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Affinity Adsorbents Based on Carriers Activated by Epoxy-compounds

B.A.KIyashchitskii and P.V.Kuznetsov

The review is devoted to the synthesis and applications of affinity adsorbents based on carriers activated by epoxy-compounds.
The methods for the introduction of epoxy-groups into carriers of different chemical types are discussed and conditions for
the immobilisation of three-dimensional spacers and low-molecular-weight and polymeric ligands on carriers containing epoxy-
groups are considered. Data are presented on the properties and applications of adsorbents of this type in affinity chrpmato-
graphy.
The bibliography includes 144 references.

CONTENTS

I. Introduction

II. Methods for the activation of solid carriers by epoxy-compounds

III. Immobilisation of ligands on carriers containing epoxy-groups

IV. The application of adsorbents based on carriers activated by epoxy-compounds in affinity
chromatography

1010

1010

1013

1018

I. INTRODUCTION

Extensive data have now accumulated on the synthesis and
practical applications in affinity chromatography (AFC) of
various types of adsorbents, which have been described
systematically in a series of monographs1- ι* and reviews. 5 ~ u

Reviews devoted to specific problems arising in the bio-
specific purification of individual classes and groups of
biopolymers have appeared recently. 1 2 ~ l l f

The development of AFC would have been impossible
without continual improvement of the chemical basis of this
method, which includes the methods of synthesis and
activation of solid carriers, the immobilisation of ligands,
the analysis of affinity adsorbents, the study of their
properties, etc. The chemical aspects of the AFC method
have been the subject of discussion in the above mono-
graphs, individual reviews, 1 5 ' 1 6 and conferences devoted
to AFC. 1 7 A review of the synthesis and properties of
adsorbents for covalent chromatography has been
published. 1 8 It has apparently now become necessary to
give a systematic account of specific chemical data on the
methods of synthesis of affinity adsorbents of different
types. The present review is devoted to the synthesis,
properties, and applications of biospecific adsorbents of
one of the most promising types, namely adsorbents based
on epoxy-activated carriers (EAC).

Data on the affinity adsorbents based on EAC have been
described in the literature extremely sketchily and in a
fragmentary fashion. Nevertheless the application of
adsorbents of this kind is organically linked to an urgent
problem in AFC—the synthesis of stable materials resistant
to hydrolysis, exhibiting a high biospecificity, and capable
of functioning for a long time under various conditions. The
employment of the classical method of the bromocyanogen
activation of polysaccharide carriers 1 9 does not allow the
preparation of adsorbents with a bond between the matrix
and the spacert (ligand) which is highly resistant to

tThe term "spacer" used in the present review [the term
"vstavka" or "insert" 1 0 was employed in the original Russian
text (Ed.of Translation)] denotes a compound (or group of
atoms) separating the ligand from the surface of the solid
carrier. The terms "arms" and "leash" can also be
encountered. Apart from "vstavka" mentioned above,
the terms "prostranstvennaya gruppa" ("space group"),
"speiser" (spacer), and "nozhka" (foot) are also used in the
Russian scientific literature.

hydrolysis. 1 0 2 0 Despite a number of successful studies2 1 2h

using the polymeric spacers in accordance with the principle
of multipoint addition, the attention of investigators has been
attracted with increasing frequency by adsorbents based on
EAC, including Sepharoses.

Apart from a high resistance to hydrolysis, the EAC
possess a number of other important advantages—they are
fairly hydrophilic and virtually lack charged groups, which
reduces to a minimum the non-specific interactions between
the biopolymer isolated and the adsorbent. These
adsorbents make it possible to immobilise not only ligands
with a primary amino-group but also (without additional
modification) ligands with other functional groups, for
example hydroxy-, carboxy-, and thiol groups. When EAC
are used, it is frequently not necessary to introduce
additional spacers. It is also quite important that, in the
epoxy-activation of agarose carriers, a cross-link is formed
between the agarose chains themselves, which imparts
additional rigidity to adsorbents of the type of Sepharose
and increases the mechanical and chemical stability of the
carrier.

The present review gives a systematic account of the
principal literature data on the synthesis and applications
of adsorbents based on EAC for the purpose of AFC and
also for the immobilisation of enzymes.

I I . METHODS FOR THE ACTIVATION OF SOLID CARRIERS
BY EPOXY-COMPOUNDS

The activation of solid carriers by epoxy-compounds was
first proposed in the laboratory of Porath, 2 5 ~ 2 8 who has made
a major contribution to the development of the methods for
the separation of biopolymers in general and of AFC in
particular. 2 9

Sepharoses of various brands (2B, 4B , 6Β, and CL),
satisfying the majority of the requirements which must be
met by carriers for the preparation of affinity adsorbents,
are used most frequently in activation by epoxides and their
derivatives. Celluloses, ultragel, Sephadexes, and other
polysaccharide carriers are used more rarely. The employ-
ment of methacrylate, methacrylamide, and hydroxylalkyl
methacrylate polymeric car r ie r s , 3 0 " 3 3 as well as silica
carriers33»31* has been described.
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1. Activation of Polysaccharide Carriers

The methods for the activation of polysaccharide carriers
by epoxy-compounds can be divided arbitrarily into two main
groups: methods leading to the appearance of highly reactive
terminal epoxy-groups on the surface of the carrier [the
Sundberg-Porath method (1974) 2 7 and the method of Axen
and co-workers (1975) 3 5] and also methods making it possible
to modify the surface of the carrier by various functional
groups [Hjerten's method (1974) 3 6>3 7].

(a) The Sundberg—Porath method. The method is based
on the reaction of bisoxirans of the type of diglycidyl ether
of butane-1,4-diol (I) with Sepharose in a highly alkaline
medium (0.4—0.6 Μ sodium hydroxide)#:

| —OH + CHS—CHCHSO (CH,)iOCH,CH—CH2 — -

\o/ \οκ
(Π

> I _OCH 2CHCH 2O(CHj) 4OCH 2CH—CH 2

OH " Χ θ /

The reaction time is 6—10 h and the temperature is 20 to
30 °C. The optimum concentration of the bisorixan (I) in
the reaction mixture is approximately 30%. 2 7 The concen-
tration of the epoxy-groups on adsorbent (II) was approxi-
mately 800 umole per gram of the dry gel. According to the
data of Sundberg and Porath, the stability of epoxy-activated
gels is a maximum when they are stored in dimethyl
sulphoxide at 4 °C or in 1 Μ sodium chloride at pH 6.8 and
4 °C. The epoxidation of CL-Sepharose by this method
made it possible to employ the activated matrix for
syntheses in non-aqueous media. 3 8

The use of the bisoxiran (I) for the activation of cellulose
has been recently reported. 3 9 The activation takes place in
0.6 Μ sodium hydroxide with added sodium tetrahydro-
borate (4 mg ml"1) at approximately 20 °C for 18 h. The
activity of epoxy-cellulose was fully retained for two weeks
when it was stored in 0.1 Μ sodium hydroxide at 4 °C.

1,2: 7, 8-Diepoxyoctane (III) has also been used as the
reagent for the activation of alginic acid. The epoxidation
was carried out at approximately 20 °C for 3 h in 5 Μ sodium
hydroxide at pH 12. "*°

| —OH -r C H a - C H - ( C H 2 ) 4 — C H — C H 2

(III)

—OCH 2 CH—(CH 2 ) 4 -CH—CH a

OH °

The Sundberg—Porath method constitutes the basis of the
synthesis of the commercial preparation "epoxy-activated
Sepharose 6B" (EAS-6B) manufactured by Pharmacia Fine
Chemicals (Sweden).

