningen, evenals de Afdeling Fotografie van de Facul
teit der Wiskunde en Natuurwetenschappen te Nijmegen (hoofd Dhr. H. J. 
M. Spruyt) voor het verzorgen van de overige foto's en de heren J. M. W. 
Bisselmg en W. A. G. ν d. Pol en medewerkers, van de Drukkerij Van 
Mameren B.V., voor hun hulp bij de uitgave van dit proefschrift. 

Op tal van wijzen verleenden hulp aan het beschreven onderzoek met raad 
of daad: Piof. Dr. E. J. Anens en Drs. A J. Beid (Laboratorium voor 
Farmacologie, K.U. Nijmegen), Drs. C. van Bochove (Centraal Laborato
rium TNO, Delft), Prof. Dr. Ir. W. F. du Bois (Landbouwhogeschool, 
Wageningen), Ing. B. J J Engbers (Hogere Textielschool, Enschede), Dr. 
R. Geiger (Hoechst AG, Frankfurt/M.), Drs. H.J. Geursen, Dr. R. С. Groot 
en Dhr. G. A. Hanekamp (Akzo Research Laboratories, Arnhem), Prof. Dr. 
W. Heitz (Philipps-Universitat, Marburg), Ir. E. van den Heuvel (Vlisco 
B.V., Helmond), Ir. G. A. Hulshoff (ICI-Holland B.V., Rotterdam), Ing D. 
G. F. Meijer (BASF-Nederland B.V., Arnhem), Dr. F. G. D. Meijer (Kon. 
Twentse Stoomblekeiij В V., Goor), Dr. H. Petersen (BASF AG, Ludwigs
hafen), Dhr. Plonissen (Bayer Nederland В V., Arnhem), Dr.-Ing. К. Prett 
(F.M. Hammerle Textilwerke AG. Dornbirn), Dhr. M. van Ravestein 
(Hoechst-Holland N.V., Amsterdam), Dhr. A. T. A Reynen en medewer
kers van de afdeling Medische Fotografie te Nijmegen, Dr. W. Rittel (Ciba-
Geigy AG, Basel), Dr. H. L. Roder (Akzo Research Laboratories, Arnhem), 
Dr. J. Visser (Landbouwhogeschool, Wageningen), Dhr. R. de Vries (Merck 
Sharp & Dohme B.V., Haarlem), Prof. Dr. H. Zollinger (ΕΤΗ Zurich); ieder 
van hen is de schrijver voor deze bijdrage dank verschuldigd. 
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C U R R I C U L U M VITAE 

De schrijver werd geboren op 12 maart 1947 te Deventer. Na het doorlopen 
van de R.K. St. Bernardusschool/Kerkstraat, van 1953 tot 1959, bezocht hij 
het Katholiek Lyceum 'Geert Groóte College' van 1959 tot 1965, beide 
eveneens te Deventer. In het laatstgenoemde jaar behaalde hij het diploma 
gymnasium β. In hetzelfde jaar werd begonnen met de studie in de schei
kunde aan de Katholieke Universiteit van Nijmegen. Op 21 april 1969 werd 
het kandidaatsexamen (S,) afgelegd, met de aantekening cum laude. De 
doctoraalstudie omvatte als hoofdvak organische chemie (Prof. Dr. R. J. F. 
Nivard en Dr. B. W. J. Ellenbroek) en als bijvakken anorganische chemie 
(Prof. Dr. Ir. J. J. Steggerda en Dr. J. Willemse) en farmacologie (Prof. Dr. E. 
J. Ariëns, Prof. Dr. J. M. van Rossum en Dr. F. W. J. Gribnau). Op 26 maart 
1973 werd het doctoraalexamen afgelegd, met de aantekening cum laude. 

Gedurende de studiejaren 1968/69 en 1969/70 was hij assistent bij het 
practicum algemene en anorganische chemie, en het daarbij behorende 
werkcollege, terwijl hij in de studiejaren 1969/70, 1970/71 en 1971/72 een 
zelfde functie vervulde bij het practicum fysische chemie voor biologen en 
het daarmee corresponderende werkcollege. 

