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LIST OF ABBREVIATIONS
A f-Valent solute (acceptor of hgand)
K Equilibrium constant for solute self-association (molar scale)
K Equilibrium constant for solute self-association (weight scale)
L Equilibrium constant for the association of monomer with immo-

bilized monomer

M Monomer undergoing self-association to polymer P

M, Molecular weight of species 1

P Polymeric form of self-associating monomer

R, Electrophoretic mobility of a species relative to that of bromo-
phenol blue

R; Relative constituent mobihity of a species

S Univalent ligand

V, Elution volume of species ¢

\% Elution volume of i 1n the absence of interaction with matrix
vV, Constituent elution volume of species ¢

X g-Valent acceptor (receptor)

c, Weight concentration of uncomplexed species ¢

¢, Total weight concentration of species 1

f Valence of acceptor, or of partitioning solute (affinity
chromatography)

Molar concentration of uncomplexed species ¢

Total molar concentration of species 1

Total molar concentration of species ¢ 1n partition studies
Intrinsic association constant for the interaction between species
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Intrinsic association constant for ternary complex formation
Stoichiometry of solute self-association

Valence of matrix sites

Klotz (Scatchard) binding function

Counterpart of r for an f-valent hgand
Electrophoretic mobility of species :

Constituent electrophoretic mobility of species 1
con A Concanavalin A

ELISA Enzyme-linked immunosorbent assay

EnOH Serine-dependent enzyme

FPLC Fast protein hquid chromatography

HPLAC  High-performance hqud affinity chromatography
HPLC High-performance hiquid chromatography

SIEI YR I

IEF Isoelectric focusing
IeG Immunoglobulin G
RIA Radioiommunoassay

1 INTRODUCTION

Specificity 1s a fundamentally important characteristic that 1s common to
vast numbers of biological interactions Indeed, 1t 18 a feature upon which re-
hiance 1s placed not only for the maintenance of cells in their normal physio-
logical state but also (1n favourable circumstances) for the selective control of
pathological deviations therefrom In general, biospecificity 1s achieved at the
molecular level by the formation of non-covalent complexes between reacting
species, at least one of which 1s macromolecular The individual hydrogen bonds,
electrostatic linkages and hydrophobic interactions contributing to such com-
plex formation 1n an agqueous environment are inherently weak, but the syn-
ergistic effect of many such interactions can still give rise to association con-
stants 1n excess of 10° M ~! (1 e, dissociation constants lower than nM). As
examples of brospecific phenomena we may cite the interactions of enzyme
with substrate, of hormone with receptor, of antigen with antibody, of protein
with hipid, drug or metabolite, and of glycoprotein with lectin, plus the multi-
tude of nucleic acid and protein interactions responsible for gene expression
and for the transfer of genetic information during cell division

Despite their collective grouping as biospecific phenomena, these interac-
tions exhibit considerable variation 1n the degree of specificity. For example,
albumin acts as a transport protein for a whole array of amphiphilic molecules
such as fatty acids and drugs; and the site responsible for haemoglobin’s func-
tional role as a transporter of oxygen also interacts with carbon monoxide and
cyamde Similarly, most enzymes are moderately specific in the sense that
although catalytic action 1s usually restricted to one biologically significant
reaction (or class of reactions), other compounds can also be substrates or
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competitive inhibitors — a pomnt illustrated by the amidase activity of plasma
cholinesterase [1] Finally, there are highly specific interactions such as those
between antigens and the antibodies that are the ehcited response to provide
biological defence mechanisms These must exhibit the species specificity
characteristic of the immune response — a necessary state of affairs in the sense
that antibodies elicited 1n response to (say) an admimstered protein antigen
from another species must clearly have no affinity for the homologous host
protein, even though the antigen and host protein are very stmilar in structure.