(b) The Axen method. This method of activation was first
proposed to synthesise (via epoxy-derivatives) highly
substituted thiol-containing gels for covalent chromatog-
raphy. 3 5 The epoxidation of Sepharose by epichlorohydrin
(l-ehloro-2,3-epoxypropane) (IV) takes place fairly readily
at 60 °C in the course of several hours in 1 Μ sodium
hydroxide:

| —OH f C1CH2CH— CHj

(IV)

| —OCHijCH—CH2

(V)

When 0.45 ml of compound (IV) was used for 3 g of the gel,
the degree of substitution of approximately 600—700 umoles of
epoxy-groups per gram of dry gel (V) was attained. The
optimisation of the epoxidation reaction conditions was sub-
sequently investigated141 and the following activation condi-
tions were proposed: 30% of Sepharose, 5% of epichloro-
hydrin, and 0.4 Μ sodium hydroxide (2 h, 40 °C). It is
of interest to note that the attempt to employ added organic
solvents in the epoxidation reaction (25% solution of dimethyl
sulphoxide or dioxan) did not increase appreciably the
amount of epoxy-groups introduced. However, it was
shown that in 25% dimethyl sulphoxide a degree of substitu-
tion of approximately 700 Mmoles of epoxy-group per gram
of the dry gel is attained after approximately 1 h, although
the highest degree of substitution (800 pmole g"1) is observed
when the reaction is carried out in an aqueous medium for 2 h
at 40 °C.

Other modifications of the method of Axen and co-workers
have also been described. Thus Sepharose (IV) has been
epoxidised with 0.48 Μ epichlorohydrin in 0.5 Μ sodium
hydroxide at 30 °C in the course of 4 h.1*2 According to
other data, k i the use of a solution of cetyltrimethylammonium
bromide in the epoxidation reaction increased the quality of
the gel and made it possible to reduce the activation time to
45 min at 45—50 °C. A method has been described recentlykk

for the activation of Sepharose in 2 Μ sodium hydroxide with
the gradual addition of epichlorohydrin to the reaction
mixture over a period of 8—10 h at approximately 20 °C.
The authors do not quote data for the degree of substitution
of the gel by epoxy-groups, although the subsequent
immobilisation of a number of enzymes (malate dehydrogenase,
lactate dehydrogenase, and alkaline phosphatase) on the
metal chelate carriers obtained was successful.

At the present time the method of Axen and co-workers is
used to epoxidise Sepharose in order to obtain the commercial
preparation "Thiopropylsepharose 6B" (Pharmacia Fine
Chemicals). In addition activation of ultragel of type A4R
with the aid of compound (IV) constitutes the basis of the
preparation of cornmerical affinity adsorbents produced by
the LKB Company (Sweden)—"acriflavin—A4R ultragel" and
"heparin—A4R ultragel".

(c) The Hjer-ten method. This method was first developed
by the authors in 1974 for the synthesis of neutral gels
widely used in hydrophobic chromatography, 3 6 ' 3 7 It is based
on the reaction of Sepharose with a wide variety of epoxy-
compounds in the presence of a catalyst—boron trifluoride:

I —OH + CH2—CHCH2OR • | —OCH2CHCH2OR
i

OH

#HerG and henceforth the bold line in the reaction schemes
denotes the surface of the solid carrier.

A large number of hydrophobic adsorbents containing in
their structure terminal alkyl and aryl groups, including
those with alcoholic, carboxy-, methoxy-, cyano-, and other
substituents, have been synthesised by this method.1*5'"6

The Sepharose gel: dioxan volume ratio in the reaction is 1:1;
1 ml of boron trifluoride etherate is used for 100 ml of the gel
suspension. When 5 min have elapsed after mixing the
reactants, the corresponding glycidyl ether is added and the
reaction mixture is stirred for 40 min at 25 °C. The concen-
tration of the ligands on adsorbents of this type was deter-
mined by NMR after acid hydrolysis. The capacity of the
adsorbents with respect to the ligand reached 200 nmoles per
gram of the dry gel.

The method of Hjerten and co-workers is the basis of the
preparation of the widely used stable hydrophobic commercial
adsorbents "octyl-Sepharose CL-4B" and "phenyl-Sepharose
CL-4B" (Pharmacia Fine Chemicals) whose capacity in relation
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to the binding of protein (serum albumin) reaches 15—20 mg
per ml of the gel.

2. Synthetic Polymeric Carriers containing Epoxy-Croups

In the group of insoluble matrices obtained synthetically,
glycidyl methacrylate gels (GMG), first synthesised by
Czechoslovak investigators for the radical copolymerisation of
ethylene methacrylate and glycidyl methacrylate, are of
considerable interest. 32,33Λ7 The capacity of the carriers
obtained with respect to the epoxy-groups was about
3.5 mmol g" 1 and the epoxy-group was located on the surface
of the carrier on a three-atom spacer: "*7

(V, a and b)

Rred = ribosylpyrophosphoribosyldihydronicotinamide

χ = Ο(( :Η_,^Ν(Ι ;Η 3 )3 (a)

CH,OH

OH

(b)

ο
il

I —COCH2CH—CH2

The copolymers of cellulose and poly (glycidyl methac-
rylate) having the following structure have also been
obtained:

CH 3

Cel-CH—I — C H j — Ο -
Ι

OH I / \
COOCH2CH—CH;

Cel = cellulose ·

Turkova et al. "*8 recently obtained hydroxyalkyl methac-
rylate gels (Separons Η 300 and Η 1000), activated by the
epichlorohydrin, and, depending on the degree of activation,
the content of the epoxy-groups was 140-1770 umoles per
gram of dry weight. It is of interest to note that the
removal of the unreacted epoxy-group after the addition
of the ligand, usually achieved by condensation with
ethanolamine, was carried out by hydrolysis with 0.1 Μ
perchloric acid.

Another example of Ε AC based on glycidyl methacrylate is
provided by the "oxiran-acrylic carriers" manufactured by
Pohm Pharm (Federal Republic of Germany). 3 1 It is known
that the second component in the copolymerisation reaction is
allyl glycidyl ether , methacrylamide , or methylenebis-
acrylamide. The carriers obtained have a macroporous
structure, contain a large number of epoxy-groups (800 to
1000 μπιοΙβΒ per gram of the dry carrier), their swellability
does not vary over a wide pH range (from 1 to 10), they
have a high mechanical and hydrolytic stability, and they
are resistant to microbes. The successful application of the
oxiran-acrylic carriers to the immobilisation of proteins and
enzymes has been demonstrated. 3 1 For example, the amount
of bound albumin reached 140 mg and that of trypsin was
equivalent to 600 activity units per gram of dry carrier.
This type of carrier is apparently promising for employment
in AFC.

The synthesis of two water-soluble polymers on which
NADH was subsequently immobilised, has been described. 3 0

The first was a copolymer of methacryloylcholine and
3- [ 4-( 2,3-epoxypropoxy)butoxy]-2-hydroxypropyl acrylate.
The immobilisation of NADH on this copolymer was achieved
in three stages: alkylation of NAD at the N(l) atom,
reduction of the nicotinamide component with dithionite,
and Dimroth rearrangement involving the transfer of the
alkyl bond from the N(l) atom to the exocyclic amino-group
of the adenine component. The second polymer was a
copolymer of the same epoxy-monomer and Ν-methacryloyl- 2-
glucosamine. NADH was added to this copolymer via the
amino-group at the C(6) atom in a single stage. This
resulted in the formation of the conjugates (V, a and b):

They have also been used to prepare immunosorbents1*9 and
for the immobilisation of certain enzymes. 5C A new type of
polymeric material, consisting of a hydrophilic poly-
saccharide component and a synthetic hydrophobic polymer,
has been obtained by graft polymerisation. 5 1 Sepharose 4B
and the Sephadexes G-10 and G-200 were used as the poly-
saccharide matrices. The copolymerisation process with
immobilisation of enzymes (α-amylase, chymotrypsin, and
others) can be represented schematically as follows:

Ε _ NH2 + CH a -CHCH a OCOC=CH 2 > Ε — NHCH aCHCH2OCOC=CH, -

/ ι ι ι
CH 3 OH CH 3I — OCH 2CH—(CH 2CH)n—CH 2CH—CH,

I I I
R R C = 0

I
E—NHCH2CHCH2O

I
OH

Ε = enzyme .,

3. Activation of Silica Carriers by Epoxy-Compounds

The activation of carriers of this type has been inade-
quately investigated, although macroporous silica carriers
are in fact important for the introduction of the AFC method
into technological schemes for the purification of biopolymers.
Porous glasses have been activated by treatment with a 5%
solution of 3-(2,3-epoxypropoxy)propyltrimethoxysilane in
acetone: 3 3 ' 5 2

