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PREFACE

In the rapidly developing field of bioaffinity chromatography, where new findings
are published in a vast range of journals, there is an urgent need to be able to offer
the most up-to-date coverage of information. Reprints of papers, lectures presented
at symposia on affinity chromatography, and valuable discussions with my friends
and colleagues have considerably helped me in studying the increased accessibility and
stability of active sites of biologically active compounds attached to solid supports in
bioadsorbents. I have also taken advantage of the work of many polymer chemists in
Prague who have prepared many different activated solid supports for my study. I wish
to cordially thank all my friends and colleagues who made the preparation of this book
much easier than anticipated.

This book would never have been written without the support of my friends, Dr.
Otakar Mikes§, author of many chapters and the books "High-performance Liquid
Chromatography of Biopolymers and Biooligomers" (Part A and B, Elsevier, 1988) and
Dr. Karel Macek, also an author of many chapters and chief editor of the Journal of
Chromatography, Biomedical Applications (Elsevier, Amsterdam). I am profoundly
grateful to them.

At present there are far more than 5000 references in bibliographic reviews
dealing with the isolation, determination or removal of biologically active substances
using bioaffinity chromatography. Therefore, this book cannot provide a compre-
hensive bibliographic review. All types of substances have been represented by selecting
40% of the studied materials. Tables dealing with low- and high-performance and
large-scale bioaffinity chromatography include information on biologically active
substances with their affinants, solid supports and methods of coupling. I am greatly
indebted to Dr. Bedtich Meloun, who has checked the separation of substances
according to their types.

I considered it necessary to have the manuscript read by other persons in order to
eliminate possible errors and oversights that might easily have occurred. In this respect

special thanks are due to my daughter, Dr. Radomira Vafikova (Institute of Expe-
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rimental Botany, Academy of Sciences of the Czech Republic, Prague), who read the
whole manuscript and pointed out shortcomings and made preliminary linguistic
corrections. I am also grateful to Dr. Zden&k Havlas (Institute of Organic Chemistry
and Biochemistry, Academy of Sciences of the Czech Republic, Prague) for critically
reading and commenting on the chapter about the theory of bioaffinity chromatography.
Beyond this, I am indebted to my son-in-law, Dr. Toma¥ Van&k (Institute of Organic
Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Prague), who
helped with the final preparation of the manuscript. I am also grateful to Dr. J.
Cirgn, Mrs. D. Dundrov4, Mrs. E. Schauerovad and Mrs. H. Talackova for re-drawing
the figures.

Prague, Czech Republic Jaroslava Turkova



Chapter 1

Introduction

The rapid growth of industrial output and the population explosion lie beneath many
social problems throughout the world. The management of biomolecules could be a key
strategic factor in the amelioration of such problems. Fig. 1.1 is taken from the article
of Sjodahl (1989) concerning his investigation of biotechnology in Japan. The Japanese
government, academia and industry have perceived the potential of state-of-the-art
biomolecule management, and are gearing up for the future business of applying the
new biology. They appear to be pursuing the goal of a logical management of life, as is
shown in this figure. As human knowledge of biological function advances, so does the
range of potential products. Advances in biotechnology, biochemistry and pharma-
cology are increasingly dependent on bioaffinity chromatography, which is a very
important and indispensable separation technique for the isolation and characterization

of specific biomacromolecules (Anspach et al., 1989).

CLASSICAL BIOLOGY — NEW BIOLOGY - BIOMIMICKING SYSTEMS

gy ogy Biol. | AtomicBiology Electronic Blology, Anmum Biology
T ] T

Living systems r Recombinant DNA protein production
Microbiology

» New proteins
Individual cells cell cuituring p

t
Molecular biology
gene technology

Bioreactors

Functional understanding

Molecules Cell-free protein production
Atomic biology
protein engineering . )
Atoms carbohydrate engineering Brain function
Electronic biology/binelectronics Biocomputers
Electrons neurochemistry
biosensors
biochips
T T T T T
Year 1975 1985 1995 2005 2015

Fig. 1.1 The relationship between knowledge of biological systems and the development of new product areas.
Reproduced with permission from J. Sjodahl, Trends Biotechnol., 7(1989) 144 - 147.



Macromolecules such as proteins, polysaccharides and nucleic acids differ only
negligibly in their physico-chemical properties within the individual groups, and their
isolation on the basis of these differences, for example by ion-exchange chro-
matography, gel filtration or electrophoresis, is therefore difficult and time consuming.
Consequently, their activity decreases considerably during the isolation procedure
owing to denaturation, cleavage, enzymatic hydrolysis, etc. One of the most charac-
teristic properties of these biological macromolecules is their ability to bind other
molecules reversibly. For example, active and regulatory sites of enzymes form comple-
xes with substrates, inhibitors, cofactors or effectors; antibodies bind antigens against
which they were prepared; and nucleic acids such as messenger RNA hybridize with
complementary DNA, etc. The formation of biospecific, dissociable complexes of
biological macromolecules can serve as a basis for their purification, determination,
removal of impurities, or for the study of biospecific complex formation as this depends
on the microenvironment in both solid and liquid phases.

The fundamental principle of bioaffinity chromatography consists in the utilization of
the exceptional property of biologically active substances to form stable, specific and
reversible complexes. If one of the components of the complex is immobilized, a specific
sorbent is formed for the second component of the complex; under the assumption, of
course, that all of the conditions necessary for the formation of this complex are
maintained. The binding sites of the immobilized substances must retain good steric
accessibility even after their binding to the solid carrier, and they must not be deformed.
The first examples of specific sorbents prepared by covalent bonding to a solid support
were immobilized antigens (Campbell et al,, 1951). The methods developed for the
attachment of antigens and antibodies to solid supports were used immediately for the
preparation of immobilized enzymes; at the same time, the earlier method of binding
enzymes to cellulose by means of an azide bond (Michael and Ewers, 1949) began to be
used for the preparation of immunosorbents. The parallel development of the two
branches based on the use of the bonds of biologically active substances to solid carriers
is best revealed from the first review papers: “Reactive Polymers and Their Use for the

Preparation of Antibody and Antibodies” by Manecke (1962), “Water-insoluble Deri-



vatives of Enzymes, Antigens and Antibodies” by Silman and Katchalski (1966) and
“The Chemistry and Use of Cellulose Derivatives for the Study of Biological Systems”
by Weliky and Weetall (1965). This simultaneous development of the two branches took
place after the discovery of better carriers and the elaboration of methods of bonding
that permitted the preservation of those properties which the immobilized substances
possessed in solutions.

Their common development contributed substantially to the introduction of enzyme
engineering. According to Wingard (1972), this specialization consists in the
production, isolation, purification, immobilization and utilization of enzymes in various
types of reactors. However, in nature enzymes are produced by organisms for their own
use: in regulated metabolic processes their low stability, narrow specificity and strictly
defined requirements concerning the reaction medium are inherently connected with
their function. Most native enzymes are not suitable for application in the chemical or
pharmaceutical industry and their modification is therefore desirable. One frequently
used modification consists in their stabilization and suitable immobilization. The use of
immobilized enzymes for the study of the influence of various methods of immobilization
for many protein affinity ligands is advantageous, because the stability of immobilized
proteins can be observed by the simple determination of enzymatic activity. Discussions
on the stabilization of trypsin by use of multipoint attachment are given in Section 4.3.2,
and on its stabilization by hydrophilization of the nonpolar surface in Section 4.3.3.
Coupling of diazotized 4-amino-N’-(D-galactopyranosyl)-benzenesulphonohydrazide
to tyrosine residues or coupling of D-galactose to lysin residues on the surface of trypsin
allows the stabilization and immobilization of galactosylated proteins through their
carbohydrate moieties (Turkov4 et al.,, 1992). The advantage of galactose lays in the
possibility of its enzymatic activation by galactose oxidase. The resulting aldehyde
groups are suitable for the attachment of glycoproteins to hydrazide derivatives of
supports (Petkov et al., 1990).

Biospecific interactions in vivo not only play an important role in the activity of
biologically active compounds, they also provide accessibility of active sites and confer

a desirable stability. Oriented immobilization of affinity ligands in vitro through anti-



bodies or carbohydrates as a tool for stabilization and good steric accessibility (e.g.
Turkova et al. 1988, 1990; Turkova, 1990) is in detail discussed in Sections 4.3.4, 6.2.2
and 10.3.

Ohlson et al. (1989) have described the great improvement of bioaffinity chro-
matography resulting from a change-over from soft gel supports to small and hard
particles used in high-performance bioaffinity chromatography (HPLBAC). A compa-
rison of HPLBAC with soft gel bioaffinity chromatography (BAC) is shown in Fig. 1.2.
Mechanically stable, rigid particles, with small and uniform sizes, provide high flow
rates with good mass transfer characteristics, giving an overall high operational

adsorption capacity.

Soft-gel BAC HPLBAC

Particle
0.1 mm soft 0.01 mm hard - porous

€

FLOW
DIFFUSION

0.001 mm hard - nonporous
=0

Speed and resolution

U

1 1 L A0 a0 0 0 3 & & L

hours minutes

Fig. 1.2. A comparison of bioaffinity chromatographies using soft gel or porous and nonporous small hard
particles.



Anspach et al. (1989) have demonstrated much more favourable mass transport and
adsorption/desorption kinetic behaviour with nonporous supports. Monodisperse,
narrow-sized particles (0.7-, 1.5- and 2.1- um) have relatively low surface areas compa-
red to commonly used porous silicas and permit shorter contact times between the
sample and the stationary phase surface during the chromatographic run. Nonporous
matrices exhibit improved mass and biological recoveries and higher accessibility of
immobilized ligand than equivalent porous bioaffinity supports. The porous, highly
porous and nonporous solid supports are described in detail in Section 4.1.1.

In contrast to BAC with large particles of soft gel, the use of HPLBAC with a high
back-pressure necessitates special, costly equipment. However, the integration with
high-performance equipment does afford sensitive detection and ease of operation. In
preparative applications, the speed can also mean an improvement in the quality of the
biomolecules being isolated, especially for fragile compounds that tend to denature
during chromatography. Furthermore, peak height can often be used to give quantitative
estimates of sample components. HPLBAC can be useful in assessing important
molecular characteristics such as affinity, kinetics and molecular targets of interaction.
The screening of possible effectors in receptor studies using HPLBAC can be of
importance in drug design. In analytical biotechnology HPLBAC offers new ways of
monitoring biomolecules in complex mixtures, potentially allowing the on-line analysis
of bioreactors and downstream processing. In the large-scale preparation of biomo-
lecules one cost-effective and useful example that can be given is the use of highly
automated systems containing batch operation in adsorption and chromatography in
elution (Ohlson et al., 1989).

Theoretical analyses of bioaffinity chromatography have important implications for
the design of preparative-scale separations. The application of a theoretical description
of nonlinear chromatography to the performance of necessary physicochemical meas-
urements of thermodynamic and kinetic constants has been described by Wada et al.
(1987).

In the study of the effect of the microenvironment on the specific interactions the

method of affinity chromatography has begun to play an important role. As is described



in detail in Chapter 14, it is possible, for example, to use a column of a support with a
bonded inhibitor and to displace the specifically sorbed enzyme with solutions of its
inhibitors at various concentrations. The elution volumes can be used to determine the
dissociation constants of the enzyme with both the bonded and the dissolved inhibitor.
When the same inhibitor is used for the binding on a solid support and for the elution
of the specifically sorbed enzyme, information can be obtained on the effect of the
environment on complex formation from the differences, if any, in the dissociation
constants determined. As specific interactions play a very important role in most of the
processes that take place in nature, the development of a simple method for the
determination of dissociation constants of complexes is undoubtedly of great
importance.

Despite the simple concept and the many successful applications of bioaffinity
chromatography, problems are often connected with rigidity, physical shape, reusability
etc. of the biospecific matrix. The recent introduction of prepacked, commercially
available HPLBAC columns by Beckman and Pierce has probably established the
direction of future developments in supports for HPLBAC. These columns contain
activated support material to which proteins or ligands can be attached by simply
pumping the desired material through the column in a cyclic mode. The column is ready
for use following a brief wash to remove unreacted material. The user is thus spared all
the problems inherent in HPLBAC column packing and activation of the support. This
approach permits a considerable saving in time at the expense of losing control over the
degree of activation of the phase and the type of phase used (Groman and Wilchek,
1987). Another solution is the use of an activated membrane. The extremely simple use
of an activated nylon membrane as an affinity adsorbent described by Huse et al. (1990),
is discussed in detail in Section 5.6.

The aim of this book is to complement my first edition of “Affinity Chromatography”
published by Elsevier in 1978. A bibliographic review presents the use of bioaffinity
chromatography in the processing of more than five thousand compounds, extended by
characteristic data such as the supports used, the affinity ligands and the spacers.

However, at the present time the determined number of book’s pages does not permit



to set out all examples. I have also tried to summarize briefly the principles that must
be taken into consideration for the successful use of bioaffinity chromatography.
Particular attention will be focused on the solid supports used in bioaffinity chro-
matography, the principles of affinity ligand immobilization, the use of bioaffinity
chromatography in the evaluation of biospecific complex formation, and the effects of

the carrier.
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Chapter 2
The principle, history and use of bioaffinity chromatography

2.1. THE PRINCIPLE OF BIOAFFINITY CHROMATOGRAPHY AND
NONCOVALENT INTERACTIONS IN COMPLEMENTARY
BINDING SITES OF BIOSPECIFIC COMPLEXES

Bioaffinity chromatography is a type of adsorption chromatography which is based
on the exceptional ability of biologically active substances to bind specifically and
reversibly to complementary substances. These are generally called ligands or affinity
ligands, or simply affinants for the purpose of bioaffinity chromatography. The comple-
xes of active or regulatory sites of enzymes with their inhibitors, substrates, cofactors
or effectors, antibodies with antigens or haptens, lectins with carbohydrates, complexes
of nucleic acids and nucleotides, hormones and toxins with receptors, transport
proteins with vitamins or sugars, etc., may be mentioned as examples.

Assuming that a single enzyme of the crude proteins has an affinity for the specific
sorbent, the equilibrium between the attached affinity ligand L and the isolated enzyme

E is given by the equation

E+L %—.+_LEL
-1

Affinity constant (= equilibrium or association constant):

Ka=-AELL (eg 108M 1)

Dissociation constant:

Ka=KL= l%-%]l (e.g. 108 M)
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Fig. 2.1. Diagrammatic representation of the process of bioaffinity chromatography .

A solid support with a covalently bound affinity ligand is used as a stationary phase
in a chromatographic column. A diagrammatic representation of the process of bioaffi-
nity chromatography is given in Fig. 2.1. When a crude mixture containing the biolo-
gically active products to be isolated is passed through the column, then all the
compounds which, under given experimental conditions, have no complementary
binding site for the immobilized affinity ligand will pass through unretarded. By
contrast, those products which do show affinity are adsorbed on the column. They can
be released e.g. by a solution of a soluble affinity ligand or by a change of the solvent
composition by so-called deforming buffers (e.g. by a change in pH, ionic strength or
temperature; or alternatively by such dissociation agents as urea, guanidine, etc.). The
formation of the biologically functioning complexes involves the participation of
common molecular forces and interactions systematized under the terms of ionic
bonds, hydrophobic bonds, London’s dispersion forces, dipole-dipole interactions,

charge-transfer interaction and so on. The simultaneous and concerted action of
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several of these forces in the complementary binding site constitutes the basis of the
high specificity and efficiency of the biospecific bond.

The number of noncovalent interactions in complementary binding sites of biospe-
cific complex can be shown best by X-ray diffraction analysis. The affinity ligand most

commonly used in the bioaffinity chromatography of aspartate proteinases is pepstatin,

the naturally occurring peptide inhibitor:

COOH

Iva Val Val Sta Ala Sta

The mode of binding of the first part of the pepstatin molecule (the fragment
isovaleryl-valyl-valyl-statine) to the binding site of penicillopepsin was elucidated by
James and coworkers (1983).

Fig. 2.2 shows a three-dimensional representation of the binding of isovaleryl-valyl-
valyl-statine ethyl ester to the active site of penicillopepsin an aspartate proteinase, as
determined by X-ray analysis at 1.8 A resolution. The hydrogen bonding interactions of
the peptide with the enzyme are listed in Table 2.1. Table 2.2 lists the noncovalent
interactions between the pepstatin fragment and penicillopepsin which occur at a
distance of 4 A or smaller. The total number of 87 includes a variety of interactions,

The high number of noncovalent interactions between the binding sites of microbial
proteinases and pepstatin is the reason why the Mucor miehei proteinase cannot be
eluted after adsorption to an isovaleryl-pepstatin-Sepharose column. After Kobayashi
and coworkers (1982), however, had replaced immobilized N-isovalerylpepstatin by
N-isobutyryl-, N-propionyl- or N-acetylpepstatin they were able to increase the yield of
the enzyme eluted from 0 to 12, 46 and 90%, respectively. The affinity constants of these

complexes were not reported.
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Fig. 2.2. Crystallographic analysis of binding interactions of Iva-Val-Val-StaOFEt to the active site of
penicillopepsin at 1.8 A resolution. Hydrogen bonds between enzyme and inhibitor are shown as dashed
lines; some of those residues of penicillopepsin implicated in binding are shown by thicker full lines.
Reproduced with permission from M.N.G. James, A.R. Sielecki and J. Moult, Proceedings of the 8th
American Peptide Symposium, V.J. Hruby and D.H. Rich, eds., Pierce Chem. Co., Rockford, Illinois, 1983,
Pp. 521-530.

The affinity constants of the biospecific complexes of modified pepstatin were
determined by Kay and coworkers (1982). The value of the affinity constant K; of the
complex of cathepsin D with isovalerylpepstatin was equal to 101 M1 . After the
isovaleryl group had been replaced by the lactoyl group the K of the complex of
cathepsin D with lactoyl pepstatin dropped to 10"’ M1 ie. a drop of three orders of

magnitude.



Table 2.1.

Hydrogen-bonding involving P3P2P1 and P’1 residues

13

L] (]
Pepstatin Fragwent Penicillopepsin Dist(R) Pepstatin Fragnent Penicillopepsin Dist(n)
’ {Ual W o Theat? o 2.83 Sta Ml ..a000e  GlY215 C=0 3.0
} Val €=0 ....... The2l? M 1.@
. heptd o2 2.50
', Hatded o 2.80 . 8§
P, M ) S 3.3
51 Sta-0 I 81
Val M souvens ASPTT O 2.1 ' Aspalld 0 2,89
: Val €=0 ....... Gly76 M 3.2 *. Aspald 062 2.60
Tl A M R}
pr Ester C=0 ...... Gly?76 M 3.25
! Ester C=0 ...... Mat6d6 0 2.86

Table 2.2.
Summary of non-bonding contacts ( < 4.0 A) between IvaValValStaOEt and peni-
cillopepsin
PENICILLO-
rersin | Glu Asn Asp Gly Tyr Gly Asp fer Leu Phe lle Asp Gly The The Leu Leu Leu lle Total
rerszanin IS 31 33 35 8 % M 19 120 199 201 203 25 26 27 218 220 284 297
ANAGLOGUY
?,lva 1 11 1 ‘
X 1 w PRI T 1) 16
P val L&D e 3 1 1|2
?ta 1@ 3 11 “w a1 ]
P"uter 1 1 1 2 1 2 1 11
Totat [ 2 1 ¢ L v 5 151 2 1 2 ¢ U9 W1 1 1 1 |®

@ Contacts within this boxed region are to atows of residues that comprise the flap of penicillopepsin

This example shows that formation of complexes of lower affinity should by used for

biospecific affinity chromatography. However, in connection with the use of biospecific

complex formation in bioaffinity chromatography we must always take into consi-

deration the fact that the affinity constant of the biospecific complex is not only

influenced by the microenvironments of both solid and liquid phases, but also by steric
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accessibility, the conformation and concentration of the affinity ligand, etc. Hence, the
affinity constant of the complex formed between the compound to be isolated and the
immobilized affinity ligand should lie in the range 10* - 108 ML, Complexes of higher
affinity, characterized by constants higher than or equal to 10° M}, can be used to

advantage for oriented immobilization by simple adsorption.

2.2 HISTORY AND USE OF BIOAFFINITY CHROMATOGRAPHY

In the history of bioaffinity chromatography the isolation of a-amylase by means of
an insoluble substrate (starch) should be mentioned first; this was described in 1910 by
Starkenstein, a professor at Prague University. The principle of bioaffinity chro-
matography, using affinity ligands covalently bound to a solid matrix, has been known
for as long as 40 years. Campbell et al. were the first to use this principle in 1951, for
the isolation of antibodies on a column of cellulose with covalently attached antigen.
Bioaffinity chromatography was first used in the isolation of enzymes in 1953 by Lerman,
who isolated tyrosinase on a column of cellulose with etherically bound resorcinol
residues. In subsequent years bioaffinity chromatography was employed only rarely, the
reason obviously being the character of the insoluble supports which did not offer
sufficient possibilities for the formation of a complex between the product to be isolated
and the attached affinant. Non-specific adsorption was often observed when supports
having hydrophobic or ionogenic groups were used. A milestone in the development of
the use of bioaffinity chromatography was the method of affinant attachment to agarose
activated with cyanogen bromide, developed by Porath and coworkers (Porath et at.,
1967; Axén et al., 1967; Axén and Ernback, 1971). Cuatrecasas and Anfinsen (1971)
have shown that agarose (most often the commercial product Sepharose) possessed
almost all the characteristics of an ideal support. In 1968, Cuatrecasas et al. successfully
employed bioaffinity chromatography for the isolation of nuclease, chymotrypsin and
carboxypeptidase A. They used the term affinity chromatography for the first time for
this type of isolation.

This name, however, raised and still gives rise to many objections. Attempts have

been made to replace it, for example, by the more accurate term “biospecific
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adsorption” or “bioaffinity chromatography” (Porath, 1973, O’Carra et al., 1974),
especially when it was found that a series of adsorbents, mainly those having a synthetic
inhibitor bound by hydrophobic hydrocarbon chains, can sorb macromolecules on the
basis of hydrophobic interactions (O’Carra, 1974). The exploitation of the formation of
complexes of biological macromolecules on the basis of hydrophobic bonds gave rise to
so-called hydrophobic chromatography (Shaltiel, 1974, 1984). However, distinguishing
between a biospecific complex and a complex formed on the basis of nonspecific
hydrophobic forces is no simple task, as has been observed in many instances. Often
one substance bound to a carrier may form biospecific complexes with one group of
macromolecules, while with another it may undergo complex formation exclusively on
the basis of nonspecific hydrophobic interaction, and both types of bonding may take
part in the formation of a bond with a third group of macromolecules. Hexa-
methylenediamine may be mentioned as an example. This compound, bound to Sepha-
rose, was used by Jakubowski and Pawelkiewicz (1973) and Henderson et al. (1974) as
a sorbent in the hydrophobic chromatography of amino acyl-transfer RNA synthetases
or L-histidinol-phosphate aminotransferase; Toraya et al. (1976) indicate that hexa-
methylenediamine is a biospecific sorbent for amino oxidase from Aspergillus niger,
while Vosbeck et al. (1973), when using the same sorbent for the isolation of amino-
peptidases from Streptomyces griseus, reached no definite conclusion on which type of
bond is operative during specific sorption. In consequence, bioaffinity chromatography
was included among the affinity methods, along with affinity elution, covalent chro-
matography, hydrophobic chromatography, metal chelate and charge transfer chro-
matography, affinity density perturbation, affinity partitioning, affinity labelling,
solid-phase radioimmunoassay and enzyme-linked immunoassay, affinity histoche-
mistry, ultrafiltration affinity purification and affinity electrophoresis.

Progress in the development and use of affinity methods may be charted by consult-
ation of; Proceedings of Symposium on Affinity Chromatography and Immobilized
Biochemicals, Charleston, U.S.A. 1973 (Dunlop, 1974); International Symposium on
Chromatographic Fractionation of Biopolymers, Birmingham, U.K. 1976 (Epton,
1978); 1st International Symposium on Affinity Chromatography, Vienna, Austria 1977
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(Hoffmann-Ostenhof et al., 1978); International Symposium on Theory and Practice in
Affinity Techniques, Gottingen, F.R.G. 1978 (Sundaram and Eckstein, 1978); 3rd
International Symposium on Affinity Chromatography and Molecular Interaction,
Strasbourg, France 1979 (Egly, 1979); 4th International Symposium on Affinity Chro-
matography and Related Techniques, Veldhoven, The Netherlands 1981 (Gribnau et
al., 1982); 5th International Symposium on Affinity Chromatography and Biological
Recognition, Annapolis, U.S.A. 1983 (Chaiken et al., 1983); 6th International Sympo-
sium on Bioaffinity Chromatography and Related Techniques, Prague, Czechoslovakia
1985 (Turkova et al., 1986); 7th International Symposium on Affinity Chromatography
and International Macromolecular Interactions, Oberammergau, F.R.G. 1987
(Jennissen and Miiller, 1988); 1st International Conference on Dye-Protein Interaction,
Compiegne, France 1988 (Vijayalakshmi and Bertrand, 1989); and the 8th International
Symposium on Affinity Chromatography and Biological Recognition, Jerusalem, Israel
1989 (Wilchek 1990) and the 9th International Symposium on Affinity Chromatography
and Biological Recognition, Yokohama, Japan 1991 (Ishii, 1992).

Such works regularly illustrate the development of novel bioaffinity supports and
techniques, the conditions of bioaffinity chromatographies under low or high pressure
and their analytical, clinical, industrial or biotechnological applications, the use of
bioaffinity chromatography for the characterization of biomolecular interactions, etc.
From the titles of several symposia it is evident that great interest is evoked by the theory
of biological recognition.

The proceedings of the 6th International Symposium on Bioaffinity Chromatography
and Related Techniques in Prague (Turkova et al., 1986) contains the information about
the International Interest Group in Biorecognition Technology which was affiliated to
the International Union of Biochemistry. Recently the name of this organization has
been changed to “Society for Molecular Recognition”, The Society assists in the
scheduling, support and promotion of scientific meetings including Symposia on affinity
chromatography. Also, the Pierce Award in Affinity Chromatography was presented
for the first time at the Symposium in Prague to Professor Klaus H. Mosbach from the

University of Lund, Sweden. The recipient of the 1987 Pierce Prize was Professor Meir
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Wilchek from the Weizmann Institute in Rehovot, Israel (Jennissen and Miiller, 1988),
in 1989 the Pierce Prize was awarded to Professor Christopher R. Lowe from the
University of Cambridge, U.K. (Wilchek, 1990) and in 1991 to Dr. Irwin Chaiken from
Biopharmaceuticals R&D, King of Prussia, USA (Ishii, 1992).

The books on affinity chromatography written by Lowe and Dean (1974) and edited
by Jakoby and Wilchek (1974) which were mentioned in the first edition of the present
work (Turkova, 1978) have been followed by further books, such as “An Introduction
to Affinity Chromatography” written by Lowe (1979) and “Affinity Chromatography:
Bioselective Adsorption on Inert Matrices” written by Scouten (1981). The chapters
about the theory, characteristics, principles and use of dyes in affinity chromatography
were edited by Fichter (1982) and the book “Affinity Chromatography: Practical and
Theoretical Aspects” was written by Mohr and Pommering (1985). In the book “Affinity
Chromatography, a Practical Approach”, edited by Dean et al. (1985), extensive
chapters are presented on the use of affinity chromatography for the quantitative
characterisation of molecular interactions and for cell separation. From many review
papers I mention only those written by Wilchek et al. (1984), Turkov4 (1984 a, b), Scopes
(1987), Ostrove (1990) and Ostrove and Weiss (1990).

The ever-increasing use of genetic engineering has been reflected in the rapidly
increasing number of publications devoted to the isolation of nucleic acids, genes,
oligonucleotides and nucleic acid fragments, to the purification of special proteins and
enzymes, as well as to investigations of protein-nucleic acid interactions. Since the
template functions of nucleic acids, specifically the base-pairing mechanism, were used
for chromatography in many papers, Schott reviewed them in his book “Affinity
Chromatography-Template Chromatography of Nucleic Acids.and Proteins”.

The second most commonly used protein-affinity ligand interaction in bioaffinity
chromatography is the dye-protein interaction, going under the term “dye-ligand chro-
matography” (Amicon Corporation, 1980). Synthetic textile dyes (Cibacron Blue
F3GA, Procion Red HE3B, Procion Green H-E4BD, Yellow H-A etc.) have many
advantages, particularly for large-scale applications. Compared to biological ligands,

dye-ligands are inexpensive materials which are available in tonnage quantities
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throughout the world. There is a wide range of chromophors available which are
dye-based biologically, chemically, and photochemically stable adsorbents, potentially
sterilisable in sifu with no degradation of the ligand itself. Because they are reactive
materials, they are very easily immobilized to hydroxyl-polymers, generally by a single-
step process. Such adsorbents have a high capacity, a very broad binding capability in
terms of the complementary proteins, and they are easily re-usable. Several thousand
different types of proteins can interact with an immobilized textile dye. Examples are
oxidoreductases, phosphokinases and nearly all coenzyme dependent enzymes, hydro-
lases, various transferases, a number of proteins which interact with mono- and poly-
nucleotides, synthetases, hydroxylases, nearly all of the glycolytic enzymes,
phosphatases, a whole variety of blood proteins and other non-enzyme proteins
(Kopperschlager et al., 1982; Lowe and Pearson, 1984; Lowe et al., 1989; Stellwagen,
1990).

The interactions between the dyes and proteins are complex and not well understood.
Scopes (1987) classified them for affinity purposes as “specific” and “nonspecific”
according to whether the interaction is at the active site or not. All interactions are likely
to involve practically all known types of forces between molecules. The dyes generally
contain aromatic rings, sometimes heterocyclic, often fused, and by definition a long
series of conjugated double bonds must be present to give a strong adsorption of light
in the visible spectrum. Additionally, sulphonic acid groups are usually included to
confer aqueous solubility; these groups are negatively charged at all pH values above
zero. Some dyes contain carboxylates, amino, chloride, or metal complexing groups;
most contain nitrogen both in and out of aromatic rings. Thus interactions with proteins
are the result of hydrophobic, electrostatic and hydrogen bonding. Biellmann et al.
(1979) used X-ray crystallography to study the binding of Cibacron Blue F3GA to liver
alcohol dehydrogenase. They demonstrated similarities in the binding of this dye with
the binding of the coenzyme NAD *.

Clonis et al. (1986) described process scale high-performance liquid affinity chro-
matography (HPLAC) of lactate dehydrogenase using a 3.3 | column of glycol silica
containing 2 mg of immobilized Procion blue MX-R/g silica. They isolated 100 mg of
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the purified enzyme in a single step from a crude rabbit muscle preparation containing
1.8 g of protein. Vijayalakshmi, summarizing the First International Conference on
Dye-Protein Interaction (Vijayalakshmi and Bertrand, 1989), stated that it is extremely
stimulating and promising to see that the dye-ligand affinity systems have developed in
different spheres and this domain is becoming one of the milestones in the progress of
downstream processing in biotechnology. But she also said that only very little informa-
tion is available on the toxicological aspects of the possible traces of dye molecules or
their fragments which may be present in the final product. This situation is undoubtedly
an obstacle to a genuine industrial exploitation of this rapidly developing field.
High-performance liquid bioaffinity chromatography (HPLBAC) permits the rapid
isolation of the desired material and offers a rapid, microscale method for the thermo-
dynamic characterization of molecular recognition (Fitzgerald and Swaisgood, 1989).
The concept of HPLBAC was first introduced by Kato et al. (1977), who separated
nucleic acid bases and nucleosides by the use of thymine attached to a methacrylate
solid support, and by Ohlson et al. (1978), who demonstrated the ability of appropriately
labelled bioaffinity matrices of microparticulate silica to serve as a means for the rapid
purification of enzymes and antigens. The advantage of both supports is their high
dimensional stability under high pressure conditions. Fig. 2.3 demonstrates the high
performance liquid bioaffinity chromatography of crude porcine pepsin on hydroxyalkyl
methacrylate support Separon H 1000 modified with 0.5 #mol of e-aminocaproyl-L-
phenylalanyl-D-phenylalanine methyl ester (B) in comparison with analogous chro-
matography on unmodified Separon (A) (Turkovi et al., 1981). The chromatography
of pepsin on unmodified Separon (A) was carried out in order to check whether, under
the given experimental conditions, elution of the material non-specifically sorbed to a
solid support does not take place. In this instance all of the protein material with the
whole proteolytic activity was washed in the front of the fraction obtained by elution
with the equilibration buffer. By contrast, desorption at a high ionic strength carried
out on a column of Separon modified with e-amino-caproyl-L-Phe-D-Phe-OCH3 yields
a sharp peak of whole pepsin with a high activity. The baseline characteristics of the

bioaffinity chromatographic system (C) were determined with the injection of sorption
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buffer in the absence of protein. Reviews of high-performance liquid affinity chro-
matography have been published by Larsson (1984), Ernst-Cabrera and Wilchek
(1988b) and Ohlson et al. (1989).

The success of bioaffinity chromatography has contributed to many of the advances
in the biotechnological revolution (Scouten, 1983). The bioaffinity chromatographic
steps in the production of urokinase via genetic engineering may be cited as an example.
Ratzkin et al. (1981) isolated total mRNA from human fetal cells by the use of bioaffinity
chromatography on poly(U) - Sephadex. The urokinase-specific messenger RNA was
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Fig. 2.3 High-performance bioaffinity chromatography of crude porcine pepsin on (A) Separon H 1000
(mean particle diameter 10 4m) and (B) Separon H 1000 modified with 0.5 /4mol of €-aminocaproyl-
L-Phe-D-Phe-OCH3 per gram of carrier. Column 100 x 4 mm 1.D. Detector: UV (280 nm). Mobile phase:
sorption buffer, 0.1 M sodium acetate (pH 4.5); desorption buffer, 0.1 M sodium acetate (pH 4.5) containing
1 M sodium chloride; regeneration buffer, 0.1 M sodium acetate (pH 4.5) containing 10 % 2-propanol.
Injection: 10 g1 of pepsin solution in sorption buffer (0.5 mg/Ul). (C) baseline characteristics of bioaffinity
chromatographic system (B). Injection: 10 &1 of sorption buffer without protein. Data from J. Turkovd et.al,,
J.Chromatogr., 215 (1981) 165-179.
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isolated from the total mRNA via classical ultracentrifugation methods and inserted
into Escherichia coli plasmid pBR322. Reverse transcriptase and DNA polymerase
(probably purified by bioaffinity chromatography) were used for the transformation of
mRNA into cDNA and the copy of the cDNA. After the insertion into pBR322 and
subsequent cloning colonies containing pBR322 - urokinase cDNA conjugate were
prepared. Urokinase was isolated from the transformed E. coli via bioaffinity chro-
matography on a benzamidine - Sepharose column to obtain a urokinase enzyme
molecule indistinguishable from the urokinase isolated from human tissue-culture
preparations.

The branch of bioaffinity chromatography which employs immobilized antigens or
antibodies for the purification of biologically active material is known by the term
immunoaffinity chromatography. One of the reasons for the rapid growth of immu-
noaffinity chromatography has been necessity. The introduction of sensitive and specific
methods in clinical chemistry increased the demand for a number of biologically active
compounds. Thus, for instance, the use of immunoassay for the determination of steadily
increasing numbers of various clinically significant compounds increased the demand
for the preparation of various immunosorbents.

Fig. 2.4 (taken from Anderson et al., 1975) shows a scheme illustrating the use of the
isolated pure antigen and pure antibody for the production of two compounds on a
large scale. A rabbit was immunized with a small amount of antigen and the
corresponding antibody was isolated from its serum. This antibody was coupled to a
solid carrier and the prepared specific sorbent was then used for the purification of
crude antigen in multiple chromatographic cycles. Fractions of non-adsorbed ”"U” and
adsorbed ”A” material were obtained by repeated chromatographic cycles. Combined
fractions of the desorbed antigen were then used for both for the immunization of a
larger number of rabbits and for the preparation of a column of the immobilized antigen.
A monospecific antibody was then isolated on this column from the prepared serum.
The isolated monospecific antibody in a subsequent step, was again coupled to the

solid carrier, and a column was prepared for the sorption of the antigen on a large scale.
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Fig. 24. Cyclic bioaffinity chromatography by bootstrapping technique. Reproduced with permission from
N.G.Anderson et al., Anal. Biochem., 68 (1975) 371-393.

Fig. 2.5 shows a scheme for the fully automatic preparation of monospecific anti-
bodies and antigens (Eveleigh, 1982). The method is based on a simple application of
adsorption-desorption chromatography.

The sample is pumped by a peristaltic pump through a valve (VI) and flow detector
(FD) to the bioaffinity column. The eluate from the column passes through a UV
monitor and can be further transferred through a valve (V4) to the outlet, or through a
valve (V5) collected as the non-adsorbed fraction ”U” or vig valve (V6) as the adsorbed
fraction ”A”. The process is controlled by a microprocessor. In a fully automatic cycle
the desorbed, specifically isolated, compound is pumped again through the flow

detector (FD) to a Sephadex G-25 column, where it is desalted. The desalted fraction
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Fig. 2.5. Schematic diagram of an automatic immunoaffinity system. Reproduced with permission from
J.W.Eveleigh, in T.CJ.Gribnau et al. (Editors), Affinity Chromatographyand Related Techniques, Elsevier,
Amsterdam 1982, pp. 293-303.

is further concentrated and collected as a product. Flow detectors (FD) are used with
the aim of preventing occasional losses of the sample or product in the case of a failure.
Since a thiocyanate solution is suitable for the desorption and since this compound
exhibits highly corrosive effects, all connection and valves must be made of inert plastic
material and a peristaltic pump is used.

The discovery of the monoclonal antibody producing hybrid cell lines by Kohler and
Milstein (1975) has resulted in the rapid growth of immunoaffinity chromatography.
Multispecific responses of polyclonal antibodies to complex antigens are reduced to a
series of monospecific responses by cloning. The exactly defined reactivity and the
possibility of production in large quantities enable the use of immunoaffinity chro-
matography for attractive industrial scale applications in the isolation of the desired
product in pure form from the crude fermentation broth. Proteins of potential thera-
peutic value e.g. interferons, interleukin 2, anti-clotting and clotting factors, insulin-like
growth hormone and vaccines are already produced by bioengineering techniques and
purified with immunoaffinity chromatography. This intensive commercial activity has
even involved battles for patents, which can secure sales worth millions of dollars, as,

for example, in the case of tissue plasmincgen activator obtained by Johnston (1987) by
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recombinant DNA technology (Ernst-Cabrera and Wilchek, 1988a). Chapters about
immunosorbent separation have been written by Calton (1984) and Wilchek et al.
(1984), a review of the use of immobilized antibodies for the purification of pharma-
ceutically active proteins was published by Ernst-Cabrera and Wilchek (1988a) and one
on high performance immunoaffinity chromatography (HPIAC) by Phillips (1989).

The interaction between hormone, neurotransmitter or drug and the relevant
receptor is selective and specific and belongs among the best known biological inte-
ractions. The receptor-bioaffinity purification process of recombinant human interleu-
kin - 2 (rIL-2) was used by Weber and Bailon (1990) as a model system to demonstrate
the utility of this approach for the purification of recombinant proteins. The receptor-
affinity purified rIL-2 was shown to be biochemically and biologically more homo-
geneous than the immunoaffinity purified material. The efficiency of immunosorbents
can be greatly increased by site oriented immobilization of immunoglobulins G through
the Fc part of the molecule. The cross-linkage of a specific complex for oriented
immobilization was first used in 1978 when Sepharose with covalently attached
Protein A was employed for the oriented immobilization of IgG (Werner and
Machleidt, 1978, Gersten and Marchalonis 1978). The bivalent binding potential of
immobilized antibodies can also be achieved by immobilization via the carbohydrate
moieties. The oligosaccharide moieties of polyclonal IgGs are primarily located on the
Fc portion of the molecule in such a way that site-directed immobilization through the
carbohydrate moieties should result in the antigen binding Fab regions being oriented
away from the matrix, resulting in greater accessibility of antigen (O’ Shannesy, 1990).
Enzymatic oxidation of carbohydrate moieties of monoclonal antibodies by soluble and
immobilized bifunctional enzyme complexes of neuraminidase and galactose oxidase
and oriented immobilization on hydrazide or amino Eupergit C derivatives were used
by Solomon et al. (1990) for the preparation of antibody matrix conjugates with high
antigen-binding activities.

The exceptionally high affinity constant between avidin (or its bacterial counterpart
streptavidin) and vitamin biotin has resulted in its widespread application in virtually

all fields of biology and biotechnology (Wilchek and Bayer, 1990). The general idea of
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the approach is that biotin, coupled to low or high molecular weight molecules, can still
be recognized by avidin. A review of the application of avidin-biotin technology to
affinity - based separations was published by Bayer and Wilchek (1990).

Oriented immobilizations of various affinity ligands on porous or nonporous solid
supports can not only provide us with efficient biospecific adsorbents suitable for a
variety of applications but also with models which may be used to advantage for studies
of chemical processes in the living cell (Turkova et al., 1988). The preparation of a model
for the study of the formation of several biospecific complexes is illustrated in Fig. 2.6.
In order to select an antibody fraction which interacts solely with the protein part of
ovalbumin (OA) from the large population of immunoglobulins present in rabbit
polyclonal antiserum against OA, this antiserum was applied to an immunosorbent
represented by OA covalently bound by its single carbohydrate moiety after oxidation
by NalO4 or by galactose oxidase to bead cellulose derivatized with adipic acid dihydra-
zide (Fig. 2.6A). The isolated immunoglobulin fraction was periodate oxidized and
bound vig its carbohydrate moiety to cellulose hydrazide (Fig. 2.6B). After the
adsorption of OA it was determined that the molar ratio between immobilized IgG and
adsorbed OA molecules was 1: 1.7. Similar to the studies by Eveleigh and Levy (1977),
the results of our experiments have shown that the immunological reactivity of an
immunosorbent depends strongly on the surface density of the immobilized antibody.

The following step (Fig. 2.6B) served to verify the assumption that the bound OA was
really oriented by its protein part towards the surface of the support and by its
carbohydrate domain outwards, where it was freely accessible to interaction with
concanavalin A (Con A), a substance which react specifically with carbohydrates. This
assumption was fully confirmed. The specificity of the Con A - OA interaction was also
verified. It was shown that Con A was not adsorbed on the original support with
immobilized immunoglobulins only. Because the free IgG reacts with Con A in solution,
this finding may be considered as evidence that IgG is immobilized via its Fc fragments,
and that its carbohydrate part is not accessible for interaction with Con A. Con A and
OA were repeatedly bound and eluted and thus the chosen IgG-OA-Con A model
strongly suggests the applicability of the principle of oriented immobilization to the
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Fig. 2.6. Schematic drawing (A) of preparation of immunoglobulins (IgG) against ovalbumin (OA) by use
of immunoaffinity chromatography on cellulose with OA attached through its carbohydrate moiety, and (B)
of use of this oriented immobilized I1gG (via carbohydrate moiety on hydrazide derivative of cellulose) after
adsorption of OA for isolation of concanavalin A (Con A). Data from J.Turkov4 et al., J.Chromatogr., 500
(1990) 585-593.

preparation of various sorbents suitable for the purification of different compounds in
satisfactory yields and with good reproducibility. It may be expected that oriented
immobilization will find a use not only in separation process, but also in analytical and

research applications (Turkovi et al., 1990). Activation by enzymatic oxidation with
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galactose oxidase in presence of catalase was used not only for the activation galacto-
se-containing glycoproteins but also for the activation of galactose-containing solid

supports Sepharose and O-a-D-galactosyl Separon (Petkov et al., 1990).
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Chapter 3
Choice of affinity ligands (affinants)
3.1 HIGHLY SPECIFIC AND GROUP-SPECIFIC MATRICES

All those compounds are suitable as affinity ligands for the isolation of biologically
active products which bind such products specifically and reversibly. Hence, given the
varied nature of biologically active materials, affinants represent a very wide range of
chemical compounds. Their classification can therefore be based rather on biochemical
function than on chemical structure.

Two main criteria determine the selection of an affinity ligand:

1) The affinant to be immobilized must possess a functional group that can be
modified for attachment to the solid support without impairing or abolishing its recogni-
tion by the complementary molecule. Not all affinants that are suitable for a comple-
mentary binding of molecules also have suitable functional groups for their attachment
to a solid support. These groups must first be introduced into the affinants, as well as
suitably long spacing arms, which are usually indispensable in case of low-molecular
weight affinity ligands, since such arms are necessary to enable a bonding interaction.

2) The affinity ligand should have an adequate affinity for the molecule to be purified.
Satisfactory results have usually been obtained with specific complexes having an
equilibrium constant, Ka, in the region of 10% - 10®M1. However, it is important to
mention here that the KA values under consideration are those determined for the
complex of the substance to be isolated with the immobilized affinity ligand and that
therefore they need not correspond to the equilibrium constant values determined in
solution. For the determination of KA the most commonly used method is so-called
quantitative affinity chromatography, which is based on the elution of biological macro-
molecular substances from an affinity matrix with soluble affinant solutions of various
concentrations (this method will be described in Chapter 14).

Examples of affinants used for the isolation of enzymes, inhibitors, cofactors, anti-

bodies, antigens, agglutinins, glycoproteins and glycopolysaccharides, nucleic acids,
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nucleotides, transport and receptor proteins, hormones and their receptors, lipids, cells,
viruses and other substances are shown in Tables 9.1,2 and 3. The practical utility of
specific sorbents increases if, instead of the narrowly specific ligands, a so-called
“general ligand” (Mosbach, 1974) is used for their preparation. As is implied by the
name, a group-specific matrix prepared in this manner displays an affinity for a
more-or-less large group of biological macromolecules. For example, the enzymes
related to the metabolism of aspartic acid show group-specific adsorption affinity to
N-(w-aminohexyl)-L-aspartic acid-Sepharose. Asparaginase, aspartase, aspartate--
decarboxylase and asparaginase modified with tetranitromethane (Tosa et al., 1974)
could all be sorbed on this immobilized affinant.

If the immobilized affinity ligand displays an affinity for more than one complementary
molecule, then the specific shape of the adsorption isotherm has important implications.
Consider Fig. 3.1, for example, which shows adsorption isotherms for four enzymes,
each of which displays different affinities for the immobilized affinant (Lowe and Dean,
1974). Enzyme 1 possesses a very high affinity for the specific sorbent with a dissociation
constant of 107 - 108 M. Enzymes 2 and 3 have affinities for sorbents with dissociation
constants of about 10 M, and enzyme 4 shows a very weak affinity with a dissociation
constant of > 10> M.

For the generalized Langmuir adsorption isotherm

kG
1= T¥KCi (3.1)

where q; is the specific amount of the adsorbed substance i, C; is concentration and k;
and k3 are constants. For low concentrations of C;, Eq. 3.1 reduces to qi = kik2Ci, and

for high concentrations of C; to qi = k2. In general we can write

gi = f(C)" (3.2)

where n = 0-1. It then follows that when the concentration of the ligand is sufficiently

high, so that the adsorbent capacity is not a limiting factor, the specific amount of the
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adsorbed substance i, g;, is dependent on its concentration in the mobile phase, C;, and
not on its affinity toward the attached affinant. For a sample containing equimolar
amounts of four enzymes, the amount of each of them adsorbed will be qi1, q2, q3 and
q4. In displacement elution, using concetration D of the displacer, enzymes 1,2 and 3
of concentrations C1, C2 and C3 will be eluted. Enzyme 4 will appear before the
displacing solution because its adsorption isotherm is not intersected by the displacer
line. An enzyme with a high affinity does not displace a less strongly bound enzyme even
when, after the initial adsorption, a further amount of enzyme of high affinity is added.
If the capacity of the adsorbent is exceeded, enzymes with both a high and a low affinity
will appear in the retention volume of the eluate, i.e. not only those which are weakly
adsorbed. This consequence is important in view of the differentiation of the enzymes
which display an affinity towards general ligands.

Sometimes it becomes necessary to eliminate the contaminating proteins before

adsorption on a specific adsorbent by the insertion of a preceding fractionating step. If

DISPLACER.D

AMOUNT ABSORBED (q)

ENZYME CONCENTRATION ()

Fig. 3.1. Adsorption isotherms for four enzymes interacting with single immobilized affinity ligand. Repro-
duced with permission from C.R. Lowe and P.D.G. Dean, Affinity Chromatography, Willey, New York,
London, 1974, p.91.
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the conditions of adsorption, such as pH, ionic strength, temperature, flow rate or
dielectric constant are changed, some enzymes can be excluded specifically. Furthermo-
re, an inhibitor or other ligand may be added in order to prevent adsorption of some
enzymes. The use of a solid support with small pores can exclude proteins of a high
molecular weight. Increased selectivity can be further improved by using specific
methods of elution. A knowledge of inhibitors or substrates of various enzymes can be
utilized when planning the selective elution of individual enzymes. According to Ostrove
(1990) a bioaffinity sorbent could also be chosen to bind the contaminating proteins,
allowing the sample of interest to pass through the gel in the wash volume. This method
of separation could result in a great saving of time and the avoidance of cleavage of the
isolated molecule by degradative enzymes present in crude cellular extracts.

The selectivity of affinity ligands can also be affected by the nature of the solid support
(Fritz et al., 1969). Proteolytic enzymes bound to the negatively charged copolymer of
maleic acid with ethylene sorbed only those inhibitors having an isoelectric point below
4-5. If the strongly negative charges of the copolymer chain were neutralized by
attachment of (for example) hexamethylenediamine and dimethylethylenediamine, the
polyamphoteric derivative formed became suitable for the isolation of inhibitors with
even lower isoelectric points.

As it will be discussed in detail in Section 3.3, antibodies show a high affinity for their
corresponding antigens and vice versa. Difficulties with their liberation from complexes
ensue from the strength of this interaction. The use of strongly chaotropic eluents in
immunoaffinity chromatography can be circumvented by chemical modification of the
immobilized affinity ligand (Murphy et al., 1976). For example, the elution of anti-gluca-
gon-antibodies from a column of immobilized glucagon can be achieved under relatively
mild conditions if the steric complementarity to the binding site of the antibody is partly
perturbed by selective modification of the hormone, for example by reaction with
2-hydroxy-5-nitrobenzyl bromide, tetranitromethane, or hydrogen peroxide.

O’Carra (1974) recommends that we differentiate between affinity systems with small
ligands and those with macroligands. Low molecular weight synthetic affinants are

advantageous mainly as a result of their stability and better accessibility. The specific
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sorbents prepared from them are usually better characterized, because they are
attached vig a pre-defined functional group. In order to increase their steric accessibility
a spacer is inserted, in the majority of cases, between them and the surface of the solid
support. High molecular weight affinants are predominantly proteins or nucleic acids.
They often undergo denaturation, leading to an irreversible loss of activity. For such
affinants the method of random attachment is usually not unambiguously defined.
Attachment of glycoproteins through their carbohydrate moiety is suitable for the
immobilization of antibodies and enzymes which have active sites in the protein parts
of the molecules. Recent times have seen more use being made of oriented immobi-
lization by the use adsorption of antibodies to insolubilized Protein A derived from
Staphylococcus aureus or various biotinylated molecules to insolubilized avidin or

streptavidin. Some examples are shown in Table 9.1,2 and 3.

3.2 ENZYMES AND THEIR EFFECTORS

The combination of several complementary binding sites on the surface of the enzyme
molecule permits the formation of a relatively large number of biospecific complexes
to be achieved; these complexes can be utilized for efficient isolation as well as for
oriented immobilization.

Fig. 3.2 shows the surface of an enzyme molecule covered with several complementary
binding sites. Such an enzyme could be, for instance, carboxypeptidase Y containing the
complementary binding site for glycyl-glycyl-p-aminobenzylsuccinic acid, a specific
inhibitor. The active site of the enzyme also contains a free SH- group. Carbo-
xypeptidase Y is a glycoprotein whose carbohydrate moiety specifically interacts with
concanavalin A, a lectin. The antigenic sites of the enzyme can be determined by
investigation of the antigenic structures of the peptide chain in experiments with specific
antibodies to this enzyme. Enzymes whose coenzymes are nucleotides can form biospe-
cific complexes with nucleotides. Enzymes form complexes with substrates and their
analogues, allosteric effectors, metal ions etc. The type of the complex formed determi-

nes the mode of their action in chemical processes which take place in the living cell.
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Fig. 3.2. Possible ways in which an enzyme may form biospecific complexes.

Fig. 3.3 shows the ways in which the enzyme can be isolated by the use of the formation
of three specific complexes of carboxypeptidase Y. The conditions of formation of the
biospecific complex can be determined from bioaffinity chromatography experiments
with the enzyme. Absorbance at 570 nm shows peptidase activity, assayed with N-carbo-
xybenzoxy-L-phenylalanine-L-alanine as substrate.

Mercury-Spheron was developed by the use of hydroxyalkyl methacrylate copolymers
containing different amounts of mercury derivatives of p-acetaminophenoxyethyl
methacrylates or methacrylanilides (Turkova et al,, 1975). The copolymer containing
15% of the mercury derivative of methacrylanilide was found to be the most convenient
one for the isolation of SH-proteinases and was therefore used in this study.

Concanavalin A was bonded to Spheron with immobilized glucose (Filka et al., 1978)
which had been activated by periodate oxidation (Vanturova et al.,, 1979). The bond
between the lectin and the aldehyde group of the solid support was stabilized by

reduction using sodium borohydride. Carboxypeptidase Y was liberated from the
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Fig. 3.3. (A) Gly-Gly-p-aminobenzylsuccinic acid-Spheron: the column (5 ml) was equilibrated with 0.01 M
sodium acetate (pH 5.0). The sample of a yeast autolysate (50 ml) was added and then the column was washed
with 1 M sodium chloride-0.01 M sodium acetate (11), pH 4.3. The elution (arrow) was performed with 0.01
M phosphate buffer (pH 7). (B) Mercury-Spheron: the column was equilibrated with 0.1 M sodium acetate
(pH 6). After the application of sample, elution (arrow) was performed with 0.05 M mercaptoethanol - 0.1
M sodium acetate (pH 6.0). (C) Con A-Spheron: the column (10 ml) was washed with 0.1 M sodium acetate
and 1 mM manganese chloride - calcium chloride - magnesium chloride and equilibrated with 0.4 M sodium
chloride -0.1 M sodium acetate (pH 7). After the application of sample, elution (arrow) was performed with
0.1 M borate buffer (pH 6.5). Data from J. Turkovd et al., J. Chromatogr., 376 (1986) 315-321.

complex with immobilized concanavalin A by borate buffer. In Chapter 4 we shall
discuss the advantages of oriented immobilization of glycoproteins through their carbo-
hydrate moieties. Oriented immobilization of carboxypeptidase Y adsorbed to conca-
navalin A-Spheron was effected by covalent bonding according to the method of Hsio
and Royer (1979) by use of crosslinking with glutaraldehyde (Turkova et al., 1986).
Using electron-cytochemical reaction and N-carbobenzoxy-(CBZ)-L-tyrosine-4-

methoxy-2-naphthylamide as substrate Votifek (1988) was able to show that Saccha-
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romyces cerevisiae cells contain carboxypeptidase Y bound to vacuole membranes,

probably through their carbohydrate moieties.

3.2.1 Naturally occurring high molecular weight and synthetic low molecular weight
inhibitors

For the isolation of chymotrypsin and trypsin from a crude pancreatic extract the
specific adsorbents were prepared by coupling of two naturally occurring proteinase

inhibitors (ovomucoid for trypsin and polyvalent trypsin inhibitor, antilysine, for

A 280
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1

40 80 120
ml

Fig. 3.4. Chromatography of crude pancreatic extract on ovomucoid-Spheron (I) and antilysine-Spheron (II).
(I) A sample of active pancreatic extract (100 ml) was placed on a column of ovomucoid-Spheron (10 x 2
cm), which was subsequently eluted with an aqueous solution of ammonium formate (0.05 M formic acid
adjusted to pH 8.0 with 5 % aqueous ammonia). Fractions (6 m!) were collegted at 20-min intervals. The
arrow designates the change in pH from 8.0 to 3.5 (0.1 M formic acid adjusted to pH 3.5 with ammonia). (1I)
The fraction (a) of material not adsorbed (180 ml) was placed directly on the antilysine-Spheron column (10
x 2 cm). The course of the chromatography was analogous to that described for (I). (a) Contaminants and

chymotrypsin; (b) trypsin; (c) chymotrypsin; ---, absorbance at 280 nm; ---, pH. Data from J. Turkov4 and A.
Seifertovd, J. Chromatogr., 148 (1978) 293-297.
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chymotrypsin) and also synthetic low-molecular weight proteinase inhibitors (N-benzy-
loxycarbonylglycyl-D-phenylalanine for chymotrypsin and p-aminobenzamidine for
trypsin) to a hydroxyalkyl methacrylate copolymer (Turkova and Seifertova, 1978). In
Figs 3.4 and 3.5 it is shown that identical results were obtained with specific adsorbents
prepared both with high molecular weight and with low molecular weight inhibitors.
Unlike the naturally occurring inhibitors, which could undergo denaturation because
of their protein character, the synthetic low molecular weight inhibitors are completely

stable. The capacity of specific adsorbents prepared with these inhibitors can be
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Fig. 3.5. Chromatography of crude pancreatic extract on N-benzyloxycarbonylglycyl-D-phenylalanine-NH2-
Spheron (I) and NH2-benzamidine-NH2-Spheron (II). (I) A sample of active pancreatic extract (100 ml) was
applied to the column of N-benzyloxycarbonylglycyl-D-phenylalanine-NH2-Spheron (6.0 x 1.5 cm). The
course of the chromatography was identical with that shown in Fig. 3.4. (II) Fraction (A), filtered through a
column of N-benzyloxycarbonylglycyl-D-phenylalanine, was placed directly on a column of NH2-benza-
midine-NH2-Spheron (25 x 1 cm). The course of chromatography is identical with that shown in Fig. 3.4. (A)
Contaminants and trypsin; (B) chymotrypsin; (C) trypsin; ---, absorbance at 280 nm,; ---, pH. Data from J.
Turkovd and A. Seifertovd, J. Chromatogr., 148 (1978) 293-297.
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regenerated virtually without limit, if a stable solid support and stable bonds between

the support and the amino groups of peptide inhibitors are used.

3.2.2 Coenzymes

The catalytic activity of many enzymes depends on the presence of coenzymes or
cofactors. Almost one third of the more than 2000 enzymes known so far require a
nucleotide coenzyme (Mohr and Pommerening, 1985). Coenzymes have the function of
co-substrates. Such enzymes will contain at least two specific binding sites, one of them
for the coenzyme, which will be common to all of them, and one or more for the
substrate. The latter site will then be dependent on the nature of the substrate and the
catalysed reaction. The immobilized coenzymes will then selectively sorb those groups
of enzymes which are utilized in bi- or multi-substrate reactions (Lowe and Dean, 1974).

The coenzymes nicotinamide adenine dinucleotide and other nucleotides of adenine,
uridine, guanine and flavine, coenzymes of pyridoxal, folate and its analogues, biotin,
lipoic acid, cobalamines and porphine derivatives are frequently employed as affinants.
The function of immobilized cofactors as bioaffinity ligands depends on the spacer

length and on the position of covalent binding. Fig. 3.6 demonstrates four positions on
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Fig. 3.6. The structures of several immobilized-AMP adsorbents. (a) N‘-(6-aminohexyl)-AMP-agarose. (b)
8-(6-aminohexyl)-AMP-agarose. (¢) Pl-(6-aminohexyl)-Pz-(S‘-adenosine)-pyrophosphatc-agarose. (d)
Ribosyl-linked AMP.
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the adenine nucleotide which were derivatized before their attachment to CNBr-
activated Sepharose 4B by Trayer and Trayer (1974).

When comparing the binding of various dehydrogenases and kinases on NS. (6-amino-
hexyl)-5’-AMP-Sepharose and Pl-(6-aminohexyl)-P2- (5’-adenosine) pyrophosphate-
Sepharose, Harvey et al.(1974), expressed the strength of the interaction between the
enzyme and the immobilized nucleotide by the so-called “binding” (8). This term
represents the concentration of potassium chloride (mM) in the centre of the enzyme
peak when the enzymes are eluted with a linear potassium chloride gradient (Fig. 3.7
and Table 3.1).

Immobilized inosine 5’-monophosphate was used for the large-scale purification of
E. coli IMP dehydrogenase by Clonis and Lowe (1980). The use of a variety of
immobilized nucleotides for binding NAD *-dependent dehydrogenase was reviewed

by Lowe et al. (1980).
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Fig. 3.7. Chromatography of a crude yeast extract on Né-(ﬁ-aminohexyl)-S’-AMP-Sepharose. A sample (100
#1) of a crude yeast extract was applied to a column (50 x S mm) containing 0.5 g of Né-(6-amin0hexyl)-5’-
AMP-Sepharose equilibrated with 10 mM KH2PO4-KOH buffer, pH 7.5. After washing through non-
adsorbed proteins, enzymes were eluted with a linear salt gradient (0.1 M KCl; 20 ml total volume) at a
flow-rate of 8 mLh™. Inert protein (---), glucose 6-phosphate dehydrogenase ( A), glutathione reductase
(), malate dehydrogenase (o) and yeast alcoho!l dehydrogenase (A) were assayed in the effluent. Repro-
duced with permission from D.B. Crawen et al., Eur. J. Biochem., 41 (1974) 329-333.
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Table 3.1.
Comparison of the binding of various enzymes to N6-(6-aminohexyl-5’-AMP-Sepha-

rose

cHoH
W

V=0

q-

OH OH
and Pl-(6-aminohcxyl)-P2-(5’-adenosine)-pyrophosphate-Sepharose.

NH,
o o LA
NH(CHy), ~0-P-0-P-0CH, .,
o o
OH OH
Enzyme Binding (8)*
Code number Name I Il
E.C.1.1.1.27 Lactate dehydrogenase >1000** >1000**
E.C.1.1.149 Glucose G-phosphate dehydrogenase 0 170
E.C.1.1.1.37 Malate dehydrogenase 65 490
E.C11.11 Alcohol dehydrogenase 400 0
E.C.1.2112  p-Glyceraldehyde 3-phosphate 0 >1000**
dehydrogenase

E.C2.723  3-Phosphoglycerate kinase 70 260
E.C2.71.40 Pyruvate kinase 100 110
E.C.2.71.1  Hexokinase 0 0
E.C2.743 Myokinase 0 380
E.C.2.7.1.30 _ Glycerokinase 122 0

*Binding(f) is the KCl concentration (mM) at the centre of the enzyme peak when the enzyme is eluted with
a linear gradient of KCI.
**Elution was effected by a 2001 pulse of S mM NADH.
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3.23 Dyes

A reactive textile dye in solution can function as a competitive inhibitor for the
substrate, coenzyme, or effector of a variety of proteins, often with an affinity greater
than that exhibited by the competitive molecule. This affinity probably results from the
flexibility of the dye which can assume the polarity and geometry of the surface of a
variety of competitive biomolecules. Immobilization of a single reactive dye generates
a bioaffinity column that is useful in the purification of numerous proteins.

The history of dye-ligand chromatography is described in the chapter of the same
name in the book by Scopes (1987a). Pharmacia Fine Chemicals attached a blue dye
known as Cibacron Blue F3GA to a high molecular weight soluble dextran for use as a
visible void volume marker for gel filtration. If they had selected a different dye, it is
possible that the recent rapid expansion in the use of coloured adsorbents would not
yet have happened. Workers were puzzled when yeast pyruvate kinase appeared in the
void volume during gel filtration, indicating a much higher molecular weight than
expected. But when the blue marker was omitted, the enzyme came out after the void
volume.

The immobilization of Blue Dextran by entrapment in polyacrylamide gel, introduced
by Kopperschliger et al. (1971) allowed the separation of phosphofructokinase in one
step. The selectivity of the Cibacron Blue F3GA - enzyme interaction led Bohme et al.
(1972) to the suggestion that the dye operates as an ATP analog. Stellwagen et al. (1975)
expanded this concept by proposing that the dye would bind specifically to the dinucleo-
tide binding fold of the respective protein. Thompson et al. (1975) published a Corey -
Pauling - Koltin structural model of NAD and Cibacron Blue F3GA (Fig. 3.8). From
X-ray studies of the binding of Cibacron Blue F3GA to liver alcohol dehydrogenase
performed by Biellmann et al. (1979) it became evident that the dye binds at the
nucleotide binding site of the enzyme with correspondences of the adenine and ribose
rings, but not with the nicotinamide. However, this definitive work does not apply to all
interactions involving immobilized Cibacron Blue F3GA, since many proteins that bind
to this dye do not posses a nucleotide binding site, .g. albumin and troponin (Hey and

Dean, 1983).



Fig. 3.8. Corey-Pauling-Koltin structural model of NAD and Cibacron Blue F3GA. NAD is shown on the
left in the conformation in which it binds to dehydrogenases. The Blue A model is shown on the right in a
conformation similar to the NAD. Note the close resemblance insize, orientation of x-electrons, and position
of negatively charged sulphonate or phosphate groups. Reproduced with permission from S. T. Thompson
et al., Proc. Nat. Acad. Sci. US.A,, 72 (1975) 669-672.

The chemical structure of Cibacron Blue F3GA and its reaction with hydroxyl group
are presented in Fig. 3.9.
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Fig. 3.9. The structure of Cibacron Blue F3GA and its reaction with hydroxyl groups.
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The effect of increasing the chain length of the presaturating fatty acid on the
interaction of human serum albumin with Cibacron Blue F3GA was studied by Metcalf
etal. (1981), and the effect of albumin on binding and recovery of enzymes which interact
with nucleotides in chromatography on Cibacron Blue-Sepharose was reported by
Ramadoss et al. (1983). More than 250 papers on the molecular basis of the Cibacron
Blue F3GA and related dye - protein interactions and their applications in protein
purification have been reviewed by Kopperschlager et al. (1982).

In spite of the range of reactive dyes available, some proteins of interest are not
retained by immobilized reactive dyes. The presence of a relatively low concentration
of a metallic cation such as Zn2+, C02+, Mn2+, Ni2+, Cu2+, or AI’™ in the chro-
matographic solvent has been found by Hughes et al. (1982) to facilitate the retention
of a number of proteins. Such proteins can be selectively eluted by addition of a chelating
agent to the chromatographic solvent in the absence of metal cations.

The grouping of dyes shown in Table 3.2 is taken from a paper by Scopes (1986) about
strategies for enzyme isolation using dye-ligand and related adsorbents.

The ever-increasing use of dye-based affinity techniques in many fields of biomedical
research and biotechnology is reflected in the 34 contributions from a world-wide
gathering of experts at the First International Conference on “Modern Aspects of
Protein-Dye Interaction: Role in Downstream Processing”, which was held at the
University of Compiegne, France, in July 1988 (Vijayalakshmi and Bertrand, 1989).
Lowe (1989) in his report described many advantages of using dye ligands, particularly
for large-scale applications. Compared to biological ligands, dye ligands are inexpensive
materials available in tonnage quantities world-wide. There is a wide range of chro-
mophors available which are dye-based biologically, chemically, and photochemically
stable adsorbents, potentially sterilizable in sifu, with no degradation of the ligand itself.
Because they are reactive materials, they are very easily immobilized to hydroxyl
polymers, generally by a single-step process. Such adsorbents have a high capacity, a
verybroad binding capability in terms of the complementary proteins, and they are easily
re-usable. Several thousand different types of proteins would interact with an immobi-

lized textile dye. Examples are oxidoreductases, phosphokinases and nearly all coenzy-
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Table 3.2.
Grouping of Dyes

Group 1 Group 2 Group 3 Group 4 Group 5

P Blue MX- R Black GF PBlue H-EG P Black H-EXL P Blue H-ERD

TRX

CBlue2-RA  PBlue MX-R PBlue H-EGN P Blue H-GR CBlue F-R

R Orange 3R PBrown MX- PBlueH-4R P Blue MX-G P Brown H-5R
GRN

PRed MX-2B C Brown 3- P Blue MX-3G P Blue MX- P Green H-4G
GRA 4GD

P Rubine H-BN P NavwwH-4R  CBlue F3-GA D Blue K-BL P Green H-

E4BD

P Turquoise H- P Orange MX- R Blue B P Brown H-3R P Navy H-ER

A G

P Turquoise R Orange FR R BlueR P Beown MX- P Red H-3B

MX-G 5BR

C Turquoise 6- P Red MX-5B CNavyF-2R P Orange H-ER P Red H-8BN

GE

R Violet R P Scarlet MX-G P Red H-E3B P Orange MX- P Red H-E7B

2R

R Yellow GNL P Scarlet MX- P Rubine MX-B P Red MX-7B P Scarlet H-
3G E3G

P Yellow H-A CTurquoise P Scarlet H2G P Red MX-8B P Yellow H-
GFP E3G

P Yellow MX- CYellowR-A P YellowH- CRed3-BA P Yellow H-

6G E6R E6G

P Yellow MX- P Yellow MX- P Yellow H-5G P Violet H-3R P Yellow H-

8G 3G E4R
P Yellow MX- P Yellow MX-R P Yellow H- P Yellow MX-
4R E6R GR

C Yellow 3-GP

Group 1 dyes bind the least protein from crude extracts of tissues, and group 5 dyes the most. Actual groups
may vary 1 with different types of extract. P, I.C.I. Procion; C, Ciba-Geigy Cibacron; R, Hoechst Remazol;
D, Sandoz Drimarene. Not all of these dyes are still commercially available.

me dependent enzymes, hydrolases, various transferases, a number of proteins which
interact with mono- and polynucleotides, synthetases, hydroxylases, nearly all of the
glycolytic enzymes, phosphatases, a whole variety of blood proteins and other non-enzy-

me proteins. A number of studies using classic enzyme kinetics, circular dichroism,
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Fig. 3.10. Chromatography of a crude yeast extract on Cibacron Blue F3GA-silica with on-line monitoring
of hexokinase (HK) and 3-phosphogtycerate kinase (PGK) activity. Sample applied at first arrow: crude yeast
extract (2 u1); column irrigant, 0.1 M Tris-HCl buffer (pH 7.3) containing 0.5 mM EDTA, 5 mM MgCl2 and
0.5 mM 2-mercaptoethanol; flow rates, 1 ml/min, both pumps; post-column reactor temperature, 40+0.1°C;
eluents (400 ul), as indicated by the arrows. Reproduced with permission from C. R. Lowe et al., J.
Chromatogr. 215 (1981) 303-315.
affinity labelling, X-ray diffraction, and other techniques have been utilized to
demonstrate the specificity of dye binding to the active sites of proteins. A computer-
aided study of the interaction between proteins and dye chromogens was presented by
Stead (1989).

High performance liquid bioaffinity chromatography (HPLBAC) combines the inhe-
rent speed and resolving power of HPLC with the biological specificity of bioaffinity

chromatography. Lowe et al. (1981) demonstrated the ability of Cibacron Blue F3GA
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bound to silica in the selective and rapid resolution of complex mixtures of comple-
mentary proteins. The chromatography of a crude yeast extract on Cibacron Blue
F3GA-silica with on-line monitoring of protein (280 nm), and of hexokinase (HK) and
3-phosphoglycerate kinase (PGK) activity (340 nm) shown in Fig. 3.10 may serve as an
example. The experimental set-up for on-line monitoring of the elution profiles from
the HPLBAC adsorbent is shown in Fig. 3.11.

Enzymes eluted from the HPLBAC column were detected with an on-line detector
system comprising a reagent pump, post-column reactor equilibrated to 40 + 0.1°C in
a water bath, and a UV-visible monitor. The post-column detection of HK and PGK

was accomplished with a “universal” assay medium comprising the reactions:

D-glucose + ATPﬁ D-glukose-6-phosphate + ADP

D-glucose-6-phosphate + NADP* G6PDH 6-phosphogluconate + NADPH + H*

1ml/min
- l - Pl Fa}- e Assay mix
Reogent
) Post- pump
——Py} 1mi/min column
1 reactor
5y Injection
Y wvolve
Cibacron blue ' 1
F-3GA
Silica
Column UV detector
(20-22°C) —~ 1 290nm [~
T
| Detector To
: — 1340nm [ — waste
! |
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1 )
ijechanmnel . _ __ _ _ __.
recorder

Fig. 3.11. The experimental set-up for on-line monitoring of elution profiles from HPLBAC adsorbents.
Reproduced with permission from C. R. Lowe et al., J. Chromatogr. 215 (1981) 303-316.
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for hexokinase activity and the reactions:

3-phosphoglycerate + ATP PGK glycerate-1,3,-bisphosphate + ADP

+ G3PDH

glycerate-1,3-bisphosphate + NADH + H glyceraldehyde-3-phosphate

+ NAD* + phosphate

As other examples we may mention the purification of anti-DNA antibodies from
systemic lupus erythematosus serum (Pollard and Webb, 1982) or large-scale puri-
fication of staphylococcal enterotoxins (Brehm et al., 1990), both by dye - ligand
chromatography. Hondmann and Visser (1990) described a method by means of which
96 different dye - adsorbents can be tested simultaneously for their ability to bind
enzymes and to test their biospecific elution. Much useful information about chro-
matography on immobilized reactive dyes has been published by Stellwagen (1990),
including representative purification procedures, regeneration and storage of immobi-
lized dyes, preparation of immobilized reactive dye columns and newer technologies
(Cibacron F with fluorine etc.)

In summary, many proteins have been purified to homogeneity in a single step using
immobilized dye chromatography. Most aspects of immobilized reactive dye-protein
interactions have been reviewed by Kopperschliger et al.,, (1982), Dean and Quadri
(1983), Lowe and Pearson (1984), Scopes (1986, 1987 b). Immobilized dyes can function
as an inexpensive stable reagent capable of impressive selectivity and capacity in the

purification of a large number of quite different proteins (Stellwagen, 1990).

3.2.4 Substrates

Enzyme purification might be carried out by bioaffinity chromatography using real
substrates as affinity ligands if the conversion to the corresponding products could
readily be stopped or if it had only a small influence on the bioaffinity of the sorbents
used. Gallop et al. (1957) used insoluble collagen for the bioaffinity chromatography of

bacterial collagenase. Thermally modified casein was used for bioaffinity chro-
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matography by Safatik (1983). The purification of intracellular galactose oxidase from
Dactylium dendroides by bioaffinity chromatography on Sepharose (a polymer of D-
galactose and 3,6-anhydro L-galactose) was described by Mendonca and Zancan
(1987). The active enzyme was only obtained when D-fucose was used as eluent. When
galactose was used the enzyme lost its activity, probably due to hydrogen peroxide
formation.

The biospecific sorption of cyclodextrin glucosyltransferase from Bacillus macerans
on physically modified starch was described by Gottvaldova et al. (1988). The starch
was heated in order to complete gelling, then the gel was cooled to room temperature
and frozen to -20°C (12 h). The gel was subsequently thawed at room temperature and
then frozen again (24 h). When thawed again, the gel was mixed in a laboratory mixer
and freed from the excessively fine portion by decantation (Hanug et al., 1975). The
dependence of the sorption of glucosyltransferase on temperature was determined in
the temperature range 5-40°C. The effect of temperature was very small in the range
5-15°C. At temperatures above 15°C the sorption efficiency decreased rapidly and at
25°C only 50% of the enzymatic activity was adsorbed. The capacity of modified starch
for the sorption of cyclodextrin glucosyltransferase and the time course of this sorption
were determined at 10°C. The sorption capacity also depended on the initial concentra-
tion of the enzyme in the cultivation broth. Column sorption was generally more effective
than batch sorption.

The turnover of an enzyme-substrate system can be slowed down by using subzero
temperatures in fluid media. Balny et al. (1979) described a chromatographic separation
which was performed at a subzero temperature, where the turnover of the enzyme was
very low or stopped. As a model system Sepharose-bound L-trialanine p-nitroanilide
was used for the affinity binding of porcine pancreatic elastase, which was adsorbed to
the column in a hypersaline medium at -14°C and eluted from the column at the same
temperature using 50 % (v/v) ethylene glycol. The affinity adsorbent proved to be very
specific since it did not retain trypsin, chymotrypsin and ovalbumin and retained only
20% of cytochrome c. The elution pattern of elastase from Sepharose-L-trialanine -

p-nitroanilide is shown in Fig. 3.12.
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This was the first report describing the use of a true substrate for the isolation of an
enzyme by subzero temperature bioaffinity chromatography under conditions of very
low enzyme turnover. Owing to the specificity of the adsorbent for elastase, this method
can be probably used for the single-step isolation of this protease from crude extracts
of pancreatic powder, leukocyte granular extracts or homogenates of macrophages. The
last two extracts are worth mentioning because the method is particularly suitable for

the purification of micro-amounts of elastase.

3.2.5 Other bioaffinity ligands
An example of the use of an allosteric effector for the preparation of a specific

adsorbent is the use of the p-aminophenyl ester of dATP bound to Sepharose for the
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Fig. 3.12. Elution pattern of elastase (0.2 mg applied) from the bioaffinity column (2 x 1 cm). First step, 0.1
M Tris buffer containing 4 M NaCl, pH = 9.2, temperature -14°C; second step, 0.1 M Tris buffer containing
50 % (v/v) ethylene glycol, pa = 9.2, temperature -14°C; third buffer, same as the second but temperature
= 0°C, paH = 8.6; fourth buffer, same as the second but temperature = 20°C, pay = 8.0, (---), Absorbance
at 280nm; (- - -), activity in A A . sec’! measured at 410 nm (20°C) using succinyl-L-trialanine p-nitroanilide
as substrate; (-.-.-), molarity of the fractions. Reproduced with permission from C. Balny et al. (1979), J.
Chromatogr. 168 (1979) 133-138.
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isolation of T4 ribonucleotide reductase (Berlund and Eckstein, 1974). For the isolation
of ADP glucosopyrophosphorylase from Escherichia coli Haugen et al. (1974) used
bioaffinity chromatography on Sepharose with attached Pl-(6-phospho-1-hexyl)-Pz-(6-
amino- 1-hexyl)pyrophosphate, which resembles the allosteric activator. Van Etten and
Waheed (1980) used subunit bioaffinity chromatography for the isolation of aryl sulpha-
tase; Chiancone and Gattoni (1986) used it as a tool for the purification of oligomeric
and self-associating protein systems. Bacitracin is a family of branched antibiotic
cyclopeptides exhibiting high affinity for proteases. Bacitracin-cellulose prepared with
2,4,6-trichlorotriazine was an efficient bioaffinity adsorbent for the preparation of highly
active alkaline proteinase from the culture medium of Bacillus subtilis (Turkovi et al.,
1987). Its flow properties, stability, and the possibility of repeated use make it a
promising adsorbent for large-scale operations. Bacitracin coupled to epoxy silica
Sorbsil C200 allowed a direct, one-step purification of homogeneous neutral proteinase
from the culture supernatant of Bacillus subtilis containing the gene for neutral protei-
nase (Van Den Burg et al., 1989). High flow rates can be used, under conditions in which
self-digestion is prevented. The bioaffinity sorbent has to be stable for repetitive use
over long periods, without significant loss of capacity.

Benzeneboronic acid, a transition-state analogue for serine proteinases, binds to the
catalytic center of subtilisin BPN’ (Nakatani et al., 1978). Akparov and Stepanov (1978)
attached p-(w-amino-ethyl)phenylboronic acid to CH-Sepharose in the presence of
water-soluble carbodiimide. This sorbent was shown to be suitable for the purification
of subtilisin, a-chymotrypsin and trypsin.

Polyacrylamide-boronate beads saturated with biomolecules were characterized by
Maestas et al. (1980), as new general supports for the bioaffinity chromatography of
enzymes. They coupled aminoethyl polyacrylamide beads to m-aminobenzeneboronic
acid to obtain a product containing 1.3 mmoles of boronic acid per gram (dry weight)
of gel. At pH 8.45 a number of enzyme substrates and cofactors including NAD *, citric
acid, pyridoxal, and epinephrine, were shown to bind to P-150-boronate beads packed
in chromatography columns. At saturation, the P-150-boronate beads bound 2.5 to 80

umoles of substrate or cofactor per 1 ml of wet packed gel. A P-150-boronate column
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satured with uridine 5’-triphosphate was used to achieve a 1000-fold purification of the
enzyme uridine 5’-diphosphate glucose pyrophosphorylase from the slime mold, Physa-
rum polycephalum. Bouriotis et al. (1981) compared several different aminophe-
nylboronic acid (APBA)-agarose matrices. Nucleotides are able to bind to these
matrices in the presence of either NaCl or MgCl,. NAD* and FAD are more tightly
bound to these columns as compared to other nucleotides. The properties of NAD *
and NADP™* complexes with immobilized phenylboronic acids have been compared
using pure 6-phosphogluconate and alcohol dehydrogenases. The NADP * -dependent
enzyme bound to the NADP * complex. Conversely the NAD * -dependent enzyme was
only retarded by the NAD *-immobilized APBA complex. Purification factors of
14-fold were achieved for yeast glucose-6-phosphate dehydrogenase by choosing the
appropriate concentration of presaturating NADP™*. The enzyme was selectively
retarded and did not require specific elution. Bergold and Scouten (1983) reviewed the
application of boronate affinity chromatography to the isolation and determination of
biological substances in addition to other enzymes, peptides and glycoproteins.

The use of immobilized antibodies for the isolation of enzymes or their effectors is
discussed in Section 3.3. The interaction of immobilized lectins with enzymes or their
inhibitors containing carbohydrate moieties is the subject of Section 3.4. The description
of possible advantages of the formation of a biospecific complex between avidin and
biotin or other labelled compounds for the isolation or the determination of modified
enzymes is given in Section 3.8.

For the isolation of proteins and peptides containing free SH groups it is advantageous
to make use of the high affinity of mercapto compounds for heavy metal ions, mainly
mercury. As an example one may mention the isolation of SH-protease from a crude
extract of beans carried out on a column of hydroxyalkyl methacrylate gel containing a
mercury derivative of methacrylanilide (Turkovi et al., 1975). SH-protease having an
optimal proteolytic activity at pH 8 could be isolated in this way by a single chro-
matographic run from a mixture of proteolytic enzymes. For the isolation of papain,
bromelain, chymopapain, ficin, propapain, creatine phosphokinase and phosphofructo-

kinase, Brocklehurst et al. (1974) employed a polymer with 2,2’-dipyridyl disulphide.
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The isolation of protein (ESH) containing a thiol group takes place according to the

following scheme:

u (2—Py-s—s—2:=y) S_SQ ¥ s@

(Py—2-SH)

. g.
N
(0) sss— N 4 EsH — + Bus-s-£ + s=<__\>
= _
(c) %‘

excess of RSH
S$-S-f —m8™——» SH + ESH + R-S-S-R

*thiocontaining protein

A covalent bond is formed between the isolated protein and the solid support, which
is then split with an excess of low molecular weight thiol (RSH) after the unretained
material has been washed out. In view of the formation of the covalent bond, this type
of chromatography is called “covalent chromatography”.

For purification of enzymes belonging to phosphoproteins and calcium-binding
proteins the immobilized metal ion affinity (IMA) gels may be converted to biospecific
adsorbents (Porath, 1988). Affinity ligands for the isolation of many enzymes are given
in Table 9.1,2, and 3.

3.2.6 Use of immobilized enzymes
Bound enzymes are most commonly used as affinants for the isolation of inhibitors
and cofactors. Fig. 3.13 shows the isolation of chymotryptic inhibitor from the crude

extract of potatoes on Spheron with attached chymotrypsin (Fig, 3.13 B) in comparison
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Fig. 3.13. Chromatography of a crude extract of potatoes on (A) Spheron 300 and (B) Spheron 300
chymotrypsin columns (20 x 18 mm). A 3-g amount of crude extract of potatoes was applied to the column
and 10-ml fractions were collected at 1-h intervals. ---, Absorbance at 280 nm; - - -, inhibitor activity; ....., pH
value. Vertical arrow, elution buffer changes from pH 8.0 (0.2 M Tris-HCl buffer) to pH 2.0 (0.2 M KCI-HCI).
Data from J. Turkov4 et al., Biochim. Biophys. Acta, 322 (1973) 1-9.

with analogous chromatography on unmodified Spheron (Fig. 3.13 A). The latter
chromatography was carried out in order to check whether, under the given expe-
rimental conditions, elution of the material non-specifically sorbed to a solid support
takes place or not(Turkov4 et al., 1973).

Thelohan et al. (1989) demonstrated, that trypsin which has been immobilized on a
silica support can be used as an HPLC chromatographic stationary phase for the
stereochemical resolution of O- and N,O-derivatized amino acids. These chiral sepa-
rations are possible due to the enzymatic activity of the support. This support offers a
number of other possible applications based on the activity of the enzyme. These include

the production of enantiomerically pure amino derivatives, as well as peptide mapping.

Kito et al. (1990) developed a selective and sensitive assay of inosine, guanosine,



56

hypoxanthine, guanine and xanthine by high-performance liquid chromatography with
immobilized enzyme reactors. Enzymes that catalysed the conversion of purine
compounds were co-immobilized on aminopropyl controlled-pore glass packed in

stainless steel tubing. The detection limits were 30-200 pg per injection.

3.3 ANTIBODIES AND ANTIGENS

A refinement of the technique has been the development of immunoaffinity chro-
matography, which adds the selectivity and specificity of immunological reactions to the
separation process. Antigens or antibodies are increasingly used as tools to separate,
determine or isolate complementary immunosubstances.

Antibodies induced by a certain antigen or haptens (chemically modified groups
which are used as immunoagents after their attachment on proteins or synthetic
polypeptides, for example) are characterized by a considerable degree of heterogeneity.
When simple chemically defined haptens are used, the reasons for this heterogeneity
may be the following (Lowe and Dean, 1974):

(1) The haptens may be attached to various parts of the carrier molecule, and
consequently they are surrounded by a different micro-environment. This can be partly
circumvented by using carrier proteins containing a single amino acid capable of a
binding reaction, or by employing a synthetic polypeptide containing a single type of
amino acid.

(2) The hapten can be oriented in various ways with respect to the surface of the
antigen molecule.

(3) The antibodies may be directed against various parts of the hapten molecule. With
antibodies against proteins the situation is much more complex because the protein
contains various antigenic groups that are far less well-defined than in the case of simple
haptens. Furthermore, serum contains several classes of proteins with antibody activity,
such as IgG, IgM and IgA immunoglobulins.

The heterogeneity of the antibody binding sites results in a spectrum of dissociation

constants for the antigen-antibody combinations (107 - 101! M; Bayer and Wilchek,
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1990). By binding of antigen to a solid support, a specific immunoadsorbent is formed,
which should possess the following properties:

(1) It should to be able to adsorb the complementary antibody from a mixture of
components.

(2) The liberation of the adsorbed antibody from the specific adsorbent should be
quantitative and should be carried out under conditions which are harmless for the
specific antibody activity.

(3) It should possess a high capacity for the adsorption of the specific antibody.

(4) It should retain its biological activity after repeated use and storage.

(5) 1t should possess adequate mechanical properties, permitting centrifugation,
filtration and use in a column.

The fulfilment of these requirements is not dependent on the quality and the amount
of the bound antigen only, but also on the nature of the solid support and the nature of
the bond.

Immobilized antibodies are used, by contrast, for the isolation of antigens. Antigens
may belong to the most varied types of substances and therefore Tables 9. 1-3 present
antibodies as affinants for the isolation of many different compounds.

Both polyclonal and monoclonal antibodies are currently prepared. The term
“polyclonal antibody” is defined as the total population of antibodies present in an
animal serum. Each antibody represents the secretory product from a single stimulated
lymphocyte and its clonal progeny. A complex antigen such as a protein, glycolipid, etc.,
may contain many distinct antigenic determinants or epitopes, each of which is speci-
fically recognized by antibodies from a single lymphocyte clone. These epitopes may be
composed of amino acid sequences, conformational determinants, or molecular
structures derived from post-translational modification (e.g. glycosylation, phospho-
rylation, or acetylation). The preparation of polyclonal antibodies, including the
advantages and disadvantages of these antibodies, was described by Dunbar and
Schwoebel (1990). The preparation of monoclonal antibodies, with the characterization
of their advantages and disadvantages (e.g. procedure is expensive and time consu-

ming), was described by Dunbar and Skinner (1990). The report by Kohler and Milstein
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(1975) that a cell hybrid made by fusing normal spleen cells with malignantly
transformed antibody-secreting cells (plasmacytoma or myeloma cell line) can provide
a continuous source of antibody of predefined specificity has led to an explosion in the
use of “monoclonal antibodies”. Since a monoclonal antibody recognizes only one
epitope on an antigen, the binding of an antigen to such a column should, in principle,
be weaker than to one made with polyclonal antibodies, and the antigen should readily
be eluted in the active form. Ackermans et al. (1985) presented a great advantage of
monoclonal antibody immunoaffinity chromatography by a simple procedure for the
purification of a saliva - interacting cell-wall protein from extracts of Streptococcus
mutans, in which this receptor represents only a very small percentage of the total
protein, The use of both monoclonal and polyclonal antibodies for oriented immobi-
lization of enzymes is given in Chapter 10.

The principle of the antigen-antibody immunoglobulin G interaction is illustrated in
Fig.3.14. The dimeric antibodyis divided into so-called Fc fragments or constant regions

and the antigen binding F(ab) fragments termed “variable regions”. The antigen or

————— ! / /

A
'--"/?4 Fc fragment
p (constant region)
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Antigen binding
fragment
{(variable region)

Antigen binding area

Fig. 3.14. Antigen-antibody interaction. Reproduced with permission from P. Mohr and K. Pommering.
“Affinity Chromatography, Practical and Theoretical Aspects”, Marcel Dekker, Inc., New York and Basel
1985, p. 132.
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hapten conjugate binding areas are arranged on the top of the variable regions as has
been shown by means of X-ray diffraction studies (Davies et al., 1975). It is an essential
feature that these areas vary from antibody to antibody in their amino acid topography,
and consequently only the complementary antigens can form real immunocomplexes.