Op 1 juni 1973 werd hij aangesteld als wetenschappelijk medewerker aan 
het Laboratorium voor Organische Chemie van de Nijmeegse Faculteit der 
Wiskunde en Natuurwetenschappen, in dienst van de S.O.N. (Z.W.O.), en 
werd met het in dit proefschrift beschreven onderzoek, onder leiding van 
Prof. Dr. R. J. F. Nivard en Dr. G. I. Tesser, een aanvang genomen. 
Gedurende deze tijd gaf hij lezingen over zijn werk in Lunteren en Utrecht 
(Werkgemeenschap voor Eiwitonderzoek, S.O.N.), Aken (Deutsches Woll
forschungsinstitut), Leverkusen (Bayer AG; Sparte Farben, Ressort An
wendungstechnik), Wuppertal-Elberfeld (Bayer AG; Pharmaforschung/Ver
fahrensentwicklung Biochemie), Berlijn (Fifth International Fermentation 
Symposium), Birmingham (symposium: Advances in the Chromatographie 
Fractionation of Macromolecules), Leiden (Rijksuniversiteit, Gorlaeus La
boratoria), en Viaardingen (Unilever Research). Daarnaast werd zijn werk op 
meer informele wijze gepresenteerd in Galway (Workshop/Colloquium on 
Affinity Chromatography), Brugge (Workshop on Affinity Chromatograp-
hy/XXIII Annual Colloquium Protides of the Biological Fluids) en in Ham
burg (Tenth International Congress of Biochemistry). 

Op 12 februari 1976 werd hem een Shell Studiereisbeurs toegekend. Om die 
reden maakte hij gedurende de maanden september/october 1976 een studie
reis door de Verenigde Staten van Amerika en hield op diverse plaatsen een 
voordracht over eigen onderzoek (Textile Research Institute, Princeton, Ν. 
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J.; Mobay Chemical Coi poration/ Verona Dyestuff Division, Union, N . J . ; 
Merck Sharp & Dohmc Reseaich I aboratories, Rah way, N . J . ; Brookhaven 
National Laboratory/Associated Universities Inc., Brookhaven. N. Y.; 
Corning Glass Works, Corning, N. Y.: The Rockefeller University, New 
York, N. Y.; National Institutes of Health, Bethesda. Md.; The Wellcome 
Reseaich Laboratories/Burroughs Wellcome, Durham. N. C ; University of 
Washington, Seattle, Wash.; Cutter Laboratories Inc., Berkeley, Cal.; Palo 
Alto Medical Research Foundation, Palo Alto, Cal.; Syva, Palo Alto, Cal.; 
University of California/San Diego-La Jolla, Cal.). 

Een gedeelte van zijn werk resulteerde in een tweetal octrooiaanvragen, 
terwijl gedeelten van dit proefschrift reeds in enkele publikaties ter sprake 
zijn gekomen. 

Met ingang van 1 november 1977 treedt hij in dienst als medewerker van de 
R&D Laboratoria, van Organon International B.V. te Oss. 

GRIBNAI1 τ с J jnd и ssi R (, ι ( 1974)" I igand-I eakage in Affinity Chromatography, a Mathema
tical Appioach 
Expel lentia 30. 1228. 

GRIHNAI τ с J ,ind Π-SSIR с I (1975) Aflinilcitschromatografie 
Chem. Weekbl 71. 15 

GRIBNAI· τ с J andTi-ssiR (, ι (1975) Mogelijkheden en Moeilijkheden van de Affinitcitschro-
matogralie. 
Chem Weekbl 71. 29 

CiRlBNM. г с J siiiMM с ,ιπϋ ibSMR с ι (1975)· Microscopic Observations on Commercial 
Sepharose; Deviations from Normal Bcad-Stiucture 
r-EBS Lett 57, 401. 

ORiBNAU ι ι ι (1976): A New Method tor Enzyme Immobilization 
Abstracts of Papers, Fifth International 1-ermentation Symposium. Berlin (West), 1976, 
Dellvvcg. Η (Ed ), Verlag Versuchs- und I ehranstalt fur Spintusfabnkation und Fermenta
tionstechnologie im Institut fur Gariingsgcwerbe und Biotechnologie, ρ 286. 

GRIBNAI τ с J ( 1976)· Alternatives to the Cyanogen Bromide Activation in Affinity Chromato
graphy. 
Proceedings of the symposium Advances in the Chromatographic Fractionation of Macromol-
ecules; The Chemical Society/Macromolecular Group, Birmingham, 1976; in press. 

(•KiBNAU τ с J ьькы.і-N с л « VAN sTbMM ( .nui rissi-R (, ι (1977): Microscopic Observa
tions on Agarose Beads, Dehydration by Solvent Exchange as an Alternative to Lyophyliza-
tion 
J. Chromatogr 132. 519 

ORiBNAi τ с J .ind STL мм с (1977) Differential Interference Contrast Microscopy on Polymeric 
Support Materials used in Affinity Chromatography. 
Leit7 Mitteilungen 7; in press 
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STELLINGEN 

Nijmegen, 29 september 1977 

Т. С. J. Gribnau 



I 

De inhoud van de woorden op de koepel van de 'Deventer Toren' (Grote of 
St.-Lebuïnuskerk), gerefereerd in de opdracht van dit proefschrift, wordt 
bijzonder fraai weergegeven door de volgende vertaling: 'Op God den Heer 
vertrouwen, uit waakzame ogen schouwen, bezinnen eer beginnen, en 
kloeke daden minnen'. 