—Si—OH + (CH3O)3Si(CH2)3OCH2CH—CH2

pH 5.8 _Si—O—Si(CH 2) 3OCH 2CH—CH 2

ι \ 0 /

A number of enzymes have been successfully immobilised
on the carrier obtained and the capacity with respect to the
protein was in the range 10—80 mg of the protein per gram
of the carrier. 3 3 The same reagent in the form of a solution
in toluene has been used to introduce the epoxy-groups into
the silica carrier silochrome. 3 4 The activation of the
"Fractosil-1000" (Merck) silica has been carried out
analogously. The capacity of the resulting carrier with
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respect to the protein was 20-30 mg per gram of the
carrier. 3 3

I I I . IMMOBILISATION OF LICANDS ON CARRIERS
CONTAINING EPOXY-CROUPS

One of the significant advantages of the EAC based on
Sepharose (EAS-6B) is the absence of a special stage
involving the introduction of a spacer in the synthesis of
the affinity adsorbent. Indeed EAS-6B, obtained by the
Sundberg—Porath method, has a fairly long hydrophilic
spacer which permits the immediate immobilisation of the
ligand. This simplifies the syntheses of adsorbents with
low-molecular-weight ligands to the maximum extent and in a
number of instances results in a process consisting of only
one stage.

On the other hand, the application of activated Sepharose,
obtained by the method of Axen and co-workers (1,2-EPS),
as a rule requires the introduction of an additional spacer.
The ligand immobilisation reactions will be considered below
in relation to the above types of epoxy-Sepharose.

1. Adsorption of Low-Molecular-Weight Ligands or Spacers

(a) Adsorbents based on EAS-6B. As a rule the
immobilisation of ligands containing amino-, hydroxy-, or
mercapto-groups takes place readily at pH from 7 to 13 at a
temperature of 20-45 °C in the course of 10-65 h. These
general conclusions are illustrated by specific examples in
Table 1.

1013

I —OCH 2CHCH 2O(CH0,OCH,CH—CH 2 + H2N—X—POr:^ -»

OH ° '
(Π)

» | —OCH2CHCH.,O(CH,),OCH,CHCH2NH—X—PO-^ ;

ι " ' Ί
OH OH

X = -CH2-(ligand content 20 μΐηοΐ/g gel), — / " ,— C1U -

(4-5 Minolg"1). — f ^ — C N H — '* ) — CH 2 — (3 μιτιοΙ g'1).

Ο

It is of interest that only adsorbents with an aromatic
structure were capable of weak binding of alkaline phos-
phatase.

The use of amino-derivatives of 1,2-benzoquinone as
ligands has been described. 6 5 The reaction was carried
out at pH 10 in 0.07 Μ carbonate buffer solutions in a stream
of nitrogen in the course of 5 h; the resulting capacity with
respect to the ligand was entirely satisfactory—5.5 umoles
per ml of the packed volume of the gel:

I —OCH 2CHCH 2O(CH 2) 4OCH 2CH—CH 2 + H 2NCH 2

OH / \

OCH3

Ο

> I — OCH2CHCH2O(CH2)4OCH2CHCH2NHCH2—ζ ) , — NH

ι ι •
OH OH

(VI)

/ I X / O C H 3

I I

ο

Table 1. Conditions for the immobilisation of low-molecular-
weight ligands with amino- , hydroxy-, and mercapto-
groups on EAS-6B.

Ligand Temperature, °C Time, h

Trimethoprim analogue
1'olic acid
8-Aminoxanthene
Acritlavin
S-Hexylglutathione
Galactosamine

Ribose-5-phosphate
/V-Acetylgalactosamine
Adenosine
Glycerylphosphorylcholine

Reduced glutathione

9—10
10

10—11
11.5
12
13

8.5
11
11.2
13

7*

OH

SH

•so
'.7
20
!0
id

*0
17

55

>7

16
16
20

8—10
16
20

6">
16
24
20

[o.ij

w[55]
[56
]57
Γ58]

[59]
fi.io
[61
[62]

[Co

*The immobilisation was carried out in an atmosphere of
nitrogen.

Under analogous conditions (0.1 Μ sodium hydroxide at
pH 13), aminomethylphosphonic acid and derivatives of
p-aminobenzylphosphonic acid were coupled to EAS-6B and
the capacity of the adsorbent with the ligand containing the
aliphatic amino-group proved to be approximately 4—5 times
higher: 6"*

The adsorbent (VI) synthesised proved to be highly stable
and was used for about a year for the isolation of menadione
reductase.

A high capacity with respect to the ligand—approximately
280 ymoles per gram of gel—has been obtained following the
immobilisation via the 5-position of the dimethyl derivative
of 2-amino-4-hydroxytetrahydropteridine. 6 6 The reaction
was carried out in deaerated 0.5 Μ sodium carbonate solution
at pH 11.4:

I—OCH2CHCH2O(CH2)4OCH2CHCH2

OH OH
H 3 C - , -

H.C-1

OH

When the ligand contains car boxy-groups, it can be
immobilised on the adsorbent as a result of the formation of
ester linkages. 3 3>6 7 Ligand containing a phenolic hydroxyl
also add effectively to EAS-6B in an acid medium. However,
when the ligand contains both functional groups, the exact
binding sites cannot be always established. Thus the exact
structure of the adsorbents obtained from derivatives of
auxin (5-hydroxyindolylacetic acid, 2-, 3-, and 4-hydroxy-
phenylacetic acids, etc.) and antiauxin (2-hydroxy-3,5-di-
iodobenzoic ac id) . 6 8 According to the authors, the
adsorbents with indolylacetic acid as the ligand proved to be
stable for only two weeks.

An NAD-containing adsorbent has been synthesised using
the Dimroth rearrangement in one of the stages—transfer
from the N(l) position in the purine ring to the exocyclic
amino-group—for the AFC of dehydrogenases: 6 9



1014 Russian Chemical Reviews, 53 (10), 1984

Thus the fairly ready alkylation of purines at the N(l)
position in interaction with EAS-6B in weakly acid media
(pH 5—6) can be regarded as an established fact; the
subsequent Dimroth rearrangement leads to the immobilisa-
tion of the ligand at the exocyclic amino-group of the adenine
ring.

However, in a number of instances, particularly when the
reaction is carried out in a strongly alkaline medium , the
exact position in the polyfunctional ligand molecule at which
the latter adds to EAS-6B is fairly difficult to determine.
Thus, the adsorbent with adenosine immobilised on EAS-6B
proved to be highly effective in the purification of
deaminase. 6 1 The ligand was bound at pH 11.2 in 0.1 Μ
sodium bicarbonate at 37 °C for 24 h and the authors believe
that the ligand is most probably immobilised via the hydroxy-
groups of ribose and not via the relatively unreactive amino-
groups of adenine. Nevertheless, immobilisation via the
exocyclic amino-group of the ligand is also apparently
entirely feasible under these conditions—under similar
conditions (Table 1) it has been possible to obtain the
adsorbent with immobilised acriflavin (VII): 5 6

CH3

N+ Ν Η 2

1 — OCH 2CHCH 2O(CH 2) 1OCH 2CHCH 2NH—/ γ Υ |

OH OH \ / \ S\/'

(VII)

In similar cases, in the presence of several types of
reactive groups in the ligand molecule, the proposed
structures of the adsorbents probably cannot be regarded
as finally established. Thus, Mitina et a l . , 7 0 ) 7 1 having
established the covalent binding of uridine to EAS-6B at
37 °C in 0.1 Μ sodium hydroxide in the course of 16 h,
describe only the postulated structure of the adsorbent
(VIII) obtained:

OCH2CHCH2O(CH2)4OCH2CHCH2—N'

OH OH

(VIII)

More definite results were obtained after specific
preliminary modification of the ligand molecule before
immobilisation. For example, cAMP was initially converted

into the C(8)-hydroxyethylthio-derivative, which was then
readily coupled to EAS-6B at pH 11. 7 2 N(6)-e-Amino-
hexyl-3, 5-ADP was analogously immobilised at pH 10 and
28 °C in the course of 20 h 7 3 and adsorbent (IX) was
obtained:

l·
OCH2CHCH2O(CH2)4OCH2CHCH2NH(CH2)6NH

OH OH

(IX)

Derivatives of 1-sulphonaphthalene , which are calmodulin
antagonists, have been immobilised at pH 9.8 in 30% dimethyl-
formamide in the course of approximately 16 h at 40 °C via
the amino-group of the hexamethylenediamine spacer, which
had been previously introduced into the ligand molecule. 7h

The adsorbent (X) synthesised contained approximately
20 Mmoles of the ligand per ml of the gel.