The intermolecular forces that attract antibody and antigen to each other result in an
attractive force that is capable of holding the complex together. These forces are van
der Waals, Coulombic, hydrophobic and hydrogen bonding, all of which are relatively
weak forces when acting by themselves. When two interacting molecules come into
extremely close contact, the sum of their actions results in a relatively strong binding
force. A diagrammatic presentation of these four forces is given in Fig. 3.15.

Protein A, which is a coat protein extracted from the bacterium Staphylococcus
aureus, has the unique capacity to bind mammalian immunoglobulins, especially IgG.
Table 3.3 published by Phillips (1989) describes the binding of different antibodies to
Protein A. Protein A interacts with immunoglobulins via 2 non-immune mechanisms,
the classical Fc-mediated binding and alternative F(ab)-mediated binding. Nilsson et
al. (1983) showed that the mode of covalent linkage of Protein A to a solid matrix may
influence the availability and nature of the binding sites expressing these two reactivities.
Protein A-Sepharose CL4B showed higher reactivity with rat IgG1 and IgG2 than
Staphylococci, whereas Protein A - Sepharose 6MB showed a lower uptake of these
subclasses.

More than 20 papers about the isolation of IgG classes and subclasses using chro-
matography on Protein A - Sepharose were reviewed by Langone (1982). Bloom et al.
(1989) characterized Protein A chromatography as an excellent technique for the
purification of monoclonal antibodies to homogeneity due to its simplicity and high
degree of antibody specificity. However, if the purified antibodies are manufactured for
therapeutic use, a major safety concern is the possible presence of solubilized Protein
A. Bloom et al. (1989) described the detection and reduction of Protein A conta-
mination.

The cross-linkage of a specific complex for oriented immobilization was used first in

1978 when Sepharose with covalently attached Protein A was employed for oriented
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Fig. 3.15. The types of bonds involved in the formation of antibody/antigen complexes. a: Van der Waals
forces. The attractive force is generated by the oscillating dipoles, which hold the two molecules together by
charge attraction. b: The second strongest force is the Coulombic one, which generates attractive forces
between ionized amino and one carboxyl groups of amino acid side chains. ¢c: Hydrophobic bonding arises
from the expulsion of water from between the two molecules, which brings hydrophobic groups into close
proximity. d: Hydrogen bonding is the weakest of the attractive forces and is formed when two hydrophilic
groups come into close contact. Reproduced with permission from T. M. Phillips, “The Use of HPLC in
Receptor Biochemistry”, Alan R. Liss, Inc., 1989, pp. 129-154.

immobilization of immunoglobulin G (cf. Fig. 3.16). Werner and Machleidt (1978) used
N-ethyl-N’-(3-dimethylaminopropyl)-carbodiimide hydrochloride for the binding of
IgG to immobilized Protein A. Gersten and Marchalonis (1978) employed dimethylsu-
beramide as a cross-linker for covalent binding of the same proteins. The binding of the
IgG molecules through their Fc part was thus effected. This mode of binding makes the
binding site of the antibody well accessible for interaction with the antigen. The affinity

constant of the complex was high but the multiple use of immunoadsorbents under the
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Table 3.3.
Binding of Different Antibodies to Protein A

. Binding to . Binding to
Species Subclasess Protein A Species Subclasess Protein A
Human  IgGl Strong Rat IgG Nonbinding

binding
IgG2 Strong IgM Nonbinding
binding
IgG3 Weak or Rabbit IgG Strong
nonbinding binding
IgG4 Strong IgM Nonbinding
binding
IgA Nonbinding  Sheep IgG1 Nonbinding
IgM Nonbinding IgG2 Strong
binding
Mouse 1gG1 Weak or IgM Nonbinding
nonbinding
IgG2a Strong Goat IgG1 Weak or
binding nonbinding
IgG2b Strong IgG2 Weak or
binding nonbinding
IgG3 Strong Igm Nonbinding
binding
IsM Nonbinding

conditions necessary for the elution of most antigens requires the cross-linkage of IgG
with Protein A by a covalent bond.

When McLennan and Raney (1983) used dimethyl suberimidate as a crosslinker for
anti-NG-(Az-isopentenyl) adenosine to Protein A-agarose, less than 30% of the protein
was immobilized. A very effective crosslinking agent was iminothiolane, and immobi-
lized antibody attached to agarose through Protein A had a much higher tRNA binding
capacity than antibody attached directly to Sepharose. Crosslinking of the Protein A -
antibody complex with glutaraldehyde, as used by Gyka et al. (1983), stabilized the
antibody attachment.

The diagrammatic representation of the preparation of F(ab) and Fc fragments of
IgG is shown in Fig. 3.17.
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Fig. 3.16. Schematic drawing of oriented immobilization of immunoglobulin G by use of covalent crosslinking
to staphylococcal Protein A attached to Sepharose. Covalent bonds are shown as full lines.

Two methods for synthesizing high-capacity immunoaffinity sorbents on Sepharose
and Separon HEMA E-1000 were described by Prisyazhnoy et al. (1988). The first one
was the oriented immobilization of monovalent immunoglobulin Fab fragments prepa-
red by pepsin digestion via the formation of a covalent bond between the SH group of
the Fab fragment at the C-terminus of the molecule and the maleimide covalently

coupled to Sepharose. The second method was based on the oxidation of the immu-

Flab'y
{(102.000 Daltons) {s0. 000 Doltons eqa)
IMMOBILIZED IMMOBILIZED
PEPSIN PAPAIN
pFc' Fc
(38.000 {50.000
Daltons) Daltons)

Fig. 3.17. Diagrammatic representations of the preparation of F(ab) and Fc fragments of 1gG.
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noglobulin carbohydrate component, located in the Fc fragment, by periodate with
subsequent immobilization of the derivatives on hydrazide derivatives of Sepharose or
Separon. Sorbents were obtained for the isolation of monoclonal antibodies from the
culture supernatants and the elongation factor EF-G from a crude extract of Escherichia
coli cells. These sorbents were characterized by a high capacity, minimal non-specific
sorption and high stability. Site - specific inmobilization of antibodies by their oligo-
saccharide moieties to new hydrazide derivatized solid supports was also described by
O’Shannesy and Hoffman (1987) and Hoffman and O’Shannesy (1988).

In order to determine whether immobilization chemistry can be used to orient
antibody on a support so that the bivalent binding potential can be fully utilized, Domen
et al. (1990) developed three activated matrices that couple to different functional
groups on the molecule. When AminoLink Gel was used to couple antibody randomly
through primary amino groups, the molar ratio of immobilized antibody to recovered
antigen averaged 1:1. Iodoacetyl groups on SulfoLink Gel couple through sulphydryls
inthe hinge region of the antibody molecule (after its cleavage with pepsin and treatment
with 2-mercaptoethylamine) in theory leaving the antigen binding site still available. In
comparison with the results of Prisyazhnoy et al. (1988) the antibody-to-antigen molar
ratio was only slightly improved. But when antibody was attached by use of aldehyde
groups generated by oxidation of its carbohydrate moieties to CarboLink Gel containing
hydrazide groups, the molar ratio of immobilized antibody to purified antigen reached
the optimum of 1:2. Parekh et al. (1985) published the refined structure at 2.8 A of the
rabbit Fc fragment of IgG based on crystal data. The illustration of the Fc fragment in
their paper contained the two carbohydrate chains, each attached in conserved glyco-
sylation sites at Asn 297. Part of their figure described the conformation and sequence
of carbohydrate chains with N-acetylneuraminic acid and galactose as terminal sugars.
Solomon et al. (1990) used concomitant treatment of the monoclonal antibodies against
carboxypeptidase A or horseradish peroxidase with neuraminidase and galactose oxida-
se which generated aldehyde groups in the oligosaccharide moieties of immu-
noglobulins. Subsequent immobilization of neuraminidase and galactose oxidase on

Eupergit C-adipic dihydrazide proved to be an efficient and selective system for the



64

enzymic oxidation of the monoclonal antibodies without any impairment of their
immunological activity. Oriented immobilization of enzymically oxidized monoclonal
antibodies on hydrazide or amino Eupergit C derivatives led to the formation of
antibody matrix conjugates which possessed high antigen-binding activities. Oriented
immobilization by the use of carbohydrate moieties is described in more details in
Chapters 4 and 6.

Fig 3.18 shows the urokinase enzymatic activity of unbound and eluted fractions from
bioaffinity colums prepared by Hérion and Bollen (1983) by the attachment of five
different monoclonal antibodies against urokinase to activated agarose Affi-Gel 10.

All the active material present in the lyophilized crude preparation of urokinase
derived from foamed urine was adsorbed to the column of immobilized AAU2 monoclo-

nal antibody and was recovered at more than 100% after acid elution.
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Fig. 3.18. Urokinase enzymatic activity of the unbound and eluted fractions from affinity columns prepared
with five different monoclonal antibodies. The assays were performed with the chromogenic substrate $2444
(Kabi) and activities are expressed in A4os enzymatic units.

a, unbound fraction; b, wash with 0.5 M NaCl, 0.1% Tween 80; c, elution with acetate buffer pH 4; d, elution
with acetate buffer pH 3; e, elution with acetate buffer pH 2.5; f, elution with 1 M KSCN; g, elution with 2
M KSCN; h, elution with 3 M KSCN. i, antibody AAU?2; ii, antibodies AAUS and AAU12; iii, antibodies
AAU17 and AAUI18. Reproduced with permission from P. Hérion and A. Bollen, Bioscience Reports, 3
(1983) 373-379.
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Recently, high performance immunoaffinity chromatography (HPIAC) has been
applied much more widely (Phillips 1989). Protein A-coated glass beads were developed
as a universal support medium for HPIAC by Phillips et al. (1985). The preparation and
mechanism of IgG antibody binding is demonstrated in Fig. 3.19. Protein A has the
ability to bind to the Fc, or tail portion of IgG antibodies. Protein A is composed of five
subunits, each with its own Fc receptor, but three of these receptors become inactive
when the molecule is immobilized. If Protein A is applied as a coating to either solid or
controlled pore glass beads, its Fc receptors become points of attachment on which the
antibody can be immobilized. The bound antibodies are then covalently immobilized on
the Protein A coat by crosslinking them with carbodiimide. In turn this attachment helps
to orient the antigen receptors of the antibody toward the mobile phase of the column.
In addition, the linear nature of the Protein A molecule becomes a spacer arm for the

immobilized antibodies, thus preventing charges, which can rise from the bead surface,
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Fig. 3.19. Diagrammatic representation of the process for binding rabbit antibodies to Protein A-coated glass
beads. (A) Illustration of the chemistry used to couple Protein A to the carbonyl diimidazole-derivatized
glass beads. (B) Mechanism of IgG antibody binding to the Fc receptors on the Protein A-coated glass beads.
Reproduced with permission from T. M. Phillips et al., J. Chromatogr., 327 (1985) 213-219.
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inhibiting the formation of the antibody/antigen complex. However, disadvantages are
that only certain classes of immunoglobulin are able to bind to Protein A. This problem
was overcome by the development of avidin or streptavidin coated glass beads
(Babashak and Phillips, 1988) and the use of an avidin-biotin system after biotinylation
of carbohydrate moieties of antibodies with biotin hydrazine. Avidin-biotin system will
be more discussed in Section 3.8.

Antibodies against carbohydrates were used by Dakour et al. (1986). They coupled
anti-blood group A monoclonal antibody to beads of Sepharose or Concanavalin A -
Sepharose for the separation and partial sequence analysis of blood group A-active

oligosaccharides.

3.4 LECTINS, GLYCOPROTEINS AND SACCHARIDES

3.4.1 Importance of carbohydrate analysis

Many of the products prepared by biotechnological approaches, including recombi-
nant genetic engineering, cell tissue culture, and monoclonal technologies, are glycopro-
teins. Recent large scale testing of glycoprotein-based pharmaceuticals has indicated
that both the extent and type of glycosylation can play a central role in glycoprotein
activity (Lee et al., 1990). The biosynthesis of glycoproteins occurs within the internal
membrane systems of cells, the endoplasmic reticulum, and the Golgi apparatus.
Glycoprotein oligosaccharide units are assembled and modified as the molecules move
through succesive subcellular compartments en route to destinations outside the cell,
as membrane components of the cell surface, or as components of membranes or
contents of cellular organelles. The biological roles of carbohydrate units include
facilitation of the secretion of certain proteins or their mobilization to the cell surface,
induction and maintenance of the protein conformation in a biologically-active form,
clearance of glycoproteins from plasma, their importance as antigenic determinants in
differentiation and development, direction of the immune response and action as
immune decoys and protection of peptide chains against proteolytic attack (Lee et al.,
1990). Glycosylation also appears to affect the half-lives of certain proteins (Gerard,
1990). Multiple forms of carboxypeptidase Y isolated from various kinds of yeast



67

(Turkova et al., 1988) which differed considerably in molecular weight (49 000 - 65 000)
had identical amino acid composition of their acid hydrolysates. The differences in the
carboxypeptidases Y isolated are due to differences in the content and the composition
of their carbohydrate moieties. The stabilization of the structure and of the activity of
carboxypeptidase Y by oligosaccharide chains has been determined by Chu and Maley
(1982).

Enriched localization of glycoproteins and glycolipids in the surface membranes of
cells has been demonstrated e.g. by reactions of cell surfaces with plant agglutinin or
with anti-glycolipid antibodies. A significant role of complex carbohydrates on cell
surfaces in controlling cell division and intercellular association has been predicted by
Gahmberg and Hakamori (1973).

Glycoproteins are proteins to which carbohydrate moieties are covalently linked
through glycosidic bonds. The linkages between the oligosaccharide and the protein are
either N-glycosidic (carbohydrate linked to the amido nitrogen of asparagine) or
O-glycosidic (carbohydrate linked to the hydroxyl oxygen of L-serine, L-threonine, and
occasionally 5-hydroxy-L-lysine or 4-hydroxy-L-proline). Three major types of aspa-
ragine-linked oligosaccharides have been determined as high-mannose type or simple
type, complex type, and hybrid type (Lee et al, 1990). Lectins are most important
bioaffinity ligands for the specific and reversible interactions with carbohydrate groups
or sequences. The dissociation constants of lectins with carbohydrate complexes lie in

range 103-10°M (Bayer and Wilchek, 1990).

3.42 Lectins, isolation and application

Lectins are proteins or glycoproteins from plants, invertebrates, and bacteria. They
form complexes with sugar residues of glucosides, oligo- and polysaccharides,
glycoproteins, glycolipids, membrane proteins, enzyme-antibody and glycoprotein
conjugates, as well as viruses, cell fragments and cells. Hydrogen bonding and
electrostatic interactions are fundamentally involved in complex formation. Furthermo-
re, the metal ions Ca>* and Mn?" are essential constituents of the sugar binding sites

and are also essential for the tertiary structure.



68

Most known lectins are multimeric, consisting of noncovalently associated subunits,
which are either identical (e.g. Concanavalin A) or different (e.g. Ulex europeus agglu-
tinin). This multimeric structure is the reason for their ability to agglutinate cells or form
precipitates with glycoconjugates (Mohr and Pommerening, 1985).

Bioaffinity chromatography for the purification of lectins was reviewed by Lis and
Sharon (1981). They described three major types of biospecific adsorbents for the
purification of lectins: (1) polysaccharides, either native or modified; (2) matrix- bound
glycoproteins and glycopeptides; (3) matrix-bound monosaccharides and disaccha-
rides. Fig. 3.20 shows four types of monosaccharide derivatives used for the synthesis
of Sepharose-carbohydrate conjugates.

Fig. 3.21 presents the biospecific affinity chromatography of phytoagglutinins from
the crude extract of sun hemp (Crotolaria juncea) seeds on ECD-Sepharose 3 h treated
with 0.2 M hydrochloric acid at 50°C (Ersson et al., 1973). Galactan chains were
hydrolysed without complete degradation of the gel matrix. This method increased the
number of end galactosyl groups necessary for specific adsorption of hemagglutinins.
The importance of this hydrolysis is most evident from a comparison with the chro-
matography of the same extract, under analogous conditions, on ECD-Sepharose which

was not treated with acid (Fig. 3.21 A).
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Fig. 3.20. Monosaccharide derivatives used for the synthesis of Sepharose-carbohydrate conjugates.
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The isolation of wheat germ agglutinin (Lis et al., 1974) on Sepharose with covalently
attached 2-acetamido-N-(e-aminocaproyl)-2-deoxy-3-D-glucopyranosylamine is an
example of the use of a specific adsorbent prepared by covalent attachment of a
monosaccharide on an insoluble carrier. Hofeji and Kocourek (1974) prepared a series
of specific sorbents for the isolation of phytohemagglutinins from various sources by
copolymerization of alkenyl-O-glycosides with acrylamide and N’,N’-methy-

lenebisacrylamide, The hydrophilic gels thus obtained contain sugars bound by O-glyco-
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Fig. 3.21. Chromatography of clarified dialyzed crude extract on (A) untreated ECD-Sepharose 6B (prepared
from Sepharose 6B by treatment with epichlorohydrin in alkaline medium, followed by alkaline hydrolysis),
and (B) ECD-Sepharose 6B, treated with acid for 3h (0.2 M HCI, 50°C). Columns, 100 x 19 mm; flow-rate,
15 ml/h; fractions, 2.5 ml. ---, A280nm; -.-.-, haemagglutination titre; - - -, As4nm (sugar concentration as
determined by the orcinol method). Arrow indicates start of elution with buffer containing lactose. Repro-
duced with permission from B. Ersson et al., Biochim. Biophys. Acta, 310 (1973) 446-452.
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sidic bonds to the alkyl side-chains of the matrix. Genaud et al. (1978) used yeast or
stromas sediment polymerized with acrylamide for the bioaffinity chromatography of
lectins from Ricinus seeds.

The isolation of glycoproteins by means of immobilized lectins makes use of their
differing affinities for terminal carbohydrate residues characteristic of single glycopro-
teins. For the elaboration of a suitable procedure for the purification of the given
glycoproteins or glycopeptides by means of lectins, Kristiansen (1974) recommended
the following stages:

(1) identification of the terminal sugar or sugars in the carbohydrate part of the
substance under consideration;

(2) selection of a lectin with a corresponding specificity;

(3) preparation of the selected lectin;

(4) immobilization of the lectin by a covalent bond to a solid support;

(5) choice of optimum conditions for the adsorption of the isolated substance on the
immobilized lectin;

(6) choice of conditions for desorption.

It is possible to choose either non-specific elution, consisting mainly in a change in
pH or salt concentration; or a specific method can be used, i.e. the displacement of the
adsorbed glycoprotein by competing carbohydrates.

Assuming that the terminal sugar or sugars of glycoproteins have been determined,
the choice of a suitable lectin can follow. In most instances lectins are not specific for
one sugar only, although great differences exist in the degree of specificity. For example,
lectin from the seeds of Lotus tetragonolobus has a narrow specificity for L-fucose, while
concanavalin A (Con A) from Canavalia ensiformis has a broad specificity and binds
most glycoproteins from human serum. In Table 3.4 the classification of lectins is given
according to their main affinities. If not stated otherwise, plant seeds served as the
source of lectin (Kristiansen, 1974).

The capability of mostly used lectins with reversible high-affinity binding to specific
carbohydrate sequences published by Gerard (1990) is in Table 3.5.



Table 3.4.

n

Classification of lectins according to their main affinities

Group

Specificity

Lectins

I

I

111

v

L-Fucose

N-Acetyl-D-glucosamine

N-Acetyl-D-

galactosamine

D-Galactose

N-Acetyl-D-
galactosamine and D-
galactose

Lotus tetragonolobus, weakly inhibited by 1.-
galactose

Ulex europaeus (gorse); contains another lectin
belonging to group VII

Ulex parviflorus; weakly inhibited by other
sugars

Group inhibited by N-acetylated chitodextrins
Triticum vulgare (wheat germ); also inhibited
by N-acetylneuraminic acid (NANA)
Solanum tuberosum (potato tuber); also
inhibited by muramic acid

Dolichos biflorus (horse gram)

Phaseolus lunatus (lima bean,; also called P.
limensis)

Phaseolus vulgaris (red kidney bean; black
kidney bean, yellow wax bean; bean meal is
source)

Vicia cracca; also containing a non-specific
lectin in group VIII

Euonymus europaeus

Helix pomatia (snail)

Group also inhibited by 1.-arabinose, D-fucose,
lactose, raffinose, and melibiose

Crotalaria juncea (sun hemp), S-specific
Ricinus communis (castor bean)

Abrus precatorius

Griffonia simplicifolia

These lectins are inhibited almost equally by
both sugars

Sophora japonica (japanese pagoda tree)
Glycine max (soybean), a-specific
Caragana arborescens

Bandaeirea simplicifolia, a-specific
Bauhinia variegata, var. candida
Momordia charantia

Erythrina subrosa

Coronilla varia, a-specific

Crotalaria zanzibarica

Arachis hypogea, B-specific
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Table 3.4 (continued)
Group  Specificity Lectins
VI D-Glucose Sesamum indicum

Pisum sativum (garden pea); inhibited about
four times better by D-mannose
vl B-Glycosides and 8-N- Group inhibited most trongly by N,N*-
acetylglucosaminides diacetylchitobiose, but also by salicin [2-
(hydroxymethyl) phenyl-8-D-glucopyranoside],
phenyl-8-D-glucopyranoside and cellobiose
Ulex europaeus (gorse); contains another lectin
belonging to group I
Ulex galli
Ulex nanus
Cytisus sessilifolius; inhibited also by lactose
Laburnum alpinum; inhihited also by lactose
Clerodendrum viscosum; pulp is source
VIII Methyl-a-D-mannoside,  Sugars listed in decreasing order of inhibition
D-mannose, D-glucose, N- Pisum sativum (garden pea); also inhibited by
acetyl-D-glucosamine, L-  D-glucose, but only about one quarter as
sorbose efficiently
Lens culinaris (common lentil)
Canavalia ensiformis (jack bean; gives Con A);
bean meal is source.
Vicia crassa; also contains a lectin in group III
Lathyrus sativus L.
IX N-acetylneuraminic acid  Limulus polyphemus (haemolymph of
horseshoe crab)
Triticum vulgaris (wheat germ); also in group I1

Separations of glycopeptides and oligosaccharides by the use of lectin bioaffinity
chromatography were reviewed by Merkle and Cummings (1987). A rapid, sensitive and
specific technique for fractionating cell-derived asparagine-linked oligosaccharides by
serial chromatography on ConA-Sepharose, pea lectin-Sepharose and leukoagglu-
tinating phytohemagglutinin-agarose was described by Cummings and Kornfeld (1982).

Codogno et al. (1985) determined, using ConA-Sepharose, WGA-Sepharose and
agaroses with three other lectins, that N-linked oligosaccharides derived from cell
surface glycoproteins of 8-day chick embryo fibroblasts differ from those of 16-day chick

embryo fibroblasts. Yamashita et al. (1986) used five lectin-Sepharose columns (contai-
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Lectins commonly used for glycoprotein purification

Lectin

Specificity

Comments

Concanavalin A
(ConA)

Lentil lectin
(LcH)

Peanut agglutinin
(PA)

Jacalin

Wheat germ
agglutinin
(WGA)

Ricinus communis
agglutinin I
(RCAI)

Soybean agglutinin

Structures containing a-linked
mannose such as the N-
acetylglucosaminyl core
disaccharide in Asn-linked
glycoproteins

Similar to ConA, narrower
specificity in that substitution
to the core saccharide may
enhance or diminish binding

Recognizes Gal($1-3)GalNAc

Recognizes Gal($1-3)GalNAc

Recognizes N-
acetylglucosamine dimer or
trimer structures/chitobiose.
Also lower affinity interactions
with sialic acid, mannose-
containing structures

Reacts with terminal

(nonreducing) Gal, less
strongly with GalNAc.

Recognizes terminal a- or §-
GalNAc

Broad use due to ubiquitous a-
linked mannose containing
structures. pH optimum 5.6.
As with other mannose-
binding lectins, Ca** and
Mn?* are part of the binding
site. Buffers may be

Ca®* /Mn®? free. Avoid
chelators

Sometimes employed
sequentially with ConA.

Common core structure to
many O-linked membrane
glycoproteins; however, often
requires sialidase treatment to
expose binding disaccharide

Unlike peanut lectin, this
lectin will recognize
substituted disaccharide,
eliminating the need for
sialidase treatment. Specific
for O-linked oligosaccharides

Widely used for membranes
glycoprotein purification,
which frequently contain Asn-
linked oligosaccharides

May be useful with both N-
and O-linked structures. Since
these residues are often not
terminal, but penultimate,
treatment with exoglycosidases
(neuraminidase, fucosidase)
may uncover binding
properties

Complementary to RCA 1
lectin
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ning ConA, WGA, RCA, LcH and AAL = Aleuria aurantia lectin) for the adsorption
of ribonucleases from various human organs and body fluids (Table 3.6). The behaviour
of ribonucleases extracted from human viscera showed that almost all contain carbo-
hydrates and that there are organ-specific differences in the structure of these carbo-
hydrates.

The large variation in retentivity of Con A and WGA toward the glycoproteins
peroxidase, fetuin and asialofetuin, determined by Rassi et al. (1988) by use of
HPLBAC, is shown in Fig, 3.22,

3.4.3 Antibodies against carbohydrate antigens

The increased availability of well characterized monoclonal antibodies prepared
against specific oligosaccharide structures should make it possible to determine the
structure of carbohydrate chains of unknow glycoproteins (Lee et al., 1990). The content
of Feizi’s review article (1985) dealt with the demonstration by monoclonal antibodies

that carbohydrate structures of glycoproteins and glycolipids are onco-developmental

Table 3.6
Binding of ribonucleases from various human organs and body fluids to lectin-Sepha-

rose columns

Source of Immobilized lectin

RNases Con A AAL WGA RCA LcH
(% of bound RNases)
Us-urine 4 82 42 0 7
UL-urine 72 87 0 100 49
Pancreas 50 51 48 35 28
Lung 27 67 82 7 39
Leukocyte 0 88 100 11 4
Kidney 15 89 45 0 24
Liver 37 80 42 5 20
Spleen 24 84 78 0 38
Stomach 45 22 79 65 0

Semen 70 78 0 40 42
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Fig. 3.22. Chromatogram of glycoproteins. Columns, 100 x 4.6 mm, WGA-silica (left panel) and Con A-silica
(right panel); flow rate 1.5 ml/min; temp. 22°C. Stepwise elution: 1 min with 0.2 M NaCl in 25 mM Tris/HCl,
pH 7.0; (1), 2 min with 0.5 M methyl-a-D-glucopyranoside in above eluent; (2), 2 min with 0.4 M N-acetyl-
a-D-glucosamine in the first eluent; (3), 10 min with 0.1 M glycine/HC), pH 3.0. Reproduced with permission
from Z. E. Rassi et al., Makromol. Chem., Macromol. Symp., 17 (1988) 305-319.

antigens. The association of rheumatoid arthritis and primary osteoarthritis with
changes in the glycosylation patern of total serum IgG was described by Parekh et al.
(1985). Immobilized antibodies against carbohydrate antigens used as biospecific
adsorbents could become a fundamental analytical tool for future studies of the glyco-

conjugates of whole cells and their receptors.

3.4.4 Boronic acid ligands

The interaction between borate and sugars has been known since the year 1842
{Bergold and Scouten, 1983). Boronates react readily and under mild conditions with
a wide range of polar functional groups that are oriented in the proper geometry.
Although complexes of 1,2-diols, 1,3-diols, and catechol-type compounds are the most
used, a variety of other functional groups, such as 1,2-hydroxy acids and 1,2-hydro-

xylamines, could also react with boronates to form complexes.
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The specific interaction of boronic acid ligands with 1,2-cis-diol compounds resulted
in bioaffinity chromatographic techniques for the separation of some glycoproteins.
Abraham et al. (1983) investigated the use of m-aminophenylboronic acid immobilized
on agarose as the affinity matrix for the separation and quantitation of the glycosylated
hemoglobin (glyco Hb) in blood samples from newborn infants, normal and diabetic
adults, and adults having certain hemoglobinopathies. Fig. 3.23 shows the separation of
the glycosylated and nonglycosylated hemoglobins in the red cell hemolysates of a
normal adult and a patient with insulin-dependent diabetes mellitus. Since the buffers
used in the affinity methods were patented products, attempts were made to replace
them with the following buffers prepared in our laboratory: 0.05M HEPES (N-2-hydro-
xyethyl-piperazine-N-2-ethanesulphonic acid) buffer, adjusted to pH 8.5 and containing
10 mM MgCl; and 0.02 % sodium azide for the First Fraction Elution Buffer, 100 mM
sorbitol for the Second Fraction Elution Buffer, and 0.1 M Tris HCI, pH 8.5 containing
0.5M NaCl, for the Regeneration Buffer. No significant differences in the results were

obtained by replacing the commercial buffers with the home-made buffers.

3.5 NUCLEOTIDES AND NUCLEIC ACIDS

The ever-increasing use of genetic engineering is reflected in the rapidly increasing
number of publications devoted to the isolation of nucleic acids, genes, oligonucleotides
and nucleic acid fragments, to the purification of special proteins and enzymes, as well
as to investigations of protein-nucleic acid interactions. Schott (1984) summarized this
interesting field in his book “Affinity chromatography - Template chromatography of

nucleic acids and proteins”.

3.5.1 Oligonucleotides and polynucleotides

When oligonucleotides of a defined sequence are immobilized on cellulose, base
pairing can take place with complementary oligonucleotides having either an homo-
logous sequence or an alternating one according to the Watson and Crick theory. Those
nucleotides undergoing such a base-pairing are adsorbed onto the cellulose and can

thus be separated from any non-complementary partners present in the mixture (Schott,



77

Normal Diabetic
60 < 60 —
50 Nonglyco Hb 50—
o,
g (94.5%) g Nonglyco Hb
0 40 © 40— (82.9%)
h hs
o T
Q 30 @ 30
5 g
S g
S 20 S 20 Glyco Hb
a a (17.1%)
< <
10— Buffer 10— Buffer
Change Gg%o,/:b Change
0 | —— T T 0 Y ! T )
10 20 30 40 10 20 30 40
Fraction Number Fraction Number

Fig. 3. 23. Bioaffinity chromatographic separation of glycosylated and nonglycosylated hemoglobins present
in red cell hemolysates of a normal adult and a diabetic patient. Twenty-five milligrams of Hb were applied
to a macrocolumn (1 by 10 cm) of phenylboronate-agarose and developed first with the First Fraction Elution
Agent and then with the Second Fraction Elution Buffer and fractions of 1.5 ml were collected. Reproduced
with permission from E. C. Abraham et al., J. Lab. Clin. Med., 102 (1983) 187-197.

1974). Schott et al. (1974) described selective adsorptions of complementary oligo-
nucleotides in the mobile phase on the immobilized template if chromatography takes
place under the conditions necessary for base pairing. Desorption was then carried out
with a temperature gradient. In this paper the application of the principles of molecular
biology for the selective separations of nucleotides and peptides was, for the first time,
called template chromatography.

The chromatography of peptides on poly(vinyl alcohol) substituted with oligo-
deoxythymidylic acid and bound irreversibly on DEAE-cellulose by ionic bonds has
been employed for the study of the interactions of peptides with nucleotides (Schott et
al., 1975). The quantitative measure of the peptide-nucleotide interaction is the increase
in the retention of a peptide on oligonucleotide-DEAE-cellulose in comparison with
that on unmodified DEAE-cellulose. In order to eliminate possible effects of various

column parameters, Schott et al. (1975) expressed all elution volumes relative to the
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elution volume of alanine, which displays no measurable retention on these columns.
The relative elution ratio (Vr) is thus obtained as the ratio of the elution volume found
for the investigated peptide to that for alanine (Vr = Vobs/VAla). The peptide-oligo-
nucleotide interaction is then evaluated on the basis of the difference in the relative
elution volumes obtained by chromatography on both columns. Fig. 3.24 shows the

separation of nucleic acid bases and nucleosides by high-performance bioaffinity chro-
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Fig. 3.24. (A) Chromatogram of a mixture of five nucleic acid bases obtained by using resins coupled with
8.0 % thymine (the porous spherical resins were synthesized by suspension polymerization of glycidyl
methacrylate in the presence of diluent. The attachment of thymine to the glycidyl metacrylate in the resin
so formed was conducted in dimethylformamide at 65°C in the presence of potassium carbonate). The
chromatographic measurement was carried out in a stainless-steel column (610 x 7.6 mm) at 25°C on a
high-performance liquid chromatograph using distilled water as solvent. The eluate from the column was
monitored with a UV detector at 254 nm. The flow rate was 3.5 m!{/min and the pressure drop was 45 kg/cmz.
(B) Chromatogram of a mixture of five nucleosides obtained by using resins coupled with 16.4 % thymine.
Resin particie size, 15-20 yem; flow rate, 3.1 ml/min; temperature, 30°C. Reproduced with permission from
Y. Kato et al., J. Chromatogr., 134 (1977) 204-206.
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matography employing a column packed with porous spherical resins of diameter
12-15um, coupled with thymine (Kato et al., 1977).

Many animal and viral messenger ribonucleic acids (mRNAs) are rich in polyadenylic
acid. This was used in a number of instances (see Table 9.1) for isolations carried out
by chromatography on supports containing oligothymidylic acid. In Fig. 3.25 the chro-
matography of RNA from duck reticulocytes on oligodeoxythymidylic acid-cellulose
(Pemberton et al., 1975) is illustrated as an example. About 94-96 % of the RNA was
eluted in peak 1 and contained ribosomal and transfer RNA. Peak 2 contained, in
addition to ribosomal RNA, 10S globin messenger RNA. A very effective separation

was demonstrated on the basis of the analysis of single peaks by centrifugation in sugar
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Fig. 3. 25. Chromatography of duck reticulocyte RNA on oligodeoxythymidylic acid-cellulose. The column
(40 x 5 mm) was equilibrated with 0.5 M NaCl-0.5 % sodium dodecyl sulphate-0.01 M Tris buffer, pH 7.5
(starting buffer). The samples applied to the column were dissolved in water and then diluted with an equal
volume of doubly-concentrated starting buffer. The column was washed with approximately 30 ml of starting
buffer and then eluted with 0.5 % sodium dodecyl sulphate-0.01 M Tris buffer, pH 7.5. All of the operations,
after the addition of starting buffer to the samples, were carried out at room temperature. RNA was
precipitated with two volumes of ethanol at 20°C after adjusting the NaCl concetration to 0.1 M. Reproduced
with permission from R. E. Pemberton et al., Anal. Biochem., 66 (1975) 18-28.
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gradients. De Larco and Guroff (1973) tested a series of celluloses in comparison with
their derivatives for their ability to bind homonucleotide oligomers. They determined
that celluloses display considerable sorption, the degree of which varies with various
celluloses. As the treatment of cellulose with sodium hydrogen sulphite caused a
reduction in the amount of sorbed polyadenylic acid, De Larco and Guroff concluded
that the binding was caused by lignin-like contaminants. Oligodeoxythymidylic acid and
also deoxyribonucleic acid (DNA) complementary to ovalbumin mRNA (¢cDNA)
coupled to cellulose were used by Rhoads and Hellmann (1978) for the isolation of
ovalbumin mRNA from hen oviduct polysomes. Wetekam et al. (1975) used Sepharose
with covalently bound polyuridylic acid for the isolation of RNA from animal cell
polysomes. For the purification of DNA, Edelman (1974) also used an affinity sorbent
prepared from Sepharose. However, he did not use a material with affinity for DNA in
this instance, but immobilized lectins for the elimination of polysaccharidic conta-
minants, which can only be eliminated from DNA with great difficulty. Most often
concanavalin A-Sepharose is used because the most commonly occurring conta-
minating polysaccharides are glycogen fractions or starch-like substances. If poly-
saccharides are present which, in addition to glucose, fructose or mannose, also contain

other terminal groups, then yet other immobilized lectins must be used.

3.5.2 Affinants of nonbiological origin

Nucleic acid dye chromatography is described in the book of Mohr and Pommerening
(1985). The use of dyes for the preparation of biospecific adsorbents for the separation
of several DNA species has been developed by Biinemann and Miiller (1978). By
copolymerization on polyacrylamide bases certain base-specific dyes, such as the
guanine-cytosine-specific phenyl neutral red, and adenine-thymine-specific malachite
green are immobilized as ligands. It is assumed that the malachite green ligand contacts
one of the two grooves of the DNA helix. For this reason the malachite green adsorbent
can be applied for the separation of double-stranded nucleic acids from single-stranded
or partially single-stranded nucleic acids. For example, Bilnemann and Miiller (1978)

demostrated the elution of three different bacterial double-stranded DNA adsorbed by
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a malachite green-substituted column. For the chromatography of mononucleotides,
oligonucleotides and transfer RNA molecules, Schott et al. (1973) used sorbents
containing a dihydroxyboryl derivative:

s

CH,—C -
25 /OH
%—NH B\
0 OH

3.5.3 Antibodies against polynucleotides

Antibodies specific to double-stranded RNAs were purified from complexes of
polyadenylate.polyuridylate (poly(A).poly(U)) and anti-polyinosylate.polycytidylate
antibodies (antipoly(I).poly(C) antibodies) by a method of dissociation with 5 %
dimethylsulphoxide - alkali solution and DEAE-cellulose column chromatography.
Kitagawa and Okuhara (1981) coupled the purified antibodies to CNBr-activated
cellulose. In Fig. 3.26 it is shown that synthetic and naturally occuring double-stranded
RNAs were bound specifically by the antibody-linked cellulose and were eluted with
alkali solution (pH 10.5) or 10 % dimethylsulphoxide.

3.5.4 Protein-nucleotide or nucleic acid interactions

The possibilities of the use of immobilized nucleotide coenzymes for the isolation of
about 30 % of the approximately 2000 enzymes found in the cell has already been
described in Section 3.2.2. DNA, RNA, tRNA, and oligonucleotides immobilized to
various polymer supports can be used for the isolation of many proteins; e.g. several
DNA polymerases, the RNA polymerases, DNA regulatory proteins, RNA-dependent
DNA polymerase, repressor proteins, ribosomal proteins, tRNA synthetases, and viral
DNA- and RNA-binding proteins (Schott, 1984).

The matrix which is commonly applied in template chromatography is oligo-

deoxythymidylate (oligo(dT)) with strands 12-18 nucleotides long covalently attached
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Fig. 3.26. Chromatography of nucleic acids on antipoly(I) . poly(C) antibody-linked cellulose. The column
(1.0x 3.2 cm), which contained 2.8 mg of antibodies coupled to 0.6 g of cellulose, was packed and equilibrated
with 0.01 M Tris-HCI (pH 7.6) containing 0.15 M NaCl (buffer 1). Various nucleic acids (100 ug) were eluted
stepwise from the column at a flow rate of 40 mi/hr by 0.1 M Tris-HCI (pH 7.6)/0.15 M NaCl (buffer 1); 0.01
M Tris-HCI (pH 7.6) containing 1 M NaCl (buffer 2); and 0.02 M sodium bicarbonate (pH 10.5) (buffer 3).
(a) Poly(I).poly(C); (b) baker's yeast tRNA,; (c) E.coli rRNA. Reproduced with permission from Y. Kitagawa
and E. Okuhara, Anal. Biochem., 115 (1981) 102-108.
to microgranular cellulose. As an example the use of this biospecific sorbent for the
purification of terminal deoxynucleotidyltransferase from calf thymus tissue by Okamu-
ra et al. (1978) is shown in Fig. 3.27.

The preparation of fairly stable DNA-cellulose by the very simple attachment of
single- and double-stranded DNA to cellulose by drying and subsequent lyophilization
of a DNA-cellulose paste was described by Alberts and Herrick (1971). This DNA-

cellulose has been used most often up to present day.
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The feasibility of using site-specific DNA affinity for the purification of specific
DNA-binding proteins was tested by Herrick (1980) who demonstrated that lac
repressor bound more tightly to plasmid DNA containing the lac operator than to a
DNA lacking the operator when the DNA was coupled to either a cellulose or a
Sepharose matrix. As a result of the tight binding, elution of the protein from the
site-specific DNA-cellulose column required buffers with high ionic strength. Conse-
quently, fractionation through the site-specific DNA-cellulose matrix resulted in con-

siderable purification, efficiently separating the lac repressor from other DNA-binding
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Fig. 3.27. Purification of terminal deoxynucleotidyltransferase (TDT) by an oligo(dT)12-18-cellulose column.
The column was washed with 35 ml of buffer containing 40 mM KCl, 1 mM dithiothreitol, 10 mM K2PO4
(pH 7.1), and 20 % glycerol. The enzyme activity was eluted with 1 M KCl in the same buffer. o-o, TDT
activity in 25 ul; .--., absorbance at 280 nm. Reproduced with permission from S. Okamura et al., J. Biol.
Chem., 253 (1978) 3765-3767.
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proteins. Further work showed that an even higher ionic strength was required when a
specific DNA was present in multiple copies (Oren et al., 1980).

The procedure of Rosenfeld and Kelly (1986) and of O’Neil and Kelly (1988) entailed
the construction of a plasmid containing the recognition sequence in multiple tandem
copies arranged in a head-to-tail direct orientation in order to maximize the stability of
the insert. After plasmid amplification and purification, the DNA is coupled to cellulose
to yicld the DNA affinity resin. To separate the protein of interest from proteins that
bind tightly and nonspecifically to DNA, a chromatography step involving a nonspecific
DNA-cellulose column can be introduced as a prelude to the fractionation through the
site-specific DNA resin.

Recently Eisenberg et al. (1990) have published a review on the purification of
DNA-binding proteins by site-specific DNA affinity chromatography. They described
the numerous advantages which they experienced with the purification of DNA-binding
protein (OBF1) by use of DNA-cellulose prepared by the method of Alberts and
Herrick (1971) as follows. (1) The DNA affinity matrix has a high protein capacity,
which is determined by the number of copies of the protein recognition sequence
inserted into the plasmid. It is possible to construct a plasmid in which the protein-
binding sequences comprise at least 50% of the total DNA content. Once inserted into
the plasmid, followed by DNA amplification in E. coli, very large quantities of these
sequences could be obtained. Since about 1 mgof DNA can be coupled to 1 g of cellulose
powder, it is relatively easy to prepare sufficient quantities of the DNA affinity matrix
for alarge-scale purification. (2) The protein appears to bind more tightly to the DNA
on the column than in solution. They found that in solution the OBF1-DNA complex
could not be formed in the presence of NaCl concentrations above 0.2 M, while the
binding of OBF1 to the multimeric site-specific DNA-cellulose matrix occured at 0.4
M NaCl. The tight binding to the site-specific DNA-cellulose column ensures effective
separation of OBF1 from other DNA-binding proteins by simple salt elutions and, when
combined with standard ion-exchange chromatography, a highly purified protein may

be obtained.
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3.6 RECEPTORS, BINDING AND TRANSPORT PROTEINS,
HORMONES, VITAMINS, TOXINS, GROWTH FACTORS,
LIPIDS AND OTHER SUBSTANCES

3.6.1 Receptor substrates

The primary effect of some hormones is aimed at the plasma membrane of the target
cells. The term "receptor” is usually understood to embrace those components of plasma
membranes which are involved in the effect of the particular hormone. It seems that
they are localized exclusively on the surface of the membrane cells. In order to elucidate
the effect of hormones on a molecular basis, it is necessary to purify and identify these
specific membrane receptor structures. The amount of these structures in the tissues is
very small in comparison with other material present. For example, the concentration
of glucagon receptor on liver cells membranes is very low: 2.6 pmole/mg of protein (Krug
et al., 1971). The interaction of such a small amount with the immobilized hormones
must be very effective in order to permit a strong binding of large membrane fragments.
The interaction of hormones with their complementary receptors is specific and of high
affinity. The dissociation constants of receptor complexes with hormones, toxins etc. lie
in the range 10? - 102 M (Bayer and Wilchek, 1990). It is very difficult to isolate such
small amounts by conventional methods. The use of biospecific chromatography on
highly effective immobilized hormones or receptors permits such amounts to be
concentrated selectively and to be isolated in a relatively high yield.

Although technical difficulties in the development of suitable methods for the
determination of receptor activities, as well as difficulties with solubilization, for a long
time prevented the development of the use of bioaffinity chromatography for the
purification of receptors, a series of membrane fragments with specialized receptor
activity has been isolated. The receptors isolated and the affinity ligands used are given
in Tables 9-1,2,3. Bioaffinity chromatography of an insulin receptor solubilized with a
detergent by use of diaminodipropylaminosuccinyl-N-phenylalanyl-insulin-agarose is

shown in Fig. 3.28 (Cuatrecasas, 1972).
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Fig. 3.28. Bioaffinity chromatography of detergent-solubilized insulin receptors of liver-cell membranes on
affinity columns containing diaminodipropylaminosuccinyl-N-phenylalanyl-insulin-agarose. Liver-cell
membranes were homogenized, extracted with 2 % (v/v) Triton X-100 by shaking at 24°C for 40 min, and
centrifuged. The supernatant was dialyzed for 16 h at 4°C against Krebs-Ringer hydrogen carbonate buffer,
pH 74, containing 0.1 % (v/v) of Triton X-100. Then 12 ml of the supernatant were slowly chromatographed
at 24°C on an affinity column (Vi = 1.3 ml, in a Pasteur pipette) that had been washed for 20 h with 0.1 M
NaHCO3 buffer, pH 8.4, followed by equilibration (2 h) with Krebs-Ringer hydrogen carbonate buffer
containing 0.1 % (v/v) of Triton X-100. The column was washed thoroughly (note break in abscissa) before
elution (arrow) with 0.05 M sodium acetate buffer, pH 6.0, containing 4.5 M urea and 0.1 % (v/v) of Triton
X-100. After application of this buffer to the column, the flow was stopped for 15 min before resumption of
chromatography. Fractions of 1 ml were collected for determinations of protein, and the specific binding of
[ml] insulin was determined with the polyethylene glycol assay. Reproduced with permission from P.
Cuatrecasas, Proc. Nat. Acad. Sci. U.S,, 69 (1972) 1277-1281.

3.6.2 Antibodies against receptors
The introduction of monoclonal antibodies against receptors and their subunits as
affinity ligands rather than receptor substrates greatly advanced the application of

immunology to membrane biochemistry. A discussion of monoclonal antibodies against
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acetylcholine, insulin, adrenergic, transferrin, thyrotropin, neurological, viral and
complement receptors was presented by Phillips (1989).

Autoantibodies are naturally occuring antibodies that are produced against compo-
nents of the host’s own body. They are produced against several different receptors and
usually arise in specific, clinically defined diseases. They are a useful source of reagent
for use in the biospecific isolation of receptors and other clinically relevant proteins.

Anti-idiotypic antibodies can mimic receptor substrates, bind to membrane receptors
and therefore can be used to isolate active receptors from detergent-solubilized
membranes. Fig. 3.29 shows high performance immunoaffinity chromatography
(HPIAC) of specific phosphorylcholine receptors (Phillips, 1989) by use of biotinylated
mouse monoclonal anti-idiotypic antibody adsorbed to streptavidin-coated glass beads,
as elaborated by Babashak and Phillips (1988). HPIAC analysis was performed on
isolated membranes from primed T cells obtained from mice immunized with phospho-
rylcholine (PC). These membranes were prepared by hypotonic lysis of the cells,
followed by detergent NP40 solubilization of the membrane-rich fraction obtained by
ultracentrifugation. The preparation was passed through a Sephadex G25 column to
remove excess detergent prior to injecting it into the HPIAC column. Using the
monoclonal anti-idiotype as the immobilized ligand, a single peak was eluted by sodium
thiocyanate gradient at 24 min (Fig. 3.29, peak B). This peak was shown to bind the

antigen actively, but also demonstrated some cross-reactivity to other related antigens.

3.6.3 Receptor-affinity chromatography

Receptor affinity chromatography described by Kohanski and Lane (1985) contained
the isolation of insulin receptor by use of biotinylated insulin in conjunction with
avidin-Sepharose CL-4B. Receptor-affinity chromatography based upon the specificity
and reversibility of the receptor-ligand interaction for the purification of biomolecules
by use of matrix-bound receptor was described by Weber and Bailon (1990). As a model
system they described the purification of recombinant human interleukin-2 from micro-
bial and mammalian sources using the soluble subunit of the human interleukin-2

receptor (recombinantly produced by the gene-linked co-aplication technology elabo-



88

rated by Weber et al., 1988) attached to silica-based NuGel P-AF polyaldehyde poly-
N-hydroxysuccinimide (NuGel P-AF PNHS). A comparison of receptor and immu-
noaffinity purification methods showed, that the binding capacity of the immobilized
receptor is higher than that of the immunosorbent and the receptor-affinity purified
interleukin-2 was more homogeneous than the immunoaffinity purified material.
Cholera toxin (the exotoxin from Vibrio cholerae), is the protein responsible for
gastrointestinal manifestations of clinical cholera, In the medium of a Vibrio cholerae
culture, the toxin occurs in a very low concentration of up to about 1 mg per litre of
medium. The toxin is bound very strongly and specifically on certain brain gangliosides.
It seems that monosialogangliosides localized in the membrane are natural receptors
that interact specifically with cholera toxin, which results in a stimulation of the activity

of adenylate cyclase in the tissue. Gangliosides bound to solid supports are affinity
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Fig. 3.29. Isolation of specific T-cell PC receptors using a streptavidin-immobilized mouse monoclonal
anti-idiotypic antibody HPIAC column. The column was 150 x4.6 mm, run at 1 ml/min at 4°C. The receptors
were recovered at 24 min using a sodium thiocyanate concentration gradient. Vo represents the void volume
of the column. Detection was at 280 nm. The initial running buffer was 0.01 M phosphate, pH 7.0. Reproduced
with permission from T. M. Phillips, in A. R. Kerlavage (Editor), The Use of HPLC in Receptor Bioche-
mistry, Alan R. Liss, New York 1989, p. 148.
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sorbents for cholera toxin. This toxin also binds certain glycoproteins, such as fetuin and
thyroglobulin. The affinity chromatography of 15 Jabelled toxin from Vibrio cholerae
on agarose with attached fetuin or on ganglioside-diaminodipropylamino-agarose was

achieved by Parikh and Cuatrecasas (1974).

3.6.4 Vitamins, lipids, hormones and other substances

The restricted supply of vitamins and hormones in animals led to the development of
mechanisms for adsorption, transport and conservation of these trace substances.
Specific transport or binding proteins play an important role in such processes,
preventing the rapid urinary loss which would occur if the vitamins or the hormones
were not bound in plasma in corresponding complexes. Binding proteins are present in
very low concentrations, Proteins firmly binding vitamin B12 (transcobalamin I and IT)
are present, for example, in concentrations of 80 and 20 mg per 10001 of human plasma,
respectively. However, they usually have a high affinity for complementary vitamins or
hormones. The dissociation constants of these complexes range from 107 to 10 M
(Lowe and Dean, 1974). In view of their low concentration, they could not be obtained
by classical purification procedures, and large volumes of the starting material combi-
ned with a specific interaction of high affinity led to the use of bioaffinity chro-
matography. As in the antibody-antigen interaction, the subsequent dissociation of the
protein from the bioaffinity adsorbent becomes the crux of the isolation. For example,
in order to free avidin from biocytin-Sepharose, 6 M guanidine-hydrochloric acid
solution of pH 1.5 had to be used (Cuatrecasas ans Wilchek, 1968). In Table 9 further
examples are given of the isolations of binding and transport proteins with the affinity
ligands used.

Dodecylamine is a useful affinity ligand for the isolation of lipids (Deutsch et al., 1973).
For the isolation of hormones, corresponding antibodies, transport proteins or lectins
serve as bioaffinity sorbents (see Table 9). An example is the affinity chromatography
of sheep luteinizing hormone on Sepharose with covalently bound anti-luteinizing

hormone immunoglobulin fraction (Gospodarowicz, 1972). Nakano et al. (1978) used
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immobilized bovine serum albumin and salicylic acid for the study of drug-protein
binding.

3.7. SPECIFIC PEPTIDES

When determining amino acids present at the active site or on the surface of the
protein molecule, chemical modification of proteins with subsequent isolation of the
labelled peptides is used with success. The isolation of a peptide containing a modified
residue is not easy, however, mainly because the modifying reagent often reacts with
different residues to give products in various yields. For this reason the protein hydro-
lysate contains several modified peptides, each of which is present in amounts less than
1 uM. The conventional methods for the isolation of peptides require tedious and
time-consuming procedures in which each step usually considerably decreases the final
yield of the peptide. The use of bioaffinity chromatography on a sorbent specific for a
modifying reagent permits a one-step isolation of the modified peptide. Wilchek (1974)
distinguished three categories of protein modifications:

(1) site-directed modification or affinity labelling of the residues at the active site of
the protein;

(2) selective modification of one or several residues due to their hyper-reactivity or
the localization on the protein surface;

(3) general modification of all side-chains of certain amino acids with a group-specific
reagent, aimed at sequencing.

To the first group belong reactions of analogues of substrates with the amino acids of
the enzyme active site or the reaction of the hapten in the active sites of antibodies. In
these instances the specific and reversible binding of analogues at the binding site of the
protein is followed by the formation of a covalent bond at or near to the site of the
labelling. A general scheme for the isolation of labelled peptides from an affinity-
labelled protein has been described by Wilchek (1974). The native protein (enzyme or
antibody) bound covalently to a solid support sorbs only the affinity-labelled peptide
from the hydrolysate of the same affinity-labelled protein. After washing the column,

the specifically sorbed labelled peptide can be eluted under conditions such that
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dissociation takes place. Wilchek (1970) made use of this method for the isolation of
affinity-labelled peptides from staphylococcal nuclease after reaction with the bromoa-
cetyl derivate of deoxythymidine-3’-p-aminophenylphosphate-5’-phosphate and with
bromoacetyl-p-aminophenylphosphate. Fig. 3.30 shows the affinity chromatography of
labelled peptides from tryptic hydrolysate of modified nuclease on nuclease-Sepharose.
Table 9.1 gives further examples of isolations of affinity-labelled peptides.

Specific antibodies with a high affinity can be induced against almost all small
molecules, such as haptens, attached to suitable macromolecules. The specific anti-
bodies induced in this manner, when bound covalently to a solid support, represent
suitable specific sorbents for peptides that contain the corresponding small molecules.
An example is the isolation of nitrotyrosyl peptides from a tryptic digest of nitrotyrosyl
lysozyme by Helman and Givol (1971), using anti-nitrotyrosyl antibodies attached to
Sepharose as the affinant. If an enzymatic digest of the nitrated protein is passed through
a column containing the attached nitrotyrosine antibody, all peptides (except those
which contain nitrotyrosine) emerge as the first peak. The nitrotyrosine peptides are
then eluted with 1 M ammonia. The procedure described can be used in topographical
studies aimed at the determination of tyrosine residues located on the surface of the
molecule.

After the introduction of the sequenator in the determination of amino acid sequences
of proteins, the purification of peptides became the rate-determining step. The deve-
lopment of sensitive and efficient methods for the selective isolation of modified
peptides makes it possible to obtain even very small amounts of peptides from proteins
that are not accessible in larger amounts (receptors, transport proteins, etc.). The use
of anti-dinitrophenyl antibodies for the isolation of peptides containing cysteine,
methionine, tryptophan, histidine and lysine residues was given as an example by
Wilchek (1974).

Peptides containing free SH groups and all other mercapto compounds have a high
affinity for heavy metal ions, particularly mercury. The mercurial derivative of hydro-
xyalkyl methacrylate gel used for the isolation of SH-proteinase from beans (mentioned

in Section 3.2.5) was also used for the isolation of peptide with a free SH group from



92

T T T 210’

064

o2 /o |
A

w

CPM (—a—)

ABSORBANCE 280 nm («)
N
c

4 8 12

ELUTION VOLUME ml

Fig. 3.30. Affinity chromatography on a nuclease-Sepharose column (20x 5 mm) of affinity-labelled peptides
with reagents I and IL. The columns were equilibrated with 0.05 M borate buffer, pH 8.0, containing 10 mM
CaCl2. Tryptic digests of modified nuclease (1.7 mg) were applied in 0.5 ml of the same buffer. After 10 ml
of buffer had passed through, the bound peptides were eluted with ammonia solution, pH 11.0 (arrow).
Reproduced with permission from M. Wilchek, FEBS Lett., 7 (1970) 161-163.

chymotryptic hydrolysate of serum albumin (Turkov4 et al., 1975). Thiol-disulphide
interchange on agarose-(glutathione-2-pyridyl disulphide) conjugate, called “covalent
chromatography” by Brocklehurst et al. (1974), was used by Egorov et al. (1975) as a
rapid and specific method for the isolation of thiol-containing peptides from large
proteins. In Table 9.1 examples are given of the isolation of specific peptides and of

both peptides and proteins containing free SH groups.
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3.8 BIOTIN AND AVIDIN OR STREPTAVIDIN

The binding of water-soluble vitamin biotin to the egg white protein, avidin, or to its
bacterial counterpart, streptavidin, is paralleled by one of the biggest drops in free
energy ever observed for noncovalent interactions. The change of enthalphy, A H, for
biotin bound to avidin and streptavidin has been determined by Green (1966) as being
-86 and -98.9 kJ/mol biotin, respectively. Avidin or streptavidin can bind four molecules
of biotin. The A H value for the binding of four biotin molecules was determined by
Green to be -334 kJ/mol avidin. The change in entropy for this reaction was found to be
zero. The affinity constant for biotin-avidin determined by Green is of the order of 10"
M1, The extraordinarily high affinity constant of the biotin-avidin complex makes this
system an efficient tool for study and application in various fields of biology, protein
chemistry and biotechnology.

In the past decade the interaction between biotin and avidin or streptavidin has
provided the basis for establishing a new avidin-biotin technology (Wilchek and Bayer,
1990). The general idea of the approach is that biotin, coupled to low or high molecular
weight molecules, can be recognized by avidin. The biotinylation of membranes, nucleic
acids, antibodies and other proteins has been developed in many laboratories. Fig. 3.31
shows biotin and various derivatives, suitable for various types of bonds. Fig. 3.32 shows
that a spacer arm should be used when protein macromolecules are modified by biotin.
Such a modification can be used for the preparation of complexes with immobilized
avidin or streptavidin.

Literature survey of applications of avidin-biotin technology was published by
Wilchek and Bayer (1990a) containing references of papers about the use of avidin
columns in the isolation of biologically active materials, direct labelling, immu-
nocytochemical and nonimmunocytochemical localization of biologically active mate-
rials, direct and indirect labelling of protein blots, immunoassays mediated by
avidin-biotin technology and the use of biotinylated gene probes.

Information on biotin-binding proteins, the preparation of biotin, avidin and strepta-

vidin derivatives, assays for avidin and biotin, and applications, classified in a similar
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Fig. 3.31. Biotin and derivatives.

way as a literature survey, is given in Volume 184 of “Methods in Enzymology” under
the title “Avidin-Biotin Technology” edited by Wilchek and Bayer (1990).

The first example of the use of an avidin-biotin complex in bioaffinity chromatography
was the isolation of avidin from egg white on a biocytin-Sepharose column (Cuatrecasas
and Wilchek, 1968). The conditions required for its dissociation were extremely drastic.
Avidin was eluted by 6M guanidinium hydrochloride, pH 1.5. In order to decrease the
strong affinity of streptavidin to biotin Bayer et al. (1986) developed an improved
method for the preparation of stable iminobiotin-containing Sepharose and used it for

the single-step purification of streptavidin from culture broth of Streptomyces avidinii.
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Fig. 3.32. Schematic drawing of (a) normal binding of biotin to avidin or streptavidin; (b) steric hindrance
caused by macromolecule; (c) unhindered binding restored by use of spacer arm.

Native biotin-containing proteins and peptides isolated directly on columns of immo-
bilized avidin or streptavidin are given in Table 9.1-3. To show the difficulty encountered
in eluting the adsorbed material from avidin columns Wilchek and Bayer (1990a) listed
in a Table the isolation of biotin-containing systems together with the elution condi-
tions. For example acetyl-coenzymeA carboxylase aposubunits were eluted by Guchhait
et al. (1974) with 6M guanidine-HCI, pH 2, acetyl-coenzymeA carboxylase by Beaty and
Lane (1982) with 0.1 mM biotin, Henrikson et al. (1979) developed an effective way of
releasing the biotin-containing enzymes (propionyl-coenzymeA carboxylase and
methylmalonyl-coenzymeA pyruvate transcarboxylase) from avidin columns by the use
of immobilized avidin monomers which takes advantage of the lower affinity constants
(Green and Toms, 1973) and permits the release of biotin-containing material under
mild conditions.

The isolation of peptide or protein receptors posed a number of difficult problems
owing to their scarcity, their location in a complex, lipid-rich environment, and the
difficulty with which even a starting plasma membrane is prepared. The coupling of
peptide hormones to activated Sepharose results in nonspecific attachment which can
generate a number of different species with varying affinities for the desired receptor.

For these reasons Finn et al. (1984) have devoted their efforts to developing biospecific
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sorbent based on avidin-biotin technology where the hormone can be attached in a
targetted fashion. Fig. 3.33 shows the application of the avidin-biotin systems to the
isolation of hormone receptors (Finn and Hofmann, 1990).

Soluble receptor (R) is percolated through a bioaffinity column to form the complex
shown in the center of Fig, 3.33. The column is then exhaustively washed to remove
contaminating materials. Alternatively, the biotinylated hormone ligand (B-H) can be
added to a solution of solubilized receptor to form the soluble complex BHR. Perco-
lating a solution containing this complex through a column of immobilized succinylated
avidin (SA), as in Fig. 3.33 B will result in the formation of the same complex obtained
by method A, Both these schemes have been used for the isolation of insulin receptors
from human placenta. Removal of functional insulin receptor can be achieved by eluting
with acetate buffer, pH S (Finn et al., 1984) or with buffer containing 1M NaCl and
biotin (Kohanski and Lane, 1985).

Some important characteristics and structural studies of avidin and streptavidin have
been published by Bayer and Wilchek (1990). Both proteins are tetramers with mole-
cular weight 67 000. The genes for both proteins have been cloned and expressed in
Escherichia coli. The primary sequences of both proteins are known. Avidin and the
truncated form of streptavidin show an overall homology of about 40%. Chemical
modification studies have shown that the single tyrosine (Tyr-33) and its homologue in
streptavidin (Tyr-43) play a role in biotin binding. This was confirmed by X-ray
crystallographic studies of streptavidin. The elucidation of the three-dimensional
structure of streptavidin showed that the streptavidin subunit consists essentially of an
extremely stable S-barrel consisting of a series of cight juxtaposed B-structures
connected by turns. The biotin site is inside the barrel and, in binding biotin, some of
the turns fold over to stabilize the complex.

Despite the fact that streptavidin is currently about 100 times more expensive than
avidin, the replacement is sometimes justified since non-specific binding can be averted.
Avidin is highly positively charged at neutral pH, with an isoelectric point, pl, higher
than 10. Consequently, it binds in a non-specific manner negatively charged molecules

such as nucleic acids, acid proteins or phospholipids. This can result in non-specific
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staining of, for example, the nucleus and cell membranes. Avidin is also a glycoprotein
and therefore interacts with other biological molecules such as lectins or other sugar-
binding materials via the carbohydrate moiety. The advantage of streptavidin lies in the
fact that it is a neutral, non-glycosylated protein (pI lower than 7). In terms of correcting
the positive charge, the lysines of avidin can be easily derivatized by succinylation,
acetylation, etc. A variety of avidin derivatives with average pl values 7 or lower are now
commercially available. The removal of the carbohydrate residue from avidin is much
more difficult.

Haueple et al. (1983) have demonstrated that a far more effective approach in the
purification of lactogenic and somatogenic receptors from rabbit liver or mammary
membranes by use of biotinylated growth hormone is to replace the immobilized avidin
with the immobilized streptavidin. They compared adsorptions of biotinylated and
non-biotinylated growth hormone-binder complexes to both bioaffinity columns. Non-

specific adsorption of non-biotinylated hormone-binder complexes was found only on

Fig. 3.33. Application of the avidin-biotin system to the isolation of hormone receptors. Dashed lines
represent noncovalent bonds. Reproduced with permission from F. M. Finn and K. Hofmann, Methods
Enzymol., 184 (1990) 244-274.
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avidin-agarose. The purification of membrane proteins utilizing the biotin-streptavidin
affinity has been reviewed by Krachenbuhl and Bonnard (1990).

The separation of complementary strands of plasmid DNA using the biotin-avidin
system was described by Delius et al. (1985). Biotin-labeled strands were eluted from
avidin agarose with 50% guanidine isothiocyanate/formamide. Rapid and efficient
recovery of the DNA-protein complexes was achieved by Herman et al. (1986), when
they used DNA labeled with the chemically cleavable biotinylated nucleotide Bio-19-
SS-dUTP and streptavidin-Sepharose. The elution conditions in this isolation are
SS-reduction of cleavable biotin analogue. The advantage of the use of streptavidin
column was demonstrated by the fact that, in low ionic strength buffers, nonbiotinylated
DNA bound to avidin but not to streptavidin, Therefore, the biotinylated DNA-protein
complexes can be selectively bound to a streptavidin column under conditions that
should stabilize labile DNA-protein complexes. A method that can be generalized to
link virtually any DNA substrate to a chromatography matrix at its ends via streptavidin-
biotin linkage has been described by Fishel et al. (1990). Biotin-streptavidin affinity
selection as a valuable tool permitting the analysis of the RNA components of splicing
complexes assembled on a wide variety of pre-mRNA substrates has been reviewed by
Grabowski (1990). The review of the isolation of cell surface glycoproteins by the use
of biotinylated lectin written by Cook and Buckie (1990) has also demonstrated the
advantage of immobilized streptavidin to obviate dissociation of complexes formed
between biotinylated concanavalin A and membrane glycoproteins.

The technique for the isolation of detergent-solubilized membrane antigens described
by Updyke and Nicolson (1984) is based on an immunoaffinity adsorption which allows
the binding of biotinylated monoclonal antibodies with antigens in solution, followed by
the adsorption of the antibody-antigen complexes to immobilized streptavidin. Anti-
bodies were biotinylated using D-biotin-N-hydroxysuccinimide ester. The advantage of
biotinylation of carbohydrate moieties of antibodies using biotin hydrazine for the same
type of immunoaffinity chromatography has already been described in Section 3.3
(Phillips and Frank, 1988). Tables 9.1-3 present the examples of the application of

avidin-biotin technology for the isolation, determination or removal of various materials.



3.9 CELLS AND VIRUSES

The bioaffinity chromatography of cells, cell organelles and membranes, phages and
viruses was reviewed by Sharma and Mahendroo (1980) under the title “cellular affinity
chromatography”. Affinity ligands, in their review, are divided into two types: lectins
and non-lectin ligands, which contain hormones, neurotransmitters and related ligands

with affinity for cell surface receptors, and further inhibitors of membrane-bound

enzymes.

3.9.1 Lectins and glycoconjugates

A vital role in many fundamental cellular processes - such as cell-cell recognition
(binding of bacteria, aggregation of slime mold and sponge cells, sperm-egg binding,
interactions between cells in the immune system etc.), transmission of extracellular
stimuli, and regulation of cell movement, growth, division, and differentiation - is played
by cell membrane glycoconjugates: glycoproteins and glycolipids. They are inserted or
intercalated to varying degrees into the bilayer, disrupting its continuity and forming
mosaic-like arrangements. The saccharides usually found in glycoproteins or glycolipids
of cell membrane glycoconjugates include N-acetylneuraminic acid, galactose, manno-
se, fucose, N-acetylglucosamine, and N-acetylgalactosamine (Mohr and Pommerening,
1985). A review on the use of immobilized glycoconjugates for cell recognition studies
was published by Schnaar (1984). In the review cited (Schnaar, 1984) the difference in
carbohydrate recognition by chicken and rat hepatocytes was demonstrated. Hepa-
tocytes dissociated from chicken livers bound readily to immobilized N-acetylglu-
cosamine, but not to other carbohydrate derivatized surfaces, while rat hepatocytes
bound to galactose derivatized surfaces.

Helix pomatia lectin- Sepharose 6 MB is recommended for blood typing, cell surface
studies and lymphocyte fractionation in the booklet published by Pharmacia Fine
Chemicals (1978). Thiolated concanavalin A immobilized through cleavable mercury-
sulphur bonds to mersalyl -Trisacryl GF-05 beads adsorbed mouse thymocytes which

were recovered by dithiothreitol treatment (Bonnafous et al., 1983).
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Affinity ligands can also be coupled with the fibres through special linkers, permitting
the liberation of the cells by a specific chemical or enzymatic cleavage. The binding of
erythrocytes and thymocytes on various fibres as a function of the number of conca-
navalin A molecules bound per centimetre of the nylon fibre was described by Edelman
and Rutishauser (1974). The basic principle of their fibre fractionation of cells is shown
in Fig. 3.34. Suitable molecules or macromolecules are coupled in a suitable chemical
form with nylon fibres strung on a frame. The dissociated cells are then shaken with the
fibre in a suitable medium and the non-sorbed cells are washed out. The coupled cells
can then be transferred into another medium and there further characterized, or they

can be released into the medium by plucking them from the taut fibre with a needle,
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Fig. 3.34. General scheme for fibre fractionation. Reproduced with permission from G. M. Edelman and U.
Rutishauser, Methods Enzymol., 34 (1974) 195-225.



101

which serves to split off the cells from their points of attachment. Fractionation can be
achieved on the basis of specific bonding to a single component on the cell surface, or
on the basis of the differences in binding affinity, or on the number and distribution of
cell surface receptors of equal specificity.

The rapid isolation of human erythrocyte plasma membrane was achieved by Kaplan
et al. (1984) on an affinity matrix consisting of wheat germ agglutinin covalently bound
to Sepharose 6MB. After binding the washed cells to the bioaffinity matrix, they were
washed extensively and lysed. The resulting ghosts were washed and then eluted from
the matrix with N-acetyl-f-D-glucosamine.

Homogeneous concanavalin A labelled with 1251 was used as an affinity ligand by
Wallach et al. (1972) in a bioaffinity approach called affinity density perturbation. Its
principle is illustrated in Fig. 3.35. Concanavalin A was converted into a density
perturbant by means of glutaraldehyde by covalent bonding to coliphage K29, a stable
icosahedron of diameter 450 A and density 1.495 g/ml. The membrane fragments were
prepared from hog lymphocytoplasmatic membranes, and contained a large amount of
receptor for concanavalin A. The interaction of membrane fragments carrying the
receptor with the perturbant reversibly increased the buoyant density in a caesium
chloride gradient from about 1.18 for untreated membranes to a broad zone with
maximum density at 1.30-1.40. This relatively broad density distribution of the membra-
ne-concanavalin A-K29 complex reflects the microheterogeneity in the distribution of
the receptor sites. An addition of excess a-a trehalose was used for the dissociation of
the complex of concanavalin A with its receptor.

In general, the above method can be applied not only for the isolation of receptor sites
for hormones, transmitters, drugs, lectins and specific antigens and antibodies, but also

for the mapping of the topology of the membrane and cell.

3.9.2 Antibodies and antigens
Manderino et al. (1978) successfully prepared T and B memory cells from lymph
nodes of rabbits preimmunized with keyhole limpet hemocyanin by use of columns with

goat anti-rabbit Fab fragments of immunoglobulin G (IgG) attached to CNBr-activated
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Fig. 3.35. The principle of affinity density perturbation. A plasma membrane bearing multiple receptors (A)
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membrane and density perturbant to their original densities. Reproduced with permission from D. F. H.
Wallach et al., FEBS Lett., 21 (1972) 29-33.

Sepharose 6MB macrobeads. The various positive immunoselection techniques avai-
lable were reviewed by Basch et al. (1983). The same autors also describe liquid-phase
positive immunoselection performed using either a fluorescence-activated cell sorter
or by using “cellular engineering” to protect a cell from an otherwise noxious envi-
ronment. The enzyme catalase coupled to specific antibody has been used for this

purpose and renders cells resistent to hydrogen peroxide. Cells having IgG on their
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surface or cells coated with IgG antibody specific for particular membrane antigen were
separated by Ghetie and Sjoquist (1984) by the use of Protein A-Sepharose 6MB.
Bioaffinity chromatographic separation of T cells by the use of monoclonal antibodies
was discussed by Braun and Kiimel (1986) as a valuable tool in studies of the function
of T cells and their subsets. According to these authors a broad array of procedures has
been developed, of which an indirect use of matrix-bound second antibody appears to
be the most practical and advantageous with respect to purity, functional activity, and
viability of separated cells. Widespread use of indirect immunoadsorbents is discussed
in a review on the immunoaffinity purification of subcellular particles and organelles by
Richardson and Luzio (1986).

Thomas and Lansdorp (1988) used tetramolecular monoclonal antibody complexes
to selectively crosslink a subset of human peripheral blood T cells (CD8 positive) to
glass beads coated with fluorescein isothiocyanate-conjugated bovine serum albumin
(BSA-FITC). Immunoadsorption of T cells into glass beads using tetramolecular
complexes of monoclonal antibodies is shown in Fig, 3.36.

Several examples of the isolations of viruses are also presented in Table 9.1. One of
the most frequently employed affinants is bound antibodies. An example is the use of
Sepharose with coupled IgG from chronically infected mink for the isolation of Alleu-

tian disease virus (Yoon et al., 1973).

3.9.3 Other affinity ligands

In some cases rather than immobilized lectins, antibodies or Protein A, other specific
and reversible cell surface receptor-ligand interactions can be successfuly utilized. As
an example one may mention the isolation of acetylcholine receptor-bearing neuronal
cells from chick embryo sympathetic ganglia by the use of snake venom a-bungarotoxin
immobilized on Sepharose 6MB macrobeads. Dvorak et al. (1978) prepared a biospe-
cific sorbent from diazotised p-aminobenzoylhexylamino-Sepharose 6MB, which
resulted in the formation of an azo linkage with one or other of the two histidine residues.
In the conformation of a-bungarotoxin determined by X-ray crystallography the two

histidines are well removed from the active site and their use for immobilization is
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Fig. 3.36. Schematic representation of the crosslinking of CD8"* T lymphocytes to glass beads coated with
fluorescein isothiocyanate-conjugated bovine serum albumin (BSA-FITC). The crosslinking reagent is a
tetramolecular antibody complex comprised of an anti-CD8 mouse IgG1 monoclonal antibody molecule (a),
two rat anti-mouse IgG1 monoclonal antibody molecules (b), and an anti-FITC mouse IgG1 monoclonal
antibody molecule (c). Reproduced with permission from T. E. Thomas and P. M. Lansdorp, J. Immunol.
Methods, 112 (1988) 219-226.

unlikely to affect the biological activity of the attached affinant. Sympathetic ganglion
cells were prepared from 19-d chick embryos. After trypsinisation (0.025 %) the cells
were dissociated in Puck’s saline G containing 2 mg/ml bovine serum albumin, 20 zg/ml
deoxyribonuclease (DNase) and 10 units/ml nerve growth factor (NGF, all refered to
as medium A). The cells were then filtered through nylon gauze, centrifuged and
resuspended in medium A. The derivatised macrobeads were held in the bottom of a
small glass water-jacketed column by a piece of nylon gauze held in place by a tightly
fitting Teflon ring. The assembled column, without beads, was autoclaved and all
manipulations were carried out in a sterile laminar flow cabinet. The beads were
extensively washed with sterile phosphate-buffered saline (PBS), then medium A. The
flow rate was adjusted to 1-2 ml/h and the cell suspension loaded. It was important to
maintain a temperature of 0-4 °C throughout the isolation procedure for optimal
viability of the neurones. The beads were washed until very few non-neuronal cells were

present in the eluate. After further washing with PBS containing DNase (4 #g/ml) and
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subsequently with PBS containing DNase and 0,1 % trypsin, the column was clamped
off, the temperature raised to 37 °C and incubation allowed for 2-3 min. Foetal calf
serum (FCS) was then added and the cells eluted into a sterile centrifuge tube. The cells
were centrifuged, resuspended in 1 ml growth medium containing 10 U/ml NGF, and
cultured. Neurones obtained in this way were viable.

Examples are given in Table 9.1 of the isolation of cells and of the affinity ligands used.

3.10 COMMERCIALLY AVAILABLE INSOLUBLE AFFINANTS

In parallel with the development of bioaffinity chromatography, the number of
commercially available immobilized affinity ligands is also increasing. In order to obtain
an idea of how and which products are mostly used in practice, commercial names of
the supports and immobilized affinants used are listed in Table 9.1-3. From the refer-
ences included in the table the reader can easily form an idea of how the application of
commercial immobilized affinants is increasing at present; for example concanavalin A
bound to Sepharose (Con A-Sepharose). It can be assumed that the development will
be the same as for other chromatographic materials. Thus, in the same way as DEAE-
and CM-derivatives of cellulose are prepared in very few laboratories today, it can be
expected that the use of commercial biospecific sorbents will steadily increase. This is
true, of course, for group-specific adsorbents or specific sorbents for substances that
are currently prepared in laboratories. This is so because, in bioaffinity chromatography
its specific nature should always be borne in mind. From the diversity of biologically
active substances, a very wide range of necessary specific sorbents follows, and therefore
a considerable number of research workers will have to prepare special, highly effective
sorbents themselves.

Firms  which supply immobilized affinity ligands are mainly the following: Amicon
Corporation (Lexington, Mass 02173 U.S.A.), BioCarb Chemicals (S-22370 Lund,
Sweden), BioProbe International Inc. (Tustin, CA 92680-7017 U.S.A.), Bio-Rad Labo-
ratories (Richmond, CA 94804 U.S.A.), CALBIOCHEM AG (CH-6000 Lucerne 3,
Switzerland), Du Pont de Nemours GmbH (D-6380 Bad Homburg, Germany), E.
Merck (D-6100 Darmstadt 1, Germany), IBF (92390 Villeneuve-La-Garenne, France),
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Miles Laboratories Inc. (Elkart, Ind. 46514 U.S.A.), Millipore Corporation (Bedford,
MA 01730 U.S.A.), Pharmacia LKB Biotechnology (S-75182 Uppsala, Sweden), P.L.
Biochemicals Inc. (Milwaukee, Wisc. 53205 U.S.A.), SERVA Feinbiochemica GmbH
Co. (D-6900 Heidelberg 1, Germany), Sigma Chemical Company (St. Louis, MO 63178
US.A)), SUPELCO SA (CH-1196 Gland, Switzerland), TESSEK Ltd. (CS-11001
Praha 1, Czechoslovakia). Information on immobilized affinity ligands are presented in
booklets, catalogues and special bulletins. Different trademarks for the same immobi-
lized ligand are connected with the trademarks of solid supports and therefore informa-
tion about commercially available materials for bioaffinity chromatographyis presented

in Chapter 5.

* Only firms known to the author are mentioned in the text; therefore the list is
necessarily incomplete and it should in no case be considered as implying a

recommendation of any particular firm or product.
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Chapter 4
General considerations on affinant - sorbent bonding

The bonding between the monomeric affinant, for example the inhibitor 1, and the
enzyme E is expressed by the equilibrium constant of the reaction, K1, on the supposition

that the enzyme exists in a single tertiary conformation:

E+1 k—;*EI

“k2 (4.1)

K1 = [[E;fil?; AGI = —RT InKj

When the affinant is bound to the solid support, the equilibrium constant, K, is
affected to a certain extent. Anincrease in K| brings about a modification of the affinant
by binding to the matrix. The steric accessibility of the affinant is limited as a conse-
quence of this binding. On the other hand, a decrease in K1 causes non-specific
adsorption of the enzyme to the solid support and to the molecules of the already
adsorbed enzyme. Assuming that a single enzyme of the crude protein has an affinity
for the matrix, the equilibrium between the bound affinity ligand L and the isolated
enzyme E is given by the equation:

k’1
E+L ——EL
k> 4.2)

KL = %{I—J]l; AGL = —-RT lnKL

The successful isolation of an enzyme by bioaffinity chromatography requires a very
small Ky or K{_ for the desired enzyme. Both constants should be much smaller than any
dissociation constant for adsorption between the protein and matrix surface (i.e.
nonspecific adsorption). The maximum K| can be estimated as follows. Starting from

a 10”3 mole/l concentration of inhibitor in the insoluble affinant and the requirement of
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99% retention of the enzyme from the raw material which contains about 10" mole/1 of
enzyme in a three-fold volume of the insoluble affinant, a Ky value of 10™ molefl is
obtained as the upper limit for an effective affinant. In a 3 % protein solution, where
the active enzyme constitutes 10 % of the total protein, which should have a molecular
weight of 10°, about 10 % of the capacity of the matrix is utilized under the above
conditions.

From this estimate, it further follows that in view of the bond that can be formed
between the inhibitor and the enzyme, the whole purification process should be consi-
dered to be one of precipitation rather than chromatography. This can also be shown
by means of the adsorption isotherm for bioaffinity chromatography, shown in Fig. 4.1,
from which it is evident that the gross adsorption isotherm (curve 3) can be defined as
the sum of the specific (curve 1) and non-specific (curve 2) adsorption isotherms. The
specific adsorption isotherm characterizes the ideal specific adsorption when the

adsorption energy, A G, for all adsorbed particles is constant and relatively large.

ABSORBED ENZYME,mg

ENZYME CONCENTRATION , mg/ml

Fig.4.1. Adsorption isotherms for bioaffinity chromatography: 1, ideal biospecific adsorption; 2, non-specific
adsorption; 3, experimentally found adsorption.
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Adsorption ceases when all accessible “affinant” sites are occupied. The non-specific
adsorption isotherm characterizes the adsorption of proteins on non-specific sites of
the matrix and on already adsorbed protein.

The A GL value is the sum of A Gi and A Gnon-sp., where A Gnon-sp. is the reaction
energy of non-specific complexation and hindrance. Taking a mean value of 105 mole/1
for K, a value of about 7 kcal/mole is obtained for A G.

The adsorption energy for non-specific adsorption, A Gnon-sp., results from the
hydrophobic, hydrophilic or even ionic interactions and is comparable to the adsorption
energy in normal chromatography. It depends very much on the nature of the solid
carrier and the protein. A Gnon.sp. should be as low as possible because it also includes
the adsorption of molecules that form non-specific complexes with the affinant,

There are, however, instances in which the crude protein contains two or more
enzymes that display affinity for the bound affinant. If the equilibrium constant of the
reaction of the second enzyme, Ki(Il), is greater than 103 mole/l, then only minute
amounts of the second enzyme will be retained together with the enzyme sought. If Ki(II)
is less than or equal to 10 mole/], then a mixture of both enzymes will be adsorbed,
even though the K value of the desired enzyme may be much less than Ki(II). This
follows from the specific form of the adsorption isotherm for bioaffinity chro-
matography, because the heat of adsorption is extremely high under chromatographic
conditions. If Ki(II) differs from Ki by more than 50-100, a separation can still be
achieved if differential elution is applied, for example, or if the isolation is carried out
by a batch process, using an amount of the insoluble affinant that corresponds exactly
to the more intimately binding enzyme, or if chromatography during which equilibrium
between [E(II) I] and [E(T) *I]) must be attained is very slow.

The difference between A Grand A Gy is given by the change in steric accessibility
of the affinity ligand after its immobilization, by its modification due to its binding on

the carrier, by the nature of the solid support, etc.
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4.1 STERIC ACCESSIBILITY

4.1.1 Nonporous and highly porous solid supports

The basic requirement for successful bioaffinity chromatography is that the formation
of the complex of the macromolecular substance with the affinant covalently bound to
the solid support should correspond to the formation of their complex in solution. This
requires, above all, sufficient space, especially if we have to deal with the interaction of
substances of high molecular weight. For this reason, using nonporous or highly porous
solid supports is one of the most important requirements.

Adachie et al. (1984) compared nonporous and porous glass matrices in order to
eliminate the kinetic limitation on access of the determined pyruvate, L-lactate and
glutamic pyruvic transaminase to immobilized lactate dehydrogenase. Swaisgood and
Chaiken (1985) have shown the utility of analytical bioaffinity chromatography with
nonporous glass beads for the evaluation of thermodynamic and kinetic properties of
biospecific interactions using the neurophysin-hormone interactions as a model system.
A support based on pyrogeneous silicon dioxide of particle size 0.01 to 0.1 #m, modified
with 3-(amino)propyltricthoxysilane and activated with glutaraldehyde was employed
for the immobilization of concanavalin A, immunoglobulins, basic pancreatic trypsin
inhibitor, and chymotrypsin by Fusek et al. (1987). Anspach et al. (1989) introduced
nonporous, microparticulate, monodisperse silicas with particle diameters between 0,7
and 2,1 #m as stationary phases in high-performance bioaffinity chromatography.
Immobilized phenylboronic acid was applied to the isolation of nucleosides, nucleo-
tides, and glycoprotein hormones such as bovine follicotropin and human chorionic
gonadotropin, while immobilized benzamidine was employed for the isolation of the
serine proteases thrombin and trypsin, immobilized tri-L-alanine for the separation of
pig pancreatic elastase and human leukocyte elastase, and immobilized concanavalin A
for the isolation of horseradish peroxidase. In all bioaffinity chromatography systems
studies, the nonporous monodisperse silicas showed improved chromatographic
performance in comparison with results obtained with porous silica supports using

identical activation and immobilization procedures.
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Ivanov et al. (1990) used wide-porous and nonporous glass beads (Sikron and Cabosil)
after the binding of 3-(amino)propyltriethoxy-silane for the immobilization of protei-
nase pepsin. Properties of the mineral supports and immobilized pepsin are given in

Table 4.1.

Table 4.1.

Properties of the mineral supports and immobilized pepsins

Support %‘f;g"g‘;s 81855 Gikrom Cabosil
Particle diameter, ym 60-80 1-2 0.01-0.1
Pore diameter, A 2100 - -
NH2-group content, umoles.g'l 180 150 1100
Surface area, m? . g'1 50 23 200
Pepsin content, nmoles . g'1 72 6.9 22
Proteolytic activity, Units . g™ 3.0 08 56
Retained activity of

immobilized pepsin 9% 26% 64%

The affinity fibre has been developed as a support for HPLAC by Wikstrom and
Larson (1987). Nonporous quartz fibre with a mean diameter of 0.5 um was silylated
with mercaptopropyltrimethoxy-silane. Tresyl chloride-activated dextran was cova-
lently coupled to the SH groups on the fibre. Remaining active tresyl groups on the
dextran were then coupled with an NAD derivative (Fig. 4.2). The affinity fibre contai-
ned 0.3 umol NAD derivative per g and was able to bind 15 mg of lactate dehydrogenase
per g of fibre. The affinity fibre was used for large-scale purification of ox heart lactate
dehydrogenase and its performance was compared with other commonly used chro-
matographic matrices. The operational capacity was found to be 1.0 g of pure lactate
dehydrogenase per hour per 100 g of fibre material. The affinity fibre was found to be
particularly suitable for very rapid processing of large volumes of dilute enzyme
solutions.

Extraction of circulating gastrointestinal cancer antigen (GICA) using an immu-
noadsorption system of monoclonal antibody immobilized on a polyolefin alloy fiber

was described by Pak et al. (1984). Continuous circulation or single passage of plasma
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Fig. 4.2. Fibre derivatization procedure.

from gastrointestinal cancer patients through this antibody-microporous-fiber matrix
resulted in 90% depletion of circulating GICA in 2 h using 0.6 mg immobilized antibody,
and 90 % depletion in 5 min using 8 mg antibody. Continual circulation resulted in total
GICA removal in both cases. Desorption of antibody or of antibody-containing comple-
xes was minimal. This technique provides a selective and convenient means of removing
any targeted substance by monoclonal antibody from the serum, and thus overcomes
many of the shortcomings associated with conventional plasmapheresis.

Membrane filtration bioaffinity purification has been summarized by Ling and
Mattiasson (1989). In this paper they used silica nanoparticles with size 12 nm and
attached Cibacron Blue dye for effective purification of alcohol dehydrogenase and
lactate dehydrogenase.

The effect of gel porosity on the accessibility of the immobilized affinity ligand
necessary for complex formation with the complementary macromolecule is shown in

Fig. 4.3.
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Fig. 4.3. Affinity gel filtration of synthetic mixtures of (A) lactate dehydrogenase (LDH), and (B) malate
dehydrogenase (MDH), with bovine serum albumin (BSA) on NAD-Sephadex of various pore sizes.
A 50 ¢l sample containing 1.85 units of LDH (or 0.335 units of MDH) and 0.8 mg of BSA was applied to a
20 x S mm column of the appropriate NAD-Sephadex equilibrated with 10 mM phosphate buffer, pH 7.5.
Non-absorbed protein was washed off with the same buffer and the column was eluted with a 0-0.5 M KCl
gradient in 10 mM phosphate buffer, pH 7.5; 20 ml total. LDH (@ ), MDH (o) and BSA (-) were assayed in
the effluent. Reproduced with permission from C.R. Lowe and P.D.G. Dean, FEBS Lett., 18 (1971) 31-34.
Lowe and Dean (1971) demonstrated the effect of the degree of porosity of the
Sephadex matrix on the binding of lactate dehydrogenase and malate dehydrogenase in
a mixture with serum albumin on immobilized NAD*. On a column of a highly
crosslinked Sephadex G-25 with bonded NAD *, both dehydrogenases as well as serum
albumin appear in the hold-up volume of the columns, because the immobilized ligand
is inaccessible to enzymes. The NAD *-Sephadex G-100 complex had sorbed malate

dehydrogenase, while most of the lactate dehydrogenase of higher molecular weight
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passed through with the serum albumin. Both dehydrogenases were then sorbed on
NAD *-Sephadex G-200. The force of interaction between the enzyme and the immo-
bilized NAD * increases with increasing gel porosity, as it is evident from the potassium
chloride concentration necessary for the elution of enzymes when a linear potassium
chloride gradient was used. The exclusion of dehydrogenases from affinity sorbents
prepared from gels of various pore sizes was used by Lowe and Dean (1971) as a
microscale method for the rapid determination of apparent molecular weights by
so-called affinity gel filtration.