The range of equilibrium constants governing these interactions 1s corre-
spondingly broad For example, the binding of long-chain fatty acids to albu-
min 1s governed by association constants in the range 10°-10% M ! [2], and
association constants for enzyme-substrate complex formation are typically
in the range 10°-10° M ~! On the other hand, the magnitude of the equilibrium
constant for the inhimtion of dihydrofolate reductase by the cancer chemo-
therapeutic agent methotrexate 18 in the vicimity of 10'* M ~! [3], and the
association constant for the avidin-biotin interaction 1s believed to be still
larger by some four orders of magnmitude [4] On probability grounds it seems
logical to presume that the requirements for formation of sufficient non-co-
valent interactions to account for an association constant of 10° M ~! should
place less stringent demands on the nature and topography of the reacting sites
than those associated with the generation of an interaction some 10°-fold
stronger, and that 1t 1s a reasonable rule-of-thumb, therefore, to consider that
the degree of specificity increases with increasing strength of the interaction
There are, however, marked exceptions to this generalization For example,
despite the fact that the interaction unique to catalysis by lactate dehydroge-
nase 1s that between pyruvate and the enzyme-NADH complex, 1ts association
constant (approximately 10* M ') 1s at least 10-fold smaller than that for
NADH binding by enzyme [5], an interaction that 1s common to many dehy-
drogenases In similar vein, the sites on serum albumin to which warfarin [6]
and dicoumarol [7] bind with relatively high affimities (10°-10% M ') also
interact with fatty acids and a number of other amphiphilic drugs [8,9]

There are also systems for which the biospecific interaction between species
entails covalent bond formation, a phenomenon typified by the covalent bind-
1ng of substrate analogues to the active site of serine-dependent esterases, pro-
teinases and acyltransferases 1n a reaction that mimics the first step of the
catalytic mechanism, such covalent reaction 1s, however, usually preceded by
the formation of a non-covalent complex between the enzyme and the sub-
strate analogue Two examples are provided

(1) The covalent reaction of the active-site serine hydroxyl group 1n acetyl-
cholinesterase (EnOH ) with organophosphorus compounds such as paraoxon
(diethyl p-nmitrophenyl phosphate ) [10] yields an adduct which 1s sufficiently
stable that the release of free enzyme at a significant rate can only be effected
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by the addition of a good nucleophile such as N-methylpyridintum-2-aldoxime

(eqn 1).
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(11) In the interaction of benzil with hver carboxylesterase to give a hemi-

ketal adduct at the active site (eqn. 2), the formation of the
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hemiketal and 1ts decomposition both occur rapidly, the reaction being char-
acterized by an association constant of 108 M ~! [11] Substrate analogues
which react specifically and covalently with groups in the active sites of en-
zymes have been termed suicide substrates or mechanmsm-based mnhibitors [12]

Having indicated that the association constants for specific interactions be-
tween ligands and macromolecules can range from (say) 10°to 10* M ~!, some
comment 1s necessary on the rates of association and dissociation for such
complexes On the time scale of most chromatographic and electrophoretic
techniques 1t can be assumed that attainment of equilibrium from erther di-
rection 1s likely to be effectively instantaneous for interactions at the low end
of the energy spectrum, but that dissociation of complexes governed by large
association constants 1s likely to be slow Affinity chromatography exemplifies
an application of the biospecific approach where sufficient time must be al-
lowed for the system to attain chemical equilibrium On the other hand, the
validity of many binding assays [radioimmunoassay (RIA), enzyme-linked
immunosorbent assay (ELISA), mtrocellulose filter assays of protein—-nucleic
acid interactions] relies upon dissociation of the complex being sufficiently
slow for effectively no interconversion to occur during the removal of uncom-
plexed reactants, a situation more likely to prevail when the association con-
stant 1s large For either type of application 1t 1s clearly important to establish
that the assumed situation represents a reasonable approximation for the par-
ticular system under study