I -OCH 2CHCH 2O(CH 2) 4OCH 2CH—CH 2 + H2N(CH2)6NHSO2

 /o — -

X
OCH2CHCH2O(CH2)4OCH2CHCH2NH (CH2)6NHSOa

OH OH S

(X)

where X = Η or Cl.
In connection with this synthesis, mention should be made

of the organic solvent (dimethylformamide), which made it
possible to obtain an adsorbent with a high capacity with
respect to the ligand.

As stated above, carbohydrate ligands can be immobilised
on EAS-6B without preliminary modification. 7 5 ' 7 6 A detailed
chemical study has been made7 7 of the immobilisation of
carbohydrates on EAS-6B. It was shown that the reaction
proceeds mainly via the primary hydroxy-group and in the
case of aminosugars it was found that the amino-group is six
times more reactive in the reaction with the epoxy-group
than the primary hydroxy-group. The preparation of a
stable and effective adsorbent (XI) for the biospecific
purification of proteins with a high affinity for non-reducing
glucopyranosyl residues, by adding unprotected α,α'-
trehalose to EAS-6B, has been described: 7 S

VOCH2CHCH2O(CH2)4OCH2CHCH2OCH2

(XI)

The use of the short ethylenediamine spacer immobilised
on EAS-6B for the subsequent coupling of the carrier to a
carboxyl-containing steroid ligand by the carbodi-imide
method has been described. 3 8 The adsorbent (XII) obtained
was used for the isolation of steroid-binding serum proteins:
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|—OCH 2CHCH 2O(CH 2) 4OCH 2CHCH 2NH(CH 2) 2NH 2+
I I

OH OH
CH3

DCHC
+ HOOC(CH2)4CH3

OH

OH ^

| —OCH2CHCHaO(CH2). lOCH2CHCH2NH(CH !,) i !XHCO(CH ; !).,CH2...! ' / \ C H ,

I I ι
OH OH χ > γ

(xii) -I

An important feature of this synthesis was the use of
CL-Sepharose, stable in non-aqueous media, because the
ligand was immobilised in a 1: 1 dioxan—dimethyl—formamide
mixture with the aid of dicyclohexylcarbodi-imide (DCHC).

The use of EAS-6B for the synthesis of metal chelate
adsorbents has been described. 79>80 The addition of the
disodium salt of iminodiacetic acid has been achieved in 2 Μ
sodium carbonate at 65 °C in the course of 24 h. The
adsorbent obtained was used to purify nucleoside diphos-
phatase. 8 0

S-Hexylglutathione—epoxy-Sepharose, in which the ligand
was immobilised via its amino-group (pH 12, 30 °C), proved
to be an interesting adsorbent based on EAS-6B. The
unreactive epoxy-groups were blocked by 1 Μ ethanolamine
in the course of 16 h. Several enzymes (glutathione-S-aryl
transferase 8 1 and glyoxalase 5 7 ) were purified on this
adsorbent and in the latter case the yield of the enzyme
was higher than on the adsorbent obtained by activating
Sepharose with bromocyanogen.

According to Fazideen and Breitenbach,8^ it was possible
to use EAS-6B in the immobilisation of the ligand in an
organic solvent (dimethyl sulphoxide), although only in the
course of a limited period (1 h at approximately 20 °C).
The adsorbent (XIII) obtained was used for the purification
of myoinositol oxygenase.

EAS-6B proved to be a convenient carrier for the
immobilisation of m-aminophenylboronic acid. 8 3 The
adsorbent synthesised bound effectively nucleotides,
probably via the formation of a complex with the a-glycol
group of ribose, and was investigated in this form by the
authors with the aim of purifying several dehydrogenases.

The covalent coupling to EAS-6B of other low-molecular -
weight ligands, such as carbohydrate derivatives (N-acetyl-
D-glactosamine, 6 0 N-acetyl-g-D-glucosamine, hl tri-N-
acetylchitotrioses, "tl cyclohepta-amyloses,Bk and β-L-
fucosylamine85), an aminoalcohol (choline),8 6 etc.

(b) Adsorbents based on 1,2-EPS. This type of epoxy-
Sepharose3 5 generally requires the introduction of an
additional spacer in the immobilisation of the ligand.
1,2-EPS was first used to synthesise an adsorbent for
covalent chromatography—"thiopropyl-Sepharose" (XIV), 3 5

which was obtained in accordance with the following scheme:

- O C H 2 C H — C H 2

(V)

OCH2CHCH2SH -
I

OH

~OCH2CHCH2S2O3Na - L - L ! -

OH

^OCH 2CHCH 2S—S

OH

(XIV)

It is of interest to note that derivatives of di(2-pyridyl)
disulphide with nitro- and carboxy-groups have also been
investigated as ligands. 8 7 As expected, these derivatives
of thiopropyl-Sepharose proved to be somewhat more active
in thiol—disulphide exchange reactions and can be used in
covalent chromatography together with the commerical
adsorbent. The adsorbent (XV) with the dimethyldithio-
carbamate residue as the ligand was obtained in the same
study:

| — OCH 2 CHCH 2 S— SCN<

OH

S C H 3

(XV)

Epoxy-analogues of "activated thiol-Sepharose", the
second commercially available adsorbent for covalent
chromatography, have also been synthesised. Cystamine,
cysteine, and glutathione residues were used as spacers and
the ligand was the residue of 5,5'-dithiobis(2-nitrobenzoic)
acid (DTNB). k3 The synthesis of the above adsorbents is
indicated schematically below:

—OCH 2 CH—CH 2 _, | — QCH2CHCH2NH |G—S—S—G|

I
OH

/°OO 11

| —OCH 2CHCH 2NHJG| —SH

OH

|—OCH 2 CHNH—1G|—S—S—<^ / — N O 2

OH

G = glutathione residue .

The use of adsorbents for the isolation and purification of
SH-containing peptides and proteins has been examined in
detail in a review. 1 8

Using dicarboxylic acid hydrazides as spacers, a series
of derivatives of hydrazidohydroxypropyl-Sepharose were
obtained to which periodate-oxidised88 nucleotides, for
example, adenine and guanine nucleotides,8 9 and NADP1*3»90»91

were smoothly coupled. The dihydrazides are immobilised
on 1,2-EPS at pH 9.5 at approximately 20 °C in the course
of 10-16 h, 8 9 The subsequent addition of the oxidised
nucleotides takes place via the ribose ring:

h -ί,Γ.Η—CH,

(V)

•.HOCHCHJJNHNHCCKCH^OINH.VH^

OH

NH.,

AMPOX I
• — ^ I—OCR,i

;,H 5.8 |
,CHCH,NHNHi:o(CH,

I
OH H2O-©

The hexamethylenediamine spacer was used for the
immobilisation on 1,2-EPS of certain aminoacids92 in the form
of their N-hydroxysuccinimide esters. According to
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Streikuviene et al., nonyloxypropyl-Sepharose proved to
be most effective for the purification of phospholipase D.