I.UGARD JR.. o. J. (1956): Lof van Deventer. Koninklijke Uitgeverij van de Erven J. J. Tijl 
N.V., Zwolle; p. 7. 

II 

De door Jany en medewerkers beschreven resultaten met een, via affiniteits-
chromatografie verkregen, uiterst zuiver trypsine-preparaat, maken een her
nieuwd onderzoek van de, door Maroux en medewerkers gesuggereerde, 
inherente chymotryptische activiteit van trypsine gewenst. 

JANY, K. D., KEIL, w., MEYER. H. en KILT/., H. H. (1976): Biochim. Biophys. Acta 453, 62. 
KEIL, в. ( 1971) in: Boyer, P. D.(Ed.): The Enzymes, 3rd ed., Vol. Ill, Academic Press, New 

York-London; p. 265. 
MAROUX. s., ROVKRY, M. en DKSNL'KLLE. P. (1966): Biochim. Biophys. Acta 122, 147. 

Il l 

In de titrimetrische bepaling van de reactiviteit van aminozuren ten opzichte 
van cyanuurchloride, zoals beschreven door Smith en Lenhoff, wordt bij de 
correctie voor hydrolyse geen rekening gehouden met het katalytisch effect 
van de carboxyl functie. Dit effect vormt tevens de reden voor gegronde 
bedenkingen tegen het gebruik van acetaat buffers in combinatie met 
dichlorotriazinyl dragers, zoals vermeld door Morikawa en medewerkers. 

SMITH, NL. en L E N H O F F , IL M. (1974): Anal . B iochem. 6 1 , 392. 
MFiKR, р. к. en WEiGMANN. H-D. (1973): Text i le R e s . J. 4 3 , 74. 
HORROBiN. s. (1963): J. C h e m . S o c , 4130. 
MORIKAWA, Y., TEZUKA. T.. TERANISHI. M . KIMURA, K.. FUJIMOTO, Y. e n SAMEJIMA, H. ( 1 9 7 6 ) : 

Agr. Biol. Chem. 40, 1137. 



IV 

Bij de toepassing van cyanogeen bromide geactiveerde Polysacchariden voor 
de immobilisering van 'Blue Dextran 2000' en 'Cibacronblau F3G-A', wordt 
geen logisch gebruikgemaakt van de essentiële eigenschappen van een reac
tieve kleurstof. 

jANKOWSKi, w J . MUENCHHAUSEN, w VON. SULKOWSKI, E en CARTER, w А (1976): Biochem

istry 15, 5182. 

T H O M P S O N , s τ . CASS, к н en S T E L L W A G E N , E (1975): P r o c . N a t . A c a d . Sci. U S A 72, 669. 

V 

De door Lowe en Dean, en Sharma en Hopkins gegeven afleiding van een 
uitdrukking voor het biospecifiek retarderend vermogen van een affiniteits
kolom, zoals gedefinieerd door O'Carra, moet als onjuist worden aange
merkt. 

LOWE, с R , en DEAN, P D G (1974): Affinity C h r o m a t o g r a p h y , J . Wiley & Sons , L o n d o n ; 

p . 34. 

LOWE, с R , HARVEY, M J en D E A N . P D G (1974): E u r . J . B iochem. 42, 1. 

SHARMA, S к en H O P K I N S , Τ R (1975): J . C h r o m a t o g r . 110, 321. 

O'CARRA, Ρ (1974) in: S p e n c e r , В. ( E d . ) : Industr ia l A s p e c t s of Biochemistry, N o r t h -

Hol land, A m s t e r d a m ; p . 107. 

VI 

De wisselende aanduiding van de 'specificity site' van trypsine met Asp 1 7 7 

(nummering volgens runder trypsinogeen) of Asp 1 8 9 (nummer van het homo
loge serine residu in chymotrypsine; nummering volgens runder chymo-
trypsinogeen A), werkt zeer verwarrend. 

MARES-GUIA, м , N E I . S O N , D L. e n ROGANA, E (1977): J . A m e r . C h e m . S o c . 99, 2331. 