Traditional approaches to the problem of solute purification have relied upon
the existence of differences 1n general properties such as size and charge of
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macromolecules, and on the probability that solutes with similar characteris-
tics 1n one such respect may well differ in the other This rationale, which
stemmed from the pioneering ultracentrifugal and electrophoretic studies of
Svedberg and Rinde [13] and Tisehus [14], respectively, formed the basis of
the amazing progress 1n protein purification that followed the development of
the corresponding chromatographic procedures based on dextran gels [15] and
cellulose-based 10n-exchangers [16,17]. The biospecific approach to the prob-
lem of solute purnfication [18,19] 1s a logical sequel to 10n-exchange chroma-
tography 1n that the general electrostatic interaction between solute and ion-
exchanger 1s replaced by an interaction related to the solute’s biological func-
tion. Thus, 1n relation to an example already cited, dihydrofolate reductase
may be selectively adsorbed from a tissue extract by chromatography on a ma-
trix (Sepharose) to which methotrexate has been covalently attached [20]
All other solutes may therefore be removed by copious elution of the column
with buffer, at which stage 1t becomes evident that successful deployment of
the biospecific approach to purification of the enzyme also depends upon the
availability of conditions that diminish the strength of the interaction suffi-
ciently for the enzyme to be eluted from the column 1n an undenatured and
active (or activatable) state

The advantages of the biospecific approach as a preparative chromato-
graphic procedure also extend to i1ts use for characterizing the interactions used
to effect solute purification [21-23] For example, the specificity of the inter-
action responsible for the one-step 1solation of lactate dehydrogenase by affin-
ity chromatography on a matrix with oxamate (a pyruvate analogue) attached
[24] has also made possible the determination of binding constants for the
interactions of NADH with the five lactate dehydrogenase 1soenzymes present
1n a crude tissue extract [25]. Furthermore, for the determination of equilib-
rium constants by this techmque, termed quantitative affinity chromato-
graphy [26] or analytical affinity chromatography [27], there seems to be no
restriction to the range of magmitudes of association constants that may be
measured [28,29]

Because explicit accounts have already been presented on the practical de-
tails of preparative affinity techmques [30-34], this aspect of the biospecific
approach 1s presented 1n the form of an overview, the emphasis being placed
on the general manner 1n which the problem of devising a new separation pro-
cedure 1s attacked. Coverage of this topic 1s thus illustrative rather than com-
prehensive, and 1s designed as a challenge to readers to contemplate the pos-
sibihity of employing the biospecific approach for additional biomedical systems:
there 1s ample cross-referencing to the technical details should the review be
successful in that endeavour The theme of the second part of this review 1s
the quantitative characterization of biospecific interactions by a range of chro-
matographic techniques, a topic with much broader scope than that of recent
reviews on quantitative affinity chromatography [26,27,35]. In addition to
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considering the characterization of interactions by a range of chromatographic
and electrophoretic techmques, attention 1s given to the determination of as-
sociation constants by competitive binding assay and solid-phase immunoas-
say (RIA or ELISA) - techniques that are used routinely 1n the biomedical
environment but not as sources of quantitative information on (say) drug-
receptor interactions or the immune response

2 BIOSPECIFIC SEPARATION AND ESTIMATION OF SOLUTES
2 1 Selection and preparation of affinity columns

An affinity resin 18 composed of an insoluble matrix and a ligand, the hgand
being attached to the matrix by stable covalent bonds The function of an
affinity resin 1s to present the immobilized ligand 1n such a way as to provide
optimal access for solutes in the mobile phase Major factors in achieving this
optimal access are the properties of the matrix and the method of attachment
of the ligand Given adequate accessibility of the immobilized ligand to the
solutes, the central factor in any affinity chromatography experiment 1s the
interaction between the ligand and one or more of the solutes.

Before considering the various types of ligands, matrices and coupling meth-
ods, some comments on the availlability of affinity resins and columns are
approprate.