The use of 4,4'-azodianiline as a spacer,91* which was
coupled to 1,2-EPS in 50% dimethylformamide in the course of
2 h, is of interest. The resulting coloured product (XVI)
was coupled to the succinylated derivative of androstanediol
in the presence of l-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC):

—OCH2CHCH2NH— s

OH

+ HOOC(CH2)2COO—

(XVI)

H,C
.OH

- ] ••-•CH2CHCH2NH-<;

O H

The syntheses of a series of adsorbents with an azo-
linkage based on 1,2-EPS have been described. One of the
examples of this kind is the preparation of NADP-azobenzo-
hydrazidohydroxypropyl-Sepharose (XVII) in accordance
with the following scheme: 9 5

| — O C H a C H - C H a ~ H2NNHOC—.

(V)

| —OCH 2 CHCH 2 NHNHOC—/ x

OH

> | —OCH,CHCHaNHNHOC—

OH (XVII)

\ = ,

j NC

\ =

,—NO·» */

1 \ I Hiir Lr]J
2) NaNOj+HCl

>2 3) NADP

^ — N = N — NADP

The spacer (p-nitrobenzohydrazide) immobilisation reaction
on 1,2-EPS was carried out in aqueous dimethyl sulphoxide.

The amination of 1,2-EPS and EAS-6B has been achieved
recently 9 6 in concentrated ammonia at 40 °C in the course of
2 h and amino-Sepharose (XVIII) and some of its derivatives
were obtained for the first time. Thus, after the succinyla-
tion s tage, 9 7 it was possible to obtain a highly stable affinity
adsorbent (XIX) with hemagglutinin (LcH) as the ligand:

The amide and ester linkages in the adsorbent (XIX)
proved stable at pH 9.8 (borate buffer solution). Nor are
they ruptured when detergent solutions are used as eluents.
Glucosamine-succinyloxypropyl-Sepharose has been obtained
via an analogous scheme. 9 8

The use of 3-amino-2-hydroxypropyl-Sepharose, obtained
by the epoxidation of an agarose carrier with epichlorohydrin
by means of a modified method1*2 (25 °C, 4 h) followed by
treatment with a 2 Μ ammonia solution for 16 h, for the
immobilisation of a steroid ligand, namely 173~hydroxy-3-
oxo-5a-androstane-17a -(6-hexanoic acid) has been
described. " The ligand was coupled to the amino-
Sepharose in 70% aqueous dioxan in the presence of EDC.

(c) Adsorbents based on silica carriers. There have been
no systematic studies of this group of EAC for the immobilisa-
tion of low-molecular-weight ligands. An investigation31* of
the immobilisation of 5-hydroxyuridine 2'(3') ,5'-diphosphate
on alusil in order to obtain an affinity adsorbent for the
isolation of endonuclease A5 is of considerable interest.
The azo-adsorbent based on epoxidised alusil was syn-
thesised in accordance with the following scheme:

j -
N0.2—(/ ^—COCl

(CH2)3OCHCH2OH . . ,....—rr^>

Oli

abs. chloroform
1.5 h

h(CH2)3OCHCH2OOC-

OH

-(CH 2 ) 3 OCHCH 2 OpO

OH
(XX)

•NHo

l) NaN0;,+ HC1

to ligand
ing · / \ 11 ι

>· I— (CH,),OCHCH2OOC—V \>—N=N-i[ JL
I I \ / >i X>

OH

(XXI)

| — OCHjCH—CHa —40^-»· | —OCH2CHCH2NH2

\ o / I
υ OH

(V) (XVIII)

| — OCH,CHCHaNHCO(CH,)aCOOH

OH

Ι
ΟΗ

'—Ν
\_l

O ^

» | —OCHaCHCHaNHCO(CH,)2CO—|LcHJ

OH
(XIX)

The content of amino-groups on the aminoaryl derivative
(XX) was 133 μπιοί g"1 and the capacity of the azo-adsorbent
(XXI) with respect to the nucleotide was 36.5 μΐηοΐ g"1.
According to the authors' data, the adsorbent synthesised
exhibited virtually no non-specific sorption and was
extremely stable: after six isolation cycles, up to approxi-
mately 98.3% of the initial amount of ligand immobilised on the
carrier remained. The possibility of employing in the syn-
theses of azo-adsorbents based on silicas of other spacers
described [the p-nitrobenzohydrazide spacer 9 5 and spacers
obtained on the basis of the hydrazides of N-(p-nitro-
benzoyl)-e-aminocaproic acid and N-(p-nitrobenzoyl)-
glycylglycine] must be emphasised. 10°
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2. Immobilisation of Polymeric Ligands

The immobilisation of polymers and biopolymers of different
classes on EAC has not been studied in detail, although the
necessity for such investigations is evident. The available
literature data on this question are extremely scanty and
scattered. EAS-6B has been usually employed for this
purpose because of the presence in a carrier of this type
of a long spacer, which ensures a fairly high reactivity of
the carrier in reactions with biopolymers and the necessary
steric accessibility of the immobilised ligand.

Lipopolysaccharides,1 0 1 '1 0 2 antibodies to human leukocytic
interferon, l 0 3 glycoproteins,9 6 cellular material,10"* inhibitors
of trypsin and trypsin-like enzymes, 2 7 polysaccharides,7 6

and polynucleotides1 0 5 '1 0 6 have been covalently coupled to
EAC as ligands. After the preliminary modification of its
active centre with citraconic anhydride, ovomucoid was
coupled to EAS-6B at pH 10 in the course of 16 h at 40 °C. 1 0 7

The percentage binding of the trypsin-like enzymes by this
epoxy-adsorbent proved to be 92% compared with 30% for
Sepharose activated with cyanogen bromide.

According to the data of Ustav et a l . , 1 0 5 the periodate-
oxidised t-RNA has been successfully immobilised on
hydrazidoadipoyl-EAS-6B.

A simple and effective method of attaching DNA to
epoxycellulose has been proposed. 3 9 The biopolymer was
immobilised in 0.1 Μ sodium hydroxide at 20 °C in the course
of 2 h. The DNA content in the resulting adsorbent was
approximately 40 mg per ml of the gel. The adsorbent was
distinguished by high stability with respect to organic
solvents—ethanol, dimethylformamide , dioxan, toluene,
etc., and also 2 Μ sodium chloride or 0.1 Μ sodium hydroxide
in the course of 24 h at approximately 20 °C. The efficiency
of the binding of polynucleotides varied in the sequence
poly(dT) >poly(dC) = poly(dA) >poly(dG).

Studies of the conditions governing the immobilisation of
peptides and proteins on EAC are of definite interest.
Thus the optimum conditions for the attachment of glycyl-
leucine to EAS-6B (pH 11, 50 °C in the course of 15 h)
have been investigated. 2 7 The optimum binding conditions
for the inhibitor of soya bean trypsin involve treatment in
0.5 Μ carbonate buffer solution at pH 9.5 and 25 °C for 24 h.
The cell membrane proteins were immobilised on EAS-6B under
similar conditions in the preparation of immunoadsorbents: 1Oi*
0.05 Μ borate buffer solution at pH 9 in the course of 16 h at
approximately 20 °C.

The data presented above suggest that biopolymers are
immobilised on EAC under approximately the same conditions
(alkaline medium, temperature 20—30 °C) as the coupling
of low-molecular-weight ligands. The adsorbents obtained
are as a rule highly stable.

A more detailed study of the processes involving the
coupling of peptides and proteins to EAC, in particular
GMG § , has been undertaken. 33>1*7 The author showed that
a peptide of the type of glycyl-leucine is bound preferentially
to GMG via the α-amino-group and the maximum degree of
binding is observed after 72-96 h at 25-37 °C. The process
proved to depend greatly on the pH with an optimum at
pH 9.7. The capacity with respect to the ligand was
approximately 20 umol g"1. The bond between the matrix
and the ligand proved to be extremely strong: even acid
hydrolysis under severe conditions led to the appearance of
only trace amounts of glycine. On the other hand, the
binding of the epoxy-groups of the carrier to the carboxy-
groups of the ligand was independent of the pH. The ester
linkage formed was hydrolysed in the usual way.