T H O M P S O N , A R (1976): Biochim. Biophys . Acta 422, 200. 

BLOW. D M (1976): Ace . C h e m . R e s . 9, 145. 

JANIN, j en C H O T H I A , с (1976): J . M o l . Biol. 100, 197. 

VII 

Het uitblijven van een effect bij toediening van naloxone aan een niet aan 
opiaten verslaafde toont niet alleen aan dat een mens niet van nature aan 
morfine verslaafd is, maar illustreert tevens de onvolledigheid van onze 
kennis ten aanzien van de 'opiaat-receptor' en de rol van endogene, opioïde 
peptiden. 

SNYDER, s н (1977): N . Eng l . J . M e d . 296, 266. 

G U I L L E M I N , R (1977): N . Engl . J . M e d . 296, 226. 



IV 

Bij de toepassing van cyanogeen bromide geactiveerde Polysacchariden voor 
de immobilisering van 'Blue Dextran 2000' en 'Cibacronblau F3G-A', wordt 
geen logisch gebruikgemaakt van de essentiële eigenschappen van een reac
tieve kleurstof. 

JANKOWSKi.w j , MUbNCHHAUSFN, w VON, suLKOWSKi, E en CARTER, w А (1976): Biochem

istry 15, 5182. 

T H O M P S O N , s T . C A S S , к н en STELLWAGbN, E (1975): P r o c . N a t . A c a d . Sci. U S A 72, 669. 

V 

De door Lowe en Dean, en Sharma en Hopkins gegeven afleiding van een 
uitdrukking voor het biospecifiek retarderend vermogen van een affiniteits-
kolom, zoals gedefinieerd door O'Carra, moet als onjuist worden aange
merkt. 

LOWE, с R . en DEAN, P D G (1974): Affinity C h r o m a t o g r a p h y , J . Wiley & S o n s , L o n d o n ; 

p . 34. 

LOWE, с R . HARVEY. M J en D E A N . P D G (1974): E u r . J . B iochem. 42, 1. 

S H A R M A , s к e n H O P K I N S , τ R (1975): J . C h r o m a t o g r . 110, 321. 

O'CARRA, Ρ (1974) in: S p e n c e r , B. ( E d . ) : Industr ia l A s p e c t s of Biochemistry, N o r t h -

Hol land, A m s t e r d a m ; p . 107. 

VI 

De wisselende aanduiding van de 'specificity site' van trypsine met Asp177 

(nummering volgens runder trypsinogeen) of Asp189 (nummervan het homo
loge serine residu in chymotrypsine; nummering volgens runder chymo-
trypsinogeen A), werkt zeer verwarrend. 

MARbS-GUiA, м , N E I SON, D L en ROGANA, E (1977): J . Amer. C h e m . Soc. 99, 2331. 

T H O M P S O N , A R (1976): Biochim. Biophys . Acta 422, 200. 

Blow. D M (1976): Ace. C h e m . R e s . 9, 145. 

J A N I N , J en снотніА. с (1976): J . Mol . Biol. 100, 197. 

VII 

Het uitblijven van een effect bij toediening van naloxone aan een niet aan 
opiaten verslaafde toont niet alleen aan dat een mens niet van nature aan 
morfine verslaafd is, maar illustreert tevens de onvolledigheid van onze 
kennis ten aanzien van de 'opiaat-receptor' en de rol van endogene, opioide 
peptiden. 

SNYDER, s н (1977): N . Engl . J . M e d . 296, 266. 

GUILLEMIN, R (1977): N . E n g l . J . M e d . 296, 226. 



Vili 

De interpretatie van de gevonden NMR shifts in (RSCH2C02)2Sb(Ph)3 en 
(RSCH2C02)2Bi(Ph)3 zoals gegeven door Ouchi en medewerkers is aan 
bedenkingen onderhevig. 

OUCHI A , HONDA. H en KlTAZiMA. s (1975): J. Inorg. Nucí . Chem. 37, 2559. 
CRAS. J A en wiLLEMSh. J (1977): Ree. Trav. Chim. des Pays Bas, in press. 
KUPCHIK. E J en CALABRETTA, ρ J (1965): Inorg. Chem. 4, 973. 

IX 

De door Chen en Spector gesuggereerde bicistroniciteit van 14S mRNA, 
coderend voor het aA2-crystalline van de kalflens, wordt niet gesteund door 
hun experimentele gegevens. 

CHEN. J H en SPECTOR, A (1977): Biochemistry 16, 499. 