Another example of the substantial effect of gel porosity on the capacity of the affinity
sorbent is the discovery that the amount of sorbed trypsin on 6 % and 4 % agarose

substituted with m-aminobenzamidine

Bl
A~ N—CH,—CH, = CH,~CH,=CH,~CO—NH C

depends on the concentration of trypsin (Nishikawa et al., 1974). Assuming a modest
binding constant, Nishikawa et al. deduced, on the basis of adsorption theory, a
hypothetical system in which they plotted the amount of the enzyme-ligand complex
formed, [EL), as a function of the concentration of enzymes in the sorption solution,
[E), for three fixed values of the ligand concentration, Lo, as shown in Fig. 4.4A.

By plotting [E] on a logarithmic scale they obtained a sigmoidal binding pattern. They
made the following assumptions: (1) the ligand in the gel behaves in the same manner
as a corresponding, freely dissolved, molecule; in fact the immobilization of the affinity
ligand causes a loss of at least one degree of freedom in translation entropy; (2) the
concentration of the gel ligand, [L], closely approximates the concentration measured
per unit volume of gel; (3) the enzyme interacts freely with all accessible ligands, while
the inaccessible ligands have no influence on the binding potential of the enzyme; and
(4) the solid support has no effect on the enzyme-ligand bond, except for steric exclusion

of some ligands. Fig. 4.4B shows that the amounts of the bound trypsin established
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Fig. 4.4. (A) Ideal enzyme binding plot; (B) trypsin binding to different gels. Reproduced with permission
from A. H. Nishikawa et al., Advan. Exp. Med. Biol., 42 (1974) 3342.

experimentally during the equilibrium binding studies are dependent on the concentra-
tion of the starting trypsin solution (in 0.05 M bicin, pH 8.15, and 0.25 M potassium
chloride solution; 4 h at 4°C). From this figure it is evident that only the bioaffinity
adsorbent prepared from 4% agarose gel containing 19.2 gequiv./ml of m-amino-
benzamidine approaches ideal behaviour. This carrier had a substantially higher satu-
ration capacity than the bioaffinity adsorbent prepared from 6% agarose containing
229 pequiv./ml of m-aminobenzamidine; at higher concentrations of trypsin it was

similar to a 6 % gel containing 48.9 yequiv./ml. Fig. 4.4B also shows the saturation
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capacity of a high ligand gel (Lo = 48.9 uequiv./ml) which was diluted with the same
volume of non-modified 6% agarose. The resulting concentration of the ligand in the
gelis thus Lo = 24.45 #equiv./ml. However, the binding curve is substantially lower than
in 6% gel with Lo = 22.9 uequiv./ml. The properties of bioaffinity sorbents diluted with
unmodified gels are discussed in Section 4.3.

Of course, there are instances where the gel porosity does not have any effect on the
interaction of the macromolecules with an immobilized affinant, such as in systems with
extremely large macromolecules, where only affinity ligands immobilized on the surface
of the beads take part in complex formation. An example is the bioaffinity chro-
matography of polysomes, ribosomes, intact cells, organelles or membrane fractions. In
these instances penetration in the bead pores can hardly be expected. As an example
one might mention the high capacity of albuminated CIBA blue dextran-staphylococcal
Protein A-conjugated Sepharose 6MB bioaffinity columns for the fractionation of
antibody-coated lymphocytes. The capacity of the columns permitted quantitative
separation of T and B lymphocytes (Duffey et al., 1981). For rapid routine analysis of
cloned murine T helper cells De Bell et al. (1990) coated polystyrene latex beads with
anti-T cell receptor (TCR) monoclonal antibodies. T lymphocyte aggregation with
immobilized anti-TCR-antibodies is dependent on energy and microfilament assembly.
Additional examples of biospecific sorption of cells and their fractions are given in Table

9.1.

4.1.2 Spacer molecules

In order to attain good accessibility for the immobilized affinity ligands and the
binding sites of biological macromolecules it is necessary to have more than just a high
solid support porosity. The chemical groups of the affinant that participate in the
interaction with the macromolecular substance must also be sufficiently remote from
the surface of the solid matrix in order to avoid steric hindrance.

The importance of the spacing of the low molecular weight inhibitor from the surface
of the rigid matrix in regard to the course of bioaffinity chromatography was illustrated

by Cuatrecasas et al. (1968) in one of the first successful applications of this method in
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the isolation of enzymes. Fig. 4.5 represents the affinity chromatography of a-
chymotrypsin, both on Sepharose coupled with e-aminocaproyl-D-tryptophan methyl
ester (A) and on Sepharose coupled with D-tryptophan methyl ester (B), in comparison
with chromatography on unsubstituted Sepharose (C).

In the first instance (A), the bonded inhibitor has a high affinity for a-chymotrypsin
and the enzyme can be released from the complex only by decreasing the pH of the
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Fig. 4.5. Bioaffinity chromatography of a-chymotrypsin on inhibitor Sepharose columns. The columns (50 x
5 mm) were equilibrated and run with 0.05 M Tris-hydrochloric acid buffer of pH 8.0. Each sample (2.5 mg)
was applied in 0.5 ml of the same buffer. The columns were run at room temperature with a flow-rate about
40 ml/h and fractions containing 1 ml were collected. The arrows indicate a change of elution buffer (0.1 M
acetic acid, pH 3.0). (A) Sepharose coupled with e-aminocaproyl-D-tryptophan methyl ester; (B) Sepharose
coupled with D-tryptophan methyl ester; (C) unsubstituted Sepharose. The first peaks in A and B were
devoid of enzyme activity. Reproduced with permission from P. Cuatrecasas et al., Proc. Nat. Acad. Sci. U .S,
61 (1968) 636-643.
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eluting buffer. By using 0.1 M acetic acid of pH 3.0, the chymotrypsin fraction is eluted
as a sharp peak and the volume of the eluted chymotrypsin does not depend on the
volume of the sample applied to the column. In the second instance (B), the inhibitor
coupled directly on Sepharose has a much lower affinity for the isolated a-chymotrypsin,
owing to steric hindrance. In this instance a change of buffer is not necessary for enzyme
elution and, as it can be seen from the graph, the enzyme is eluted in a much larger
volume closely after the inactive material. In order to verify that non-specific adsorption
on the carrier did not take place under the given experimental conditions, the chro-
matography of a-chymotrypsin on an unsubstituted carrier was carried out (C).

However, as it was observed, the method described for the chromatography of
chymotrypsin on unsubstituted Sepharose does not provide sufficient proof of non-
specific sorption. By contrast, Hofstee (1973) demonstrated for Sepharose with bonded
e-aminocaproyl-D-tryptophan methyl ester that it, for example, does sorb serum albu-
min or y-globulin completely non-specifically. Thus, it was found that a series of
substances, both enzymes and substances such as immunoglobulin, serum albumin and
ovalbumin, contain hydrophobic regions on the surface of their molecules, by which they
are capable of being bound to hydrophobic spacers, such as hexamethylenediamine or
e-aminocaproic acid. The utilization of this phenomenon for the separation of a number
of biological macromolecules gave rise to the so-called hydrophobic (affinity) chro-
matography (Shaltiel 1974, 1984; Kennedy 1990).

In view of the different structures of the substances isolated, the affinant should be
located at such a distance from the carrier surface that the bond does not require the
deformation of the isolated substance. The effect of the distance of the affinant
3’-(4-aminophenylphosphoryl) deoxythymidine-5-phosphate from the solid support
surface (both Sepharose 4B and Bio-Gel P-300) on the capacity of the gel in the
chromatography of staphylococcal nuclease (Cuatrecasas, 1970) is shown in Table 4.2.

In type A, the inhibitor is bound directly to the matrix, and in other types a chain of
varying length is inserted between it and the carrier surface. Hipwell et al. (1974) carried
out the chromatography of several dehydrogenases on N6-cu-aminoalkyl-AMP-Sepha-

rose. The strength of interaction can be derived from the concentration of potassium
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Table 4.2
Capacity of insoluble affinants prepared by binding 3’-(4-aminophenyl-phospho-
ryl)deoxythymidine-5’-phosphate on Sepharose 4B and Bio-Gel P-300 derivatives in the

affinity chromatography of Staphylococcal nuclease.

Type of Capacity (mg of
inhibitor nuclease per ml
bound Structure of gel) on den'\fative of
. Sepharose Bio-Gel
on matrix
4B P-300
A !rm -@- o —roi 2 06
T
B g»muwoouw—@—ro.—/{/— PO 8 2
Cc »oc,ouomm 8 3

@N,,O_,O,J{,m,

OH

T
D }WW—O—NA—/{/—NF 10

chloride necessary for the release of dehydrogenase from its complex with nucleotide.

The effect of the length of the spacer arm on the binding (8) of several dehydrogenases
on N6-w-aminoalkyl-AMP-Scpharosc is evident from Fig. 4.6.

The binding (B) of two isoenzymes of lactate dehydrogenases increases rapidly from
n = 2ton = 5. When the spacer arm s lengthened further, the elution must be enhanced
by a pulse produced by the addition of a small amount of NADH. The binding of malate
dehydrogenase, D-glucose-6-phosphate dehydrogenase and D-glyceraldehyde-3-
phosphate dehydrogenase is significantly weaker than of lactate dehydrogenase. None-
theless, in polymers where the number of CH2 groups k > 7, it does not seem that the

binding of enzyme would change substantially. It is further evident from Fig. 4.6 that,
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Fig. 4.6 Effect of spacer arm length on the binding of several dehydrogenases to Ns-w-aminoalkyl-AMP-

Sepharose. Columns of the modified gels (50 x S mm) were equilibrated at 4°C in 10 mM KH2PO4 - KOH
at pH 7.5 containing 0.02% sodium azide. The enzyme-protein sample was run into a moist bed of each
polymer and developed by washing with several bed volumes of equilibration buffer, a linear gradient of KCl
(0to 1.0 M; 20.0 ml total volume) followed by a 200 11 “pulse” of 5 mM NADH applied to the column in the
same way as the enzyme-protein mixture. The column flow-rate was mdintained at 8.0 - 10.0 mi/h and 1.4-ml
fractions were collected. Binding represents the concentration of KCI (20°C) required to elute the enzyme.
Lactate dehydrogenase-Ha (4 U, ); lactate dehydrogenase-M4 (4 U,); D-glucose-6-phosphate dehydrogenase
(2 U, e ); malate dehydrogenase (4 U, 0); and D-glyceraldehyde-3-phosphate dehydrogenase

(2.5 U, ). Reproduced with permission from M.C. Hipwell et al., FEBS Lett., 42 (1974) 355-359.

for lactate dehydrogenase, at least four methylene groups are necessary in order to
achieve binding of enzyme on the immobilized nucleotide. It is considered that the use
of an extension arm with a length of at least 0.5 nm enables the nucleotide to traverse
the barrier imposed by the microenvironment associated with the hydrophilic polymer
(Lowe et al., 1973). This can be caused by the ordered layer of water molecules
surrounding the matrix backbone and limiting diffusion in this region, or by the vibra-
tional movement of the lattice. In any event, the region of the solvent in close proximity
to the surface of the solid support represents a real barrier for the interaction of the
macromolecule with the complementary affinity ligand, especially if an interaction with
weak affinity is concerned. A spin-labelling investigation of a variety of long spacers was
carried out by Aplin and Hall (1980). They attached nitroxide spin labels to CNBr-acti-
vated Sepharose 4B directly and through oligoglycines and w-amino-carboxylic acids of

varying length. They concluded that the ideal spacer length is 12 atoms, when the
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mobility provided can be equated with accessibility of the affinity ligands without any
increase in non-specific adsorption. This is in good agreement with data gained from
their summary of published reports on varieties of spacer arm in bioaffinity separation.
However, it should be pointed out that, where the complementary macromolecule has
alow apparent molecular weight or a high affinity for the immobilized ligand, the length
of the spacer arm is not as critical as in the case of large proteins or with systems of low
affinity.

The use of macromolecular spacer molecules constructed by coupling denatured
albumin, polylysine, polymers containing only D-amino acids (resistant to proteolysis
by proteinases), polyornithine or polyvinylalanine to a suitable matrix and suitable
ligand may have advantages for the bioaffinity chromatography of a number of sensitive
biochemical substances (Lowe, 1979). For example, the general utility of polymeric
spacer molecules may be demonstrated by the purification of the oestradiol receptor
(Sica et al., 1973). A conventional multimeric spacer arm composed of several smaller
units linked together permitted a 27-fold purification, while the use of albumin increa-
sed the purification to 4400-fold and a poly(lysyl-alanine) arm allowed a purification in
excess of 100,000-fold.

In general terms, the effects relating to the length and nature of a prospective spacer
molecule cannot be divorced either from each other or from the nature of the ligand.
The presence of hydrophobic spacer molecules will generate serious problems of
non-specific adsorption and O’Carra et al. (1974) have therefore recommended the
introduction of polar groups, such as secondary amino, hydroxyl and peptido along the
length of the spacer arm in order to break up hydrophobic enclaves. It was claimed that
interference by non-biological adsorption was drastically reduced by replacement of
the hydrophobic spacer molecules by more hydrophilic ones. However, Lowe (1977)
synthesized a series of 8-substituted adenosine 5’-monophosphate (AMP) derivatives
bearing spacer arms of the same length but differing degrees of hydrophobicity/
hydrophilicity. These derivatives exhibited similar competitive inhibition constants in
free solution, although the AMP derivative attached to Sepharose 4B via a hydrophobic

hexamethylene arm tightly bound a series of NAD " -dependent dehydrogenases, as



128

well as the use of a hydrophilic arm containing a peptide linkage and a carbinol grouping,
were totally ineffective. On the other hand, the use of a hydrophilic spacer prevents an
undesirable possibility that can occur when a hydrophobic affinant is bonded to a long,
flexible hydrophobic chain. This can itself then interact with the spacer and become
masked or occluded. Such a “conformational occlusion” can be the reason for the
inaccessibility of the immobilized affinant for complex formation with the substance
isolated. The bioaffinity chromatography of trans-N-deoxyribosylase (Holguin and
Cardinaud, 1975) is a practical example. When using Sepharose-N6-p-amino-n-hexy-
ladenine, Holguin and Cardinaud assumed that under the influence of the flexible chain
the active part of the ligand came into close proximity to the solid support and that
therefore an effective interaction with the transfer enzyme could not take place.

The importance of the character of the spacer moiety was also shown by Inoue et al.
(1981). The affinity of rat liver glutathione S-transferases for an S-carbamidomethyl
glutathione derivative of an w-aminoalkyl Sepharose was found to increase with increa-
sing carbon chain lenght of aliphatic diamine spacers employed (Fig 4.7.). These
findings suggest that hydrophobic character of the spacer moiety might be important
for the interaction of the adsorbent with the enzymes. Among various spacers tested,
the lysyl spacer was found to be most specific for glutathione S-transferase (Fig 4.8.).
This might be due to the fact that, besides the glutathione binding site, the transferases
posses another binding site responsible for the interaction with hydrophobic anions.

These observations reflect the need for a more rational strategy in the design of spacer
arms for bioaffinity chromatography. Each purification should be considered inde-
pendently and if a spacer molecule is necessary, the length required to achieve an
optimum separation efficiency should be determined. Great increases of steric accessi-
bility of the affinity complementary binding sites of high molecular weight affinity
ligands after oriented immobilization through the carbohydrate moiety or by use of
biospecific complex formation with antibodies or other biologically active molecules are

discussed in detail in Section 4.3 and in Chapter 10.
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Fig. 4.7. Bioaffinity chromatography of glutathione S-transferases on glutathione-conjugated Sepharose
columns containing various spacers. The enzyme samples containing S units glutathione S-transferase activity
were applied to the column (1 x 3.8 cm) equilibrated with 10 mM potassium phosphate buffer, pH 7.0. After
washing with 16 ml buffer solution, elution of the enzyme was performed with 10 mM Tris-HCl buffer, pH
8.0/S mM reduced glutathione (2 ml/fraction). All procedures were carried out at 4°C. Spacers used were :
a, ethylenediamine; b, propanediamine; ¢, hexanediamine; d, octanediamine; e, decamethylenediamine.
Arrows shows the change in the elution buffer solution. GSH, reduced glutathione. (0), enzyme activity;
(), absorbance at 280 nm.
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Fig. 4.8. Chromatography on the lysyl or pentanediamine spacer adsorbent. The enzyme samples (7 units)
were applied to the columns of lysyl or pentanediamine spacer adsorbent (1 x 3.8 cm). Elution of the enzyme
was carried out with 5 mM glutathione. Other conditions were the same as in Fig. 4.7. a, pentanediamine
spacer adsorbent; b, lysyl spacer adsorbent. (0), enzyme activity; ( ® ), absorbance at 280 nm. Both figures
reproduced with permission from M. Inoue et al., Biochim. Biophys. Acta, 659 (1981) 362—369.

4.2 MICROENVIRONMENTAL EFFECT OF MATRIX NATURE

Studies on the conformation of model peptides in membrane-mimetic environments
(Gierasch et al., 1982) permit us to expect that steric accessibility of the reactive group
or of the affinity ligand will not only be the result of their distance from the surface of
the solid support but will also depend on the interfacial water region, which does not
stabilize the same conformation as does bulk water. The arrangement of the solvent
layers on the surface of the solid support will also obviously be one of the main factors
affecting the penetration of the bound molecules to the surface of the support. As a
logical result the mode of immobilization has a greater effect on the interaction of the
substances isolated with immobilized low molecular weight ligand than with high

molecular weight affinity ligands.
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Angal and Dean (1977) studied the effect of matrix on the binding of human serum
albumin to the sulphonated aromatic dye Cibacron Blue 3 G-A immobilized on ten solid
supports. The adsorption is selective since albumin from rabbit, chicken or bovine sera
did not bind to the same immobilized dye. Cibacron Blue was attached to the cellulose
(Whatman Biochemicals, Maidstone, Kent, U.K.), the acrylamide-cross linked agarose
Sephacryl (Pharmacia, Uppsala, Sweden), the co-polymerized polyacrylamide-agarose
mixed gels Ultrogels Ac A54 and Ac A44 (LKB Instruments, Croydon, Surrey, U.K.),
agaroses Sepharose 6B, 4B and 2B (Pharmacia G.B. Ltd., London, UK.) and to
epichlorohydrin-crosslinked Sepharose CL6B, C14B and CL2B. Bioaffinity column
supports were compared by frontal analysis. This method supplied the information
presented in Table 4.3.

A 16-fold range in ligand concentration was observed on the immobilized dye to the
various matrices, despite the similarity of the reaction conditions used. The molar
effectiveness of the agarose adsorbents ranged between 0.064 and 0.157 mol of human
serum albumin/mol of dye and was significantly higher than the results obtained for
cellulose and Ultrogels. Apparent association constants were also similar for all substi-
tuted Sepharoses and Sephacryl (24 x 10°-47x 103M'1), but were at least a factor of 10
lower for cellulose and the Ultrogels. This probably explains the observed lower working
capacities of these adsorbents. In the same way Jessup and Dean (1981) examined the
effect of the nine different support matrices on the capacity of immobilized Procion Red
HE-3B dye for a higher plant 6-phosphogluconate dehydrogenase. Consideration of the
respective ligand concentrations, capacities for enzyme, and flow properties of the
adsorbents indicated that agarose (Sepharose 6B) or crosslinked agarose (Matrex Gel
Red A from Amicon, Woking, Surrey, U.K.) were the preferred supports for the
purification of the isolated enzyme.

Human immunoglobulin G (IgG) was immobilized by Taylor (1985) onto acrylate-
based activated supports Eupergit C (Rohm Pharma, Weiterstadt, F.R.G.) and Separon
HEMA 1000 Emax (TESSEK Ltd., Praha, Czechoslovakia), onto agarose-based acti-
vated supports ACT Ultrogel (LKB, Stockholm, Sweden), Affi-Gel 10 (Bio-Rad Labs.,
Richmond, CA, U.S.A.), CNBr-Sepharose 4B and Epoxy-Sepharose 6B (Pharmacia -
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Table 4.3.
Comparison of the properties of different support media. (The value for human serum

albumin adsorbed is calculated by difference and after elution with thiocyanate)

Ligand HSA' HSA eluted  10°x Apparent
Support . .

. concen. adsorbed by desorption  association
material (ug/mlof gel) (mg/mlofgel) (mg/mlofgel) constant (M 1)
Cellulose 3.2 0.8 0.2 11
Sephacryl 19 10.7 8.4 25.0
Ultrogel AcA54 03 0.2 02 31
Ultrogel AcA44 0.4 0.3 0.2 4.8
Sepharose 6B 23 324 20.7 453
Sepharose 4B 1.5 15.7 141 42.0
Sepharose 2B 0.9 9.1 8.4 35.0
Sepharose CL6B 0.7 54 42 30.0
Sepharose CLAB 0.4 50 46 46.8
Sepharose CL2B 0.2 1.7 1.7 24.6

! Human serum albumin

PL Bio - Chemicals, Piscataway, N.Y., U.S.A.) and Reacti-Gel 6X (Pierce Chemical
Co., Rockford, IL, U.S.A.) and onto glass bead CDI- and NHS-Activated Glycophase
(Pierce Chemical Co.). Based on the retention of antibody binding, the best supports
for IgG coupling were found to be Separon HEMA (Fig. 4.9) and ACT Ultrogel. The
most inefficient supports for IgG coupling were those based on glass beads and the
epoxy-Sepharose product.

Thermodynamic and kinetic investigations on rigid and soft bioaffinity gels with
varying particle and pore sizes were described by Anspach et al. (1990). The determi-
nation of isotherms for the adsorption of lysozyme was done on immobilized Cibacron
Blue F3GA dye. As soft-gel chromatographic supports they used Cellufine GC 700
Medium (Amicon, Danvers, MA, U.S.A.), Sepharose CL6B (Pharmacia LKB, Uppsala,
Sweden) and Trisacryl GF 2000 (Reactifs IBF, Villeneuve la Garenne, France). Nucleo-
sils 1000-5 and 4000-5 (Machery-Nagel, Diiren, F.R.G.) were used as the porous
silica-based supports. Nonporous, used silica was made in their laboratories and is
commercially available from E. Merck (Darmstadt, F.R.G.). In Fig. 4.10(a) and (b) the

equilibrium capacity of lysozyme was plotted against the corresponding protein
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Fig. 4.9. Purification of human IgG antibody by HPLIC on a column packed with Separon HEMA containing
immobilized human IgG. Hatched portions indicate isolated antibody concentrations. Reproduced with
permission from R.F. Taylor, Anal. Chim. Acta, 172 (1985) 241-248.

concentration at the column inlet. As Anspach et al. (1989) described, the shape of the
isotherm can be utilized to evaluate the type of interaction. Adsorption of the protein
on the soft gel sorbents in Fig. 4.10(a) gives typical Langmuir-type isotherms.
Adsorption on silica-based bioaffinity sorbents in Fig. 4.10(b) gives rectangular-shaped
isotherms for some of the sorbents due to non-specific interactions with the silica

surface.
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Fig. 4.10. Equilibrium isotherms for adsorption of lysozyme on Cibacron Blue F3GA. (a) Adsorption of the
protein on the soft-gel sorbents; o = Cellufine GC 700; A = Sepharose CL6B; @ = Trisacryl GF 2000.
(b) Adsorption on silica-based affinity sorbents; o = Nucleosil 1000-5; ® = Nucleosil 4000-5; A = nonpo-
rous glass beads (2040 #m). Reproduced with permission from F.B. Anspach et al., J. Chromatogr., 499
(1990) 103-124.

4.3 CONFORMATION, ORIENTED IMMOBILIZATION AND
STABILITY OF ATTACHED AFFINANT

The main principle governing the specific interactions of biological macromolecules
is the complementarity of the binding sites. For example, the high reactivity of specific
substrates follows from the perfect interaction of configurationally and conforma-
tionally oriented groups of the substrate with the complementarily located groups or

sites of the enzyme. The interaction of the substrate and the inhibitor with the enzyme
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thus rises with the greater complementarity of the binding sites. This is true not only
with respect to the spatial arrangement, but also with respect to the nature of the
complementary parts of the molecules. However, the means by which the affinity ligand
is bonded to the solid support is thus considerably limited, because the ligand must be
bound by that part of the molecule which does not participate in the biospecific binding.
In addition, the immobilization of the affinant should not cause a change in conforma-
tion nor should it affect the nature of its binding sites. The effectiveness of the affinity
adsorbent depends on the extent to which this is achieved.

The basic importance of the attachment of nucleotides to a solid support as regards
the efficiency of the affinity chromatography of kinases and dehydrogenases depending
on pyridine nucleotide has been demonstrated by the studies of Harvey et al. (1974).
The adsorbent N6-(6-aminohexyl)-AMP-Sepharose contains AMP bound to Sepharose

by means of the NS-adenine moiety:

CHy)gH
N/l |N
N 0
0. GHO-P-0"
o
OH OH

while in the sorbent Pl-(6-aminohexyl)-P2-(5’-adenosine) pyrophosphate-Sepharose
AMP is linked by 5’-phosphate:

NH,
o ® LA
NACH) ~0-P~0-P-0CH,
o o
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The linking of various dehydrogenases and kinases onto these two adsorbents is
mentioned in the preceding chapter in Table 3.1. Glucose-6-phosphate dehydrogenase,
D-glyceraldehyde 3-phosphate dehydrogenase and myokinase were bound to Pl-(6-
aminohexyl)—Pz-(5’-adenosine) pyrophosphate-Sepharose only, while alcohol dehydro-
genase and glycerokinase were bound only to NS.(6-aminohexyl)-5-AMP-Sepharose.
Lactate dehydrogenase, malate dehydrogenase, 3-phosphoglycerate kinase and pyru-
vate kinase were bound to both sorbents, while hexokinase and creatine kinase were
bound to neither of them. These results reflect the nature of the enzyme-nucleotide
interactions and it can be concluded that while the free 5’-phosphate group is essential
for the binding, for example, to alcohol dehydrogenase or glycerokinase, it has a
completely different role in the interaction of glyceraldehyde 3-phosphate dehydro-
genase. In this instance the decisive role is played by the adenosine moiety of the affinant.
The much stricter binding requirements with hexokinase and creatine kinase evidently
result in these enzymes not being attached to either of the adsorbents. However,
hexokinase from yeast extracts was isolated by use of ATP in complex with immobilized
boronic acid (Matrex Gel phenylboronate from Amicon, Lexington, Mass., U.S.A) by
Bouriotis et al, (1981).

High molecular weight affinity ligands usually offer more possibilities for the prepa-
ration of affinity adsorbents. A series of very active affinity adsorbents has been
prepared by direct attachment of the protein to a solid support, and many examples are
given in Chapter 9 in Tables 9.1-3. However, a very important condition in this instance
is that the attachment to the solid support should not cause a change in the native
conformation of the ligand.

To protect the binding site of the lectin, Clemetson et al. (1977) coupled the lectins
to Sepharose 4B after CNBr-activation in the presence of 2% of the appropriate sugar.
Efficient biospecific adsorbents for the purification of the proteins exhibiting high
affinity to cytochrome c can be prepared according to a method reported by Azzi et al.
(1982). Fig. 4.11 shows the example of the preparation of efficient biospecific adsorbents
for the isolation of mitochondrial cytochrome ¢ oxidase and reductase. Cytochrome ¢

from Saccharomyces cerevisiae was attached to a thiol-Sepharose 4B through cysteine-
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Fig. 4.11. Scheme of the reaction of S. cerevisiac cytochrome ¢ with activated thiol-Sepharose 4B. Repro-
duced with permission from A. Azzi et. al., Proc. Nat. Acod. Sci. U.S., 79 (1982) 2447-2450.

107. In this way, the site of interaction of cytochrome c¢ with cytochrome oxidase and

reductase remained unmodified and available for binding to a number of partner

enzymes.

43.1 Oriented immobilization by use of biospecific complex formation

Increased accessibility and stability of active sites of antibodies can be achieved by
oriented immobilization using the sorption and the cross linkage of Fc parts of anti-
bodies to immobilized Protein A (Fig. 3.16 and Fig. 3.19).

The use of biotinylated mouse monoclonal anti-idiotypic antibody adsorbed to
streptavidin-coated beads for the isolation of active phosphorylcholine receptors from
detergent-solubilized membranes is shown in Fig. 3.29. The great advantage of this
oriented immobilization of monoclonal antibody is biotinylation of its periodate oxidi-
zed carbohydrate moiety by biotin hydrazide (Babashak and Phillips, 1988). The
development of a biospecific sorbent for the isolation of insulin receptors based on
avidin-biotin technology, where the hormone is attached in a targeted fashion, is

demonstrated in Fig. 3.33. Insulin derivatives containing biotin attached either directly
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or via a spacer arm to the terminal amino group of the B chain of insulin were prepared
by Finn et al. (1984). C-Terminal biotinylation of proteins by the use of biocytinamide
and a nonspecific proteinase carboxypeptidase Y was described by Schwarz et al.
(1990). Further details about biotin-avidin or streptavidin interactions and their appli-
cations are discussed in Section 3.8.

A consideration of recycling must not only deal with the affinity ligand as such but
also with sanitation of the column. In some bioaffinity chromatographic processes there
is a need for good control of the aseptic conditions in the column. In order to achieve
such conditions, as well as to reduce the costs of the purification of biologically active
molecules from a crude homogenate on a large scale, Mattiasson and Olsson (1986)
described the use of heterobifunctional affinity ligands. Cibacron Blue dye and soy bean
trypsin inhibitor (STI) attached to Dextran T40 in a soluble form were added to a
solution containing lactate dehydrogenase (LDH). After binding of LDH with Cibacron
Blue-dextran-STI, the complex formed was isolated by passage through bioaffinity
matrix trypsin-Sepharose. Fig. 4.12 shows the stepwise elution process. The substance
of interest LDH is isolated first, followed by the affinity ligand, which can then be reused.

The theoretical and experimental evaluation of the use of heterobifunctional bioaffi-
nity ligands in general chromatographic purification systems has been described by
Olsson and Mattiasson (1986). Homobifunctional affinity ligands bis-NAD analogues
were used by Mansson et al. (1983) for site-to-site directed immobilization of alcohol
dehydrogenase and lactate dehydrogenase or by Norrlow et al. (1987) for the prepa-
ration of silica particles with a prearranged distance (X) between the boronate groups.

The highly selective bioaffinity adsorbent for the rapid isolation of trypsin from an
activated extract of human pancreas was prepared by oriented immobilization of bovine
pancreatic trypsin inhibitor (BPTI) in the presence of guanidinated trypsin by Temler
and Kigi (1977). Guanidinated trypsin was prepared by guanidination of the trypsin-
BPTI complex. CNBr-activated Sepharose, used for the immobilization of BPTI, could
react with the exposed lysin-15 of the trypsin-binding site of the inhibitor. In the
procedure developed in this study this reaction was prevented by masking the trypsin-

binding site of BPTI with modified bovine trypsin. The use of a suitable biospecific
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Fig. 4.12. Chromatography of a pre-equilibrated mixture of LDH and STI-dye-Dextran T40 on trypsin-Sepha-
rose. Sample applied: LDH (88 units) and STI-dye-Dextran T40 (32.5 uM dye). Flow-rate 1.0 ml/min. LDH
was cluted with a pulse of 0.5 M ethylenediamine hydrochloride buffer pH 6.0 containing 2 mM calcium
chloride. The ligand was eluted by a pulse of 10 mM hydrochloric acid. Reproduced with permission from
B. Mattiasson and U. Olsson, J. Chromatogr., 370 (1986) 21-28.

complex for the immobilization of affinity ligands can result not only in better accessi-
bilities of complementary binding sites, but also may increase the stabilities of their
conformations.

The use of monoclonal and polyclonal antibodies for the oriented immobilization of
enzymes is discussed in Chapter 10.

Mattiasson (1988), in his chapter on affinity immobilization, discussed the possible
advantage of this system in increasing the operational stability of biospecific sorbents,
In practical application each biologically active preparation has a certain lifetime and
each biospecific sorbent has a finite shelf life which also has to be taken into account.
For example the labile enzyme can be stored under the most suitable conditions and

applied to the sorbent just prior to use.
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The operantional half-lives of the four immunosorbents prepared by the immobi-
lization of the same toxin determined by Kukongviriyapan et al. (1982) are shown in
Table 4.4. Toxin-albumin-Sepharose had the highest stability (half-life 108 days) in

contrast to toxin-succinyl-aminoethyl-Sepharose (19 days).

Table 4.4.

Ligand density, maximal antibody binding capacity and operational half-life of various
adsorbents

Maxi indi
, . Toxinimmobilized ‘2 2mum binding Half-life
Affinity adsorbent (mgiml packed gel® ) capacity (days)
BT PACETES ) (mgimi immobilized toxin) ' *®

Seph-T3 2.60 475 43.0
Seph-Ae-Suc-T3 201 6.0 19.0
Seph-BSA-T3 1.50¢ 2.6 108.0
Biogel-Ae-Suc-T3  2.01 5.5 25.0

? Abbreviations: Seph, Sepharose 4B; Ae, aminoethyl; Suc, succinyl and
T3, N.n. siamensis toxin 3,

® Volume of gel was measured in 0.15 N NaCl
¢ Protein eluted at pH 2.05
4 Determined by using 151 labelled N. . siamensis toxin 3

A different line of development in bioaffinity chromatography has been taken by
genetic technologists. The interaction between immunoglobulin G and Protein A was
used for an efficient isolation of alkaline phosphatase by Nilsson et al. (1985). The gene
of this enzyme was extended by that part of the Protein A gene which codes for the part
of the protein molecule responsible for the interaction of protein A with immu-
noglobulin G. The lysate of Escherichia coli modified in this manner was chromatog-
raphed on Sepharose with immobilized immunoglobulin G. Genetic approaches to

protein purification are discussed in more details in Chapter 11.

4.3.2 Stabilization of trypsin by use of multipoint attachment
The advantage of immobilized enzymes for the study of the stability of biospecific

sorbents is the simple determination of enzymatic activity. The preparation of highly
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efficient and stabilized immobilized trypsin developed by Blanco et al. (1989) is based
on two important stabilizing effects for conserving the active protein conformation. In
order to achieve an immobilized trypsin derivative which preserves 100 % catalytic
activity as compared with the soluble enzyme used in its preparation, multipoint covalent
attachment of the enzyme to aldehyde-agarose gels was performed in the presence of
the competitive trypsin inhibitor benzamidine. Two protecting effects of benzamidine
on the native structure of trypsin were described by Blanco and Guisdn (1988): the
inhibitor adsorbed on the active center of the enzyme protects the enzyme from
distorting conformational changes induced either by heat or by multipoint covalent
attachment to aldehyde agarose gels.

Enzyme inactivation under the influence of various denaturing actions is usually

considered to be a two-step process (Mozhaev et al., 1990a):

N =D->I

where N,D and I are the native, reversibly denatured and irreversibly inactivated
forms of an enzyme. A general strategy of enzyme stabilization should be based on the
inhibition of the first step of the inactivation mechanism, i.e. the unfolding of the protein
molecule (Martinek et al., 1977). The fact that enzyme-support multipoint attachment
may exert an important stabilizing effect on the immobilized enzyme derivatives is
commonly acknowledged (Klibanov, 1982). These more rigid enzyme molecules should
be more resistant to conformational changes than the corresponding unmodified ones.
Blanco et al. (1989) have developed strategies for the stabilization of enzymes by
multipoint covalent attachment on glyoxyl-Sepharose 6B gels after periodate oxidation
to varying degrees. The advantages of the immobilization system described are: (a) the
geometric congruence between enzyme and support surfaces is quite intense; (b) the
amine-aldehyde reaction does not present problems of steric hindrance; (c) the alde-
hyde groups are very stable, even in quite alkaline media, and therefore prolonged multi-
interaction processes between the enzyme and the activated support can be performed,;
and (d) the amine-aldehyde reaction is a fast but quite reversible one. These enzyme

(amine)-support (aldehyde) multi- interaction processes are completed by borohydride
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reduction of the derivatives. In this way, the Schiff’s bases formed as a consequence of
the amine-aldehyde reaction are converted into very stable secondary amine bonds. At
the same time, the aldehyde groups remaining on the support surface are converted into
inert hydroxyl ones.

The preparation of immobilized trypsin derivatives in respect of four main variables

is presented in Table 4.5.

Table 4.5.

Preparation of trypsin (amine)-agarose (aldehyde) derivatives

Derivative Zl:’{:;:a pr gfmn:?t Temperatured
Al 0.5 10.0 24 25
B2 2.5 10.0 72 25
C2 6.0 10.0 72 25
D2 13.0 10.0 72 25
E2 20.0 10.0 72 25
E2-7.6 200 7.6 72 25
E2-84 20.0 84 72 25
E2-9.2 20.0 9.2 72 25
(D-E2 20.0 10.0 0.25 25
(6)-E2 20.0 10.0 6 25
(12)-E2 20.0 10.0 12 25
(24)-E2 20.0 10.0 24 25
(48)-E2 200 10.0 48 25
E2 (4) 20.0 10.0 72 4
E2 (15) 20.0 10.0 72 15
E2 (35) 200 10.0 72 35

# Aldehyde residues per 1000 A of gel surface
® pH of the “insolubilization suspension”
¢ Contact time between the insolubilized enzyme and the activated support prior to
borohydride reduction (hours)
Temperature of the “insolubilization suspension” (°C)

Stabilization of each derivative was calculated as the ratio between pseudo-half-life
times (time necessary to reach 50 % residual activity at pH 7.6 and 50°C) and the one

corresponding to the Al derivative (one-point enzyme-support attachment). Previously,
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Blanco and Guis4n (1988) had found that the stability of this A1 derivative is the same
as that of soluble trypsin, in the absence of autolysis phenomena, e.g. in the presence of
benzamidine. In this way, stabilization of the derivatives will represent the real stabi-
lization of their three-dimensional structures as a consequence of the multi-interaction
with the activated supports.

The surface density of the active aldehyde groups seems to be the variable that plays
the most important role in the enzyme stabilization through these multi-interaction
processes. Fig. 4.13 shows how the increase of stabilization depends on increasing
surface density of aldehyde groups in the activated gels. Fig. 4.14 represents the time
courses of insolubilization and further multi-interaction between trypsin and the highest
activated gel E, at pH 10.0 and 25°C. Under these experimental conditions trypsin is
insolubilized on gel E in less than 15 min.

Contact time between insolubilized enzyme and the activated support was controlled

by borohydride reduction of the derivatives. The enzyme preserved 100% of its catalytic

10%
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Fig 4.13. Effect of surface density of aldehyde groups in the activated gels on the stability of trypsin-agarose
derivatives. Surface density is defined as aldehyde residues per 1000 Alof gel surface. Reproduced with
permission from R. M. Blanco et al., Enzyme Microb. Technol., 11 (1989) 353-359.
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activity during the processes of insolubilization, subsequent multi-interaction, and final
borohydride reduction. On the other hand, the stabilization of the resulting derivatives
was greatly increased. The three-dimensional structure of the most stable derivative was
5000-fold more stable than the one corresponding to unmodified trypsin. Amino acid
analysis of hydrolysates of this very stable derivative reveals that seven lysine residues
per trypsin molecule have reacted with the activated support during the process of the
immobilization of the enzyme. This trypsin (amine)-agarose (aldehyde) multi-inte-
raction seems to be extraordinarily intense. This fact may be explained through the
existence of an area of trypsin surface containing a very high density of lysine residues,
as it has been demonstrated by crystallographic studies and also through the tendency
of enzymes to insolubilize on these aldehyde-agarose gels at alkaline pH, by means of

such areas as contain the highest density of amine groups.
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Fig. 4.14. Time course of immobilization-multi-interaction of trypsin on gel E during the preparation of
(DD-E2, (6)-E2, (12)-E2, (24)-E2, (48)-E2 and E2 derivatives. Conditions for preparation of derivatives are
given in Table 4.4. o : Activity of the enzyme in the supernatant of the “insolubilization suspension”
(percentage corresponding to soluble enzyme used in the preparation of the derivative). ¥: Activity of whole
“insolubilization suspension” (% corresponding to soluble enzyme used in the preparation of the derivative).
® : Stabilization of derivatives reduced at different times. Reproduced with permission from

R. M. Blanco et al., Enzyme Microb. Technol., 11 (1989) 353-359.
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The stabilization of trypsin derivatives increased from 500 to 5000 as the pH of the
enzyme-support multi-interaction medium increased from pH 7.6 to 10.0. At pH values
higher than 10, the enzyme inactivates quite quickly, as well as the activated support.
As the pH increases, the density of unprotonated amines on the protein surface
increases. Unprotonated amines are the only ones able to produce a nucleophilic attack
of the aldehyde groups on the support, and hence pH defines the possibilities of the
enzyme to multi-interact with the activated support. As pH increases, so do these
possibilities, and therefore the stabilization of the derivatives must be greater.

The stability of the derivatives increased with the temperature at which the prepa-
ration of the derivatives was carried out. Stabilization of trypsin-agarose coupled at 4°C
was 1500, 3000 at 15°C and 5000 at 25°C. Derivatives prepared at 25°C or 35°C show
the same stability. These results may be due to the fact that, in the case of these very
stabilized derivatives, the enzyme-support multi-interaction is nearly the most intense
possible. In general, the increase of stability with temperature of preparation of deri-
vatives may be explained if, as the authors do, we consider that, as temperature
increases, the vibrational movements of the insolubilized trypsin molecules must also
increase and therefore the possibility of formation of new correct alignments between
new amine groups of the enzyme and new aldehyde groups of the support also increases.

However, the strategy thus developed is not universal. On the other hand, a very
intense enzyme-support multipoint attachment may also promote important conforma-
tional changes in the enzyme structure and hence considerable loss of catalytic activity.
So a very careful control of these enzyme-support multi-interaction processes is

necessary in order to obtain derivatives with promising activity-stability ratios.

433 Stabilization by use of hydrophilization

According to X-ray crystallographic data, about one half of the surface area of many
proteins is occupied by nonpolar amino acids. Nonpolar residues are very often orga-
nized into hydrophobic surface clusters. These play an important role in vivo, since they
enable proteins to bind vig hydrophobic interactions to other proteins (forming

multienzyme complexes), to lipids in biological membranes, to polysaccharides in cell
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walls, to substrates and effectors during enzymatic catalysis, i.e. to function in an optimal
manner. However, the contact of nonpolar residues with water is thermodynamically
disadvantageous and is harmful to protein stability in vitro. Hence, a reduction of the
nonpolar surface areashould stabilize proteins. This is in fact observed when comparing
the in vitro structure and stability of mesophilic and thermophilic proteins and of
enzymes from wild and mutant strains. The increase of the stability of natural glycopro-
tein as a result of differences in the content of carbohydrate moieties determined in
carboxypeptidases Y from various kinds of yeast has been already discussed in Section
3.4. The stabilization of trypsin derivatives by multipoint attachment to periodate
oxidized Sepharose, which has been described in Section 4.3.2 above, could also be
followed from the hydrophilization of hydrophobic surface clusters of trypsin by poly-
saccharide agarose. Hydrophilization of nonpolar surface areas is, according to
Mozhaev et al. (1990b), the most simple and reliable approach to artificial stabilization
of proteins.

The idea that the contact with water of nonpolar clusters located on the surface of
trypsin molecules with water destabilizes enzymes was experimentally verified by
Mozhaev et al., (1988). An example of the success of hydrophilization is the incor-
poration of amino groups into the surface tyrosine residues of trypsin, resulting in a
hundred-fold stabilization of the enzyme. Galactosylation of tyrosines on the surface of
trypsin and immobilization through galactose molecules after activation by galactose
oxidase has been used by Turkov4 et al. (1992).

4.3.4 Carbohydrates as a tool for oriented immobilization of glycoproteins and RNA
A solution that may overcome both a low stability and capacity of biospecific sorbents
from glycoproteins may lie in their immobilization through their carbohydrate moieties.
Because the complementary binding sites of enzymes and antibodies are in their protein
moieties, immobilization of these glycoproteins through their carbohydrate moieties is
useful not only for stabilization of the protein conformation, it will also confer a better

accessibility on the active sites.
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Multiple forms of carboxypeptidase Y from various kinds of yeast had molecular
weights in the range 49 000 - 65 000. They contained an identical protein and differed
only in the content and composition of their carbohydrate moieties. The stabilities of
the enzyme forms increased with increasing carbohydrate contents (Turkova et al.,
1988). Hsiao and Royer (1979) immobilized carboxypeptidase Y by use of amino,
carboxyl and phenolic groups on enzyme surface. The possible explanation for the low
yields they obtained could be that amino acid side chains in glycoprotein were shielded
by carbohydrate spines which projected from the surface of the enzyme molecule. When
carboxypeptidase Y was adsorbed by Hsiao and Royer (1979) on immobilized conca-
navalin A followed by crosslinking with glutaraldehyde the bound enzyme retained 96%
of the native catalytic activity and showed very good operational stability.

Similar results were described by Igbal and Saleemuddin (1983) who immobilized
glucose oxidase by covalent attachment to AE-cellulose as well as by binding to
concanavalin A attached to cellulose. About nine times more enzyme was immobilized
by coupling glucose oxidase to Con A-cellulose as compared to the direct coupling
procedure. Treatment of the Con A-cellulose bound preparation with 0.5% gluta-
raldehyde solution resulted in a further significant increase in the stability of the enzyme.

Successful immobilization of glucose oxidase via activation of its carbohydrate resi-
dues by oxidation with periodic acid has been described by Zaborsky and Ogletree
(1974). However, Pazur et al. (1970) reported that extensive oxidation of the carbohy-
drate residues in glucoamylase by periodate markedly affected the stability of the
enzyme. Avigad et al. (1962) stated, that active aldehyde groups can be generated in
glycoproteins containing galactose or galactopyranosides via oxidation catalyzed by
galactose oxidase. Petkov et al. (1990) therefore used the specific oxidation of D-
galactose present in the carbohydrate moiety of glucose oxidase from Aspergillus niger
by galactose oxidase in the presence of catalase. Oxidized enzyme was coupled to
hydrazide derivatives of O-a-D-galactosyl Separon H 1000 or of Sepharose 4B. Both
solid supports were modified with adipic acid dihydrazide after their activation with

galactose oxidase. Each immobilized preparation of glucose oxidase showed higher
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activity than was achieved by other immobilizing procedures. The advantages of hydra-
zido-derivatized supports are described in Chapter 6.

However, no active aldehyde groups were formed by galactose oxidase in glucose
oxidase from Penicillium vitale. Periodate oxidation of carbohydrate residues of this
glucose oxidase in acetate buffer in the dark for 4 h at 4°C did not influence the catalytic
activity of the enzyme. Fig. 4.15 shows the high stability of this enzyme after the
attachment to the hydrazide derivative of polyacrylate-coated porous glass.

Site-specific modification of antibodies and possible oriented immobilization may be
achieved by chemical or enzymatic oxidation of the carbohydrate moieties of antibodies
prior to hydrazido-derivatized support attachment (O’Shannessy and Quarles, 1987;
Solomon et al., 1990). As the carbohydrate residues on the Fc fragment of the antibody
molecule are located remotely from the binding site of the antibody, immobilization
through this region does not usually impair the immunological activity of the antibody.

Further details are discussed in Section 3.3.
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Fig. 4.15. Stability of immobilized ( @ ) and soluble ( o ) glucose oxidase (GO). The enzyme was kept in
phosphate buffer {(pH 6.5) at 25°C. Concentration of soluble GO was 1 - 1 mg/ml, 2 - 0.1 mg/ml, 3 - 0.01
mg/ml. Reproduced from J. Turkovd, Technology Today, 2 (1990) 82-8S.
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Periodate oxidation of RNA has been shown by Zamecnik et al. (1960) to be specific
for the 3’-terminal cis-diol, resulting in the formation of a reactive dialdehyde, which
may then be condensed with primary amines, hydrazines or other suitable nucleophiles.
Since only one reactive dialdehyde is generated per RNA molecule, this technique leads
to an extremely site-specific and oriented immobilization of RNA. Bioaffinity chro-
matographic procedures, using ribosomal or tRNA covalently coupled after periodate
oxidation to agarose through an adipic acid dihydrazide spacer, have been developed
to isolate and identify the Escherischia coli ribosomal proteins by Burrell and Horowitz
(1979). A review of the coupling of glycoproteins, nucleotides, nucleosides, RNA and
miscellaneous compounds onto hydrazido-derivatized supports and their use in bioaffi-
nity chromatography has been published by O’Shannessy (1990). The methods mentio-

ned above are described in Chapter 6.

4.4. CONCENTRATION OF THE AFFINANT ON THE MATRIX

The theoretical deduction of mutual relationships between the amount of sorbed
enzyme, the concentration of the affinity ligand and ligand-enzyme equilibrium
constants is discussed in more detail in Chapter 15. The importance of the concentration
of the affinity ligand may be expressed by the following equation, where the dissociation

constant (K| ) of the enzyme-immobilized ligand complex (EL) is given by:

_ [Eo—EL|[Lo—EL]

ki [EL] 4.3)

where Eg and Ly are the total concentrations of enzyme and ligand, respectively.
Rearranging and denoting [Eog ] - [EL] by the concentration of free enzyme, [E]

[EL] = _[11;(]1;0 / (1+%) (44)

This equation demonstrates that the concentration of bound enzyme, {EL], expressed

in units of moles per unit volume (or weight) of gel, is clearly limited by the concentration
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of the immobilized ligand, [Lo ]. In other words, if the concentration of enzyme is
increased, the capacity of the adsorbent, [EL], is determined by the immobilized ligand
concentration. For a fixed concentration of added enzyme, [Eo), the percentage of
enzyme bound [EL)/[Eo], will be given by Eq. 4.5,

(EL) _1Ld , p, o]
B~ K TR (45)

and is a hyperbolic function of Lo in the same way that the percentage saturation of an
enzyme is determined by the substrate concentration (Lowe, 1979). This is illustrated
in Fig, 4.16, which shows the dependence of the amount of bound lactate dehydrogenase
from rabbit skeletal muscle, hog heart muscle and glycerokinase on the concentration
of N°-(6-aminohexyl)-5’-AMP bound to Sepharose, as determined by Harvey et al.
(1974).
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Fig. 4.16. Capacity of immobilized nucleotide adsorbent [N‘-(6-aminohexyl)-S’-AMP-Sepharose] in relation
to ligand concentration. The sample (100 1l), enzyme (5 U) and bovine serum albumin (1.5 mg) were applied
to a column (50 x 5 mm) containing 1.0 g of the affinity adsorbent diluted to the approriate ligand
concentration with Sepharose 4B. A, Lactate dehydrogenase (rabbit skeletal muscie); o, lactate dehydro-

genase (pig heart muscle); O glycerokinase. Reproduced with permission from M. J. Harvey et al., Eur. J.
Biochem., 41 (1974) 335-340.
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Fig. 4.17 shows theoretical curves for several KL values based on Eq. 4.5. However,
the simple model described above has no real operational significance and serves
merely to emphasise the importance of ligand concentration in bioaffinity chro-
matography.

In order to minimize the nonspecific sorption of inert compounds to affinity sorbents
and for the greatest possible exploitation of the attached affinity ligand it should be
used at the lowest possible content in the specific sorbent. The importance of the low
concentration of the affinity ligand and the effect of the uneven surface of the gel are
illustrated in Fig. 4.18.

This figure illustrates schematically the surface of the macroreticular hydro-
xyalkylmethacrylate polymer in the form of aggregated beads. After the binding of the
affinity ligand via the spacer, well accessible, less accessible and sterically inaccessible
molecules of the affinity ligand can be recognized. This steric hindrance may in many
cases explain the low saturation of molecules of the immobilized ligand with the isolated

compound and the heterogeneity in the affinity of immobilized ligands. For the prepa-
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Fig. 4.17. Fractional enzyme binding for low enzyme concentrations as represented by Eq. 4.5. This general
hyperbolic graph can also be used to estimate the fractional ligand saturation. Reproduced with permission
from D. J. Graves and Y.-T. Wu, Methods Enzymol., 34 (1974) 140-163.
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NONSPECIFIC MULTI-POINT BONDING OF INERT PROTEIN

SPECIFIC COMPLEMENTARY "ONE-TO-ONE'' BONDING OF ISOLATED
ENZYME
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Fig. 4.18. Schematic illustration of the effect of concentration of an immobilized affinity ligand and uneven
surface of a solid carrier on specific and nonspecific sorption.
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ration of a homogeneous bioaffinity sorbent it is hence necessary to select conditions
for the ligand-carrier binding under which the density of the affinity ligand is low and
the ligand is preferentially bound only to readily accessible sites (Fig. 4.18, top).

The low density of the affinity ligand is also required to prevent nonspecific binding.
The bottom part of the figure illustrates the sorption of macromolecules, e.g. enzymes,
which do not have a complementary binding site for the immobilized affinity ligand. This
binding is caused by the high density of the immobilized affinity ligand, permitting the
formation of multiple nonspecific bonds between the macromolecules in solution and
the solid phase of the sorbent. These nonspecific bonds allow the compounds present
in the mobile phase to bind to molecules of the affinity ligand, the spacer and also the
surface of the solid matrix. These nonspecific multiple bonds may be stronger than a
single complementary bond between the isolated enzyme and immobilized comple-
mentary affinity ligand, e.g. an inhibitor. When the nonspecific multiple bonds are
involved in addition to the specific complementary bond (middle part of the figure) they
increase the strength of the binding in the specific complex. This results in the elution
of the identical enzyme in several fractions and also gives rise to difficulties with the
elution of the enzyme from the specific sorbent. The multiple nonspecific bonds may
then lead to binding of the enzyme containing the complementary binding site to the
immobilized ligand in an incorrect orientation (middle part of the figure left). Thus,
bioaffinity chromatography may yield good results only on a sorbent containing a low
concentration of the affinity ligand (top part of the figure) where the enzyme can bind
only via the complementary bond to the immobilized affinity ligand at a ratio of 1:1. At
this low concentration of the immobilized ligand, multiple nonspecific bonds with the
affinant cannot occur.

In order to determine experimentally the effect of the concentration of the immobi-
lized inhibitor on the course of affinity chromatography of proteolytic enzymes, specific
sorbents for carboxylic proteinases containing different concentrations of £-amino-
caproyl-L-Phe-D-Phe-OMe were prepared by Turkovi et al. (1982). The inhibitor was
coupled to the epoxide-containing Separon H 1000; the resulting concentrations of

e-aminocaproyl-L-Phe-D-Phe-OMe in#mol/g of dry gel were 0.85, 1.2, 2.5, 4.5, and 155.
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Solutions of porcine, chicken, or human pepsin were applied continuously to the
columns of the affinity sorbents mentioned above until the effluent showed the same
activity as the solution applied (cf. Fig. 4.19). On columns of affinity sorbents containing
the inhibitor attached in the concentration range 0.85 - 4.5 umol/g in all cases one
fraction of very active pepsin in one sharp peak was achieved. The amount of desorbed
pepsin was calculated from the adsorbance at 278 nm and proteolytic activity measure-
ment. On a contrast, using column of the affinity sorbent containing the inhibitor at a

concentration of 155 umol/g, several pepsin peaks were found. This different behaviour
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Fig. 4.19. Bioaffinity chromatography of porcine pepsin on e-aminocaproyl-L-Phe-D-Phe-OCH3-Sepharon
columnswith (A) low and (B) high concentrations of the immobilized inhibitor. The solution of crude porcine
pepsin was applied continuously (see text) onto the affinity columns (5 ml) equilibrated with 0.1 M sodium
acetate (pH 4.5). At the position marked by the first arrow equilibrated buffer was applied to the columns
to remove unbound pepsin and nonspecifically adsorbed proteins. The second arrow indicates the application
of 0.1 M sodium acetate containing 1 M sodium chloride (pH 4.5). Fractions (5 ml) were taken at 4-min
intervals. The inhibitor concentration of affinity sorbents were (A) 0.85 and (B) 155 ¢mol/g of dry support.
Solid line, protein; broken line, proteolytic activity. a, b and c, fractions of pepsin of the same specific
proteolytic activity. Reproduced from J. Turkov4 et al., J. Chromatogr., 236 (1982) 375-383.
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of the enzyme on affinity sorbents having low and high amounts of immobilized inhibitor
could be due to multiple bonding of the enzyme molecule and inert proteins, as was
illustrated in Fig. 4.18.

Fig. 4.20 shows the amounts of porcine, chicken, and human pepsins eluted depending
on the concentration of e-aminocaproyl-L-Phe-D-Phe-OMe of the individual affinity
sorbents. Part B illustrates the portion of immobilized inhibitor molecules (in percent)
involved in the specific complex with the isolated pepsin, again depending on the
concentration of the attached inhibitor. From the comparison of the curves for the
individual pepsins it is evident that e-aminocaproyl- L-Phe-D-Phe-OMe-Separon is a
very good sorbent for porcine pepsin. The specific sorbent containing 0.85 xmol of
inhibitor per g of dry support sorbed 29.4 mg of porcine pepsin per g of dry sorbent. It
follows from the molecular weight of pepsin (35000) that 9% of the inhibitor molecules

o/,
mgig

[INHIBITOR] u mol/g

Fig. 4.20. (A) Capacity of immobilized inhibitor sorbent (e-aminocaproyl-L-Phe-D-Phe-OMe-Separon) in
mg of pepsin per 1 g of dry sorbent and (B) portion of immobilized inhibitor molecules involved in specific
complex formation (in percent) with respect to immobilized inhibitor concentration (in #mol of inhibitor
per 1g of dry sorbent). o, porcine pepsin; ® , chicken pepsin, and , 3 human pepsin. Reproduced from J.
Turkov4 et al., J. Chromatogr., 236 (1982) 375-383.
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attached were involved in the specific complex. As the amount of the affinity ligand
attached increased, the portion of the inhibitor molecules involved in the specific
complex with pepsin decreased sharply.

With specific sorbents containing 4.5 gmol inhibitor per g only 26% of the total
number of inhibitor molecules attached take part in the sorption of pepsin. In an affinity
sorbent with the lowest concentration of the affinity ligand only, all the molecules of the
affinity ligand are fully available for the formation of the complex with the isolated
enzyme. As shown in Fig. 4.21 both adsorption and desorption of 3-hydroxybutyrate
dehydrogenase are affected by ligand concentration, as has been determined by Scawen
et al. (1982). Their results also demonstrated that a low degree of substitution (3.5-
4umol of dye/g of Sepharose) has to be adopted for the purification of enzyme.

Liu and Stellwagen (1987) used immobilized Cibacron Blue F3GA of variable dye
density for the determination of the different adsorptions of monomeric octopine
dehydrogenase and tetrameric lactate dehydrogenase. They determined that the half-
time for desorption of lactate dehydrogenase from Cibacron Blue F3GA-Sepharose
CL-6B was nearly identical (27s) to the mass transfer half-time of the protein in the
matrix. The change in the visible adsorbance of Cibacron F3GA accompanying its
complexation with lactate dehydrogenase was used to observe the kinetics of comple-
xation. The results of their experiments indicated that it is chromatographic mass
transfer and not the chemistry of complexation that limits the zonal chromatographic
results. That is why the effect of immobilized dye concentration on protein complexation
was studied using zonal chromatography. (The theory and application of zonal chro-
matography are discussed in Chapter 14). A monomeric protein, octopine dehydro-
genase, was retained by a single interaction with a Sepharose CL-6B column containing
11.6 mM immobilized Cibacron Blue F3GA. By contrast, a tetrameric protein, lactate
dehydrogenase, was retained by the same column by multiple interactions. The degree
of multiple interactions was found to increase systematically with increasing immobi-
lized dye concentration. The concentration of immobilized dye that is accessible to
protein was found to be inversely related to the concentration of ionic components in

the solvent. Zonal chromatographic measurements of free dye and unconjugated matrix
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Fig. 4.21. Effect of ligand concentration on adsorption and elution of 3-hydroxybutyrate dehydrogenase on
Procion Blue MX-4GD-Sepharose. Columns (1 ml, 0.9cmx 1.6 cm high) were prepared containing Sepharose
substituted with various amounts of Procion Blue MX-4GD. The columns were equilibrated in 10 mM
potassium phosphate buffer, pH 7.5 at a flow rate of about 0.2 ml/min and loaded with 1 ml of a 10-unit/ml
solution of 3-hydroxybutyrate dehydrogenase in 10 mM potassium phosphate buffer, pH 7.5. The enzyme
used had been partially purified by chromatography on Procion Red H-3B-Sepharose. The columns were
washed with 5 ml of equilibration buffer containing 1 M KCl and eluted with S mM NADH in equilibration
buffer containing 1 M KC1. The washings and eluates were examined for 3-hydroxybutyrate dehydrogenase
activity. The experiments were performed at room temperature. @, Enzyme bound, percentage of that
applied; O, enzyme eluted, percentage of that bound. Reproduced with permission from M. D. Scawen et
al., Biochem. J., 203 (1982) 699-705.

suggest that increasing the concentration of the ionic components promotes the
adsorption of immobilized dye to the adjacent matrix surface. This type of adsorption
markedly affects both the capacity of an immobilized dye column and the multiplicity
of its interaction with oligomeric proteins.

Silica matrices having different p-aminophenyl a-D-mannopyrano-side densities
were used by Anderson et al. (1986) for the high-performance bioaffinity chro-
matography of concanavalin A. Methyl ¢-D-mannopyranoside was used as a competing

inhibitor in the mobile phase. As the ligand density increased, retention was observed
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to change from a primarily monovalent interaction of concanavalin A to a primarily

divalent interaction.

4.5 EFFECT OF THE HETEROGENEITY OF THE IMMOBILIZED
AFFINANTS

When the sorbed substance is released from the specific sorbent, the effect of the
heterogeneity of the immobilized affinity ligand should be born in mind (Amneus et al.,
1976). Fig. 4.22 shows the separation patterns of chymotrypsins and trypsins from mouse
pancreatic homogenates on various preparations of Sepharose with coupled soybean
trypsin inhibitors (STI). Assuming that the difference in elution conditions reflects
differences in biological activities, the former can be used for the characterization of
the molecule. The applicability of the adsorbent then depends on the functional
homogeneity of the immobilized affinity ligand.

The heterogeneity of an adsorbent in terms of association constants can be caused by
(1) the heterogeneity of the biospecific ligand used for the preparation of sorbent, (2)
various changes of the ligand under the effect of immobilization, and (3) various
modifications of the affinity ligand caused by the molecules present in the fractionated
mixture.

(1) Heterogeneity of the ligand before immobilization

High molecular weight affinity ligands of biological origin, such as proteins, nucleic
acids and carbohydrates, used for the preparation of a specific sorbent, may be gene-
tically heterogeneous and such heterogeneity can be found in both commercial and
non-commercial ligand preparations. It is evident that the presence of impurities in
immobilized affinants having a similar or stronger affinity towards the isolated mole-
cules may impair the use of a specific sorbent in gradient separations.

(2) Alteration of the affinity ligand by immobilization

The effective activity of the ligand can be changed in various ways by the effect of
immobilization. The microenvironment formed by the matrix (charge density, steric
hindrance, etc.) may affect the interaction of the immobilized ligand with the isolated

molecules to a considerable extent and in a variety of ways, and it can also influence the
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Fig. 4.22. Separation patterns of mouse chymotrypsin on Sepharose 4B substituted with different prepa-
rations of soybean trypsin inhibitor [STT; STI(W) = inhibitor obtained from Worthington Biochemical
Corp., STI(S) = inhibitor obtained from Sigma]. --, Absorbance or pH; ( @), chymotryptic activity; (o),
tryptic activity. (A) Unmodified STI(W)-Sepharose, coupled at pH 7.2; (B) Chymotrypsin modified STI(W)-
Sepharose, coupled at pH 7.2; (C) chymotrypsin-modified STI(W)-Sepharose, coupled at pH 8.5; (D)
chymotrypsin-modified STI(S)-Sepharose, coupled at pH 7.2. Reproduced with permission from H. Amneus
et al., J. Chromatogr., 120 (1976) 391-397.
structure of the affinity ligand itself. Immobilization also brings about changes in
chemical structure, which will change the molecular properties of the affinity ligand as
a consequence. Here, for example, the number of bonds between the affinity ligand and
the solid support plays a considerable role. A comparison of Figs. 4.20B and 4.20C
clearly shows the unfavourable effect of an increased number of bonds between the
molecules of STI and Sepharose 4B, caused by the increase in pH from 7.2 to 8.5 during
the binding after cyanogen bromide activation.

(3) Modification of the affinity ligand after immobilization

The fractionated material can contain components that modify the activity of the
attached affinity ligand. These components may be similar to the compounds being
isolated, although they need not be. The enzymes, for example proteases and nucleases,

present in crude extracts may cleave the coupled affinants (proteins, nucleic acids) and

thus reduce the capacity of the adsorbent for the binding of the specific complementary
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compound. In addition to this non-specific degradation of the affinity ligand, the
enzymes and other chemicals present in the fractionated mixture can modify the
properties of the coupled affinant specifically, giving rise to forms with retained but
changed activities.

All three of the above mentioned effects can be followed in Fig. 4.20. Soybean trypsin
inhibitor (Kunitz) obtained from both Worthington Biochemical Corp. [STI(W)] and
Sigma [STI(S)] was bound on Sepharose activated with cyanogen bromide. The
attached STI was further modified with a solution of chymotrypsin: the adsorbent
column was washed with a solution of chymotrypsin at pH 8 and a flow-rate of 10 ml/h
for 24 h and, after incubation, chymotrypsin was eluted with a buffer of pH 2.5. From
Fig. 4.20A it is evident that when the unmodified STI(W)-Sepharose attached at pH 7.2
was used, only poor resolution occurred between the two peaks with chymotryptic
activity and the peak with tryptic activity. Two further peaks with tryptic activity were
eluted still later, at much lower pH values. After a modification of STI(W)-Sepharose
with a solution of chymotrypsin, elution of the tryptic activity simultaneously with the
chymotryptic activity no longer took place. At the same time, good resolution of the two
peaks with chymotryptic activities was obtained. If STI(W)-Sepharose, prepared by
coupling at pH 8.5 and modified with a solution of chymotrypsin, was used for sepa-
ration, the resolution of the two peaks with chymotryptic activities deteriorated consid-
erably, in the same manner as when modified STI(S)-Sepharose coupled at pH 7.2 was
used (Fig. 4.20D).

If various amounts of activated pancreatic homogenate were fractionated on modified
STI(W)-Sepharose, attached at pH 7.2, then with increasing load of the adsorbent the
two peaks with chymotryptic activities were eluted at higher pH values (see Table 4.6)
and they were less well resolved. The gel had a capacity of 9 mg of chymotrypsin per
millilitre. After the separation of a total of nine aliquots from pancreatic homogenates,

this capacity decreased to 0.2 mg/ml.



161

Table 4.6.
Elution conditions for mouse chymotrypsin (CHT-I and CHT-II) of chymotrypsin-
modified STI(W)-Sepharose, coupled at pH 7.2

Number of CHT activity PH of solution
pancreases applied not retained (%) CHT-1 CHT-1I
0.5 0 4.75 430

1 0 4.90 435

2 3 5.05 4.50

4 57 >5.10 4.80
4.6 NON-SPECIFIC SORPTION

The efficiency of bioaffinity chromatography is mainly lowered by non-specific
sorption of inert substances. This can be demonstrated by the adsorption isotherm in
Fig. 4.1. Non-specific effects are generally relatively weak and are therefore manifested
mainly in interacting systems with low affinities. However, enormous effects of the
concentration of immobilized affinity ligands, spacer arms and uneven surface of solid
supports on non-specific sorption is shown in Fig. 4.16. In Section 4.1.2 the comparison
between the application of hydrophilic and hydrophobic spacers reflects the necessity
to consider each preparation of suitable efficient biospecific sorbent independently.
Chapters 5 and 6 show that there is neither a universal support nor a universal
immobilization method, and that the conditions must be developed individually in each
case with respect to the application required. The control of non-specific sorption is

very useful for efficient bioaffinity chromatography.

4.6.1 Control of non-specific binding

Skjak and Larsen (1982) used epoxy-activated Sepharose for coupling of alginate.
Excess epoxy groups were blocked by storing the gel in 1 M ethanolamine. When all the
epoxy groups were blocked by ethanolamine the epoxy-activated Sepharose showed no
non-specific binding to the column under the conditions of bioaffinity chromatography

of the enzyme mannuronan C-5-epimerase.
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Hayunga and Summer (1986) used lectin bioaffinity chromatography for the charac-
terization of surface glycoproteins on Schistosoma mansoni adult worms. They prepa-
red control columns by treating CNBr-activated Sepharose 4B or 6MB with
ethanolamine to block reactive groups, followed by alternate washing with 0.1 M
NaHCOs3 buffer pH 8.3 and 0.1 M sodium acetate buffer pH 4.0, and final equilibration
with acetate buffer at pH 6.8. This was done to control the non-specific binding of
material by Sepharose, using columns that were identical to commercial columns, with
the exception that they contained no immobilized lectin. Heinzel et al. (1976) also
showed that native Sepharose or Sepharose blocked with ethanolamine immediately
after cyanogen bromide activation did not adsorb proteins. However, if Sepharose was
not blocked immediately after activation, then non-specific sorption of proteins was
observed on it, which became stronger as the time between the activation with cyanogen
bromide and the blocking of the active sites increased. Human serum albumin-Sepha-
rose blocked 12 h after attachment of the human serum albumin on to Sepharose
adsorbed 1.5 - 2.0 mg of proteins per millilitre of packed gel, while human serum
albumin-Sepharose blocked immediately after coupling of the serum albumin adsorbed
only 0.4 mg of protein per millilitre of packed gel. Jost et al. (1974) demonstrated, that
by attachment of alkylamines or arylamines onto cyanogen bromide-activated agarose
a strong ion exchanger is formed (resulting in an isourea bond), with an apparent pK
value of about 10 for the basic amidine nitrogen. By combining hydrophobic ligands with
charges, an adsorbent is obtained that functions as a detergent, which strongly sorbs
some enzymes that are partly denatured during the isolation. Nilsson and Waxdal (1978)
isolated lectin binding proteins from murine lymphoid cells. The different lectins were
coupled to Affi-Gel 10. A bovine serum albumin - Affi-Gel 10 column prepared under
identical conditions served as a control for non-specific adsorption. Davis et al. (1986)
evaluated the immunosorbents for the isolation of cytokinins. The nature of both the
solid support and the linkage chemistry affected the non-specific adsorption of sample
contaminants and the characteristics of the immobilized antibody. In order to examine
non-specific binding of cytokinins to the immobilized IgG protein, a control column was

prepared with non-specific rabbit IgG coupled to CNBr-activated Sepharose 4B.
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4.6.2 Ionic and hydrophobic effects and suppression of secondary interactions

Morrow et al. (1975) developed a semi-quantitative theory to explain the non-specific
binding of proteins onto substituted chromatographic affinity supports, caused by
electrostatic and hydrophobic interactions. They developed an extended Debye -
Hiickel theory which they applied to the study of the dependence of the adsorption
equilibrium constant on the ionic strength and the rate of desorption of the enzyme.

Heinzel et al. (1976) described the suppression of non-specific protein adsorption of
human serum albumin-Sepharose by neutralizing the basic urethane groups (which arise
from iminocarbonate groups formed mainly during the coupling of serum albumin to
Sepharose) by the anionic dye Blue Dextran 2000 (BD). The immunosorbent prepared
in this manner adsorbed 0.7 - 1.0 mg of proteins per millilitre of packed gel, while the
isolated antibody was pure and preserved its native properties. Lornitzo et al. (1974)
described non-specific (ionic) binding of fatty acid synthetase subunits onto a specific
sorbent prepared by binding pantetheine to e-aminocaproyl-Sepharose by means of a
larger amount of carbodiimide (ethyldimethylamino-n-propyl-carbodiimide).

O’Carra et al. (1974) studied glyceraldehyde-3-phosphate dehydrogenase sorbed on
the polymer:

0

I
NH—(CHz)g—NH - C @ N=N—NAD®*)

and observed that the amount of the elutable enzyme depends on the time during which
the enzyme is in contact with the substituted support. The yield of the enzyme that can
be eluted with NAD* becomes progressively lower the longer the enzyme remains
adsorbed on the gel before elution. The adsorption of the enzyme is not appreciably
affected by high concentrations of potassium chloride, the enzyme is eluted in a pure
state with 2 mM NAD ™ if the elution buffer contains a 0.2 M concentration of salt.
Under such conditions, the enzyme is not sorbed on the support with attached spacer,

nor after replacement of NAD* with NADP*. From this result it can be concluded
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that the sorption is biospecific in nature. The decrease in the amount of elutable enzyme
with the time it has in contact with the specific sorbent leads to the hypothesis that this
decrease is due to nonbiospecific adsorption onto the hydrophobic spacer arm after it
has been previously bound biospecifically on immobilized NAD *. The correctness of
this hypothesis is supported by the results obtained with a bioaffinity sorbent in which
the hydrophobic spacer was replaced with a hydrophilic one. The sorbent prepared in
this manner retained its strong affinity for glyceraldehyde-3-phosphate dehydrogenase,
while the yield of the enzyme eluted with NAD * solution was greater than 90% and did
not decrease significantly, even when the enzyme was allowed to stand in the column
for 1 1/2 h before elution. After the same time, the yield of NAD * -elutable enzyme
which was sorbed on a sorbent with hydrophobic spacer decreased to almost 10%.
Bioaffinity chromatography has also been described as a very useful and successful
method for the purification of integral membrane proteins by Thomas and McNamee
(1990). According to these authors a high ionic strength buffer will reduce non-specific
binding due to the electrostatic interactions, and the presence of detergent in the buffer
should reduce non-specific hydrophobic interactions. When the affinity ligands are
lectins, ionic detergents such as deoxycholate and sodium dodecyl sulfate significantly
reduce the binding capacity of most commonly used lectins. In this type of bioaffinity
chromatography nonionic detergents (up to 2.5 % w/v) are recommended. Since only
the membrane protein portion binds directly to the bioaffinity sorbent, detergent-
containing buffers may extract and clute the lipid portion of these bound complexes.
This may inactivate and possibly even elute the protein. For this reason, lipids are
frequently included in elution buffers (1 - 2 % w/v) in order to stabilize active proteins.
By contrast, the non-specific binding of lipids and proteins to an immunoadsorption
column would shorten the effective life of the column (Keenan, 1988). To prevent this
problem the lipoproteins were removed from rabbit antisera and porcine plasma before
running column by dextran sulphate precipitation. The use of bioaffinity chro-
matography to bind the contaminating proteins, allowing the sample of interest to pass
through the biospecific column in the wash volume, has been recommended by Ostrove

(1990) in order to achieve a great saving of time. The solution of non-specific adsorption
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has also been described in the review on “Biospecific interactions: their quantitative

characterization and use for solute purification” by Winzor and De Jersey (1989).

4.6.3 Compound affinity

Although the non-biospecific adsorption (O’Carra et al., 1974) generally represents
an undesirable complication in bioaffinity chromatography (in the sense of sorption),
many examples have been described in which it contributed usefully to an increase in
the affinity of weak bioaffinity systems. Under such circumstances a suitable choice and
a careful control of the conditions may preserve the predominance of the biospecific
nature of the interaction suitably supported by the non-biospecific interaction, so that
the latter does not become dominant.

The use of immobilized p-aminobenzamidine for the bioaffinity chromatography of
human enterokinase in comparison with the isolation of trypsin is a good example. Grant
et al. (1978) attached p-aminobenzamidine to CNBr-activated Sepharose 4B through
the glycylglycine spacer arm. However, it was found that cytochrome ¢ was adsorbed at
pH 8.35 by glycylglycine-substituted Sepharose which was functioning as a cation
exchanger. Coupling of p-aminobenzamidine to the spacer arm completely abolished
this adsorption, suggesting that residual anionic groups were minimal. In distinction
from trypsin, enterokinase was only retained by adsorbents which had been synthesised
with a high concentration of CNBr and spacer arm. The lability of the adsorbent for
enterokinase during storage provided evidence for the necessity of a favourable orienta-
tion of the ligand in the gel polymer. In distilled water (pH 6) at 4°C after 7 and 14 days
there was a 60% and almost 100% decay, respectively, of the enterokinase binding
capacity; the full capacity was retained over the same period by storage in 0.1 M sodium
phosphate buffer of pH 6.1. Any loss of spacer arm by hydrolysis during this short term
storage was undetectable; furthermore, cytochrome ¢ was not adsorbed, indicating that
the decay in enterokinase binding was not due to hydrolysis of the ligand. Trypsin
adsorption was unaltered and independent of the mode of storage. The loss of ente-
rokinase adsorption at low ionic strength, but retention of the original trypsin binding

capacity, suggests a steric alteration in which the ligand becomes inaccessible to
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enterokinase but not to the smaller trypsin molecule. This could be the result of
hydrogen bonding between the carbonyl group of glycylglycine and the isourea group.

From the above discussion it follows clearly that many factors affect the interaction
of the immobilized ligand with the complementary molecule. Both biospecific and
non-biospecific sorptions are based, in principle, on the same nature and combination
of electrostatic and hydrophobic interactions. The contribution of non-biospecific
interactions can best be determined from a comparison of the dissociation constants of
the complex of the isolated macromolecule with the immobilized affinity ligand, and
with the same ligand in the solution used for elution, as shown in Chapter 14. This
characterization of the affinity system is very necessary, especially if bioaffinity chro-
matography is used for isolation purposes as well as for the study of the specific

interactions that take place in biochemical processes.
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Chapter 5
Solid matrix supports

One of the most important factors in the development of bioaffinity chromatography
and immobilized enzymes is the development of solid supports. A correct choice of solid
support and the covalent coupling between the matrix and the affinity ligand may be
essential for the success of the desired bioaffinity chromatographic separation. The
effect of solid supports on the biospecific adsorption has been already discussed in
Section 4.1. Solid matrix supports can also have a considerable effect on the stability of
the immobilized affinity ligand and the adsorbed material. A solid support may even be
an affinity ligand itself, e.g. polysaccharides for some lectins. An increasing number of
different types of supports, their activated forms and biospecific matrices prepared from
them as so-called ready-to-use adsorbents are now becoming commercially available.
In the text we mention only those firms known to the author. The information about
commercially available solid supports and their derivatives is therefore necessarily
incomplete and it should in no case be considered as implying the recommendation of
any particular firm or product. Within the scope of this chapter only basic solid supports

are described and briefly discussed.

5.1 REQUIRED CHARACTERISTICS

An ideal matrix for successful application in bioaffinity chromatography and for the
immobilization of enzymes should possess the following properties (Porath,1974):

(1) insolubility;

(2) sufficient permeability and a large specific area;

(3) high rigidity and a suitable form of particles;

(4) zero adsorption capacity;

(5) chemical reactivity permitting the introduction of affinity ligands;

(6) chemical stability under the conditions required for the attachment, adsorption,

desorption and regeneration;
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(7) resistance to microbial and enzymatic attack;

(8) hydrophilic character.

Complete insolubility is essential, not only for the prevention of losses of bioaffinity
adsorbent, but mainly for the prevention of contamination of the substance being
isolated by dissolved carrier. The requirement of sufficient permeability of the solid
support, permitting sufficient freedom for the formation of complexes of macro-
molecules with complementary affinity ligands, has already been discussed in detail in
Section 4.1.

Table 5.1 shows the amount of chymotrypsin and glycine bound to 1 ml of hydroxyalkyl
methacrylate gels of various pore sizes, depending on the exclusion molecular weights
and the different specific surface areas (Turkova et al., 1973). It is obvious that the
amount of bound chymotrypsin depends directly on the specific surface area, which is
largest with Spheron 300 and 500. The amount of bound glycine indicates that there are
relatively small differences in the number of reactive groups. The relative proteolytic

activity is also given in Table 5.1.

Table 5.1.
Amounts of chymotrypsin and glycin bound to hydroxyalkyl methacrylate gels (Sphe-

rons) as a function of their specific surface areas

Gel Exclusion Specific = Amount Amount Relative
mol.wt surface of bound of bound proteolytic
area glycine chymotrypsin activity
(’/ml)  (mg/ml) (mg/ml) (%)
Spheron 10° 108 096 0.5 0.73 -
Spheron 10° 100 59 31 7.8 44
Spheron 700 700,000 3.6 2.8 6.7 49
Spheron 500 500,000 23 26 17.1 37
Spheron 300 300,000 19.5 3.15 17.7 44
Spheron 200 200,000 0.6 23 6.9 53
Spheron 100 100,000 0.2 2.6 2.6 38

Practically the same conclusion may be drawn from the paper on the influence of the

physical properties of the base matrix in the preparative bioaffinity chromatography of
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proteins published by Narayanan et al. (1990). They synthesized and characterized four
silica-based high performance bioaffinity media differing in pore size and surface area.
A pore structure analysis of one matrix during the coupling of concanavalin A (Con A)
is shown in Table 5.8. The surface characterization and coupling of Con A to four silica
gels is shown in Table 5.9. In order to compare the accessible surface areas of the four
studied media, besides Con A the binding capacities of lactoglobulin, horseradish
peroxidase, glyceraldehyde-3-phosphate dehydrogenase and thyroglobulin were also
determined. A large protein like thyroglobulin (molecular weight 670,000) was not
coupled at all to a silica preparation with an average pore diameter of 88 A, while a
medium sized protein like peroxidase (molecular weight 40,000) bound less to a silica
preparation with an average pore diameter of 776 A despite the large pore size.

Con A immobilized to four silica preparations was used for bioaffinity chro-
matography of horseradish peroxidase. Although the Con A concentration of silica
preparation 3 (mean pore diameter 408 A) is comparable to preparation 2 (mean pore
diameter 190 A), the adsorption capacity for peroxidase on Con A-silica preparation 2
is higher. The use of the same sorbents for bioaffinity separation of small molecules
(p-nitrophenyl sugar derivatives) shows that the pore diameter is much less important
for binding.

The pore size effects of diol-bonded silica in high-performance bioaffinity chro-
matography have been studied by Walters (1982). He concluded that two factors were
responsible for poor binding capacities at intermediate pore size: restricted diffusion
and slow adsorption-desorption kinetics. Horstmann et al. (1986) studied the
adsorption of proteins on Sepharose bioaffinity adsorbents of varying particle sizes. The
maximum capacities obtained increased with decreasing particle size in biospecific
sorbents. The volumetric coefficients of overall mass transfer in bioaffinity chro-
matography were studied by Katoh and Sada (1980). Sepharose 6B was efficient for
adsorbed components of low or middle molecular weight because of the high operating
velocity. The mass transfer coefficient of adsorbed components of high molecular
weight in Sepharose 6B was extremely low. In this case the column productivity was

lower than that in a Sepharose 4B column. Thus, an ideal bioaffinity chromatography
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porous support would have sufficiently large pores accessible for molecules to penetra-
te, yet it would preserve the maximum surface area for binding in a suitable particle size.

By contrast bioaffinity adsorption of cells on an immobilized ligand occurs exclusively
at the external surface of the support. Therefore, in this type of separation, it is suitable
to select a support with an exclusion limit as low as possible in order to favour ligand
immobilization on the external surface of the beads.

In order to eliminate the kinetically limited access of the biospecifically adsorbed
material to the active site of affinity ligand and removal of the adsorbed material due to
internal diffusion, nonporous solid supports have been increasingly used (Adachie et
al., 1984; Swaisgood and Chaiken, 1985, 1986; Unger et al., 1986; Fusek et al., 1987,
Anspach et al., 1988, 1989, 1990). The comparison of porous and nonporous silica in
high-pressure liquid bioaffinity chromatography (HPLBAC) is discussed in Section 5.5.
The use of an activated nylon membrane as a bioaffinity adsorbent for the simple
purification of enzymes from yeast cell homogenate is described in Section 5.6.

The requirement of rigidity and a suitable shape of the particles is connected with the
problem of flow-through rate. For a smooth course of bioaffinity chromatography good
flow properties are important, i.e. the eluent should penetrate the support column at a
sufficient rate, even when the affinant is bound to it. The particle size of the support
should not exceed 200 #m and should not be less than 1.5 ym.

The sorbent should have a minimum non-specific adsorption. When an insoluble
affinant is prepared, it is important that it should be bound to the carrier very strongly,
and the molecules of the affinant that are not bound must be washed out. Similarly, when
substances that form a specific and reversible complex with the bound affinant are
isolated, it is important that, as far as possible, only their retention should take place on
the column of insoluble affinant and only in the form of a specific complex with the
bound affinant. This is one of the main reasons why carriers that contain ionogenic
groups, such as the copolymer of ethylene with maleic anhydride, which sets carboxyl
groups free after the affinant has been attached, have never been as widely applied in

bioaffinity chromatography as neutral agarose.
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The support must possess a sufficient number of chemical groups that can be
activated or modified in such a way that they become capable of binding affinants. The
activation or modification should take place under conditions that do not change the
structure of the support. No less important are the chemical and mechanical stabilities
of the carrier under the conditions of attachment of the affinant, and also at various pH
values, temperatures and ionic strengths, in the possible presence of denaturating
agents, etc., which may be necessary for good sorption and elution of the isolated
substance. The possibility of the repeated use of a specific adsorbent depends on these
stabilities.

A further requirement is connected with the above, viz. that the specific sorbents
should not be attacked by microorganisms and enzymes. This requirement is best
fulfilled by inorganic supports, such as glass and silica, or by synthetic polymers, such
as polyacrylamide or hydroxyalkyl methacrylate gels.

A hydrophilic character of a solid support is desirable not only because of the
necessity of minimizing non-specific sorption and inactivation, but also because a
hydrophobic character of the support can decrease the stability of some bound affinity
ligands or eluted material on the basis of denaturation analogous to that produced by
organic solvents. Table 5.2 shows the characteristics required of supports as a function
of the type of chromatography: low pressure (LPLBAC), medium pressure (MPLBAC)
or high pressure liquid bioaffinity chromatography (HPLBAC).

5.2 BIOPOLYMERS

Water molecules are essential for the structure and function of biologically active
compounds. Bioaffinity chromatography is therefore generally performed in the
aqueous phase and hydrophilic biopolymers rank as very suitable solid supports. Great
attention has been paid to natural polysaccharides, such as cellulose, dextran, agarose
and, to a lesser extent, starch. The modification necessary for the bioaffinity chro-
matography can be carried out in a relatively simple way via the OH groups (Chapter
6).
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Table 5.2.

Characteristics required of a bioaffinity support as a function of the type of chro-
matography

LPLBAC MPLBAC HPLBAC

Rigidity + + +4+
Porosity ++(+) + +
Hydrophilic character ++ + ++ + +
Secondary interaction - - .
Cost + + +
Activable functional groups ++ + + 4+ + +

The conformation of the chains and the interaction between them have an influence
on the use of polysaccharides as chromatographic supports. The geometry of the chains
is determined by the relative orientation of adjacent sugar residues around the glycosidic
bonds. But in aqueous solutions a disordered random coil form dominates, because of
the flexibility of the chains. Under definable conditions, however, non-bonded energy-
terms (hydrogen bridges, ionic interactions, and others) can compensate for conforma-
tion entropy and fix the polysaccharide chains in an ordered configuration. One matter
of great practical importance for the optimization of polysaccharides as chro-
matographic support is that it is possible to influence the factors responsible for the

equilibrium between an ordered and a non-ordered configuration in aqueous solution.

§.2.1 Cellulose and its derivatives

Cellulose is formed by linear polymers of 8-1,4-linked D-glucose units with an
occasional 1,6-bond (see next page).

Commercially available celluloses are generally crosslinked with bifunctional
reagents, such as 1-chloro-2,3-epoxypropane, and they are very stable to chemical
attack. Glycosidic bonds are sensitive to acid hydrolysis, and under extreme conditions
an almost quantitative decomposition to pure crystalline D-glucose may take place. On
interaction with oxidative reagents, such as sodium periodate, aldehyde and carboxyl

groups are formed. Cellulose can be attacked, for example, by microbial cellulases.
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In Chapter 2 it has been shown that cellulose is one of the standard supporting
materials in bioaffinity chromatography. Cellulose is a vegetable polysaccharide. Cellu-
lose and its derivatives are produced by a number of firms. In addition to Whatman
(Maidstone, Great Britain) and Schleicher & Schiill (Ziirich, Switzerland), Serva
(Heidelberg, F.G.R.) lists both cellulose derivatives and bromoacetylcellulose (BA-
cellulose), p-aminobenzoylcellulose (PAB-cellulose), benzoyl-DEAE-cellulose (BD-
cellulose) and benzoylnaphthoyl-DEAE-cellulose (BND-cellulose). Bio-Rad Labs.
(Richmond, Calif., U.S.A.) supply p-aminobenzoylcellulose under the trade name
Cellex PAB and aminoethyl-cellulose under the name Cellex AE. Miles Labs (Slough,
Great Britain) produce a hydrazide derivative of CM-Cellulose (Enzite-CMC-hydra-
zide), bromoacetylcellulose (BAC) and m-aminobenzyloxymethylcellulose (AMBC).

Macroporous reconstituted cellulose in regular beaded form is produced under the
trade mark Perloza by Chemopetrol (Lovosice, Czechoslovakia). Perloza is manu-
factured by a special technology based on the dispersion of a solution of cellulose
xanthate in an inert liquid with subsequent thermal solidification of the xanthate,
followed by regeneration (Stamberg et al., 1979, Stamberg, 1988). The bead cellulose
has regularly arranged layers with optimum through flow properties when used in
columns. Good mechanical strength is preserved in spite of the high porosity. Due to
its chemical composition it is highly hydrophilic and is well tolerated by biosystems. Its
insolubility in water and a number of other solvents allows it to be used for interaction
in liquid media. Perloza is a suitable material for a wide range of applications in
bioaffinity chromatography, which have been summarized by Gemeiner et al. (1989).
Medium-pressure Matrex Cellufine gels supplied by Amicon Co. (Danvers, MA,

U.S.A.) are composed of spherical, beaded cellulose. They offer low non-specific
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adsorption adsorption, outstanding physical strength and high pressure resistance
capabilities, all at an economic cost. The use of Cellufine in bioaffinity chromatography
has been described by Anspach et al. (1990).