In the immobilisation of serum albumin and trypsin on
GMG , the maximum degree of binding of these proteins was
found in an acid medium at pH 3, which suggested the
important role of carboxy-groups in the coupling processes.
The involvement of the lysine ε-amino-groups in the proteins
investigated in the binding processes is manifested in the
pH range 7-11. According to the authors, the immobilisa-
tion via the ε-amino-group is independent of the pH. The
capacity with respect to the ligand of the adsorbents
obtained at pH 8-11 was 3-4 times lower than for the
adsorbents synthesised at acid pH. Apart from trypsin
and albumin, it proved possible to immobilise also amino-
glucosidase on GMG in an acid medium.106 Subsequently
it was shown that polymers with indole and phenol groups
were effectively bound in an acid medium. 6 7 The optimum
binding of indole-containing derivatives was observed at
pH 3.85, the binding efficiency diminishing with increase of
pH. Imidazole-containing derivatives had a binding
optimum at pH 8.15. 3 3 For derivatives containing a
primary amino-group , the binding optimum was detected
at pH 9.55.

Data obtained in the study 3 3 of the influence of the nature
of proteins on their immobilisation on EAC are of great
interest. It was found that not only the binding conditions
and the nature of the protein ligand but also the type of the
polymer matrix are important in immobilisation. The results
of these studies are presented in Table 2.

Table 2. Optimum pH for the immobilisation of certain
proteins on various types of EAC. 3 3

Immobilised
protein*

Serum albumin
(4.9)

Papain (8.7)
Antilysin (10)
Trypsin (10.1)
Chymotrypsin

porous glass

4(45), 8,5(20)

8.5(60)
10(80)

8.5(10)
7 - 8 (50)

silica carrier

5(50)

8 (40)
10(20)
3(20)

7—8(20)

Type of Β AC*

KAS-oB

8 (300)

9 (300)
10(300)
11(20)
11(40)

GMG

5(20), 8(10)

7 (25)
10(15)

3(5)
3(10), 10(5)

Oxiranacrylic
carrier

4—10(50)

9.5(100)
10(20)

*The isoelectric point is indicated in brackets.
*:;:The amount of immobilised protein in mg per gram of
carrier is indicated in brackets.

§Glycidyl methacrylate gel (Ed.of Translation).

It follows from Table 2 that EAS-6B shows the maximum
capacity with respect to the ligand and that only for this
matrix was the immobilisation pH always in an alkaline region
(pH 8—11). Such non-selectivity with respect to the nature
of the immobilised protein should apparently be attributed to
the effect of the spacer, which has the maximum length for
the given type of EAC—12 carbon and oxygen atoms.
Similar results have been obtained also for the oxiran-acrylic
carrier. On the other hand, GMG and the adsorbent based
on silica are the most sensitive to the nature of the immobilised
protein and their capacity with respect to the ligand is low—
for GMG it is lowest among all the EAC investigated. For
certain proteins a clear-cut relation is observed between the
isoelectric point and the optimum pH for immobilisation (for
example, in the case of antilysin and to a lesser extent
papain and albumin). According to the authors, the results
for antilysin can be explained by the absence from this
protein of tryptophan which tends to bind in an acid medium.
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μπιοί g
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Dependence of the attachment of glycyl-D-phenylalanine to Separon Η 300 (α) and Separon
Η 1000 (b), activated with epichlorohydrin, on the pH and reaction time; £ m a x = carriers
activated to the maximum extent (1550 tamol g~x for Separon Η 300; 1700 μπιοί g"1 for
Separon Η 1000); E m i n = carriers activated to the minimum extent (240 umol g"1 for
Separon Η 300; 140 umol g"1 for Separon Η 1000); 1) 48 h; 2) 24 h; 3) 12 h.

An analogous investigation has been carried out on
epichlorohydrin-activated hydroxyalkyl methacrylate gels.1*8

A study was made of the coupling of various amino-deriva-
tives as a function of the pH, the reaction time, the ligand
concentration, the degree of epoxidation of the carrier, and
the chemical structure of the ligand. The Figure illustrates
the dependence of the coupling of glycyl-D-phenylalanine on
various types of epoxy-activated Separons on the pH of the
medium and the reaction time. "*8

The covalent immobilisation of albumin and NAD-pyro-
phoshorylase on EAS-6B took place at 4 °C in the course of
28 h. 1 0 9 A number of enzymes (peroxidase, a-amylase,
α-chymotrypsin, and glucose isomerase) have been recently
immobilised using graft-polymerisation. 5 1 The method of
non-covalent immobilisation for certain enzymes containing
imidazole and thio-groups on an epoxy-activated metal chelate
carrier is of definite interest. "*'* The authors proposed the
following structure of the carrier—enzyme complex:

l·
OCH2CHCH2N

CII2COO

> M "

CH2COO

C u 2 + , Z n 2 + , C o 2 +

Alkaline phosphatase and malate and lactate dehydrogenases
have been immobilised in this way.

IV. THE APPLICATION OF ADSORBENTS BASED ON
CARRIERS ACTIVATED BY EPOXY-COMPOUNDS IN
AFFINITY CHROMATOCRAPHY

One of the main advantages of EAC is the simplicity of the
preparation of affinity of adsorbents on their basis, the
process involving only one stage in many instances. The
biospecific adsorbents synthesised are exceptionally stable
and are hardly hydrolysed in an alkaline medium. Thus
the adsorbent with cAMP, immobilised on EAS-6B via the
alcoholic hydroxyl, lost only approximately 0.04% of the
ligand after storage in borate buffer solution for six months
at 4 °C. 7 2 Immunoadsorbents based on EAS-6B lost the
radioactive ligand to the extent of only 0.04—0.02%, while
the percentage loss of radioactivity for the analogue based
on Sepharose activated with bromocyanogen was 0.6—1.1%
under the same conditions. 1 0 3 The complete absence of
the scission of the coenzyme during the storage of NAD-
containing epoxy-adsorbents compared with the bromocyano-
and azo-derivatives has been demonstrated. 6 9

A second important advantage of the adsorbents based on
EAC is their high biospecificity owing to the hydrophilic
nature of the spacer and the absence of additional ionogenic
groups. As a consequence of this there is a possibility of
employing adsorbents of this kind at earlier stages in the
isolation and purification of biopolymers. For example, the
direct use of thyroxine-epoxy-Sepharose 1 1 0 for the AFC of
the serum in the early stages of the purification proved
successful in the isolation of thyroxin-binding globulin.
A 1000-fold purification of the test protein with a yield of
about 70% was achieved. A fairly high degree of purification
in the AFC stage (by a factor of 600) was retained also after
the preliminary chromatography of the serum on hydroxy-
apatite.
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Epoxy-activated Separon 1000 with the methyl ester of
L-phenylalanyl-D-phenylalanine attached as the ligand has
been used for the AFC of pepsin and proteinases from
Aspergillus oryzae. k8 The high mechanical stability of the
adsorbent made it possible to carry out the analytical AFC
of pepsin under high pressure.

8-Aminoxanthine-epoxy-Sepharose showed a high selectivity
in the single-stage isolation of the enzyme urate oxidase. 5 5

The degree of purification was by a factor of 88, the yield
of the enzyme reached 93%, and the eluent was a 5 mM solution
of uric acid.

The maximum degree of purification of cholinephosphate
cytidylyltransferase on an EAS~6B-based adsorbent was by
a factor of approximately 250 in the AFC stage with an
overall yield of 59%. 6 2 A similar degree of purification (by
a factor of 200) has been observed in the isolation of
glutathione reductase on NADP-hydrazidoadipoylhydroxy-
propyl-Sepharose. n i It is important to note that the
adsorbent employed in the above study proved to be highly
selective with respect to glutathione reductase (the arsenic-
resistant fraction) and hardly bound the thiol-disulphide
enzymes of the arsenic-sensitive fraction. An effective
express method has been developed with the aid of this
adsorbent for the preparation of almost homogeneous
glutathione reductase. 111 It is remarkable that in both
cases the AFC was carried out directly with the supernatant
isolated after fractionation with ammonium sulphate. A
simple and rapid three-stage method for the purification of
α-amylase from triticale included in the last stage AFC on
cyclohepta-amylose-epoxy-Sepharose. 8I* It resulted in a
final purification of the enzyme by a factor of 143 with an
overall yield of about 33%.