(1) Many complete affinity resins are available commercially, some already
packed into columns, and suitable for either conventional liquid chromato-
graphy or high-performance hquid affinity chromatography (HPLAC)

(11} A variety of matrices 1s available commercially (some already prepacked
mn columns ), and simple methods have been developed for coupling of ligands
to them [31], such methods are sufficiently simple for novices 1n organic chem-
15try to complete them satisfactorily and safely

(11) Many hgands can be obtained commercially and others can be synthe-
sized chemically or purified from biological sources

In summary, nobody should be deterred from attempting an affinity chro-
matography experiment by lack of prior experience or the absence of a strong
brochemical background. The reward of an affinity chromatography experi-
ment may occasionally be the rapid, single-step purification of a desired bio-
logical molecule to homogeneity However, affinity chromatography 1s not the
complete answer to all problems requiring separation and/or estimation of
biological matenals It should be considered as one of a range of powerful chro-
matographic and electrophoretic techniques, biospecific and otherwise, avail-
able to the research worker In many purification procedures an affinity chro-
matography step is one of several punfication steps required to achieve
homogeneity of the desired material Frequently, imitial extracts (large vol-
umes of possibly turbid solutions) are subjected to salt fractionation and/or
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large-scale 10n-exchange chromatography before being 1n a form suitable for
purification by affinity chromatography On the other hand, Mattiasson and
Ling [36] have adopted a different approach to allow biospecific separation to
be achieved early 1n large-scale separation processes In this approach the hi-
gand 1s covalently attached to a soluble compound chosen because 1ts proper-
ties (e g, size, charge, partition into the organic phase of a two-phase system)
allow ready separation of the solute-ligand-compound ternary complex from
the rest of the components present 1n crude extracts techniques such as mem-
brane filtration, 1on-exchange chromatography and iquid-liquid partition have
been used for this latter purpose.

211 The lhgand

As indicated 1n the Introduction, there exist many different types of bio-
specific interaction, and hence we have a wide choice of ligands for use in af-
fimty chromatography. The principal criteria to be considered in selecting a
ligand for any particular separation are

(1) The specificity of the interaction: how many molecules present in the
mixture being fractionated are likely to bind to the ligand?

(11) The strength of binding 15 binding sufficiently strong to allow retention
of the desired solute during stringent washing of the column to remove un-
bound or weakly (‘non-specifically’ ) bound solutes? Is binding sufficiently weak
to allow elution of the solute from the column under non-denaturing condi-
tions, or at least under conditions where the solute 1s only reversibly denatured?

(111) The stability of the ligand and of 1ts attachment to the matrix under
the chromatographic conditions, these should be sufficiently stable to allow
multiple use of the column without deterioration 1n performance — a factor of
particular relevance when the ligand 1s a macromolecule

The probability of success of an affinity chromatography experiment in sep-
arating one solute from a mixture of solutes 1s largely determined by criteria
(1) and (1) It may also be relevant to categorize ligands as group-specific 1f
they interact with a group of molecules or highly specific 1f they are designed
to interact with one or a small number of molecules Quantitatively, the value
of an affinity chromatography step 1n the purification of a protein 1s assessed
by the purification factor (the ratio of the specific activity after the step to that
before) and the recovery or yield of activity (the percentage of the initial ac-
tivity 1n the sample which 1s recovered) The more specific the ligand, the
greater 15 the purification factor able to be achieved.

Particular examples will now be used to illustrate the different categories of
higand

2111 AMP and related compounds AMP-containing affinity matrices are
likely to bind to any enzyme which uses AMP, ADP, ATP, NAD*, NADP* or
coenzyme A as a substrate, 1 e, approximately 30% of all enzymes listed 1n the
I U B. classification of enzymes [37] Despite this low degree of specificity,



385

widespread use has been made of AMP resins 1n which the ligand has been
attached to the matrix via at least three different sites (indicated by arrows)
on the AMP molecule [38]. Their value in the purification of any given protein