To solve purification problems connected with the transfer from laboratory scale to
industrial scale Hou and Mandaro (1986) have developed a radial flow chromatography
method on a cellulosic media derivatized by vinyl polymers. The method employed for
grafting the polymer onto the cellulose provides the matrix with a high charge density
and thus a very high adsorption capacity. A schematic representation of radial flow Zeta
cartridge is shown in Fig. 5.1. The cartridge was constructed by rolling up the thin sheet
matrix around a central rod with webs between the layer of the matrix to allow the
swelling of the media and to provide an even distribution of the fluid throughout the
matrix. The fluid flows radially from the outside to the inside of the cartridge through
the layers of the grafted media (ion exchange or bioaffinity), and it is then collected by
the flow paths engraved on the central core, and exits through the ports located at the
top of the cartridge. Mandaro and Hou (1987) have used this type of zeta chro-
matography for bioaffinity chromatography.

Zeta cartridges and several Zeta affinity products are produced by the French firm
CUNO Inc. (Cergy-Pontoise, France). Zeta-Prep. cartridges are also producted by
LKB (Broma, Sweden). Mem Sep TM Chromatography Cartridges, which are ready to
use and provide a microporous network of pure regenerated cellulose in a column-type
housing configuration, containing several bioaffinity membrane cartridges are
producted by MILLIPORE (Bedford, MA, U.S.A.). Membrane formation, charac-
terization and applications are in detail described in monograph “Affinity Membranes,

Their Chemistry & Performance in Adsorption Separation Processes” by Klein (1991).

5.2.2 Dextran gels
Dextran is a branched-chain glucose polysaccharide produced in solutions containing
sugar by various strains of Leuconostoc mesenteroides. Soluble dextran, prepared by
fractional precipitation with ethanol of partially hydrolysed crude dextran, contains

more than 90% of a-1,6-glucosidic linkages, and it is branched by 1,2-, 1,3- and
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Fig. 5.1. Radial flow Zeta cartridge.

1,4-glucoside bonds. When crosslinked with 1-chloro-2,3-epoxypropane in alkaline
solution, dextran affords a three-dimensional gel with the partial structure
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The most important producer of dextran gels, supplied under the trade name
Sephadex, is Pharmacia (Uppsala, Sweden). The gels are very stable to chemical attack;
for example, exposure for 2 months to 0.25 M sodium hydroxide solution at 60°C has

noinfluence. The glucosidic bond is sensitive to hydrolysis at low pH, althoughit is stable
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for 6 months in 0.02 M hydrochloric acid, or for 1-2 hin 0.1 M hydrochloric acid or 88%
formic acid (Lowe and Dean, 1974). Aldehyde or carboxyl groups are formed under the
effect of oxidizing agents. As regards thermal stability, dextran gels can withstand
heating in an autoclave at 110°C (in solution) for 40 min, or at 120°C when dry. Drying
and swelling is reversible. The gels swell to a certain extent, even in ethanol, ethylene
glycol, formamide, N,N-dimethylformamide and dimethyl sulphoxide.

The molecular sieve, produced by covalent crosslinking of allyl-dextran with N,N’-
methylene-bis-acrylamide, has been developed by Pharmacia (Uppsala, Sweden) under
the trade name Sephacryl (Johansson and Lundberg, 1979). The big advantage of this
kind of matrix is the excellent flow rate, because this support is exceptionally rigid.
However, on the other hand the unspecific adsorption is increased.

The use of dextran gels is partly restricted by their rather low porosity. Examples of
their use in bioaffinity chromatography are given in Table 9.1. They are widely used

without any modification as specific sorbents for the isolation of a series of lectins.

5.2.3 Agarose and its derivatives

Agarose is a polysaccharide present in agar that contains agaropectin in addition to
agarose. The separation of agarose from the polysaccharide mixture is based on
differences in solubility and chemical reactivity, which is associated with the anionic
character of agaropectins. Cooling aqueous agarose solutions below 50°C allows the
development of agarose gels in bead, pellet, or spherical forms. Practical preparation
methods have been described by Hjerten (1964) and Bengtsson and Philipson (1964).

Agarose is a linear polysaccharide consisting of alternating 1,3-linked 8-D-galacto-

pyranose and 1,4-linked 3, 6-anhydro-a-L-galactopyranose residues:
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Arnott et al. (1974) postulated on the basis of X-ray studies that the polysaccharide
chains form a double helix, then aggregate via hydrogen bridges and hydrophobic
interactions into fibers or bundles with ordered structures. This network phase in a gel
which may contain up to 100 times more water than agarose means that the structure
contains relatively large voids through which large macromolecules can diffuse. In
contradistinction, a gel network comprising a comparable concentration of crosslinked
soluble polymer, such as the crosslinked dextrans, would lead to a lattice in which the
mean pore size would be considerably smaller. These relationships are shown
diagrammatically in Fig. 5.2 and suggest that agarose should exhibit special properties
as a chromatographic medium. The exclusion limit may be varied within wide ranges
because the pore size is inversely proportional to the agarose concentration (Mohr and
Pommerening, 1985; Table 5.3).

Fig. 5.2. A comparison between an agarose gel matrix (right) with a cross-linked dextran (Sephadex) matrix
at equivalent polymer concentration. The aggregates in agarose gels may contain 10 - 10° bundles of
polysaccharide helices. Reproduced with permission from Arnott et al., J. Mol. Biol., 90 (1974), 269-284.
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Table 5.3.

Some commercial types of agarose gels

Fractionation range

a
Trade name % (molecular weight)
Bio-Gel A-0.5 m 10 1x10* to 5x 10°
Bio-Gel A-1.5m 8 1x10*to 1.5x 10°
Bio-Gel A-5m 6 1x10%to 5x 10°
Sepharose 6B/CL-6B 6 1x10*to 4x 108
Ultrogel A6 6 2.5x10* to 4x 10°
Bio-Gel A-15m 4 4x10% to 1.5x 107
Sepharose 4B/CL-4B 4 6x10*t02x107
Ultrogel A4 4 55x10*to2x 10
Bio-Gel A-50 m 2 1x10°to 5x 107
Sepharose 2B/CL-2B 2 7x10*to 4x 107
Ultrogel A2 2 1.2x10° to 5x 107
Bio-Gel A-150 m 1 1x10%t0 1.5x 10°

# Agarose in gel.

The main producers of agarose are Pharmacia (Uppsala, Sweden), under the trade
name Sepharose, Bio-Rad Labs. (Richmond, Calif,, U.S.A.), under the trade name
Bio-Gel A and Reactifs IBF (Villeneuve la Garenne, France) under the trade name
Ultrogel A. Agarose gels under the name SAG (Ago-Gel) -10, -6, -4 and -2 with
molecular weight exclusion limits of 25x10* - 15x107 are supplied by Seravac Labs.
(Maidenhead, Great Britain) and Mann Labs. (New York, N.Y., U.S.A)).
Recommended solvents are dilute aqueous solutions of salts containing 0.02% of
sodium azide as a bacteriostatic agent,

Supports with large beads are advantageous for the bioaffinity chromatography of
cells, so that they can pass through the column without being physically trapped. For
this purpose an agarose gel has been developed with the trade name Sepharose 6MB.
The macrobeads have a large diameter (250 - 350 #m), uniform shape, and low
nonspecific adsorption of cells. Derivatives of agarose (Bio-Gel A15 m, 74 - 149 um)

modified for use in bioaffinity chromatography are produced by Bio-Rad Labs. under
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the trade name Affi-Gel, and are listed in Table 9.4. Various derivatives of agarose
modified especially for application as bioaffinity resin are offered commercially.

The stability of an agarose matrix can be considerably increased by crosslinking with
epichlorohydrin, 2, 3-dibromopropanol or divinyl sulphone (Kristiansen, 1974). In 1975,
Sepharose CL(2B, 4B, 6B) was introduced, prepared from appropriate types of Sepha-
roses by crosslinking with 2, 3-dibromopropanol in strongly alkaline medium, and
further desulphurization by alkaline hydrolysis under reductive conditions. The
crosslinking of Sepharose CL does not decrease the effective pore size, thus suggesting
that crosslinks take place mainly between chains within a single gel fiber, probably
between oxygen in position 2 of the anhydrogalactose residue (Mohr and Pommerening,
1985). The increased stability of Sepharose CL is shown in Table 5.4.

The structure of agarose makes it inadvisable to dry and re-swell the gels. When
agarose is not in use it should be stored in the wet or moist state and protected from
microbial growth by means of a suitable bacteriostat. A number of antimicrobial agents
are in common use: 0.02% sodium azide, 0.5% butanol, trichlorobutanol and saturated
toluene. Other bacteriostatic agents should only be used if they are known to be

innocuous to the structure of agarose. In general, agarose gels should be stored for long

Table 5.4.

Comparison of stability between normal and covalent cross-linked agarose gels

Sepharose Sepharose CL

pH 4-9 3-14

Temperature (°C) 0-40 <70

Solvents Agueous solutions Aqueous solutions, 6 M
containing high guanidine. HCI, 8 M urea and

concentrations of salts, urea, detergents in a pH range 3-11
guanidine HCl, detergents

Dimethylformamide-H20 Organic solvents

(1:1)
Ethyleneglycol-H20 (1:1)
Sterilization Not autoclaving Autoclaving at pH 7 and 110-
120°C
Chaotropic ions Low stability High stability

{KSCN)
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periods in the presence of a suitable bacteriostat in a refrigerator below 8°C but without
freezing. Freezing results in irreversible structural disruption of the gel beads. Freeze
drying can be carried out only after the addition of protective substances, for example
dextran, glucose and serum albumin.

Despite some limitations in stability, the beaded derivatives of agarose exhibit many
of the properties of the ideal matrix and have been widely acclaimed as the matrix of
choice. Their loose structure allows ready penetration by large macromolecules and
their hydrophilic polysaccharide nature and nearly complete absence of charged groups
precludes the adsorption or denaturation of sensitive biochemical substances.
Furthermore, the polysaccharide backbone can readily undergo substitution reactions
to yield products with a moderately high capacity for further derivatisation (Lowe,
1979).

Dean et al. in their book (1985) described Superose 6B, which is a highly cross-linked
agarose matrix, resulting in a very rigid gel. Both the crosslinking and narrow particle
size (20 - 40 #m) contribute to its performance as a chromatography support for high
performance separations. It is produced by Pharmacia LKB Biotechnology (Uppsala,
Sweden). Their new names for Sepharose high performance bioaffinity columns are Hi
Trap Columns which cover a wide range of life science applications. Reactifs IBF
(Villeneuve la Garenne, France) produces Magnogel A4R which is a support composed
of agarose (4%,w/v) cross-linked with epichlorohydrin. Its magnetic nature results from
the incorporation of 7% (w/v) Fe304 in the interior of the gel beads. It has applications
in situations where column operation is not favoured, e.g. in viscous solutions or in the

presence of partly soluble materials such as cell debris.

5.3 SYNTHETIC COPOLYMERS

The advantages of high-performance liquid bioaffinity chromatography, which are
shown in Fig. 1.2, and the usefulness of the preparation of biologically active compounds
on a pilot or industrial scale, are the impetus behind the continual development of
synthetic polymers. The main appeal of solid supports for these applications is their

inherent mechanical stability which provides good flow characteristics even under high
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pressures. The first synthetic polymers have been introduced for low- or medium-
pressure bioaffinity chromatography. At present some of synthetic copolymers can be
operated with pressure up to 100 p.s.i,, and usually tolerate a wide pH range. They are
suitable for affinity ligand immobilization and provide bioaffinity supports with high
capacities. They are biologically inert and, because of their inert structure, they are not
subject to enzymatic or microbial degradation. In most cases they are crosslinked
macroporous vinyl polymers in beaded or spherical form having a defined size and
porosity. The properties can be obtained by proper choice of monomers and conditions
of polymerization (Mohr and Pommerening, 1985). The chemical structure of these
supports can be characterized by the polyethylene backbone, which influences chemical
stability and physical or structural stability, and the modifiable side chains R1, R2, R3,
Ras:

Only a limited number of synthetic polymers is characterized in this Section 5.3.
However, many synthetic copolymers exist, and their intermediates for bioaffinity
chromatography and biospecific sorbents prepared from them are produced by many
firms. Commercial materials used in the examples of bioaffinity chromatography in
Chapter 9 are summarized in Table 9.4. The table, however, should not be considered

to be comprehensive. Full details are available from individual firms.

5.3.1 Polyacrylamide supports and their derivatives

Polyacrylamide gels are produced by copolymerization of acrylamide with the
bifunctional crosslinking agent N,N’- methylenebisacrylamide (Hjerten and Mosbach,
1962). The monomers used in this synthesis are highly toxic and thus should be handled
with care.

The main producer of polyacrylamide gels is Bio-Rad Labs. (Richmond, CA, U.S.A.)

under the trade name Bio-Gel P. This gel is produced with a range of pore sizes, from
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Bio-Gel P-2 with a molecular weight exclusion limit of 1800, up to Bio-Gel P-300 with
a molecular weight exclusion limit of 400,000. All brands are available in 50 - 100, 100 -
200, 200 - 400 and 400 mesh size. Commercial polyacrylamide beads are purchased in
the dry state and are swollen by mixing with water or aqueous solutions for periods of
4 - 48 h depending on the porosity. Bio-Gel P products are stable to most eluants used
in biochemical studies, including dilute solutions of salts, detergents, urea and guanidine
hydrochloride, although high concentrations of these reagents may alter the exclusion
limits by up to 10%. The use of media with pH values outside the range 2 - 10 is to be
avoided since some hydrolysis of the amide side groups may occur with the consequent
appeararce of ion-exchange groups. The use of oxidising agents such as hydrogen
peroxide is also inadvisable.

Polyacrylamide gels are composed of a hydrocarbon skeleton on to which carbo-

xamide groups are bound:

G0 CONH,  CONH,
M

NH
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Non-specific adsorption to the matrix backbone is restricted to very acidic, very basic

and aromatic compounds and is evidenced by delayed emergence from the chro-
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matographic bed. Ionic groups on the matrix are almost non-existent and ion exchange
is of no practical significance unless ionic strengths less than 0.02 are used. The
properties of polyacrylamide suggest that in certain circumstances polyacrylamide gels
may prove superior to polysaccharide based gels. For example, should degradation of
the polyacrylamide matrix occur, there is unlikely to be any confusion between the
reaction products and sample molecules since polyacrylamide is an entirely synthetic
polymer. These advantages of polyacrylamide gels are particularly apparent in appli-
cations involving the purification of carbohydrates or carbohydrate-binding macro-
molecules.

Polyacrylamide gels are biologically inert and they are not attacked by microorga-
nisms. As the gel particles adhere strongly to clean glass surfaces, Inman and Dintzis
(1969) recommend the use of siliconized glass or polyethylene laboratory vessels. On
reaction with a suitable compound, they can be converted into solid carriers suitable for
the binding of a series of affinants (Inman and Dintzis, 1969). Their aminoethyl
derivatives can be prepared by using a large excess of ethylenediamine at 90°C, and
hydrazide derivatives by using an excess of hydrazine at 50°C. Aminoethyl derivatives
of polyacrylamide gels can be converted into their p-aminobenzamidoethyl derivatives
by reaction with p-nitrobenzoylazide in the presence of N,N-dimethylformamide,
triethylamine and sodium thiosulphate.

Chemical derivatization of polyacrylamide may be also achieved by copolymerization
of acrylamide and a crosslinking agent, with a functional group-bearing acrylic or vinyl
monomer. For example Schnaar and Lea (1975) have synthesized acrylic acid esters of
N-hydrosuccinimide and N-hydroxyphthalimide and copolymerized them with acry-
lamide and methylenebisacrylamide. The resulting “active” gels react readily with
ligands containing primary amino groups.

For the linking of affinants, mainly enzymes, Koch-Light (Colnbrook, Great Britain)
produces Enzacryls. Enzacryl AH is a hydrazide derivative of a polyacrylamide gel, and
Enzacryl AA is a polyacrylamide gel containing aromatic acid residues. Enzacryl
Polyacetal is a copolymer of N-acryloylaminoacetaldehyde dimethyl acetal with N,
N’-methylenediacrylamide, which binds proteins through their NH2 groups. Enzacryl
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Polythiol is a crosslinked copolymer of acrylamide and N-acryloylcysteine. In the

presence of oxidants this binds proteins through their -SH groups.

5.3.2 Hydroxyalkyl methacrylate supports

Hydrophilic hydroxyalkyl methacrylate gels, introduced by Wichterle and Lim (1960)
were prepared by Coupek et al. (1973). The copolymerization of hydroxyalkyl methacry-
late with alkylene dimethacrylates gives rise to heavily crosslinked microparticles of a
xerogel, which subsequently aggregate and yield macroporous structures of spheroids.
Their structure is shown in Fig. 5.3 (Turkov4 and Seifertovd , 1978). Because of this
structure, the gels have some chemical properties in common with the most commonly
used support, agarose. Thus, for example, the hydroxyl groups of the gel can be activated
with cyanogen bromide (Turkovi et al., 1973), in a similar manner to the hydroxyl groups
of agarose. Amino acids, peptides and proteins can be bound to the activated gels
through their amino groups. The hydroxy groups of the copolymer react in an alkaline
medium with epichlorohydrin. Coupling of proteins after this activation is discussed in
Chapter 6.

Hydroxyalkyl methacrylate supports have been marketed under the trade name
Separon HEMA, produced by TESSEK Ltd. (Prague, Czechoslovakia), or Spheron,
produced by Lachema (Brno, Czechoslovakia). Regular beads have good chemical and
mechanical stability. They do not change their structures after heating for 8 hin 1 M
sodium glycolate solution at 150°C or after boiling in 20% hydrochloric acid for 24 h.
They are biologically inert and are not attacked by microorganisms. They can be
employed in organic solvents, a property which was used to advantage during the
binding of peptides on to these gels (Turkova et al., 1976). The inner structure, pore
size, and distribution, specific surface, and quantity of reactive OH groups can be varied,
with a molecular weight exclusion limit ranging from 20,000 t0 20,000, 000. A comparison
of some properties of seven types of Spherons has already been shown in Table 5.1. A
general description of Spheron was given by Janék et al. (1975) and a detailed charac-
terization of the Spheron matrix was published by Mikes et al. (1978). Because of their
high rigidity this matrix shows excellent flow properties. Fig. 2.3 demonstrates the high
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Fig. 5.3. Structure of hydroxyalkylmethacrylate copolymer (Separon, Spheron). Data from Turkovd and
Seifertovd , J. Chromatogr. 148, (1978), 293-297.

performance liquid bioaffinity chromatography (HPLBAC) of porcine pepsin on Sepa-
ron H1000 modified with e-aminocaproyl-L-phenylalanyl-D-phenylalanine methylester
in comparison with analogous chromatography on unmodified Separon (Turkové et al.,
1981). The high stability of this matrix allows the application of this support to large
scale operations and to industrial production (Mohr and Pommerening, 1985). How-
ever, the hydroxyethylmethacrylates have a greater nonspecific adsorption, attributable
largely to hydrophobic interactions. This hydrophobic property has been used in the
presence of salts for the hydrophobic interaction chromatography of proteins and
peptides by Strop et al. (1978, 1983).

Another hydroxyethylmethacrylate support is produced under the trade name
Dynospheres by Dyno Particles (Lillestrom, Norway). Their monodisperse micro-
particles with size range 0.3-5 ym are promising synthetic polymers for HPLBAC

application.
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5§33 QOxirane acrylic beads
Kriamer et al. (1978) described the preparation and properties of oxirane acrylic
beads. These are obtained by copolymerisation of methacrylamide, methylene-bis-

methacrylamide, glycidyl-methacrylate and or allyl-glycidyl-ether:

Allyl - H H 0
: ~-C-0-C-C —'CH
Glycidyl - ether - ; 0 ﬁ c 2
Z C—NH
N-Methylen- C
bls-'methucryl- H\N—C— ~CH,
amide H
0
40
Methacrylamide Hi3C — —C\NH2
N\ N
N N
N N
N N

Due to the nature of monomers the copolymer shows an electroneutral and mostly
hydrophilic matrix, with a slight hydrophobic component due to the methyl groups along
the polymer backbone. The oxirane group content is 1000 #mol/g dry beads. The beads
are macroporous and they show a water regain of 2.5 ml/g of drybeads. This water regain
is independent of pH (0.5 to 12.5) and ionic strength. The beads are morphologically
and chemically stable under these conditions, even if exposed to them for several weeks.
The mechanical stability upon stirring is very good. At present these chemically very
stable oxirane acrylic beads are produced under the trade mark Epergit C by Rohm
Pharma GMBH (Darmstadt, F.R.G.).
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The high-performance immunoaffinity chromatography (HPIAC) using Eupergit C
beads was developed and optimized by Fleminger et al. (1990). They immobilized
antibodies against carboxypeptidase A onto Eupergit C beads of sizes150 #m (standard,
porous), 30 um (C30N, porous) and 1 um (C1Z, nonporous). The chemical and
immunological properties of various Eupergit C beads are shown in Table 5.5. The
amounts of bound antigen carboxypeptidase A (CPA) were determined by enzymatic
assay of CPA. The amounts of bound anti-CPA protein (mg/g matrix) are given in
parentheses. The high-performance liquid chromatographic-based immu-
nopurification system using C390N and C17 Eupergit C beads was also used for the
isolation of immunoglobulin G from serum and of human decidua proteins from the
decidua tissue and from seminal plasma. These proteins were obtained at high purity

in a single purification step.

Table 5.5.
Chemical and immunological properties of various Eupergit C beads and matrix-

conjugated antibodies

. Protein- Antigen-
. Oxirane L. .
. Size . binding binding
Eupergit C Porosity content ) .
(um) (mmolfg) capacity capacity
¥ mew) (mol/mol)
Standard 150 Porous > 1000 > 1000 0.75(1.4)
0.24 (14.2)
C30N 30 Porous > 1000 >100 0.8(1.2)
0.4 (11.5)
Cl1Z 1 Non-porous 20 6.5 0.95 (2.0)

5.3.4 Hydrophilic acrylate-based supports

Non-ionic synthetic supports are obtained by copolymerization of N-acryloyl-2-
amino-2-hydroxymethyl-1, 3-propane diol with hydroxylated acrylic bifunctional mono-
mer. Hydrophilic supports under the trade name Trisacryl GF are manufactured by IBF
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Reactifs (Villencuve la Garenne, France). The chemical structure of the polymer

Trisacryl GFOS is:

CH,0H CH;OH
NH=C—CH,0H  NH-C—CH,OH
CO CH,OH CO CH,0H
~CH~CH,—CH~CH,~CH~CH,~CH~CH,~
GO CH,OH ©0  CH;OH
NH-C—CH,OH  NH-C—CH,OH
CH,OH CH,0H

Mastering the support porosity by a strict control of polymerization, it is possible to
synthesize a complete line of products covering a wide range of molecular weights from
3,000 (Trisacryl GF05) to about 20 million (Trisacryl GF 2 000).

The gel is characterized by a high degree of hydrophilicity, especially due to the
presence of primary alcohol groups and also of a secondary amide function. It can be
used under pressures up to 2 - 3 bar. It is not affected by organic solvents such as
alcohols, ketones, dioxane, or chlorinated solvents. It is non-biodegradable, and stable
to low (-20°C) and high (121°C) temperatures. Denaturing agents have no effect on the
gel because its structure involves no hydrogen bonds. It is also stable to acidic pH, but
less stable to high pH because of the slow hydrolysis of the amide linkage. Oligo(dT)-
substituted Trisacryl was used for the purification of polyadenylated mRNA by Sene et
al. (1982). Bonnafous et al. (1983) described cell bioaffinity chromatography with using

of Trisacryl and ligand immobilized through cleavable mercury-sulphur bonds.

§.3.5 Hydrophilic vinyl polymers

The Japanese firm Toyo Soda Manufacturing Co. (Tokyo, Japan) developed a
semi-rigid gel, a copolymer of oligoethyleneglycol, glycidylmethacrylate and pentae-
rythrol dimethacrylate under the trade name Toyopearl. Kato et al. (1981) described
the packing of Toyopearl columns for gel filtration. The identical copolymer under the
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name Fractogel TSK HW Type was described as a new hydrophilic support for gel
filtration by Wernicke (1982). The supplier of Fractogel TSK is the firm E. Merck
(Darmstadt, F.R. G.).

The optimal conditions for the activation of free hydroxyl groups on the gel matrix
by epichlorohydrin and subsequent immobilization of ligands were investigated by
Matsumoto et al. (1982). They prepared bioaffinity adsorbents which were successfully
used for the bioaffinity chromatography of lectin and trypsin. Shimura et al. (1984) used
Toyopearl HW-65S with attached p-aminobenzamidine for the high-performance
bioaffinity chromatography of plasmin and plasminogen.

The advantage of this gel is its pressure stability up to 7 bar. Swelling of dry gels in
water is 3 - 4 ml/g for Fractogel TSK HW-40, HW-65 and HW-75, 4 - 5 ml/g for Fractogel
TSK HW-50 and HW-55. The most suitable gel for bioaffinity chromatography is
Fractogel TSK HW-65, which is produced in four forms of activated affinity gels. The
particle size of this support, moistened with water, is 0.032 - 0.063 mm. Its molecular
exclusion limit is 5x10° for proteins and 10° for polyethylene glycols or dextrans. The
negligible change in swelling volume with change in eluent results in a high constancy
of gel bed volume. It may be used from pH 1 to 14. The high chemical stability has led
to applications at high temperature and therefore it may be autoclaved. It is resistant to
microorganisms. Its properties render Fractogel TSK particularly suitable for large
scale industrial application.

Ito et al. (1985) used a new micro-particulate polyvinyl alcohol gel Asahipak GS-gel
(from Asahi Chemical Industry Co., Tokyo, Japan) for the coupling with p-amino-
benzamidine and HPLBAC of trypsin instead of Toyopearl HW-658 (Shimura et al,,
1984).

5.4 COMBINATION OF BIOPOLYMERS WITH SYNTHETIC
POLYMERS

In order to minimize the reduction of porosity of polyacrylamide during activation,
copolymers of agarose and polyacrylamide have been produced. This support combines

the advantages of each individual polymer, while extending the potential range of
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derivatisation procedures by virtue of the availability of both amide and hydroxyl groups
of activation (Doley et al., 1976). Polyacrylamide-agarose gels with different and
standardized porosities are produced under the name Ultrogels AcA by IBF Reactifs
(Villeneuve la Garenne, France). A schematic representation of the Ultrogel AcA
matrix is shown in Fig. 5.4.

Ultrogel AcA is available in four types, each comprising a three-dimensional
polyacrylamide lattice enclosing an interstitial agarose gel. The gels are pre-swolen and
calibrated within a narrow size range of 60 - 140 #m. The technical specifications of
Ultrogel are given in Table 5.6 (Lowe, 1979).
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Fig. 5.4. Schematic representation of the Ultrogel AcA matrix.
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During chemical reactions involving one of the polymers, certain precautions must
be taken in view of the other polymer properties. Thus the gel must not be exposed to

strongly alkaline media, since the amide groups will be hydrolyzed to carboxylic acids.

Table 5.6.

Technical specifications of Ultrogel

AcA22 AcA34 AcA44 AcAS54

Acrylamide concentration (%) 2 3 4 5
Agarose concentration (%) 2 4 4 4

Bead diameter (pre-swollen)(um) 60-140 60-140 60-140 60-140
Fractionation range 60,000- 20,000- 12,000- 6,000
(globular proteins) 1,000,000 400,000 130,000 70,000

The limited heat resistance of the agarose must equally be respected: Ultrogel AcA
must not be exposed to temperatures greater than about 40°C.

Immunosorbents prepared with glutaraldehyde-activated Ultrogel AcA are of special
interest for the one-step purification of antibodies from whole serum (Guesdom and
Avrameas, 1976; Lazdunski et al., 1975).

Coupling of polyacrylic hydrazide to CNBr-activated Sepharose 4B as a stable and
high capacity spacer was described by Wilchek and Miron (1974). Polyacrylic hydra-
zido-Sepharose containing an average capacity of 15.25 umole of available hydrazide
per millilitre of agarose were used for further substitutions by the same method as
described for the monovalent coupled hydrazides. Procedures for preparing derivatives
of Sepharose hydrazide are shown in Fig, 5.5.

Polyacrylic hydrazido-Sepharose derivatives possess the advantages of agarose and
acrylamide gels. At neutral pH they carry no charge and they contain a large number
of modifiable groups. The preparation of polyacrylhydrazido-agarose based on the
periodate oxidation of Sepharose followed by reaction with polyacrylhydrazide was also
described by Miron and Wilchek (1981). All the preparations yielded columns which
were colourless and stable after reduction with sodium borohydride. Polyacrylhydra-

zido-agarose could be used either directly or after further modification with different
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reactive groups. A support having similar properties is dextran crosslinked with N,N’-
methylenebisacrylamide (Belew et al., 1978). This is produced by Pharmacia (Uppsala,
Sweden) under the trade name Sephacryl.

Magnogel Ac A44 produced by IBF Reactifs (Villeneuve la Garenne, France) is a
magnetized support, derived from Ultrogel Ac A44 (Guesdon and Avrameas, 1977).
The polyacrylamide-agarose beads contain 7% Fe304in the interior, thus enabling them
to be attracted by a magnetic field. The gel may be activated either on the agarose or
the polyacrylamide moieties. This gel is suitable for magnetic bioaffinity chro-
matography (Groman and Wilchek, 1987). This material offers apparent advantages
where easy and rapid manipulation of particles are desirable, such as when unstable
materials are being isolated, when the extract is viscous or contaminated with solid
particles, or in the separation of cell types. In the field of immunodiagnostics magnetic
solid phase enzyme-immunoassays (Guesdon and Avrameas, 1977) can be used
successfully. As an example of the application of Magnogel for the separation of cells

we may cite the lymphoid cell fractionation described by Antoine et al. (1978).

5.5 INORGANIC SUPPORTS

Inorganic supports have been reviewed by Weetall and Lee (1989). They classified
these supports into a few major categories: metals, metal oxides, ceramics, and glasses.
They described the preparations, properties and applications (for the immobilization
of antibodies) of porous glasses, porous silica, titania, aluminina and zirconia bodies,
and iron and nickel oxides. In their review several general considerations are mentioned,
which must always be born in mind. Since inorganic particles are friable materials, one
should never use a stirring bar when working with these materials. Stirring in this manner
will “grind” the particles. Particles can be separated for washing or assay by several
convenient methods. These include: filtration, centrifugation, settling, aspiration, or
magnetic separation. Several of these methods can be utilized for the further sizing of
inorganic particles particularly when clumping has occurred or when one wants to utilize
particles of only a specific size range. Particles may be sized on the basis of settling times,

centrifugation speed or filter porosity. One must generally decide on the best method
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by considering what particle range is desired and choosing the method most likely to

yield the desired particle range.

5.5.1 Controlled pore glass

Controlled pore glass (CPG) is synthesised by heating certain borosilicate glasses to
500 - 800°C for prolonged periods of time. These glass mixtures separate on such heat
treatment into borate- and silicate-rich phases. The borate phase can be dissolved by
treatment with acid, leaving a network of extremely small tunnels with pore diameters
30- 60 A. Subsequent treatment with mild caustic soda removes some siliceous material
from the pore interiors and thus enlarges the pore diameter. Careful control of the
various treatments can lead to a porous glass with an extremely narrow pore size
distribution in the range 45 - 2500 A (Lowe, 1979). Glass derivatives have outstanding
stability. The rigidity of the beads permits high flow rates and thus facilitates a fast and
efficient separation. Glass beads are resistant to microbial attack and may be readily
sterilised by disinfectants or autoclaving. The latter is a prime consideration in the
purification of pyrogen-free enzymes destined for in vivo or clinical studies.

However, in some instances they cause undesirable non- specific adsorption (Cuatre-
casas and Anfinsen, 1971) and they are very slightly soluble at alkaline pH (8.0). Corning
Glass Works have demonstrated that glass, when treated with y-aminopro-
pyltriethoxysilane, becomes a suitable support for a series of affinants (Weetal and
Filbert, 1974). The silanization process was found to be a reaction between the glass

surface hydroxyl groups and the amino-functional silane coupling agent:

I
o O~ CH;CH, O O-CHCH,

| |
—O-Si-OH + CHyCHp -0 Si-O~(CHp)y~NH; —————+ —0=Si-0~Si-0~(CHy)y—NH,
0 0= CH,CHs O  O-CH,CHs

The reaction proceeds by organic or aqueous silanization and the resulting alkyl-

amino-glass can subsequently be used to immobilize affinity ligands. Some commercially
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available porous glass packing materials are listed in Table 5.7, together with the names
of their producers. Similar CPGs are also supplied by Electro-Nucleonics, Inc.
(Fairfield; NY, U.S.A.) and Pierce Chemical Company (Rockford, I, U.S.A.).
Glyceryl-CPG is a controlled pore glass whose surface has been chemically modified
to produce a hydrophilic, non-ionic coating which shares most of the same operating
characteristics as conventional CPG. The degree of adsorption of glutamate dehydro-
genase on various derivatized glass surfaces was studied by Du Val et al. (1984). The
glycerolpropyl glass was the weakest adsorber of the protein. Glyceryl-CPG is distri-
buted by Electro-Nucleonics Inc. (Fairfield, NY, U.S.A.) Another supplier of glycopha-
se-coated supports under the name glycophase G/CPG is the Pierce Chemical Company
(Rockford, I1, U.S.A.). This company uses triethoxypropyl glycidosilane as the alkylsi-

lane.

Table 5.7.

Porous glass packing materials

Type Molecularweight exclusion limit Producer
Dextran Polystyrene
standards standards, ,
Bio-Glass 200 30,000 Bio-Rad Labs.,
Bio-Glass 500 100,000 Richmond, Calif.
Bio-Glass 1000 500,000 US.A.
Bio-Glass 1500 2,000,000
Bio-Glass 2500 9,000,000
CPG 10-75 28,000 Waters Assoc.,
CPG 10-125 48,000 Milford, Mass.,
CPG 10-175 68,000 U.S.A,; Corning
CPG 10-240 95,000 120,000 Glass Works,
CPG 10-370 150,000 400,000 Corning, N.Y.,
CPG 10-700 300,000 1,200,000 US.A.
CPG 10-1250 550,000 4,000,000

CPG 10-2000 1,200,000 12,000,000
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Ivanov et al. (1985) compared the epoxy-containing porous glass prepared with
y-glycidoxypropyltriethoxysilane and carbonylchloride-containing matrices prepared
by grafting copolymers of N-vinylpyrrolidone and acryloylchloride onto the surface of
y-aminopropylsilylated porous glass for the isolation of neuraminidase from the
influenza virus. A biospecific sorbent prepared from the polymer-containing glass
enabled the isolation of neuraminidase with a 3 - 4 times higher specific activity as
compared with a sorbent prepared from epoxy-containing glass. The use of nonporous
glass beads with particle diameter <10 #m to eliminate the diffusional effects due to
the pore structure has been described by Phillips et al. (1985).

Nonporous glass beads, porous silicas and soft gels with attached Cibacron Blue
F3GA were used by Anspach et al. (1989) for the investigation of equilibration times
for the adsorption of lysozyme on the different dye-affinity sorbents. In the batch
experimental mode equilibration times varied from 20 s for the nonporous glass beads
with a size range of 20 - 30 um to more than 60 min in the case of a porous sorbent with
a particle diameter of 100 - 300 #m and 600 A pore size. The additional utilization of
glass in bioaffinity chromatography is shown in Tables 9.1, 2, 3.

5.52 Porous and nonporous silica

The structure of silica is amorphous and its composition can be expressed as
Si02 xH>O0. Its basic unit is tetrahedral (8iO4) and the particle porosity, depends on the
mode of preparation. Silica gel is formed from silicic acid sols by polycondensation of
orthosilicic acid. Submicroscopic elemental particles are formed, which retain micelles
of the starting acid and in their interior are bound by Si-O-Si siloxane bonds. Every
elemental particle touches the surfaces of several neighbouring particles and in this way
a conglomerate is formed containing capillary spaces (pores) of various diameters. The
density of these inner spaces is very high and after drying they form large specific inner
surface areas of hundreds of mz/g. Owing to the presence of Si-OH groups at the surface,
some siloxane bonds are formed during the activation of silica gel at elevated tempe-

ratures (e.g. 200 - 400°C). Various types of hydroxyl groups at the surface of silica gel
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particles, together with a certain amount of water, influence the sorption properties of
silica gel (Mikes , 1988).

The main advantage of silica is its inherent mechanical stability which provides good
flow characteristics even under high pressure. The use of silica with pore sizes ranging
from 60 to 4000 A or nonporous silica in small particles 1.5 - 10 #m is advisable when
performing protein separations in order to provide good mass transfer. Silica is the most
commonly used support for HPLC to date. Slightly acidic silanol groups on the silica
surface act as centres for non-specific adsorption and denaturation. Under alkaline
working conditions (pH > 8) the surface of silica gel exhibits a high solubility.

Consequent ligand leakage would cause contamination of the purified product. The
problems of non-specific adsorption and high solubility have been largely overcome by
derivatization of the silanol groups with silanes yielding silica derivatives coated with a
hydrophilic layer. Fig. 5.6. shows the most common reaction of silanol groups with
3-glycidoxypropyltrimethoxy silane. The resulting epoxide silica can be used for the
direct attachment of affinity ligands or can become the starting material for the
synthesis of other products. Diol, aldehyde and primary hydroxyl silica are very often
more suitable for ligand immobilization (Ernst-Cabrera and Wilchek, 1988). The
preparation of epoxy-, diol- and aldehyde-silica has been described by Larsson (1984),
and that of primary hydroxyl-silica by Ernst-Cabrera and Wilchek (1987). They used
this material for the coupling of affinity ligands for high-performance liquid bioaffinity
chromatography.

Four silica-based high-performance bioaffinity media differing in pore size and
surface area were synthesized by Narayanan et al. (1990). Concanavalin A was cova-
lently immobilized on silica gels treated with hydrophilic polymer to which gluta-
raldehyde was covalently attached. Table 5.8 lists the physical properties of silica
preparation 2 before and after treatment with polymer, with glutaraldehyde and after
binding of Con A. After the bonded phase was treated with glutaraldehyde (Gluta-
raldehyde-P preparation 2) there is a 42% reduction in pore volume, a 35% reduction

in pore surface area and a 13% reduction in the average pore diameter. The binding of
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Fig. 5.6. Reaction of silanol groups with 3-glycidoxypropyltrimethoxy silane, hydrolysis of the epoxide with
acid, oxidation of the diol with periodate, and reduction of the aldehyde with sodium borohydride to yield
primary hydroxyl silica.

Con A (a large protein of molecular weight 102,000) is associated with very low
subsequent change in the pore diameter.

Table 5.9 gives the pore diameter and surface area of four silica-based Gluta-
raldehyde-P preparations. The carbon surface coverage, determined by elemental
analysis, correlates fairly well with the experimentally determined amount of gluta-
raldehyde, which in turn correlates with the ligand binding capacity of the matrices for
Con A, indicating that the functional groups on the activated matrices are generally
accessible to the protein. The influence of the physical properties of these silica-based

supports in bioaffinity chromatography has been already discussed in Section 5.1.
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Table 5.8.
Pore structure analysis of glutaraldehyde-P (preparation 2).

The physical properties were determined by mercury intrusion porosimetry and
corrected for interparticle voids.

Pore volume Pore surface Median pore

Sample (mljg) area (m*fg) diameter (A)
Starting material 0.95 182 211
After polymer treatment 0.76 150 204
After glutaraldehyde treatment  0.66 143 190
After binding of Con A 0.55 122 183
Table 5.9.

Surface characterization and properties of glutaraldehyde-P preparations

Pore volume, pore surface area, and pore diameter were determined by mercury
intrusion porosimetry and corrected for interparticle voids.

Preparation 1 2 3 4
Property )

Pore volume (ml/g) 0.26 0.66 0.83 0.77
Pore surface arca (mz/g) 130 143 85 46
Pore diameter (median)(A) 88 190 408 776
Carbon coverage (mz/g) 385 424 460 280
Aldehyde (umol/m?) 13 18 1.53 13
Con A (mg/g) 80 140 104 86

The evaluation of nonporous monodisperse silica beads has been described by Unger
et al. (1986). Decreasing the particle diameters from 10 #m to 1.5 #m, or even smaller
values, increases the geometrical surface area within a unit column. From both theo-
retical and practical considerations nonporous particles of small particle diameter
should thus have advantages, especially for very rapid analytical and micropreparative
bioaffinity chromatography (Anspach et al., 1988). The improvement of bioaffinity
chromatographic performance using the biospecific sorbents prepared by Anspach et
al. (1990) from the nonporous monodisperse silicas in comparison with results obtained
with porous silica supports with identical activation and immobilization procedures, has

already been discussed in Section 4.1.1.
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Fig. 5.7. In situ ellipsometry. A beam of laser light is reflected from the solid sample surface at an angle of
incidence of 60°. Before reaching the surface the light passes through a polarizer and a quarter-wavelength
plate. After reflection the light passes through a second polarizer and is detected by a photodiode. The
polarizers are automatically rotated in such a way that the resulting light intensity reaching the detector is
kept at a minimum. The position of the polarizers gives the A and ¥ angles, which may be translated into
the amount of adsorbed or interacting proteins on the surface. Reproduced with permission from U. Jonsson
et al., Methods Enzymol., 137 (1988) 381 - 388,

Several difficulties, such as nonuniformity of the deposited silane film thickness,
codeposition of polymeric silane particles, and hydrolytic removal of the deposited film,
occur using methods mentioned above, and these are not acceptable for conferring an
optimum performance on surface-sensitive measuring devices. Vapour phase sila-
nization, elaborated by Jonsson et al. (1988), overcomes some of these difficulties. The
technique was exemplified by the covalent binding of Protein A to silanized silica
surfaces and the interaction of the immobilized Protein A with immunoglobulins. Fig.
5.7 shows in situ ellipsometry, an optical technique based on the reflection of polarized
light from a surface, which was used for the evaluation of the results. The measurement

principle that governs the ellipsometry has been described by Jonsson et al. (1985). After
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the immobilization of immunoglobulins on chemically modified silica surfaces by the
use of thiol-disulphide exchange reactions, they showed that the covalently bound IgG
has a superior stability when the pH was lowered or incubation was carried out with
detergents, urea or ethylene glycol. The quantification of the amount of immobilized
IgG was determined by ellipsometry. On the basis of results obtained in the protein
system tested (Protein A-IgG interaction) Jonsson et al. (1988) emphasized that ellipso-
metry, combined with welldefined surfaces, is a fast and sensitive method for the study
of biomolecular interaction. Examples of the use of ellipsometry for the study of
biomolecular interactions between receptor and cell and enzyme and coenzyme after
the coupling of biomolecules to silicon surfaces were published by Mandenius et al.
(1988). Their coupling of biomolecules to silicon surfaces includes the formation of a
hydrocarbon layer on top of the silicon oxide present on all silicon surfaces. The three
methods described comprise the coupling of ligands by the use of silane, dextran or
albumin, The introduction of the hydrocarbon layer significantly limits the nonspecific
adsorption and thus protects the coupled biomolecules. The preparation and appli-
cation of dextran- or agarosecoated silica supports as potentially good stationary phases
for high-performance bioaffinity chromatographic separation of proteins have been
described by Zhou et al. (1989). The method described has been used to coat silica
beads with a polysaccharide, substituted by a calculated amount of positively charged
diethylaminoethyl functions in order to neutralize the negatively charged silanol groups
of silica and to facilitate the formation of a hydrophilic polymeric layer on the inorganic
surface.

Many silica gel supports are available commercially in both irregular or spherical
shapes, either uncoated or glycophase coated. They are reviewed by Mike¥ (1988),
Ohlson et al. (1989) and they are described in the catalogues of many companies. From
among the many examples of silica we can mention Porasil A-F with pore diameter from
80 A to 3000 A and surface area from 400 m2/g to 10 m2/g produced by Waters
Associates (Milford, MA, U. S. A). The E. Merck firm (Darmstadt, F. R. G.) supplies
silica-based supports under the trademark LiChrospher Si, LiChrospher Diol and
LiChrosorb Diol (particle diameter 5 - 10 um, pore diameter 100 - 400 A and surface
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area 250 - 6 m?/g) and nonporous Monospher (particle size 2.1 # and surface area 2.5
m2/g), the Du Pont Instrument Products Division (Wilmington, DE, U.S.A.) suplies the
SE Series or Zorbax, Macherey Nagel (Diiren, F. R. G.) under the trademark Nucleosil;
Rhéne-Poulenc (Usine de Salindres, France) uses the name Spherosil, TESSEK Ltd.
(Prague, Czechoslovakia) uses the trademark Separon SGX, Chrompack International
(Middelburg, The Netherlands) uses the trademark Chrom Spher Si. The Toya Soda
Manufactur Co. Ltd. (Tokyo, Japan) produce silica gels under the name TSK, Bio-Rad
Labs. (Richmond, CA, U. S. A.) supply spherical silicas under the name Bio-Sil, etc.
The polyhydroxy silica support Nugel P GP-500, from Diagnostic Specialties
(Metuchen, N.J., US.A.) was used by Roy et al. (1984) for the high-performance
immunosorbent purification of recombinant leucocyte A interferon. The surface of
fluid-imperrious 2 #m silica microspheres from Glycotech (Hamden, CT, U. S. A.) were
used after coupling of Protein A or lectins for fast separation and quantitation of
immunoglobulins and glycoproteins by Varady et al. (1988).

Among the commercially available epoxide silicas belongs Ultraaffinity-EP, available
as prepacked columns (Beckmann Instruments, Berkeley, CA, U.S.A.). Immobilization
of the ligand onto such a matrix can be obtained by simple passage of the material
through the column for a predetermined time period. The use of anti-chaotropic anions
such as phosphates and sulphates is recommended since they stabilize the protein
during derivatization and increase the interaction with the active support. According to
Ernst-Cabrera and Wilchek (1988) this particular activated matrix exhibits low reacti-
vity and requires basic conditions for efficient ligand coupling. Columns, cartridges or
kits of a silica also activated with epoxide functional bonded phase under the name

Durasphere AS are produced by Alltech Associates, Inc. (Deerfield, Il, U.S.A.)

5.5.3 Iron and nickel oxides

Iron oxide can be prepared by several methods. One method involves the use of
commercially available iron oxide powders. These powders can be silanized directly and
used for the attachment of affinity ligands (Weetall and Lee, 1989). Commercially

available series of particles consisting of an iron oxide core coated with a silane polymer
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terminating in either amine (particle size 1 - 2 um), carboxyl (particle size 0.5 - 1 um),
or sulphydryl (particle size 1 - 3 um) functional groups are supplied by Advanced
Magnetics Corp. (Cambridge, MA, U.S.A.) The same firm also offers its particles
pre-reacted with a variety of proteins including Protein A, avidin and goat anti-mouse
antiserum (Groman and Wilchek, 1987). Magnogel, which consists of iron oxide
entrapped in a polyacrylamide-agarose support, has been discussed in connection with
magnetic bioaffinity chromatography in Section 5.4. Latex particles impregnated with
iron oxide are also commercially available from Seradyn Inc. (Indianapolis, IN., U.S.A.).
These materials show paramagnetic properties and have been successfully used in
immunoassays. Nickel oxides produced by precipitation, or directly from a chemical
supply house, have been used in a manner similar to the iron oxides (Weetall and Lee,

1989).

5.6 NYLON MEMBRANES AND TUBES

Synthetic polyamides, known as nylons, are a family of condensation polymers of
dicarboxylic acids (or their diacid chlorides and a,w-diamines (Kennedy and Cabral,
1983).

Several types of nylon, differing only in the number of methylene groups in the
repeating alkane segments, are available in a variety of physical forms, such as fibres,
hollow fibres, foils, membranes, powders, and tubes. Membrane formation and charac-
terization are descriebd in more detail by Klein (1991).

The advantage of the purification of phosphofructokinase from yeast cell homogenate
by use of the selective adsorption-desorption with Inmunodyne nylon membrane has
been described by Huse et al. (1990). Immunodyne, Biodyne A and Loprodyne nylon
membranes are supplied by Pall Filtrationstechnik (Dreilich, F. R. G.). Inmunodyne
membranes are pre-activated nylon membranes developed for the covalent fixation of
molecules via hydroxyl, carboxyl or amino groups. After alkaline inactivation of the
reactive groups Immunodyne membrane has the ability to selectively bind
phosphofructokinase and phosphoglycerate kinase from yeast cell extract. The time

course of phosphofructokinase binding to different nylon membranes is shown in Table
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5.10. The decrease in the phosphofructokinase activity in the homogenate with the
Immunodyne membrane can be explained only by the action of the group used for
substitution of the nylon matrix of Immunodyne to preactivate this membrane as an
affinity ligand. Elution of phosphofructokinase from the nylon sorbent by adenine
nucleotides is in agreement with this opinion.

The membrane technique applied is extremely simple and does not require sophisti-
cated equipment. The membrane was cut and transferred to a polyethylene bottle. After
filling with 10 mM sodium hydroxide solution the membrane adhered loosely to the wall
of the bottle. Fig. 5.8. shows the bottle with the membrane fixed with rubber bands to a
rotating shaft in an horizontal position. This arrangement allows the use of small
volumes and utilization of the whole membrane area. The potential use of particle-
containing cell homogenate, biospecific sorption on membranes may be superior to
other methods as the first step in the extraction of cell homogenates, at least on a small

scale of up to a few milligrams.

Table 5.10.
Time-course of phosphofructokinase binding to different nylon membranes

Aliquots of 6 ml of a yeast cell homogenate were incubated with the respective
nylon membranes and assayed for phosphofructokinase (PFK) activity at the indi-
cated times. An incubation without a membrane was performed as a control. Values
in parentheses are the specific activities at the end of incubation determined in the
supernatant after centrifugation at 25 000 g.

Time of PFK activity (U/ml) in the cell homogenate
incubation )
. Control Immunodyne  Biodyne A Loprodyne
(min)
0 15.7 - - -

60 142 7.6 14.7 15.3

120 149 4.8 14.2 15.8
(0.42) (0.46) (0.46) (0.42)

Acetylcholine receptor was coupled without significant loss of biochemical properties

to the inner surface of nylon tubes (supplied by Portex, Hythe, Kent, U. K.) by Yang et
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Fig. 5.8. Treatment of the nylon filters with a small volume of incubation solution within a bottle fixed to a
rotating shaft.

al. (1981). The resulting tubes could be used repeatedly for the bioaffinity chro-
matography of receptor-specific immunoglobulins. The hydrophobic nylon surface
appears to be of particular advantage when solubilized membrane proteins are used as
affinity ligands. With these properties, receptor-linked nylon tubes can be used for titre
determination and chromatography of antibody-containing fluids, including blood,

ascites fluid and cell culture media.

5.7 OTHER SUPPORTS

Saito and Nagai (1983) coupled antibody on a plastic surface using polystyrene tubes
(Falcon, Div. of Becton, Dickinson and Co., Cockeysville, MD, U. S. A.) treated with
0.5% toluene 2,4-diisocyanate dissolved in carbon tetrachloride. The polystyrene tube
coated with anti-rabbit y-globulin goat serum allowed a simple separation of the free
tracer in a radioimmunoassay of thyroid-stimulating hormone and prolactin. Fluo-
rescence-labelled latex spheres (Polysciences, Warrington, PA, U.S.A.) were used by

Kieran and Longenecker (1984) for the immobilization of monoclonal antibodies



210

specific for erythroid differentiation (B-G) antigens. The chromatography paper
Whatman 31ET (Whatman Inc., Clifton, NJ, U.S.A.) with immobilized specific anti-
bodies was used by Zuk et al. (1985) for the elaboration of the enzyme immu-
nochromatographic test strip assay. Whatman 540 paper was used for the preparation
of cyanuric chloride-activated matrix (CCA paper) by Hunger et al. (1986). CCA paper
binds nucleic acids and proteins. When stored under nitrogen at -20°C it retains its
binding activity for at least a year.

A non-interactive polymer (hydrophilic polyvinylidene difluoride) is the base material
of Immobilon AV Affinity Membrane (IAV) produced by Millipore (Bedford, MA,
U.S.A). A variety of ligands containing amines or thiols can be covalently immobilized
to chemically activated hydrophilic microporous membrane under a range of pH
conditions (pH 4 - 10), ionic strength (0.01 - 1.0 M) and temperature (0 - 37°C). By
varying these parameters, the user can immobilize nanogram to milligram amounts of
proteins (150 ;tg/cm2 is approximately a protein monolayer). The Affinity-15 Membrane
Chromatography System is produced by Sepracor Inc. (Marlborough, MA, U.S.A.).
Affinity ligands are covalently bound to the membrane using a stable, secondary amine
linkage, and therefore ligand leaching is virtually eliminated. Membrane technology for
protein purification increases the speed, lowers the costs, and simplifies the protein
purification.

Avid Plate-HZ microwell plates are designed for site-specific antibody immobi-
lization. They utilized hydrazide chemistry to immobilize antibodies through the carbo-
hydrate moieties of the Fc region. A stable antibody linkage is obtained with low
nonspecific binding and increased assay sensitivity. They are produced by Bio Probe
International Inc. (Tustin, CA, U.S.A)).

Quartz fibre (Q 106, supplied by Johns-Manville, Denver, CO, U. S. A.) was silylated
with mercaptopropyltrimethoxysilane by Wikstrom and Larsson (1987). The use of
bioaffinity fibre for large-scale purification of ox heart lactate dehydrogenase has
already been discussed in Section 4.1.1. A further support for high-performance liquid
bioaffinity chromatography is Affi-Prep 10 matrix, which consists of an N-hydro-

xysuccinimide ester covalently bound to rigid polymer beads of unknown composition
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through a neutral spacer arm 10 atoms long, The Affi-Prep matrix produced by Bio-Rad
Labs. (Richmond, CA, U.S.A.) is non compressible to 1,000 psi (60 bar).

The rapid evolution of many new unmodified or activated supports, biospecific
sorbents in beads, columns, cartriges etc. has been described in the catalogues of many
companies and in The International Product Magazine for Biotechnology (BPI, Else-
vier, B. P. 214, B-1210 Brussels, Belgium). Commercially available carriers and
biosorbents listed in Tables 9.1,2,3 are characterized in Table 9.4. Details can be found

in the original literature cited.
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Chapter 6

Survey of the most common coupling procedures

When selecting the method of attachment, the primary consideration is which groups
of the affinity ligand can be used to form the linkage to a solid support without affecting
its binding site. The attachment should not introduce non-specifically sorbing groups
into the specific sorbent. From this point of view, it is better to couple the spacer to an
affinant and, only after it has been modified in this manner, subsequently to attach it to
a solid support. The linkage between the surface of a solid support and an affinant
should be stable during adsorption, desorption and regeneration. When choosing an
appropriate method, one should bear in mind the dependence of the stability of the
affinant on pH and the other reactionary conditions, as should the fact that the coupling
procedure may be greatly influenced by both the nature of the solid matrix and the
substance to be attached.

When bifunctional compounds are used for the coupling, complications arising from
the crosslinking of both the carrier and the proteins with one another can be expected,
and therefore suitable reaction conditions, such as pH, temperature and time, should
be maintained carefully during the coupling.

When chemically inert solid supports are available the preparation of biospecific
adsorbents is a two-step reaction, consisting of (1) activation or functionalization of the
chemically inert support, and (2) coupling of the ligand to this modified matrix. The
chemistry employed in the activation of inert support matrices is dictated mostly by the
nature and the stability of the matrix itself. Thus, for example, conditions applicable to
the functionalization of glass would totally destroy agarose. Currently many activated
solid supports made for the coupling of various chemical groups of ligands or comprising
spacer molecules are available commercially, all of which are suitable for the direct
attachment of appropriate ligands.

When the immobilized affinity ligand is a glycoprotein, e.g. antibody or enzyme, the

low stability and capacity of the biospecific adsorbent may be overcome by the immo-
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bilization of glycoproteins through their carbohydrate moieties to the hydrazide contai-
ning solid supports, as has been already discussed in Section 4.3.3.

Active aldehyde groups in all diol-containing glycoproteins can be prepared by
periodate oxidation. Different methods for the coupling of hydrazide reagents to
individual oxidized sugar residues have been described by Gahmberg and coworkers
(Gahmberg and Hakomori, 1973; Gahmberg et al., 1976; Gahmberg and Andersson,
1977). Fig. 6.1 shows their enzymatic activation by galactose oxidase, the oxidation of
sialyl groups of glycoconjugates by the use of combined enzymatic action of neura-
minidase and galactose oxidase, or selective periodate oxidation. Both types of enzy-
matic activation of glycoproteins have already been used for the immobilization of
enzyme (Petkov et al., 1990) or antibodies (Solomon et al., 1990). Further discussion
about of activation under these mild conditions is presented in Section 6.2.2, which deals
with hydrazide-containing supports.

Descriptions of many methods for the attachment of proteins to solid supports have
been published by Kennedy and Cabral (1983). In the same work there is a chapter on
reagents used for protein immobilization (Lewis and Scouten, 1983). A precise account
of the principal methods of immobilization has been published in the book “Affinity
Chromatography - A Practical Approach” edited by Dean et al. (1985). Practical guides
to many coupling methods are presented in booklets published by Réactifs IBF (Ville-
neuve - la Garenne, France), Pharmacia LKB Biotechnology (Uppsala, Sweden) etc.
Bioseparations using bioaffinity techniques have recently been summarized by Sii and
Sadana (1991). The extreme diversity of the ligands being immobilized is the reason

behind the fact that no method can be considered to be a universal one.

6.1 EFFECT OF THE NATURE OF PROTEINS AND SOLID
SUPPORTS

The amount of protein to be coupled, the stability and the biological properties of
immobilized biomolecules can be affected by the choice of the solid support and the
method of coupling. In order to investigate the effect of the nature of the support and

the character of the proteins coupled, serum albumin, trypsin, chymotrypsin, papain
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Fig 6.1. Two major reaction schemes for coupling hydrazide reagents to (oxidized) sugar residues. In (A),
sialyl groups of glycoconjugates are oxidized chemically with periodate and the resultant aldehyde may be
reacted with an appropriate hydrazide. In (B), galactose (or N-acetylgalactosamine) residues are oxidized
enzymatically, using galactose oxidase, to the respective C-6 aldehydoderivative which undergoes subsequent
interaction with an appropriate hydrazide. In cases where galactose (or N-acetylgalactosamine) residues
appear penultimate to terminal sialyl residues, hydrazides may be coupled to the sialoglycoconjugate by the
combined enzymatic action of neuraminidase and galactose oxidase, as shown.
and trypsin inhibitor antilysine were attached to glycidyl methacrylate copolymer,
oxirane-acrylic beads, epoxy-activated Sepharose and 2,3-epoxypropoxy-propyl deri-
vatives of glass and silica. The epoxide groups of the derivatized supports may react with
the amino, carboxy and sulphydryl groups and with some aromatic nuclei, such as indole
and imidazole (Zemanovi et al., 1981).

Fig. 6.2 (A and B) show the difference in the coupling of proteins (in mg per g of dry
support) to methacrylate copolymer and agarose. It is evident from the figures that the

amount of the protein attached as a function of the pH of the reaction mixture is
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Fig. 6.2. Effect of pH on the coupling of: 0, serum albumin; @, papain; W, antilysin; 0, trypsin and
A, chymotrypsin (A) to the glycidyl methacrylate copolymer and (B) to the epoxy-activated Sepharose 6B in
dependence on pH. Data from I.Zemanovd et al., Enzyme Microb. Technol., 3 (1981) 229-232.

considerably affected by both the character of the coupled proteins and the nature of
the solid support.

The effect of the solid support was much less pronounced when various proteins were
immobilized using benzoquinone. The mild effect of the solid support was determined
when the effect of pH was investigated on the benzoquione-mediated immobilization
of trypsin, chymotrypsin and serum albumin, either on hydroxyalkyl methacrylate
copolymer (Stambolieva and Turkova, 1980) or agarose (Brandt et al., 1975). Benzo-

quinone probably shaded the matrix.

6.2 SUPPORT MODIFICATION AND AFFINITY LIGAND IMMOBI-
LIZATION

6.2.1 Epoxide-containing supports

A great improvement in bioaffinity chromatography resulted from the change from
the soft gel supports to porous or nonporous silica, as has already been discussed in the
Introduction. According to the opinion of Small et al. (1981), the modification of the
surface silanol groups of silica with y-glycidoxypropyltrimethoxysilane yields a neutral
hydrophilic surface that neither adsorbs nor repels proteins and thus decreases the

potential denaturation of sensitive biological substances by silica. The reaction is shown
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in Fig. 5.8. The epoxide group of the carrier may react with amino, carboxy, hydroxy and
sulphydryl groups, with some aromatic nuclei, such as indole, imidazole, etc. (Turkova,
1980), saccharides (Uy and Wold, 1977), polynucleotides (Potuzak and Dean, 1978),
adipic acid dihydrazide (Ustav et al.,, 1979) etc. The S-C, N-C and O-C bonds formed
are extremely stable (Egly and Porath, 1978; Turkovi et al., 1981; Koelsch et al.,1984).
Small et al. (1981) used epoxide groups of silica for the coupling of 6-aminohexyl-
Procion Yellow or of Procion Blue MX-R directly via the triazine ring. These triazine
dye-silica adsorbents have been used for high-performance liquid bioaffinity chro-
matography of protein mixtures containing enzymes such as lactate dehydrogenase,
hexokinase, alkaline phosphatase, carboxypeptidase G2 and L-tryptophanyl-tRNA
synthetase. Porous silica with y-glycidoxypropyltrimethoxy silane was used after
coupling of tomatine by Csiky and Hansson (1986) for the HPLBAC of sterols. They
hydrolyzed epoxy-substituted silica in 0.1M sulphuric acid-sodium hydroxide buffer
(pH 2, 50°C, 5h) and the diolsilica was used as a blank material to study the influence
of the matrix in the separations.

Fig. 2.3 shows HPLBAC of pepsin on hydroxyethyl methacrylate copolymer Separon
H 1000 modified with e-aminocaproyl-L-phenylalanyl-D-phenylalanine methyl ester
(Turkové et al., 1981). The inhibitor was attached to epoxide groups of Separon HEMA,
which were prepared by the reaction of hydroxy groups of copolymer in an alkaline
medium with epichlorohydrin. The same paper has supplied Fig. 6.3, which shows the
pH profile of the coupling glycyl-D-phenylalanine to the hydroxyethyl methacrylate
copolymer Separon derivatized by epichlorohydrine to both a high and a low degree of
epoxidation. The coupling rate was also affected by the structure of the bound amino
component. The quantity of the substance immobilized and the reaction rate increased
with the increasing hydrophobicity of the compounds immobilized. The coupling
reaction of Separon H 1000 Eqax with 1,6-diaminohexane was very fast, being complete
after 6 h,

The same Separon was used by Smalla et al. (1988) for the study of the influence of
salts on the coupling of different enzymes. Fig. 6.4 shows the dependence of the activity

and protein binding of aminoacylase - Separon HEMA E conjugate on the salt used for
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Fig. 6.3. Coupling of glycyl-D phenylalanine on various types of derivatized Separons as a function of pH
and time. The content of epoxide groups: Separon H 300 Emax = 1 550 #zmol/g of solid support, Separon H
1000 Emax = 1 770 tmol/g, Separon H 300 Emin = 240 #mol/g, Separon H 1000 Emin = 140 #mol/g. Data
from J. Turkovd et al., J. Chromatogr., 215 (1981) 165 - 179.
the immobilization reaction. Aminoacylase-Separon H 1000 Epax with the highest
activity was achieved using ammonium sulphate. However, as Fig. 6.5 shows, the
optimum concentration of this salt depends on the concentration of immobilized
protein. The study of the effect of different concentrations of (NH4)2S04 on the
coupling of thermitase, trypsin, chymotrypsin, pepsin, elastase, subtilisin and carbo-
xypeptidase A showed a different influence of added salts on the immobilization
efficiency.

Epoxide-containing supports can be obtained directly by copolymerization. As an
example we may mention glycidyl methacrylate copolymer (Svec et al., 1975) or
EupergitC (Kramer et al., 1978). The disadvantage of biospecific sorbents prepared
from glycidyl methacrylate copolymer (Turkov4 et al., 1978) was the formation of new,
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Fig. 6.4. Dependence of the activity and protein binding of aminoacylase-Separon HEMA E conjugate on
the salt added during the immobilization reaction. Aminoacylase (5 mg) in 2.5 ml 0.2 M phosphate buffer
(pH 8.0); 50 mg Separon HEMA E, 20 h at 5°C. Salts added: (&) (NH4)SO4, (l) Na2SO4, (@ ) (NH4):HPOs4,
(0) NaCl. ao, activity of the enzyme-carrier conjugate in the absence of salts; a, activity of the enzyme-carrier
conjugate in the presence of salts as indicated. (A) (NH4)2804 addition and protein binding (right axis).
Aminoacylase (10 mg) in 2.5 ml phosphate buffer (pH 8.0); S0 mg Separon HEMA E, 30 h at 5°C. Data from
K. Smalia et al., Biotechnol. Appl. Biochem., 10 (1988) 21 - 31.
active epoxide groups during long storage times, as determined by the coupling of
different dipeptides.

Fleminger et al. (1990b) described S-mercaptoethanol as an efficient blocker of
residual oxirane groups of Eupergit C. Blocking may be applied to the matrix at almost
neutral pH (pH 8.0) and, as it does not form charged groups with the matrix (in contrast
to ethanolamine), non-specific ionic adsorption of proteins is eliminated.

Bioxyranes (e.g. 1,4-butanediol diglycidyl ether) were used by Sundberg and Porath
(1974) for the introduction of reactive oxirane groups into agarose. These groups can
react further with compounds that contain amino, hydroxyl or thiol groups (see next
page).

The method is suitable for the binding of sugars that form ether linkages through their
hydroxyl groups. With proteins and peptides the method forms alkylamine linkages

through their primary amino groups. Thioether linkages are formed with substances
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that contain thiol groups. When 1,4-bis(2,3-epoxypropoxy)butane is used, a spacer
corresponding to a 12-carbon chain is introduced between the ligand and the agarose
chain, Through the effect of bisoxirane, crosslinking of carbohydrate chains of the gel
matrix takes place, thus increasing its stability. This permits the application of more
drastic conditions for the binding and elution steps. These gels are available

commercially under the trade name epoxy-activated Sepharose.

100
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Fig. 6.5. Dependence of the activity of aminoacylase-Separon HEMA E conjugate on the salt and protein
concentrations in the medium during immobilization. Aminoacylase, S mg (@) or 10 mg (A ), in 2.5 m10.2
M phosphate buffer (pH 8.0); 50 mg Separon HEMA E, 30 h at 50 C. 100% activity: ( @) 4.1x10-2

#mol.min-1.mg conjugate -1; (A ) 7.0x10-2 x#mol.min-1.mg conjugate-1. Data from K. Smalla et al.,
Biotechnol. Appl. Biochem., 10 (1988) 21 - 31.



223

The influences of pH, temperature, ligand concentration and reaction time on the
coupling of aniline to epoxy-activated Sepharose 6B have been studied by Gelsema et
al. (1981). Aniline was coupled in 100% yield at pH 6 - 7 by performing the reaction at
55°C for 17 h using an 8.5-fold excess ligand concentration. Presumably the same holds
for other ligands containing aromatic amine groups at a pH about 2 units higher than
the corresponding pK value. Coupling of antibiotic novobiocin via its phenolic hydroxy
group to the epoxy-activated Sepharose was performed and the product used for the
bioaffinity chromatography of DNA gyrase by Staudenbauer and Orr (1981). Epoxy-
activated Sepharose 6B was also used by Andersson et al. (1983) for the immobilization
of labile hydroxyl-group containing ligands in dipolar organic solvents in the presence
of different kinds of catalyst. Epoxy-activated Sepharose 6B was further used for
coupling of the outer membrane of E. coli in the presence of dioxane and used for the
isolation of immunoadsorbent-purified antibodies (Henriksen and Maeland, 1986).

Hydrolysis of the epoxide with acid, oxidation of the diol with periodate, and
reduction of the aldehyde with sodium borohydride shown in Fig. 5.8, can result in
suitable solid supports for ligand immobilization (Ernst-Cabrera and Wilchek, 1988).
Matsumoto et al. (1980) converted epoxy-activated agarose into amino derivatives using
ammonia solution which, after succinylation, were activated with N-hydro-
xysuccinimide. Kanamori et al. (1986) used Sepharose 4B or Toyopearl HW-65 (Fracto-
gel TSK) after activation with epichlorohydrin for the preparation of two formyl
carriers, as shown in Fig, 6.6.

A large amount of m-aminobenzamidine was efficiently immobilized on both types
of carriers. Formyl groups remaining on the adsorbents were converted into hydro-
xymethyl groups by reduction with sodium borohydride. All types of adsorbents prepa-
red were successfully used for both low- and high-performance liquid bioaffinity

chromatography of trypsin-family proteases.

6.2.2 Hydrazide derivatized solid supports
Section 3.3 has already described the 1 : 2 optimum molar ratio of immobilized

antibody to purified antigen reached by Domen et al. (1990). The authors used antibody
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Fig. 6.6. Preparation of formyl carriers.

attached through its carbohydrate moieties to Carbo Link Gel containing hydrazide
groups. The advantages of hydrazide derivatized solid suports are also discussed in
Section 4.3.4. Procedures for preparing derivatives of polyacrylic hydrazido-Sepharose
are shown in Fig. 5.5. Modification of Sepharose, cellulose, Sephadex, Spheron, Toyo-
pearl and Trisacryl by methoxycarboxycarbonyl chloride in the presence of pyridine and
subsequent hydrazinolysis of the methoxycarbonylated support has been described by
Klyashchitsky et al. (1986). A review of hydrazido-derivatized supports in bioaffinity
chromatography has been published by O *Shannessy (1990).

Under suitably mild conditions, oxidation of glycoproteins with periodate results in
the generation of reactive aldehydes which can subsequently be bound with nucleophiles
such as primary amines or hydrazides. Both primary amines and hydrazides will bind
with aldehydes only when they are in the unprotonated form. The very low pK of
hydrazides, usually around 2.6, as compared to primary amines, which have pKs in the
range of 9 - 10, allows one to significantly reduce the formation of Schiff bases between

protein and oligosaccharide by performing the coupling reaction under mildly acidic
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conditions between pH 4.5 - 5.5. Under such conditions the majority of the primary
amines of the protein moiety will be protonated and unreactive. Secondly, the product
of binding between an aldehyde and a hydrazide is a hydrazone, which is much more
stable than a Schiff base and does not require reduction (Fig. 6.7).

Lamed et al. (1973) have described the coupling of several nucleotide di- and
triphosphates, after their periodate oxidation to adipic acid dihydrazide, attached to
Sepharose 4B after CNBr activation. The coupling was performed under mild condi-
tions. To 1 ml Sepharose hydrazide in 0.1 M sodium acetate (pH 5) was added
4-5 umole of periodate oxidized nucleotide in 2.5 m] of the same buffer. The suspension
was stirred for 3 h at 4° C. An amount of 7.5 ml of 2 M NaCl solution was added and
stirring continued for another 30 min to remove unbound nucleotide from the Sepharose
hydrazide. Blank reactions were carried out with unoxidized nucleotides. The
absorbance of the supernatant was measured to determine the extent of binding. The
amounts of bound nucleotide ranged from 3 to 4.5 umoles per ml Sepharose with the
various nucleotides. Only trace amounts (0.1 - 0.2 #mole /ml! gel) of nonoxidized
nucleotides were adsorbed on the Sepharose hydrazide. The same paper discusses the
advantages of Sepharose hydrazide over aminoethyl cellulose; stable products are
obtained without further reduction with sodium borohydride, and unreacted hydrazide
groups do not impose ion-exchange properties on the resin at neutral and high pH. In
the case of nucleosides, nucleotides and RNA, immobilization onto hydrazido-deri-
vatized matrices would appear to be the method of choice. A schematic drawing of the
preparation of the efficient biospecific sorbent for concanavalin A by using oriented
immobilized antibodies with adsorbed ovalbumin has been already shown in Fig. 2.6. A
biospecific sorbent for the isolation of ovalbumin antibodies from rabbit antiserum was
prepared by bioaffinity chromatography on a column of ovalbumin immobilized via only
one its carbohydrate moieties (Nisbet et al., 1981) after periodate oxidation to a
hydrazide derivative of bead cellulose (Turkovi et al., 1990).

Ovalbumin (60 mg) isolated on the Con A-Spheron column was dissolved in 60 ml of
0.1 M acetate buffer (pH 5.5), 6 ml of 0.1 M NalO4 were then added and the reaction

mixture was stirred in the dark for 20 min at 4°C. The reaction was stoped with 48 ul of
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ethylene glycol and the mixture stirred for a further 5 min. The low - molecular - weight
components were removed on a Sephadex G-25 Fine column (30 x 3.5 cm L.D.)
equilibrated with 0.1 M acetate buffer containing 0.5 M NaCl (pH 4.8).

Oxidized ovalbumin (25 ml) was added to 5 ml of cellulose activated with adipic acid
dihydrazide and equilibrated with 0.1 M acetate buffer containing 0.5 M NaCl (pH 4.8).
After 30 h of coupling with stirring at 4°C, sodium cyanoborohydride (35 mg) was added
and the reaction allowed to proceed for 6 h at the same temperature. The conjugate
obtained was then washed on a sintered glass filter with the above mentioned 0.1 M
acetate buffer containing 0.5 M NaCl (pH 4.8) to the point where protein was absent in
the eluate. The amount of ovalbumin coupled was 1.8 mg/ml cellulose. As a control,
ovalbumin oxidized with NalO4 was bound under the same conditions to non-activated
bead cellulose. The anti-ovalbumin IgG fraction isolated on this sorbent from immune
rabbit serum contained only antibodies against protein determinants of ovalbumin.

Thus, when these IgG were immobilized through their carbohydrate moieties to cellu-

C|)H C|)H
Glycoconjugate — CH — CH,

Specific oxidation

Glycoconjugate — CHO

Support-NHNH,
(hydrazido support)

Support—NH,
{primary amino support)

pK = 3 pK = 9-10
. . +
Glycoconjugate — CH=NH-NH-Support Glycoconjugate — CH=NH-Support
(hydrazone derivative — stable) (Schiff base derivative — unstable)

Fig. 6.7. Flow diagram summarizing the chemistry involved in the site-specific immobilization of glyco-
conjugates via their glycosylation onto hydrazido-derivatized and amino-derivatized matrices.
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lose beads it became possible to prepare a biospecific sorbent for concanavalin A by
oriented adsorption of ovalbumin. Ovalbumin was specifically adsorbed via its protein
moiety and its carbohydrate part remained free for interaction with concanavalin A.

The successful immobilization of glucose oxidase by activation of its carbohydrate
residues by oxidation with periodic acid has been described by Zaborsky and Ogletree
(1974). Chemical oxidation of the oligosaccharides may result in the oxidation of some
amino acid residues (such as serine, threonine, proline and methionine), thereby leading
to a decrease in enzymatic activity. Pazur et al. (1970) reported that extensive oxidation
of the carbohydrate residues in glucoamylase by periodate markedly affected the
stability of the enzyme. Avigad et al. (1962) stated that active aldehyde groups can be
generated in glycoproteins containing galactose or galactopyranosides by oxidation
catalyzed by galactose oxidase. Therefore Petkov et al. (1990) used specific oxidation
of D-galactose present in the carbohydrate moiety of glucose oxidase from Aspergillus
niger by galactose oxidase in the presence of catalase. Galactose oxidase (0.7 ml) and
catalase (0.3 ml) were added to a glucose oxidase solution (10 mg glucose oxidase in 3
ml 0.1 M phosphate buffer pH 7.0) and lefi to react at 20°C for 6 h. The reaction mixture
was passed through a Sephadex G 25 Fine column (23.0x 1.5 cm I.D.) equilibrated with
0.1 M acetate buffer pH 4.8 containing 0.5 M NaCl. Oxidized enzyme was coupled to
hydrazide derivatives of O- a-D-galactosyl Separon H 1000 or Sepharose 4B. Both solid
supports were modified with adipic acid dihydrazide after their activation with galactose
oxidase. Each immobilized preparation of glucose oxidase showed a higher activity than
was achieved by other immobilizing procedures.

As in the case of the immobilization of glycoenzymes, the results obtained for the
immobilization of antibodies clearly demonstrate that site-directed immobilization via
the oligosaccharide moieties is superior to amino acid-directed immobilization
chemistries (O’ Shannessy, 1990). Quash et al. (1978) were the first to describe the
immobilization of polyclonal immunoglobulin G (IgG) via the oligosaccharide moieties
onto hydrazido-derivatized latex particles.

Fleminger et al. (1990a) described the optimization of oriented immobilization of

periodate-oxidized monoclonal antibodies on hydrazide derivatives of Eupergit C. They



228

used carboxypeptidase A (CPA) and horseradish peroxidase (HRP) as antigens and
selected monoclonal antibodies (m Abs) that did not inhibit the respective enzymatic
activities. Binding of the antigen by the matrix-immobilized antibody may thus be
monitored by direct measurement of the enzymatic activity of the matrix-bound immu-
nocomplex. An Eupergit C-hydrazide derivative was prepared by the reaction of
Eupergit C beads (containing 0.8 mmol oxirane group/g) with 0.1 or 0.5 M adipic acid
dihydrazide (ADH). As shown in Fig, 6.8, the preparation efficiently yielded bound
oxidized antibodies when a relatively low concentration of antibodies was applied to the
matrix. At higher loads, binding was less efficient, even when the amount of ADH groups
on the matrix was increased. The treatment of Eupergit C with 0.1 M ADH and blocking
of residual oxirane groups by reaction with S-mercaptoethanol were therefore used for

the preparation of Eupergit C-ADH.

24

16

Bound IgG(mg/grEC)

0 20 40
Input 1gG (mg/gr EC)

Fig. 6.8. Binding of radiolabelled oxidized 15y IgG to Eupergit C-ADH beads. Eupergit C beads (100 mg)
were treated with 1 mL of 0.1M (Q), or 0.5M (x) ADH in 0.2M sodium carbonate buffer, pH 9.0, for 16 h.
The beads were then incubated for 4 h with -mercaptoethanol (0.2M final concn.) and extensively washed
with 0.1M sodium acetate buffer, pH 5.5. Oxidized IgG was added to the reaction mixture (5 mg of
beads/tube) and incubated for 4 h at room temperature. The amount of the bound IgG was determined by
the radioactivity of the beads. Nonspecific adsorption of the bound oxidized IgG was determined by
extensively washing the beads with a solution containing 10% SDS in 8M urea and measuring the radioacti-
vity in the supernatant (0)above the beads. In control experiments the binding of nonoxidized IgG to Eupergit
Cbeads treated with 0.1M ADH (A) was also determined. Reproduced with permission from G. Fleminger
et al., Appl. Biochem. Biotech., 23 (1990) 123 - 137.
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Before optimization of the binding of a certain oxidized antibody onto Eupergit
C-ADH the sensitivity to periodate oxidation of a series of anti-CPA antibodies, as well
as an anti-HRP antibody, was examined by incubation of these antibodies with various
concentrations of sodium periodate for different periods of time. All the antibodies
tested were relatively stable to periodate oxidation at low concentrations (up to 10 mM),
short oxidation periods (1 h), and low temperature (0°C). Increased periodate
concentration (100 mM) or a longer oxidation period (16 h) had a marked effect on the
activity of some antibodies, but only a minor effect on others. Similarly, increasing the
temperature during the oxidation step to 4°C or room temperature resulted in a rapid
inactivation of the more sensitive antibodies, whereas the more stable antibodies were
less affected. It is thus necessary to examine the sensitivity of all glycoconjugates to
periodate oxidation in order to minimize any damage to their activities.

As result of their studies, Fleminger and co-workers adopted the following oxidation
and binding procedure: antibodies (0.7 - 3.0 mg) are oxidized by 10 mM periodate in
1.0 mL of 0.1 M sodium acetate buffer, pH 5.5, for 1 h at 0°C. Three drops (approx. 100
u#L) of ethylene glycol are then added to destroy excess periodate; the sample is applied
to a gel filtration column, and the fraction containing the antibodies is collected.
Oxidized antibodies are coupled to Eupergit C-ADH by reaction in the dark for 1 h.
The antigen-binding activity of the anti-CPA antibodies was considerably enhanced
when coupled by this procedure. With some antibodies, the antigen binding activity
increased to a level of close to 2 mol antigen bound/mol of antibody. It is appropriate
to note that, although with most antibodies binding of periodate-oxidized antibodies to
Eupergit C-ADH apparently yields more active antibody preparations, exceptions may
be anticipated. For example, anti-HRP antibodies showed very high antigen binding
activity (approx. 1.8 mol antigen /mol of immobilized antibody) when coupled to
Eupergit C via oxirane groups. When the same antibody was oxidized and coupled to
Eupergit C-ADH, its activity decreased to 1.5 mol Ag bound/mol immobilized antibody.

Solomon et al. (1990) consider an enzymatic procedure for the generation of aldehyde
groups on the oligosaccharide moieties of antibodies utilizing the neuraminidase-

galactose oxidase system to be more specific than chemical oxidation. The data
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presented in their paper show that the co-immobilization of neuraminidase and galacto-
se oxidase on Eupergit C-ADH beads provides an economical, efficient and selective
system for the enzymic oxidation of monoclonal antibodies without impairing their
immunological activity. When immobilizing only minute amounts of neuraminidase
(NA) and galactose oxidase (GO) 0.01M ADH proved to be sufficient for the prepa-
ration of Eupergit C-ADH. The modified support was thoroughly washed with
phosphate-buffered saline (pH 7.4) and excess of oxirane groups was blocked with 0.2M
p-mercaptoethanol for 2 days at room temperature. After thorough washing with 0.1M
acetate buffer (pH 5.5) Eupergit C-ADH was used for the immobilization of NA and
GO in 0.1M acetate buffer (pH 5.5), after their oxidation with 10mM sodium periodate.
After coupling of the enzymes to the carrier, the preparations were treated with 0.2M
acetaldehyde in 0.1M acetate buffer (pH 5.5) for 2 days to block the residual reactive
hydrazide groups. Aldehyde groups formed on anti-CPA monoclonal antibody using
different amounts of the immobilized enzymes (a ratio of 1 : 4 units of the enzymic
activity NA to GO) are shown in Fig. 6.9. A smaller number of aldehyde groups was
formed on the enzymically oxidized antibodies as compared with the chemically oxidi-
zed material. Nevertheless, the 2 mol of aldehyde formed per mole of enzymically
oxidized antibodies were sufficient to achieve efficient binding of the antibody to the
matrix. These antibodies possessed a higher antigen-binding activity than the
corresponding chemically oxidized antibodies immobilized on the same matrix. The
amount of antigen bound to the corresponding antibody-matrix conjugate was close to
the theoretical value of 2 mol of antigen (CPA or HRP) bound per mole of immobilized
antibody. The co-immobilization of galactose oxidase and neuraminidase exhibits the
well known advantages of immobilized enzymes, such as repeated use of the same
enzymes, a good recovery of the antibodies, and the possibility of continuous oxidation
of mAB. However, Kelleher et al.(1988) described the possibility that purified galactose
oxidase not only converted the C-6 hydroxymethyl group of galactose to aldehyde, but
also catalyzed further oxidation to the carboxyl group.

The immobilization of sugars onto hydrazido-supports for the bioaffinity purification

of lectins has been described by Ito et al. (1986). In this case use is made of the
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linear-cyclic equilibrium of the reducing end sugar which, in the linear form, exists as
an aldehyde (O ’Shannessy, 1990). The aldehyde condensed with the hydrazido support
and the hydrazone produced was stabilized by performing the reaction in the presence
of sodium cyanoborohydride (hydrazine derivative: conjugate-CH2NHNH - support).
Hydrazino carriers and immobilized sugars were prepared by Ito et al. (1986) by simple
reactions. The following methods were used: to 1 volume of suction-dried epoxy-acti-
vated Sepharose 6B or epoxy-activated Fractogel TSK HW-55 was added a 1.5 volume
of hydrazine hydrate containing2 % NaBH4 and the mixture was then incubated at 40°C
for 1.5 h. The carriers were then extensively washed with distilled water. For the coupling
of disaccharides, 4 g of suction-dried hydrazinocarrier was suspended in 3 ml of 0.2 M
K>HPO4 containing 100 mg of lactose or maltose and 50 mg of NaCNBH3. The
suspension was incubated at room temperature with shaking. The gel was washed

extensively with water and hydrazino groups remaining in the gel were then acetylated
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Fig. 6.9. Determination of aldehyde groups formed on anti-CPA monoclonal antibody using the immobilized

bifunctional enzymic system. Different amounts of immobilized enzymes (o, 005 mg; @, 0.1 mg; A, 0.5 mg)
were incubated with 10 ug of antibody. The enzymic activity of alkaline phosphatase-avidin measured as the
increase in absorbance at 405 nm was proportional to the number of aldehyde groups formed. Reproduced
with permission from B. Solomon et al., J. Chromatgr., 510 (1940) 321-329.
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with acetic anhydride. The glycamyl-Sepharose thus obtained showed high adsorption
capacities for lectins. Glycamyl-TSK gel G3000 PW obtained with TSK gel G3000 PW,
could be successfully used for the high- performance liquid affinity chromatography of
lectins.

In asimilar manner, heparin has been immobilized onto the same hydrazido supports
and used in studies on heparin-binding proteins (Sasaki et al., 1987). It is worth noting
at this stage that multi-site attachment of ligands to the hydrazido support is thought to
stabilize the ligand-matrix complex. Single-site attachment of ligands may result in a less
stable bond, depending on proximal functional groups, and reduction of the hydrazone
in such situations is recommended.

The contact of nonpolar residues of the surface area of proteins with water is
thermodynamically disadvantageous and decrease the stability of the protein in vitro.
Hydrophilization of nonpolar surface areas is the most simple and reliable approach to
the artificial stabilization of proteins and it has been already discussed in Section 4.3.3.
Galactosylations of nonpolar amino acids or of surface residues near to nonpolar
clusters of trypsin have been used for its stabilization and immobilization through the
galactose residues to hydrazide derivatives of cellulose or glass (Turkové et al.,1992).
Glycosylated albumin was immobilized in a site specific manner onto hydrazide deri-
vatives of cellulose by Gemeiner and Viskupovi¢ (1981).

Ligands containing functional groups other than aldehydes may also be immobilized
onto hydrazido-derivatized supports. Examples of this include the immobilization of the
tresyl ester of T-2 fungal toxin for the bioaffinity purification of anti-T-2 antibodies
(Allam et al, 1987) and the immobilization of proteins and other ligands through
carboxylic acid functions using carbodiimide activation of the ligand (Wilchek and
Miron, 1974). A number of hydrazido support matrices have been used as intermediates
in the synthesis of other “activated” supports, such as acyl azides (Suttnar et al., 1977,
Miron and Wilchek, 1981).

6.2.3 Periodate oxidation
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A simple method for the binding of proteins to insoluble polysaccharides has been
described by Sanderson and Wilson (1971). The reaction sequence for the binding of

proteins to polysaccharides is:

CH,0H CH,0H CH,0H
0 0 0
o— o— —
oxidation [ Protein °
- OH Nal0, _ j RNH,
0 0 CHO CHO 0 N
OH HO l'? OH
No[BH,] Na[BH,]
CH,OH CH,OH

SR

The polysaccharide is “activated” by oxidation with 0.01 - 0.5M sodium periodate for
1 h. The aldehyde formed reacts with the protein. For example, the oxidized poly-
saccharides were washed with water by centrifugation and 10 mg (dry weight)
suspended in 1 ml of phosphate-buffered saline (pH 8) containing 10 mg of bovine serum
albumin and agitated continuously for 20 h. Subsequent reduction with sodium boro-
hydride (a freshly prepared 1% solution) led to the stabilization of the bonds between
the protein and the polysaccharide, and to the reduction of the residual aldehyde
groups.

The use of the immobilization vig reductive alkylation for the coupling of trypsin to
periodate-oxidized glucose-Separon and cellulose beads enables a comparison of the
methacrylate matrix with natural polysaccharide supports.

Optimum conditions for the coupling of trypsin onto hydroxyalkyl methacrylate gel
containing glucose on its surface after the oxidation of the gel with periodate were
developed by Van&urova and co-workers (1979). The amount of trypsin coupled onto

periodate-oxidized glucose derivative Separon H1000-glc in relation to pH first increa-



234

ses moderately with increasing pH, but above pH 8 the increase is steep up to pH 10.
The amount of the immobilized trypsin and its activity, determined by means of
benzoyl-L-arginine p-nitroanilide as substrate, increases with increasing concentration
of free trypsin in the reaction mixture during the coupling.

Optimum conditions for the coupling of trypsin onto cellulose in bead form after its
oxidation with periodate have been developed by Turkové and co-workers (1979). Just
as in the case of the preceeding gel, the rate of binding of trypsin increases with
increasing pH. However, the solubilization of cellulose derivatives also increases with
pH, due to alkaline degradation yielding soluble immobilized trypsin fractions and
soluble oxidized oligosaccharides. Just as with glucose-hydroxyalkyl methacrylate gel,
the amount of bound trypsin, as well as its activity, increase with increasing concentra-
tion of free trypsin in the reaction mixture during the coupling. The Schiff base-type
bond between the oxidized glucose matrix and the peptide is very unstable and reduction
with sodium borohydride is necessary for stabilization (Koelsch et al., 1984).