In a number of studies the AFC on epoxy-sorbents was
used in the concluding stages of the purification. Thus
the application of pteridine-epoxy-Sepharose in the last
(fifth) stage of the isolation of phenylalanine hydroxylase
from rat liver permitted a degree of purification of the
enzyme in the AFC stage by a factor of about 30. 6 6 The
overall degree of purification was by a factor of 510 and the
yield was 98%. The final phenylalanine hydroxylase prepara-
tion contained an admixture with catalase activity. AFC on
S-hexylglutathione-epoxy-Sepharose was used in one of the
stages of the purification of glyoxalase57 and chromatog-
raphy on this adsorbent led to an enzyme with a higher
specific activity than purification on the adsorbent based
on the bromocyanogen-activated Sepharose.

The use of metal chelate adsorbents based on epoxy-
Sepharose has been described. 8 0> 1 1 2~ 1 1 !* The purification
of nucleoside diphosphatase by a factor of 194 and with a
yield of about 16% has been achieved on these adsorbents. 80

The eluent was a 15 mM solution of L-histidine in 10 mM
maleate buffer solution.

It is known that adsorbents based on EAC are widely used
also in hydrophobic chromatography. Studies of the relation
between the chemical structure of the adsorbents and the
characteristics of the adsorption of various proteins are of
definite interest. Studies'*5'1*6 of blood proteins established
the following general features. Adsorbents with lengths of
the alkyl chain ranging from Cx to C5 gave rise to a
relatively low degree of adsorption of blood proteins, while
an increase in the hydrophilicity and polarity of the ligand
by the introduction of hydroxy-, methoxy-, or cyano-groups
greatly reduced the degree of adsorption. The maximum
decrease was observed after the introduction of the cyano-
group. On the other hand, the presence of a positive
charge in the ligand molecule (a quaternary ammonium
group) increased the degrees of adsorption of all the proteins
investigated. It must be emphasised that the optimum

lengths of the hydrocarbon chain in the ligand are different
for different proteins. Fibrinogen, thrombin, and globulin
have a binding optimum on the ligand with a C7 chain, while
for albumin and immunoglobulin G the adsorption optimum is
on the ligand with a C8 chain. The presence of branches
in the ligand decreases the degree of adsorption.

The isolation of prephenate dehydratase has been
achieved using adsorbents with a hexamethylenediamine
spacer and certain aminoacids as ligands. 9 2 N-Acetylated
derivatives of these adsorbents lost their capacity to bind
the enzyme. At the same time the enzyme could be desorbed
only from the aminohexyl and glycylaminohexyl analogues of
1,2-EPS (in 0.5 Μ sodium chloride or 140 mM hexamethylene-
diamine).

A study 1 1 5 undertaken to screen the affinity adsorbents
for the isolation of inorganic pyrophosphatase1 1 5 showed that
hexylepoxy-Sepharose with a high ligand concentration
(40 μπιοί ml"1) strongly bound the enzyme with a complete
retention of its pyrophosphatase activity. The protein could
not be eluted (1 Μ sodium chloride, substrate). On the
other hand, the bromocyanogen analogues of the adsorbent
(admittedly with a ligand concentration lower by a factor of
4-7) bound the enzyme much less strongly. It was readily
eluted from these adsorbents with 0.05—0.1 Μ sodium chloride
solution.

A number of studies have been published recently con-
cerning the use of commerical Octyl-Sepharose and phenyl-
Sepharose for the hydrophobic chromatography of many bio-
polymers, for example, choline acetyltransferase, 1 1 6 specific
endonucleases, 1 1 7 alkaline phosphatase, and 5'-AMP
nucleosidase , 1 1 8 and restriction endonuclease REcoCK,119

and also for the separation of the phospholipid and protein
components of complex III of the respiratory chain of mito-
chondria, 1 2 0 for the immobilisation of trypsin with
preliminary modification of the enzyme, 1 2 1 for the isolation
of microsomal cytochrome P-450,1 2 2 for the investigation of
cobalamin-binding proteins, 1 2 3 for the purification of
calmodulin,12k etc.

It has been noted that in certain cases where adsorbents
based on Sepharose activated with cyanogen bromide are
used the ligand undergoes appreciable bioinactivation, while
the analogous epoxy-adsorbent retains a satisfactory affinity
for the biopolymer isolated. 1 0 7 Thus in the AFC of a
trypsin-like enzyme the highest percentage binding was
achieved for the adsorbent based on EAS-6B (92%).

Thiopropyl-Sepharose is one of the adsorbents widely
used in covalent chromatography. 3 5 The spectrum of its
applications is fairly wide, encompassing the isolation of thiol-
containing prote ins, 1 2 5 ' 1 2 6 thiol-containing peptides, 1 2 7 and
mercurated polynucleotides. 1 2 8 The possibility of separating
two similar thiol-disulphide oxidoreductases, protein
disulphide isomerase, and glutathione-insulin transhydro-
genase by covalent chromatography on thiopropyl-Sepharose
has been demonstrated. 1 2 9 The supernatant was subjected
to preliminary purification by fractionation with ammonium
sulphate, gel-filtration on Sephadex G-200, and ion-exchange
chromatography. The eluents for covalent chromatography
were thiols with an increasing reducing capacity—20 mM
L-cysteine, 50 mM reduced glutathione, and 20 mM dithio-
threitol. The employment of thiopropyl-Sepharose made it
possible1 3 0 to separate highly reactive thiols, for example,
cysteine proteinase from Actinidia chinensis, from the
remaining thiol-containing components. The application of
reduced thiopropyl-Sepharose in the purification of cyto-
plasmic aldehyde dehydrogenase involving the removal of an
admixture of mitochondrial proteins has been described. 1 3 1

The same adsorbent modified with 2-hydroxy-5-nitrobenzyl
bromide was used for the immobilisation of a-chymotrypsin
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and 3-amylase. 1 3 2 The problems of the application of
covalent adsorbents are specifically considered in a review. 1 8

The principal studies dealing with the applications of
adsorbents based on EAC in AFC are listed in Table 3.

Table 3. The application of adsorbents based on EAC for
the isolation and purification of biopolymers.

Table 3 (cont'd. ).

Ligand (spacer) Biopolymer isolated (source)

Ligand (spacer) Biopolymer isolated source)

Inhibitor of osya bean trypsin
Ovomucoid

Myoinositol

Adenosine 3,5-diphosphate
(hexamethylenediamine)

Choline

8-Hydroxyethyl-cAMP
S-Hexylglutathione

Reduced glutathione

Glycerylphosphoryl choline

Ribose-5-phosphate, neopyrithiamine,

thiamine pyrophosphate, hydroxythiamii
Adenosine

S-Hexylglutathione
2-Amino-4-hydroxy-6,7-dimethyl-

5.6,7.8-tetrahydropteridine
Trimethoprim and its analogues
Aminomethyl-4-anilino-5-methoxy-

1.2-benzoquinone
8-Amino\anthene

lolic acid
Ditto

NAD+ or NADH
3-Aminophenylboronic acid + nucleotides

and coenzymes
Cyclohepta-amylose

Aminomethyl-, 4-aminobenzyl-, and
iV-(4-aminobenzyl)-4-aminobenzyl-
phosphonic acids

Arabinan

Iminodiacetic acid + Cu~

Ditto

Iminodiacetic acid + Z n 2 +

D-Galactosamine

Trehalose
/V-Acetyl-D-galactosamine, /V-acetyl-

D-glucosamine
Tri-N-acetylchitotriosc, methyl TV-acetyl-

(l-D-glucosaminide
17iJ-Hydroxy-3-oxo-5a-androstane-

17/3-(6-hexanoic acid) (diaminoethyl)
Auxin analogues
Thyroxin
A'-(6-Aminohexyl)-5-chloronaphthalene-