Χ 

De gecombineerde toepassing van antimicrobiële geneesmiddelen, die in 
sommige klinische situaties wegens verhoopt maximaal effect moeilijk kan 
worden vermeden, bemoeilijkt tegelijkertijd een juiste beoordeling van een 
eventueel synergisme in toxische bijwerking. Dit geldt met name voor het 
onderscheiden van de gevolgen van de ziekte, respectievelijk van de gegeven 
combinatie-therapie. 

KLASTbRSKYj (1975) in: Klastersky, J . (Ed. ) : Clinical Use of Combinations of Antibiotics, 
J. Wiley & Sons , N e w York; p. II. 

KAYE, D (1975) in: Lasagna, L. (Ed.): Combination Drugs, Stratton Intercontinental Medi
cal Book Corporation, N e w York; p. 114. 

XI 

Hoewel de rol van methionine in bacteriële Chemotaxis onomstotelijk bewe
zen is, verklaart geen der hiervoor gegeven hypothesen eenduidig de rol van 
dit aminozuur. 

SZMELCMAN. s en ADLER. J (1976): Proc. Nat. Acad. Sci. U S A 73 , 4387. 
SPRINGER, M s , GOY, M F en ADLER, J (1977): Proc. Nat. Acad. Sci. U S A 74, 183. 
SPRINGER, w R en KOSHLAND, D E (1977): Proc. Nat. Acad. Sci. U S A 74, 533. 



XII 

De aandacht besteed aan natuurlijke en synthetische kleurstoffen in organi
sche chemie curricula is omgekeerd evenredig met de rol die deze verbindin
gen vervuld hebben, en nog vervullen, in de ontwikkeling van deze tak van 
chemie. 

XIII 

Het, weliswaar begrijpelijkerwijs, verdwijnen van namen als 'Spiritus Fu-
mans Libavii' en 'Olie der Hollandsche Scheikundigen' uit moderne leerboe
ken, wijst niettemin op een gebrek aan begrip voor de historische ontwikke
ling van de chemie. 

HOLLEMAN, A F (1915): Leerboek der Anorganische Chemie, 5e druk, J. B. Wolters Uitge
versmaatschappij, Groningen; p. 332. 

HOLLEMAN. A F (1918): Leerboek der Organische Chemie, 7e druk, J. B. Wolters 
Uitgeversmaatschappij, Groningen; p. 204. 

ALCHEMIA ANDREAh LIBAVII, Francofurti, MDXCVII/Die Alchemie von Andreas Libavius, 
ein Lehrbuch der Chemie aus dem Jahre 1597, Verlag Chemie, Weinheim, 1964. 

XIV 

De gemoedsgesteldheid van een promovendus bij het voltooien van zijn 
dissertatie wordt treffend gekarakteriseerd door de spreuk, waarmee Griekse 
en Latijnse schrijvers uit de Middeleeuwen hun manuscript plachten te 
beëindigen: 'ώσπερ ξένοι χαίρουσι πατρίδα βλέπειν, οΰτως και 'α γράφουσι 
τέλος βιβλίου.' ('Zoals een reiziger, terugkerend uit den vreemde, zich 
verheugt over het weerzien van zijn vaderstad, zo ook een schrijver over de 
voltooiing van zijn boek'). 

GREGOROVius. F (1856-1877): Wanderjahre in Italien, Verlag С Η. Beck, München, 1968; 
p. 337. 

XV 

Hoewel getuigend van een zeker onbegrip ten aanzien van de emancipatie 
gedachte, schuilt er toch veel waarheid in de volgende definitie: 'Een ge
leerde is een man, die veel weet van dingen, die men beter zou moeten 
kennen dan hij, om te weten of hij geen ezel is'. 

'Scheurkalender', Dagblad De Telegraaf, 1976. 



XVI 

De ontwikkeling ten aanzien van de uiterlijke vormgeving van dissertaties 
heeft, gedurende de afgelopen eeuw, geen gelijke tred gehouden met die ten 
aanzien van de kennis omtrent het element chloor. 

XVII 

Zolang politieke ambtsdragers in Nederland, van welke partij of levensover
tuiging dan ook, blijven voortgaan zich met name in de sfeer van fiscaal 
onbelaste emolumenten en welvaartsvaste nevenvoorzieningen een uitzon
derlijk gunstige bevoorrechting te laten welgevallen, in vergelijking met 
andere mensen van hetzelfde beroepsniveau, behoeven diegenen met een 
inkomen uit arbeid van omtrent honderdduizend gulden of meer zich geen 
zorgen te maken dat die ambtsdragers het al te ernstig zullen nemen met het 
streven dat wel wordt aangeduid als 'spreiding van inkomens'. 