In order to compare the coupling of ligands to solid supports vig different aldehyde
groups we determined the amount of Gly-D,L-Phe coupled to periodate-oxidized
glucose-Separon and to Separon with attached hexamethylene diamine and activated
by glutaraldehyde in relation to pH (Koelsch et al., 1986). From Fig. 6.10 it is evident
that the two activated matrices are clearly different. Another big difference between
these two types of aldehyde groups was also found in the stability of bonds with glycyl-D,
L-phenylalanine. Unlike the situation with oxidized glucose residues, in which case the
reduction with NaBH4 is necessary, the bond between glutaraldehyde and dipeptide is
very stable. There is no difference between reduced and untreated preparation. In both

variants no release of nitrogen was found after 11 weeks at pH 7.0 and 24°C.

6.2.4 Glutaraldehyde activation technique
The glutaraldehyde activation technique can be used for solid supports having amide
or primary amine groups. In the latter case, the activated matrix is often coloured.

Weston and Avrameas (1971) developed a method for the direct binding of affinants
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Fig. 6.10. pH dependence of the amount of Gly-D,L-Phe (#mol/g of dry support) bound to Separon H 1000
glc oxidized by NalO4 (x) and Separon H 1000 E-NHzactivated by glutaraldehyde (o). Data from R. Koelsch
et al., Biotechnol. Lett., 8 (1986) 283-286.

on to polyacrylamide gels using glutaraldehyde which, if present in excess, reacts via
one of its two aldehyde groups with the free amide group present in the polyacrylamide
gel. The remaining free active group then reacts with the amino group of the affinant
added during the subsequent binding reaction. A firm bond is thus formed between the
support and the affinant.

Bio-Gel P-300 is allowed to swell in water and is washed twice with a fourfold volume
of 0.1 M phosphate buffer of pH 6.9. Then 19.4 ml of gel (1 g of dry beads per 45 ml) is
mixed with glutaraldehyde solution (4.8 ml; 25 %, v/v) and incubated at 37°C for 17 h.
The gelis washed and centrifuged four times with a fourfold volume of 0.1 M phosphate
buffer of pH 6.9, then three times with 0.1 M phosphate buffer of pH 7.7. The coupling
of the protein is carried out after mixing of 3 ml of gel in 13.5 ml of a buffer of pH 7.7
with 0.3 ml of protein solution (20 mg/ml) at 4°C for 18 h on a shaker. After the reaction
the gel is centrifuged and washed. Using this method, 70 mg of acid phosphatase could
be coupled per gram of dry gel.

6-Aminohexyl-Sepharose 4B was activated with glutaraldehyde by Cambiaso et al.

(1975) and used for immobilization of immunoglobulins G and A, ferritin and albumin.
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The aminated gel was first washed with ten volumes of phosphate buffer (pH 8.5) on a
sintered-glass filter. To 3 ml of packed gel 7 ml of the same buffer containing one ml of
25 % glutaraldehyde was added under stirring (final concentration: 2.5 %). This
represents a 100-fold molar excess of glutaraldehyde over the amino groups of the
aminated gel (8 -umole NH2/m! packed gel). A yellow-green colour soon developed
after this addition. The reaction was allowed to proceed for ten minutes at room
temperature (£22°C), after which the unreacted glutaraldehyde was eliminated by
washing with five times 20 ml of buffer. Time was not found to play an important role
at this stage. To 3 ml packed activated gel was added, under stirring, 7 ml of the protein
solution in the same buffer as used for activation. The reaction was usually allowed to
proceed at room temperature for fifteen minutes. After the incubation period, the gel
was washed with five times 20 ml of buffer to allow the non-conjugated proteins to diffuse
out of the gel beads. A further washing with 10 ml of 3 M ammonium thiocyanate was
performed to remove non-covalently bound proteins. The absolute protein content of
both washings was estimated and subtracted from the amount of protein applied, in
order to obtain the amount coupled per m! of packed gel.

When a moderate excess of protein (about 20%) was applied to the activated gel, it
was not necessary to attempt to block possibly unreacted aldehyde groups of the gel.
However, when smaller amounts of protein were coupled, the gel was further incubated
for 16 hr at 4°C with 0.2 M glycine buffer pH 8.5 or with 0.2 M ethanolamine at pH 9.0.
Such incubations were actually found to block unreacted aldehyde groups.

Yang et al. (1981) used glutaraldehyde to couple acetylcholine receptor to partially
hydrolysed nylon tubes. A support based on nonporous silicon dioxide of particle size
0.01 to 0.1 #m, modified by 3-(amino)-propyltriethoxysilane and activated by gluta-
raldehyde, was employed for the immobilization of concanavalin A, immunoglobulins,
basic pancreatic trypsin inhibitor and trypsin by Fusek et al. (1987). Activation of
supports by glutaraldehyde for cellimmobilization by covalent linkage was used by Jirkil
and Turkova (1987). Suitable supports were glycyl, S-alanyl or e-aminocaproyl deri-

vatives of Separon with attached 1,6-diaminohexane.
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A number of competing mechanisms have been proposed to describe the reaction
between the aldehyde and the amino function of the ligand (Ford and Pesce, 1981). The
most plausible one is that reported by Monsan et al. (1975) who presented evidence
showing that glutaraldehyde polymerizes to an unsaturated aldehyde. The latter sub-
sequently reacts with amines to form &, funsaturated imines which undergo resonance
stabilization with the neighbouring ethylene function. Richards and Knowles (1968), on
the other hand, suggested that the amine undergoes addition to the ethylene double
bond of the unsaturated aldehyde to form a Michael adduct. None of the mechanisms
proposed fully explains all the data on the coupling products of glutaraldehyde and
polypeptides. The products actually formed depend strongly on the pH of the reaction
and on the initial ratio and character of the reactants. In addition, competing reaction
mechanisms lead to different products. But in all cases the resulting bonds can be
expected to be chemically very stable. However, Fusek et al. (1988) described compa-
rison of chymotrypsin immobilized to AH-Sepharose by use of glutaraldehyde or
noncovalently by biospecific sorption to Sepharose with attached anti-chymotrypsin
IgG. In the latter case of immobilization they obtained 10 times more proteolytic activity.
The advantage of this oriented immobilization is discussed in Section 10.3.

A number of other bifunctional derivatives, summarized by Lowe and Dean (1974),
are listed in Table 6.1

However, when using bifunctional derivatives it should be born in mind that side
reactions may occur, such as crosslinking of the support, and permeability may decrease

drastically (Mohr and Pommerening, 1985).

6.2.5 Cyanogen bromide activation

A widely used activation procedure for agarose, dextran, but less commonly of
cellulose and hydroxyalkyl methacrylate gel, employs cyanogen bromide. This method
was developed by Porath et al. (1967) and Axén et al. (1967). The mechanism of
activation by CNBr and the subsequent coupling of the affinant was elucidated by Kohn
and Wilcheck (1981):
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Table 6.1.
Bifunctional reagents

REAGENT FORMULA REACTION

Bisazobenzidine ’N.N.° Phenol. OH-

3.6—Bis(mercurimethyl)— OVG'

dioxane Hé'_Q—o HS—

o
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. . 0 o
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."1. [*v
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The same authors developed analytical methods for the determination of cyanate

esters and imidocarbonates. Cyanate esters are most stable in acid, decreasing in

Hydrolysl,
L’Y'" I—O—CO—N'I, Carbamate (inert)

OH BrCN Interchain Linear imidocarbonate
o-CmN 0-C-0 ;
OH rearrangement (very siightly rective)
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{very reactive) rurrmgcmont (sfightly reactive)

| l l
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lnourea derivative N—substituted N—substituted
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stability as the pH is raised. Imidocarbonates behave in an opposite fashion: they are
most stable in 0.1 M NaOH. During a brief acid hydrolysis of an activated matrix all
imidocarbonates will be removed quantitatively, while over 95% of the cyanate esters
will remain intact. On the other hand, a brief hydrolysis in 0.1 M NaOH leads to a rapid
hydrolysis of all cyanate esters, leaving a substantial amount of imidocarbonates. Based
on the assumption that the coupling of an affinant to cyanate esters and to imido-
carbonates occurs simultaneously and independently, the total coupling capacity of an

activated support can be predicted according to the equation:

Total coupling capacity = 0.80 (cyanate esters) + 0.15 (imidocarbonates)

The initially formed cyanate esters are stable on Sepharose, but rearrange to cyclic
imidocarbonates on Sephadex. The coupling of an affinant occurs predominantly via
the free amino groups. The amine reacts in the unprotonated state. The following
alkalinities are appropriate for coupling: aliphatic amines, pH ~ 10; amino acids,
pH ~ 9; aromatic amines, pH 7 - 8. Ribonucleotides are fixed at pH 6, probably by an

intramolecular rearrangement (Kempf et al., 1978) to give
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Alkali-treated lipopolysaccharide from Brucella abortus coupled to agarose beads by
acetonitrile-activated CNBr resulted in an immunoadsorbent with which a large number
of specific antibodies could be purified. This method, described by Stiller and Nielsen
(1983), gave alkali-treated lipopolysaccharide binding efficiencies of up to 98 %.

The attachment of amines to cyanogen bromide-activated Sepharose produces
N-substituted isourea, which is capable of protonation in the neutral and alkaline region.
In the presence of primary amines and ammonia this linkage is unstable (Wilchek et al.,
1975). This is the primary flaw of this method when it is used for a single attachment.

Ikuta et al. (1981) described the cytotoxicity of a human a-antitrypsin preparation
purified using concanavalin A (Con A) bound to CNBr-activated Sepharose. Con A
was found in the effluents from the Con A-Sepharose column, even after extensive
washing with sodium phosphate buffer. The amount of Con A in the effluents was
sufficient to induce blastoid transformation of the lymphocytes, and was cytotoxic
against lymphocytes when the effluents were concentrated.

A review of cyano-based activation procedures for polysaccharides was published by
Kohn and Wilchek (1984). They classified these procedures into three major categories:

(1) Conventional procedures, which employ CNBr as activating agent and a strong
inorganic base as reaction catalyst; (2) cyano-transfer procedures and (3) novel cyany-
lating agents. Cyanogen bromide activation of agarose at neutral pH was developed by
Kohn and Wilchek (1982) using triethylamine as a “cyano-transfer” reagent. This
procedure requires only about 5% of the usual amount of CNBr. Activated resins are
free of interfering nitrogen derivatives, containing only active cyanate esters. Cyany-
lating agents used instead of CNBr (p-nitrophenylcyanate by Kohn et al., 1983; 1-cyano-
4-dimethylamino pyridinium tetrafluoroborate by Kohn and Wilchek, 1983) yield resins
that are identical with (or at least similar to) the commonly employed CNBr-activated

resins, thereby avoiding the use of the hazardous CNBr itself. Discussions of the
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mechanism for CNBr-activation and the difference between a freshly activated and
commercially available CNBr-activated Sepharose (which is treated with acid in order
to achieve better stabilization of activated resin) have been published by Wilchek and
Miron (1986). CNBr-activated Sepharose was treated with 1N hydrochloric acid for 1h
in order to form carbonate. This new type of activated Sepharose can be used to couple
amino-containing ligands to the resin, yielding columns that consist of stable and
uncharged carbonate groups. These activated resins will mainly be useful for coupling
of low-molecular-weight ligands such as diamino-hexane or aminocaproic acid, as the
coupling to the resin has to be performed at high pH (ca. 9.5), owing to the low activity
of the carbonate formed. The derivatized Sepharose can be further used to couple

proteins under mild conditions and in high yields.

6.2.6 Coupling with condensation agents

As it is evident from Table 9.1, one of the most frequent combinations of gel and
spacer, used for the binding of low-molecular-weight affinity ligands, is Sepharose with
attached hexamethylenediamine (trade-name AH-Sepharose) or e-aminocaproic acid
(trade-name CH-Sepharose). In order to bind them with affinants carrying primary
aliphatic or aromatic amine or carboxyl groups, the condensation reaction with a
carbodiimide-promoted method is used. The scheme of this reaction is as follows

(a) A nucleophilic attack gives an acyl-nucleophile product and the urea of the

corresponding carbodiimide.

(b) Thiol ester bonds are formed. F
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(c) The O-acylisourea intermediate is converted into N-acylurea by an intramolecular
acyl shift. The binding reaction between the carboxyl group and the nucleophile can be
almost quantitative in the presence of excess of carbodiimide and the nucleophilic
reagent such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC):

oy
CH;CHZ—N=C=N—CHZCH2CH21'IIJ—H cr
CH,

and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulphonate
(CMC):

A _
N=C=N—-CH,CH,—N* 0 SO; CHy
__/

Their main advantage is that their corresponding urea derivatives are soluble in water
and they can therefore be easily eliminated from the gel by washing with water. The pH
range used for the carbodiimide condensation is 4.7 - 6.5, according to Lowe and Dean
(1974), and the reaction time is 1.5 - 72 h at a carbodiimide concentration of 2 - 100
mg/ml. The disadvantage is that carbodiimides are relatively unstable compounds and
must be handled with care because of their toxicity.

As an example, the preparation of estradiol-Sepharose (Cuatrecasas, 1970) is descri-
bed below.

A 300-mg amount of 3-O-succinyl-[3H]estradiol dissolved in 400 ml of packed
aminoethyl-Sepharose 4B. The dimethylformamide is needed in order to solubilize the
estradiol, and it is not required for affinants that are soluble in water. The suspension
is maintained at pH 4.7 with 1 M hydrochloric acid. Then 500 mg (2.6 mmole) of
1-ethyl-3-(dimethylaminopropyl)carbodiimide, dissolved in 3 ml of water, is added to
the suspension over 5 min and the reaction is allowed to proceed at room temperature

for 20 h. Substituted Sepharose, after being transferred into the column, is washed with



243

50% aqueous dimethylformamide until the eluate is no longer radioactive. It is
recommended that the derivative should be washed with about 10 1 of the washing liquid
over 3 - 5 days. Using this procedure, about 0.5 umole of estradiol can be bound per
millilitre of packed Sepharose. The same soluble carbodiimide was used for coupling
of pepsin to NH2-Spheron and COOH-Spheron (Turkové, 1976) or to wideporous and
nonporous w-amino-alkylderivatized inorganic supports (Ivanov et al., 1990).

Boschetti et al. (1978) published a comparative study of soluble carbodiimide CMC
with a condensation agent: N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ).
They used EEDQ for the preparation of a biospecific adsorbent for chymotrypsin by
coupling D-tryptophan methyl ester to e-aminocaproyl-Ultrogel AcA-34. The scheme
of the reaction by use of EEDQ is as follows:

0
I
Fan-C-OH + m
N™0-CiHg —=
!

C-0-CHg
0
CARBOXYLIC
SPACER GEL EEDQ
0 HyN -{LIGAND 0
]

FomCoo-ccfy — -~ L~ NH LIGAND]
0

MIXED ANHYDRIDE IMMOBILIZED LIGAND

EEDQ catalyzes the reaction between spacer arm and ligand by forming a mixed
anhydride on the carboxyl group of the spacer arm. The mixed anhydride then reacts
with the complementary amine to form a stable amide bond. The mixed anhydride can
also react with other nucleophilic groups such as sulphydryl and hydroxyl groups
(Pougeois et al., 1978). EEDQ must be used in a water-ethanol mixture, which is an
advantage when working with ligands that are only slightly soluble in water. The total
capacity of each gel for chymotrypsin adsorption, after saturation of the gels with
enzyme, was 5.2 - 13.7 mg per ml of EEDQ gel and 3.5 - 4.3 mg per ml of CMC gel.

These results showed that EEDQ is a suitable condensation agent, being stable,
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non-toxic and cheap. Coupling of testosterone hemisuccinate on AH-Sepharose 4B with

EEDQ has been studied by Maingault et al. (1984).

6.2.7 Active esters

Cuatrecasas and Parikh (1972) described the preparation of N-hydroxysuccinimide
(NHS) esters of succinylated aminoalkyl agarose derivatives. These active ester deri-
vatives of agarose, when stored in dioxane, are stable for several months. These
derivatives very rapidly form stable amide bonds (at 4°C) with non-protonated forms
of primary aliphatic or aromatic amino groups at pH 6 - 9. Among the functional groups
of amino acids tested, only sulphydryl groups compete effectively with the amino groups

during the binding reaction. The reaction takes place according to the following scheme:

O
Agarose \\C —CH,
/
%—NHCHZCHZCHZNHCHZCH_?CH_?NH_? + O
//C—CHZ
O
%NHCH_?CHZCH2NHCHZCHZCHZNHCOCHZCHZCOOH (A)

N,N'-dicyclohexylcarbodiimide
dioxane | +

N—-OH-succinimide

0 o
%—NHCHZCHZCHZNHCHZCHZCHZNHCOCH2CH2C—O—N (B)
l+R—NH2 ©
1
?NHCHZCH?_CH,_NHCH2CH2CH2NHCOCH2CH2C—NHR (C)
g

Diaminodipropylaminoagarose is treated with succinic anhydride in saturated sodium
borate buffer to obtain the corresponding succinylated derivative (A). The latter is made
to react with N,N’-dicyclohexylcarbodiimide and N-hydroxysuccinimide in dioxane to
yield the active agarose ester (B). After removing dicyclohexylurea and the unreacted

reagents (dioxane and methanol washes), the active ester of agarose is subjected to
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reaction in aqueous medium with ligands or proteins to yield stable amide-linked
derivatives (C).

Using the esterification of the carboxyl groups of CH-Sepharose 4B (i.e. Sepharose
to which e-aminocaproic acid is bound after activation with cyanogen bromide) with the
application of N-hydroxysuccinimide, Pharmacia (Uppsala, Sweden) produces “acti-
vated CH-Sepharose 4B”. The pH range suitable for binding on this derivative is
indicated by Pharmacia to be 5 - 10, with an optimum of pH 8. The advantage of lower
pH values consists in the decreased hydrolysis of esters but, on the other hand, the
reaction is slower. For binding, buffers that contain amino acids cannot be used (Tris
or glycine buffers). Agarose derivatives containing N-hydroxysuccinimide ester have
been introduced by Bio-Rad Labs. (Richmond, Calif., U.S.A.) under the name Affi-Gel
10:

0
A
/
CH-CONH(CH NHCO(CH- ) COON
% 0CH,CONHI(CH, }NHCO(CH, ) COON ]
V4
0
and Affi-Gel 15:
0
CHj N\
/

1
- OCH,CONH(CH,) 3 N(CH, }3NHCO(CH; ) COON :]
H* J

0]
As shown in Figure 6.11 Affi-gel 10 couples proteins best at a pH near or below their

isoelectric point, and Affi-Gel 15 couples proteins best near or above their isoelectric
point. Therefore, when coupling at neutral pH (6.5 - 7.5), Affi-Gel 10 is recommended
for proteins with isoelectric points of 6.5 to 11 (neutral or basic proteins) and Affi-Gel
15 is recommended for proteins with isoelectric points below 6.5 (acidic proteins). The
difference in coupling efficiency of Affi-Gel 10 and Affi-Gel 15 for acidic and basic

proteins can be attributed to interactions between the charge on the protein and charge
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Fig. 6.11. Immobilization of proteins to Affi-Gel 10 and Affi-Gel 15. Protein solutions were gently mixed at
0 - 4°C with 2 ml Affi-Gel 10 or Affi-Gel 15 for 2h. The reaction was terminated by addition of ethanolamine,
pH 8.0, to a concentration of 0.10 M, and after 30 min, transfered to a 1 x 10 cm chromatography column.
Unreacted protein was ¢luted with 7M urea containing 1 M NaCl. Published values for the isoelectric points
used to construct this figure were: fetuin (a,k), pH 3.3; human a-antitrypsin (b,1), pH 4.0; human y-globulin
(f, p), pH 5.8 - 7.3; human transferrin (e, 0), pH 5.9; ovalbumin (¢, m), pH 4.7; bovine serum albumin (d, n),
pH 4.9; bovine hemoglobin (g, q); pH 6.8; equine myoglobin (h,r), pH 6.8 - 7.8; cytochrome ¢ (i, s), pH 9.0 -
9.4; and lysozyme (j, z), pH 11.0. (o) Affi-Gel 10; (@) Affi-Gel 15. Reproduced with permission from R. G.
Frost et al., Biochim. Biophys. Acta, 670 (1981) 163 - 169.
on the gel. Hydrolysis of some of the active esters during aqueous coupling will impart
a slight negative charge to Affi-Gel 10. This negative charge will attract positively
charged proteins (proteins buffered at a pH below their isoelectric point) and enhance
their coupling efficiency. Conversely, the negative charge will repel negatively charged
proteins (proteins buffered at a pH above their isoelectric point) and lower their
coupling efficiency. Affi-Gel 15, due to the tertiary amine incorporated into its arm, has
a slight overall positive charge, and the effects are reversed. Coupling under anhydrous
conditions is the preferred method when this is suitable for the ligand. Since there is no
hydrolysis of active esters in the absence of water, the only reaction will be that of the
ligand with the gel.

Many applications of Affi-Gel 10 and 15 are shown in Table 9.1. Garcia and Singhal

(1979) have shown that the extent of interaction between the bioaffinity matrix - agarose
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with attached castor bean lectin and tyrosine transfer RNA is highly dependent upon
the length of the spacer arm. Their results indicate that a spacer arm length of 10 A
between the agarose bead (Affi-Gel 10) and the lectin gives the best separation.
However, Wilchek and Miron (1987), in their study involving the purification of different
lymphokinases by immunoaffinity chromatography, coupled several antibodies to
commercially available, spacer-containing polymeric NHS esters (Affi-Gel 10, Affi-Gel
15, activated CH-Sepharose). They found a substantial amount of leakage, which
characterized all of the above mentioned resins. To overcome this problem the use of
p-nitrophenyl esters was recommended in place of NHS esters (Wilchek and Miron,
1987).

A p-nitrophenol ester of hydroxyalkyl-methacrylate gels (NPAC) was described by
Turkova (1976) and Coupek et al. (1977). Procedures for the binding of heterocyclic
ligands, such as imidazole were developed by Kiihn et al. (1981) on the basis of reactive
sulphoester groups. These methods are well suited to the introduction of imidazole

ligands via the annular nitrogen in position 1.

6.2.8 Activation with carbonylating reagents
Activation of crosslinked agarose with 1,1’ -carbonyldiimidazole (CDI) has been
described by Bethell et al. (1979, 1981). The reaction scheme for the covalent coupling

of ligands to OH containg solid supports is as follows:
N
le N Vel N
) /= -
OH + C:0 ——» 0-C-N + HN
? ("‘ ? 6 \J \:J
1

=N

/=N o RNH, /
OH + WN |+ HCoy 0-C-NH-R + HN
—] H,0 pH 8.5-10 3

The highly activated imidazolylcarbamate supports react with primary amino groups at

pH 8.5 - 10.0 and are more stable to hydrolysis in comparison with N-hydro-
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xysuccinimide ester-activated supports (Mohr and Pommering, 1985). The CDI-acti-
vated agarose was found to have a half-life of more than fourteen weeks when stored in
dioxane. A further advantage of this method is that the N-alkylcarbamates obtained are
uncharged in the pH range normally used.

The CDI-activation of agarose has been performed by Bethell et al. (1981) for 15 -
30 min in dioxane, acetone, or dimethylformamide at room temperature. Walters (1982)
used CDI-activation of dry diol-bonded silica in dioxane for the study of pore-size
effects in high-performance bioaffinity chromatography of concanavalin A on columns
with immobilized glucosamine. Optimization of protein immobilization on CDI-acti-
vated diol-bonded silica has been described by Crowley et al., (1986). In their work
acetonitrile was used as the solvent in CDI-activation, since better coupling yields were
obtained. It was found that extensive sonication and vacuum-degassing during the
activation step significantly increased the amount of ligand coupled. In the coupling
step, it was found that a subpopulation of active groups was resistant to hydrolysis and
resulted in increased coupling yields of ligand over a six-day reaction time. The coupling
and hydrolysis reactions were more rapid in carbonate buffer than in phosphate buffer,
but the overall yields were the same. Coupling yields of several proteins (bovine serum
albumin, immunoglobulin G, soybean trypsin inhibitor, Protein A, acetylcholinesterase
and horse liver alcohol dehydrogenase) were found to be relatively insensitive to pH
over the range 4 - 8. In the same year, a paper on the evaluation of CDI-activation and
ligand coupling effects with different support materials (Sepharose CL-6B, Fractogel
HW-65, Trisacryl GF-200, Li Chrospher Si 500 diol I and II) was published by Hearn
(1986). The preparation and properties of a variety of different immobilized-ligand
chromatographic supports were described as a prelude to an examination of the
importance of matrix and CDI-activation effects on zone broadening or multizoning
phenomena in bioaffinity chromatography. Hearn and Davies (1990) used antilysozyme
monoclonal antibody attached to CDI-activated Fractogel HW-65F and Trisacryl GF-
2000 and lysozyme systems as model studies for the evaluation of factors which affect
column performance. The data obtained from the study of the influence of buffer

conditions on immobilization efficiency showed that a maximum amount of bovine
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y-globulin was coupled to CDI-activated supports at pH 7.0 by the use of 0.1 M sodium
phosphate.

Optimizations of conditions for the coupling of ligands to primary hydroxyl-contai-
ning silica for high-performance affinity chromatography were described by Ernst-
Cabrera and Wilchek (1987). The most frequently used silica was prepared by
silanization with 3-glycidoxypropyltrimethoxysilane under anhydrous conditions, as
described by Larsson et al. (1983). Hydrolysis of 3-glycidoxypropyl-silica with acid
resulted in diol silica, which was then oxidized to yield aldehyde silica. Subsequent
reduction led to the production of hydroxyethyloxypropyl-silica containing primary
hydroxyl groups. The degree of activation of this derivative of silica and the coupling
capacities generated by various activating agents are given in Table 6.2. Although
1,1’ -carbodiimidazole appeared to give high levels of activation, the coupling yield of
trypsin was similar to that achieved with p-nitrophenyl chloroformate-activated silica,
indicating that the p-nitrophenyl carbonate has a higher activity towards nucleophiles
and is less hydrolysable. Coupling of trypsin to the activated carriers was achieved by
using of 100 mg of activated silica suspended in 5 ml of 0.1 M phosphate buffer (pH 7)
with the addition of 10 mg trypsin. The suspension was then gently shaken or stirred at
4°C for 2 days. The resultant silica was washed with 0.1 M phosphate buffer. In order
to determine the optimum coupling conditions Ernst-Cabrera and Wilchek (1987)
coupled trypsin and bovine serum albumin (BSA) to p-nitrophenyl chloroformate-acti-
vated resins under various pH conditions. The maximum amount of coupled trypsin was
obtained between pH 6 and 7; the amount of coupled BSA was relatively constant
between pH 4 and 6, with a maximum at pH 6. A significant reduction in coupling
capacitics was observed at higher pH. These results are in agreement with those
reported by Crowley et al. (1986), who showed that the efficient coupling of many
proteins on carbodiimidazole-activated resins takes place at pH 4 - 5. Both results
clearly indicate that it is preferable not to use basic conditions for coupling ligands to
activated carbonates. CDI-activated glass matrices are commercially available from

Pierce (Rockford, USA).
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Table 6.2,
Activation of hydroxyethyloxypropyl-silica of LiChrosorb Si 60 with different

reagents: determination of active groups and coupled trypsin

Activated groups Coupled trypsin

Activating reagent (umollg) (mg/g)
p-Nitrophenyl chloroformate 282 50.5
N-Hydroxysuccinimide chloroformate 320 47.1
1,1,1-Trichloro-2-monochloroethyl- 129 338
succinimide carbonate

1,1’-Carbodiimidazole 480 51.5
p-Toluenesulphonyl chloride 363 14.6

6.2.9 Triazine method

The covalent linkage of ligands to hydroxyl-containing supports using their activation
with cyanuric chloride (2,4,6-trichloro-s-triazine) was developed by Kay and Crook
(1967). Kay and Lilly (1970) used the triazine method of protein binding with derivative
triazine, in which a chlorine was replaced by a solubilizing NH2 group. 2-Amino-4,6-
dichloro-s-triazine is bound to the hydroxyl group of cellulose and reacts further with

the amino group of the protein:

2-Amino-4,6-dichloro-s-triazine was prepared from cyanuric acid and then allowed

to react with various polysaccharide carriers, such as cellulose, DEAE-cellulose, CM-

] Cl NH-protein
)\\ ~N iry— ~

N N CEL-OH N N Protein—NH, N N
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Cl N NH, CEL-O N NH, CEL-0 N NH,

cellulose and also Sephadex and Sepharose. Solution A was prepared by dissolution of
10 g of 2-amino-4,6-dichloro-s-triazine in 250 ml of acetone at 50°C with addition of 250
ml of water at the same temperature. Solution B was a 15% (w/v) aqueous solution of
sodium carbonate to which a 0.6-fold volume of 1 M hydrochloric acid was added.
Cellulose (20 g) or CM-cellulose was then added to 100 ml of solution A and the mixture

stirred at 50°C for 5 min. After addition of 40 ml of solution B, the stirring was continued
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at 50°C for a further 5 min. The pH of the suspension was rapidly decreased to below
7 by addition of concentrated hydrochloric acid. After filtration, the modified cellulose
was washed with a mixture of acetone and water, pure water and finally 0.1 M phosphate
buffer of pH 6.7, in which it was also stored. The binding of approximately 1.5 %
chymotrypsin solution in 0.5 M borate buffer of pH 8.75 at 23°C after 4.5 h, gave a
product containing 19 mg of enzyme per gram, with an enzyme specific activity retention
of 70 %.

Activation of agarose or filter paper with trichloro-s-triazine and coupling of ethy-
lenediamine to triazine-activated agarose or of m-aminophenylboronic acid to triazine-
activated paper was described by Longstaff (1985). Macroporous cellulose beads
activated with 2,4,6-trichloro-1,3,5 triazine (TCT) were used after the attachment of the
cyclic nonapeptide bacitracin as an efficient biospecific adsorbent for the isolation of
proteolytic enzyme subtilisin from culture medium of Bacillus subtilis (Turkov4 et al.,
1987). The same activation of bead cellulose was used for the coupling of adipic acid
dihydrazide (Turkov4 et al., 1990). Recently, a new, easily controllable variant of the
activation of bead macroporous cellulose with TCT has been developed by Benes et al.
(1991). Activation: 10 g of suction-filtered cellulose (water content 86%) was stirred
with 20 ml of acetone for 30 min, 10 ml of aqueous acetone was withdrawn after the
stirring had been interrupted, 10 ml of acetone was added, stirring was continued for
another 30 min, after which another 10 ml of aqueous acetone was withdrawn. An alkali
solution was added (10 % NaOH or 20 % K2COs3) and the stirring continued for one
hour, the solution was cooled to 0°C and a solution of TCT (1 mole per one equivalent
of alkali) in acetone (5.5 ml/g) was added and left to react for 45 min. The product was
washed in a column with 40 ml of acetone cooled to 0°C and 40 ml of ice-cold water.
Preparation of the hydrazide derivative: to a solution of 233 mg of adipic acid dihydra-
zide in 17.5 m1 0.05 M borate buffer, pH9, 20 g cellulose activated with TCT was added.
The mixture was stirred for 4 h at room temperature and a constant pH of 9, maintained
by addition of NaOH. The product was washed in a column with five volumes of distilled
water. The final content of dihydrazide was 13.3 gmol/ml. The disadvantage of this

method is that the activating reagents are highly toxic.
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6.2.10 Reversible covalent immobilization of proteins by thiol-disulphide interaction

Carlsson et al. (1975) employed epoxide-activated agarose as the basis for the
preparation of the mercaptohydroxypropyl ether of agarose gel, which they used for
covalent immobilization of a-amylase and chymotrypsin by thiol-disulphide
interchange. This technique consists of two steps: (a) thiolation of enzymes with methyl
3-mercaptopropiomidate; (b) binding of thiolated enzymes to a mixed disulphide
derivative of agarose obtained by reaction of the mercaptohydroxypropyl ether of
agarose with 2,2 -dipyridyl disulphide. The immobilized preparations formed possessed
high activity. Immobilized a-amylase was used for continuous hydrolysis of starch. When
the preparation had lost its enzymatic activity, the inactive protein was reduced off and
the gel used for the binding of a new active thiolated a-amylase.

The thiol enrichment of enzyme was carried out in the following manner: 30 mg of
enzyme was dissolved in 5 ml of 0.1 M sodium hydrogen carbonate solution, pH 8.2. The
solution was deaerated in a nitrogen atmosphere for 15 min and 0.1 - 2 mg of methyl
B-mercaptopropioimidate was added. The thiolation was carried out at room tempe-
rature under nitrogen for 60 min. Excess of imidate was eliminated by gel filtration on
Sephadex G-25, using 0.1 M sodium hydrogen carbonate solution as eluting reagent. In
order to prevent the oxidation of thiolated enzymes, dithiothreitol (1 mM final
concentration) was added to the solution just prior to the gel filtration.

Activated thiol-Sepharose was prepared according to Brocklehurst et al. (1973).
Epoxide-activated agarose (50 g) was washed on a glass filter with 0.5 M phosphate
buffer (4.1 g of NaH2PO4.H20 + 2.8 g Na;HPO4. 2H20 dissolved in 100 ml of distilled
water, pH 6.3). Interstitial buffer was removed from the gel by suction, and the gel was
resuspended in the same buffer to a final volume of 100 ml. A 2 M solution of sodium
thiosulphate (50 ml) was added and the reaction mixture was shaken for 6 h at room
temperature. The gel was washed free of sodium thiosulphate with distilled water. The
thiosulphate ester gel (50 g) was suspended in 0.1 M sodium hydrogen carbonate
solution (ImM EDTA) to a total volume of 100 ml. Dithiothreitol (60 mg) dissolved in

4 ml ImM EDTA solution was added to the suspension. The reaction time was 30 min
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at room temperature. The gel was washed on a glass filter with 0.1 M sodium hydrogen
carbonate solution (1 M in sodium chloride and 1mM in EDTA) and finally with 1mM
EDTA solution, The thiol-agarose (50 g) was washed on a glass filter with 1mM EDTA
solution. The washed gel was rapidly added to 200 ml of 2.2 ’-dipyridyl disulphide
solution (1.5 mM in 0.1 M sodium hydrogen carbonate solution). The mixture was stirred
during the reaction, which was allowed to proceed for 30 min at room temperature. The
product was washed with 0.1 M sodium hydrogen carbonate solution, 1M sodium
chloride solution and finally with 1mM EDTA solution. The degree of substitution was
determined by nitrogen determination according to Kjeldahl. The product, called
activated thiol-agarose, is stable to storage.

The binding of the thiolated enzyme was carried out in the following manner: 1 - 20
mg of thiolated enzyme in 10 ml of 0.1 M sodium hydrogen carbonate solution were
mixed with 3.0 ml of sedimented activated thiol-agarose (pre-washed with 0.1 M sodium
hydrogen carbonate solution) and allowed to react at 23°C for 24 h under constant
stirring. The conjugate was washed on a sintered-glass funnel with 100 ml of 0.1 M
sodium hydrogen carbonate solution, transferred into a column and washed at the rate
of 10 ml/h with the following solutions: (1) 0.1 M sodium hydrogen carbonate solution
containing 0.2 M sodium chloride (24 h); (2) 0.1 M sodium acetate solution of pH 5.4,
containing 0.2 M sodium chloride (24 h); (3) 0.2 M sodium chloride solution (24 h).

The inactivated enzyme was eliminated from the carrier in the column (0.5 ml) by
washing with 50 ml of a 20 mM solution of dithiothreitol in 0.1 M sodium hydrogen
carbonate solution at a flow-rate of 20 ml/h. The reduced carrier was washed with 150
ml of 1 M sodium chloride solution and activated by passing 100 ml of a 1.5 mM solution
of 2,2 -dipyridyl disulphide in 0.1 M sodium hydrogen carbonate solution. The activated
thiol gel was washed with 100 ml of 1 M sodium chloride solution and 100 ml of 0.1 M
sodium hydrogen carbonate solution and re-used for the immobilization of a new thiol

system.
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6.2.11 Benzoquinone activation
The mechanism of the activation of hydroxyl-containing solid supports by means of
benzoquinone and coupling of NH2-containing compounds was described by Brandt et

al. (1975) in terms of the following series of reactions:

0 OH
%—OH + —_— %VO
7
o OH
OH o) o) OH
b0 O — 0O
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OH o) O OH

OH
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(@] O
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[
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Benzoquinone is a very active reagent and, presumably due to the secondary reaction,
the immobilized compounds are mostly strongly coloured. Brandt et al. (1975) determi-
ned the amount of bovine serum albumin and chymotrypsin coupled to benzoquinone-
activated Sepharose 4B in relation to pH during the coupling reaction (Fig. 6.12). The
same proteins were immobilized in relation to pH via benzoquinone on hydroxyalkyl
methacrylate copolymer by Stambolieva and Turkov4 (1980). Section 6.1 has already
mentioned that the pH optima of the coupling of different proteins on the epoxy-contai-
ning methacrylate copolymer and epoxy-activated agarose are different (Fig. 6.2, A and
B). Even the pH optima of the coupling of individual proteins on the different supports
shown in these figures differ. By contrast, when serum albumin and chymotrypsin were
coupled via benzoquinone, the pH optima were the same on methacrylate copolymer

(Stambolieva and Turkovd, 1980) as on Sepharose, as shown in Fig. 6.12.
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Fig. 6.12. Amount of bovine serum albumin and chymotrypsin fixed to Sepharose 4B gel as a function of pH
during the coupling reaction. o, bovine serum albumin; @, chymotrypsin. Reproduced with permission from
J. Brandt et al., Biochim. Biophys. Acta, 386 (1975) 196 - 202.

6.2.12 Diazotization

The first attachment of an affinant to cellulose was carried out by means of diazonium

groups (Campbell et al., 1951):

o cn,—@— NO ceL CEL. o-ou,—@—no 3 . -0 NH,
| —{ e —— - )
* 0% NaOH W
Q . rotain
HO protein

NaNO, L]
—————"—+ CEL-0-CHjz N=NCO

HCY

CEL-0-CH; N=N
pH 8.5
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The affinants are bound by their aromatic residues (in the case of proteins mainly by
tyrosine and histidine), but also non-specifically and more slowly by their amino groups
(Gundlach et al., 1962; Tabachnik and Sobotka, 1960; Paik et al., 1979). Although this
method is not frequently used at present, it offers two essential advantages: (a) the
bound ligand can easily be split off by complete reduction; (b) this reductive cleavage
allows intact protein-inhibitor conjugates to be isolated under mild conditions (Mohr
and Pommerening, 1985). The affinity ligands bound by an azo linkage can be detached
with sodium dithionite. Polyacrylamide gels containing residues of aromatic amines,

when diazotized with nitrous acid, bind affinants mainly through their aromatic residues:

protein—CH, -@— OoH \ Ho
™
HN —@— NeN

CHy~protein

=(‘_/ H0y =(_‘
0 —_— 0
Lo O

The azo groups are relatively photolabile and unstable in both acidic and alkaline

media.

6.2.13 Sulphonyl chloride-containing supports

A simple method for the activation of supports carrying hydroxyl groups, such as
agarose, cellulose, diol-silica, glycophase-glass or hydroxyalkyl methacrylate copo-
lymer, with 2,2,2-trifluoroethanesulphonyl chloride (tresyl chloride), was introduced
by Nilsson and Mosbach (1981):

CHOH  + CISOCHCFy —————e CH,0S0,CHyCF g
tramyl chioride

COUPLING:

g—m,oso,cu,cr, + HN-A — gkcu,—m—:‘ + HOSO,CH,CF

CH,0S0,CH,CFy + HS-A — o g»cﬂ,—s—A + HOSO,CH,CF
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The advantage of tresyl chloride is that it is very reactive and it therefore allows
efficient coupling under very mild conditions, and to a number of different supports,

including those used for HPLC,

6.2.14 Other methods

The structure of the bifunctional derivative divinyl sulphone is shown in Table 6.1. Its
advantages in the production of adsorbents were described by Porath and Sundberg
(1972). The activation takes place under fairly mild conditions and in a short time. The
coupling can not only be performed not only with amino-group containing molecules,
but also with carbohydrates, phenols and alcohols, albeit at a higher pH. As a conse-
quence divinyl sulphone crosslinking considerably improved the flow-through
properties of agarose. The product coupled via divinyl sulphone is very stable at acidic
and neutral pH, but it is labile under alkaline conditions.

The substances with a free amino group can be bound onto cellulose (CEL) by the
Curtius azide method, used for the first time by Micheel and Ewers (1949) and later
mostly applied using the modification by Hornby et al. (1966).

NaOH CH,OH
CEL-OH + C1-CH,—~COOH—>* CEL—0-CH,-COOH o CEL-0-CH,-COOCH,

H,N-NH,
Protein—NH,
pH 8

CEL-0-CH,-CO-NH-Protein

NaNoO,
CEL-O-CH,—CO-N, +— CEL-O-CH,-CO-NH-NH,
HC1

After the preparation of carboxymethylcellulose azide by Curtius rearrangement, an
isocyanate is formed, to which the amino group of the affinant is bound.

The application of agarose activated with 2,4,6-trifluoro-5-chloropyrimidine to the
synthesis of a biospecific adsorbent for trypsin was described by Gribnau et al. (1978).
The availability of new supports activated with fluoromethylperidinium (FMP) has been
published by Ngo (1986, 1988) and reported by Taylor (1991).
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6.3 BLOCKING OF UNREACTED GROUPS AND WASHING OUT
OF NONCOVALENTLY BOUND LIGANDS

When the attachment of the affinity ligand onto the solid support is terminated, it is
necessary that the remaining active groups that are capable of coupling should be
eliminated. Some of the complications encountered in the application of bioaffinity
methods could be due to the neglect of deactivation (Egly and Porath, 1978). The
coupling yield is never quantitative. When large affinants are being attached to the solid
support, the concentration of excess reactive groups is particularly large. Further
coupling can occur during the chromatographic procedure, which may result in the
irreversible adsorption of the substance to be isolated (Eveleigh and Levy, 1977). The
impurities coupled to the unreacted groups of a biospecific adsorbent can act as
non-specific adsorption centres in the subsequent use of the adsorbent.

The problem of excess reactive groups is encountered in the use of all coupling
methods. This problem can be solved by one of two methods.

(1) By coupling a highly penetrable substance with no effect on the adsorption-
desorption procedure.

(2) By solvolysis. This method may be used when the affinants are stable in alkaline
solution at elevated temperature; these conditions affect the hydrolytic removal of the
activated groups. The excess epoxide groups may be hydrolysed to diols by treatment
with 0.1 M perchloric acid (Turkovi et al., 1981) or with 10 mM HCI (Lowe et al., 1981).

In the methods that make use of the amino groups for the coupling of affinants,
ethanolamine is most frequently used as an inactivating reagent. For example, according
to the recommendation of Pharmacia for the binding to Sepharose by cyanogen-bromi-
de activation, the inactivation of the remaining active groups can be effected simply by
reaction with 1 M 2-aminoethanol at pH 9 and room temperature for 2 h, while, after
binding to epoxide-activated Sepharose, 4 h are required under the same conditions.
The buffer used is the same as during the binding, for example 0.1 M sodium hydrogen
carbonate solution containing 0.5 M sodium chloride. Turkova et al. (1981) employed

the coupling of 2-aminoethanol to hydroxyalkyl methacrylate copolymer containing 1.7
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mmol of attached epichlorohydrin per gram of dry Separon to check the completeness
of coupling in addition to the determined epoxide groups. Fig. 6.13 shows the coupling
of 2-aminoethanol in relation to pH and coupling time. The blocking of epoxide groups
proceeded slowly and required a high pH. Practically complete removal of the epoxide
groups was obtained by hydrolysis with 0.1 M perchloric acid.

In Eupergit C oxirane acrylic beads Fleminger et al. (1990 b) determined about 1.6
mmol of epoxide groups per gram of matrix by titration of the oxirane groups with
thiosulphate. About half of these groups are readily available for reaction with amino
or thio groups, whereas the other half is much less reactive and requires a long time
(hours to days) to react. f-Mercaptoethanol was found to be an efficient blocker of
residual oxirane groups. The comparison of blocking by ethanolamine and g-
mercaptoethanol was published by Fleminger et al. (1990 a). Eupergit C beads modified
with adipic acid dihydrazide (ADH) treated with 0.2M ethanolamine, pH 9.5, tended
to adsorb proteins at pH 5.5, apparently owing to positive charges on the secondary

amino groups formed by the reaction. In contrast, when S-mercaptoethanol was used

1000} pH 1 o
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Fig. 6. 13. Coupling of 0.5 M 2-aminoethanol (in s#mol/g dry conjugate) bound on Separon H 1 000 Emax as
a function of coupling time and pH. Britton-Robinson buffers were used for pH 3, 5, 7,9 and 11, with the
exception of pH 9, where an aqueous solution was also used. Coupling performed at room temperature. Data
from J. Turkovd et al., J. Chomatogr., 215 (1981) 165 - 179.



260

as a blocker, both protein adsorption at pH 5.5, as well as covalent protein binding to
residual oxirane groups at pH 7.5, were markedly reduced. Consequently, the ADH-
modified beads were routinely treated with 0.2M S-mercaptoethanol, pH 8.0, for 4 h at
room temperature before protein binding. The blocking step eliminated most of the
residual oxirane groups. The 10 % of the original oxirane groups that still seem to
remain active even after the blocking step most probably represent groups that are
remote from the outer surface of the beads and are apparently not available for protein
binding.

B-Mercaptoethanol was also used to quench remaining activated groups in Sepharose
4B after its activation with CNBr and the coupling of RNA polymerase by Ratner as
early as in 1974. For blocking, other low-molecular-weight molecules can also be used,
such as glucosamine, glycine, 2-amino-2-hydroxymethyl-propane-1,3-diol, etc. The
manufacturer of Sepharose states that, for the elimination of CNBr-activated groups
from Sepharose, it is sufficient to suspend the gel in a Tris buffer of pH 8 for 2 h. The
effect of the small number of charges introduced by the use of Tris or glycine can be
overcome by using relatively high concentrations of salts during affinity chro-
matography. Almost complete elimination of these active groups can be achieved,
however, even by merely standing the gel overnight in a mildly alkaline solution.

In gels that contain active ester groups for spontaneous covalent bonding (for
example, activated CH-Sepharose, Affi-Gel 10 or hydroxyalkyl methacrylate gels with
a p-nitrophenyl ester group), the unreacted groups are eliminated by addition of 0.1 M
Tris buffer of pH 8. After standing for 1 h virtually no groups capable of binding proteins
or peptides remain on the gel. In carriers that contain aldehyde groups as active binding
groups after periodate oxidation, reduction with sodium borohydride may be used with
advantage after the binding. This leads both to the reduction of the remaining aldehyde
groups and to the stabilization of the bond between the protein and the solid matrix,

If the affinity ligand is bound onto a spacer, it may occur that a part of the spacer
molecules - most commonly containing amino or carboxyl groups at their terminal -
will remain unoccupied. The unreacted carboxy! groups on the extending arms were

eliminated by Rafestin et al. (1974) by blocking with 0.5 mM Tris [(2-amino-2-hydro-
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xymethylpropane-1,3-diol)] and with 1.6 mM N-cyclohexyl-N -[2-(4-morpholinyl)ethyl]
carbodiimide metho-p-toluenesulphonate. Whiteley et al. (1974) blocked the carboxyl
groups in the following manner: 15 ml of Sepharose, onto which 5-fluoro-2 -deoxy-
uridine-5- (p-aminophenyl) phosphate was boundvia hexamethylenediamine and succi-
nic anhydride, was suspended in 50 ml of a 1:1 (v/v) mixture of dimethylformamide and
0.1 M cacodylate buffer (pH 4.5) containing 1.1 g of glycinamide. A 2-g amount of
1-ethyl-3-(3 -dimethylaminopropyl)carbodiimide hydrochloride dissolved in 10 ml of
the same mixture was added to the suspension, which was then stirred at room tempe-
rature for 12 h. When the affinity ligand has to be bound to CH- or AH-Sepharose by
means of the carbodiimide binding reaction, the producer recommends that, after the
binding of the affinant, the binding reaction be continued by carrying out further
carbodiimide reactions with glucosamine (Fransson, 1976) or 2-aminoethanol in the
case of CH-Sepharose, or with acetic acid as blocking agent for the amino groups of
AH-Sepharose. The unsubstituted amino groups can also be eliminated with acetic
anhydride (Kanfer et al., 1973). A suspension in 100 ml of water of 60 ml of Sepharose,
onto which D-galactono-a-lactone had been bound through benzidine, was sonicated
with 2 ml of acetic anhydride for 10 min in a bath-type sonicator.

Another step in the preparation of specific sorbents before the bioaffinity chro-
matography proper consists in the thorough washing out of all substances that are not
covalently bound to the surface of the solid matrix. Most commonly the best results were
obtained if the washing is carried out alternately with alkaline and acidic buffers of high
ionic strength. To avoid the need for exhaustive and prolonged washing procedures,
Santa-Colona et al. (1987) developed a cyclic system of bioaffinity chromatography for
the purification of sex steroid binding protein. A charcoal column connected in series
to the bioaffinity column allows the removal of any ligand that may be non-covalently
bound to the matrix or released during its storage. This system will be particularly useful

when difficulties arising from ligand leakage cannot be ignored.



262

6.4 LEAKAGE OF THE COUPLED AFFINANT

A serious limitation to the use of bioaffinity chromatography in systems with a
high affinity (for example, hormone-receptor interactions), and in the isolation of
picomole and nanomole amounts of proteins, is due to the relatively facile release of
affinity ligands into the solution. These are primarily affinity ligands that are bound
monovalently through a spacer on to cyanogen bromide-activated agarose. The mecha-
nism of leakage of affinants bound on cyanogen bromide-activated Sepharose in the
presence of compounds that contain nucleophiles has been discussed in Section 6.2.5.
The release of ligands from agarose with bound 8-(e-aminocaproyl-3-
aminoethylthio)adenosine 3’, 5 'cyclophosphate as a function of time and pH is shown
in Fig 6.14 (Tesser et al., 1972).

7.10%}

LIGAND RELEASED, pmol/ml

ey :
30 60 90 120
TIME | min

Fig. 6.14. Liberation of ligand from cAMP-spacer-agarose as a function of time and pH. (@) Sodium acetate,
pHS; (A )imidazole-HCI, pH 6; (W) Tris-HCl, pH 7; (0) Tris-HC}, pH 8; Room temperature. The incubation
medium contained 0.005 M of the buffers plus 0.015 M NaCl. Reproduced with permission from G.I. Tesser
et al., FEBS Lett., 23 (1972) 56 - 58.
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In order to elucidate the leakage of affinity ligands from specific sorbents more
closely, Tesser et al. (1974) prepared sorbents by binding adenosine 3’,5’-cyclic
monophosphate and other substances through spacers of a variety of lengths to agarose,
cellulose and crosslinked dextran by means of cyanogen bromide activation, and to
polyacrylamide by an amide bond formed with the carboxyl groups of the carrier,
according to the method of Inman and Dintzis (1969). From the dependence of the
amount of individual detached affinants on pH and time, it followed that the leakage of
affinants from the matrices takes place predominantly at the site of the fixation on the
surface of the solid carrier, and that it can be enhanced by anchimeric assistance of
neighbouring carboxyl and carboxamide groups in polyacrylamide gels, and hydroxyl
groups in agarose, cellulose and crosslinked dextrans. The releasing reaction is general
and independent of the structure of the bound affinity ligand. The affinants bound to
polyacrylamide gels by the R-NH-CO-acrylamide gel bonds are detached more slowly.
The leakage of bound ligands can be suppressed if binding through polyvalent spacers
is used. A further improvement can be achieved by using binding reactions that afford
a stronger binding of the affinant to the carrier, such as the periodate oxidation method,
or attachment to an epoxide-activated support. Parikh et al. (1974) discussed the
variation of the degree of leakage as a function of the carrier used. In the isolation of
estrogen and insulin receptors, it is impossible, for example, to use glass and polyacry-
lamide carriers, owing to the excessively rapid leakage of affinity ligands.

A mathematical approach to ligand leakage has been described by Gribnau and
Tesser (1974) and Lasch and Koelsch (1978). Lasch et al. (1982) not only characterized
the ligand leakage, but also studied the heterogeneity of the distribution of protein
ligands coupled to Sepharose and Sephadex by electron microscopy and microfiuo-
rometry. Depending on molecular size, matrix porosity and reactivity, both an even
distribution as well as radial gradients of ligand density have been found. A second type
of heterogeneity resides in the diversity of ligand-matrix interactions. Circumstantial
evidence from ligand leakage electrophoretic desorption and thermal inactivation
studies points to the existence of at least three distinct populations of immobilized

proteins.
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6.5 GENERAL CONSIDERATIONS IN THE CHOICE OF
SORBENTS, COUPLING AND BLOCKING PROCEDURES

When choosing the carrier and the coupling procedure one should not only take
account of the properties associated with the nature of bioaffinity chromatography itself,
but also their field of use. Kukongviriyapan et al. (1982) described the maximum binding
of antibodies against Naja naja siamensis toxin 3 (T3) and operational half-life of T3
immobilized at different ligand density in the way described in Table 6.3. The maximum
binding capacity of antibody was obtained on immobilized T3 with the lowest half-life
(19 days). The lowest antibody binding capacity was obtained on an adsorbent contai-
ning T3 coupled to albumin-Sepharose, where the half-life was 108 days. The investi-
gation described was undertaken to study various parameters in the use of bioaffinity
chromatography to purify antibodies against cobra postsynaptic toxin from horse

refined globulin for therapeutic purposes.

Table 6.3.

Ligand density, maximum antibody binding capacity and operational half-life of

various adsorbents

Toxin immobilized  Maximum binding capacity® Half-life

, a

Affinity sorbent (mg/ml packed gelt’ ) (mg/mg immobilized toxin) (days)
Seph-T3 2.60 4.75 43
Seph-Ae-Suc-T3 201 6.00 19
Seph-BSA-T3 1.50 2,60 108
Biogel-Ae-Suc-T3 201 5.50 25

? Abbreviations: Seph, Sepharose 4B; Ae, aminoethyl; Suc, succinyl and T3 N. n. siamensis toxin 3.
®Volume of gel was measured in 0.15 N NaCl

“Protein eluted at pH 2.05

Determined by using 1BY.\abeled N. n. siamensis toxin 3

The choice of coupling procedures and solid supports used depends on the use to
which the material will be put: analytical, semipreparation or preparation purposes. It
is also necessary to take into consideration whether low-molecular-weight or high-mole-
cular-weight affinity ligands are being used. It should also be born in mind that the

toxicity of such reagents as hydrazine, cyanogen bromide, trichloro-s-triazine and
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divinylsulphone is high; that of epichlorohydrin, bisepoxiranes, glutaraldehyde, carbo-
nyldiimidazole, benzoquinone, diazonium and tresyl chloride is moderate; only perio-
date is non-toxic.

In recent times the use of high-performance liquid bioaffinity chromatography
(HPLBAC) has been a considerable increase. Its advantages are its high resolution,
short analysis or preparation times, reproducibility, sample load capacity and
biocompatibility. In bioaffinity chromatography it is desirable that both the effect of the
carrier and that of the attachment be excluded. On the other hand, it is the immobi-
lization that permits a study of the effect of the microenvironment. Very often a new
environment favourably affects the properties of the immobilized substance. For the
selection of the method of linkage, the primary consideration is which groups of the
affinity ligand can be used for the linkage to a solid matrix without affecting its
biospecific binding site. If several groups are available, it is advisable to choose the most
selective method, because a linkage specifically through one particular functional group
is desirable. The attachment should not introduce non-specifically sorbing groups into
the specific sorbent. From this point of view, it is better to link the spacer to an affinity
ligand, and only when it has been modified in this manner to attach it to a solid support.
The linkage between the surface of a solid support and an affinity ligand should not
introduce non-specifically sorbing groups either, and it should be stable during
adsorption, desorption and regeneration. In the choice of a method, the dependence of
the stability of the affinity ligand on pH should also be born in mind.

For the binding of proteins, the most commonly used groups are the N-terminal
a-amino group and e-amino group of lysine, and also the C terminal carboxyl group and
the carboxyl groups of glutamic and aspartic acids. Phenolic hydroxyl groups of
tyrosine, imidazole anion of histidine or the -SH groups of cysteine residues, may also
participate in the binding. With carbohydrates and their derivatives, the groups that
often take part in the binding are the hydroxyl and the amino groups; in nucleic acids
they are the phosphate groups; the sugar hydroxyl groups; and amino or enolate groups
in the bases. If high-molecular-weight compounds, which possess more groups for

binding, are bound, they are attached at several places. As a consequence, the risk
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arising from the detachment of the bound molecules decreases considerably, but, on
the other hand, there is a certain risk that the multiple binding will introduce a
deformation of the native structure of the immobilized molecule and will thus also
change its properties.

An important factor is a rapid increase in the production of commercially available
activated solid supports and many biospecific adsorbents. Scherago (1990) in his “Guide
to Biotechnology Products and Instruments” in the Supplement of the journal
“Science”, included the companies producing compounds for bioaffinity chro-
matography: activated supports, ready-to-use immobilized supports, sample prepa-
ration cartridges, spacer and linker arms. Recently Taylor (1991) has published tables
which list a number of commercially-available activated supports for protein and cell
immobilization and the companies marketing these supports. The informations from
both authors is presented in Tables 6.4. and 6.5. The sources of commercially produced
activated supports and biospecific adsorbents described in Table 9.1., 2. and 3. are to
be found in Table 9.4. Taylor’s (1991) summarization of ligands bound and reaction
conditions for the major types of commercially available, preactivated supports forms

the basis for Table 6.6. However, some reaction conditions are not quite correct.

Table 6.4.
Examples of commercially available supports (See Table 6.5. for full names and

addresses of supliers).

Base support Supplier
Epoxy-Activated
Agarose beads with a 12-atom spacer arm
(Sepharose 6B) Pharmacia LKB
Cellulose cartridge (MEMSEP) Domnick Hunter

Crosslinked, regenerated cellulose with
a 6-atom spacer (Indion) Phoenix

Microporous hydrophilic nylon sheets and



membranes (Immunodyne)

Macroporous beads of copolymerized methacryl-
amide and N-methylenebismethacrylamide
(Eupergit)

Macroporous beads of copolymerized
2-hydroxyethylmethacrylate and ethylene
dimethacrylate (Separon HEMA or Spheron )
Macroporous vinyl acetate-divinylethylene

urea beads (VA-Epoxy BIOSYNTH)
Macroporous silica beads coated with

a hydrophilic polymer (Hydropore-EP)

Silica beads (Durasphere AS)

Macroporous silica beads (Bakerbond)
Macroporous silica particles (Ultraffinity-EP)
Macroporous polymer-coated silica

beads with 7 to 12-atom spacer arms (NuGel-AF)

Macroporous irregular silica particles

Hydrazide (and Azide)-Activated

Agarose beads (Affi-Gel HZ)

Agarose beads (adipic acid hydrazide) with a 9 atom
spacer arm (Sepharose 4B)

Agarose beads (ImmunoPure)

Proprietary polymeric beads (AvidGel F)
Nonporous polystyrene beads

Macroporous silica beads activated with
diazofluoroborate (Bakerbond)

Macroporous irregular silica particles

Glutaraldehyde-Activated
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Pall

Rohm Pharma

Tessek
Lachema

Crescent

Rainin
Alltech
Baker
Beckman

Separation Industries

Serva

BioRad

Pharmacia LKB
Pierce
BioProbe

Pierce

Baker

Serva
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Agarose beads (ActiBind ALD) with 5 to 12-atom

spacer arms ICN

4% Crosslinked agarose beads (Amino Link) Pierce
Crosslinked agarose beads (ACTIGEL A) Sterogene
Cellulose beads with a 10 atom spacer arm

(Matrex Cellufine) Amicon
Cellulosic filter membranes (Nalgene U12

and U38) Nalge
Cellulosic/acyllic polymer membrane

(Zetaffinity) CUNO

2% Polyacrylamide/2% agarose beads with (Act-
Magnogel) or without (Act-Ultrogel) Fe304

particles IBF
Monodisperse polyacrolein microspheres

(Polybead) Polysciences
Cellulosic-polymer membranes Memtek

Hydrophilic, microporous PVC sheets, filters

and cartridges impregnated with silica and

treated with polyethyleneimine (Acti-Disk) FMC
Macroporous silica beads (Bakerbond) Baker
Macroporous silica irregular particles (HiPac) ChromatoChem

Macroporous polymer-coated silica beads
with 7 to 12-atom spacer arms (NuGel-AF) Separation Industries
Macroporous irregular silica particles Serva

Macroporous polyethyleneimine impregnated

alumina particles (Ketomax, Aldomax) UOP
CNBr-Activated
Agarose beads (Sepharose 4B) Pharmacia LKB

Macroporous irregular silica particles Serva



N-Hydroxysuccinimide Activated

Agarose beads with 10- or 15-atom spacer arms
(Affi-Gel 10 and 15)

Agarose beads with a 6-atom spacer arm
(CH-Sepharose 4B)

Proprietary polymer macroporous beads with

a 10-atom spacer arm (Affi-Prep 10)

Macroporous irrcgular silica particles

Carbonyldiimidazole-Activated

6% Crosslinked agarose beads (Reacti-Gel 6X)
Beads of polymerized N-acryloyl-2-amino-
hydroxymethyl-1,3-propane diol

(Reacti-Gel GF-2000)

Proprietary polymer beads (Reacti-Gel HW-65F)

Macroporous irregular silica particles

Divinylsulphone-Activated

Agarose beads (MINI LEAK)

Cellulose cartridge (Memsep)

Macroporous beads of copolymerized 2-hydro-
xyethylmethacrylate and ethylene dimethyl-
acrylate (Separon HEMA)

Acrylate-coated microporous polyvinylidene

difluoride discs and sheets (Immobilon)

Tresyl-Activated
Agarose beads (Sepharose 4B)
Macroporous silica beads (Selecti Sphere-10)
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BioRad

Pharmacia LKB

BioRad

Serva

Pierce

Pierce
Pierce

Serva

Kem-En-Tec

Domnick Hunter

Tessek

Milipore

Pharmacia LKB

Pierce
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Fluoromethylperidinium-Activated
Crosslinked agarose beads (Avid Gel Ax)
Polyhydroxylalkylamidoacrylate beads
(Avid Gel T)

Proprietary polymeric beads (Avid Gel F)

Biologically Activated
Avidin-coated glass beads for immobilization

of biotin-labelled glycoproteins (BioSpheres)

Nonactivated, Functional Group Supports
Agarose beads with 9 to 12-atom spacer arms and
-NHj3, -COOH and -SH end groups (Affi-Gels 102,
202, and 401)

Agarose beads with hexamethylendiamine
(Sepharose 4B) or e-aminocaproic

acid (AH- or CH-Sepharose)

Macroporous kiselguhr (diatomite) silica(6%
crosslinked agarose beads with available

hydroxyl groups (Macrosorb KAX)

Carboxy- or amino-terminal cellulose beads

with 5 to 9-atom spaacer arms (Matrex Cellufine
Amino or Carboxyl)

Aminophenylthioether- and aminobenzyloxymethyl-
terminal cellulose paper for activation by
diazotization (Transa-Bind)

Amino- and carboxyl-terminal polyacrylamide
beads (Bio-Gel)

5% Crosslinked high porosity (90 to 97%)

BioProbe

BioProbe
BioProbe

Kontes

BioRad

Pharmacia LKB

Sterling

Amicon

S&S

BioRad



granules of polystyrene, polychloromethyl-
styrene or sulphonated polystyrene (POLYHIPE)

Nonporous polystyrene beads with available
-NH2 groups

Monodisperse latex beads with available amino,
carboxyl, hydroxyl, sulphate, and amidino
groups, with/without spacer arms (Microspheres,

CML particles, Polybead)

Proprietary polymer beads with -COOH and -NH2
terminal groups on 16 to 20-atom spacer arms
(Avid Gel F)

Amino- and hydroxyl-terminal cellulose/acrylic
polymer membranes with 5- or 18-atom spacer
arms (Zetaffinity)

Macroporous bead cellulose Perloza MT

Derivatives of Perloza MT

Aminopropyl-, succinylaminopropyl-, hexamethyl-
enediamine-, and diol-terminal macroporous
silica beads (Bakerbond)

Glycerol-coated, controlled pore glass beads
with available hydroxyl groups (Glycophase)
Aminopropyl- and alkylamine-terminal silylated
controlled-pore glass beads

Amino-, carboxyl-, and hydroxyl-terminal macro-
porous polymer-coated glass beads with 10- or
12-atom spacer arms (NuGel-AF)

2n

National Starch and
Chemical

Pierce

IDC,

Bangs, Polysciences

BioProbe

CUNO
North Bohemian
Chemical Works

Spolchemie

Baker

Pierce

Pierce

Separation Industries
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Aminohexyl-, carboxymethyl-, and mercaptopropyl-

terminal macroporous irregular silica particles Serva

Table 6.5.

Representative companies providing activated supports and biospecific adsorbents

Accurate Chem. and Sci.Corp., Westbury, NY 11590, USA
Adv. Magnetic, Inc., Cambridge, MA 02138, USA

Adpv. Separation Technols., Whippany, NJ 07981, USA
Alltech Associates, Inc., Deerfield, IL 60015, USA
Amicon Division, Danvers, MA 01923, USA

Analychem Corp. Ltd., Markham, ON L3R 2Z8, Canada
Appl. Protein Technols., Inc., Cambridge, MA 02139, USA
Asahi Chem. Ind. Co., Ltd., Kawasaki, Japan

J.T.Baker, Inc., Phillipsburg, NJ 08865, USA

Bangs Laboratories, Inc., Carmel, IN 46032, USA
Beckman Instruments, Inc., San Ramon, CA 94583, USA
Bellco Glass, Inc., Vineland, NJ 08360, USA

Biomat Corp., Belmont, MA 02178, USA

BioProbe International, Inc., Tustin, CA 92680, USA
Bio-Rad Laboratories, Richmond, CA 94804, USA
CAMX Sci. Corp., Rochester, NY 14603, USA
ChromatoChem, Missoula, MT 59801, USA
Collaborative Res., Inc., Bedford, MA 01730, USA
Crescent Chemical Co., Inc., Hauppauge, NY 11788, USA
CUNO, Inc., Meriden, CT 06450, USA

Daicel Chem. Ind., Ltd., Himeji 671-12, Japan

Domnick Hunter Filters, Ltd., Durham, UK

Dynal AS, 0212 Oslo 1, Norway

Elcatech, Inc., Winston-Salem, NC 27101, USA
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Fisher Sci. Co., Pittsburg, PA 15219, USA

FMC Bioproducts, Rockland, ME (4841, USA

Genex, Gaithersburg, MD 20877, USA

Hyclone Laboratories Inc., Logan, UT 84321, USA

IBF (Industrie Biologique Francaise), Villeneuve la Garenne, France

ICN Biomedicals, Inc., Cleveland, OH 44128, USA

Inovar Inc., Gaithersburg, MD 20879, USA

Interfacial Dynamics Corp. (IDC), Portland, OR 97207, USA

Isolab, Akron, OH 44321, USA

Jackson Immuno Research Labs., Inc., West Grove, PA 19390,
USA

Kendrick Labs., Inc., Madison, W1 53713-2410, USA

Kem-En-Tec Biotechnology Corp., Hellerup, Denmark

Kontes Biotechnology, Vineland, NJ 08360, USA

Kurita Water Industries, Ltd., Kanagawa, Japan

Lachema, Brno CS 621 33, Czechoslovakia

Life Technologies, Inc., Grand Island, NY 14072-0068, USA

Manville Filtration and Minerals, Denver, CO 80217, USA

Membrex, Inc., Garfield, NJ 07026, USA

Memtek Corp., Billerica, MA 01821, USA

Millipore Corp., Bedford, MA 01730, USA

Nalge Company, Rochester, NY 14602, USA

The Nest Group, Southboro, MA 01772, USA

Nord Bohemian Chemical Works, Lovosice, CS 41017,
Czechoslovakia

NY Gene Corp., Yonkers, NY 10701, USA

Organon Technika-Cappel, West Chester, PA 19380-9902, USA

OROS Instrs. Ltd., Cambridge, MA 02142, USA

Pall BioSupport Division, Glenn Cove, NY 11542, USA

Pharmacia LKB Biotechnology AB, Uppsala, S-75182, Sweden
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Phenomenex, Inc,, Torrance, CA 90501, USA

Phoenix Chemicals Ltd., New Zealand

Pierce Chemical, Rockford, IL 61105, USA

Polymer Inc., Amherst, MA 01002, USA

Polysciences, Inc., Warrington, PA 18976, USA
Protan Laboratories Inc., Richmond, WA 98073, USA
Rainin Instrument Co., Inc., Woburn, MA 01801, USA
Repligen Corp., Cambridge, MA 02139, USA

Richard Scientific, Inc., Novato, CA 94948, USA
Rockland, Inc., Gilbertsville, PA 19525, USA

Rohm Pharma GmbH, Darmstadt, FRG

Sankyo Co., Ltd., Tokyo, Japan

Schleicher and Schuell, Inc., Ziirich, Switzerland
Sci.Can.Diags. Ltd., Edmonton, AB T5L 489, Canada
Separation Industries, Metuchen, NJ 08840, USA
Sepracor Inc., Marlborough, MA 01752, USA

Seva Biochemicals, Westbury, NY 11590, USA

Serva, Heidelberg, FRG

Shionogi Co., Ltd., Osaka, Japan

Sigma Chem. Co., St. Louis, MO 63178, USA
Spectrum Medical Inds., Inc., Los Angeles, CA 90069, USA
Spolchemie, Usti nad Labem, CS 40032, Czechoslovakia
Sterling Organics Ltd., Newcastle-upon-Tyne, UK
Sterogene Biochemicals, San Gabriel, CA 91775, USA
Supelco Inc., Bellefonte, PA 16823-0048, USA
Tanabe Seiyaku Co., Ltd., Osaka, Japan

Tessek, Ltd., Prague 1, CS 110 00, Czechoslovakia
Thomson Instr. Co., Newark, DE 19711, USA

Toso Haas, Philadelphia, PA 19105, USA

Toyo Soda Mfg. Co., Ltd., Tokyo, Japan
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Un. States Biochem. Corp., Cleveland, OH 44122, USA

UOP, Inc., San Diego, CA 92121, USA

VWR Scientific Corp., Philadelphia, PA 19101-3645, USA

Waitaki Intl. Biosciences, Toronto, Canada

Waters Chromatography Div., Millipore Corp., Milford,
MA 01757, USA

Wescan Instrs., Inc., Deerfield, IL 60015, USA

Whatman, Maidstone, Great Britain

Zymed Labs., Inc., South San Francisco, CA 94080, USA

Section 6.1 discusses the effect of the nature of proteins and solid supports. Fig. 6.4
shows the dependence of the aminoacylase activity and its binding on the nature of salt
added during the immobilization reaction, Fig. 6.5 shows the dependence of immobi-
lized aminoacylase on the salt and protein concentration in the medium during immo-
bilization. Our experiments with a number of solid supports and with various methods
of immobilization have shown that neither a universal immobilization method nor a
universal support exist, and that the conditions must be developed in each case indi-
vidually having regard to the application required. The use of oriented immobilization
via suitable biospecific interaction or coupling of glycoproteins, such as enzymes and
antibodies via their carbohydrate moieties to porous or nonporous supports, can
provide us not only with biologically active adsorbents suitable for various applications,
but also with models to be used to advantage in studies on chemical processes in the

living cell.
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Table 6.6.
Summary of ligands bound and reaction. Conditions for the major types of

commercially available, preactivated supports.

. Ligands . , ..
Active group bound Typical reaction conditions
Epoxy NH;  pH 5-12,4-72h, 4-60°C
-OH,
-SH,
Hydrazide -NH; pH 6-9, 2-12h, 4-25°C
-CHO,
Aldehyde (Glutaraldehyde) -NH2 pH 3-10, 1-12h, 4-25°C
CNBr -NH; pH 7-10, 2-18h, 4-25°C
Aldehyde (periodate oxidation)  -NH» pH 7-10, 1-12h, 4-25°C
N-Hydroxysuccinimide -NH; pH 5-10, 1-4h, 4-25°C
Carbonyl diimidazole -NH; pH 8-10, 18-24h, 4-25°C
Divinylsuphone -NH; pH 6-11, 2-24h, 4-25°C
-OH,
-SH,
Tresyl -NH; pH 7-9, 2-16h, 4-25°C
Fluoromethylperidinium -NH; pH 7-9, 2-8h, 4-37°C
-SH,
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Chapter 7
Characterization of supports and immobilized affinity ligands

In order to master the bioaffinity chromatography method successfully, it is important
to know the characteristics of both the solid supports employed and the immobilized
affinity ligands. One of the main characteristics that determines the suitability of solid
supports for bioaffinity chromatography is their sorption properties. Sections 4.6 and
7.1 give procedures for the determination of non-specific sorption. For the linkage of
affinants proper, the amount of activatable or active groups capable of binding the
molecules of the affinity ligand is important. Section 7.2 presents methods for the
determination of carboxyl, amino and hydrazide groups, including the colour test with
sodium 2,4, 6-trinitrobenzenesulphonate. Further methods for the determination of
oxirane groups, p-nitrophenol esters and vinyl and sulphydryl groups are also given, The
number of groups that can be utilized for immobilization is often determined on the
basis of the attachment of low molecular - weight substances, for example glycine or
glycylleucine for epoxy-activated gels. The amount of substance attached can then be
determined by some of the methods described in Section 7.3. From Table 5.1, giving the
amounts of glycine and chymotrypsin attached on various types of Spheron, it is evident
how important it is for coupling that the size of immobilized molecules, the porosity and
the surface of the solid support are taken into consideration.

The most commonly used methods for the determination of the content of immobi-
lized affinity ligands are listed in Section 7.3. Among them there are spectroscopic
methods, acid-base titrations, the determination of affinants after their release by acid,
alkaline or enzymatic hydrolysis, determination on the basis of elemental analysis, and
also by the measurement of radioactivity. Examples of procedures used for the observa-
tion of conformational changes are given in Section 7.4 and the determination of the
distribution of the proteins bound on the surface of the solid support in Section 7.5.

A thorough characterization of an immobilized affinity ligand is necessary mainly
when bioaffinity chromatography and the immobilized enzymes are used for the study

of questions such as the interaction of biologically active compounds with affinity ligands
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and the effect of various micro-environments on the stability and the biological

properties of biomolecules.

7.1 METHODS FOR THE DETERMINATION OF NON-SPECIFIC
SORPTION

Non-specific sorption is a complicating factor in bioaffinity chromatography. This has
been stressed briefly several times in the present text, and it is discussed in detail in
Section 4.6. Control of non-specific binding is shown in Fig. 2.6 (A, B, C). Fig. 2.6 (B)
illustrates the high-performance liquid bioaffinity chromatography of pepsin on a
column packed with Separon H 1000E with bound e-aminocaproyl-L-phenylalanyl-D-
phenylalanine methyl ester. Comparative measurements were performed with pepsin
on the same column packed with unmodified sorbent (A). Fig. 2.6 (C) shows the baseline
characteristics of the high-performance bioaffinity chromatographic system. Two types
of groups that cause sorption - sulphate monoester and carboxyl groups, for example in

agarose - have been mentioned by Porath et al. (1971).

7.1.1 Determination of adsorption capacity

A solution of cytochrome C (0.1%) in 0.01 M ammonium acetate solution is applied
at pH 4.1 on to a gel column (3 x 0.5 cm) equilibrated with the same buffer until the
column is saturated, followed by washing until no protein appears in the eluate. The
adsorbed cytochrome is then displaced with 0.15 M ammonium acetate solution of pH
4.1, and the amount of cytochrome desorbed is determined on the basis of the
absorbance at 280 nm. After each determination the gel should be washed with 0.5 M
sodium hydroxide solution and then with distilled water until neutrality is achieved. The
washed gel is then freeze-dried and weighed.

In synthetic polymers, for example hydroxyalkyl methacrylate gels of the Spheron
type, the reason for non-specificity may lie in the residues of uneluted organic solvents
that were used during the preparation of the polymer. The adsorption capacity can also
be controlled by dividing a solution of serum albumin dissolved in 0.05 M sodium acetate

into two halves, one half being applied to the column prepared from the tested gel
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equilibrated with the same buffer. After passage through the column, the fractions
containing the protein are combined and made up to a certain volume with 0.05 M
sodium acetate solution. The second half, serving as a control, is made up to the same
volume. Agreement between the absorbances (at 280 nm), of the two solutions shows
that no non-specific sorption has taken place on the gel. With Spheron, if the two
solutions do not show the same absorbance, the gel must be washed with organic
solvents, dilute acid and then thoroughly with distilled water. Gels that display non-

specific sorption should not be used for bioaffinity chromatography.

7.1.2 Determination of residual negatively charged groups (according to Porath et
al,, 1975)

About 5 g wet gel is supported on a glass filter and washed first with water and then
with 25 ml of 1 M hydrochloric acid. The gel is then washed with distilled water until
neutrality is achieved and until the test for chlorides (with silver nitrate) is negative. The
weighed gel is then suspended in 5 ml of 2 M potassium chloride solution and titrated

with 0.01 M sodium hydroxide solution.

7.2 DETERMINATION OF ACTIVATABLE AND ACTIVE GROUPS

7.2.1 Determination of carboxyl, hydrazide and amino groups on the basis of

acid-base titration (Inman, 1974)

7.2.1.1 Dry weight determination

For reasons of better reproducibility it is best to refer the amount of functional groups
to the dry weight. Inman recommended transferring the titrated sample into a weighed
glass filter, washing it first under suction with 0.2 M hydrochloric acid (for carboxyl
groups) to render the groups eletrically neutral. Thorough washing with distilled water
eliminates all of the electrolyte, while water is eliminated by washing with methanol. The
material is further dried in a vacuum over anhydrous calcium chloride. The sample

should be weighed immediately after taking it out of the desiccator. For example,
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vacuum-dried polyacrylamide absorbs moisture from the air and increases its weight by

about 2 % per hour.

7.2.1.2 Determination of carboxyl groups

The washed gel sample is suspended in 0.2 M sodium chloride solution, keeping its
volume below twice the bed volume. Using dilute sodium hydroxide solution, the pH of
the suspension is adjusted to 6.5 - 7.5. A standard solution of hydrochloric acid is then
added while stirring with a magnetic stirrer until the pH is 2.6. The content of the
carboxyl groups in the samples is determined on the basis of the milliequivalents of HCI
added, after subtraction of the milliequivalents of free H* (0.0025V). The quantity of
carboxyl groups is finally referred to the dry weight.

7.2.1.3 Determination of hydrazide groups

The acylhydrazide groups have pKa values close to 2.6 and direct titration is therefore
very difficult. The groups are best converted quantitatively into the succinylhydrazide
form by using excess succinic hydrazide (0.6 g per 25 ml] of suspension ) at pH 4.0. The
derivatized gel is then washed with 0.2 M sodium chloride solution and the carboxyl
group content is determined as in Section 7.2.1.2. The hydrazide group density, D,
obtained from the subsequently determined dry weight, relates to the succinylhydrazide
derivative with its incremental mass of succinyl groups. The group density in terms of

millimoles of hydrazide per gram of original polyacrylamide is D’ = D/(1 - 0.115D).

7.2.1.4 Determination of aliphatic amino groups

The titrated gel is washed and suspended in 0.2 M potassium chloride solution, taking
care that the volume of the solution does not exceed twice the bed volume. The pH of
the suspension is adjusted to pH 11.0 with dilute potassium hydroxide solution. Using
a standard solution of hydrochloric acid (v ml) of molarity M, the suspension is titrated,
bringing the pH to 7 (or pH 6 for a-amino groups). The volume of the suspension
(V ml) is then measured. The content of amino groups is calculated from the milli-

equivalents of HCI consumed (vM) after subtraction of the milliequivalents of free OH”



287

titrated {0.001 (V- v)]. Amino groups cannot be titrated by this method if diacylhydra-
zide has been used as the spacer. Kornbluth et al. (1974) used titration for the determi-
nation of the amount of hexamethylenediamine bound to Sepharose. However, in this
instance they titrated the gel to a thymolphthalein end-point with 0.1 M sodium

hydroxide solution.

7.2.2 Spectrophotometric method for the quantitative determination of solid phase
supported amino groups (Ngo, 1986 a)

The method involves allowing the solid support to react with an excess of activated
acylating agent N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP) and an efficient
acylation catalyst, 4-dimethylaminopyridine. Then, after thoroughly removing the
unreacted SPDP, the solid support is treated with an excess of dithiothreitol to quanti-
tatively release pyridine-2-thione from the solid support to the solution. After an
appropriate dilution, the released pyridine-2-thione which has a strong absorbance at

343 nm, is quantitated by reading its absorbance in a spectrophotometer at 343 nm,

7.2.3 Determination of the content of free carboxyl groups (according to Goldstein,
1973)

Glycine ethyl ester hydrochloride (325 mg) is dissolved in 2.5 ml of dimethyl sulpho-
xide and an equivalent amount of triethylamine is added to liberate the ester in the
free-base form. After stirring the reaction mixture for 1 h over ice it is filtered to
eliminate the triethylammonium chloride precipitate. The solution is added to a test
tube containing the carboxyl derivative of the gel (50 mg). A solution of 325 mg of
dicyclohexylcarbodiimide in 3 ml of dimethyl sulphoxide is then added to the magne-
tically stirred suspension of the gel and the reaction is allowed to proceed at room
temperature for 16 h. The gel is then separated by centrifugation, re-suspended in 5 ml
of dimethyl sulphoxide and again centrifuged. The washing with dimethyl sulphoxide is
repeated three times and is followed by a triple wash with acetone. After drying for

24h over phosphorus pentoxide under vacuum, followed by acid hydrolysis with 6 M
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hydrochloric acid for 48 h at 110°C, the amount of glycine in the gel is determined with

an amino acid analyser.

7.2.4 Colorimetric determination of the coupling capacity of solid-supported carbo-
xyl groups (Ngo, 1986 b)

The carboxyl groups of a solid support were coupled to cystamine at pH 4 - 4.5, using
a water soluble carbodiimide, 1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide, as the
condensing reagent. The solid-phase coupled disulphides were then reduced to
sulphydryl groups by treating the solid phase with dithiothreitol. For every single
carboxyl group coupled with cystamine, one solid phase sulphydryl group is introduced.
After removing all of the reducing reagents by extensive washing, the sulphydryl content,
which is equivalent to the carboxyl content of the gel, is quantitated by using 5,5 -dithio

bis-(2-nitrobenzoic acid): Ellman ’s reagent.

7.2.5 Determination of free amino groups in polymers on the basis of the condensa-
tion reaction with 2-hydroxy-1-naphthaldehyde (Esko et al., 1968)

A stable aldimine (Schiff’s base) is formed by the condensation of 2-hydroxy-1-
naphthaldehyde with the free amino groups in the polymer. After displacement of the
chromophore from the polymer with an amine, for example benzylamine, the amount
of the soluble aldimine thus formed is determined. Esko et al. (1968) recommended the
following procedure. A 10-mg amount of polymer is allowed to react in absolute ethanol
with a large excess (50 - 100 fold) of 2-hydroxy-1-naphthaldehyde at room temperature
for 12 h. After careful washing of the polymer with dichloromethane, 2 ml of 0.4 M
benzylamine in dichloromethane is added and the mixture is allowed to react for 30 min.
The amount of 2-hydroxy-1-naphthylidenebenzylamine is determined spectropho-
tometrically from the absorbance measured at 420 nm. Excess of benzylamine has

virtually no effect on the absorbance.
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7.2.6 Procedure for azide assay (Brenna et al., 1975)

Freshly prepared azido derivatives are washed 2 - 3 times with ice-cold water in order
to remove the acid, then 5 - 10 ml of the washed gel are suspended in 20 ml of 0.1 M
sodium hydroxide solution and stirred at room temperature for 2 h. A 0.1-ml volume of
clear supernatant is then added to 4.9 ml of 0.1 M ammonium iron(III) sulphate solution.
The absorbance at 458.1 nm, which is measured against a blank [4.9 ml of 0.1 M
ammonium iron(I1I) sulphate solution plus 0.1 ml of 0.1 M sodium hydroxide solution],
should be read within the first 5 min because hydrazoic acid is slowly released in acidic

medium.

7.2.7 The sodium 2,4,6-trinitrobenzenesulphonate colour test

Inman and Dintzis (1969) described a simple qualitative colour test with which the
course of the substitution in gels can be followed. The derivatized gel (0.2 - 0.5 ml in
distilled water) is added to approximately 1 ml of saturated sodium borate solution,
followed by three drops of 3 % aqueous sodium 2,4,6-trinitrobenzenesulphonate
(TNBS) solution:

0,N
TNBS
NH(CHz)sNHZ —_—> NH(CHz)sNH N02
pH>9
0,N

The colour is allowed to develop for 2 h at room temperature. Table 7.1 indicates the
colours obtained with individual products. The progress of substitution of the amino
derivatives by carboxylic ligands, or of hydrazide derivatives by affinity ligands that
contain amino groups, can be determined on the basis of the relative colour intensity of
the gel. The test can be made quantitative by washing the gels to remove picric acid and
the unreacted TNBS and solubilizing by warming with 50 % acetic acid. The content of

amino groups of gel can be determined from the absorbance at 340 nm.
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Table 7.1.

Colours produced by the sodium 2,4,6-trinitrobenzene sulphonate test

Derivative Colour
Unsubstituted agarose or polyacrylamide Pale yellow
Carboxylic and bromacetyl Yellow
Primary aliphatic amines Orange
Primary aromatic amines Red-Orange
Unsubstituted hydrazides Deep red

Antoni et al. (1983) used TNBS for the estimation of amino groups on insoluble matrix
beads. The method is based on the reaction of Sepharose 4B with excess TNBS and
subsequent quantitative determination of unreacted TNBS by reaction with glycine. The

method is simple and reproducible and does not require the solubilization of the matrix.

7.2.8 Fluorescamine test for the rapid detection of trace amounts of amino groups
(Felix and Jimenez, 1973).

Fluorescamine is a very powerful fluorogenic reagent which is capable of reacting
almost instantaneously with primary amino compounds, giving rise to fluorophors with
extinction and emission maxima at 390 and 475 nm, respectively. The reagent is capable
of detecting picomole amounts of primary amines and it reacts with uncoupled amino

groups of the solid support under mild conditions to form highly fluorescent derivatives:

ee HO N|

NH2 Et,NHO,C

EtN O 0 O

A 5 - 10 mg amount of the gel to be tested is transferred to a glass filter and washed
with dichloromethane, ethanol, dichloromethane and chloroform (three times for each

wash). The gel is then treated with 10% trimethylamine in chloroform followed by
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washing with chloroform, ethanol and chloroform once again (four times for each wash,
1 ml per treatment). After filtering off under suction, the gel is saturated with several
drops of 10% triethylamine in chloroform. Fluorescamine solution (10 mg/ml) is then
added. Triethylamine must be present in the gel before the addition of fluorescamine
in order to prevent the conversion of the fluorophor-containing gel into the non-fluo-
rescent y-lactone. After standing for 10 min at room temperature, the gel is filtered off
under suction and washed with chloroform, methanol and chloroform.

The funnel containing the gel is viewed under long-wave ultraviolet light (366 nm) and
its fluorescence is compared visually with that of a blank. As the coupling approaches
completion, the intensity of the fluorescence decreases and approaches that of the
blank. A fluorescamine solution, if stored at 4°C, gives reproducible results on storage

for up to 1 month.

7.2.9 Determination of oxirane groups (Sundberg and Porath, 1974)
The reaction between the oxirane ring and sodium thiosulphate is used for the

determination of the amount of oxirane groups in solution and in the agarose gel:

—C\H—/CH2 + S,052© + H0 » —CH-CH,—S,0,° + OH®
0

The release of OH' is controlled by titration with 0.1 M hydrochloric acid using a
pH-stat. For the determination of oxirane groups in solution, Sundberg and Porath
(1974) recommended the following procedure. The oxirane-containing solution (50 u1)
is added to 1.5 ml of 1.3 M sodium thiosulphate solution and the pH is kept constant by
addition of hydrochloric acid until the reaction is complete. The amount of oxirane
present in the solution is then calculated from the amount of hydrochloric acid needed

in order to maintain neutrality.
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For the determination of oxirane groups in agarose gel, the same authors recommend
the following procedure. Wet agarose gel (0.5 g) is added to 1.5 ml of 1.3 M sodium
thiosulphate solution of pH 7.0 and the oxirane content of the gel is determined by
titration with hydrochloric acid. The agarose gel is suction-dried under vacuum on a

glass filter funnel for S min and weighed.

7.2.10 Determination of aldehyde groups on the antibody molecule (Solomon et al.,
1990)

Aldehyde groups on oxidized antibodies have been determined using the avidin-
biocytin hydrazide system followed by a modified dot blotting method. A 3 ul volume
of oxidized antibody is applied to nitrocellulose discs, dried and incubated with
10 ug/ml of biocytin hydrazide for 1 h. After repeated washing with phosphate-buffered
saline (pH 7.4) and blocking with bovine serum albumin for 1 h, avidin-alkaline
phosphatase conjugate is added and the mixture incubated for 30 min at 37°C. After
repeated washing the amount of alkaline phosphatase bound to the blot is determined
by hydrolysis of the soluble substrate p-nitrophenyl phosphate. The amount of alkaline
phosphatase bound is directly proportional to the amount of aldehyde groups on the
oxidized antibodies. A calibration curve for lactoperoxidase-biotin containing a known

number of biotin molecules per molecule of protein is used.