1-sulphonamide
Agglutinin from Ricinus communis
t-RNA (hydrazidoadipoyl)
Iminodiacetic acid + Zn
Interferon from human leukocytes
0-Ecdysone
Lipopolysaccharides from Shigella sonnei

Membrane material from human
lymphoblastoid cells

EAS-6B

Trypsin (commercial preparation)
Trypsin-like enzyme (from

Streptomyces erethreus)
Myoinositol oxygenase (from rat

kidneys) myoinositol kinase (from
Lemna gibba)

Succinate thiokinase (from pig heart)

Choline and enthanolamine kinases
(from rat liver)

Regulatory subunit of protein kinase
Glutathione S-transferase (from human

placenta)
Glutathione S-transferase (from human

liver)
Cholinephosphate cytidylyltransferase

(from rat liver)
Transketolase (from Candida utilis and

baker's yeast)
Adenosine deaminase (from human

erythrocytes)
Glyoxalase I (from rabbit liver)
Phenylalanine hydroxylase (from rat

liver)
Dihydrofolate reductase (from E.coli)
Menadione reductase (from rat liver)

Urate oxidascs (from ox liver, rat liver,
and yeast)

Ribonuclease A (from ox pancreas)
Fndonudeases EcoRI (from E.coli) and

BgUI (from Bacillus globiggii)
Alcohol and lactate dehydrogenases
Dehydrogenases

α-Amylase (from a hybrid of wheat and
full flax)

Alkaline phosphatase (from ox small
intestine)

α-L-arabinofuranosidasc (from
Aspergillus niger)

Nucleoside diphosphatase (from rat
liver)

Lactoferrin (from human milk)
Alpha2-SH-glycoprotein (from human

plasma)
β-Galactosyl-binding lectin (tridacnin)

from Tridacna maxima)
Concanavalin A (from Canavalia

ensiformis)
Lectins (from soya beans and wheat

seedlings)
Agglutinin (from Solanum tuberosum)

Steroid-binding protein (from human
serum)

Auxin-receptor proteins
Thyroxin-binding protein (from human

Calmodulin and calcium-binding protein
S-100 (from ox brain)

Tyroglobulin
Ribosomal proteins
Interferon (from human fibroblasts)
Corresponding antibodies
Proteins of the corresponding antiserum
Homologous antiserum, bacteriophage

SKVI
Corresponding antibodies

Haemagglutinin (succinyl)

EAS-6Band 1,2-EPS

Glycoproteins

1,2-EPS

2-Thio-4-(nitro, carboxy)pyridine; tetra-
methylthiuram disulphide residue

Cysteine peptides, mercaptalbumin,
papain, urease, ox serum albumin,
pancreatic ribonucleases

[271
[107|

[ 8 2 ]

[73]

[86]

[72]
[81|

[631

[62|

[591

[61]

I-"]
[66]

[53]
[65]

[55]

[54]
[ M 7 ]

[69]
|831

[84]

[64|

[761

[113]

[58]

[78]

[60]

[41]

[38]

[68]
[1101

[74)

[41]
[105]
[114[
[103]
[133]
[101]

[104]

[96]

[87, 127]

2-Nitro-5-thiobenzoic acid (aminoethyl,
glutathione, cysteine)

NADP (p-azobenzohydrazide)
Ditto or NADPH (hydrazidosuccinyl,

hy drazido-adipoy 1)
Aminoacids (hexamethylenediamine,

succinyl)
3-Hemisuccinate of 5a-androstane-3/3,

17(3-diol(4,4'-azodianiline)
Cortisol, 5a-dihydrotestosterone
Adenine and guaninc nucleotides

(hydrazidoadipoly)
Alkyls, hydroxy(alkoxy)alkyls, and

their cyano- and carboxy-derivatives
Thiopropyl

Lactose, melibiose, maltose, /V-acetyt-
chitotetraose; glucosamine, galactos-
amine( succinyl)

17fi-Hydroxy-3-oxo-5a-androstanc-
17a-(6-hexanoic acid)

Deoxyribonucleic acid

Trypsin

Methyl ester of L-phenylalanyl-
D-phenylalanine (e-aminocaproyl)

5-Hydroxyuridine 2'(3'), 5'-di-
phosphate (p-azobenzoyl)

Glutathione reductase (from rat liver)

Ditto

Prefenate dehydratase

Testosterone-oestradiol-binding
globulin (from human plasma

Steroid-binding proteins
Elongation factor Tu (from E.coli

MRE600)
Albumin, globulin, fibrinogen,

prothrombin
Protein disulphide-isomerase (from ox

liver), glutathione-insulin transhydro-
genase (from ox liver)

Actinidin (from Actinidia chinensis)
Copper-binding proteins from human

liver

Amino-1.2-EPS

Agglutinins (from soya, Arachis
hypogaea, wheat seedlings, etc.)

Androgen-binding protein (from rat
cpididymis)

Epoxycellulose

Polynucleotides, complementary m-RNA
(from bird liver)

GMG

Trypsin inhibitors

Epoxy-separon Η 1000

Pepsin and proteinases (from
Aspergillus oryzae)

Silica(alusil)

Endonudease A5 (from actinomyeetes)

Rets.

[431

| 95]
[90, 91,

•[92]

[94]

I134J

| 8 9 |

[45.46]

126. 129|

[130|
| 125 |

[98|

[991

[39|

[47|

|48|

[341

—0O0—

The data described above show that biospecific adsorbents
based on EAC constitute one of the commonest types of
adsorbents currently used in AFC and related methods.
One sometimes encounters the view that AFC in a pure form
does not exist at all and that the biospecific interaction of
the biopolymer to be isolated with the sorbent in AFC is
inevitably accompanied by a complicated set of interactions
including non-specific electrostatic, hydrophobic, and other
effects. Both AFC and associated methods, such as hydro-
phobic, covalent, and metal chelate chromatography are
therefore incorporated in a single group of methods. This
tendency carries the risk, both formal and purely theoretical,
of an erroneous interpretation of the chromatographic results,
particularly when the AFC method is used for the investiga-
tion of the mechanisms of biochemical reactions, for the
determination of the constants for the association of bio-
polymers with low-molecular-weight ligands, etc. An
arbitrary mixing of the methods, indicated above, for the
isolation and purification of biopolymers can be caused, and
this is not the least important cause, by the application in
AFC, particularly for preparative purposes, of carriers such
as porous glass, silochromes, and a number of others, which
by their very nature can introduce into the purification
process non-specific interactions which do not, however,
prevent in many cases the attainment of a fairly high degree
of purification of the biopolymer.

The efforts of investigators concerned with the further
development of the AFC method will undoubtedly be directed
to the elimination or reduction to a minimum of non-specific
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effects in the chromatographic process, because this will
make it possible to demonstrate fully the unique possibilities
of the AFC method. For a clear-cut formal separation of the
AFC method from other purification procedures, the term
"bioaffinity chromatography" has been proposed. 10»135>136

The new methods for the activation of polysaccharide
matrices which have appeared recently have been chosen
to obviate the disadvantages of the method of bromocyanogen
activation, which is still most widely used. These include
the modification (based on the study of the reaction
mechanism) of the bromocyanogen method itself,1 3 7 '1 3 8 the
employment of reactive sulphonyl chlorides139'11*0 and
carbonylating reagents,11*1'11*2 O-succinylation , l k 3 the
application of activated chloroformates, lkk and a number of
others. Activation by epoxy-compounds occupies an
honourable place among these methods. Its evident
advantages, namely simplicity, chemical strength of the
bond formed, hydrophilicity of the adsorbents obtained,
and elimination or reduction to a minimum of the charged
groups of the adsorbent, promote the maximum approach
of the interaction between the biopolymer to be isolated and
the immobilised ligand to processes occurring under
physiological conditions, i.e. the achievement of the idea
of the AFC method in a pure form. One may also expect
further extensive application of adsorbents based on EAC
for the effective purification of biopolymers and as a refined
instrument for biochemical research.
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