7.2.11 Determination of the capacity of p-nitrophenol ester derivatives of hydro-
xyalkyl methacrylate (NPAC) gels (Turkovi, 1976)

The amount of active groups is determined on the basis of the spectrophotometric
measurement of the amount of p-nitrophenol released. A 100-mg sample of NPAC gel
is suspended in 10 ml of dilute ammonia (1:1) and the suspension is allowed to stand
for 1 - 4 h with occasional stirring, After the addition of 90 ml of distilled water, the
absorbance at 400 nm is measured and the amount of p-nitrophenol released is read

from a calibration graph.
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7.2.12 Determination of the degree of substitution of benzylated dibromopropanol
crosslinked Sepharose (Lads, 1975)

On the basis of exhaustive sulphation of benzylated and non-benzylated Sepharose,
the degree of substitution can be calculated by determining the difference in sulphur
contents. Pyridine (75 ml) is added dropwise to 10 ml of sulphur trioxide in a round-
bottomed flask fitted with a stirrer and a reflux condenser and chilled with ice. A sample
of five grams of gel is thoroughly washed with pyridine and allowed to react with 7.5 ml
of the suspension of sulphur trioxide-pyridine complex in stoppered tubes for 24 h at
40°C. The sulphated gels are then washed on a glass filter with about 200 ml each of
ethanol, water, 1 M acetic acid containing 2 M sodium chloride, 1 M sodium carbonate
containing 2 M sodium chloride and finally water. The gels are lyophilized and analysed

for sulphur.

7.2.13 Determination of vinyl groups (Porath et al., 1975)

The reaction

R-SO2-CH =CH2+$203> + H20 - R-S02-CH,-CH2-5;03> + OH"

is used for this determination. A 2-ml volume of 3 M sodium thiosulphate solution is
added to 2 ml of crosslinked gel in water. The hydroxyl ions that are formed during the
reaction are titrated with 0.1 M hydrochloric acid; the pH of 1.5 M sodium thiosulphate
(5.5) is considered to be the end-point of the titration. The reaction rate is very slow,

taking about 10 - 15 h for completion.

7.2.14 Determination of sulphydryl groups (Lowe and Dean, 1974)
Gel-bound sulphydryl groups can be determined with Elman’ s reagent [5,5” -dithio
bis-(2-nitrobenzoic acid)], which liberates one mole of strongly coloured 5-sulphido-2-

nitrobenzoate anion for each mole of thiol group (see next page):
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%SH + o,NOs—s—Q—m, i ts %S—SQNO, + Bs-<;>—no, + He®

900¢ coo® coo® coo®

e= 136x10* |/mole/cm ot pH B

The amount of coloured anion is determined on the basis of the absorbance measured
at 412 nm, This method was used by Cuatrecasas (1970) for the determination of -SH
groups in Sepharose derivatives, and was also used for the determination of dihydro-
lipoic acid covalently attached to Sepharose (Lowe and Dean, 1974).

4,4-Dipyridyl disulphide (Grassetti and Murray, 1967) and 2,2 ’-dipyridyl disulphide

(Svenson and Carlsson, 1975) give similar results:

S
~
NZ N | N
SH + | | _— S-S 2+ | |
NNgosT N N

4,4-Dipyridyl disulphite 4-Thioxo-1,4-dihydropyridine
Amax =324 nm, = 1.98.10* ymole/cm

Sepharose-bound thiols can also be determined on basis of their capability to take up
[14C] iodoacetamide on reaction with 0.01 M iodoacetamide in 0.1 M sodium hydrogen

carbonate solution (pH 8.0) at room temperature for 15 min (Cuatrecasas, 1970).

7.2.15 Determination of soluble and immobilized N-hydroxysuccinimide esters
(Miron and Wilchek, 1982)

A quantitative spectrophotometric assay for N-hydroxysuccinimide and its esters is
based on the formation of a chromophore upon titration with mild base. The maximum
absorbance for the chromophore is found at 260 nm, the extinction coefficient being
9700 /mole/cm. The method can be used for measuring the active esters on carriers and

their interaction with amines during peptide synthesis.
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7.3 METHODS FOR THE DETERMINATION OF IMMOBILIZED
AFFINITY LIGANDS

The effect of the concentration of immobilized affinity ligands was discussed in detail
in Section 4.4. From that discussion it is evident that, after the attachment of affinity
ligands to an inert carrier, it is very useful to determine the proportion of the molecules
that are covalently bound to the matrices before the sorption. A gel prepared for
sorption should not contain groups that are capable of coupling (blocking of the residual
active groups is described in Section 6.3) and it should be washed thoroughly. The
preparation of gels is discussed from the practical point of view in Section 6, as there
are methods by which one can check that the molecules of affinity ligand covalently

bound to the solid support are the only ones present in the gel.

7.3.1 Difference analysis

The amount of the affinity ligand coupled to a gel can be determined on the basis of
the difference between the total amount of the affinity ligand added to the coupling
mixture and that recovered after exhaustive washing. Although this method is sometimes
used, the results obtained are inaccurate, especially when only a small proportion of the
affinity ligand is covalently attached, or when the affinity ligand is sparingly soluble and
requires large volumes for unbound material to be washed out. However, the method
is suitable for an approximate evaluation of the amount attached. An example is the
determination of the amount of bound DNA on the basis of the difference between the

absorbances of the input solution and final wash solution at 260 nm (Schabort, 1972).

7.3.2 Spectroscopic methods

Direct spectrophotometry of derivatized gels can be employed for the determination
of immobilized affinity ligands that absorb at wavelengths above 260 nm. The gel is
suspended in optically pure polyacrylamide, ethylene glycol or glycerol in cells of 1 mm
path length, and the values are read against the underivatized gel in a double-beam

spectrophotometer. Lowe et al. (1973) used this method for the determination of the
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concentration of immobilized NAD* on the basis of the absorbance at 206 nm. The
amount of immobilized NADH was determined on the basis of the absorbance at 340
nm and of immobilized FAD on the basis of the absorbance at 450 nm (Lowe and Dean,
1974). Immobilized NADH, FAD and pyridoxamine are fluorescent when irradiated
with light of an appropriate wavelength (Collier and Kohlhaw, 1971; Lowe and Dean,
1974).

When determining the amount of leucine aminopeptidase and trypsin covalently
bound to Sepharose, Koelsch et al. (1975), compared five methods for the determination
of bound proteins: (1) on the basis of the protein balance before and after binding; (2)
from the amino acid analysis after acid hydrolysis; (3) by a modification of Lowry ’s
method (1951); (4) spectrophotometrically; and (5) by fluorimetric analysis. The
advantage of the last two methods, which they describe in detail, is that they do not cause
destruction of the gel. Together with Lowry’s method, these determinations of bound
proteins are characterized by simplicity, sensitivity and high reproducibility.

Several methods have been proposed for the solubilization of derivatized agaroses
which permit the quantitative spectrophotometry of immobilized affinity ligands (Lowe
and Dean, 1974). Agarose gels can be dissolved in hot water; underivatized agarose
can be dissolved at 60°C or higher. The subsequent cooling of highly concentrated
aqueous solutions of agarose leads to turbidity in the solutions, while more dilute
solutions become viscous but remain transparent. These effects are independent of pH
over the whole range. In contrast, derivatizable gels do not dissolve, even with heating
at 75°C with 8 M urea or 6 M guanidine hydrochloride solution. They can be solubilized
by heating with 0.1 M hydrochloric acid or sodium hydroxide solution at 75°C or, most
commonly, with 50% acetic acid. No visible precipitate is formed when solubilized, even
when the pH is adjusted to neutrality.

The spectra of solubilized agarose are shown in Fig. 7.1 (Failla and Santi, 1973).
Agarose, when dissolved in water, is transparent at wavelengths above 350 nm, but it
absorbs slightly between 240 and 350 nm. This absorbance is directly proportional to
the concentration of agarose and therefore it can easily be eliminated by using a suitable

blank. After treatment with 0.1 M hydrochloric acid (at 75°C for 2 h) agarose displays
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ABSORBANCE

5107 410° 5 10?

WAVELENGTH nm

Fig. 7.1. Spectra of solubilized agarose. A suspension containing the equivalent of 0.2 ml of the agarose in
5.0 m! of the indicated solvent was dissolved by heating at 75°C for 2 h. (A) H20 (a); 0.1 N NaOH-0.1%
NaBHa (b); 50% HOAc (c); 0.1 N HCI (d); 0.1-1 N NaOH (diluted to 10.0 ml with 1 N NaOH) (e). (B) 50%
HOACc (a); 0.1 N HCI (b); 0.1-1 N NaOH (diluted to 10 ml with 1 N NaOH prior to recording spectrum) (c).
Reproduced with permission from D. Failla and D. V. Santi, Anal. Biochem., 52 (1973) 363-368.

a significant absorption peak at 280 nm, probably produced by the acid-catalysed
formation of furfuraldehyde. In contrast, the action of 0.1 - 1 M sodium hydroxide
solution, under the same conditions, brings about partial caramelization of the gel, with
a broad absorption in the UV-visible spectrum and formation of amber-coloured
solutions. This effect can be prevented by adding 0.1% of sodium borohydride prior to
heating. In this instance the spectra obtained are similar to those obtained in water.

In Section 7.2.7 it has already been mentioned that the solubilization technique can
be used in connection with the TNBS test for the quantitative determination of gels
containing amino groups.

Stepanov et al. (1975) solubilized Sepharose with covalently bound mono-N-DNP-
hexamethylenediamine with 66% trifluoroacetic acid at 100°C. The solution obtained,
when diluted with 20% trifluoroacetic acid, had a maximum at 360 nm in its UV
spectrum, which could be used for the calculation of the content of DNP-amine (E360M

= 15,000). Borchardt et al. (1975) hydrolysed the modified gel with 2M sodium



298

hydroxide solution at 100°C before the spectrophotometric determination of 3,4-
dimethoxy-5-hydroxyphenylethylamine.

Larsson et al. (1983) have described a spectroscopic method for measuring the total
amount of affinity ligand immobilized to silica matrices after the solubilization of the
silica matrix by heating in 1 M NaOH for 3 min at 60°C. Spectra of the dissolved silica
affinity matrix versus underivatized matrix, after neutralization, have been used to
estimate the amount of chromophoric molecule immobilized. In addition, it has been
suggested that the amount of ligand bound to silica can be determined from the
ultraviolet (UV) absorbance of a suspension of the functionalized matrix in saturated
sucrose, which suppresses light scattering due to the similarity of its refractive index to
that of silica. The viscosity and density of the suspension prevent settling of the silica
while measuring the absorbance.

The use of 'H-NMR spectroscopy for the determination of the degree of substitution
in the series of agarose gels substituted with hydrophobic groups has been described by
Rosengren et al. (1975). Agarose derivatives were washed carefully and shrunk with
acetone on a glass filter. A 100-g sample of the suction-dried gel was transferred into a
50-ml flask, 20 ml of 85% formic acid was added and the mixture was heated under a
reflux condenser on a water bath for 1 h. If the polysaccharide carrier did not dissolve
during this period, the time of hydrolysis was prolonged. After hydrolysis, the mixture
was evaporated to dryness and, after the addition of 2 ml of 21,0, the mixture was again
dried. The addition of heavy water and the evaporation were repeated and the remaining
residue was dissolved in 1 ml of hexadeuteriodimethyl sulphoxide and used for NMR
spectroscopy.

The quantitation of immobilized immunoglobulin G has been determined ellipso-
metrically by Jonsson et al. (1988). The principle and advantages of this method have

already been discussed in Section 5.5.2.

7.3.3 Determination by means of acid-base titration
Polar affinity ligands can be determined by titration of the derivatized gel with an acid

or a base. Hixson and Nishikawa (1973) determined titrimetrically the amount of
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p-aminobenzamidine bound by the water-soluble carbodiimide to succinylated hexa-
methylenediamine-Sepharose together with the remaining unsubstituted carboxyl
groups. The Sepharose derivative containing carboxylate ions was washed with a 50-fold
volume of 0.5 M sodium chloride solution and the volume of the gel was determined by
allowing it to settle for 1 h or by gently centrifuging the beads in a calibrated cone. The
gel was titrated from pH 7 to pH 3. The whole procedure was repeated after the
attachment of p-aminobenzamidine, and the concentration of attached affinant was
derived from the difference between the titres. The concentration of N6-(6-amino-
hexyl)-AMP immobilized on Sepharose has also been determined by direct titration

(Craven et al., 1974).

7.3.4 Determination of immobilized proteins, peptides, amino acids, nucleotides,
carbohydrates and other substances after liberation by acid, alkaline or enzymatic

hydrolysis

7.3.4.1 Determination of immobilized amino acids, peptides and proteins

The method most often employed for this determination is quantitative amino acid
analysis according to Spackman et al. (1958), after acid hydrolysis of the immobilized
affinant. The procedure described by Axén and Ernback (1971) is most often used. For
agarose with attached enzymes, the gels are freed from buffers on a glass filter (G3) by
washing with distilled water and then with a mixture of acetone and water, with
increasing concentrations of acetone, Finally, the conjugates are washed with acetone,
which is eliminated under vacuum, and the preparations are dried under vacuum over
phosphorus pentoxide for 48 h. The weighed amount of the modified gel is hydrolysed
with 6 M hydrochloric acid at 110°C for 24 h in a closed, evacuated vessel. Amino acid
analysis of the hydrolysate is performed with an amino acid analyser and the protein
content was calculated from the content of aspartic and glutamic acid, alanine and
leucine. A high content of carbohydrates leads to a dark coloration of the hydrolysate,

which, however, does not interfere in the analysis.
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Koelsch et al. (1975) pre-purified the dark-coloured hydrolysate, which results from
the acid hydrolysis of the polysaccharide carrier on the ion-exchange column. The
hydrolysate is prepared using norleucine as an internal reference. After elimination of
HCl on a rotatory evaporator, the samples are dissolved in 2 ml of 0.02 N hydrochloric
acid and applied either to a 7 x 1 cm column of Amberlite IR 120-X8 and eluted with
25 ml of 1 M ammonia solution, or to a 7 x 1 cm column of Dowex 50W-X4 and eluted
with 25 ml of 10% (v/v) pyridine-water. Holleman and Weis (1976) also determined
e-aminocaproic acid eluted shortly before lysine on an amino acid analyser after acid
hydrolysis.

A simple, reliable, and sensitive colorimetric procedure for the determination of
proteins bound has been described by Marciani et al. (1983). The procedure utilizes the
capacity of diethyldithiocarbamate to react with cupric ions, resulting in a complex
having a dark yellow colour. The extent of reduction in the colour, due to chelation of
Cu’™ by the immobilized proteins, indicates the amount of protein. The formation of
Cu2+-protcin complex proceeds stepwise until enough excess of cu®tis present to
form the final complex. The reliability of the procedure requires that all the protein
species, samples and standards, are in the final Cu2+—protein complex form. The

method is accurate and simple.

7.3.4.2 Determination of nucleotides

The quantity of nucleotides bound to Sepharose has been determined by calculation
of the amount of the soluble product formed after alkaline or nuclease hydrolysis
(Hayashi, 1973). The material absorbing in the ultraviolet region, formedin the superna-
tant during hydrolysis, was determined on the basis of the absorbance, and the hydrolysis
was stopped when the absorbance no longer increased. During alkaline hydrolysis, 1 ml
of the derivatized gel is mixed with 1 ml of 0.6 M sodium hydroxide solution and the
mixture is incubated at 37°C. During enzymatic hydrolysis with T2 ribonuclease, 0.5 mi
of the derivatized gel is mixed with 0.5 ml of 0.1 M sodium acetate buffer of pH 4.6,
containing one unit of T2 ribonuclease. Incubation is again carried out at 37°C.

Enzymatic hydrolysis with phosphodiesterase is carried out in 0.1 M Tris-hydrochloric
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acid buffer of pH 8.5, containing 0.01 M magnesium chloride. One milligram of snake
venom phosphodiesterase is used per 0.5 ml of the derivatized gel. Phosphodiesterase
and alkaline phosphatase have been used simultaneously for the hydrolysis of Sepharose
with attached p-aminophenyl-ATP or dATP by Berglund and Eckstein (1972), who
determined the release of the nucleotide in the hydrolysate. Similarly, after enzymatic
hydrolysis with alkaline phosphatase, the amount of the immobilized AMP was determi-
ned on the basis of the phosphate analysis of the terminal phosphate split off (Craven
et al., 1974).

On the basis of the total determination of phosphorus (King, 1932), Moudgil and Toft
(1975) determined the amount of ATP bound to Sepharose. The sample was first
oxidized with a suspension of 7% perchloric acid in 4.5 M sulphuric acid and then

incubated at 240°C for 60 min.

7.3.4.3 Determination of carbohydrate

For the determination of the carbohydrate content of copolymers, Hofejii and
Kocourek (1973) described the following procedure. A 0.1-g amount of dry pulverized
gel is hydrolysed under reflux in boiling 2.5 M sulphuric acid for 6 h. After cooling, the
content of carbohydrates in the supernatant is determined by the phenol-sulphuric acid
method according to Dubois et al. (1956). Galactosyl pyrophosphate bound to Sepha-
rose has been determined on the basis of the analysis of phosphates after hydrolysis with
0.5 M hydrochloric acid at 100°C for 1 h (Barker et al., 1972). Similarly, immobilized
N-acetylglucosamine has been determined on the basis of the liberated glucosamine
determined after acid hydrolysis with 6M hydrochloric acid at 110°C (Baker et al., 1972).

After hydrolysis of a lyophilized sample of heparin-Sepharose, the content of heparin
was determined, for example, on the basis of the analysis of sulphates (Sternbach et al.,
1975).

7.3.4.4 Determination of immobilized dye
The amount of immobilized dye can be determined by brief acid hydrolysis followed

by a spectrophotometric measurement (Stellwagen, 1990). A portion of the immobilized
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dye is added to 0.6 ml of 5 M HCl and maintained at 37°C for 5 min. Then 2.4 ml of 2.5
M phosphate buffer, pH 7.5, is added and the absorbance of the solution measured at
the Amax for dye. Immobilized dye concentration is commonly reported as milligrams of
dye per gram wet weight of matrix. The spectral parameters for several reactive dyes
have been reported and are listed in Table 7.2. The visible absorbance maximum and
the extinction coefficient for other dyes need to be determined by the investigator using

the same dye preparation employed in the immobilization reaction,

Table 7.2.

Reactive dye parameters

Group Generic Visible spectrum Molecular
name A max E (mM!cm!) weight®

1 Yellow 3 385 89 578

2 Blue 4 610 10.5 636

3 Blue 2 610 13.6 773
Red 120 522 30.0 1336

4 Blue 19 590 59 566
Brown 10 530 15.0 588

5 Green 5 675 574 1760
Green 19 630 208 0 e
Red 58 546 213 801

4 For the acid form

It should be noted that less than 5% of an immobilized dye can retain protein, an
observation in keeping with affinity chromatography in general. Nonetheless, this
concentration of immobilized dye can facilitate interaction of a retained protein with
several immobilized dyes simultaneously. This may result from occupation of more than
one of the functional sites on a protein having multiple subunits or from weak inte-
ractions at other protein sites. The occurrence of such multiple interactions will increase
the concentration of the competitive biomolecules necessary for elution of the desired

protein.



303

73.5 Determination of the amount of bound affinant on the basis of elemental
analysis

The amount of immobilized nucleoside is most commonly expressed on the basis of
the determination of the total content of phosphorus (Lamed et al. 1973) according to
King (1932). The amount of sulphanilamide bound to Sepharose can be determined on
the basis of the determination of sulphur (Falkbring et al., 1972). i

The determination of immobilized affinants on the basis of the determination of

nitrogen sometimes leads to erroneous conclusions. As it has already been discussed in
Section 6.2, nitrogen is introduced into the gel during cyanogen bromide activation, the
amount depending on the temperature used during activation (Nishikawa and Bailon,
1975). The amount of immobilized protein, especially antibodies, is sometimes calcu-
lated from the amount of nitrogen determined by the Kjeldahl method (Matheka and
Mussgay, 1969).

7.3.6 Determination of labelled affinity ligands

Radioactive affinants have been used in many instances for binding to solid supports.
The amount of the bound affinity ligand can easily be determined on the basis of the
radioactivity measured. For example, Green and Toms (1973) determined the amount
of biotin bound to Sepharose on the basis of the measured radioactivity. Suspension
samples (0.1 ml) were taken with a siliconized 0.25-ml tuberculin syringe or an
Eppendorf pipette and transferred into the centre of 4-cm? planchets. A 0.05-ml volume
of 1% sodium dodecyl sulphate solution was added to each sample. The suspensions
were dried and their radioactivity was counted. Control experiments with a known
amount of [14C] biotin bound to avidin-Sepharose have shown that a self-absorption

correction as high as 11% is necessary.

7.3.7 Determination of immobilized diaminodipropylamine by ninhydrin colo-
rimetry (Holleman and Weis, 1976)
Aminoalkylagarose (0.1 ml) is diluted to 2 ml with water and 5 ml of ninhydrin solution

is added (4 mg of ninhydrin is dissolved in 150 ml of methyl Cellosolve and 50 ml of 4 N
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acetate buffer of pH 5.5, and 80 mg of tin dichloride is added under a constant stream
of nitrogen). The mixture is heated on a boiling-water bath for 20 min and, after dilution
with 7 volumes of 50% ethanol, agarose is eliminated by centrifugation at 2000 g for 10
min. The absorbance of the supernatant is read at 750 nm against a blank consisting of
a solution prepared from non-derivatized agarose treated in an identical manner. A
correction must be made when reading the values from the standard graph obtained
with the use of 3,3’-diaminodipropylamine, taking into consideration that 3, 3’-diami-
nodipropylamine carries two primary amino groups when free, but probably only a

single amino group when coupled to agarose.

73.8 Determination of immobilized proteins on the basis of tryptophan content
(Eskamani et al., 1974)

Eskamani et al. (1974) have adapted a method for the determination of tryptophan,
which is based on the reaction with ninhydrin in an acid (Gaitonde and Dovey, 1970),
to the determination of proteins bound to solid supports. To 1 ml of water or dilute
buffer (0.02 M) containing the free or the immobilized protein they added in each
instance 1 ml of ninhydrin reagent (250 mg of ninhydrin in a mixture of 6 ml of 90%
formic acid and 4 ml of concentrated hydrochloric acid). After mixing, the capped test
tubes were incubated in a water bath at 100°C for 20 min and, after cooling, 1-ml aliquots
were diluted with 9 ml of 95% ethanol. The absorbance of the solution obtained was
read at 400 nm against a blank prepared from the same amount of solid suport without
the enzyme. Since collagen does not contain tryptophan, this method could be used for
the determination of the content of proteins covalently bound to collagen. The authors
therefore determined the calibration graph for lactase and glucoamylase in the presence

of collagen (Fig. 7.2).

7.4 STUDY OF CONFORMATIONAL CHANGES OF IMMOBILIZED
PROTEINS

The changes in the behaviour of affinity ligands after their binding to a solid carrier

are mostly attributed to the modification by the binding, to the effect of the newly formed
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Fig. 7.2. Determination of tryptophan-containing protein in the presence of collagen. A standard solution
of lactase was prepared by dissolving 100 mg of lyophilized B-galactosidase in 10 ml of 0.02 M phosphate
buffer, pH 7.0. A standard solution of glucoamylase was similarly prepared in 0.02 M acetate buffer, pH 4.0.
Aliquots were diluted to 1.0 ml with the same buffer, and 21.0 mg of collagen membrane was added to each.
A 1-ml volume of ninhydrin reagent was added to these tubes and to a blank with collagen, and solutions
were incubated 20 min in a 100°C bath. After cooling, a 1-ml aliquot was diluted with 9 ml of 95% ethanol,
and the absorbance of the samples was determined at 400 nm, using the blank with collagen as a reference.
o, Lactase; 03, glucoamylase. The lines were determined by linear least-squares analysis of the data points
(omitting the two highest levels of glucoamylase). Reproduced with permission from E. Eskamani et al.,
Anal. Biochem., 57 (1974) 421428,

micro-environment, limitation of diffusion, etc. Less often a change in conformation is
assumed, in spite of the fact that, in comparison with native protein, the changes in the
biological activity towards thermal inactivation or denaturation agents show clear
changes in conformation or in the ease of submitting to these conformational changes

as a consequence of the binding of the protein to the carrier. Among the various
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physico-chemical methods developed for the study of the conformation of proteins in
solution, the fluorescence technique seems to be most easily adapted for conformational
studies of immobilized proteins. Both the intensity and the spectrum of the emitted
fluorescent light depend on the environment of fluorescent groups, and changes in the
environment are reflected in corresponding changes in the intensity and in the spectrum
of the emitted light. However, strong light scattering due to the binding matrix may cause
difficulties in the measurement of the fluorescence. Fortunately, the concentrations of
the protein absorption bands are generally high. The light absorption thus competes
effectively with the light scattering. The excited light is absorbed by a very thin layer on
the face of a bed of protein - matrix conjugate and the fluorescence light can be readily
separated from the scattered light. Gabel et al. (1971) have described a cell that allowed
them to study the conformational changes of the immobilized trypsin and chymotrypsin
caused by urea, heat or the presence of specific ligands, using the fluorescence method.
Since the use of this cell is not particularly suitable, Barel and Roosens (1974)
constructed a very simple cylindrical fluorescence cell, which is shown schematically in
Fig. 7.3. The cell consists of a stainless steel top end piece (A) with Teflon tubing and
afitting (B), a Teflon adapter (C), fitting into a cylindrical micro-cell (D), and a stainless
steel bottom end piece (E), with Teflon tubing and a stainless steel screw adapter (F).
The micro-cell (quartz, 5.00 mm O.D and 3.00 mm 1.D.) has inserted a tightly fitting

porous Teflon disk (G). An appropriate holder for this cell was made of aluminium and
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Fig. 7.3. Diagram of fluorescence cell. Reproduced with permission from A.O. Barel and H.Roosens,
Anal.Biochem., 60 (1974) 505-511.
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fits into the ordinary cell compartment of the fluorimeter. It was necessary to remove
the existing screw-button fixing the cell compartment to the apparatus; this was replaced
with a bored screw through which the Teflon outlet tubing can pass. The advantages of
using the cylindrical cell (even through the scattering may be greater than for rectangu-
lar cells) are that the ends of a cylindrical cell are easy to seal with O-rings, allowing its
use as a chromatographic column, and making them easy to clean for re-use; futhermore,
the amount of material required for the cylindrical system is half that required by a
commercially available rectangular cell (50 41 compared to 100 ul).

Barel and Roosents (1974) used an Aminco Bowman SPF spectrofluorimeter
equipped with an RCA R 4465 phototube, an off-axis ellipsoidal condensing system and
a Houston 2000 X-Y recorder. Correction of the emission spectra was found to be
unnecessary since the spectral response of the detection system (i.e. monochromator
plus photomultiplier) remains reasonably constant (+ 10%) from 300 to 500 nm. It was
necessary to narrow the exciting beam with slits of 1-mm width in order to decrease the
scattering off the round cell. With the combination of slits used, the excitation and
emission bandwidths were 10 nm. All experiments were carried out at room tempe-
rature.

In order to obtain reproducible fluorescence spectra of insoluble proteins it was
necessary to start with the completely dismantled cell. The micro-cell (D and G) (see
Fig. 7.3) is filled with a maximum of 100 g1 ( 50 xl is usually sufficient) of the protein
agarose gel using a Pasteur pipette and the gel is immediately layered with 100 4l of the
appropriate eluting buffer. The Teflon adapter (C) is fitted into the micro-cell and the
cell holder (H) and secured in place with the top end-piece (A). The eluting buffer is
then passed downwards through the gel with the aid of a peristaltic pump. A flow-rate
varying from 0.2 to 0.5 ml/min is used. All of the spectra are recorded after the gel has
been washed for 10-15 min with the buffer. The protein-Sepharose 4 B gels are
illuminated only during the time necessary to record the emission spectra, in order to
minimize photoinactivation. By following this procedure, the protein-gel aliquot can be

used repeatedly and it has been shown that photoinactivation of the protein sample is
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negligible. It is possible to easily record the fluorescence spectra of about 0.2-300 ug of
protein covalently linked to Sepharose 4B.

It is worth noting that the same cell device can be used for classical fluorimetry on
protein samples in solution. In this instance the protein solution is introduced upwards
into the flow cell. While maintaining the overall cell geometry constant,this procedure
allows the comparison of the fluorescence spectra of proteins in solution and on an
insoluble matrix. a-Lactalbumin solutions are usually studied at concentrations ranging
from 0.05 to 0.15 mg/ml in 0.05 M buffer at pH 7.5.

This procedure was used by Barel and Prieels (1975) for the study of conformational
changes of various a-lactamines bound to agarose carriers.

Berliner et al. (1973) have studied conformational changes of trypsin spin-labelled
with 1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl methylphosphonofluoridate by means of
ESR spectroscopy. Benko et al. (1975) studied the effect of binding of methae-
moproteins on to latex particles, with respect to the conformation of bound proteins,

using the longitudinal magnetic relaxation rates of solvent protons.

7.5 STUDIES OF THE DISTRIBUTION OF PROTEINS BOUND TO
SOLID SUPPORTS

Since, in nature, many biologically active substances exist bound to a membrane or in
the form of other native complex structures, well characterized solid supports with
bonded biologically active molecules also represent suitable models for their study. For
this theoretical reason, but also for practical reasons, it is advantageous to know the
spatial distribution of covalently bound biologically active molecules.

The method frequently employed is fluorescence microscopy after labelling with
fluorescein isothiocyanate to render the protein molecules visible (Fey and Jost, 1973;
Lasch et al., 1972; Stage and Mannik, 1974). In order to make leucine-aminopeptidase
bound to Sepharose or Sephadex visible, Lasch et al. (1972) used two procedures, one
of which consisted in binding the fluorochrome fluorescein isothiocyanate covalently to
the enzyme before its binding to a solid support, and the other in the labelling of the

antibody corresponding to the enzyme with the fluorescein derivative.
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The labelling of the enzyme with the fluorochrome fluorescein isothiocyanate was
carried out by dialysing 2 ml of 13.8 uM enzyme solution with vigorous stirring against
257 uM fluorescein isothiocyanate solution at 4°C for about 8 h. Both solutions were
made up in 0.1 M sodium hydrogen carbonate solution. The labelling was terminated
by the application of the mixture on to a Sephadex G-25 column. The fluorescein-
labelled enzyme passed through the column unretarded and nearly undiluted, while
fluorescein isothiocyanate was strongly adsorbed on to the gel. It could be partly eluted
with 0.1 M sodium hydrogen carbonate solution, using five times the column’s volume.
The labelling of the leucine-aminopeptidase antiserum took place in the same manner.
The binding of fluorescein-labelled enzyme to cyanogen bromide-activated Sepharose
or Sephadex took place in the same manner as with non-labelled enzyme. The fixation
of the fluorescein labelled antibody on to the matrix-bound enzyme was carried out in
0.1 M sodium hydrogen carbonate solution. Undiluted labelled antiserum was mixed
with the same volume of a suspension of the enzyme bound to a solid support and then
allowed to stand in a thermostat at 37°C for 1 h and at 4°C for a further 12 h. After
transferring the material on to a glass filter, non-specifically sorbed components were
eliminated by intensive washing with 0.1 M sodium hydrogen carbonate solution. In
order to determine the distribution of the protein within the support beads, thin sections
of the carrier with the attached enzyme had to be prepared, taking care that the structure
of the matrix was not damaged. This can be achieved by embedding the support beads
in 20% (w/v) gelatin. The gel particles were soaked in the gelatin solution for 5 h at 37°C
and then poured into a suitable small container. After standing for several hours in a
refrigerator, the gelatin blocks were frozen and cut with a microtome into 10-um
sections. These sections were spread on microscope slides and protected from drying
by covering them with thin glass covers. Extinction and emission spectra of fluorescein
isothiocyanate, fluorescein-labelled aminopeptidase, both free and bound to an agarose
or dextran carrier, were recorded with a fluorescence spectrophotometer.

In studies where the fluorescein technique was used for detection, a uniform
distribution of the proteins in the gel has been demonstrated. On the other hand, David

et al. (1974), who followed the distribution on the basis of the radiography of 125
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labelled peroxidase bound to Sepharose beads. Lasch et al. (1975), however, found that
the differences are not caused by the detection method used, but by the different
methods of preparation of the immobilized protein. Using electron microscopy of
ferritin bound to Sepharose, they demonstrated that the application of a very effective
method of binding efficiency, higher than 90%, brought about the formation of a
shell-like distribution of the covalently bound ferritin, whereas, when the efficiency of
the binding was lower than 50%, a uniform distribution of the bound ferritin was again

obtained.
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Chapter 8
General considerations on sorption, elution and non-specific binding

8.1 PRACTICAL ASPECTS OF BIOAFFINITY TECHNIQUES

The properties of suitable biospecific adsorbents have already been discussed in
preceeding chapters. The strength of interaction between the covalently bound ligand
and its partner, and the steric accessibility of the complementary binding sites, play an
essential role in the study of optimum conditions for sorption and elution of substances
which are to be isolated or determined.

Since ionic bonds or hydrogen bonds, hydrophobic interactions and Van der Waals-
London forces may participate to varying degrees in the binding of the complementary
sites of the affinity ligand and of the isolated substances, the optimum conditions for
sorption and desorption will vary in particular cases. In general, the starting conditions
for sorption should be selected so that they cause maximum sorption of the isolated
substance. The choice of the starting buffer is entirely dependent on the optimum
conditions of complex formation between the affinant and the isolated substances and,
in addition to temperature, pH and ionic strength, it also depends on the content of
metal ions and other specific factors.

For sorption, it is best to dissolve a sample of the substance to be isolated in the
starting buffer and, if necessary, to change the composition of any salts present in the
sample by dialysis or gel filtration. If a substance that forms a strong complex with the
immobilized affinity ligand under the given conditions is isolated by column chro-
matography, the volume of the sample introduced onto the column is irrelevant.
However, if substances of low affinity towards the attached affinant are isolated by
bioaffinity chromatography, the volume of the sample applied should not exceed 5% of
the hold-up volume in order to prevent elution of the isolated substance along with
non-adsorbed material. If a substance with a low affinity for the bound affinant is
isolated, it often elutes from the column, even without a change of buffer. In this case

the isolated substance is obtained in dilute form. An example may be a comparison of
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the chromatography course of chymotrypsin on Sepharose with both coupled e-amino-
caproyl-D-tryptophan methyl ester and with directly attached D-tryptophan methyl
ester, shown in Fig, 4.5. For the elution of chymotrypsin from the solid support on which
the inhibitor is bound via e-aminocaproic acid as spacer, a change in pH is necessary
for displacement, and the chymotrypsin fraction s eluted as a sharp peak. If the inhibitor
is coupled directly on a solid support, its steric accessibility is decreased and
chymotrypsin is only retarded. The enzyme is eluted in a much greater volume at the
same pH, closely after the inactive material.

If a small amount of substance is isolated from a crude mixture by means of an
immobilized affinity ligand having high affinity, the batchwise arrangement can be
employed to advantage, sometimes combined with elution after a transfer of the material
into a column. An example is the isolation of thyroxine-binding globulins by means of
bioaffinity chromatography on Sepharose with attached thyroxine. In order to obtain a
higher yield, Pensky and Marshall (1974) carried out the first part of the sorption in a
batchwise arrangement by stirring normal human serum with insolubilized affinant
overnight. After washing with 0.1 M sodium hydrogen carbonate solution, they
transferred the insoluble carrier, with together with the adsorbed isolated substances,
into a column from which two thyroxine-binding globulin fractions were then eluted with
0.002 M potassium hydroxide solution. This combination of the batchwise and the
column arrangement is often encountered in bioaffinity chromatography. It is not only
the time necessary for the contact of substances to be isolated with the attached affinity
ligand that is thus prolonged; the time necessary for a correct orientation of binding
sites is also longer. In the column arrangement, the prolongation of the time of contact
of the substance to be isolated with immobilized affinant is achieved by stopping the
flow through the column after sample application for a certain time. Manen and Russell
(1974) stated that adenosyl-L-methionine decarboxylase on Sepharose with attached
p-chloromercuribenzoate was stopped for 2 h; the enzyme was eluted after several
fractions. A sufficiently low flow rate through the column of a specific sorbent is of prime
importance in the isolation of high molecular weight substances, especially if they occur

in high concentrations.



315

The batchwise arrangement of affinity chromatography is particularly suitable for
large-scale isolations if the systems involved have a sufficiently high affinity. It is often
appropriate to insert an initial purification step before the specific sorption, in order to
dissociate and separate the components of naturally occurring complexes that contain
the required substances. This step may consist, for example, of precipitation, extraction
or adsorption on an ion exchanger. Frequently, affinity sorption is carried out directly
from crude extracts, sera or exudates. Porath (1972) recommended enclosing the gel
particles of specific sorbents in containers with semipermeable walls, permitting the
free passage of dissolved substances and the retention of large particles. Nylon net bags
can be used, for example. If several bags containing various specific sorbents are
immersed in the medium, several substances can be isolated simultaneously, or else
unwanted substances which may decrease the yields of the isolated substances , such as
proteolytic enzymes, can be eliminated from the solution.

The great improvement of bioaffinity chromatography connected with the change
over from the soft gel supports to small and hard particles used in high-performance
bioaffinity chromatography (HPLBAC) has been already discussed in Chapter 1 and
Section 2.2. Mechanically stable, high-porous or nonporous rigid particles of a small
and uniform size provide high speed and resolution. The rapid separation obtained in
HPLBAC makes this technique especially valuable for analytical assays where time
plays an important role. The analysis of drugs and metabolites in serum or plasma can
casily be performed within minutes with high recovery rates (Ernst-Cabrera and
Wilchek, 1988). A comprehensive review on HPLBAC as a new tool in biotechnology
has been published by Ohlson et al. (1989); it contains a list of many suppliers of
commercially available HPLBAC matrices and biospecific adsorbents. A biospecific
adsorbent prepared from nonporous quartz fibre is shown in Fig. 4.2. It was used for
large-scale purification of ox heart lactate dehydrogenase.

The development of cell separation by bioaffinity chromatography has been severely
hampered by difficulties in recovering cells from affinity supports. Progress was made
by Ugelstad et al. (1988) who used monosize magnetic particles in selective cell

separation. Their paper reports, for example, the successful clinical applications of
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immunomagnetic beads for depletion of tumour cells or T lymphocytes from bone
marrow. Superparamagnetic polystyrene Dynabeads (DYNAL A.S, Oslo, Norway),
consisting of a maghemite (Fe2O3)-containing core covered with a polymer are at
present commercially available. They have a smooth surface that is easily coated with
antibodies or other selecting molecules. Combined with a magnet, Dynabeads make a
unique tool in positive or negative separation.

The proteolytic enzyme urokinase has therapeutic potential as a plasminogen acti-
vator that promotes dissolution of thrombin in vivo. Male et al. (1990) described a
simple method for purifying urokinase from human urine. They modified a single-step
method for urokinase purification by immunoaffinity chromatography by bioaffinity
ultrafiltration. They synthesized a water-soluble, ligand-bound polymer by copo-
lymerizing N-acryloyl-m-aminobenzamidine and acrylamide in the absence of oxygen.
The bioaffinity ultrafiltration process the described yielded urokinase which exhibited
a specific activity close to that of the highest commercial grade. The bioaffinity polymer
was synthesized using commercially available material such as acrylamide, amino-
benzamidine, etc. Because this type of macroligand is less sensitive to factors such as
shear force, temperature and pH, it is easy to handle and should have a long operating
life. According to the authors, in contrast to their isolation, immunoaffinity chro-
matography can be very costly, laborious and time consuming. The monoclonal anti-
bodies are expensive, difficult to prepare, susceptible to degradation and have only a
limited operatinglife. In recent time ligands bound on a membrane, evolved from micro-

and ultrafiltration, have provided new biospecific adsorbents for rapid purification.

8.2 SORPTION CONDITIONS

8.2.1 Concentration of adsorbed molecules, equilibration time, geometry of column,
and flow rate

The concentration of the solution of the substance to be isolated acts in various ways
if the process represents affinity separation in column or batchwise arrangement.

Another important factor is the level of affinity of the interacting complementary sites
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of the isolated substance and the affinant. The equilibration time and the flow rate are
related to this factor.

In column bioaffinity chromatography, a sufficiently strong interaction of the isolated
substances with the immobilized affinity ligand causes the substance to be concentrated
and slows its migration down the column. This process depends on the concentration
of ligand and is almost independent of the starting concentration of the free macro-
molecule.

Fig, 8.1 shows the application of 50 mg of crude porcine pepsin dissolved in 10, 100,
or 1000 ml to a column of e-aminocaproyl-L-Phe-D-Phe-OMe-Separon (Turkovi et al.,
1981). The increasing dilution of the enzyme solution causes the peak of the first fraction
ofinert proteins to undergo spreading (it completely disappears at the lowest concentra-
tion). By contrast, the peak of the pepsin fraction (eluted by a desorbing buffer of high
ionic strength) is sharp in all three cases and is in no way affected by the dilution.
However, since nonderivatized Separon was found to be suitable for hydrophobic
chromatography (Strop and Cechova, 1981), it was determined, using unmodified
Separon by the first chromatography operation in Fig. 8.1 (A), that under the conditions
of bioaffinity chromatography whole proteolytic activity emerged in front of the equi-
librium buffer and no material was eluted by the desorption buffer.

The concentration of a substance to be isolated in the sorption solution affects the
rate of attainment of equilibrium during the batchwise process. Fig. 8.2 shows an
orienting experiment carried out by Porath and Sundberg (Porath and Kristiensen,
1974). One-gram portions of soybean trypsin inhibitor-Sepharose were suspended in
solutions containing equal amounts of trypsin, but at different concentrations, and the
residual activity of trypsin was then measured at various time intervals. On the basis of
the curves obtained, the authors assumed that for a suspension containing 1% of
adsorbing gel particles of diameter 50-100 #m in the solution containing the isolated
substance in the molecular-weight range 10,000-100,000 Daltons a contact time of 20-30
min is necessary if the gel particles are composed of agarose with a matrix density of
6% or less. Proteins with high molecular volumes, or particles larger than 10° Daltons,

will require a much longer time for diffusion to the binding sites of the affinity ligand,
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Fig. 8.1 Chromatography of crude pepsin on unmodified Separon H 1000 (A) and Separon H 1000 Emed with
bound e-aminocaproyl-L-phenylalanyl-D-phenylalanine methyl ester (B,C,D). Sample, S0 mg of crude
pepsin (A,B in 10 ml, C in 100 ml, D in 1000 ml of 0.1 M sodium acetate buffer, pH 4.5) washed first with the
same buffer, starting from the spot denoted with an arrow, washed with the same buffer containing 1 M
sodium chloride. Fractions, 5 ml in 4-min intervals; room temperature. Data from J. Turkovd et al., J.
Chromatogr., 215 (1981) 165-179.
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even when a gel of high permeability is used. For extra-high molecular weight
substances, it is more advantageous to avoid gel permeation and rather to use adsorption
on the beads coated with substances that interact specifically with the particles.

In column chromatography, too, the diffusion rate of the molecules into the gel does
not depend on the pore size only; it also depends on the relationship between the
molecular size and the pore volume. When a concentrated solution of large macro-
molecules is applied onto the gel, some molecules will diffuse into the accessible pores,
but molecules coming in later will find many pores occupied and their probability of
diffusion into the occupied pores will be reduced, depending on the reduction in the
accessible pore volume. This leads to exclusion from the pores, which is the origin of
immobilized ligands whose accessibility is changed. The second reason for the appea-
rance of the isolated protein in the void volume of the eluate at high flow rates applied
to highly overloaded columns is the steric hindrance to subsequent molecules by the

molecules of the protein that have already been adsorbed. A globular protein of medium

640 m)
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Fig. 8.2, Rate of adsorption of trypsin onto soybean trypsin inhibitor-agarose particles in suspensions of
different concentrations. Reproduced with permission from J. Porath and T. Kristiansen, in H. Neurath and
R. L. Hill (Editors), The Proteins, Academic Press, New York, 3rd ed., 1975, pp. 95-178.
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size, such as a hemoglobin, covers an area of about 2500 A (Lowe and Dean, 1974),
which itself produces considerable steric hindrance.

Since the interaction of macromolecules with an immobilized affinant is a time-de-
pendent process, it is affected by the flow rate and the equilibration time. In many
instances adsorption equilibrium is attained very slowly. For the interaction of a
macromolecule with an immobilized affinant, mere collision of appropriate molecules
does not suffice, because a correct orientation of binding sites, or their conformational
adaptation, is also necessary. Table 8.1 shows the influence of the equilibration time on
the efficiency of a columnn of N6-(6-aminohcxyl)-5 -AMP-Sepharose (Lowe et al.,
1974a). When glycerokinase and lactate dehydrogenase are equilibrated with the
adsorbent, both the column efficiency, expressed as the height equivalent to a theo-
retical plate (HETP), and the strength of the enzymatic interaction (B) increased with
time up to the 67th hour. In general, the lower the HETP value the greater is the effect
of the adsorbent (Lowe and Dean, 1974). With glycerokinase, the percentage of the
bound enzyme also increased.

Fig. 8 3A shows the effect of [actate dehydrogenase and glycerokinase concentrations
on the capacity of N6-(6-aminohexyl)-5 ’-AMP-Sepharose in the batchwise arrangement
(Lowe et al., 1974a). The percentage of the bound enzyme increases with enzyme
concentration, which is mainly operative at concentrations of up to 2 units per millilitre.
Although the affinity (8) of both enzymes differs considerably (in a 40 : 1 ratio), the
relationship between the percentage of the bound enzyme and its concentration is
virtually identical.

The effect of the incubation time on the capacity of N6-(6-aminohcxyl)-5’ -AMP-
Sepharose to bind lactate dehydrogenase in the batchwise arrangement (Lowe et al,,
1974a) is illustrated in Fig 8.3B. The greatest increase in the binding of the enzyme on
the immobilized nucleotide occurs in the initial phase of the process, which then
continues more slowly up to 100% binding, which is achieved after 16h, while the
half-time is about 20 min.

Ferre et al. (1986) studied the influence of the shape of the column of Sepharose 4B
with attached guanosine triphosphate through adipic acid dihydrazide (GTP-Sepha-
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Table 8.1.
Effect of equilibration time on the efficiency of a column of N6-(6-amin0hcxyl)-5’ -
AMP-Sepharose

The enzyme sample (100 1), containing enzyme (5 U) and bovine serum albumin
(1.5 mg), was applied and washed into a column (34 x 5 mm) of N6-(6-aminohcxyl)-5 -
AMP-Sepharose (0.95 g moist wci§ht, 0.125 umole/ml of adenosine 5’-monophosphate).
HETP = column length/16 (Ve/w)“, where Ve is the elution volume, measured from the
start of the KCl gradient to the centre of the enzyme peak, and w is the peak width,
determined at the base of the enzyme peak. Binding (f) represents the concentration
of KCl required to elute the enzyme.

Egquilibration ~ Amount Binding (B) Peak width HETP
time (h) bound (%) (mM KCl) (ml) (mm)
Glycerokinase:

1 26 20 7.0 0.42
20 51 50 6.0 0.25
67 59 150 5.6 0.17

Lactate dehydrogenase (pig heart muscle):

1 100 360 18.5 1.50
20 100 355 11.2 0.52
67 100 490 13.8 0.76

rose) on the recovery of enzyme activity of quanosine triphosphate cyclohydrolase I
from Escherichia coli. The GTP-Sepharose was used to prepare three columns, each of
3-ml bed volume but with heights and diameters as follows: short (1.7 x 1.5 cm LD.),
medium (3.8 x 1.0 cm I.D.) and long (7.8 x 0.7 cm 1.D). The amount of GTP cyclo-
hydrolase that failed to bind to each of the three columns was the same for each column.
However, the percentage of enzyme recovered from the shortest column was 6.7 times
that recovered from the longest, as shown in Table 8.2. The early results of the studies
of the performance of bioaffinity chromatography columns (Katoh et al., 1978) obtained
by measuring the rates of adsorption and elution of trypsin in a Sepharose 4B-arginine
peptides column showed that chromatography columns of large diameter are suitable
for industrial applications. Katoh et al. concluded that, with the adsorbents they used,
the rate-determining steps of adsorption and elution of trypsin are the mass transfer

within the particles and through the external liquid film. In large-scale columns,
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Fig. 8.3. Effect of enzyme concentration (A) and incubation time (B) on the capacity of N‘-(6-aminohexyl)-
5’-AMP-Sepharose for lactate dehydrogenase (o) and glycerokinase ( @ ) under batchwise conditions. The
enzyme, diluted with equilibration buffer (10 mM KH2PO4-KOH, pH 7.5) to the appropriate concentration
(A) or 10 U of lactate dehydrogenase suspended in 100 ml of equilibrated buffer (B), was incubated with
N‘-(6-aminohexyl)-5’-AMP-Scpharose (0.5 g moist weight, 1.5 gmole/ml of 5 *~AMP) on a Coulter mixer at
4.5°C. After 30 min (A) oratsuitable time intervals (B), the incubation was stopped by allowing the adsorbent
to settle (15 min) and the supernatant volume was then removed. Using this procedure, with a 5-min
incubation period, the adsorbent was washed three times with 5 ml of equilibration buffer prior to
re-suspension in 2.5 ml of equilibration buffer and packing in a column (50 x S mm). The column was eluted
with 11.0 ml of equitibration buffer and then with a linear gradient of KCI (0 to 1.0 M, 20 ml tota! volume).
Enzymes were assayd in the washes and column effluent. Reproduced with permission from C.R. Lowe et
al., Eur. J. Biochem.,, 41 (1974a) 341-34S.

Table 8.2.
Comparison of the efficiencies of differently shaped GTP-Sepharose columns in the
recovery of the enzyme

The values are the percentage of the amount of GTP cyclohydrolase applied to the
column as measured by enzyme activity. The values were obtained from chro-
matography experiments. The flow-rate was 1 ml/min for sample addition, washing and
elution,

Shape of GTP-Sepharose  Enzyme activity (%)

column Flow-through Eluted with GTP
Short 8 20

Medium 8 10

Long 8 3
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however, compaction of the adsorbent bed limits the maximum superficial liquid
velocity and tends to cause nonuniform flow of liquid through the bed (Sada et al., 1982).

In the case where a high-flow bioaffinity chromatography system was required for the
purification of the enzyme acetylcholinesterase (AChE), a comparison was made
between affinity supports prepared with a soft agarose gel and a rigid polymer (Fig. 8.4).
In this example, a ligand which binds AChE, trimethyl(p-aminophenyl)ammonium
chloride (TAPA), was immobilized onto the carboxyl forms of Sepharose and Separon
HEMA using carbodiimide coupling (Taylor and Marenchic, 1984). The pressure
stability of the HEMA support (up to 5000 psi) means that, it can be packed into an
HPLC column and eluted at flows up to 4ml/min. The Sepharose support could not be
run under pressure without compression, and the maximum (gravity) flow through the
column was approximately 0.5 ml/min. As a result of the higher flow rate and rigidity of
the Separon HEMA support, purification of the enzyme was accomplished in 30-40 min
in comparison to over 200 min using the Sepharose column. This example illustrates the

advantages of new, stable polymeric supports for the rapid purification of biomolecules.
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Figure 8.4. Purification of acetylcholinesterase (AChE) on a soft agarose (Sepharose 4B) or a pressure stable
polymeric (Separon HEMA) bioaffinity chromatography support. Enzyme was eluted from the columns by
applying buffer containing 1 M NaCl. Reproduced with permission from R. F. Taylor and 1. G. Marenchic,
J. Chromatogr., 317 (1984) 193-200.
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A paper describing the effect of flow rate on the isolation of polyadenylated RNA
using oligo (dT)-cellulose columns was published by Nadin-Davis and Menzl (1985).
Muller et al. (1986) studied the influence of kinetic effects in high-performance bioaffi-
nity chromatography of human thrombin on cross-linked polystyrenes modified with
L-arginyl methyl ester. The influence of the flow rate and gradient slope on protein
elution clearly demonstrates that kinetic effects are essential in the interaction process.
The amount of thrombin adsorbed on the stationary phase increased when the flow rate

was decreased from 2 to 0.2 ml/min.

8.2.2 Effect of temperature

Adsorption of a dissolved substance from the mobile phase onto the stationary phase
is generally exothermic, and thus according to Le Chatelier’ s principle, elevated tempe
ratures will move the equilibrium in the direction of heat absorption. Under chro-
matographic conditions, an increase in temperature shifts the equilibrium to a higher
relative concentration in the mobile phase, and a higher temperature usually leads to
more rapid migration through the chromatographic bed. In general, the more
exothermic the adsorption of a certain enzyme, the more sensitive it will be to tempe-
rature (Harvey et al., 1974).

Fig. 8.5 shows the effect of different temperatures on the binding (8) of the thermophi-
lic enzymes alcohol dehydrogenase and phosphofructokinase from Bacillus stea-
rothermophilus to N6-(6-aminohexyl)-5’-AMP-Sepharose (Comer et al., 1975). Hence,
with the thermophilic enzymes mentioned, on the contrary, the binding (8) increases
first with increasing temperature. Destruction of the gel occurs at temperatures as low
as 50°C, which is evident from the presence of the nucleotide in the eluate. Figs. 8.6 A
and 8.6 B show that the pH dependence of the binding of both enzymes onto the
immobilized AMP is also temperature dependent (Comer et al:, 1975), while Fig. 8.6 C
shows the dependence of the inflexion points of the binding on temperature.

The binding of lactate dehydrogenase onto N6-(6-aminohexyl)-5’-AMP-Sepharose is
so strong that the enzyme cannot be eluted, even with 1 M potassium chloride solution

at 40°C. However, a linear gradient of NADH can be used for elution. Fig, 8.7 shows a
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Fig. 8.5. Effect of varying temperature on binding () (defined in Fig. 4.6) of alcohol dehydrogenase (o) and
phosphofructokinase (O ) to N6-(6-aminohcxyl)-S’-AMP-Scpharose. The enzyme extract (0.5 ml, 81 U of
phosphofructokinase, 20 U or 18.7 mg of alcohol dehydrogenase per millilitre) was dialysed against 10 mM
potassium phosphate buffer, pH 6.8, and adsorbed onto a column of substituted AMP-Sepharose. Elution
was performed with a linear salt gradient (0 to 1 M KCl, 40 ml) in 10 mM potassium phosphate buffer, pH
6.8, at 0.4 ml/min. Reproduced with permission from M. J. Comeret al., Eur. J. Biochem., 55 (1975) 201-209.
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Fig. 8.6. Interdependence of binding (8) (defined in Fig. 4.6) to N6-(6-aminohcxyl)-5 ’-AMP-Sepharose on
both pH and temperature for (A) alcohol dehydrogenase and (B) phosphofructokinase. Conditions as in
Fig 8.5. The buffer used was 10mM Tris-phosphate which was adjusted to the required pH at the relevant
temperature. (C) Relationship between the point of inflection (apparent pK) and temperature for the
binding of alcohol dehydrogenase (0) and phosphofructokinase ( @ ). Reproduced with permission from

M. J. Comer et al., Eur. J. Biochem., 55 (1975) 201-209.
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plot of the concetration of NADH necessary for the elution of lactate dehydrogenase
against temperature. With increasing temperature, the required concentration of the
specific eluting agent decreases, represented by a linear Arrhenius plot. The
corresponding adsorption energy is 54.6 kJ/mole (13.0 kcal/mole) (Harvey et al., 1974).

The effect of temperature on normal and diabetic levels of glycosylated hemoglobin,
as determined by bioaffinity chromatography using m-aminophenyl-boronic acid on a
support of cross-linked beaded agarose (GLYCO-GEL kit from Pierce, Rockford, Il,
USA) was determined by Yatscoff et al. (1983). Improved separations at low tempe-
rature (4°C) of glycoproteins by concanavalin A-Sepharose bioaffinity chromatography
in the presence of sodium dodecyl sulphate were described by Aono et al. (1985).
Pimplicar et al. (1986) stated that, for successful bioaffinity chromatography of the anion
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Fig. 8.7. Binding of pig heart muscle lactate dehydrogenase to N6-(6-aminohexyl)-5’-AMP-Scpharose in
response to temperature. The enzyme sample (5 U) containing 1.5 mg of bovine serum albumin (100 x1) was
applied to a column (50 x 5 mm) containing 0.5 g of N6-(6-aminohexyl)-S’-AMP-Scpharose (1.5 gmole/ml of
AMP). (A) Binding was determined by the procedure reported in Fig. 3.7 using a linear gradient of NADH
(0 to 5 mM, 20 ml total volume). (B) Arrhenius plot of the above data. Reproduced with permission from
M. J. Harvey et al.,, Eur. J. Biochem., 41 (1974) 353-357.
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transport protein from human erythrocyte membranes, the experiment must be carried
out rapidly at 4°C. The unusually large dependence of bioaffinity purification of a
glucose-containing oligosaccharide using immobilized monoclonal antibodies upon
temperature has been studied by Lundblad et al. (1984) and Ohlson et al.(1988).

Fig. 8.8, published by Regnault et al. (1988), shows the effect of temperature on the
adsorption capacity of fibronectin (Fn) from human plasma. The development of
large-scale bioaffinity purification of Fn required the optimization of both adsorption
and elution conditions. The adsorption capacity depended on the amount of gelatin
coupled to the Sepharose, the residence time, the temperature and the amount of Fn
loaded on the adsorbent, The maximum yield of Fn was obtained at temperatures below
10°C and yields then dropped at a uniform rate to zero at 37°C. Structual changes
probably take place and the fixation sites on the immobilized gelatin are probably
altered. This alteration in Fn at temperatures between 4°C and 37°C had already been

reported by Brown et al. (1987).
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Fig. 8.8. Effect of temperature on adsorbtion capacity of fibronectin (Fn). Human plasma (100 ml) was
applied to the adsorbent (2 x 1.6 cm) at a linear flow rate 50 cm/h. The column was thermostated and all
solutions passed through were placed in a water bath. Each experiment was performed with an unused
gelatin-Sepharose gel (3 mg of gelatin/ml of gel). Reproduced with permission from V. Regnault et al., J.
Chromatogr., 432 (1988) 93-102.
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The dependence of biospecific adsorption and desorption on temperature has also
been studied by Rozie et al. (1991). They determined the adsorption and desorption
characteristics of bacterial a-amylases on cross-linked potato starch at 4°C and 20°C.
Equilibrium experiments revealed that the degree of adsorption that can be achieved
at equilibrium increases with decreasing temperature. Adsorption equilibrium
constants decrease with increasing temperature, showing that association is caused by
van der Waals forces.

In conclusion to this section on the effect of temperature in bioaffinity chro-
matography, it should be stressed that the effect of temperature should always be borne
in mind, because reproducible results can be obtained only if the temperature is
carefully controlled, especially in analytical applications. The influence of surface

character of protein molecules on their stability has been discussed in Section 4.3.

8.2.3 Effect of pH, ionic strength and nature of molecules suitable for biospecific
sorption

The catalytic effect of enzymes is usually limited to a narrow range either side of the
so-called optimum pH, which reflects the ionization of both the enzyme and its substra-
te. A shift from the optimum pH range results in a decrease in both the rate of the
enzymatic reaction and the affinity of the system for the substrate. Ionic and hydropho-
bic interactions, operative in site where the enzyme binds with its substrate or inhibitor,
are further considerably influenced by ionic strength. From this it follows that both pH
and ionic strength are important factors in both sorption and desorption. The effect of
pH and of ionic strength on the sorption of proteinase chymotrypsin on immobilized
benzyloxycarbonylglycyl-D-phenylalanine, determined by Turkové et al. (1976), is
shown in Fig. 8.9. A decrease in pH and an increase in the ionic strength shift the
equilibrium in favour of free chymotrypsin. Kasai and Ishii (1975) determined an
increase in the dissociation constant of trypsin with immobilized glycylglycyl-L-arginine
from 0.23 t0 0.33 mM on addition of 0.3 M sodium chloride, and to 0.75 mM on addition
of 1.0 M sodium chloride.
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Fig. 8.9. Adsorption of chymotrypsin. (A) To Z-Gly-D-Phe-NH2-Spheron as a function of pH: (1) 0.1 M
Tris-HCI buffer, pH 8.0;(2) 0.1 M Tris-HCI buffer, pH 7.2; (3) 0.1 M Tris-maleate buffer, pH 6.0. (B) To
Z-Gly-D-Phe-NH2-Spheron as a function of ionic strength, with Tris-HCl buffers, pH 8.0, of the following
concentrations: (1) 0.05 M; (2) 0.1 M; (3) 0.25 M; (4) 0.35 M; (5) 0.5 M; (6) IM. Data from J. Turkovd et al.,
Biochim. Biophys. Acta, 427 (1976) 586-593.

The effect of pH on the binding of lactate dehydrogenase on affinity sorbents such
as N6-(6-aminohexyl)-5 ’.AMP-Sepharose and 6-aminohexanoyl-NAD' -Sepharose is
shown in Fig, 8.10 (Lowe et al., 1974b). Up to pH 8 the interaction of the enzyme with
the immobilized ligand is independent of pH. Depending on the nature of the immobi-
lized affinant, above pH 8 the amount of the bound enzyme decreases with pH. With
N6-(6-aminohexyl)-5 -AMP-Sepharose this decrease is characterized by an apparent
pK value of about 9.7, and with 6-aminohexanoyl-NAD * -Sepharose by a pK of 8.5. This
difference in pK values may be caused by the effect of different preparations of the
affinity adsorbents. While in the former support an already spaced nucleotide, N6-(6-
aminohexyl)-5’-AMP, is attached to Sepharose, in the latter the attachment of NAD"
to 6-aminohexanoyl-Sepharose may leave residual charged groups on the carrier. Winer

and Schwert (1958) showed that the binding of NAD * to lactate dehydrogenase in free
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Fig. 8.10. Effect of pH on the binding of pig heart muscle lactate dehydrogenase to (A) e-aminohexanoyl-
NAD *-Sepharose and (B) N‘-(6-aminohexyi)-5 ’-AMP-Sepharose. The results are expressed as percentages
based on determinations at pH 6.5: (A) B/fmaxat pH 6.5 determined from linear KCl gradient (0 to 1 M);
(B) percentage of enzyme activity eluted by NADH pulse (200 41, SmM). The equilibration buffers used were
adjusted to a constant conductivity (3.3 mQ") by the addition of 1 M KCl, (o) 10mM KH2P0O4-KOH; (e)
10 mM tricine-KOH; (33) 10mM glycine-KOH and (W) 10 mM K2HPO4. The enzyme sample (100 1) plus
bovine serum albumin (1.5 mg) was applied to a column containing 0.5 g of N‘-(6-aminohcxy1)-5’-AMP-
Sepharose (1.5 umoie/ml of AMP) according to the procedure reported in Fig. 3.7. Reproduced with
permission from C. R. Lowe et al., Eur. 1. Biochem., 41 (1974) 347-351.

solution is affected by the group on the surface of enzymes with pK= 9.7, which is in
good agreement with the value determined for N6-(6-aminohcxyl)-5 ’-AMP-Sepharose.

In order to check this assumption, Lowe et al. (1974b) determined titration curves for
6-aminohexanoyl-NAD * -Sepharose, unmodified Sepharose, 6-aminohexanoyl-Sepha-
rose and, for comparison, also for corresponding derivatives of cellulose. On the basis
of the curves obtained they demonstrated a distinct carrier effect (see Fig. 8.11).

If the affinity adsorbent is prepared from a charged affinant, then a decrease in its
affinity for the complementary macromolecule takes place when the ionic strength
increases. For sorption a low ionic strength should be used, which then has the
undesirable result of sorbing an increased amount of contaminating proteins; these are

also increasingly sorbed owing to the ionic bond with the ligand.
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Fig 8.11. Titration curves of 6-aminohexanoyl-NAD* polymers. The solid lines represent Sepharose 4B
alone; o, coupled to 6-aminohexanoic acid; @, as 6-aminohexanoyl-NAD *-Sepharose. The broken lines
represent cellulose alone; 0 and @ as above. Reproduced with permission from C. R. Lowe et al., Eur. J.
Biochem., 41 (1974) 347-351.

The practical utilization of pH during the sorption of neutral protease from Bacilus
subtilis on Sepharose with linked glycyl-D-phenylalanine (through a spacer 23 atoms
long, formed by combination of triethylenetetramine, succinic acid and ethy-
lenediamine) is shown in Fig. 8.12. The maximum adsorption of neutral protease occurs
at pH values corresponding to minimum values of Km. Between pH § and 6.5 neutral
protease is effectively adsorbed and is thus separated both from subtilisin and other
proteins present in the culture filtrate. An effective separation of neutral protease from
subtilisin does not take place at higher pH values. Neutral protease is set free from the
complex with the immobilized affinant by increasing the pH to values at which the
binding of substrate is already weak, but at which the enzyme is still not denatured. The
optimum pH for the elution of neutral protease depends on its affinity towards the
affinity ligand and on the pH dependence of this affinity, as well as on the concentration
of the immobilized ligand (Walsh et al., 1974). Neutral protease is a metalloenzyme and
is therefore inhibited by 1,10-phenanthroline and EDTA. The presence of these chela-
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Fig. 8.12. Effect of pH on the adsorption of neutral protease on Sepharose 4B substituted with triethy-
lenetetramine, succinic anhydride, triethylenetetramine and chloroacetyl-D-phenylalanine. Crude enzyme
(10 mg) was dissolved in 0.1 ml of equilibrating buffer and applied to an affinity column (220 x 6 mm)
equilibrated with 100 mM sodium chloride, 10 mM calcium chloride, containing S mM Tris (pH 7.5 or 7.0)
or 5 mM 2-(N-morpholino)ethanesulphonic acid (pH 6.5 or 6.0). After elution for 1h at 25 ml/h, each column
was washed with 100 mM sodium chloride, 10 mM calcium chloride, 50 mM Tris (pH 9.0), as indicated by
the arrows. Neutral protease and subtilisin are identified by catalytic activities toward 3-(2-furylacryloyl)-

glycyl-L-leucinamide (FAGLA) and acetal-N-tyrosine ethyl ester (ATEE). Reproduced with permission
from K. A. Walsh et al., Methods Enzymol., 34 (1974) 435-440.

ting agents at a concentration of 1 - SmM prevents the adsorption of the enzyme onto
the specific sorbent mentioned.

It should be borne in mind that the optimum pH for the sorption of a particular enzyme
need not be identical with the optimum pH for catalysis. Kasai and Ishii (1975) found
pH 5.6 to be optimum for the sorption of trypsin onto Sepharose with coupled glycylgly-
cylarginine, which is not the same pH as that required for catalysis. It is therefore useful
to determine optimum conditions for the formation of each individual complex of the
isolated substance with the immobilized affinant. These values can be obtained most
easily by using a batchwise arrangement, described in Fig. 8.9.

Fig. 8.13 shows the retardation of L-histidinol phosphate aminotransferase on

L-histidinol phosphate-coated agarose, which increases with increasing concentration
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Fig. 8.13. Increased retardation of L-histidinol phosphate aminotransferase on L-histidinol phosphate-
coated agarose upon increasing the concentration of a phosphate-citrate buffer. Buffers used contained
Na2zHPO4 (at the indicated concentration) and were adjusted to pH 6.0 with citric acid. Reproduced with
permission from S. Shaltiel et al., Biochemistry, 13 (1974) 4330-4335.

of the phosphate-citrate buffer (Shaltiel et al., 1974). In this instance, however, this
increase in retardation cannot be attributed to the increase in the ionic strength, because
the position of the enzyme peak does not change if the ionic strength of the 0.05 M
phosphate buffer is increased by addition of 0.9 M sodium chloride solution.

A retardation of the enzyme then takes place not only in the phosphate-citrate

medium, but also in a sulphate or phosphate buffer; however, this retardation takes
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place, of course, to varying degrees. In the series of carboxylic acids used for the
adjustment of the pH of 0.5 M disodium hydrogen orthophosphate solution to 6.0, it
was found that the retardation of the enzyme increases with increasing valency in the
order acetate <succinate < citrate. The effect of individual ions on the hydrophobic
interactions can be expressed by the following scheme (from Pharmacia promotional

literature):

< Increasing salting-out effect
Anions; PO43' , SO42', CH3.COO", CI', Br, NO3’, ClO4, I', SCN’
Cations: NH4s* | Rb*, K*, Na*, o, Lit, Mg, ca’t, Ba’t

Increasing chaotropic effect =

At constant ionic strength, the effect of ions on adsorption depends strongly on the
nature of the ions, some of them causing a decrease and others an increase, which is
attributed to lyotropic rather than purely electrostatic effects. The effect of anions
classified in the order of decreasing adsorption, thiocyanate =iodide > chloride >
acetate > citrate, is identical with Hofmeister’ s series of neutral salts (Green, 1931).

If the high ionic strength of the starting buffer does not impair the formation of the
biospecific complex, it is advantageous to use it because it decreases the non-specific
adsorption of polyelectrolytes on any charged groups which may possibly occur on the
coupled affinant. It is therefore recommended to add a ca. 0.5 M sodium chloride
solution to the sorption buffer. The effect of ionic strength on the binding of S-galacto-
sidase on Sepharose with attached p-aminophenyl-8-D-thiogalactopyranoside is shown
in Table 8.3. With increasing ionic strength, the amount of the sorbed enzyme decreases,
but, by contrast, its specific activity increases (Robinson et al., 1972).

The necessity for adding metal ions or other specific factors to the sorption medium
is illustrated in Table 8.4. The binding of mitochondrial ATPase (dispersed with Triton
X-100) on Sepharose with covalently bound inhibitor depends on the presence of

magnesium ions and ATP (Swanljung and Frigeri, 1972).
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Table 8.3.
Effect of ionic strength of buffer on 8-galactosidase binding onto a column of agarose

substituted with p-aminophenyl-3-D-thiogalactopyranoside

(Bed dimension, 114 x 17 mm; flow-rate, 2.0 ml.min'l.cm'z‘)

) Protein bound Activity bound Specific activity
Ionic strength (mg) (units) (units/mg)
0.010 75 6000 80
0.020 32 5500 190
0.035 14 3600 320
0.050 1.2 350 340

The requirement of a full supplement of manganese and calcium ions is necessary for
the biospecific sorption of concanavalin A to Sephadex or for the optimum binding of
carbohydrates to Con A (Karlstam, 1973). The presence of calcium is important, e.g.
for bioaffinity chromatography of G-actin-binding protein on DNAse I-bound agarose
(Hosoya et al., 1982), or for bioaffinity purification of human tissue factor (Guha et al.,
1986). Clostridial collagenase did not bind to immobilized collagen in the absence of
calcium. Evans (1985) exchanged calcium ions for lanthanide ions and he described the
lanthanide-enhanced bioaffinity chromatography of this collagenase. Enzymes from
halophilic bacteria can function at high salt concentrations (2 - 4 M sodium or potassium

chloride) but are inactivated at low salt content (< 1M sodium or potassium chloride).

Table 8.4.
Effect of Mg2 * and ATP on the amount of ATPase bound to ATPase inhibitor-Sepha-

rose column

An extract containing adenosine 5’ -triphosphatase (ATPase) was applied to ATPase
inhibitor-Sepharose column equilibrated with 0.2 M sucrose, 15 mM Tris-N-tris(hydro-
xymethyl) methyl-2-aminoethane sulphonic acid (Tris-TES) buffer (pH 6.6), 3mg/ml
Triton X-100 and additions as indicated in the table. The amount of enzyme bound was
calculated as the amount eluted with 0.2 M sucrose, 45 mM Tris-TES buffer (pH 8.75),
0.5MKCL, 1 mM EDTA and 0.3 mg/ml Triton X-100.

ATPase applied ATPase bound Yield (% bound

Additi

ions (nmole/min) __ (nmole/min) of that applied)
None 336 39 12
1 mM MgSOq4 192 35 18

0.5 mM MgSO4 + 0.5 mM ATP 678 221 33
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Thus, the presence of a high salt concentration should be necessary for the biospecific
adsorption of these enzymes. Leicht (1978) described enhanced sulphate-mediated
bioaffinity purification of glutamate dehydrogenase on NADP*-Sepharose from a
crude extract of halophilic bacteria. He reported similar results for the isolation of
glucose-6-phosphate dehydrogenase from crude extracts of Escherichia coli. The effects
were shown to be biospecific, suggesting that the strength of the interaction between
the protein and immobilized coenzymes is a function of the sulphate concentration.
-Bioaffinity chromatography is a particularly attractive method for isolating receptors
because the method presumably mimics the receptor interactions existing in nature and
can therefore, be expected to show high specificity. Pardoe and Burness (1980) used
this method for the purification of human erythrocyte receptors for encepha-
lomyocarditis and inﬂuenza; viruses by the use of commercially available wheat germ
agglutinin (WGA)-Sepharose. They used detergents to solubilise membranes and they
transferred the solubilised material directly to the bioaffinity column without interme-
diate purification. Detergents apparently had no gross effect on the binding of receptor
on WGA-Sepharose since identical profiles were obtained when glycophorin was
chromatographed in their presence or absence. Doudeur and Jacquet (1980) studied
the interactions of lectins attached to Sepharose 4B with membrane glycoproteins in
the presence of ionic (sodium deoxycholate, DOC and sodium dodecyl sulphate,SDS)
and non-ionic (Triton X-100) detergents at constant detergent concentrations in rela-
tion to pH and ionic strength. Fig. 8.14 shows these effects on the efficiency of
galactoprotein binding to beads coated with concanavalin A (Con A) and Ricinus lectin
(RCA). The same galactoglycoproteins and immobilized lectins were studied by the
same authors at different detergent concentrations. On beads containing concanavalin
A, the efficiency of binding and elution of glycoproteins was unaffected by the
concentration of Triton X-100. By contrast, concentrations greater than 0.1% of SDS
or 0.5% of DOC caused a marked decrease in the binding and elution efficiencies. On
Ricinus communis beads, the efficiencies of binding and elution were unaffected by the
concentrations of Triton X-100 or DOC. However, in the presence of SDS these

efficiencies were dramatically decreased at concentrations greater than 0.05%. The
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activities of lectins and their derivatives after immobilization on polyacrylic hydrazide-
Sepharose in solutions of detergents Nonidet P40, Triton X-100, dimethyldo-
decylglycine, DOC and dodecyltrimethylammonium bromide, at concentrations 0.1, 1.0
and 2.5%, have been studied by Lotan et al. (1977). The effects of detergents on the
specific binding of fetuin to and elution from columns of immobilized lectins were less
severe when compared with lectins in solution, suggesting that the lectins are stabilized
by covalent attachment to agarose beads. Nonionic detergents did not affect the binding
efficiency of the immobilized lectins tested at concentrations used for membrane
solubilization, while cationic and zwitterionic detergents caused significant inhibition
of ConA - and soybean agglutinin (SBA)-Sepharose activities. In DOC (>1%) only

RCA-Sepharose retained its activity, whereas the activities of the other lectins were
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Fig. 8.14. Effects of pH and ionic strength on efficiency of [3H]galactoglycoprotein binding to concanavalin
A beads (left) and Ricinus lectin beads (right) in the presence of a constant concentration of detergent. The
binding was performed using 0.02M Tris-HC! buffer at pH 7 (a,c) or pH 7.8 (b,d) containing different
concentrations of sodium chloride and DOC (0.25%), (@), Triton X-100 (0.25%) (A), or SDS (0.05%) (o).
Each point in the figure represents the average value obtained from four separate experiments. Reproduced
with permission from M. Doudeur and M. A. Jacquet, J. Chromatogr., 195 (1980) 197-203.
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reduced dramatically. A low concentration of SDS (0.05%) inhibited only the activity
of immobilized SBA; but at higher concentration (0.1%) and prolonged periods of
incubation (16h, 23°C) most of the lectins were inactivated. The conditions for the
optimum use of detergents in lectin bioaffinity chromatography were detailed in the
same paper. A rapid method for removal of detergents from protein solution has been

described by Horigome and Sugano (1983).

8.2.4 Practice of sorption

Immunoadsorption is a simple and effective method for purifying antigens and
antibodies. Zoller and Matzku (1976) analysed a number of possibilities for eliminating
the effects of non-biospecific binding. For antigen purification they recommended
pre-elution with a pH 10.0 buffer of high ionic strength (1.0 M). A major problem in
purifying antibodies is the non-biospecific binding of immunoglobulin G (IgG). This
can be eliminated by using a non-biospecific imnmunoadsorbent column, where specific
antibodies are not, or are only weakly bound, and IgG with irrelevant specificity but
exhibiting high non-biospecific interaction is retained.

Sairam (1981) summarized the isolation of hormonal proteins and their antibodies
by bioaffinity chromatography. Hormones can be effectively concentrated from very
dilute solutions such as urine or other fluids, including culture media. The occasional
reduction in flow rates is mostly attributable to small amounts of lipid materials that
may be present in some serum samples or to extracts that occlude the top surface of the
gel bed. This can be avoided by centrifugation at high speed and careful handling,
Concerning dye-ligand affinity chromatography, Metcalf et al. (1981) found that
compounds such as fatty acids, nucleotides and lipids must be removed from protein
samples before chromatography on immobilized Cibacron Blue 3G-A in order to
produce reliable and reproducible results.

The differences in the properties of the same affinant attached to agarose or cellulose
is shown in Fig. 8.11. McConathy et al. (1985) studied the effect of varying cyanogen
bromide concentrations and the pH used for activation of Sepharose 4B-CL on the

binding capacity of immobilized antibodies against lipoprotein B (Anti-LP-B). Table
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8.5 shows the percentage of coupled anti-LP-B and immunosorbent capacity for apoli-

poprotein B (ApoB) in mg per ml of agarose, as determined by electroimmunoassay.

Table 8.5.
Effect of varying cyanogen bromide concentration and pH on the binding capacity
of immobilized antibodies against lipoprotein B (Anti-LP-B).

The same preparation of affinity-purified anti-LP-B (1 mg/ml of gel) was used in this
study.

Cyanogen bromide Immunosorbent
c:ncer;gtration pH Anti-LP-B capacity
(mg/ml of gel) coupled (%) {mg ApoB per ml of gel)
50 8.0 %0 0.86

50 1.5 85 0.76

50 7.0 78 0.65

34 8.0 81 0.78

34 1.5 77 0.65

34 7.0 74 0.61

16 8.0 68 045

16 7.5 66 033

16 7.0 57 0.28

To minimize the non-biospecific adsorption of trypsin-, chymotrypsin- and subtilisin-
digest fragments of fibronectin to actin-Sepharose and other protein-Sepharose deri-
vatives, Keski-Oja and Yamada (1981) pre-washed the columns extensively with 8M
urea and 1M KBr in 20 mM Tris/HCl buffer pH 8.0 and then equilibrated with column
buffer (20 mM Tris/HCl buffer pH 8.0, 50 mM KCl, 5 mM MgCly). They then washed
the columns first with 2 column volumes of bovine serum albumin (1 mg/ml) in column
buffer, followed by extensive washing with the column buffer. Burtscher et al. (1986)
prepared abiospecific adsorbent for ADP-ribosyl-transferase (EC 2.4.2.30) by coupling
3-aminobenzamide to Sepharose 4B. Using this material, ADP-ribosyl-transferase from
human placenta was purified from crude extract to homogeneity within a few hours.
However, both the hydroxyapatite and the phosphocellulose steps were necessary for
this purification method. Applying the crude extract directly onto 3-aminobenzamide-

Sepharose did not yield a homogeneous enzyme.
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Phillips and Frantz (1988) isolated antigen-specific lymphocyte receptors by high-
performance immunoaffinity chromatography, using immobilized monoclonal anti-
bodies directed against the antigen. The use of the antigen to protect the molecular
shape and structure of the receptor duringisolation appeared to be a convenient method
and provided additional sites for attachment to the immobilized antibody. In this way
the receptor did not have to suffer from both the solubilization and interaction with an

antibody.

8.3 CONDITIONS FOR ELUTION

While the substances that have no affinity for the attached affinant are usually eluted
with the hold-up volume, the biospecifically adsorbed material usually requires displa-
cement with a specific elution agent or by a change in solvent composition, pH, in
temperature, light, or using electrophoretic or magnetic fields. Fig. 8.15 shows the
elutions of alcohol dehydrogenase and phosphofructokinase from the column of the
AMP-Sepharose by stepwise elution with biospecific agents (A), using a KCl gradient
(B) and a pH gradient (Comer et al., 1975).

8.3.1 Elution with competitive affinity ligands
The scheme for the formation of complexes in a system containing an isolated enzyme
(E), specifically sorbed on an immobilized ligand (L), and a soluble inhibitor (I) is
illustrated in Fig. 8.16 (Akanuma et al., 1971). The presence of the inhibitor in the mobile
phase can affect the migration of the enzyme through the column in three different ways:
(1) Competitive effect. If the ternary complex (ELI) is less stable than the binary
complex (EI), the increase in the concentration of the inhibitor (I} increases the
proportion of the enzyme in the mobile phase, thus reducing the retardation of the
enzymes through the column.
(2) Non-competitive effect. If the stability of the ternary complex (ELI) is appro-
ximately the same as that of the binary complex (EI), the binding of the inhibitor (I) will
not affect the affinity of the enzyme for the immobilized ligand. In this instance the

presence of an inhibitor will have no effect on the retardation of the enzyme.
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(3) Uncompetitive effect. If the stability of the ternary complex (ELI) is greater than
that of the binary complex (EI), then the presence of the free inhibitor (1) will decrease
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Fig. 8.15. Specific elution of alcohol dehydrogenase and phosphofructokinase from N6-(6-aminohexyl)-5 -
AMP-Sepharose. (A) The enzyme extract (0.5 ml) (40.5 U of phosphofructokinase, 10 U or 9.9 mg of alcohol
dehydrogenase per millilitre) was dialysed exhaustively against 10mM phosphate, pH 6.8, containing 0.2 M
KCI (this buffer was also used for equilibration) and adsorbed on a column of the AMP-Sepharose. The
matrix was then washed sequentially with (a) equilibration buffer (24 ml); (b) 5 mM NADH in the same
buffer (S ml); (¢) buffer (S ml); (d) S mM ATP, 5 mM Mg“ in buffer (5 ml), flow rate 0.4 m}/min. (B) Using
a KCl gradient with conditions essentially as in A. Following adsorption, the column was washed with 10 mM
phosphate, pH 6.8, (20 ml) containing 0.2 M KCl. The linear gradient (0.2 to 0.8 M KCI) (40 ml) was applied
in the same buffer. (C) Using a pH gradient with conditions essentially as in A, except that the sample was
equilibrated against 10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulphonate (pH 6.8). Following
adsorption, the column was washed with the same buffer (20 ml). A pH gradient (40 ml) was then applied
(10 mM hydroxyethylpiperazine-ethane sulphate, S mM glycylglycine, pH 10.4). (@) Protein; (o) glyce-
raldehyde-3-phosphate dehydrogenase; (4 ) alcohol dehydrogenase; (M) phosphofructokinase. Reproduced
with permission from J. J. Comer et al., Eur. J. Biochem., 55 (1975) 201-209.
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the proportion of the enzyme in the mobile phase and thus increase the binding of the
enzyme. If the ternary complex is less stable than the binary complex, an increase in the
concentration of the free affinity ligand will lead to the elution of the enzyme from the
column.

Many examples of elution with competitive ligands can be found in the literature.
Porath (1972) described the isolation of trypsin from pancreatic extracts, carried out on
Sepharose with bonded trypsin inhibitor. Chymotrypsin was liberated using a solution
of the competitive inhibitor of tryptamine, while trypsin was eluted with a benzamidine
solution. For the elution of enzymes from the affinity matrix with a solution of compe-
titive inhibitor it is important that the latter should be present in a higher concentration
than that of the affinant bound in the matrix. Thisis true under the assumption that both
the free and the bound inhibitor have approximately equal affinities towards the isolated
enzyme. It is also possible to elute the enzyme with a solution of affinant that actually
has a higher affinity. In many instances of the elution of specifically adsorbed enzymes
with buffers that contain high concentrations of competitive inhibitor, the enzyme is

obtained at a greater dilution than if the elution is produced by changes in pH or ionic
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Fig. 8.16. Possible molecular species of a given enzyme within the affinity matrix. L, Covalently fixed affinity
ligand to matrix; I, unfixed inhibitor; E, enzyme. Reproduced with permission from H. Akanuma et al.,
Biochem. Biophys. Res. Commun., 45 (1971) 27-33.
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strength. This phenomenon is especially striking in interactions that involve high affi-
nities, when elution from the affinity sorbent may represent a time-dependent process,
even when high concentrations of the competitive affinant in the buffer are employed
(Lowe and Dean, 1974). The rate of dissociation of the enzyme from the stationary phase
is a first-order process, depending on the concentration of the complex alone, and
independent of the concentration of the free competing inhibitor. The free substrate or
the inhibitor reduces the tendency of the enzyme to re-associate with the immobilized
ligand by preferential formation of a soluble complex, assuming that they are present in
a sufficiently high concentration.

If the affinity of the complexis very high (KL < 10'7M), the time necessary for complete
dissociation of the complex may be considerable. In order to decrease the amount of
the enzyme bound to the immobilized affinity ligand to one-half of the original value,
the so-called half-life, t1/2, should be known, which is given by the expression

n2 0.693

k-1 -1 k-1 (8.1)
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where [E] is the concentration of the free enzyme, E, is the initial concentration of the

bound enzyme and k.1 is the rate constant of dissociation of the complex:

The relationship of the elution with time can be circumvented by temporarily
interrupting the flow through the column after the soluble inhibitor has been allowed
to soak into it. The necessary time is given by the nature of k.1; as it is difficult to
determine k.1, in practice this is done more or less empirically. An alternative means of
enhancing specific elution consists in inducing simultaneous changes in pH, ionic
strength and temperature. As the affinity of adsorption decreases with increasing

temperature, the temperature increase may substantially affect the elution with the
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competitive inhibitor. The effect of various elution systems on lactate dehydrogenase
bound to AMP-Sepharose (Ohlsson et al., 1972) is evident from Fig. 8.17. While a
quantitative elution of lactate dehydrogenase with 0.5 mM NADH takes 1 h, only 30%
of it is eluted after 20 h with 0.5 mM NAD* + 0.5 mM L-lactate.

An example of gradient elution with a specific eluent is shown in Fig. 8.18, which
illustrates the elution of native lysozyme specifically sorbed on tri-(N-acetylglu-
cosamine)-Sepharose by means of gradients of tri-(N-acetylglucosamine) having a
variety of steepnesses (Cornelius et al., 1974). The gradient of the specific elution
reagent was always applied after washing with the starting buffer. The amount of the
native enzyme applied onto the column, the conditions of the columnar arrangement,
and the composition of the buffer were the same in all three instances. The gradients
differed only in the different rate of change of concentration of tri-(N-acetylglu-
cosamine), as it is evident from the course of the procedure. Protein recoveries were

approximately 90%. Lysozyme was eluted with all three gradients at a 5x10°M

100 —r

0
I
\ﬂ‘:', i o 0/0/0 l
\;’ A' o-0” t _A—O— H—O—
0 el b
N e
x A / A/A
> o N
E / s~
> o I
5 sof A/ 1
< ,)/
3 ; A/ )
g e oo
@ —
F yd __.___...-o——'
G\t [ay ’./..—-.
o /.".—-.
-
“*
0 L ! 1
o 5 10 15 20
TIME h

Fig. 8.17. Efficiency of different eluent systems on ox heart lactate dehydrogenase (LDH) bound to an
AMP-Sepharose column (40 x 15 mm containing 1.0 g of wet gel). LDH (0.1 mg) in 0.5 ml of 0.1 M phosphate
buffer, pH 7.5, was applied. The following systems in the same buffer were used: 0.5 MM NAD ™ + 0.5 mM
L-lactate (@ ); 0.5 mM NAD* + 0.5 mM pyruvate (A); 0.5 mM oxidized NAD-pyruvate adduct (0); and 0.5
mM NADH(A). The arrows indicate a pulse of 2.0 mM NADH to permit elution of the remaining bound
enzyme. Corrections were made for the inhibition effects in enzyme assays; 5.5-ml fractions were collected
at a rate of 6 mi/h. Reproduced with permission from R. Ohlsson et al., FEBS Lett., 25 (1972) 234-238.
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Fig. 8.18. Effect of varying the tri-(N-acetylglucosamine) [(Glc NAc)3] gradient on the elution of native
lysozyme from tri-(N-acetylglucosamine)-Sepharose. Fifteen milligrams of native protein in 1 ml of starting
buffer (0.1 M ammonium acetate, pH 7.0) were applied to a 260 x 17 mm column. The gradients were begun
after washing the column with ca. 5 column volumes (5 x 35 ml), finishing with 0.1 mM (GlcNAc)3 in starting
buffer. The gradients were formed using (a) 100 ml of starting buffer vs. 100 m! of finishing buffer, (b) 200
ml vs. 200 ml and (c) 300 ml vs. 300 ml. The flow rate was 23 ml/h. Reproduced with permission from D.A.
Cornelius et al., Methods Enzymol., 34 (1974) 639-645.

concentration of tri-(N-acetylglucosamine), which agrees with the association constant
for the binding of tri-N-acetylglucosamine-lysozyme (Kassoc = 10° I/mole).

From the theoretical point of view, however, a more advantageous elution with a
competitive affinity ligand has numerous practical limitations, mainly related to avai-
lability and price. For example, lactate dehydrogenases can be eluted from immobilized
N6-(6-aminohexyl)-5 ’-.AMP-agarose with a solution of competitive ligand of NADH of
relatively high concentration (1.5 mM), or with a potassium chloride solution of medium
concentration (0.13 mM). The elution of adsorbed substances by changing the pH, ionic

strength, or temperature is therefore still the most commonly used procedure.
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8.3.2 Elution by change of pH, ionic strength or the presence of molecules suitable
for elution

The isolation of alcohol dehydrogenase and phosphofructokinase from a partly
purified extract of Bacillus stearothermophilus on AMP-Sepharose using a pH gradient
is shown in Fig. 8.15 (C). Acid pH gradient elution in high-performance immunoaffinity
chromatography (HPIAC), used by Babashak and Phillips (1988), is shown in Fig. 8.19.
The advantages of this HPIAC are the use of streptavidin-coated glass beads as support
and of monoclonal antibody which is biotinylated using the reagent biotin hydrazine
(see Sections 3.3 and 3.8). Short columns (30 x 4.6 mm LD.) packed with 2-um
fluid-impervious silica microspheres with surface-bound Protein A were used by Varady
et al. (1988) for the rapid separation and quantitation of immunoglobulins. By using
morpholinoethanesulphonic acid (MES), 4-(2-hydroxyethyl)-1-piperazine etha-
nesulphonic acid (HEPES) and acetic acid buffer with a linear decrease in pH from 6.0
to 4.0 and an increase in magnesium chloride concentration to 200 mM for elution, the
subclasses of human IgG were separated at 40°C above pH 4.0 in 3 min. The micro-
pellicular Protein A exhibited in this procedure high adsorption capacity (e.g. 4.5 mg
human IgG per ml of wet bed volume). One-step purification of guinea pig liver
transglutaminase using a monoclonal-antibody immunoadsorbent has been described
by Ikura et al. (1985). Active enzyme was recovered by alkaline buffer desorption,
followed by quick neutralization. Table 8.6 shows many dissociating agents used with
different efficiencies for the elution of a variety of antigens from various immu-
noadsorbents.

Elution of alcohol dehydrogenase and phosphofructokinase from AMP-Sepharose
using a KCl gradient is shown in Fig. 8. 15 (B). The isolation of papain sorbed on agarose
with bonded glycylglycyl-O-benzyl-L-tyrosyl-D-arginine is an example of elution with
decreased ionic strength of the elution buffer. Blumberg et al. (1970) displaced papain
from the specific complex by using water.

If ionic interactions are responsible for biospecific complex formation then the
elution of substances to be isolated from biospecific adsorbents would depend on the

ionic strength and not on the nature of the types of salts used. If hydrophobic interactions
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are prevalent, then suitable salt solutions could be used for elution. Jennissen and
Heilmeyer (1975) demonstrated that the elution strength of the anions corresponded
directly to the order of Hofmeister ’s series, and that of the cations corresponded to the
reverse order with respect to the salting-out or salting-in effect. The salts can penetrate
directly into the interphase between adsorbed substance and affinant, which leads to
desorption.

Fornstedt (1984) used analytical bioaffinity chromatography to investigate the disso-
ciation of antigen-antibody complexes. Human serum albumin (HSA) coupled to
Sepharose 4B and anti-HSA antibody was used as a model system. At extremely low or
high pH, in the presence of highly concentrated chaotropic ions at pH 7 (2M trichloric
acid-NaOH), or by elution with 100% ethylene glycol after pretreating with high-pH
buffer, most of the bonds could be ruptured. A powerful resolution of the complex by
a polarity-reducing agent (ethylene glycol) could take place after preceeding release of

some key sites at the binding area by altering the degree of ionization of the groups

= = g
o (3,] o
T -1

o
wn

ABSORBANCE AT 280nm

- 1 i )

0 5 10 15 20 25 30
ELUTION TIME IN MINUTES

Fig. 8.19 Chromatogram of an HPIAC isolation of the B27 antigen isolated from detergent solubilized
membranes. The chromatogram was developed using an acid pH gradient elution from pH 6.5 to 1.0. The
trace was produced on a 10 cm x 4.6 mm L.D. HPIAC column run at 0.5 mi/min in 0.9% sodium chloride-0.1
M sodium acetate buffer (pH 6.5) and monitored at O.D.280 nm with the detector set at 0.005 a.u.f.s. The
column was maintained at 4°C throught out the run. The dotted line indicates the pH gradient profile. Vo
indicates the void volume of the column. Reproduced with permission from J. V. Babashak and T. M. Phillips,
J. Chromatogr., 444 (1988) 21-28.
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involved. Hill (1972) achieved elution of antibodies from immunoadsorbents by decrea-
se of polarity using dioxan in admixture with weak organic acids.

In connection with the elution of antibodies, the findings of Murphy et al. (1976)
concerning the increase in affinity of antibodies during immunization, are interesting.
For example, antibodies against glucagon could initially be eluted effectively from the
immunosorbent with 4.25 M ethanol in 4mM hydrochloric acid; but if they were
prepared from the serum of the same rabbit one year later, 0.1 M acetic acid, adjusted
to pH 2.2 with formic acid, had to be used. Table 8.6 shows a wide variety of elution
buffers tested for their ability to reversibly dissociate the antigen-antibody complexes.
It has already been shown, in many examples, that the specific complex of the isolated
substances with the immobilized affinity ligand can also be decomposed after steric
modification; for example with urea, guanidine salts or chaotropic ions, namely thio-
cyanate, trichloroacetate and trifluoroacetate. These reagents disrupt the hydrogen
bonds or change the structure of water in the proximity of hydrophobic regions.
However, when these reagents are employed, it should be borne in mind that the
components of the complex might be irreversibly destroyed during liberation. It is
known, however, that with immobilized enzymes the attachment of proteins to solid
supports usually brings about an increase in their stability. By choosing a suitable
concentration, temperature and exposure time, minimum conformational changes in
the adsorption site can be achieved during desorption, which consequently also induces
reversible conformational changes of whole molecules, both of the isolated substances
and the immobilized affinant. It is practicable to decide the minimal concentration
required for elution on the basis of a preliminary experiment in which the concentration
and the biological activity are determined. For example, elution with 1.5 and 2 M
guanidine hydrochloride solution was used successfully for the isolation of thermolysin
and subtilisin after their specific sorption on benzyloxycarbonyl-L-pheny-
lalanyltriethylenetetraminyl-Sepharose. Both enzymes are stable under the given
elution conditions, and affinity chromatography, mentioned above, yielded prepa-
rations of high specific activity (Fujiwara et al., 1975). Guanidine hydrochloride solution

was used successfully as an eluting agent by Gospodarowicz (1972), who even used a 6
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Table 8.6.
Comparison of different dissociating agents desorbind the antigens from their
immunoadsorbents
) . Recovery
Antigens Elution Reference
[%]
Aminopeptidase N 2 mM Tris-HCI, pH 8.0 70
Dipeptidylpeptidase IV 2 mM Tris-HC|, pH 8.0 56
Sucrase-isomaltase 2 mM Tris-HC], pH 8.0 40 1
Lactase-phlorizin hydrolase =~ 1 mM K3POg, pH 7.4 32
Maltase-glucoamylase 1 mM KoPO4, pH 7.4 32
2-Amino-2-methyl-1-
Martix vesicle alkaline propanol, 80-100
phosphatase 0.6M 2
MgCl, 1M 25
NaCl, 3M 1
Urea, 6M 0
Glycine-HCl 0.2 M <5
Glucocerebrosidase from KCNS 20M <5
exctracts of human tissues Ethylene glycol 60% 10 3
Ethylene glycol 70% 28
Ethylene glycol 80% 9%
3 M NaSCN 100
Human lipoproteins 50 mM Glycine-HCl,
containing apolipoprotein B pH 32 42 4
(ApoB) Water, pH 6.0 95 b
0.7 mM NaOH, pH 9.6 33
1.0 mM NaOH, pH 10 58
0.05 M Na2PQO4, pH 7.0 0
4.0M NaCl in
0.05 M NazPO4, pH 7.0 14.6
Bacill raci 0.1 N Acetic acid, pH 3.0 86.4 5
e ;’(’)’r”“’s ;.g M Glycine-HCl, pH 88
2,0 M NaSCN in
0.05 M Naz2PO4, pH 7.0 83
40M NaSCN in
0.05 M NayPQOy4, pH 7.0 100

a) All containing 0.1% Triton X-100
b) Values are expressed as percentage recovered ApoB in comparison with that

recovered by NaSCN

1) Danielsen et al. (1982). 2) Hsu et al. (1985). 3) Aerts et al. (1986).

4) Mc Conathy et al. (1985). 5) Machuga et al. (1986).
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M solution of pH 1.5 for the elution of the luteinizing hormone from an agarose column
with a bonded fraction of anti-luteinizing hormone immunoglobulin. Immediately after
elution, the pH of the hormone solution was adjusted to 7.3 and dialysis was carried out
against a 0.2 M ammonium hydrogen carbonate or 0.01 M phosphate buffer of pH 7.3,
containing 0.9% of sodium chloride.

The HPIAC column used by Babashak and Phillips (1988) for the isolation of B27
human leukocyte antigen, wnich is shown in Fig.8.19, was used by the same authors for
the isolation of the same antigen, and this is shown in Fig. 8.20. The difference is in the
elution: instead of pH chaotropic gradient elution, buffer containing sodium thio-
cyanate from 0 to 2.5 M was used at flow rates (A) of 0.5 ml/min, (B) 1 ml/min and (C)
1.5 ml/min. The elution peak produced by the acid elution is broader than the same peak
produced by chaotropic elution. The flow rates of the column did not affect the elution
profile over the range tested. The shift in peak position, seen with increasing flow rates,
was due to the increase in speed with which the released antigen was washed through
the column. The increase in column flow rate also resulted in changes in the area under
the second peak, which decreased as the antigen was eluted in a smaller volume, at a
greater speed. Speeds greater than 1.5 mi/min resulted in an inefficient binding of the
antigen to the immobilized antibody during the initial phase of the immunoaffinity
procedure. Dot-blot analysis of the immunoaffinity isolated antigen demonstrated that

superior results are obtained with chaotropic elution at flow rates of 1-1.5 ml/min.

8.3.3 Elution by change of temperature

The human blood group li antigens are defined by certain monoclonal or oligoclonal
IgM autoantibodies which are cold agglutinins (CA). Anti-I reacts preferentially with
adult red blood cells while anti-i agglutinates cord erythrocytes more strongly. The Ii
antigenic determinants on the erythrocytes are oligosaccharide structures on
glycosphingolipids and glycoproteins. The cold-reacting autoantibodies are clinically
important since they are primarily responsible for vast majority of autoimmune CA
anemias of both the transient and chronic varieties. They may also play a secondary role

in the genesis of, or clinical manifestations associated with other disease states, including
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8.20. Effects of flow rate on the elution profiles of an HPIAC isolation of the B27 antigen using a chaotropic
gradient elution buffer. The running conditions are as described in Fig. 8.19 except that the flow rates were
(A) 0.5 ml/min; (B) 1 ml/min and (C) 1.5 ml/min. The dotted line indicates the chaotropic ion gradient.
Reproduced with permission from J. V. Babashak and T. M. Philllips, J. Chromatogr., 444(1988) 21-28.

sickle cell disease and various other hematological disorders and nonhematological
malignancies. Their extremely selective reactions also render them useful reagents in
studying the molecular basis of specific physiological disorders, i.e. chronic cold agglu-
tinin disease (CCAD), and in studying antigenic changes associated with cell matu-

ration, differentiation and malignant transformation. Glick and Oppenheim (1985)
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described the rapid purification of anti-I and anti-i cold antibodies from the sera of
patients with CCAD. The purification procedure shown in Fig. 8.21 is based on thermal
bioaffinity chromatography using desialated orosomucoid-Sepharose 4B conjugated
beads. Anti-I or anti-i antibodies were separated from the whole sera in all of the seven
samples tested, with a recovery in most cases of 100% of the cold hemagglutinating
activity.

The use of a linear temperature gradient for the differentiation of a mixture of yeast
alcohol dehydrogenase, glycerokinase, hexokinase and lactate dehydrogenase in bioaffi-
nity chromatography on N6-(6-aminohexyl-5’-AMP-Sepharose was described by
Harvey et al. (1974). It is interesting that glycerokinase and yeast alcohol dehydrogenase
were eluted in the order expected on the basis of their apparent energies of adsorption,
with a high recovery (70-90%), while lactate dehydrogenase required a pulse of 5 mM
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Fig. 8.21. Purification of cold agglutinins by thermal bioaffinity chromatography. High titre anti-I or anti-i
sera were titrated to pH 6.8, membrane filtered, and subsequently passed through a desialated orsomucoid
Sepharose 4B column (1.5 x 10 cm). The column was washed extensively with sodium phosphate buffer
(PBS)pH 6.8 at 4°C and then eluted with PBS pH 7.4 at 37°C. Fractions (5 ml) were collected and monitored
for absorption at 280 nm (@) and for cold hemagglutinating activity (0). Reproduced with permission from
J.Glick and J.D.Oppenheim, Vox Sang., 49 (1985) 49-57.
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NADH before applying the temperature gradients. The advantage of this elution is that
the eluted enzymes are not contaminated with elution reagents (salts, nucleotide pulse),
and they can be utilized directly for kinetic studies. For firmly bound enzymes, the
method is suitable for use in combination with other techniques, such as a lower
concentration of ligands, NADH pulses or a gradient of ionic strength.

Babashak and Phillips (1988) also studied the elution of B27 antigen from an HPIAC
column (streptavidin-coated beads) in relation to temperature. Elutions and rege-
nerations at room temperature were determined over 1 - 2 week intervals (5 - 10
elutions), at 4°C for 4 - 6 months (10 - 40 elutions) and at 37°C for 1 week (2 - 10 elutions
and regeneration in all cases, depending on the elution agent). It was possible to store
HPIAC columns at 4°C for up to 6 months or longer, and for 1 - 2 weeks at room
temperature. The operating temperature of bioaffinity chromatography often affects
the functional life of biospecific adsorbents, which should be borne in mind. The effects
of organic solvents and temperature, including sub-zero temperatures, on desorption

from immunoadsorbents have been studied by Anderson et al. (1978, 1979).

8.3.4. Photocontrol of bioaffinity chromatography

Those compounds that show reversible colour formation upon irradiation with light
are called photochromic compounds. Spiropyran compounds, which are in the class of
photochromic compounds, show a drastic polarity change under light irradiation.
Karube et al. (1978) modified Sepharose 4B with N-(w-aminohexyl)-L-aspartic acid
(AHA) and spiropyran. The AHA-spiropyran gel showed reverse photochromism. It
was coloured red inthe dark (polar form) and was bleached uponirradiation with visible
light (apolar form). Asparaginase was bound to the AHA-spiropyran gel under visible
light and was released in the dark. The optimum conditions for photocontrolled binding
and release of asparaginase were 0.05M phosphate buffer and pH 7.0. Since no
interaction was observed between the agarose gel modified with spiropyran compound
and asparaginase, it can be concluded that asparaginase binds to the immobilized AHA

moiety. Fig. 8.22 shows that the spiropyran derivatives on the AHA-agarose gel were
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Fig. 8.22. Schematic diagram of the N-(w-aminohexyl)-L-aspartic acid-spirogen-Sepharose under visible light
(hv) and in the dark (A). Reproduced with permission from I. Karube et al., Biotechnol. Bioeng., 20 (1978)
1775-1783.

ionized in the dark. The ionic strength around the immobilized AHA increased in the

dark. Therefore, asparaginase might be forced out by ionic repulsion in the dark.

8.3.5 Elution in an electric field

In some cases the elution of adsorbed materials from bioaffinity matrices can be the
most critical step in bioaffinity chromatography. In some cases it is not possible to
achieve the elution of highly biologically active compounds by conventional elution
procedure. As a consenquence of this impossibility the powerful tool of bioaffinity
chromatography could sometimes not be used. Morgan et al. (1978) developed the
technique of electrophoretic desorption. This makes it possible to avoid the severe, e.g.

chaotropic, conditions often used for the dissociation of biospecific complexes exhi-
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biting strong interaction; e.g. in the case of haptens with immunoadsorbents. The
method combines the principles of electrophoresis and biospecific interactions descri-
bed by Nakamura et al. (1960). Morgan et al. (1978) placed bioaffinity matrices on the
top of the polyacrylamide gels, and slightly modified gel electrophoresis equipment was
employed. Electrodes were situated in buffer compartments on opposite sides of
bioaffinity matrix. The technique involves applying an electric field across a loaded
bioaffinity matrix after the usual adsorption and wash steps of bioaffinity chro-
matography have been performed.

The patterns of desorption reported in Morgan et al’s paper for human serum
albumin (HSA) from Cibacron Blue F3G-A-Sepharose, for ferritin from anti-ferritin
antibody-Sepharose, and for oestriol-16a-glucuronide from anti-oestriol-16a-glucu-
ronide antibody-Sepharose are the same, and appear to be typical of all electrophoretic
desorptions. These patterns take the form of an initial peak of desorbed material, which
is followed by a ’trail’ that decreases until no more material remains on the bioaffinity
matrix. The amount of material represented by the height of the initial peak is related
to the time between the washing of the bioaffinity matrices and the commencement of
the desorption. The relative mobilities (as measured by the position of the initial peak)
of compounds that have been electrophoretically desorbed from bioaffinity matrices
are those obtained for the compounds in the absence of any bioaffinity matrix. Thus the
desorption process begins immediately the voltage is applied. The proposed mechanism
of desorption is that the observed initial peak represents material which is unbound at
the start of the desorption. This material has dissociated from the ligand after the
washing procedure has removed the excess, free material. The amount of material
observed in this peak depends on both time and association constant Ka. The ’trail’ that
follows the unbound material into the gel represents material which dissociates and
migrates continuously in the ensuing period. This dissociation persists until no material
remains on the support. The desorption is thus passive procedure. Ions will move in the
field towards the gel only when dissociated; if they re-associate with immobilized ligand

then their migration rate may be proportionally retarded. Morgan et al. (1978) therefore
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predict that the rate at which a material can be desorbed will be directly related to the
rate of dissociation for that material and the immobilized ligand.

In an experiment in which the desorption of HSA on two gels of different diameters
is compared under identical conditions, it is seen that the greater the surface area
between the gels and bioaffinity suport the faster is the rate of desorption. This is
because the increased surface area increases the probability of migration into the gel
without the occurrence of re-association, since the distance across which the ions have
to migrate is less than with a smaller surface area in contact with the gel. Thus the rate
of desorption with narrow gels is slower than for wide gels, for the same amount of
affinity matrix.

In accordance with the postulated mechanism, factors affecting the binding of the
material to the affinity support, such as changes in pH, or changes in temperature will
also influence the observed rates of desorption. Any compound adsorbed non-cova-
lently by a bioaffinity (or other) interaction to an immobilized support should be capable
of being desorbed by this electrophoretic method, provided that:

(i) the interaction is reversible;

(i1) the compound to be desorbed is charged.

Morgan et al. (1980) also used electrophoretic desorption of HSA from Cibacron
Blue F3GA-Sepharose 4B for the investigation of important controlling factors, such as
the electric current, the matrix thickness, the buffer molarity, and temperature. The
results demonstrate some of the advantages of this technique, including the mild
conditions, high yield and small desorbate volume.

A review of the principles, methodology and applications of electrophoretic elution
from biospecific adsorbents has been published by Yarmush and Olson (1988). A
comprehensive list of applications shows that the materials recovered by electrophoretic
elution have included steroids, enzymes, antibodies, virus particles and viruses. The
application of this technique to the recovery of live cells from bioaffinity supports is
made more attractive by the fact that many cells have high electrophoretic mobilities
and are known to be stable in a buffer containing nonelectrolyte media (e.g. sucrose or

mannitol). In addition, electrophoretic elution would also be ideal for recovering
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multi-subunit proteins which may have difficulty in reassembling after dissociation in
chemical eluents. In view of these considerations, the comparative safety of electropho-
retic elution may be especially attractive for systems in which conventional elution
methods have proved to be inadequate or disadvantageous. De Bortoli and Roggero
(1985) showed in their review that many electrophoretically eluted materials completely
retain their affinity and capacity, including identical antigenicity and infectivity of
isolated viruses. The same review also gives the scale and time-frame of the applications
mentioned.

Fig. 8.23 illustrates the fundamentals of an electrophoretic elution device with
product recovery over a semipermeable membrane. The electric field causes dissociated
ligate to migrate into an elution chamber. The elution chamber is bounded by a
semipermeable membrane that retains the larger product molecules but allows small

ions to pass and complete the electric circuit.
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Figure 8.23. Electrophoretic elution device with product recovery over a semipermeable membrane. The
membrane retains the product molecule but allows small ions to pass and complete the electric circuit.
Reproduced with permission from M. L. Yarmush and W. C. Olson, Electrophoresis, 9 (1988) 111-120.
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Flat-bed electrophoresis equipment for desorbing substances tightly bound to bioaffi-
nity matrix using isoelectric focusing has been described by Haff et al. (1979). For
preparative work, this method typically involves the following steps.

(1) Prepare aflat bed of inert gel supporting a pH gradient. (2) Perform the adsorption
and wash steps of bioaffinity chromatography in a separate vessel. (3) Replace a small
zone of the inert gel with the saturated bioaffinity matrix. (4) Apply an electric field to
elute the material from the bioaffinity matrix into the inert gel for isoelectric focusing.
(5) Remove the zone of inert gel containing the focused material. (6) Separate the
focused material from the inert gel. Since additional separation is achieved in the
isoelectric focusing gel, this method offers extremely high product purities.

Kati¢ka and Prusik (1983) developed the third electrophoretic recovery method,
isotachophoretic focusing, which involves elution into a discontinuous system of electro-
lytes chosen so that the mobility of the desorbed substance is intermediate between
those of the leading and terminating electrolytes. Because of its lower mobility, ligate
that elutes into the high-mobility leading electrolyte acquires a velocity less than that of
the electrolyte boundary. Because (1) the current is constant throughout the capillary
and (2) the electrical conductivity of the terminating electrolyte solution is less than that
of the leading electrolyte solution, the electric field is constrained to be greater in the
terminating solution. For this reason, ligate that elutes into the terminating solution
travels faster than the boundary and eventually accumulates or focuses as a new zone.
The location of this zone can be determined using tracking dyes or other types of sensors.
Fig. 8.24 shows a plan of the apparatus constructed by Prusik and Kasi¢ka (1985) for
micropreparative isotachophoretic desorption. Electrodesorption methods for relea-
sing polypeptides and proteins from high-bioaffinity sorbents have been surveyed by
Prusik and Kagi¢ka (1987). New applications of desorption isotachophoresis are
summarized and demonstrated there. The desired properties of a bioaffinity adsorbent
especially suited for desorption isotachophoresis were formulated on the basis of
experimental data.

Takeo and Nakamura (1972) found that the electrophoretic mobility of glucan

phosphorylases was diminished due to the specific interaction if glycogen was
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Fig. 8.24. Apparatus for micropreparative isotachophoretic desorption. 1 = Polypropylene 20-ml syringe for
the leading electrolyte; 2 = cover of the electrode compartment for the leading electrolyte; 3 = leading
electrolyte; 4 = electrode vessel for the leading electrolyte; 5 = Pt electrode; 6 = high-voltage cable; 7 =
deaeration channel; 8 = semipermeable membrane (Kuprophan); 9 = body of the valve of the leading
electrolyte; 10 = polytetrafluoroethylene (teflon, PTEF) tubing, I. D. 1 mm; 11 = PTFE core of the valve
of the leading electrolyte; 12 = polypropylene 20-ml syringe for filling the capillary and rinsing the sample;
13 = electronics for the UV detector and the potential gradient (PG) detector; 14 = recorders of the UV
and PG signals; 15 = PG detector; 16 = PTEF coupling; 17 = source and sensor of the UV detector; 18 =
PTFE tubing, I. D. 1 mm; 19 = polyethylene tubing, I. D. 3 mm; 20 = polypropylene syringe for the sample
and deaeration; 21 = waste reservoir; 22 = PTFE tubing, I. D.1 mm; 23 = PTFE core of the valve for the
terminating electrolyte; 24 = PTFE tubing, 1. D. 1 mm; 25 = needle valve joint; 26 = segment with the
affinity sorbent; 27 = body of the sorption element; 28 = high-voltage cable; 29 = Pt electrode; 30 =
electrode vessel for the terminating electrolyte; 31 = terminating electrolyte; 32 = cover of the vessel for
terminating electrolyte; 33 = polypropylene 20-ml syringe for the terminating electrolyte. Reproduced with
permission from Z. Prusik and V. Kagitka, J. Chromatogr., 320 (1985) 81-88.

embedded in the suppport gel. Bgg-Hansen (1973) and Hofeji with Kocourek (1974)
proposed the term “affinity electrophoresis” (AE) for this procedure, since it combines
the bioaffinity technique and electrophoresis. A section on AE was printed in Chapter
7 of the first edition of this book (Turkova, 1978). Reviews on AE have been published
by Hotejéi (1981, 1984) and Takeo (1984); on AE of glycoproteins by Beg-Hansen
(1983); and on qualitative and quantitative applications of AE to the study of protein-
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ligand interactions by Hofej&i and Tich4 (1986). AE is advantageous for analytical
purposes because it requires a small amount of the sample and permits the analysis of
many samples simultaneously in a short time. However, it can not be applied to neutral
substances, nor to substances having a net charge of zero. It is also only limited to
analytical applications.

Shimura and Kasai (1982) described separation technique for biomolecules under the
name “affinophoresis”. This technique requires a carrier macromolecule, an “affi-
nophore”, which contains both an affinity ligand for a certain biologically active mole-
cule and many charges, either positive or negative, in order to migrate rapidly in an
electric field. When a mixture of substances is subjected to electrophoresis in the
presence of the affinophore, the biomolecule having an affinity with the affinity ligand
forms a complex with the affinophore. This results in a change in the apparent
electrophoretic mobility. If the biomolecule accelerates sufficiently, it can be separated
from other materials. Shimura and Kasai separated e.g. Streptomyces griseus trypsin
using m-aminobenzamidine attached to soluble cationic dextran containing DEAE -
groups. An anionic affinophore based on poly-L-lysine as matrix was used for the
affinophoresis of anhydrochymotrypsin by Shimura and Kasai (1986). A review on
progress in affinophoresis has been published by Shimura (1990).

8.3.6 Elution in a magnetic field

The advantages of magnetized supports, which are attracted by a magnetic field,
prepared under the commercial name Magnogel AcA, and their applications, have
already been discussed in Section 5.4. Molday and Mackenzie (1982) prepared immu-
nospecific ferromagneticiron-dextran reagents for the magnetic separation of cells. The
magnetic particles used were in the size range of 30 - 40 nm and had an electron dense
core of about 15 nm. They were stable against aggregation in physiological buffer,
showed little non-specific binding to cells and had a magnetic moment. After their
periodate oxidation and coupling of Protein A, human red blood cells labelled with
immunospecific ferromagnetic particles were quantitatively retained by a simple perma-

nent magnet and could be separated from unlabelled cells. Reported studies pointed
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to the potential wide application of immunospecific ferromagnetic iron-dextran
particles for the separation of specific antigen bearing cells, cell membranes and
receptors.

Ugelstad et al. (1988) summarized their long-term work on the preparation of
monosized magnetic particles (MMP) and their use in selective cell separation. Several
types of magnetic particles have been prepared. A preferred method involves, as a first
step, the introduction of oxidizing groups, chemically bound to the surface of the pores
of macroreticular particles. Under appropriate conditions Fe?t is continuously
transported from an outer phase into the pores, where it is oxidized and precipitates as
very fine grains of magnetic iron hydroxid-oxide compounds which form magnetic iron
oxides on heating. The magnetic particles which up to now have been most widely used
in cell separation are called M-450 and they are produced by Dynal A. S., Oslo, Norway.
Magnetic beads have been used in clinical applications for the depletion of tumour cells

in the equipment shown in Fig, 8.25.
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Fig. 8.25. Cell separation unit for clinical use. 1, 600 ml Fenwall blood bags; 2, rocking device; 3a, platform
supporting blood bag above bank of magnets; 3b, enlarged cross-section of 3a; 4, removable iron plate; 5,
handle for stepwise regulation of distance between platform and magnets; 6, cobalt samarium magnets; 7,

peristaltic pump; 8a, magnetic trap; 8b, enlarged cross-section of 8a. Reproduced with permission from I.
Ugelstad et al., Makromol. Chem., Macromol. Symp., 17 (1988) 177-211.
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Mononuclear cells and MMP are introduced into a standard 600 ml Fenwall blood
bag. The bag is fixed in a cassette which is placed on the platform of a rocking device.
During the incubation with MMP the bag is shielded from the magnetic field by a
removable iron plate. After incubation, the bag is lowered stepwise towards the magnets
in order not to detach beads from the cells during transport of the MMP-rosetted cells
to the bottom of the bag. The supernatant cell suspension is then sucked out with the
help of a peristaltic pump. To remove beads that might escape the bag, the cell
suspension is transported through a magnetic trap before it is collected in a blood bag.
A second cycle of purging is carried out by adding a new batch of polyclonal antibody
coated MMP and repeating the procedure.

Special types of MMP have been developed for the isolation of organelles and viruses.
Special modifications of the M-450 beads, where the beads have a non-magnetic
polymer shell outside the magnetic core, have proved to be very effective for the selective
separation of organelles and viruses. The special magnetic device used in this case
involves separation in a “magnetic flow system”. After incubation, the suspension
contained in a 15 mlisolation chamber is placed within the magnetic field generated by
an electromagnet. The shape of the magnetic field is designed so that the beads will exist
as single particles and are contained within the chamber, while the washing buffer flows
through the chamber and removes unbound and nonspecifically bound components.
The gentle washing conditions prevent losses due to vesicularization of the specifically
bound vesicles, which has been a severe problem with previous methods.

A method for rapid purification to near homogenity of sequence-specific DNA
binding proteins based on magnetic separation has been descibed by Gabrielsen et al.
(1989). They described the magnetic DNA bioaffinity purification of yeast transcription
factor by using monodisperse superparamagnetic particles (Dyna beads M-280) with
attached Streptavidin mixed with biotinylated tRNA gene fragment. The high biotin
binding capacity of these magnetic DNA bioaffinity beads resulted in near 100% binding
with the amounts of DNA.,

Fine magnetic particles (ferrofluid) were prepared by a co-precipitation method using

the oxidation of Fe2* with nitrite by Shinkai et al. (1991). The particles were activated
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with (3-aminopropyl)triethoxysilane in toluene and the activated particles were combi-
ned with some enzymes by using glutaraldehyde. Enzyme-immobilized magnetic
particles had sizes between 4 - 70 nm and the size could be changed by the ratio of the
amount of Fe2* to that of nitrite. Proteins could be immobilized at the level between
about 70 and 200 mg/g support. To decrease intraparticle diffusion limitation of
substrate transport within the carriers, fine particles, the size of which is as small as
possible, are preferably used as a support. However, in repeated use the separation
becomes more difficult. Magnetic particles can easily be recovered by the magnetic
field. Using the published method, the magnetic particle size could be controlled

according to the application required.

8.4 ESTABLISHMENT OF OPTIMUM CONDITIONS AND SATU-
RATION EFFECT

In order to discover the optimum conditions, Porath and Kristiansen (1975)
recommended preliminary experiments for the determination of the bed capacity. This
determination can best be carried out by frontal chromatography on a column bed with
a total volume of a few millilitres. The UV absorption of the effluent is measured at a
suitable wavelength and small fractions are collected. The activity of the fractions is
determined, and the capacity is calculated from the retention of activity. In addition,
frontal chromatography will also provide information about the possible presence of
several components with identical affinities but different retention volumes. Sometimes
two activities may be determined simultaneously; for example that of trypsin and
chymotrypsin, during elution from a column of immobilized soybean trypsin inhibitor.
Information obtained in the preliminary experiment is then valuable for planning the
main experiment, which should achieve maximum purification in a bed of a given
volume of the sorbent used.

In some instances it was observed that, when freshly prepared sorbents were used,
some of the activity of the isolated substance was lost, evidently due to irreversible
sorption. Thus, for example, Gorecki et al. (1974) described the variability of penicillin-

Sepharose conjugate. p-Aminobenzylpenicillin coupled to Sepharose was a very stable
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conjugate, which preserved its ability to adsorb D-alanine carboxypeptidase specifically,
even aftter storage in water in the presence of 0.02% sodium azide at 4°C for several
months. During the use of this sorbent, the authors found, however, that only about 60%
of all preparations of substituted gels are suitable for immediate use in the bioaffinity
chromatography of D-alanine carboxypeptidase. That is, some of the conjugates sorbed
the enzyme irreversibly and no enzymatic activity could be eluted, even when high
concentrations of salts were applied. Exhaustive saturation of this gel with a definite
amount of crude enzyme (about a 10-fold amount of enzyme with respect to that
commonly used in normal purification procedures) converted this penicillin-Sepharose
into a normal reversible adsorbent, suitable for the bioaffinity chromatography of
D-alanine carboxypeptidase. The saturation effect was highly specific, and no other
inert protein, for example bovine serum albumin, could replace D-alanine carbo-
xypeptidase in the irreversible sorption. It was further observed that, during storage at
4°C, some of these gels characterized by irreversible sorption were converted into gels
suitable for normal bioaffinity chromatography. This change can be ascribed to the
decrease in the number of highly active “adsorbing sites” on the gel surface, so that the
enzyme can then be bound reversibly to these modified specific sorbents.

The equilibrium constant of the biospecific complex influenced the amount lost by
the dissociation of the specifically adsorbed material during exposure to the washing
buffer and the heterogeneity of the substance isolated. Using two or three column
volumes of washing buffer, Eveleigh and Levy (1977) determined that the heterogeneity
of the antibody preparation is less than 2% in the majority of applications. These authors
also studied the effect of cycling the immunosorbent, which is shown in Table 8.7.

The poor recovery of bound antigen from the column in the first cycle can be partly
explained by an insufficient volume of eluent to completely dissociate the complex, but
a comparison with the recovery in the subsequent cycles indicates that the lower yield
represents an apparently irreversible reaction of the antigen. This “first-cycle effect”
has been observed with many supports and with a variety of immunological systems, and
must be considered when defining the immunosorbent capacities (Eveleigh and Levy,
1977).
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Table 8.7.
Effect of cycling a 5-ml column with excess antigen and eluting with 15 ml of 2.5 M

NH4SCN

Amount (mg) Eluted) Am?unt

Cycle Applied  Bound Eluted bound (%) C4ned
(mg)
1 5.87 4,192 3.204 76.4 0.988
2 597 3.316 3.019 91.0 0.297
3 5.89 3.239 2.988 92.2 0.251
4 588 3.179 2964 93.2 0.215
5 5.86 3.135 2.995 95.5 0.140
6 591 3.089 2.996 96.0 0.124

The major interfering effects in bioaffinity chromatography are due to non-biospe-
cific binding. Zoller and Matzku (1976) studied the elimination of non-biospecifically
bound proteins inimmunoadsorption. In their paper various possibilities for eliminating
these effects were compared and analysed. They stated that, for the purification of their
antigen (a-foetoprotein), pre-elution with a pH 10.0 buffer of high ionic strength (1.0
M) was effective. A major problem in purifying anti-pepsinogen Il group antibodies was
eliminated by using a non-biospecific immunoadsorbent column where specific anti-
bodies are not bound, or are only weakly bound. Wright et al. (1978) described the
purification of hexokinases by bioaffinity chromatography on Sepharose-N-
aminoacrylglucosamine derivatives. The capacity of the bioaffinity columns for these
enzymes also depended on the purity of the applied sample: the purer the sample, the
higher the capacity. This phenomenon can be expected in low-affinity systems where
the non-specific adsorption of protein can readily interfere with specific interaction.
Thus the more impure the fraction to be chromatographed the larger the column that
is required. A more detailed discussion on non-specific sorption is given in Section 4.6.

Bioaffinity chromatographic procedures are difficult to scale up from the analytical
to the preparative level when the ligand used for purification is a limiting factor. A
versatile, computer-controlled bioaffinity chromatographic system has been described

by Jepsen et al. (1986). It permits automatic repetition of the purification process, and
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sophisticated control functions are available, based on the ultraviolet absorbance of
fluid passing through the bioaffinity column. The system was used for automation and
scaling up of the purification of Plasmodium falciparum exoantigens. An automatic
time-based instrument for the preparative application of immunoaffinity system has
been described by Eveleigh (1982). Many critical factors involved in the large scale
preparation of biologically active molecules will be discussed in greater detail in Section

9.4.

8.5 REGENERATION AND STORAGE OF BIOAFFINITY
COLUMNS

The commonest method of column regeneration for repeated use is to wash them
alternately with alkaline and acidic buffers, in a similar manner to that used during their
preparation. For example, Walsh et al. (1974) washed Sepharose with bonded glycyl-
D-phenylalanine after the isolation of neutral protease from Bacillus subtilis with two
column volumes of a buffer of pH 9 and then a buffer of pH 5 or 7, and finally they again
equilibrated the column with the buffer used for affinity chromatography. The columns
regenerated in this manner did not change their chromatographic behaviour, even after
50 runs. Benson et al. (1974) used washing with 6 M guanidine hydrochloride solution
and re-equilibration with the starting buffer for the regeneration of 19-nortestosterone-
17-0O-succinyldiaminodi-propylaminoagarose. Turkov4 et al. (1975, 1976) also used 6
M guanidine hydrochloride solution for the regeneration of specific sorbents.

After experiments involving elution with detergents, the Pharmacia company
recommended the following washing procedure for the regeneration of sorbents:

(1) wash with 1 bed volume of distilled water, followed by 1 bed volume of ethanol;

(2) wash with 2 bed volumes of n-butanol;

(3) wash with 1 bed volume of ethanol, followed by 1 bed volume of distilled water;

(4) re-equilibrate the gel with starting buffer, ready for the next experiment.

The flow rate during washing may be similar to or higher than that used during

classical chromatography, and 25-50 cm/h has been found to be suitable. The expe-
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rimental conditions for high-performance bioaffinity chromatography will be discussed
in Section 9.3.

The insoluble affinant, especially if it has a protein character, is often more stable
when bound to a solid support than when free. In many instances, for the preservation
of activity, it is best to store the suction-dried specific sorbent at low temperature in the
presence of a suitable bacteriostatic agent (for example, 0.02% of sodium azide). The

choice of the storage buffer depends on the properties of the bound affinant.
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Chapter 9

Bioaffinity chromatography in the isolation, determination or removal
of biologically active substances

Bioaffinity chromatography has increasingly become the method of choice for the
purification or the determination of biologically active substances. The use of biospecific
adsorbents is described in an ever greater number of publications. Many examples of
classical, high-performance or large-scale bioaffinity chromatography of a wide range
of compounds are presented in Tables 9.1, 9.2 and 9.3. The expansion of this method,
which has been particularly vigorous in industrial approaches, has been mainly due to

development in the field of biotechnology.

9.1 CLASSICAL BIOAFFINITY CHROMATOGRAPHY

The types of bioaffinity chromatography most frequently described in publications
are performed in research laboratories. The widespread use of soft gels - e.g. agarose -
or other solid supports in chromatographic procedures under similar conditions is
shown in Table 9.1. The preparation of specific sorbents utilizing the exceptional
properties of biologically active substances to form specific and reversible complexes
has enormously facilitated the isolation of a number of antibodies, antigens and
haptens, cells and cell organelles, cofactors and vitamins, many enzymes, enzyme
subunits and their modified derivatives, glycoproteins and saccharides, hormones,
inhibitors, lectins, lipids, nucleic acids and nucleotides, binding and transfer receptors,
tissue factors, SH-containing proteins and peptides, other proteins, specific peptides
and amino acids, viruses and other compounds, as described in alphabetical order. In
addition to isolated substances, Table 9.1 also shows the affinity ligands used, the solid
supports and the spacers, with an indication of whether it was the affinant or the solid
matrix that was modified. However, in several instances published in the table, it is not
certain whether biospecificity is the principle of chromatographic behaviour.

The different conditions applied during bioaffinity chromatography depend on the

nature of the substances to be isolated. Even if, in some instances, a homogeneous
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Anti-carbohydrate antibodies from rabbits
immunized with vaccine of nonviable cells
of Streptococcus bovis

Anti-cholecystokinin antibody

Anti-DNA antibodies from sera of lupus
patients

Anti-DNA antibodies from serum of
patients with systematic lupus
erythematosus

Anti-DNA antibodies from systemic lupus
erythematosus serum

Anti-DNP antibodies from goat
Anti-£-dinitrophenyl (DNP) antibodies

from goat
Anti-ferritin IgG

Anti-glycolipid antibodies from rabbits

Anti-gum arabic antibodies from rabbits

Anti-human chorionic gonadotropin
(hCG) Fab’

Anti-human Fab antibodies from rabbits

p-Aminophenyl-8-D-glucoronide
Cholecystokinin
DNA or Cibacron blue F3GA

Highly polymerized calf thymus DNA

Cibacron blue F3GA and Procion red
HE3B

DNP-Rabbit serum albumin
&-DNP-lysine
Ferritin

2-Hydroxy-3-N-palmitoylamido4-O--
galactosyl butyric acid with N’;N'-
carbonyldiimidazole

Gum arabic from acacia shrub
hCG

Human IgG

CNBr-activated Sepharose 4B and
AH- Sepharose

CH-Sepharose 4B
DNA cellulose or Affi-Gel Blue

Agarose-poly-L-lysine

Matrex Gel Blue A and Matrex Gel Red A

Sepharose 4B after periodate oxidation
with polyacrylhydrazide
Trisacryl-GF-2000 with N-
hydroxysuccinimidechloroformate

CNBr-activated Sepharose 4B

Hexamethylene amino-controlled pore

glass

AH-Sepharose 4B
CNBEr- activated Sepharose 4B

CNBr- activated Sepharose 4B

PAZUR et al. (1982).

PENKE et al. (1986).

SUENAGA et al. (1986).

NICOTRA et al. (1982).

POLLARD and WEBB
(1982).

MIRON and WILCHEK
(1981).

MIRON and WILCHEK
(1985).

IMAGAWA et al.
(1982).

UCHIDA and NAGAI
(1980).

PAZUR et al. (1986).
HASHIDA et al. (1985).

WESTON et al. (1980).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Anti-human serum albumin antibodies Human serum albumin Porous silica gel (pore diameter; 500 A) ROY and KUNDU
from goat with y-aminopropyltrimethoxysilane and (1979).
glutaraidehyde
Anti-] and anti-i cold antibodies from the  Desialated orosomucoid CNBr- activated Sepharose 4B GLICK and
sera of patients with chronic cold OPPENHEIM (1985).
agglutinin disease
Anti-N‘-(Az-isopenteny‘l)adcnosine N‘-(Az-isopenteny‘l)adcnosinc Sepharose 4B with 1;4- butanediol MC LENNAN and
antibody diglycidyl ether RANEY (1985).

Anti-rhamnose antibodies from rabbits
immunized with vaccines of Streptococcus
mutans

Anti-Streptococcus group A antibodies
from rabbits

Antibodies (IgG) against guriﬁcd
erythrocyte membrane Ca“* pumping
ATPase

Antibodies against "Facteur thymique

serique” (FTS = Pyr-Glu-Ala-Lys-Ser-Gin-

Gly-Gly-Ser-Asn) - from rabbits

- - (8-lysine)-vasopressin from rabbit
antiserum

- - 2’deoxycytidine 5’-monophosphate

(pdC) in conjugate with thyroglobulin from

rabbits

- - 5’-O-phosphoryl-2'-deoxyadenytyl-
(3'5’)-2’-deoxythymidine (pdApdT) in
conjugate with thyroglobulin from rabbits

p-Aminophenyl a-L-rhamnopyranoside

p-Aminophenyl-8-D-N-acetyt-
glucosaminide after diazotisation

Ca®* -ATPase

Synthetic FTS

(8-Lysine)-vasopressin

pdC and oligo-pdC (via phosphate group)

pdApdT and 2'-deoxycytidine 5’-
monophosphate (via phosphate group)

CNBr-activated Sepharose 4B

Sepharose with glycyl-tyrosine

CNBr-activated Sepharose 4B

Ultrogel AcA22 with glutaraldehyde

Sepharose 4B or Spheron P-300

AH-Sepharose and cellulose (carbodiimide

technique)

AH- Sepharose (carbodiimide technique)

PAZUR et al. (1983).

POULSEN and
JOHANSEN (1977).

VERMA et al. (1984).

JAMBON et al. (1981).

VANECKOVA et al.
(1975).

REDDY and JACOB
(1983b).

REDDY and JACOB
(1983a).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

- - acetylcholine receptor from plasma of
patients with myasthenia gravis

- - acetyicholine receptor (AChR) from
rabbits

- - actin from human smooth muscle
antibodies

- - aminopeptidase N (EC 3.4.11.-) - from
rabbits

- - angiotensin II

- - Bacillus subtilis levansucrase (EC
2.4.1.10) - from rabbits

- - basic pancreatic trypsin inhibitor (BPTT)
- from rabbits

- - benzyipenicilloylbovine-y-globulin
(BPO- BGG) conjugates from rabbits

- - biotin (biotinyl bovine serum albumin)
from rabbits

- - bovine prothrombin fragment 1 from
rabbits

- - calmodulin-dependent cyclic nucleotide
posphodiesterase - from rabbits

- - carcinoembryonic antigen (CEA) from
perchloric extract of colonic tumor liver
metastasis

Acetylcholine receptor

Reduced and carboxymethylated AChR
Actin

Aminopeptidase N from Escherichia coli
(Ile5)-angiotensin 11

Levansucrase

BPTI and trypsin

Sodium-penicilin-G

Lipoic acid

Bovine prothrombin fragment 1

Protein A and phosphodiesterase

CEA after periodate oxidation

CNBr-activated Sepharose 4B with a-
bungarotoxin

Sepharose 2B
Activated CH-Sepharose 4B

Indubiose AcA-34 activated with
glutaraldehyde

Affi- Gel 102

Act Ultrogel AcA22 (glutaraldehyde
activated)

Sepharose 4B after CNBr- activation
AH-Sepharose 4B

Sepharose 4B after CNBr-activation with
cthylenediamine (carbodiimide technique)

CNBr-activated Sepharose

Protein A-Sepharose and CNBr-activated
Sepharose 4B

CNBr-activated Sepharose 4B with human
serum albumin (after coupling of CEA
reduction with sodium borohydride)

LANG et al. (1982).

BARTFELD and
FUCHS (1979).

RIISOM et al. (1982).

MURGIER et al. (1977).

HERMANN et al.
(1986).

PETIT-GLATRON et
al. (1987).

KUROWSKA and
SZEWCZUK (1988).

SCHNEINER et al.
(197).

HARMON (1980).
MADAR et al. (1981).

KINCAID (1988).

BURTIN and
GENDRON (1978).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
- - cloned antigens of Plasmodium Lysates of bacteria expressing P.falciparum CNBr-activated Sepharose 4B CREWTHER et al.
falciparum from human plasma proteins (1986).
- - CN1 fragment of histone H3 from anti-  Fragment of histone H3 (peptide 1-90:CN1) Activated CH-Sepharose 4B ABSOLOM and VAN
H3 globulins from rabbits REGENMORTEL
Q977).

- - collagens - from rabbits

- - cortisol 21-acetate-3-(O-
carboxymethyl)oxime - bovine serum
albumin from rabbits

- - cortisol-21-acetate-3(O-
carboxymethyloxime) coupled to serum
albumin - from rabbit

- - dextran

- - digoxin from rabbits

- - dinitrophenylated (DNP) bovine
immunoglobulin from pigs

- - double-stranded DNA from serum of
patients with systemic lupus erythematosus

- - erythrocyte

- - fluorescein isothiocyanate (attached to
keyhole limpet hemocyanin) from mice

- - fluoresceinated rabbit serum albumin
from goat

Bovine types I and II collagens

Cortisol-3-(O-carboxymethylJoxime

Cortisol-3(O-carboxymethyloxime) or 11-
deoxyrortisol-3(O-carboxymethyloxime)

Insolubilized dextran

Ouabain-human serum albumin conjugate

DNP-serum albumin
Double-stranded TS DNA
Erythrocyte

Florescein

Fluoresceinated ovalbumin

Glutaraldehyde-activated Indubiose AcA 2

AH-Sepharose 4B (carbodiimide
technique)

AH-Sepharose 4B (carbodiimide
technique)

Sephadex

Affi-Gel 10
Sepharose 4B after CNBr-ac- tivation

Sepharose 4B with poly-L-lysine
Spheron 300
Sepharose 4B

CNBr-activated Sepharose 4B

RICARD- BLUM et al.
(1982).

LEWIS and ELDER
(1985).

LEWIS and ELDER
(1988).

ROBBINS and
SCHNEERSON (1974).

FREYTAG et al. (1984).

FRANEK et al. (1979).

GILLIAM et al. (1980).

TLASKALOVA et al.
(1975).

BALLARD et al. (1983).

FONG et al. (1981).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
- - glycolipid galactocerebroside from Glycolipid hapten of liposomes Liposomes ALVING and
rabbits RICHARDS (1977).

- - glycolipid gangliotetrasylceramide from
rabbits

- - human growth hormone (HGH) from
rabbits

- - human polymorphonuclear collagenase
from rabbits

- - human serum albumin from goats

- - human Tamm-Horsfall glycoprotein
from rabbits

- - influenza virus from rabbits

- - interleukin 3 from rabbits
- - L-alkaline phosphatase from rabbits
- - Lcell colony-stimulating factor (CFS)

- - major glycoprotein (128 kDa) involved
in thrombogenicity of elastin-associated
microfibrils - from rabbits

- - myoglobin from rabbits

- - myotoxin from rabbit

Gangliotetraosylceramide

HGH

Collagenase

Human serum albumin

Tamm-Horsfall glycoprotein
Deoxycholate- split virus

Protein A
B- Alkaline phosphatase
CFS (purified by ConA-Sepharose)

Protein A

Myoglobin

Myotoxin a from Crotalus viridis viridis
venom

Polystyrene latex beads G 2401 (coated
aggregates formed during  incubation at
37 °C for 60 min were precipitated by
centrifugation)

Affi-Gel 10

Sepharose 4B

CM-Bio-Gel A (carbodiimide technique)
CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B

Protein A-Sepharose CL4B
CNBr-activated Sepharose 4B
CNBr-activated Sepharose 4B

Protein A-Sepharose

Sepharose 6B with divinylsulphone

Affi-Gel 10

TAKI et al. (1982).

O'SULLIVAN et al.
(19M).

CHRISTNER et al.
(1982).

HARPER et al. (1982).
HUNT etal. (1985).

WATANABE et al.
9m).

MAY and THLE (1986).

LEHMANN (1980).

SHADDUCK et al.
(19M).

FAUVEL-LAFEVE et
al. (1988).

SARKAR and
MANDAL (1985).

BOBER and OWNBY
(1988).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
-- N‘-(Az-isopentcnyl) adenosine (iA) iA after periodate oxidation Sepharose 4B with ethylenediamine HUMAYUN and
from rabbits JACOB (1974).
N.n.siamensis toxin 3 CNBr-activated Sepharose 4B with bovine KUKONGVIRI-

- - Naja naja siamensis toxin 3 from horse
refined globulin

- - native ovine follitropin from crude
antisera from rabbits

- - Nesseria gonorrhoeae and Nesseria
meningitidis lipopolysaccharides

- - nicotinic acetylcholine receptor (AcChR)

- - oestradiol-3-(carboxymethyl)-
ether/bovine serum albumin conjugate
from rats

- - oestriol-16a-glucuronide
- - ovalbumin from rabbits

- - peptide corresponding to six C-terminal
amino acids of polyoma virus middle-size
tumor antigen (Lys-Arg-Ser-Arg-His-Phe)
coupled to bovine serum albumin

- - periodate oxidized N°-(AZ-
isopentenyl)adenosine (i6A)-bovine serum
albumin conjugate from rabbits

Lutropin derivative with covalently-linked
subunits

Lipopotysaccharides

AcChR from Torpedo californica (cross-
linking with dimethyl suberimidate better
than with dimethyl 3;3'-
dithiobispropionimidate)

Oestrone-3-(carboxymethyl)- ether

Oestriol-16a-glucuronide-bovine serum
albumin

Ovalbumin

Lys-Arg-Ser-Arg-His-Phe

i6A phosphorylated by cyanoethyl
phosphate (coupled through 5’phosphate)

serum albumin (carbodiimide technique)

CNBr-activated Sepharose
CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B with
curarimimetric neurotoxin

AH-Sepharose 4B (carbodiimide
technique)

CNBr- activated Sepharose 4B
CNBr-activated Sepharose

CH-Sepharose 4B (carbodiimide
technique)

AH-Sepharose 4B

YAPAN et al. (1982).
POIRIER et al. (1984).

RODAHL and
MAELAND (1984).

HINMAN et al. (1985).

AL-AZAWIE et al.
(1985).

MORGAN et al. (1978).

NYGREN and
STENBERG (1985).

WALTER et al. (1981).

SENAPATHY et al.
(1985).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
- - periodate-oxidized 5'-nucleotide 5’-Nucleotide after periodate oxidation Sepharose 4B after CNBr-activation with ~ EICHLER and GLITZ
conjugates with bovine serum albumin (reduced with NaBH4) hexamethylenediamine (1974).
from rabbits
- - rabbit and human immunoglobulin Antigen Bio-Gel P-300 with glutaraldehyde TERNYNCK and
(1gG) AVRAMEAS (1972).
- - rabbit Fc fragment of antibodies from Rabbit IgG Sepharose with 1;4-bis(2;3- O’SULLIVAN et al.
donkey epoxypropoxy)butane (1979).
- - rabbit immunoglobulin G (IgG) from Rabbit IgG Normal glass tubes (75x12mm) with RAUTERBERG et al.
swine labeled with ferritin (measured using tricthoxypropylamine activated with (1984).
alkaline phosphatase- labeled antibodies glutaraldehyde
against ferritin)
- - rat liver cathepsin D (EC 3.4.23.5) from Cathepsin D CNBr-activated Sepharose 4B YONEZAWA et al.
rabbit (1987).
- - regulatory subunits (R) of type I (RI) Bowvine skeletal muscle RI and bovine heart CNBr-activated Sepharose 4B after KAPOOR and CHO-
and type II (RII) of c AMP-dependent muscle RII coupling cross-linked with 25SmM CHUNG (1983).
protein kinases glutaraldehyde (final concentration SmM)
- - Schistosoma mansoni soluble worm SWAP CNBr-activated Sepharose 4B BOCTOR and
antigen preparation (SWAP) from pooled SHAHEEN (1986).
sera from Schistosoma mansoni patients
- -SDNA from human sera of patients with Soft roe DNA Bromoacetyl cellulose with ovalbumin MANAK and VOS
systemic lupus erythematosus (carbodiimide technique) (1978).
- - sheep; rabbit and human Human; sheep and rabbit IgG and BSA Magnetically responsive polyacrylamide GUESDON et al.
immunoglobulin (IgG) and bovine serum (4%) agarose (4%) beads Magnogel (1978).
albumin (BSA) from rabbit and sheep activated with glutaraldehyde
- - soybean lipoxygenase-1 and -2 (EC Lipoxygenase-1 or -2 CNBr-activated Sepharose 4B VERNOOY-
1.13.11.12) from rabbits GERRITSEN et al.

(1983).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
- - Streptococcus mutans strain SS1083 Formalin-killed celis of Streptococcus Triethylaminoethyl cellulose Cellex T MC KINNEY et al.
from rabbits mutans SS1083 (1978).

- - target cells KMT-50 (culture cells of
methylcholanthrene-induced rat
fibrosarcoma) from rabbit serum

- - testosterone-3-(O-carboxymethyl)oxime-
bovine serum albumin from rabbits

- - tetanus and diphtheria toxins from
crude equine tetanus antitoxin

- - tobramycin from rabbits

- - tripeptidyl peptidase II (TPP IT) of
human erythrocytes from rabbits

- - vimentin - from guinea pig

Antibodies specific for protein serotype
antigens of meningococci

Antibodies specific to complement
components C3; C4 and C5b-9 from rabbit
antisera

Antibodies to a format determinant of the
synthetic myelin basic protein
didecapeptide S82

Antibodies to antigenic sites of myoglobin

Protein A

Sa-Dihydrotestosterone-3-(O-
carboxymethyl)oxime-bovine serum
albumin

Tetanus and diphtheria toxins
Tobramycin

TPPII

Vimentin

Outer membrane of meningococci

Protein A

Didecapeptide S82

Peptides of five myoglobin antigenic sites

Protein A-Sepharose CL-4B

Sepharose 4B after CNBr-activation

Spherosil XOB-015 with glutaraldehyde
Sepharose CL-4B with 2-fluoro-1-
methylpyridinium toluene-4- sulfonate
AH-Sepharose (carbodiimide technique)
Glutaraldehyde-activated Ultrogel AcA22

CNBr-activated Sepharose 4B

Protein A-Sepharose

AH-Sepharose 4B or CH-Sepharose 4B

Sepharose CL-4B

SATO et al. (1979).

ENGLEBIENNE and
DOYEN (1983).

RELYVELD (1981).
NGO (1986).

BALOW and
ERIKSSON (1987).

BALL and SINGER
(1981).
BRAKSTAD and
MAELAND (1985).

BHAKDI and KAYSER
(1981).

DAY and HASHIM
(1984).

TWINING and ATASSI
(1979).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Antibodies to S-lipotropin and -endorphin

Antibodies to human serum albumin
(HSA)

Antibodies to outer membrane proteins
from rabbits

Antibody against glycosphingolipid
(galactosyl (51 = 3) N-

acetylgalactosaminyl (8 1 = 4) galactosyl
(B 1 = 4) glucosylceramide) from rabbits

Antibody against human growth hormone
(HGH) from goat

Antigen-specific IgM and IgG antibodies
(review)

Antispermine antibodies

Antisulfoglycolipid antibodies from
immune serum

Antithyroglobulin autoantibodies from
human and rabbit sera

Bovine antibodies to Brucella abortus
lipopolysaccharide

Carbohydrate-specific inmunoglobulins

Citraconyl derivative of -
endorphinylthioglycine
HSA

OQOuter membrane from Escherichia coli

Oligosaccharide (reductamination method
with NaBCNH3)

HGH
Protein A

Spermine

Glycolipids

Human thyrogloblin

Alkali-treated lipopotysaccharide from
Brucella abortus

Glycoprotein fetuin

@—Aminohexyl-Sepharose 4B

CNBr-activated Sepharose 4B

Epoxy-activated Sepharose 6B (coupled in
presence of dioxane)

AH-Sepharose 4B

CNBr-activated Sepharose 4B

Sepharose

Activated CH-Sepharose 4B

Aminopropyl or aminoaryl controlled pore
glass with
hydroxysuccinimidylazidobenzoate or
methyl4-azidobenzidimate (coupling by
irradiation)

Sepharose CL-6B activated with 1;1’-
carbonyldiimidazole

Sepharose 4B

Sepharose 4B

BLAKE et al. (1982).

SHIMIZU et al. (1978).

HENRIKSEN and
MAELAND (1986).

TAKI et al. (1981).

FORNSTEDT (1984).

LANGONE (1982).

BARTOS et al. (1979).
LINGWOOD (1984).

HEARN et al. (1981).

STILLER and
NIELSEN (1983).

SELA et al. (1975).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Cell line (71A7) secreting monoclonal Concanavalin A Con A- Sepharose 4B SPURLL and OWEN
mouse immunoglobulin G1 antibody (1980).
specific for concanavalin A
Circulating immune complexes (CIC) - Highly purified Protein A from Prosorba columns (Protein A bound to MESSERSCHMIDT et
remowal by extracorporeal affinity column  Staphylococcus aureus silica matrix) al. (1988).

from plasma of patients with histologicalty
confirmed malignant disease

Complement-binding immune complexes
in sera of mink infected with Aleutian
disease virus

Digoxin-specific antibodies from rabbits

DNA Antibodies
DNA-Binding immunoglobulins

F (ab’)2 fragments of goat anti-mouse
immunoglobulin G (IgG) against Fc
fragment of murine IgG

F(ab')2 from anti-human chorionic
gonadotropin IgG digested with pepsin
Fab’-fragment from digoxin-specific
antibody conjugated with f-galactosidase

Equine complement Clq

Quabain (analog of digoxin) after
periodate oxidation conjugated with
human serum albumin (reduced with

cyanoborohydride)
Cibacron blue F3GA

DNA (adsorbed)

Murine IgG

Human chorionic gonadotropin

Quabain ( analog of digoxin) after
periodate oxidation conjugated with
human serum albumin (reduced with

cyanoborohydride)

Sepharose 4B with covalently attached
equine IgG

Affi-Get 10

Affi-gel blue

Ag(lys)n (beaded agarose with covalently
bound poty-L-lysine)

Sepharose 4B

CNBr-activated Sepharose 4B

Affi-Gel 10

BURGER et al. (1983).

FREYTAG et al. (1984).

EMLEN and BURDICK
(1983).
DE BARI et al. (1984).

TARKOWSKI et al.
(1984).

INOUE et al. (1985a).

FREYTAG et al. (1984).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Fluorescein-labeled specific anti-
hemoglobin antibody from goat

Guinea pig (anti-insulin) Fab’-peroxidase
conjugate

Guinea pig IgG isotypes

Horseradish peroxidase conjugated to
antibody (rabbit IgG) with glutaraidehyde

Human IgG antibody

IgG fraction of EDP 208 pilus-specific
antisera from rabbits

IgG subclasses (IgG1 and IgG2) from
guinea pig serum

IgG subclasses from rat
IgG subclasses from rat

Immune complexes from sera of patients
with large variety of autoimmune and
malignant diseases

Immunoglobulin

Mouse hemoglobin

Insulin after mercaptosuccinylation

Protein A

Concanavalin A

Human IgG

Protein A

Staphylococcal protein A

Protein A
Protein A

Rheumatoid factor

Protein A

CNBr-activated Sepharose 4B and after
coupling cross-linked with glutaraldehyde

Activated Thiol-Sepharose 4B

Protein A-Sepharose CL4B
Con A-Sepharose

Eupergit C; Separon HEMA 1000; ACT
Ultrogel; Affi-Gel 10; CNBr-Sepharose;
Epoxy-Sepharose; Reacti-Gel 6X; CDI-

Glycophase; NHS-Glycophase

Protein A-Sepharose

Protein A-Sepharose CL4B

Protein A-Sepharose CL4B
Protein A-Sepharose CL4B

Polystyrene tubes coated with human IgG
(by use of glutaraldehyde)

Sepharose CL-6B; Fractogel HW-65;

Trisacryl GF-2000; LiChrospher Si 500 diol

Iand II

ANSARI et al. (1981).

RUAN et al. (1985).

RICARDO et al. (1981).

ARENDS (1979).

TAYLOR (1985).

WOROBEC et al.

(1985).

MARTIN (1982).

NILSSON et al. (1983).
NILSSON et al. (1982).
GILEAD et al. (1981).

HEARN (1986).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Immunoglobulin A - from human serum Jacalin (lectin from jackfruit Artocarpus Separose 4B after CNBr-activation ROQUE-BARREIRA
and colostrum integrifolia) and CAMPOS-NETO
(1985).

Immunoglobulin from human placenta

Immunoglobulin G against adenosine
kinase from rabbits

Immunoglobulin G against NADP-specific
glutamate dehydrogenase (NADP-GDH)
from rabbit antiserum

Immunoglobulin G Fc fragment-binding
glycoprotein from human blood platelets

Immunoglobulin G from human serum

Immunoglobulin G from rabbit anti-DT
diaphorase (EC 1.6.99.2) serum

Immunoglobulin G subclasses (IgG2 and
IgG1)

Immunoglobulin G to human ferritin from
rabbits

Immunoglobulin M and complement
component C4b-binding protein from
human serum

Immunoglobulins G against human
chorionic gonadotropin; carcinoembryonic
antigen; a-foetoprotein or casein from
rabbits

Histidine

Adenosine kinase (purified by AMP-
Sepharose 4B)

Purified NADP-GDH with subunits linked
together with dimethylsuberimidate

Fc Fragment from human IgG

F(ab')2 antibody fragments prepared by
pepsin digestion

Protein A

Protein A

Ferritin

Native calf thymus DNA

Protein A

Sepharose 4B with 1;4-butanediol
diglycidyl ether
CNBr-activated Sepharose 4B

CNBr- activated Sepharose 4B

CNBr-activated Sepharose 4B
CNBr-activated Sepharose 4B
Protein A-Sepharose CL4B
Protein A-Sepharose
CNBr-activated Sepharose 4B

Cellulose CF 11

Protein A-Sepharose CL-4B

KANOUN et al. (1986).

JURANKA and CHAN
(1985).

YEUNG et al. (1981).

CHENG and
HAWIGER (1979).

KENNEDY and
BARNES (1981).
RAFTELL and
BLOMBERG (1980).

ESCRIBANO et al.
(1982).

IMAGAWA et al. (1982).

ABDULLAH et al.
(1985).

KARDANA et al. (1979).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Immunoglobulins IgG1 and IgG2 from Staphylococcal protein A Protein A-Sepharose CL4B DUHAMEL et al.
serum of goat immunized against rabbit (1980).
tubular basement membrane
Measles-specific IgM antibodies from Goat antibody against human IgM and Polystyrene microtitration plates and TISCHER and GERIKE
nonimmunized and immunized measles Protein A of Staphylococcus aureus Protein A-Sepharose CL4B (1986).
patients (detection)
Monoclonal anti-dinitrophenol (DNP) p-Nitrophenyl-casein CNBr-activated Sepharose 4B STANLEY et al. (1983).

antibodies

Monoclonal antibodies against
carcinoembryonic antigen

Monoclonal antibodies against inactivated
preparation of tickborne encephalitis virus

Monoclonal antibodies against fow-density
lipoprotein receptor - from mouse ascites
fluid and tisswe culture medium

Monoclonal antibodies from ascitic fluids

Monoclonal antibodies to
carboxypeptidase A from mice

Monoclonal antibody against human tumor
antigen (250 kDa

glycoprotein/proteoglycan from melanoma
cells)

Monoclonal antibody to human platelet
intracellular membranes from ascites fluid

Protein A

Protein A

Protein A

Cibachrom Blue F3GA
Carboxypeptidase A

Protein A

Protein A

Protein A-Sepharose CL4B

Protein A-Sepharose

Protein A-Sepharose

DEAE Affi-Gel Blue

Sepharose after periodate oxidation with
polyacrylhydrazide or Sepharose after
CNBr-activation

Protein A-Sepharose CL4B

Protein A-Sepharose

WAGENER et al.
(1983b).

STEPHENSON et al.
(1984).

SCHMITZ et al. (1988).

BRUCK et al. (1982).
SOLOMON et al.
(1984).

LEE et al. (1986).

HACK et al. (1988).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized

affinity ligands

References

Monoclonal IgG against elongation factor

EF-G

Monoclonal immunoglobin G1 against

Protein A

Monoclonal immunoglobulin M (IgM)
from serum of patient with Waldenstrom's

macroglobulinemia

Monospecific anti-Pseudomonas
immunoglobulins from serum and lung
lavage fluid from patients with cystic

fibrosis

Monospecific anti-Salmonella

liposaccharide antibodies

Monospecific antibodies to hepatis B
surface antigen (HBsAg) from human
plasma containing HBsAg

Plasmin-degradeted immunoglobulin G
(plasmin-treated IgG digest)

Polysomes enriched in mRNA for low
density lipoprotein (LDL) receptor after
incubation with anti-LDL receptor IgG
from rabbit (polysome/antibody slurry)

Fab fragment of monovalent
immunoglobulin (coupling by use of SH

group)
Protein A

Concanavalin A

Pseudomonas aeruginosa
lipopolysaccharide

Liposaccharide activated by benzoquinone

HBsAg (control immunoadsorbent were
prepared in same fashion as CPG-HBsAg
from HBsAg-negative; normal human

plasma)

Fragment from elastase-digested
plasminogen constituting three N-terminal
triple-loop structures (high affinity lysine-
binding sites of plasminogen)

Protein A

AH- Sepharose 4B with N-maleonyl-8-

alanine

Protein A Avi Gel F

Con A- Sepharose

CNBr-activated Sepharose 4B or Epoxy-

activated Sepharose 6B

AH-Sepharose 4B

Controlied pore glass (CPG) Bioglass 1500

-adsorbtion

CNBr-activated Sepharose 4B

Protein A-Sepharose

PRISYAZHNOY et al.
(1988).

BLOOM et al. (1989).

CHUA et al. (1984).

FICK Jr. ct al. (1980).

GIRARD and
GOICHOT (1981).

DODD and KOBITA
(1978).

HARPEL et al. (1989).

RUSSELL et al. (1983).



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Rabbit (anti- human chorionic
gonadotropin) Fab'-peroxidase conjugate

Rabbit (anti-human IgG) Fab’
Rabbit anti-DNP IgG

Rabbit anti-human chorionic gonadotropin
Fab’-8-D-galactosidase conjugate

Receptor monoclonal antibody (blocks
attachment of major group of human
rhinoviruses)

Sex hormone binding globulin from human
serum of pregnant females

Soluble immune complexes from human
serum

Sperm antibodies mixed with preparations
of donor sperm in serum of infertility
patients (detection)

Thyroxine (T4) and triiodothyronine (T3)
after incubation with anti-T4antibody or
anti-T3antibody and antigen8-D-galac-
tosidase conjugate (determination)
Xenogencic antibodies with reactivity for

surface determinants of guinca pig line-10
hepatocarcinoma

Human chorionic gonadotropin

Human IgG
Dinitrobenzene (DNP)
Goat (anti-rabbit IgG) IgG

Protein A

Sa-Dihydrotestosterone
Protein A

Human immunoglobulins (IgG; IgA or
IgM)

IgG fractions of goat antiserum to rabbit
IgG reduced with 2-mercaptoethylamine

Formalin-treated line-10 tumor cells

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B
Glass coverslips with poly-L-lysine
CNBr-activated Sepharose 4B

Affi-Gel protein A

Epoxy-activated Sepharose 6B

Protein A-Sepharose

Rabbit antihuman immunobeads

Activated Thiol-Sepharose 4B

DEAE-cellulose = DE 52 fibers

RUAN et al. (1985).

INOUE et al. (1985b).
MICHL et al. (1983).
INOUE et al. (1985a).

COLONNO et al.
(1986).

STALLA et al. (1982).

VIRELLA et al. (1981).

SHULMAN et al. (1985).

YAMAMOTO et al.
(1981).

METHEWS et al. (1980).

LBE



Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Fucose-binding lectin from Ulex europeus  p-Aminophenyl-a-L-fucoside Copolymer N-[tris(hydroxymethyl)methyl] RACOIS and

acrylamide/acrylamide-6-hexanoic acid (A- BOSCHETTI (1978).
6-NH-Trisacryl H) and N-

[tris(hydroxymethyl)methyl]
acrylamide/methacryloyl-glycylglycine
(MGG-Trisacryl H) (carbodiimide
technique)
Phosphate carrier from pig heart Mersalyl (sodium o-((3-(hydroxymercuri)- AM Ultrogel A4-R with epichlorohydrin TOURAILLE et al.
mitochondria 2-methoxypropyl)-carbonyl)- -phenoxyacet- and ammonia (1981).
ate) coupled using N-ethoxycarbonyl-2-
ethoxy-1;2-dihydro- quinoline
ANTIGENS AND HAPTENS
2-Adenovirus structural proteins and Monoclonal antibodies to these proteins Monolayers of Staphylococcus aureus RANDALL (1983).
herpes simplex virus glycoprotein Cowan strain A on plastic tissue culture
plates after drying under vacuum without
freezing
2-Amino-3-methylimidazo(4;5-f) quinoline Monoclonal antibodies against IQ CNBr-activated Sepharose 4B SKIPPER et al. (1987).
(1Q) from foodstuffs and metabolites from
body fluids (determination)
Acylated and radiolabelled synthetic S$79-reactive antibodies CNBr-activated Sepharose 4B DAY etal. (1981).
derivative of residues 75-83 of bovine
myelin basic protein (S79)
Adipocyte plasma membrane antigens IgG from antiserum from rabbits against CNBr-activated Sepharose 4B PILLION et al. (1980).
from rat intrinsic membrane proteins intrinsic membrane proteins
Aflatoxin derivatives from urine of people  IgM monoclonal antibody against aflatoxins Sepharose 4B GROOPMAN et al.

(1985).



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Albuterol in human plasma

(determination)

Allergen from Kentucky Biue Grass pollen

(KBG-R)

a-Crystallin (one of major proteins of lens)
and its subunits -from foetal calf lenses

a-Fetoprotein (AFP) from ascites of

patient with hepatoma

a-Hemolysin (AH) from Escherichia coli

Antigen epitope

Antigen from colorectal carcinoma cell line
SW948 and from malanoma WM9 cells

Antigen from nematodes

Antigen-binding molecules from mice that
were hyperimmunized with sheep

erythrocytes

Antigenic component (antigen I) of cell
surface of Streptococcus mutants

Immunogiobulin G (IgG) from rabbit
antisera against O-(3-carboxypropionyl)
derivative of albuterol covalently linked to
bovine serum albumin

Monocional antibodies against KBG-R
Monoclonal antibodies

Monoclonal anti-AFP antibodies from
ascites of mice

Anti-AH monoclonal antibodies

Monoclonal antibodies

Monoclonal antibody 16B-13 (from im-
munization of BALB/c mice with lung
tumor line)

Antibodies against Dirofilaria immitis;
Toxocara canis; Angiostrongylus
cantonensis or Ascaris lumbricoides crude
antigens from rabbits

Anti-mouse immunoglobulins from rabbits
or goats

1gG of rabbit antiserum against antigen /11
or antigen II

CNBr-activated Sepharose 4B

Activated Sepharose 4B
CNBr-activated Sepharose 4B
Sepharose 4B

Affi-Gel 15

CNBr-activated Sepharose 4B

Sepharose 4B after CNBr-activation

CNBr-activated Sepharose 4B

Sepharose 4B

CNBr-activated Sepharose 4B

ONG et al. (1989).

EKRAMODDOUL-
LAH et al. (1986).

STEVENS and
AUGUSTEYN (1988).

NISHI and
YAMAZAKI (1983).

BOHACH and
SNYDER (1986).

GAMBLE (1985).
PAK et al. (1983).

WELCH and DOBSON
(1981).

IVERSON et al. (1983).

RUSSELL et al. (1980).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Antigenic fractions from collagenase-
solubilized human glomerular basement
membrane (GBM) (implicated in
pathogenesis of anti-GBM renal discase)

Antigenic substances from livers of mice
infected with Tyzzer’s disease

Antigenically active Bacillus anthracis
lethal factor

Antigens from culture medium of in vitro
cultivated Plasmodium falciparum

Antigens of Fasciola hepatica

Antihemorrhagic factors (AHR) from
opossum serum

Apolipoprotein F (ApoF) from human
plasma

B-Lipotropin from pig pituitary and
precursor peptides

Biomphalaria glabrata/ Schistosoma
mansoni shared antigens

Biosynthetically radiolabeled sialyl
oligosaccharide

Blood group A-active oligosaccharides

Carcinoembryonic antigen (CEA) of A; B;
0 blood group specificity (detection)

Anti-GBM antibody

Antibody against crude antigen from mice

Monoclonal antibodies against lethal factor
component of Bacillus anthracis toxin

Antibodies

Concanavalin A

Monoclonal antibody against AHR
Anti-ApoF antibody from goat

Monoclonal antibody against porcine -
lipotropin

IgG from serum of a human infected with
S.mansoni

Monoclonal antibody (19-9) against cancer-
associated sialyl-Lea antigen

Anti-blood group A monoclonal antibody
(IgMk)

Immunoglobulins from anti-A;B;H (CEA)
antisera

CNBr-activated Sepharose 4B

CNBr- activated Sepharose 4B
CNBr-activated Sepharose 4B
CNBr-activated Sepharose 4B

Con A-Sepharose

CNBr-activated Sepharose 4B
CNBr-activated Sepharose CL4B
Sepharose 4B

CNBr-activated Sepharose 4B
Protein A-Sepharose

Con A-Sepharose or CNBr-activated

Sepharose
Sepharose 4B

HUNT et al. (1982).

ORIKASA et al. (1984).

MACHUGA et al.
(1986).

JEPSEN and
ANDERSEN (1981).

HILLYER and DE
ATECA (1979).

TARNG et al. (1986).
KOREN et al. (1982).
THOREPE et al. (1983).
RIVERA-MARRERO

and HILLYER (1985).

HANSSON and ZOPF
(1985).

DAKOUR et al. (1986).

MAGOUS et al. (1978).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Carcinoembryonic antigen (CEA) (heat
stable glycoprotein) from cancer tissue

Carcinoembryonic antigen (CEA) and
related antigens from colorectal carcinoma
and spleen tissues; bile and meconium

Carcinoembryonic antigen (CEA) from
membrane fractions of human carcinomas

Carcinoembryonic antigens

Cardiotoxin (polypeptide containing 60
amino acids) synthetized by solid-phase
methods

Cholinergic nerve terminals (contained
choline acetyltransferase- EC 2.3.1.6;
lactate dehydrogenase- EC 1.1.1.27 and
glutamate decarboxylase- EC 4.1.1.15)
from rat brain

Cholinergic nerve terminals from
mammalian brain after incubation with
sheep anti-cholinergic antigen 1-serum

Chromatin derived from single human
chromosome in mouse-human hybrid cell
line

Chromogranin (endocrine granule protein)
from human adrenal glands

Clostridium perfringens type C (CwC)

Antibody against al-acid glycoprotein

Monoclonal anti-CEA antibodies (purified
by Protein A-Sepharose 4B) from ascitic
fluids

Anti-CEA immunoglobulin IgG
Monoclonal antibodies against

carcinoembryonic antigen

Antibodies against cardiotoxin from rabbits

Sheep anti-cholinergic antigen 1 serum

Monoclonal anti- (sheep IgG)-antibody

Immunoglobulin G against mouse and
human chromatin

Monoclonal antibody against human
chromogranin

Antibody against CwC

CNBr- activated Sepharose 4B

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B

Sepharose 4B after CNBr-activation

Cellulose with nitrobenzytoxymethyt
pyridinium chloride; reduced by sodium
dithionite and diazotized with nitrous acid

Cellulose with nitrobenzytoxymethyt
pyridinium chloride; reduced by sodium
dithionite and diazotized with nitrous acid

CNBr-activated Sepharose 4B

Sepharose CL. 4B

Glutardialdehyde-activated silicate beads

OCHI etal. (1982a).

NEUMAIER et al.
(1985).

WAGENER et al.
(1982).

WAGENER et al.
(1983a).

WONG et al. (1978).

RICHARDSON (1986).

RICHARDSON et al.
(1984).

ALEVY and
FLEISCHMAN (1980).

WILSON et al. (1986).

LAWRENCE et al.
(1984).

T6€



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Cofactor of lipase (colipase II)

Complememt attack complexes from
insulin activated normal human serum

Complement component C9 from human
plasma

Complement component Clq from human
plasma

Complement-fixing immune complexes
(IC) from whole serum

Core complex of I-Ak antigens from
detergent lysate of spleen cells

Crosslinked complexes of high mobility
group proteins (HMG) 14 and 17 (from
chicken erythrocyte nuclei) with DNA

Cytokinins from plant extracts

Cytokinins from soy bean trifoliate leaves

Cytotoxins (proteins) from human
peripheral blood mononuclear cells

Detergent solubilized membrane proteins
DR and DR-related antigens from
homozygous B lymphoblastoid cells

Anti-colipase antibodies

Monospecific caprine anti-human C5
immunoglobulin G

Monoclonal antibody C9-8

Antibodies against purified Clq from
rabbits

Monoclonal anti-C3g antibodies

Hybridoma antibody 10-2.16 from ascites
fluid

Antibodies against HMG 14/17 from rabbit

Antibodies against cytokinin- bovine serum
albumin conjugates (prepared by
cytokininpolylysine- agarose columns)
Immunoglobulin G against zeatin riboside-
or dihydrozeation riboside-bovine serum
albumin conjugates from rabbits

Monoclonal immunoglobulins against
human cytotoxin

Monoclonal antibody LKT111

Ultrogel AcA 22
CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B

Agarose-polyaldehyde microsphere beads
(produced by encapsulating polyacrolein
microspheres with agarose)

Sepharose 4B

Sepharose CL4B after CNBr-activation

Protein A-Sepharose

Mic talline cellulose
TOCTyS

CNBr-activated Sepharose 4B or Affi-Gel
10

Trisacryl GF 2000 with
hexamethylenediamine and N-hydroxysuc-
cinimide

Affi-Gel 10

LEGER et al. (1982).
WARE et al. (1981).

MORGAN et al. (1983).

GAZITT et al. (1985).

SAMUEL et al. (1986).
ZECHER and RESKE

(1982).
SHICK et al. (1985).

MAC DONALD and

MORRIS (1985).

DAVIS et al. (1986).

HAHN etal. (1985).

ANDREWS et al.
(1984).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Detergent-solubilized HLA antigens from Monoclonal antibodies against HLA Sepharose CL-4B after CNBr-activation PARHAM (1983).
human B lymphoblastoid cells products
Detergent-solubilized membrane antigens  Streptavidin Affi-Gel 15 UPDYKE and
(I-A and H-2) from spleen cells after NICOLSON (1984).
binding of biotinylated monoclonal
antibodies
Digoxin (determination in serum) Polyclonal antibody against digoxin Glutaraldeyde activated silica Sperosil REH (1988).

DNA Primase-DNA polymerase complex
from crude soluble extracts of yeast cells

Ductal carcinoma antigen from mice

Epidermal growth factor (EGF) from
clonal A431 human epidermoid carcinoma

cells

Epidermal growth factor urogastrone from

human urine

Escherichia coli heat-labile enterotoxin

Fibrinogen-fibrin related antigen from
human plasma of normal subjects and

patients with defibrination

Gibberellins from plant extracts

Heat-stable antigen from Treponema

Reiter

Hepatis B viral surface antigen (HBsAg)
from human serum (quantitative removal)

Monocional antibodies against yeast DNA

polymerase |

Monoclonal antibody F36/22 (purified by
Protein A-Sepharose) and wheat germ

lectin

Monocional antibody against EGF

Monoclonal antibodies against urogastrone

Anti-cholera toxin immunoglobulin

Antibody to fibrinogen

Anti-gibberellin antibodies from rabbits
Antibodies from syphilitic patients

Anti-HBsAg IgM

Protein A-Sepharose (coupling with
dimethyl suberimidate)

CNBr- activated Sepharose 4B and wheat
germ lectin-Sepharose

Sepharose 4B

Reacti-Gel (activated with 1;1'-
carbonyldiimidazole)

CNBr-activated Sepharose 4B
Sepharose C1.4B

Affi-Gel 10
CNBr-activated Sepharose 4B

Regenerated cellulose acetate filters

PLEVANI et al. (1985).

PAPSIDERO et al.
(1984).

WEBER et al. (1984).

HISSEY et al. (1985).

WOLK et al. (1980).

MERSKEY et al. (1980).

DURLEY et al. (1989).

PEDERSEN et al.
(1981).

MARCINIAK et al.
(1983).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Hepatitis B surface antigen (HBsAg) from

blood and plasma

High mobility group protein 17 (HMG-17)

from chromatin

Human choriogonadotropin (hCG) from
urine of patients with hydatidiform mole

Human cytotoxin

Human fibroblast interferon (IFN-81)
Human interferon-y (IFN-y)

Human myelin basic protein (MBP)
Human pregnancy zone protein (PZP)

Human seminal plasma No.7 antigen
Hybrid proteins with both IgG binding
and B-galactosidase activities (gene fusion
vectors based on gene for staphylococcal
Protein A and S-galactosidase in
Escherichia coli strains containing such

plasmids)

IgG + and IgG- lymphocytes (selection) of

rat mesenteric lymph node

Human antiserum to HBsAg
Anti- HMG-17 IgG

Immunogiobulin G against hCG from
rabbits

Monoclonal antibody against cytotoxin

Monoclonal anti-IFN- 81 antibodies
Monoclonal anti-IFN-y antibodies
Monoclonal antibodies against bovine MBP
Anti-human PZP-immunoglobulin

Monoclonal antibody
Immunogiobulin G

Goat anti-rat inmunoglobulin G antibody

Sepharose 2B after CNBr-activation
CNBr-activated Sepharose 4B
Sepharose 6B

Trisacryl-GF-2000 with N-
hydroxysuccinimidechloroformate and &-
aminocaproic acid

Agarose-polyacryl hydrazide
Agarose-polyacryl hydrazide
CNBr-activated Sepharose 4B
CNBr-activated Sepharose 4B

CNBr- activated Sepharose 4B
IgG-Sepharose

Glass beads of 48-60 mesh coated with

poly(2-hydroxyethyl methacrylate)polyami-
ne

ARESON et al. (1980).

MALIK et al. (1984).

CHOY etal. (1979).

MIRON and WILCHEK
(1985).

NOVICK et al. (1983b).
NOVICK et al. (1983a).
TIGYI etal. (1984).

FOLKERSEN et al.
(1978a).

ISOJIMA et al. (1982).
UHLEN et al. (1983).

KATAOKA et al. (1988).

Pot



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Immunoadsorbed migration inhibitory
factor (MIF) (induced macrophage
disappearance)

Immunoglobulin (Ig) A or M from human
serum

Immunologically active cyanogen bromide
peptide from bovine brain filament
preparation

Indole-3-acetic acid (IAA) from Pinus
Sylvestris

Insulin-like growth factors (IGF)

Intrinsic factor (IF)-cobalamin (B12)
complex from human gastric juice

Kininogens from human plasma

Labeled thymus-leukemia antigens

Lactoferrin (LF) from human milk and
polymorphonuclear neutrophils

Leishmania membrane glycoprotein

Lethal factor from venom of Vespa
orientalis

Anti-MIF antibody from rabbit

Antibodies against human IgA or IgM
from rabbits

Anti-glial fibrillary acidic protein antibody

IgG fraction of rabbit antibodies against
IAA-bovine serum albumin conjugate

Monoclonal antibodies against IGF I

Type 11 antibody to IF-B12 complex
(binding antibody) from serum of patient
with pernicious anaemia

Antibodies against immunologically pure
human albumin from rabbits (removing
protein impurities) or anti-kininogen
antibodies

Cowan 1 strain of Staphylococcus aureus
(SaC1)

Monoclonal antibody against human LF

Monoclonal antibody

Monoclonal antibody against Physalia
physalis venom from mice

CNBr- activated Sepharose 4B

Protein A-Sepharose (non- covalently
bound)

Sepharose 4B

Glutardialdehyde-activated silicate support
CNBr-activated Sepharose

Protein A- Sepharose CL.4B (adsorbed

antibody covalently attached using
carbodiimide technique)

Sepharose 4B after CNBr-activation

Glutaraldehyde fixed SaCl
Reacti-Gel 6X
Affi-Gel 10

CNBr- activated Sepharose 4B

OCHIYA et al. (1982).

RUSSELL et al. (1984).

DAHL and BIGNAMI
(1979).

SUNDBERG et al.
(1986).

LAUBLI et al. (1982).

SHEPHERD et al.
(1984).

KARKKAINEN (1985).

PISCHEL and LITTLE
(1980).

BROXMEYER et al.
(1986).

CHANG and CHANG
(1986).

RUSSO et al. (1983).



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Lewis blood group antigens from human
red blood cells carrying Lewis antigen

Membrane proteins from cell lysates

Myelin basic protein (BP) from delipidated
bovine brain tissue

Patient-specific IgE reactive allergens

Phospholipase-free cardiotoxins from
venom of Elapidae snake Naja mossambica
mossambica

Plant hormone abscisic acid (ABA)

Plasma membrane fraction from post-
nuclear supernatant of cultured rat

hepatocyte (Fao cell)
Plasminogen activator (PA) from Bowes
melanoma tissue culture media

Plasminogen activator (PA) from pig heart
tissue

Platelet plasma membrane proteins
labelled with DNP

Polysaccharide egg antigens

Pregnancy-specific f1-glycoprotein from
maternal serum (PSS1G)

Goat anti-Lewis antibody

Monoclonal antibodies

Anti-BP antibodies from rabbits (purified
by BP coupled to CNBr- activated
Sepharose 4B)

Anti-human IgE antibodies from rabbits

Antibodies against phospholipase Ph3
from rabbits

Antibodies against ABA
Affinity-purified sheep anti-rabbit IgG

Monoclonal antibody against PA

Antibodies against human melanoma
tissue PA from goats

Anti-DNP antibodies

Concanavalin A and Wheat germ agglutinin

IgG fraction from rabbit anti-PSB1G-I
antiserum

Glycophase controlled- pore glass beads
with reactive N-hydroxysuccinimide ester
side- chains

Protein A-Sepharose CL4B (crosslinking
with dimethyl pimelimidate)

CNBr-activated Sepharose 4B
Sepharosec CL4B

CNBr-activated Sepharose 4B
CNBr-activated Sepharose 4B
Diazonium derivative of amino cellulose
CNBr-activated Sepharose 4B
Sepharose 4B

Sepharose 4B

Con A-Sepharose and WGA-Sepharose
CNBr-activated Sepharose 4B

FRANTZ et al. (1988).

SCHNEIDER et al.
(1982).

REIDL et al. (1981).

SONDERGAARD and
WEEKE (1984).

DELORI and TESSIER
(1980).

MERTENS et al. (1982).

DEVANEY and
HOWELL (1985).

REAGAN et al. (1985).

POHL et al. (1986).

ROTMAN and
LINDER (1981).

BOCTOR et al. (1982).

GRIFFITHS and
GODARD (1983).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Protein A from cell extracts of Immunoglobulin G IgG-Sepharose 4B LOFDAHL et al. (1983).

Staphylococcus aureus

Protein B1 from Escherichia coli
ribonucleotide reductase

Protein P1 from Mycoplasma pneumoniae

Proteinase from cell-surface of human

leukocytes

Simian virus 40 (SV 40) large tumor antigen

Soluble specific antigens of systemic
candidiasis
Staphylococcal toxic shock syndrome toxin

1 (TSST-1) from patient with toxic shock
syndrome

T Cell supressor factor (TsF) from human
tonsil cells

Three exotoxic factors: protective antigen
(PA); lethal factor (LF) and edema factor
(EF) - from crude culture supernatant of
Bacillus anthracis

Thyrogiobulin from human thyroids

Tissue factor apoprotein - from human
brain

Monoclonal antibodies against B1 protein

Monoclonal antibodies against protein P1

Antibodies specific for purified proteinase

Viral DNA extracted from infected cells
(SV 40 or F161 variant) or calf thymus
DNA

Immunogiobulin G against Candida
albicans from rabbits

Monoclonal antibody against TSST-1 from
mice

Monoclonal antibody against TsF

Monoclonal antibodies against PA; LF and
EF

Antibodies against whole human serum

Polycional antibodies against human brain
tissue factor from goat

Sepharose 4B

CNBr-activated Sepharose 4B
Sepharose CL-4B activated with 1;1’-
carbonyl diimidazole

Cellulose or Calf thymus DNA cellulose

CNBr- activated Sepharose 4B

Affi-Gel 10

CNBr-activated Sepharose 4B

Sepharose CL4B after CNBr-activation

Sepharose CL-6B activated with
1;1’carbonyldiimidazole

Affi- Gel 15

ANDERSON et al.
(1986).

LEITH and BASEMAN
(1984).
HARPER et al. (1984).

OREN et al. (1980).

BENBOUZID et al.
(1984).

REEVES et al. (1986).

STEELE et al. (1985).

LARSON et al. (1988).

HEARN et al. (1979).

RAO (1988).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Tissue factor uvtilizing factor VII from Immunoglobulin G against human factor  Affi-Gel 15 RAO and RAPAPORT
human brain VII from goat (1987).

Toxoplasma antigen (protected mice
against lenthal infection with Toxoplasma
gondii) from Toxoplasma sonicate

Transferin

Transforming growth factor-# (YGF) from
bovine bone

Tumor antigen p53 from mouse
neuroblastoma ceils

Vitamin K-dependent proteins from
human plasma

CELLS AND CELL ORGANELLES

Animal cells (human skin fibroblasts;HeLa
and erythroleukemic cells; human kidney
and rat colon carcinoma cells)

Anti-2;4-dinitrophenyl plague-forming
cells from mouse spleen

Antibody-bearing cells: IgG-carrying
mouse spleen B lymphocytes and thymuses
thymocytes (after treatment with
antibodies)

Antibody-coated lymphocytes

Monoclonal antibody F3G3

Biotinylated antibodies
Monoclonal antibodies against native

bovine TGF
Monoclonal PAb122 antibodies

Monoclonal antibodies against human
vitamin K-dependent proteins from mice

Gelatin or chitosan

Dinitrophenylated ovalbumin

Protein A of Staphylococcus aureus (SpA)

Albuminated CIBA blue dextran- Protein
A - conjugate

CNBr-activated Sepharose CL4B

Avidin-Sepharose
CNBr-activated Sepharose
Sepharose 4B

CNBr-activated Sepharose 4B

]

Gelatin or chitosan cross- linked with
glutaraldehyde; gelatin magnetic beads
obtained in addition of Fe304

Polymetaacrylic plastic beads

CNBr-activated Sepharose 6MB or sheep
red blood cells coated with SpA

CNBr-activated Sepharose 6MB

SHARMA et al. (1984).

BAYER and WILCHEK
(1990).

DASCH et al. (1989).

LEVITSKY et al. (1983).

JENNY et al. (1986).

NILSSON and
MOSBACH (1980).

SLANKARD-
CHAHINIAN and
SISKIND (1979).

GHETIE et al. (1978).

DUFFEY et al. (1981).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
B cells of human lymphocyte population Anti-human F(ab’)2 antibody from rabbits Sephadex G-200 after CNBr-activation ROMAIN and
SCHLOSSMAN (1984).

Basophil leukocytes from human
peripheral blood

Brain synaptosomes (chick)

Brush-border membrane vesicles induced
by essential fatty acid- deficient diet - from
male piglets

Cell subpopulations with a fluorescein
isothiocyanate (FITC) labeled ligand

Cells and cell membranes (review)

Cells having IgG on their surface or cells
coated with IgG antibody specific for
particular membrane antigen

Cells with erythroid differentiation (B-G)
antigens (determination)

Cloned murine T helper (Th; type II) cells

Coated vesicle proteins (subcellular
organelles) from pig brains

Cortical thymocytes

Cytotoxic effector cells from mice
immunized with tumor cells

Anti-IgE

Concanavalin A

Phlorizin; linolenic acid and wheat germ
agglutinin (WGA)

Goat anti-FITC-antibody

Lectins; antigens; antibodies etc.

Protein A from Staphylococcus aureus

Monoclonal antibodies

Anti-T cell receptor monoclonal antibodies
Calmodulin

Lobster aggiutinin 1
Target cells

CNBr-activated Sepharose 6MB

Con A-Sepharose

Phlorizin copolymerized at 120 °C by use of
formaldehyde and urea; Linolenic acid-
agarosec and WGA-Ultrogel AcA22

Polyacrylamide beads (Affi-Gel Cell
Sorting System; Anti-FITC)

Sepharose; glass beads; nylon etc.

CNBr-activated Sepharose 6MB or Protein
A-Sepharose 6MB

Fluorescent latex spheres

Polystyrene latex beads (3-um average
diameter)

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 6MB

Monomolecular film of

phytohaemagglutinin onto polystyrene
tissue culture plate with poly-L-lysine

TOLL et al. (1981).

SHARMA et al. (1986).

ALESSANDARI et al.
(1988).

BARAN et al. (1982).

SHARMA and

MAHENDROO (1980).

GHETIE and
SJOQUIST (1984).

KIERAN and
LONGENECKER
(1984).

DE BELL et al. (1990).

LINDEN et al. (1981).

HERRON et al. (1983).

SILVA etal. (1978).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands

Daudi lymphoblasts Biotinylated antibodies Avidin conjugation to CNBr-activated BERENSON et al.
Sepharose 6MB (1986b).

Dictyostelium discoideum plasma
membrane fragments

Epidermal Langerhans cells

Erythrocyte and HeLa cell plasma
membranes

Erythrocyte plasma membrane

Escherichia coli cells (genetic selection
technique - directed evolution of 4
receptor)

Eukaryotic messenger ribonucleoprotein
particles from chick embryonic muscles

Externally labeled (1251) normal mesenteric
node lymphocytes

Fluorescein labeled normal human T cells
or T cell line (eluted with fluorescein-L-

lysine)
Hepatocytes from rat
Human and rabbit peripheral blood cells

Human and rabbit peripheral blood cells

Fluorescein-labeled F-actin

Staphylococcus aureus cells

Polytysine

Wheat germ agglutinin (WGA)
Soluble starch

Oligo (dT)

Anti-immunoglobulin (purified by
Sepharose CL-4B with coupled
immunoglobulins)

Antibodies against fluoresceinated rabbit
serum albumin from goat

Five galactoside aglycon groups
Polyethylene glycol

Glycidyl ethers of poly(propylene glycol)

Sephacryl S-1000 with rabbit
antifluorescein antibody

Falcon petri dishes
Bio-Gel P2

WGA- Sepharose 6MB

Sepharose 6B with 1;4-butanediol
diglycidyt ether

Oligo-dT-cellulose

Polyvinyichloride microtiter plate

Plastic culture dishes

Copolymerization procedure of ligands

with acrylamide and bisacrylamide
Epoxy-activated Sepharose 6B

Several kinds of agarose bead

LUNA et al. (1984).

SCHULER et al. (1983).
COHEN et al. (1980).

KAPLAN et al. (1984).
FERENCI and LEE
(1982).

JAIN et al. (1979).

TAMURA et al. (1984).

FONG et al. (1981).

WEIGEL et al. (1979).

MATSUMOTO et al.
(1984).

MATSUMOTO and
SHIBUSAWA (1986).



Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Human erythrocytes with blood group Hog gastric mucin blood group A + H Sephadex G-25 or Sepharose 4B after PEREIRA and KABAT
specifity for adsorbed lectin substance and after coupling adsorption of CNBr-activation (1979).
lectins from Ulex europaeus; L.tetragenol-
obus; D.biflorus; Phaseolus lunatus or H.
comatia
Human lymphocytes (fractionation of T Helix pomatia A hemagglutinin and wheat CNBr- activated Sepharose 6MB HELLSTROM et al.
and B cells) germ agglutinin (1984).
Human lymphoid celis Monoclonal antibodies Separon TLASKALOVA-
HOGENOVA etal.
(1986).

Human natural killer cells

Human umbilical cord blood mononuclear

cells

Immunoselective cell populations after
labelling with biotinylated antibodies

Lymphocyte subpopulation of mature T

lymphocytes from human peripheral blood

Lymphoid cells from mouse and rat

Lymphoid cells from peripheral blood

Mast cells from human lung tissue

Monolayers of sensitive target cell lines
Peanut agglutinin

Biotinylated antibody

Soybean agglutinin

Anti-mouse Ig or anti-rat Ig antibodies
from rabbits

Immunoglobulin fraction of rabbit anti-
mouse IgM serum

Goat anti-human immunoglobulin E

60-mm polystyrene tissue culture plates
coated with poly- L-lysine

CNBr-activated Sepharose 6MB

Avidin-coupled sheep erythrocytes (rosette

formation)

CNBr-activated Sepharose 6MB

Magnetic polyacrylamide(4%)-
agarose(4%)-iron oxide(7%) beads
Magnogel 4

CNBr-activated Sepharose 6MB or glass
beads or plastic beads (noncovalently
adsorbed)

CNBr-activated Sepharose 4B

JENSEN et al. (1979).

ROSENBERG et al.
(1983).

WORMMEESTER et al.

(1984).
HERTZ et al. (1985).

ANTOINE et al. (1978).

HUBBARD et al.
(1984).

VAN OVERVELD et
al. (1988).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized

affinity ligands

Refercnces

Microvillus membrane vesicles
Monocytes from human peripheral blood

Mouse leukaemia 1.1210 cells

Murine cytotoxic T lymphocytes
Neurones from chick embryo sympathetic

ganglia

Nucleated erythroid cells

Outer segment plasma membranes

Phosphoryicholine binding lymphocytes

Photosystem II reaction center complex
from photosystem 11 particles from spinach

chloroplasts

Plasma membrane vesicles of human

plateles

Polysomes from human B lymphoblastoid

cells

Antibodies to aminopeptidase;
sucraseisomaltase and lactase

Gelatin
Serum protein transcobalamin 11

Lectins

a-Bungarotoxin

Human transferrin

Concanavalin A
Phosphorylicholine

Peripheral 33-kDa polypeptide from
spinach chloroplasts

Wheat germ agglutinin (WGA)

Monoclonal antibody against separated
heavy chain from papain-treated detergent-
solubilized HLA-DR antigen

CNBr-activated Sepharose 4B

Gelatin cross- linked with glutaraldehyde

Submicrometre latex particles (amide-
modified polystyrene latex particles
0.35um with glutaraldehyde)

CNBr-activated Sepharose 4B

Sepharose 6MB after CNBr-activation with
hexamethyienediamine; p-nitrobenzoyl
azide reduced by sodium dithionite and
diazotized with sodium nitrite in presence

of HCl1
Bio-Gel P6

Polystyrene beads with 4% divinylbenzene

Gelatin coated plates via the cleavable
crosslinking reagent N- succinimidyt 3-(2-

pyridyldiothio)propionate
Affi-Gel 15

WGA agarose beads

Protein A-Sepharose CL4B

CARLSEN et al. (1982).

SJOGREN ct al. (1983).

TAKAHASHI et al.
(1980).

KIMURA et al. (1979).
DVORAK et al. (1978).

JUCKETT and
HULTQUIST (1983).

KAMPS et al. (1982).

CAMBIER and NEALE
(1982).

ISOGAI et al. (1987).

KAMBAYASHI et al.
(1981).

KORMAN et al. (1982).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Polysomes from Xenopus ovaries 5;6-lodotyrosine Activated CH- Sepharose 4B KIDSON and FABIAN
(1985).
Red blood cells from human blood Protein A; goat antirabbit Ig antibodyor ~ Ferromagnetic iron dextran microspheres MOLDAY and
wheat germ agglutinin with glutaraldehyde MOLDAY (1984).
Reticulocytes Human transferrin Sepharose CL-2B JUCKETT and
HULTQUIST (1983).
Ribosomes from rabbit reticulocyte lysates Heparin CNBr-activated Sepharose 4B HRADEC and KRIZ
(1978).
Right-side-out and inside-out Cytochrome ¢ CNBr-activated Sepharose GODINOT and
submitochondrial particles from pig heart GAUTHERON (1979).
Sodium-dependent D-glucose transport Phlorizin Phlorizin potymer LINetal. (1981a).

system
Specificalty-labeled cells

Subcellular particles and organclles or
antibody-organelle complexes (review)

Surface Ig positive cells (mostly B-cells)
from rat peripheral blood mononuclear
cells

T cells (CD8 positive) - from human
peripheral blood

Translating ribosomes from Escherichia
coli MRE-600

Protein A from Staphylococcus aureus

Anti-organelle antibodies or antibody-
binding reagents

Monoclonal antibodies against rat

Ig x light chain

Tetramolecular monoclonal antibody
complex: anti-CD8 mouse IgG1;twoo rat
anti-mouse 1Ggl and anti-FITC
(fluorescein isotiocyanate) mouse IgG1l

Periodate-oxidized poly(U)

Ferromagnetic iron-dextran particles

Nonporous solid supports with low levels
of nonspecific binding

Dextrin Reppal PZ 9 (enzymatically
hydrolysed starch mixed with ferrofiuid)

Glass beads coated with FITC-bovine
serum albumin

Cellulose hydrazide after treatment of

KNOz in presence of HCl with dihydrazide

of dithiodiglycolic acid

MOLDAY and MAC
KENZIE (1982).

RICHARDSON and
LUZIO (1986).

SCHRODER et al.
(1986).

THOMAS and
LANSDORP (1988).

BARANOV (1983).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Tumor cells from bone marrow Polyclonal antibody Dynabeads M-450 UGELSTAD et al..
(1988).

Tumour cells

Viable cell populations (lymphoid
subpopulations)

COFACTORS AND VITAMINS

Biotin

Cobalamin (Cbl; vitamin B12) and Cbl
analogs from bacterial lysates

Coenzyme A

Coenzyme A

Enzyme cofactor NAD from yeast extract
Flavin-adenine dinucleotide

Flavins

Molybdenum cofactor from xanthine
oxidase
Riboflavin 5’-phosphate and its analogues

Monoclonal antibodies (anti-tumour
osteogenic sarcoma)

Biotinylated goat anti-mouse
immunoglobulin

Avidin

Cbl-binding protein (hog gastric
nonintrinsic factor)
p-Acetoxymercurianiline
CoA-Binding protein

Alcohol dehydrogenase (EC 1.1.1.1)
p-Acetoxymercurianiline

Riboflavin-binding apoprotein from hen
egg white

Glutathione-2-pyridyl disulphide

Apoflavodoxin

Polyhexylcyanoacrylate nanoparticles

Avidin conjugation to CNBr-activated
Sepharose 6MB or to Bio-Gel P-30 after
activation by carbodiimide or
glutaraldehyde

Sepharose 4B
CNBr-activated Sepharose 4B

Sepharose 6B

Sepharose 6B

CNBr-activated Sepharose 4B
Sepharose 6B

Azide derivative of Bio-Gel P-150

Activated Thiol-Sepharose 4B

Sepharose 4B

ILLUM et al. (1983).

BERENSON et al.
(1986a).

BODANSZKY and
BODANSZKY (1970).

KOLHOUSE and
ALLEN (1978).

MATUO et al. (1975).
CHIBATA et al. (1974a).
DASet al. (1975).
MATUO et al. (1975).
KOZIK and ZAK (1982).

MENDEL and
ALIKULOV (1983).

MAYHEW and
STRATING (1975).



Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
ENZYMES
Acetylcholinesterase (EC 3.1.1.7) from 10-Methyl 9-[3-(6-aminocaproyl)amino]- Sepharose 4B VALLETTE et al.
chicken, rat, calf and human brain and propylaminocridinium bromide (1983).
from electric organ of Torpedo marmorata hydrobromide
Acetylcholinesterase (EC 3.1.1.7) from Monoclonal antibody against human red CNBr-activated Sepharose 4B MINTZ and
rabbit brain blood cell cholinesterase and BRIMIJOIN (1985).

11-S Acetylcholinesterase (EC 3.1.1.7)
from Electrophorus electricus

Acetylcholinesterase (EC 3.1.1.7) from
bovine erythrocytes and electric eel

Acetylcholinesterase (EC 3.1.1.7) from
adult rat brain

Acetylcholinesterase (EC 3.1.1.7) from
cobra (Naja naja oxiana) venom

Acetylcholinesterase (EC 3.1.1.7.) from pig

brain (solubilized with 1% Triton X-100)

Acetylcholinesterase (EC 3.1.1.7) from
mouse brain

Acetylcholinesterase (EC 3.1.1.7) from
Hemicentrotus pulcherrimus embryos

phenyltrimethylamonium iodide
9-(8-Aminopropylamino)acridine

N-Methylacridine

Concanavalin A and m-
carboxyphenyldimethylethylammonium
iodide
N,N,N-Trimethyl-(m-aminophenyl)-
ammonium chloride

1-Methyl-9-[N B-(e-aminohexanoyl)--
aminopropylamino] acridium bromide
hydrobromide

N-Methyl-3-aminopyridinium iodide

Trimethyl (p-aminophenyl) ammonium
chloride hydrochloride

Sepharose 4B after CNBr-activation with
6-aminocaproic acid
Sepharose 2B

Con A-Sepharose and Sepharose 4B with
hexamethylenediamine

AH-Sepharose with succinic anhydride

Sepharose 4B after CNBr-activation

Affi-Gel 202

Sepharose 2B with
3,3’-diaminodipropylamine and succinic
anhydride; repeated twice

TAYLOR et al. (1983).

SEKAR et al. (1980).

RAKONCZAY et al.
(1981).

RABA et al. (1979).

REAVIL et al. (1978).

ADAMSON (1977).

AKASAKA et al. (1986).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands

Acetyl Coenzyme A carboxylase from chick Avidin Sepharose CL4B after CNBr activation =~ BEATY and LANE
fiver (1982).
2p_Labelled acetyl-CoA carboxylase (EC  Avidin (monomeric form) Sepharose CL-4B after CNBr-activation HOLLAND et al.
6.4.1.2) from 32P-labelled rat epididymal (1985).
fatpads
N-Acetyl-3-glucosaminidase (2 acetamido- p-Aminophenyl-N-acetyl-8-D- N-Hydroxysuccinimide ester of BAMBERG et al.
2-deoxy8-D-glucoside thioglucosamidide succinylated aminoalkyl agarose (1975).
acetamidodeoxyglucohydrolase; EC
3.2.1.30) from human urine
N-Acetyl-8-glucosaminidase Antibody to human N-acetyl-§- CNBr-activated Sepharose 4B ERICKSON and

glucosaminidase SANDMAN (1977).
B-Acetylhexosaminidase (EC 3.2.1.52) 2-Acetamido-N-(e-aminocaproyl)-2-deoxy- Sepharose 4B KYOSAKA et al. (1980).

from porcine kidney
B-N-Acetylhexosaminidase (EC 3.2.1.30)
from rabbit sperm cytoplasmic droplets

N-Acetylhexosaminidase from human
tissues

Acylphosphatase (EC 3.6.1.7) from guinea-
pig muscle

Adenosine monophosphate
aminohydrolase (EC 3.5.4.6) from rat liver

Adenosine 5’-phosphosulphate
sulphohydrolase (EC 3.6.2.1) from
mitochondrial-lysosomal suspension of
bovine liver

Adenosine triphosphatases (ATPases):

B-D-glucopyranosyl- amine
Desialylated Cowper’s gland mucin or
desialylated fetuin

Concanavalin A

Anti-(horse muscle
acylphosphatase)antibodies

ATP after periodate oxidation

N‘(G-Aminohexyl)-adenosine 5-
monophosphate

Sepharose 4B after CNBr-activation

Con A-Sepharose

CNBr-activated Sepharose 4B
Sepharose 4B after CNBr-activation with

adipic acid dihydrazide
5’AMP-Sepharose 4B

FAROOQUI and
SRIVASTAVA (1979).

BRATTAIN et al.
1977).

LIGURI et al. (1984).
SMITH et al. (1977b).

ROGERS et al. (1978).



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

(Ca®* + Mg**)-Dependent adenosine
triphosphatase from human erythrocyte
membranes

(Ca** - Mg**)-ATPase (EC 3.6.1.3) from
bovine aortic smooth muscle

ATPase (EC 3.6.1.3) from rat liver
mitochondria

Ca ATPase of sarcoplasmic reticulum
vesicles

Calcium-stimulated Mg-dependent
adenosine triphosphatase (ATPasc¢) (EC
3.6.1.3) - from rat liver plasma membranes

Calmodulin-stimulated Ca“-tmnsport
ATPase ((Ca®* + Mg**)-ATPase) from
pig antrum smooth muscle

DNA-Dependent ATPase II from
Escherichia coli

H* -Translocating adenosine
triphosphatase from Rhodospirillum
rubrum

Na; K-ATPase (EC 3.6.3.1) from rectal
glands of spiny dogfish

Vacuolar proton-translocating ATPase
(H* ATPase) from bovine kidney

Calmodulin from bovine brain

Calmodulin
N®.(6-Aminohexyl)-5'-AMP
Reactive red-120

Concanavalin A

Calmodulin

Denaturated deoxyribonucleic acid

8-(6-Aminohexyl )Jamino-ADP

Concanavalin A

Monoclonal antibody against H* ATPase

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B
Sepharose 4B
Reactive red-120 agarose

Concanavalin A-Ultrogel

CNBr-activated Sepharose 4B

DNA -cellulose

Sepharose 4B after CNBr-activation

Con A-Sepharose

Protein A-Sepharose coupling with
dimethylpimelimidate

GIETZEN et al. (1980).

FURUKAWA and
NAKAMURA (1984).

LEDEAUT et al.
(1978).

COLL and MURPHY
(1984).

LOTERSZTAIJN et al.
(1981).

DE SCHUTTER et al.
(1984).

RICHET and
KOHIYAMA (1978).

WEBSTER and
JACKSON (1978).
ESMANN (1980).

GLUCK and
CALDWELL (1987).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Adenylate cyclase from Bordetella pertussis Genetically engineered VU-8 calmodulin

Adenylate cyclase (EC 4.6.1.1) from bovine
brain

Adenylate cyclase (EC 4.6.1.1) from
cardiac muscle of rabbits

Agarase from Littorina mandshurica

L-Alanine: 4,5-dioxovalerate transaminase
from rat liver mitochondria

Aldolase from rabbit liver and muscle

Alkylglycerol monooxygenase from liver
microsomes

Aminolaevulinate dehydratase (EC
4.2.1.24) from bovine liver

d-Aminolaevulinate dehydratase (EC
4.2.1.24) from Neurospora crassa

L-Aminolevulinate dehydratase (ALAD -
EC 4.2.1.24) from spinach

Amylases:

in which 3 glutamic acid residues (82-84)
substituted with 3 lysine residues

Cibacron Blue F3GA and calcium-
dependent regulatory protein

7-O-Hemisuccinyl-7-deacetyiforskolin

Agarose

L-Alanine

Cibacron Blue F3GA
p-Aminobenzylidene derivative of 1-O-
hexadecylglycerol

Aminolaevulinate

P-Aminophenylmercuric acetate

Monoclonal antibodies against ALAD

a-Amylase (EC 3.2.1.1) from rat pancreatic a-Glucohydrolase inhibitor

acinar carcinoma

CNBr-activated Sepharose 4B

Affi-Gel Blue and CNBr-activated
Sepharose 4B

Sepharose CL-4B with ethylenediamine

Bio-Gel A-5m

AH-Sepharose 4B (carbodiimide
technique)

Affi-Gel Blue or Blue Sepharose
CH-Sepharose 4B

Sepharose 4B after CNBr-activation or
Sepharose 4B with ethylenediamine and
succinic anhydride

Sepharose 4B after CNBr-activation

Sepharose after CNBr-activation

AH-Sepharose 4B (2x sodium borohydrid
was added)

HAIECH et al. (1988).

WESTCOTT et al.
(197).

PFEUFFER and
METZGER (1982).

USOV and
MIROSHNIKOVA
(1975).

SHANKER and
DATTA (1986).

SYGUSCH et al. (1984).

ISHIBASHI and IMAI
(1985).

STELLA and DEL
BATLLE (1977).

CHANDRIKA and

PADMANABAN (1980).

LIEDGENS et al.
(1980).

REDDY et al. (1987).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
a-Amylase from germinating Vigna mungo Cycloheptaamylose ( or = fS-cyclodextrin)  Epoxy-activated Sepharose 6B KOSHIBA and
seeds MINAMIKAWA (1981).
a-Amylase from crude triticale and wheat ~ Cycloheptaamylose Epoxy-activated Sepharose 6B WESELAKE and HILL
extracts (1982).
a-Amylase (EC 3.2.1.1) from pig pancreas  a-Amylase/trypsin double-headed plant Trypsin coupled to CNBr-activated SHIVARAJ and
inhibitor from ragi (adsorption) Sepharose 4B PATTABIRAMAN
(1981).
a-Amylase from Helix pomatia Glycogen Shelifish glycogen cross-linked with CNBr MARSHALL and
and hexamethylenediamine WOLOSZCZUK (1978).

Amylase (EC 3.2.1.1) from rat pancreas

and salivary glands

Amylase (EC 3.2.1.1) from hog pancreas

Amylase isoenzymes from human parotid

gland and pancreas

B-Amylase from barley

B-Amylase from mustard (Sinapis alba L.)

cotyledon

Amyloglucosidase from commercial

preparations

Amyloglucosidase from Aspergillus after
periodate oxidation condensed with
galactosides containing amino group

a-Glucohydrolase inhibitor

‘Yam amylase inhibitor

Concanavalin A

Anti-barley f-amylase IgG

Immunoglobulin G against S-amylase from

rabbits

p-Chloromercuribenzoate

Ricinus communis agglutinin

AH-Sepharose 4B (2x sodium borohydride
was added)

DEAE-ellulose (tightly adsorbed)

Con A-Sepharose 4B

Activated Ultrogel AcA 22

CNBr-activated Sepharose

Cellulose with epichlorohydrin and
hexamethylenediamine

CNBr-activated Sepharose 4B

BURRILL ctal. (1981).

SHARMA and
PATTABIRAMAN
(1982).

TAKEUCHI (1979).

BUREAU and
DAUSSANT (1983).

SUBBARAMAIAH and
SHARMA (1987).

KUCERA (1979).

MIKHAILOV et al.
(1985).



Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

a-L-Arabinofuranosidase (EC 3.2.1.55)
from Aspergillus niger

Arachidonate S-lipoxygenase from porcine
leukocytes

Arginase (EC 3.5.3.1) from mouse liver

Arginase (EC 3.5.3.1) from livers of man;
bovine; pig; dog; guinea pig; rat and mouse

Arylsulphatase (variant form) from human
urine (EC 3.1.6.1)

Arylsulphatase (EC 3.1.6.1) from rabbit
liver

Arylsulphatase A and B (EC 3.1.6.1) from
rat brain

Arylsulphatase (EC 3.1.6.1) from chicken
caecal

Aurylsulphatase (EC 3.1.6.1) from
Klebsiella acrogenes

Arylsulphatase A (EC 3.1.6.1) from human
urine

Asparaginase (EC 3.5.1.1) from
Escherichia coli

L-asparaginase from Proteus vulgaris
Aspartase (EC4.3.1.1)

Arabin

Monoclonal anti-5-lipoxygenase antibody
(purified by Protein A - Sepharose)
Procion Red HE-3B

Anti-human arginase immunoglobulin
Concanavalin A

Arylsulphatase A monomer subunit
Cibacron Blue F3GA

Concanavalin A and cyclic AMP

L-Tyrosine or anti-arylsulfatase-
immunoglobulin G from rabbits

Concanavalin A or arylsulfatase subunit
N-(w-aminohexyl)-L-aspartic acid

N-(w-Aminohexyl)-L-aspartic acid
N-(w-Aminohexyl)-L-asparatic acid

Epoxy-activated Sepharose 6B or arabin
cross-linked by epichlorohydrin

Affi-Gel 10

Matrex Gel Red A

CNBr-activated Sepharose 4B

Con A-Sepharose

CNBr-activated Sepharose 4B

Sepharose 6B treated with epichlorohydrin
and sodium borohydride

Con A-Sepharose and cyclic AMP-agarose

Beads of curdlan type polysaccharide
13140; $-1,3-glucan with
hexamethylenediamine

Con A-Sepharose Affi-Gel 10

Sepharose 4B (modified by spiropyran)

Sepharose 6B
Sepharose 6B

WAIBEL et al. (1980).

UEDA et al. (1986).

SPOLARICS and
BOND (1988).

BRUSDEILINS et al.
(1985).

ISHIBASHI et al.
(1980).

VAN ETTEN and
WAHEED (1980).

AHMAD et al. (1977).
FAROOQUI and
HANSON (1987).
MUROOKA et al.
(1977).

LAIDLER et al. (1985).

KARUBE et al. (1978).

CHIBATA et al. (1974b).

TOSA et al. (1974).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

L-Aspartase from Escherichia coli

Aspartate transcarbamoylase (EC 2.1.3.2)
from Escherichia coli

Aspartate transcarbamytase (EC 2.1.3.2)
from wheat germ

Aspartate transcarbamylase (EC 2.1.3.2)
from germinated seedlings of Phaseolus
aureus

Bacteriophage f2 replicase

Bifunctional enzyme
imidazoleglycerolphosphate dehydratase
(EC4.2.1.19) and histidinol phosphate (EC
3.1.3.15) from Salmonella typhimurium

Branched-chain amino acid transaminase
(EC 2.6.1.42) from pig-heart

Carbonic anhydrase (EC 4.2.1.1)-enriched
and -depleted membranes from chick brain

Carbonic anhydrase B and C from
hemolysate of human erythrocytes

Catalase (EC 1.11.1.6) - from bovine liver

Catalase from rat liver phenylainine
hydroxylase (EC 1.14.16.1)

Procion Red HE3B
Procion red HE3B or Cibacron blue F3GA

N-(3-Carboxypropionyl)aminodecane

L-Aspartate

Single-stranded f2 RNA

Antibodies against homogeneous
bifunctional enzyme (M: = 46 000) from
rabbits

Cycloserine
p-Sulfamylbenzoic acid

p-Aminobenzenesulfonamide after
diazotization or p-carboxybenzenesulfon-
amide

Procion HE3B dye

Antibodies against bovine catalase from
rabbits

Cellobiase (EC 3.2.1.21) from Trichoderma Concanavalin A

viride

Matrex Gel Red A
Matrex dye gels

Sepharose 4B

Sepharose 4B

Cellulose

Sepharose CL-4B

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 6MB with
hexamethylenediamine

Sepharose 4B with Gly-Tyr or with
cthylenediamine

Red-A Matrex Gel
CNBr-activated Sepharose 6MB

Con A-Sepharose

KARSTEN et al. (1985).

WEST et al. (1985).

YON and SIMMONDS
(1975).

RAO et al. (1979).

FEDOROFF and
ZINDER (1971).

STAPLES and
HOUSTON (1980).

KORPELA and
SAARINEN (1985).

SHARMA and
BABITCH (1984).

JOHANSEN (1976).

JOUVE et al. (1986).

WEBBER and
WHITELEY (1980).

KMINKOVA and
KUCERA (1982).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Cellobiases from Trichoderma koningi; Cellulose Avicel and ball-milled cotton linters RABINOVITCH et al.
lignorum and viride; Aspergillus foetidus (1982).
and niger; and Geothrihum candidum;
Cellulase from Thermomonospora fusca -  Microcrystalline cellulose Avicel type PH-102 microcrystalline GHANGAS and
endoglucanase E2 (after cloning of gene) - cellulose WILSON (1988).

from Streptomyces lividans
Cellulases from Trichoderma reesei

Extracellular cellulase endo-3-glucanase
from Chaetomium celluloticum

Chalcone flavanone isomerase (EC 55.1.6)

from Petunia hybrida

Chloridazon-catechol dioxygenase (CCD)
from Phenylobacterium DSM

Cholinesterase (EC 3.1.1.8) - from horse

and human serum

Chondroitinase B and C from
Flavobacterium heparinum

Chorismate mutase from tubers of

Solanum tuberosum L.

Cobalt-activated acylase (EC 35.1 ) from

human liver

Colipase from porcine and human

pancreatic juice

Colipase from porcine pancreatic extracts

Amorphous cellulose

Concanavalin A
Blue Dextran

Immunoglobulin G against CCD from
rabbits (purified by Protein A-Sepharose
CL4B)

Octacthylene glycol n-hexadecyl ether
Dermatan sulfate (non-covalent coating)

Cibacron Blue F3GA and tryptophan

£-Aminopentyl-a-hydroxyisocaproyl-DL-
tyrosine ethyl ester

Antibodies against porcine procolipase B
from rabbits

Lipase

Whatman CF 11 cellulose powder
Con A-Sepharose 4B

Blue Dextran Sepharose

Activated Thiol-Sepharose 4B

Davisil octadecyl-bonded silica - 300 A
pore size

AH-Sepharose 4B with heparin or
dermatan sulfate (covalently coupled)

Matrex Blue A and Tryptophanagarose
from Actigel A

Sepharose 4B

CNBr-activated Sepharose 4B

Sepharose 4B

NUMMI et al. (1981).

FAHNRICH and
IRRGANG (1984).

VAN TUNEN and MOL
(1987).
SCHMITT et al. (1984).

TORRES et al. (1988).

OTOTANI and
YOSIZAWA (1979).

KUROKI and CONN
(1988).
SLOWINSKA and
SZEWCZUK (1979).
RATHELOT et al.
(1983a).

PATTON and
ANDERSSON (1978).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Corrinoid enzyme from Clostridium Pteroylglutamic acid (folic acid) AH-Sepharose 4B (carbodiimide WELTY and WOOD
thermoaceticum technique) (1978).
Cu-Zn-Superoxide dismutase (SOD) from  Anti-human Cu-Zn-SOD goat IgG Sepharose 4B ARAI et al. (1986).
human erythrocytes
2',3’-Cyrlic nucleotide 3'-phosphohydrolase Phosphohydrolase-specific antibody CNBr-activated Sepharose 4B DRUMMOND (1979).
(EC3.14.37)
Cytochromes P-450 from liver microsomes Monocional antibodies CNBr-activated Sepharose 4B FRIEDMAN et al.
of phenobarbital treated rats (1985).
Cytochrome P450 from liver microsomes  Lauric acid AH-Sepharose 4B (carbodiimide GIBSON and
of untreated rats technique) SCHENKMAN (1978).

Cytochrome P-450 isozymes (6) from liver
microsomes of 3-methyl-cholanthrene
induced animals (rats; guinea pigs and
mice)

Isozymes of cytochrome P-450
Catalytically active cytochromes P-450

Cytochrome ¢-550 from Chromatium
vinosum; cytochromes c and c2

Deaminases and decarboxylases:

Acrylate decarboxylase from Porphyra
tenera

Adenosine deaminase (EC 3.54.4)

Monoclonal antibodies against cytochrome

P-450

Detergent-solubilized cytochrome bS

Monoclonal antibody

C.vinosum flavocytochrome c-552

Proteinaceous inhibitor of ethylene

evolution in marine algae from P.tenera

2',3’-0-[(2-Carboxyethyl)ethylidene] -

inosine or nebularine

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B
CNBr-activated Sepharose 4B

Affi-Gel 10

Porous glass Bio-glass 1500 with succinic
anhydride; phenylenediamine and succinic

anhydride

AH-Sepharose 4B (carbodiimide
technique)

CHENG et al. (1984).

KAWATA et al. (1986).

FRIEDMAN et al.
(1985).

DAVIDSON et al.
(1985).

WATANABE et al.
1977).

ROSEMEYER and
SEELA (1979b).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands

Adenosine deaminase from human genetic Coformycin after periodate oxidation CNBr-activated Sepharose 4B with 3,3’- DANTON and

mutant cell iminobispropylamine COLEMAN (1986).

Aspartate f-decarboxylase (EC 4.1.1.12) N-(w-Aminohexyt)-L-aspartic acid Sepharose 6B CHIBATA et al. (1974b).

Cytosine deaminase from Escherichia coli N‘-(&Aminohexyl)pyﬁmidine Sepharose 4B after CNBr-activationand ~ KATSURAGI et al.
(nucleophytic displacement of thiol group  CNBr-activated Sepharose 4B with (1986a).
from 2-mercaptopyrimidine by hexamethylenediamine (carbodiimide
hexamethylenediamine) and 5’-aminouracil technique)

Cytosine deaminase from Escherichia coli  2-Mercaptopyrimidine or 2-thiobarbituric ~ Sepharose 4B (activated with CNBr)and  KATSURAGI et al.
acid coupled with 1,6-diaminohexane and 2- Sepharose 4B with 6-aminohexanoic acid  (1986b).
amino-4,6-dihydroxypyrimidine or 5- and Sepharose 4B with 1,4-diaminobutane
aminouracil and orotic acid

L-Glutamate decarboxylase (EC 4.1.1.15) DL-a-Methyiglutamate CH-Sepharose 4B (carbodiimide YAMAGUCHI and

from rat brain technique) MATSUMURA (1977).

Malonyl-CoA decarboxylase (EC4.1.1.9)  Nicotinamide-adenine dinucleotide NADP-agarose KIM et al. (1979).

from Mycobacterium tuberculosis phosphate

Methylmalonyl-CoA decarboxylase (EC Monomeric avidin Avidin-Sepharose HILPERT and

4.1.1.41) from Veillonella alcalescens DIMROTH (1983).

Nicotinamide deaminase (EC 3.5.1.19) NAD* Sepharose 4B with hexamethylenediamine WINTZERITH et al.

from mouse neuroblastoma and diazotized p-aminobenzylderivative (1980).

Omithine decarboxylase (ODC) Antibody against ODC CNBr-activated Sepharose 4B KRITSI et al. (1982).

Orotidine-5’-monophosphate 2,3’-0-[1-(2-Carboxyethyl)ethylidene]-6-  AH-Sepharose (carbodiimide technique) ROSEMEYER and

decarboxylase (separation from orotidine-  azauridine 5'-monophosphate SEELA (1979a).

5’-monophosphate pyrophosphorylase)

Orotidine-5’-phosphate decarboxylase (EC  Blue Dextran 2000 and Cibacron Blue CNBr-activated Sepharose 4B and cross-  REYES and

4.1.1.23) from baker’s yeast F3GA linked Sepharose 6B SANDQUIST (1978).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Orotidine-5’-phosphate decarboxytase (EC  5-[2-[N-(2-Aminoethyt)carbamyl]-ethyl]-6- CM Bio-Gel A with N-hydroxysuccinimide BRODY and
4.1.1.23) from yeast azauridine 5’-monophosphate and dicyclohexylcarbodiimide WESTHEIMER (1979).
Oxaloacetate decarboxylase (EC 4.1.1.3) Monomeric avidin CNBr-activated Sepharose 4B DIMROTH (1982).
from Klebsiella aerogenes
Porphobilinogen deaminase from wheat p-Chloromercuribenzoate Affi-Gel 501 RUSSEL and
germ POLLACK (1978).

Porphobilinogen deaminase (EC 4.3.1.8)
from Euglena gracilis

Pyruvate decarboxylase from yeast

Dehydrogenases:
Alanine dehydrogenase (EC 1.4.1.1) from
Halobacterium salinarium

Alcohol dehydrogenase steroid-active
isozymes of horse liver

Alcohol dehydrogenase from Drosophila
melanogaster

Alcohol dehydrogenase (anodic form)
from human liver

Alcohol dehydrogenase from equine liver

Alcohol dehydrogenase isozymes (EC
1.1.1.1) from horse liver

Porphobilinogen

Thiamine pyrophosphate

Nicotinamide adenine dinucleotide
phosphate

N®-(6-Aminohexyl)-AMP
8-(6-Aminohexyl)-amino-5’AMP
4-[3-(N-6-Aminocaproyl)-aminopropyl]-

pyrazole and AMP

Nicotinamide-adenine dinucleotide (NAD)

N®.(6-Aminohexyl)-S’AMP

Sepharose 4B after CNBr-activation with
hexamethylenediamine (carbodiimide
technique)

Sepharose 4B with 4-azobenzoyl-¢-
aminocaproyl-hydrazide

Agarose-hexane-NADP
Sepharose 4B
Sepharose 4B after CNBr-activation

Sepharose 4B after CNBr-activation and
Agarose-hexane-AMP (Type 2)

Sepharose CL-6B; Fractogel HW-6S;
Trisacryl GF-2000; LiChrospher Si 500 diol
Iorll

Sepharose 4B after CNBr-activation or 5'-

AMP-Sepharose 4B after treatment of
ferrofluid (Magnetic 5’-AMP-Sepharose)

WILLIAMS et al. (1981).

KLYASHCHITSKY et
al. (1980).

KERADJOPOULOS

and HOLLDOREF (1979).

ANDERSSON et al.
1975).

BROWN and LEE
(19M).

BOSRON et al. (1977).

HEARN (1986).

ANDERSSON and
MOSBACH (1982).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Alcohol dehydrogenase from tomato Cibacron Blue F3GA Blue Sepharose C1.-6B NICOLAS and
CROUZET (1980).
Alcohol dehydrohenase from Bacillus NAD Sepharose 4B with hexamethylenediamine RUNSWICK and
stearothermophilus and p-nitrobenzyl azide reduced with HARRIS (1978).
dithionite and diazotised with NaNO2
Aldehyde dehydrogenase (EC 1.2.1.3) from N6(6-Aminohexyl)-adenosine 5- 5’ AMP-Sepharose 4B INOUE et al. (1979).
human erytrocytes monophosphate

Aldehyde dehydrogenase (EC 1.2.1.3) and
alcohol dehydrogenase (EC 1.1.1.1) with
coenzyme and substrate-competitive
inhibitor

Aldehyde dehydrogenase (EC 1.2.1.3) from
human brain

Aldehyde dehydrogenase (membrane-
bound) from rat liver microsomes

Aspartokinase-homoserine dehydrogenase
1 from Escherichia coli

Choline dehydrogenase (EC 1.1.99.1)
modified with 5,5’-dithiobis(2-nitrobenzoic
acid) from rat liver mitochondria

Chorismate mutase-prephenate
dehydrogenase (EC 1.3.1.12) from
Escherichia coli

Cytoplasmic aldehyde dehydrogenase from
sheep liver after modification with
disulfiram

Nicotinamide adenine dinucleotide (NAD)

N®.(6-Aminohexyl)-5'-AMP
N®-(6-Aminohexyl)-5'AMP
Green A

Choline

N-Totuene-p-sutfonyl-L-p-aminophenyl
alanine

Thiol form of thiopropyl-agarose

Agarose-NAD Type 3 (AGNAD)

5’-AMP Sepharose 4B
5’AMP-Sepharose
Matrex Gel Green A

CNBr-activated Sepharose 4B with N,N-
dimethyl-1,3-propanediamine and ethylene
bromohydrin

CNBr-activated Sepharose 4B

Thiopropyl-Sepharose 6B after reduction
using 2-mercaptoethanol

SVANAS and WEINER
(1982).

RYZLAK and
PIETRUSZKO (1987).

NAKAYASU et al.
(1978).

KARSTEN et al. (1985).

TSUGE et al. (1980).

SMITH et al. (1977a).

KITSON (1982).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Cytoplasmic glycerol phosphate 2,4,6-Trinitrobenzenesulfonic acid Sepharose 4B with £-aminocaproic acid or  MC GINNIS and DE
dehydrogenase (EC 1.1.1.8) from rat hexanediamine VELLIS (1978).

skeletal muscle

Cytoplasmic and mitochondrial malate
dehydrogenase (EC 1.1.1.37) from

Drosophila

Cytosolic NAD-linked glycerol-3-
phosphate dehydrogenase (EC 1.1.1.8)

from rabbit tissues

D-Glyceraldehyde-3-phosphate
dehydrogenase (EC 1.2.1.12) from Bacillus
stearothermophilus and Thermus aquaticus

D-Lactate dehydrogenase - from

Escherichia coli

Diol dehydrogenase (EC 4.2.1.28) from
Klebsiella pneumoniae (study of
interactions with coenzyme)

Estradiol-178 dehydrogenase

Formaldehyde dehydrogenase (EC 1.2.1.1)
and formate dehydrogenase (EC 1.2.1.2)

from pea seeds

Glucose 6-phosphate dehydrogenase (EC

1.1.1.39) from baker’s yeast

Glucose 6-phosphate dehydrogenase (EC
1.1.1.49) from human erythrocytes

8-(6-Aminohexyl)-amino-adenosine 5'-
triphosphate

2,4,6-Trinitrobenzene

Nicotinamide adenine dinucleotide (NAD)

Monoclonal antibody Mab1B2a (IgG 2b) -
purified by Protein A-Sepharose 4B

Several derivatives of vitamin B12
coenzyme

p-Hydroxymercuribenzoate
N°(6-Aminohexyi-)5’ AMP
Procion brilliant red H-8BN

N‘-(6-Aminohexy1)-adenosine 25-
biphosphate

Sepharose 4B after CNBr-activation

Sepharose 4B with hexamethylenediamine

Sepharose 4B after CNBr-activation with
hexamethylenediamine; p-nitrobenzyl
azide; reduced with dithionite; diazotised
with NaNO in presence of HCI

Affi-Gel 10

CNBr-activated Sepharose 4B with
hexamethylenediamine

Sepharose with ethylenediamine

5'-AMP-Sepharose

Sepharose 6B

Sepharose 4B after CNBr-activation

LEE et al. (1979).

OSTRO and FONDY
1977).

HARRIS et al. (1980).

SANTOS and KABACK
(1986).

TORAYA and FUKUI
(1980).

NICOLAS (1974).

UOTILA and
KOIVUSALO (1979).

FARMER and
EASTERBY (1984).

MORELLI et al. (1978).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Glucose-6-phosphate dehydrogenase (EC  NADP* Sepharose 4B-200 CRANEY and
1.1.149) GOFFREDO (1983).
Glucose-6-phosphate dehydrogenase from Triazine dyes Matrex Gel Orange B HEY and DEAN (1983).
Leuconostoc mesenteroides (EC 1.1.1.49)
Glucose-6-phosphatedehydrogenase from  Dye red - brown Silichrom SCH-2,5; S-80 with KADUSEVICIUS et al.
yeast y-aminopropyitriethoxysilane; (1983).

Glucose-6-phosphate dehydrogenase -
folate conjugates (studies of interaction)

Glucose-6-phosphate dehydrogenase from
yeast

Glucose-6-phosphate dehydrogenase from
human erythrocytes

Glutamate dehydrogenase (EC 1.4.14)

Glutamate dehydrogenase from bovine
liver

Glutamate dehydrogenase (EC 1.4.1.3)
from ox brain and liver

Glutamate dehydrogenase (EC 1.4.1.4)
from halophilic bacteria of Dead Sea

Glutamate dehydrogenase from
Acanthamoeba culbertsoni

Folate binding protein

NADP* complexed to immobilized
boronic acid

2's’-ADP
Cibacron Blue F3GA

N®-(6-Aminohexyl)-AMP and 8-(6-
aminohexyl)-amino-AMP

Guanosine 5'-triphosphate after periodate
oxidation

8-(6-Aminohexyl)amino derivative of
NADP*

Cibacron Blue F3GA

epichlorohydrine activated dextran;
thermal treatment and blocking of residual
-NH2 by acetylation

Sepharose

Sepharose 6B with 6-aminocaproyl-3-
aminophenylboronic acid
2'5’-ADP-Sepharose 4B

Epichlorohydrin cross-linked Sepharose 6B

Sepharose 4B after CNBr-activation

Sepharose 4B after CNBr-activation with
L-glutamic acid y-methyl ester and

hydrazine hydrate
Sepharose 4B after CNBr-activation

Sepharose 6B

BACHAS et al. (1986).

BOURIOTIS et al.
(1981).

PITTALIS et al. (1992).

AGRAWAL and RAO
(1983).

BRODELIUS and
KAPLAN (1979).

MC CARTHY et al.
(1980).
LEICHT et al. (1978).

SINGH et al. (1981).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Glyceraldehyde 3-phosphate
dehydrogenase (EC 1.2.1.12) from several
lactic acid bacteria

Glyceraldehyde-3-P-dehydrogenase (EC
1.2.1.12) from HeLa cytosol

Glycerol-3-phosphate dehydrogenase (EC
1.1.1.8) from human heart

Hexose-6-phosphate dehydrogenase from
rat liver

Histidinol dehydrogenase (EC 1.1.1.23)

Histidinol dehydrogenase from
multienzyme conjugate of yeast

Inosine 5’-monophosphate dehydrogenase
(EC 1.2.1.14) from Escherichia coli

Inosine 5’-monophosphate dehydrogenase
(EC 1.2.1.14) from Escherichia coli

Inosinic acid dehydrogenase (EC 1.2.1.14)
from Aerobacter aerogenes

Isocitrate dehydrogenase

Isocitrate dehydrogenase from rat liver

Blue dextran

Polyriboadenylic acid
Cibacron blue F3GA

N® -(6-Aminohexyl)adenosine 2’,5'-
bisphosphate

Antibodies
Adenosine 5’-monophosphate

8-(6-Aminohexyl)-AMP; N°-(6-
aminohexyl)-AMP and 8-(8-aminooctyl)-
IMP

Procion dyes

8-(6-Aminohexyl)-amino-guanosine 5'-
monophosphate

NS -(6-Aminohexyl)-adenosine 5’-
monophosphate or -2’,5’-bisphosphate
Anti-(yeast glucose-6-phosphate
dehydrogenase) IgG

Sepharose 4B

Sepharose 4B after CNBr-activation

Sepharose 4B

2'S’ ADP-Sepharose 4B

Sepharose 4B

AMP-agarose(type II)

Sepharose 4B

Sepharose 4B

Sepharose 4B after CNBr-activation

Sepharose 4B

CNBr-activated Sepharose 4B

KAWAI et al. (1980).

MILHAUD et al. (1978).

MC GINNIS (1983).

HINO and MINAKAMI
(1982).

ANDORN and
ARONOVITCH (1984).

KEESEY et al. (1979).

GILBERT et al. (1979).

LOWE et al. (1980).

BRODELIUS et al.
(1978).

BRODELIUS et al.
(1974).

STAPLETON and
PORTER (1985).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

Isoenzymes (five) of lactate dehydrogenase
(EC 1.1.1.27) from potato Solanum
tuberosum

Isozymes of human alcoho! dehydrogenase

L-Fucose dehydrogenase (EC 1.1.1.122)
from rabbit liver

L-Lactate dehydrogenase from
Lactobacillus casei

L-Lactate dehydrogenase from human
erythrocytes; liver and heart

L-Lactate dehydrogenase from rabbit
muscle; beef heart or human blood serum

L-Lactate dehydrogenase

L-Threonine dehydrogenase

Lactase dehydrogenase and
phosphoglycerate kinase from rat liver

Lactate dehydrogenase isoenzyme C4 (EC
1.1.1.27)

Lactate dehydrogenase from equine liver

Cibacron blue F3GA and ATP after
periodate oxidation

Cibacron Blue F3G-A
N‘-(6-Aminohexyl)—adenosine 5-
monophosphate

Cibacron blue F3G-A

8-(6-aminohexyl)Jamino-AMP

p-Aminophenylpyruvic acid or p-
aminophenyllactic acid

Oxamate

NAD*

Dye tetraiodofluorescein
N®-(6-Aminohexyl)-5-AMP

N®-(Aminohexyl)-AMP

Sepharose CL-6B and Sepharose after
CNBr-activation with adipic acid
dihydrazide

Blue Sepharose CL-6B

5’AMP-Sepharose 4B
Sephadex G-200
Sepharose 4B

Cross-linked copolymer of acrylamide and
(6-acrylamidohexanoyloxy) succinimide or
copolymer of agarose; BIS and 6-
acrylamido hexanoic acid

Sepharose

Sepharose 4B with s-aminohexanoic acid
Affi-Gel 102 and AH-Sepharose 4B
(carbodiimide technique)

5’AMP-Sepharose

Sepharose CL-6B; Fractogel HW-65;
Trisacryl GF-2000; LiChrospher Si 500 diol
Torll

JERVIS (1981).

ADINOLFI and
HOPKINSON (1978).

ENDO and HIYAMA
a19m).

GORDON and
DOELLE (1976).

BACHMAN and LEE
(1976).

BROWN and JOYEAU
(1979).

TROMMER and
BECKER (1976).

LOWE et al. (1973).
TUCKER et al. (1981).

ANSARI (1981).

HEARN (1986).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands

Lactate dehydrogenase (EC 1.1.1.27) from  Antraquinone-triazine derivatives Bead cellulose (heated to 80°C) GEMEINER AND

rabbit muscle (Cibacron Blue; Procion Blue; Remazol VISKUPIC (1981).
Brilliant Blue and Ostazin Brilliant Red)

Lactate dehydrogenase (LDH) or LDH N‘-(6-Aminohcxy|-)5‘AMP 5'AMP-Sepharose 4B DANIELSSON et al.

isoenzymes from beef heart (1981).

Lactate dehydrogenase from bovine heart  Cibacron Blue F3GA coupled to dextran Sepharose CL-4B after CNBr-activation MATTIASSON and
T40 or T500 after periodate oxidation with  with attached trypsin OLSSON (1986).
5oy bean trypsin inhibitor

Lactate dehydrogenase Heterobifunctional affinity ligand Cibacron Sepharose CL-4B after CNBr-activation in  MATTIASSON and
Blue-dextran-soy bean trypsin inhibitor presence of triethylamine and 60% acetone OLSSON (1986).

with trypsin

Lipoamide dehydrogenase Lipoyl chloride Aminoalkyl glass SCOUTEN (1974).

(NADH:lipoamide oxidoreductase; EC

1.6.4.3) from pig heart yeast and

Escherichia coli

Lipoamide dehydrogenase isoenzymes NAD" and lipoate Sepharose 4B with £-aminohexanoic acid VISSER and

from pig heart and Sepharose 4B with ethylenediamine or STRATING (1975).

Malate dehydrogenase (EC 1.1.3.7) from
rat liver

Malate dehydrogenase (EC 1.1.1.37) from
porcine heart

Malate dehydrogenase (EC 1.1.1.37) from
pig heart

Aspartic acid

Procion Red HE3B

Remazol Brilliant Blue R

L-lysine
CH-Sepharose 4B

Matrex Gel Red A

Hydroxyethyl methacrylate gel Spheron
1000 (reaction mixture heated to 50 °C)

CREMEL et al. (1985).

SMITH and
SUNDARAM (1983).

KONECNY et al. (1987).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Malate dehydrogenase (EC 1.1.1.37) from  Nicotinamide adenine dinucleotide and Agarose-hexane-NAD* and S’AMP- WRIGHT and
thermophilic and mesophilic bacteria N‘-(6-aminohcxyl)-adcnosinc- Sepharose 4B SUNDARAM (1979).

Bacillus subtilis; Stearothermophilus and
caldotenax

Membrane-bound; flavin-linked D-lactate
dehydrogenase (D-LDH) from Escherichia
coli

NAD(P)"* -Dependent lactate
dehydrogenase (EC 1.1.1.27)

NAD"* -malic dehydrogenase from pigeon
liver
NAD " -specific glyceraldehyde 3-

phosphate dehydrogenase (EC 1.2.1.12)
from Escherichia coli

NAD-Dependent formate dehydrogenase
from Gram-negative methylotrophic
bacteria

NADP" -Dependent isocitrate
dehydrogenase (EC 1.1.1.42) from
Drosophila melanogaster
NADP-Dependent 6-phosphogluconate
dehydrogenase (EC 1.1.1.44) from lamb’s
liver

NADP-Malate dehydrogenase (EC
1.1.1.82) from leaves of Zea mays

5’-monophosphate;

Monoclonal antibodies against D-LDH
(purified by protein A-Sepharose)

N1-Carboxymethyl-nicotinamide in
presence of N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline after coupling to HMD-
Ultrogel activated with sodium pyruvate

Cibacron Blue F3GA

Nicotinamide adenine dinucleotide

Oxidized or reduced coenzyme

Procion Brilliant Blue

Procion Red HE3B

Cibacron Blue F3GA

Affi-Gel 10

6-Aminohexyl agarose HMD-Ultrogel

Blue Sepharose CL-6B

Agarose-hexane-NAD™ (type 1)

AH-Sepharose (carbodiimide technique)

Sepharose 4B (gently stirred in 10 mM

NaOH)

Matrex Gel Red-A

Affi-Gel Blue

SANTOS et al. (1985).

TORREILLES et al.
(1986).

RAMADOSS et al.
(1983).

HILLMAN (1979).

YAVARKOVSKAYA
etal. (1979).

WILLIAMSON et al.
(1980).

CARNE (1982).

KAGAWA and BRUNO
(1988).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

NADP-Specific isocitrate dehydrogenase
(ID - EC 1.1.1.42) from Escherichia coli

NADP-Specific glutamate dehydrogenase
from Chlorella

Nicotinamide adenine dinucleotide specific
isocitrate dehydrogenase (EC 1.1.1.41)
from Neurospora crassa

w-Hydroxyfatty acid dehydrogenase
(wound induced) from potato tubers

Pyruvate dehydrogenase complex from
Azobacter vinelandii

Pyruvate dehydrogenase b phosphatase
from beef kidney and heart

sn-Glycerol-3-phosphate dehydrogenase
(EC 1.1.1.8) from rabbit tissues

Sorbitol dehydrogenase (EC 1.1.1.14) from
rat liver

Spermidine dehydrogenase from Serratia
marcescens

Steroid-1-dehydrogenase (EC 1.3.99.4)
from Nocardia opaca

Immunoglobulin against ID from rabbits
(purified by Protein A-agarose)

NADP

Adenosine 5'-monophosphate

NADP after periodate oxidation

Glutathione-2-pyridyl disulphide

Pyruvate dehydrogenase complex via
dihydrolipoy! transacetylase core

NAD attached to hexamethylenediamine
through C-8 position of adenine moiety
Nicotinamide adenine dinucleotide

1,8-Diaminooctane

N-(4-Androsten-3-on-178-oxycarbonyl)-¢-
aminocaproic acid

Protein A-agarose used for covalent
coupling of IgG by use of
dimethylsuberimidate

Agarose-hexane-NADP; Type 3

Ribose-linked AMP affinity matrix

Sepharose 4B after CNBr-activation with
adipic acid dihydrazide

Thiol-Sepharose 4B

Sepharose CL-6B with glutathione and
crosslinking reagent N,N’-
phenylenedimaleimide

Agarose-bound NAD-Type 3
AGNAD; type 1
Sepharose 4B after CNBr-activation

Sepharose 4B after CNBr-activation with
adipic acid dihydrazide or 1,12-
dodecanediamine or
hexamethylenediamine with carbodiimide
technique

REEVES et al. (1981).

YEUNG et al. (1981).

NEALON and COOK
(1979).

AGRAWAL and
KOLATTUKUDY
(1978).

DE GRAAF-HESS and
DE KOK (1982).

PRATT et al. (1982).

MC LOUGHLIN et al.
(1980).

LEISSING and MC
GUINNESS (1978).

OKADA et al. (1979).

ATRAT et al. (1980).

1 547



Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Succinate semialdehyde dehydrogenase N6-(6-Aminohexyl)-adenosine 5- 5’AMP-Sepharose 4B CASH et al. (1978).
(EC 1.2.1.24) from human brain monophosphate
Tetrahydrofolate dehydrogenase Pteroyllysine Sepharose 4B with ethanolamine PASTORE et al. (1974).

UDP-glucose dehydrogenase (EC 1.1.1.22)
from calf liver

Xanthine dehydrogenase (EC 1.2.1.37)
from rat liver

Xiylitol dehydrogenase (EC 1.1.1.9) from
Pachysolen tannophilus

Deoxyuridine triphosphatase
nucleotidohydrolase (dUTPase; EC
3.6.1.23) from anemic rat spleen

Diacylglycerol lipase from bovine brain
DNA gyrase from Escherichia coli

DNA topoisomerase I from mouse
mammary carcinoma cells

Dopamine -hydroxylase (EC 1.14.17.1)
from normal human plasma
DT-Diaphorase (NAD(P)H:quinone
oxidoreductase; EC 1.6.99.2) from rat liver

AMP and P1-(6-amino-1-hexyl)-P2-(5’-
uridine)-pyrophosphate
Blue dextran

B-NAD (attached through C-8)

Cibacron Blue F3GA

Heparin

Novobiocin

Heparin or sulphated dermatan sulphate
Concanavalin A

Dicoumarof

DT-Diaphorase (EC 1.6.99.2) from rat liver Dicoumarol

AGAMP - Type 2 and Sepharose 4B after
CNBr-activation

Blue dextran-Sepharose

B-NAD-agarose (N 1008)

Blue Sepharose

Heparin Sepharose 4B
Epoxy-activated Sepharose 6B

Epoxy-activated Sepharose 4B with
ammonia (carbodiimide technique)

Con A-Sepharose

Sepharose 6B with divinyl sulfone; 4-
aminobenzoic acid hydrazide; diazotized
with NaNO2 in presence of HCI

Sepharose 4B with bisamine propylamine
and succinic anhydride

GEREN et al. (1977).

SULEIMAN and
STEVENS (1987).

BOLEN et al. (1986).

HOKARI and
SAKAGISHI (1987).

FAROOQUI et al.
(1984).

STAUDENBAUER and
ORR (1981).

ISHII et al. (1987).

FRIGON and STONE
(1978).

HOJEBERG et al.
(1981).

RASE et al. (1976).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Endo-f-N-acetylglucosaminidase from Yeast mannan CNBr-activated Sepharose 4B MORINAGA et al.
Bacillus alvei (1983).
Endo-D-galacturonase (EC 3.2.1.15) from  Sodium tri(D-galactosiduronate) Separon H 1000 saturated with dry REXOVA-BENKOVA
Aspergillus niger hydrogen chloride gas et al. (1983).

Endopolygalacturonase (EC 3.2.1.15) from
Kluyveromyces fragilis
Endopolygalacturonase (EC 3.2.1.15) from
Aspergillus niger

Endopolygalacturonases (EC 3.2.1.15)
from Aspergillus niger or tomato

Endo-1,4-8-glucanase (EC 3.2.1.4) - from
Aspergillus niger

Endoglucanase from Trichoderma viride

Enzyme converting f-endorphin into
methionine enkephalin

Esterases from Drosophila mojavensis
(DmE-4 and DmE-5)

Exo-cellobiohydrolases (EC 3.2.1.91) from
Trichoderma reesei

Exopolygalacturonate lyase (EC 4.2.2.9)
from Erwinia carotovora

Extracellular superoxide dismutase (EC
1.15.1.1) from human blood plasma

Sodium pectate

Polygalacturonic acid

Tetra- or pentagalactosiduronic acids
Concanavalin A

Concanavalin A

Peptide from lipoprotein LPH (64-67)

Antibodies against DmE-4 and DmE-5

p-Aminobenzyl 1-thio-8-D-cellobioside

Sodium pectate

Heparin

Pectate cross-linked with epichlorohydrin
Keratin coated silica gel

Separon H 1000

Con A-Sepharose

Con A-agarose
Sepharose 4B with adipic acid dihydrazide

Protein A-Sepharose CL-4B (coupled with
use of dimethyl pimelimidate
dihydrochloride)

Affi-Gel 10

Pectate cross-linked with epichlorohydrin

partially degraded by
endopolygalacturonase followed by
reduction with NaBH4

Heparin-Sepharose

INOUE et al. (1984).

LOBARZEWSKI et al.
(1985).

REXOVA-BENKOVA
etal. (1986).

WOODWARD et cl.
(1986).

GONG et al. (1979).
KOIDA etal. (1979).

PEN et al. (1986).

VAN TILBEURGH et
al. (1984).

KEGOYA et al, (1984).

KARLSSON and
MARKLUND (1987).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands

Extramitochondrial malic enzyme (L- N‘-(6-Aminohexyl)adenosine 2’5- 2'S’ADP-Sepharose 4B SWIERCZYNSKI

malate:NADP™* oxidoreductase; EC bisphosphate (1980).

1.1.1.40) from postmitochondrial
supernatant of rat skeletal muscle

Fatty acid cyclooxygenase (EC 1.14.99.1)
from sheep vesicular glands
Ferredoxin-NADP™ oxidoreductase (EC
1.18.1.2) from cyanobacterium Anabaena
sp.

Ferredoxin-NADP" oxidoreductase (EC
1.18.1.2) from nitrogen-fixing Anabaena
variabilis

Ferrochelatase (EC 4.99.1.1) from
Rhodopseudomonas sphaeroides and
Agquaspirillum intersonii

Ferrochelatase (EC 4.99.1.1) from bovine
liver mitochondrial membranes

Ferrochelatase (EC 4.99.1.1) from chicken
erythrocyte mitochondria

Flavokinase (EC 2.7.1.26) from rat liver

Formiminotetrahydrofolate-
cyclodeaminase (EC 4.3.1.4)

B-Fructosidase (radish)

Flurbiprofen = di-2-(2-fluoro4-biphenyiyl)
propionic acid

N‘-(&Aminohexyi)adcnosine 2'5-
bisphosphate (coupling via N® position)
Cibacron Blue F3GA

Copper phthalocyanine chromophore

Reactive Red 120 and Cibacron Blue F3GA

Cibacron Blue F3GA

N(10)-w-Carboxybutyl-7,8-
dimethylisoalloxazine

Tetrahydrofolate

Concanavalin A and Lens culinaris
agglutinin

Sepharose 4B after CNBr-activation with
3,3'-diaminodipropylamine

2'5’ADP-Sepharose 4B

Blue Sepharose

Matrex Gel Blue B

Sepharose CL-6B (coupling at 80 °C) and
Blue Sepharose CL-6B

Blue Sepharose CL-6B

Aminoalkyl agarose Affi-Gel 102

Sepharose 4B with hexamethyienediamine

HEMLER et al. (1976).

SERRANO and RIVAS
(1982).

SANCHO et al. (1988).

DAILEY (1986).

DAILEY et al. (1986).

HANSON and DAILEY
(1984).

MERRILL and MC
CORMICK (1980b).

SLAVIK et al. (1974).

Con A-Sepharose; LCA-Sepharose; Con A- FAYE et al. (1982).

Ultrogel; LCA-Ultrogel
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
a-L-Fucosidase (EC 3.2.1.51) from human  Fucosamine or concanavalin A Agarose-g-aminohexanoylfucosamine and ALHADEFF and
liver of fucosidosis patient Con A-Sepharose 4B ANDREWS-SMITH
(1980).
a-L-Fucosidase (EC 3.2.1.51) from human Fucosamine £-Aminocaproyl fucosamine-agarose CHIEN and DAWSON
spleen (1980).

a-L-Fucosidase I from almond emulsion

Fucosidase from almond emulsin

Fumarase (EC 4.2.1.2) from pig heart
Fumarase from pig heant
Galactolipase (EC 3.1.1.26) from rice bran

Galactlosidases:
a-D-Galactosidase (EC 3.2.1.22) from
soybean meal

a-Galactosidase I (EC 3.2.1.22) - from
mung beans

a-Galactosidase (EC 3.2.1.22) from human
spleen; placenta and plasma

B-D-Galactosidase (EC 3.2.1.23) from
bovine liver

B-Galactosidase from rat liver

£-Aminocaproyl-lacto-N-
fucopentaosylamine

Cibacron Blue F3GA

2+(5’-Phenylpentyl)fumaric acid after
nitration; reduction and diazotization

a and B Citrylhexamethylenediamine

Palmitoyl chloride

N-e-Aminocaproyl-N-£-aminocaproyl-a-D-
galactopyranosylamine
Concanavalin A and melibiose

N-6-Aminohexanoyl-x-D-
galactopyranosylamine

D-Galactose

Ovalbumin

Sepharose 4B after CNBr-activation
Sepharose CL-4B

Sepharose 4B with tyramine (after CNBr-
activation)

Sepharose 4B

Well-dried and -defatted gauze

Sepharose 4B after CNBr-activation

Con A-Sepharose and Melibiose-agarose

Sepharose 4B with 6-aminohexanoic acid

Sepharose 6B with divinyl sulphone

Sepharose 4B

YOSHIMA et al. (1979).

IMBER et al. (1982).

CHAUDHURI and
THOMAS (1979).

HIROTA and
SHIMAMURA (1985).

MATSUDA and
HIRAYAMA (1979).

HARPAZ et al. (1977).

DEY (1984).

BISHOP and DESNICK
(1981).

DI CIOCCIO et al.
(1984).

DEAN (1978).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
B-Galactosidase (EC 3.2.1.23) from rat p-Aminophenyl--D-thiogalactoside Agarose-p-Aminophenyl--D- KUO and WELLS
mammary gland thiogalactoside (1978).
B-Galactosidase-Protein A fusion protein  Immunoglobulin IgG IgG-Sepharose 4B NILSSON et al. (1985).

(fusion of Protein A gene and Escherichia
coli gene encoding f-galactosidase)

Acid B-D-galactosidases A2 and A3 from
human liver

Acid B-D-galactosidase (EC 3.2.1.23) from
human liver

GM1-Ganglioside B-galactosidase from
normal cat brain and liver

Hybrid proteins exhibiting $-galactosidase
activity

Gentamicin acetyltransferase 1 (EC
2.3.1.60) - from Escherichia coli

B-1,3-Glucanase (EC 3.2.1.6) from
commercial enzyme preparation "Kitalase”
from Basidiomycetes aphyliophoroles

Glucoamylase (EC 3.2.1.3) from
Aspergillus niger C

Glucocerebrosidase (EC 3.2.1.45) from
extracts of human tissues

Glucosidases:

Glucosidase I from calf liver microsomes

Concanavalin A and 6-aminohexyl 1-thiof-
D-galactopyranoside

Concanavalin A

p-Aminophenyi 8-D-thiogalactoside and
concanavalin A

p-Aminophenyl-8-D-thiogalactoside

Gentamicin C la

Glucans pachyman or laminaran after
reaction with cyanogen bromide

Amylopectin activated using CNBr

Monoclonal anti-(glucocerebrosidase)
antibodies

N-Carboxypentyl-1-deoxynojirimycin

Con A-Sepharose 4B and CNBr-activated
Sepharose 4B

Con A-Scpharose 4B
Sepharose 4B after CNBr-activation and

Con A-Sepharose
CH-Sepharose 4B

Affi-Gel 10

AH-Sepharose CL-6B

AH-Sepharose or aminopropyl-controlled
pore glass (pore diam. 500 A)
CNBr-activated Sepharose 4B

AH-Sepharose 4B (carbodiimide
technique)

FROST et al. (1978).

MILLER (1978).

ANDERSON et al.
(1978).

ULLMANN (1984).

WILLIAMS and
NORTHROP (1976).

TOTANI et al. (1983).

PASZCZYNSKI et al.
(1982).

AERTS et al. (1986).

HETTKAMP et al.
(1984).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
a-Glucosidase (EC 3.2.1.20) from crude 3-nitro-4-(6aminohexylamido)- Sepharose CL-6B or Matrex Gel PBA-60  MYOHANEN et al.
yeast protein phenylboronic acid or m- (1981).

B-glucosidase(EC 3.2.1.21) - from
Alcaligenes faecalis

B-Glucosidase (EC 3.2.1.21) from Candida

guilliermondii

B-Glucosidase from calf liver cytosol

B-Glucosidase (EC 3.2.1.21) - from
Aspergillus niger

Acid B-glucosidase (EC 3.2.1.45) from
human placenta

Acid B-glucosidase (EC 3.2.1.45) from
normal human placentae and spleen of
patient with type-1 Ashkenazi Jewish
Gaucher discase

Exo-oligo-1,6-glucosidase (EC 3.2.1.10)
from Bacillus cereus (EOG)

Lysosomal S-glucosidase (EC 3.2.1.45)
from human placentas

Glucosylceramidase (EC 3.2.1.45) from
human placenta

aminophenylboronic acid
2,34,6-Tetra-O-acetyl-1-thio8-D-

glucopyranoside and 1-allyloxy-2,3-
epoxypropane after reductive ozonolysis
B-Glucoside of salicyl aldehyde
N-(9-Carboxynonyl)-deoxynojirimycin
Concanavalin A

Dextran sulphate after CNBr-activation

N-(9-Carboxynonyi)- and N-(11-
carboxyundecyl)-deoxynojirimycin

Antibodies against EOG from rabbits

Sphingosyl-1-O-8-D-glucoside (GS) or GS

with 1,12-dodecanedicarboxylic acid

Glucosyl sphingosine

Chitosan (reductive amination)

Sepharose 4B with adipic dihydrazide
AH-Sepharose 4B (carbodiimide
technique)

Con A-Sepharose

CNBr-activated Sepharose 4B with lysine

AH-Sepharose (carbodiimide technique)

CNBr-activated Sepharose 4B

CH-Sepharose 4B or AH-Sepharose 4B
(carbodiimide technique)

Epoxy-activated Sepharose 6B

HOLME et al. (1988).

ROTH and
SRINIVASAN (1978).

LEGLER and
BIEBERICH (1988).

WOODWARD et al.
(1986).

SHAFIT-ZAGARDO
and TURNER (1981).

OSIECKI-NEWMAN et
al. (1986).

SUZUKI et al. (1983).

GRABOWSKI and
DAGAN (1984).

STRASBERG et al.
(1982).
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Table 9.1. (continued)

Substances isolated

Affinity ligands

Solid supports or immobilized
affinity ligands

References

B-Glucuronidase (EC 3.2.1.31) from
human placenta

Glutamate decarboxylase (EC 4.1.1.15)
from hog brain

Glutathione peroxidase (EC 1.11.1.9) -
from rat liver microsomes

Glycineamide ribonucleotide
transformylase (EC 2.1.2.2) from chicken
liver

Glyoxalase I from rabbit liver

Glyoxalase II (S-2-hydroxyacylglutathione
hydrolase,EC 3.1.2.6.) from Swiss mouse
liver

Guanine aminohydrolase from rabbit liver
Guanine aminohydrolase (EC 3.5.4.3)

Guanosine 5'-(8,y-imido)triphosphate-
activated adenylate cyclase from rabbit
myocardial membranes

Guanosine triphosphate (GTP)
cyclohydrolase (EC 3.5.4.16) from
Escherichia coli

Guanosine triphosphate cyclohydrolase
from Escherichia coli

Immunoglobulin G against -
glucuronidase from goats

N6—(Aminohexyl)carbamoy| -methyl-

adenosine 5’-triphosphate
S-Hexylglutathione

Glycineamide ribonucleotide

Blue dextran
Oxidized glutathione (GSSG)

9-(p-Aminoethoxyphenyl)guanine

2,3'-O-[1-(2-Carboxyethyl)-
ethylidene]xanthosine

7-Succinyl-7-deacetyiforskolin

UTP or GTP

Periodate oxidized GTP

Sepharose 2B after CNBr-activation

ATP-agarose

Epoxy-activated Separose 6B

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B

CNBr-activated Sepharose 4B

Sepharose 4B after CNBr-activation

AH-Sepharose 4B

Sepharose CL4B with 1,1'-
carbonyldiimidazole,6-aminohexoic acid
and ethanolamine (carbodiimide
technique)

UTP-agarose or GTP-agarose

Sepharose 4B with £-aminocaproic acid
methylester and hydrazine hydrate

BROT et al. (1978).

WU and MARTIN
(1984).

REDDY et al. (1981).

CAPERELLI et al.
(1978).

ELANGO et al. (1981).

ORAY and NORTON
(1980).

BERGSTROM and
BIEBER (1978).

ROSEMEYER and
SEELA (1981).

PFEUFFER et al.
(1985).

FERRE et al. (1986).

YIM and BROWN
(1976).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Guanosine triphosphate cyclohydrolase I.  Dihydrofolate (folate after coupling to AH- AH-Sepharose 4B THEN (1979).

(EC 354.16)

Guanylate cyclase (GC; EC 4.6.1.2) - from
rat lang

Guanylate cyclase (EC 4.6.1.2) from
synaptosomal soluble fraction of rat brain

Heparinase (EC 4.2.2.7) and heparitinase
(EC 4.2.2.8) from Flavobacterium
heparinum

Heparinase (EC4.2.2.7)

Hepatic ATP citrate lyase (EC 4.1.3.8)
from rats

Hexokinase (EC 2.7.1.1) from pig hearts
(eluted by nucleotide substrates or
inhibitors)

Hexokinase isoenzymes from yeast
Hexosaminidase from human placenta

B-Hexosaminidases (EC 3.2.1.30) from
bovine brain

Histaminase (EC 1.4.3.6) from placental
extract

Sepharose reduced in situ)

Monoclonal antibody B4 against GC

Guanosine 5'-triphosphate after periodate
oxidation

Glycosaminoglycan (GAG) coupled in
presence of 1-ethyl-3-
(dimethylaminopropyl)-carbodiimide
Antibody

Cibacron Blue F3G-A

Procion brilliant red H-8BN

D-Glucosamine
Concanavalin A
p-Aminophenyl-2-acetamido-2-deoxy-3-D-

galactopyranoside

Cadaverine

CNBr-activated Sepharose 4B
Sepharose 4B after CNBr-activation with
adipic acid dihydrazide

AH-Sepharose 4B previosly coated non-
covalently with GAG

CNBr-Sepharose 4B

Blue Sepharose

Sepharose 6B

Activated CH-Sepharose 4B

Con A-Sepharose

CH-Sepharose 4B

AH-Sepharose 4B with bromoacetic acid
and N-hydroxylsuccinimide

KAMISAKI et al. (1986).

NAKANE and
DEGUCHI (1978).

OTOTANI et al. (1981).

LINHARDT et al.
(1985).

REDSHAW and
LOTEN (1981).

FARMER and
EASTERBY (1982).

KOPETZKI and
ENTIAN (1982).

MAHURAN and
LOWDEN (1980).

LISMAN and
OVERDLIK (1978).

LINet al. (1981b).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Homogentisate-1,2-dioxygenase from 2-Hydroxyphenylacetate Sepharose after CNBr-activation with SUGUMARAN and
Aspergillus niger benzidine diazotized with sodium nitrite in VAIDYANETHAN
presence of HCI (1978).

Hyaluronidase from monkey testis
homogenate

Hyaluronidase (EC 3.2.1.35) from bull
seminal-plasma

Hydrogenase from Rhizobium japonicum
Hydrolases:

A-Adenosylhomocysteine hydrolase (EC
3.1.1.1) from rat liver

Acyl-CoA hydrolase (EC 3.1.2.2) from
bovine heart microsomes

Carboxylic-ester hydrolase (CEH - EC
3.1.1.1) - from human,dog and rat
pancreatic juices

Cholesterol ester hydrofase (EC 3.1.1.13)
from rabbit aortic lysosomes

Gytosolic epoxide hydrolase (EC 3.3.2.3)

Epoxide hydrolase (EC 3.3.2.3) from liver
cytosol of normal and clofibrate-treated
mice

Hydrolases (22) from human liver

Keratin hydrolase from psoriatic scales

Concanavalin A
Concanavalin A and heparin

Procion red HE-3B dye

S-Adenosylhomocysteine
Cibacron Blue 3GA

Antibodies against human pancreatic CEH

Concanavalin A

Methoxycitronellyl thiol

7-Methoxycitronellylthiol

Lectins of six different carbohydrate
specifities
Aprotinin

Con A-Sepharose
Con A-Sepharose and Sepharose 4B with

2,4,6-trichloro-1,3,5-triazine

Reactive Red 120-agarose

Affi-Gel 10
Reactive Blue 2-agarose

Affi-Gel 10

Con A-Sepharose

Sepharose CL-6B with 1,4-butanediol
diglycidyl

Sepharose CL-6B with 1,4-bis(2,3-
€pOXypropoxy)butane

Sepharose 4B after CNBr-activation

CNBr-activated Sepharose 4B

BANSAL et al. (1980).

SRIVASTAVA and
FAROOQUI (1979).

STULTS et al. (1986).

BRISKE-ANDERSON
and DUERRE (1982).
SANJANWALA et al.
(1987).

ABOUAKIL et al.
(1988).

DOUSSET et al. (1981).

HAMMOCK et al.
(1986).

PRESTWICH and
HAMMOCK (1985).

FIDDLER et al. (1979).

HIBINO (1985).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Lactase/phlorizin hydrolase (EC Immunoglobulin G against lactase from Sepharose 4B after CNBr-activation SKOVBIJERG et al.
3.2.1.23/62) from human small intestine rabbits (purified by Protein A-Sepharose) (1981).
S-Acy! fatty acid synthase thioester Fatty acid synthase Sepharose CL-4B ROGERS and
hydrolase from duck uropygial glands KOLATTUKUDY
(1984).
S-Adenosylhomocysteine hydrolase (EC S-Adenosylhomocysteine S-Adenosylhomocysteine-agarose HERSHFIELD et al.
33.1.1) (1985).
S-Adenosylhomocysteine hydrolase (EC S-Adenosylhomocysteine (AdoHcy) AdoHcy-agarose gel MATUSZEWSKA and
3.3.1.1) from Alcaligenes faecalis BORCHARDT (1987).
Vanillate hydrolase Vanillic acid Phenyl-Sepharose BUSWELL et al. (1981).
a-L-lduronidase (EC 3.2.1.76) (corrective ~ Heparin CNBr-activated Sepharose 4B SHAPIRO et al. (1976).
and noncorrective forms) from human
urine
Imidazoleglycerolphosphate dehydratase Anti-hisB immune IgG from rabbits Sepharose 4B STAPLES and
(EC4.2.1.19) and histidinol phosphatase HOUSTON (1980).
(EC 3.1.3.15) (hisB bifunctional enzyme
with hisB gene codes) from Salmonella
typhimurium
Indole oxygenase from leaves of Tecoma 5-Hydroxyindole Epoxy-activated Sepharose 6B KUNAPULI and
stans VAIDYANATHAN
(1983).
myo-Inositol oxygenase (EC 1.13.99.1) 3-O-Substituted D-galacto-hexodialdose Sepharose CL-6B after partial acid KOLLER and KOLLER
from rat kidney hydrolysis treated with galactose oxidase (1984).

lodothyronine deiodinase from rat liver
microsomes

3,3’,5-triiodothyronine and 2-thiouracil-6-
propionic acid

Activated CH-Sepharose 4B or CNBr-

activated Sepharose 4B and AH-Sepharose

4B (carbodiimide technique)

MOL et al. (1988).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Juvenile hormones esterase from Manduca 3-(4’-Mercaptobutylthio)-1,1,1- Sepharose CL-6B ABDEL-AAL and
sexta trifluoropropan-2-one HAMMOCK (1985).
2-Keto-3-deoxy-6-phosphogluconate Procion Yellow MX-GR dye Sepharose CL4B SCOPES (1984).
aldolase (EC 4.1.2.14) from Zymomonas
mobilis
Kinases:
Acetate kinase from Escherichia coli AMP Agarose-hexane adenosine 5’-phosphate SWARTZ et al. (1978).
(AGAMP) - type 3
Adenosine kinase (EC 2.7.1.20) from N® (6-Aminohexyl)-5’AMP 5'AMP-Sepharose 4B ANDRES and FOX
human placenta (1979).
Adenosine kinase (EC 2.7.1.20) from rat N® -(6-Aminohexyl-)S’AMP 5'AMP-Sepharose 4B YAMADA et al. (1980).
brain
Adenylate kinase from human heart and ATP Sepharose 4B after CNBr-activation with ~ LEE et al. (1977).
brain; beef heart mitochondria and fish hexamethylenediamine treated with p-
muscle nitrobenzoyl azide; reduced with sodium
dithionite and treated with NaNOz2 in
presence of HCl
ca’* -Activated; phospholipid-dependent  N-(2-Aminoethyl)-5- CNBr-activated Sepharose 4B INAGAKI et al. (1985).
protein kinase (protein kinase C) isoquinolinesulfonamide
Calmodulin-dependent protein kinase Calmodulin Affi-Gel Calmodulin SATO et al. (1988).
from cytosol of rabbit skeletal muscle
cAMP-dependent protein kinase 8-(8-Hydroxyethyithio)}-cAMP Epoxy-activated Sepharose 6B CHARLTON (1985).
Casein kinases from maize seedlings Casein or 5'-AMP’ Sepharose 4B and 5'-AMP-Sepharose 4B DOBROWOLSKA et al.
(1986).

Creatine kinase isozyme (EC 2.7.3.2) from
beef heart

ATP

Agarose-hexane-adenosine 5'-triphosphate  HALL et al. (1979).

(type 3)
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands

Creatine kinase from human brain 8-(6-Aminohexylamino)-adenosine-5'- Sepharose 4B after CNBr-activation LEE et al. (1977).
triphosphate

Creatine phosphokinase (ATP:creatine p-Mercuribenzoate Sepharose with ethylenediamine MADELIAN and

phosphotransferase; EC 2.7.3.2) WARREN (1975).

Cyclic nucieotide independent protein Histones; phosvitin or casein Sepharose CL-4B after CNBr-activation THORNBURG et al.

kinases from rat liver nuclei (1978).

Deoxycytidine kinase (EC 2.7.1.74) - from  Deoxycytidine 5’-adenosine 5”-P1,P4- Adipic acid dihydrazide-Sepharose KIM et al. (1988).

leukemic human T-lymphoblasts tetraphosphate after periodate oxidation

Deoxynucleoside kinases - from Deoxynucleoside 5’-adenosine 5’-P1,P4-  Adipic acid diydrazide-Separose IKEDA and IVES

Lactobacillus acidophilus tetraphosphate dNp4A (dN represents (1985).

Enterokinase (EC 3.4. 21.9) from X native
human duodenal fluid

Ethanolamine kinase and choline kinase
(EC 2.7.1.32) from rat liver

Galactokinase from Trigonella foenum-
graecum

Glycerol kinase - from Escherichia coli

Glycogen synthase kinase from rat skeletal
muscle

Guanosine 3':5’-monophosphate-

dependent protein kinase from bovine lung

dAdo,dCyd,dGuo or dThd moiety linked
through its 5’-hydroxyl to terminal
phosphate of adenosine tetraposphate)
after periodate oxidation

p-Aminobenzamidine
Choline

Galactosamine

Heparin
Cibaron Blue F3GA

8-2-Aminoethylthio<cGMP

Sepharose 4B after CNBr-activation with
glycylglycine (carbodiimide technique)
Epoxy-activated Sepharose 6B
CH-Sepharose (carbodiimide technique)

Heparin-agarose
Affi-Gel Blue gel

CNBr activated Sepharose 4B

GRANT et al. (1978).
BROPHY and VANCE
(1976).

FOGLIETTI (1976).

KEE et al. (1988).

HEGAZY etal. (1987).

LINCOLN et al. (1977).
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Table 9.1. (continued) <
Substances isolated Affinity ligands Solid supports or immobilized References
affinity ligands
Hexokinase from yeast ATP complexed to immobilized boronic Sepharose 6B with 6-aminocaproyl-3- BOURIOTIS et al.
acid aminophenylboronic acid (1981).
Hexokinase from Saccharomyces cerevisiae D-Glucosamine Activated CH-Sepharose 4B KOPETZKI and
ENTIAN (1982).

Hexokinase (EC 2.7.1.1) from human
placenta

Hexokinase isozymes (EC 2.7.1.1) from
Novikoff hepatoma

Inositol-1,4,5-triphosphate 3-kinase from
guinea pig peritoneal macrophages

Insulin receptor/kinase from human
placenta

Isoenzymes of creatine kinase (EC 2.7.3.2)
from chicken breast muscle and heart (CK)
(quantitation)

Malate thiokinase (EC 6.2.1x) from
Pseudomonas MA

Modulator-deficient myosin light-chain
kinase from rabbit skeletal muscle

Myosin light-chain kinases (I and IT) from
bovine carotid artery

Nicotinamide adenine dinucleotide kinase
(EC2.7.1.23) from yeast

Phosphatidylinositol kinase (EC 2.7.1.67)
from bovine brain myelin

D( +)Glucosamine hyrochloride and
Cibaron Blue F3GA

Cibacron Blue 3GA

Calmodulin

Wheat germ lectin and insulin

Antibodies against homogenous
homomeric isoenzymes of CK (purified by
isoenzymes of CK coupled to CNBr-
activated Sepharose 4B)

Adenosine 3',5’-diphosphate

Rabbit skeletal modulator protein

Brain calmodulin

Nicotinamide adenine dinucleotide

Phosphatidylinositol

Activated CH-Sepharose 4B and Matrex
Blue A

Blue 2-Agarose

Affi-Gel Calmodulin

CNBr-activated Sepharose and Affi-Gel 10

CNBr-activated Sepharose 4B

Agarosc-hexane-adenosine 3'5’-
diphosphate

Sepharose 4B after CNBr-activation
CNBr-activated Sepharose 4B

Agarose-hexane-NAD (AGNAD; Type 1)

Epoxy-activated Sepharose

MAGNANI et al. (1988).

RADOJKOVIC and
URETA (1987).

KIMURA et al. (1987).
PIKE et al. (1986).

PERRIARD et al.
(1978).

ELWELL and HERSH
(1979).

YAZAWA and YAGI
(1978).

BHALLA et al. (1982).
TSENG et al. (1979).

SALTIEL et al. (1987).
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Table 9.1. (continued)

Substances isolated Affinity ligands Solid supports or immobilized References

affinity ligands
Phosphoenolpyruvate carboxykinase (EC ~ Guanosine triphosphate after periodate CNBr-activated Sepharose 4B with adipic = TYNEDIJIAN (1979).
4.1.1.32) from rat liver oxidation acid dihydrazide
Phosphofructokinase (EC 2.7.1.11) - from  Adenosine 5’-diphosphate (ADP) - ADP-agarose BROOKS and STOREY
turtle white muscle attached through N®-amino group (1988).
Phosphofructokinase (EC 2.7.1.11) from Blue dextran 2,000 Sepharose 4B KAWAI et al. (1982).
Bacillus subtilis
Phosphoglycerate kinase (EC 2.7.2.3) from Procion Red HE3B Matrex Gel Red A CHEN-MAROTEL et
human erythrocytes al. (1983).
Phosphorylase kinase isozymes from rabbit Calmodulin Sepharose 4B with divinyl sulfone SHARMA et al. (1980).

skeletal muscle

Protamine kinase
Protein kinase C from rabbit brain

Protein kinase C from rabbit reticulocyte
lysates

Protein kinase C from bovine brains
Pyridoxal kinase (EC 2.7.1.35) from rat
brain

Pyrimidine nuc