NS — acyl derivative

NHy

CH-=— C8& — acyl derivative

Periodate oxidation and borehydride reduction

may be enhanced by biospecific elution (see below) or by varying the site of

attachment of the AMP to the matrix to determine which gives the best result
Affinity matrices which in principle show even less specificity are those which

use polycychic dye molecules such as Cibacron Blue F3GA as ligand Such dyes

O  NHy

—, SO3
NH
O NH _< @

N
7 MW
NH N:<
Ci

S03

S03

Cibacron Blue F3GA

have been shown to bind to the nucleotide-binding sites of many enzymes and
have proved very useful in (1) protemn purification [38] and (11) quantitative
studies of protein-higand interactions [39] These dye columns would appear
to be at the limit of what we legitimately term affinity chromatography since
(1) the higand structures are only moderately similar to the structures of the
nucleotide substrates of the enzymes which bind to them and (1) many pro-
teins such as serum albumin which lack a specific nucleotide binding site can
be purified efficiently on such columns

Some nucleotide-containing affinity resins may be more specific than de-
scribed above For example, GMP-Sepharose has proved very effective in the
1solation of hypoxanthine guanine phosphoribosyltransferase from human
erythrocytes [40]. After preliminary ammonium sulphate fractionation and
DEAE-cellulose chromatography, chromatography on GMP-Sepharose re-
sults 1n a 200-fold purification of the enzyme

2112 Lectins and related proteins Among the most widely used group-



386

specific ligands are the lectins, proteins which bind particular carbohydrate
molecules [41]. Thus, immobilized concanavalin A (con A-Sepharose) has
been widely used 1n the purification of glycoproteins, especially those contain-
ing terminal mannose residues. The success of lectin affinity chromatography
depends on the source of the glycoprotein and the pretreatment of the sample.
For example, con A-Sepharose 1s very effective in purification of the purple
phosphatase of red kidney beans [42,43]. However, 1f the crude salt extract of
the beans is chromatographed, two problems are discerned. the extract con-
tains large amounts of glycoproteins which rapidly overload the column and
the extract contains compounds, probably lectins, which complex the purple
phosphatase and prevent 1ts interaction with the lectin column (C Clark and
J de Jersey, unpublished results) Average purnification factors of 5-fold to 10-
fold are achieved by lectin affinity chromatography.

Lectin affimty chromatography has also been used to detect changes to the
N-linked oligosaccharide moieties of glycoproteins in neoplastic tissues. For
example, hepatoma y-glutamyl transpeptidase can be distinguished from the
normal liver enzyme by differential binding to erythrophytohemagglutinin-
Sepharose [44]. The specificity of binding of complex-type oligosaccharides
to a column of Datura stramonium agglutinin-Sepharose has recently been
reported [45]

There are also a few examples of the fractionation of polysaccharides (gly-
cosaminoglycans) on affinity columns with proteins such as hpoprotein lipase
and laminin as higands [46]

2 1 13 Proteinases and thewr protein inhibitors Many animal and plant tis-
sues contain proteins which form tight inhibitory complexes with trypsin and
other proteinases. Such protemase inhibitors have been purified using matn-
ces contaiming the relevant proteinase as higand For example, Kortt [47,48]
used trypsin-Sepharose and chymotrypsin-Sepharose to purify specific trypsin
and chymotrypsin inhibitors from extracts of winged bean seed Conversely,
matrices with proteinase inhibitors as higands may be used to purify protei-
nases [49]. As well as being useful 1n protein purification, such affimty matn-
ces have obvious applications 1n removing potentially harmful proteinases and
their inhibitors from tissue extracts. In fact, the tight binding which ensures
quantitative removal of proteinases or their inhibitors from tissue extracts
may be a disadvantage when affimity chromatography 1s used in protein purn-
fication, since 1t makes elution difficult (see below).

2114 Hormones and related compounds There are many examples of the
highly successful use of hormones and hormone-related drugs as immobilized
ligands 1n the purification of membrane receptors Here, the tight binding re-
sults 1n very large purification factors For example, a 5500-fold purification of
the «vo-adrenergic receptor from porcine brain was obtained by a single passage
of a digitonin extract of a brain membrane fraction through a yohimbine-aga-
rose column [50], after which rechromatography on the same column gave a
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further 12-fold purification to near homogeneity Another recent example of
this approach was the successful use of sequential affimity chromatography on
insulin-Affi-Gel 10 and insulin-like growth factor I (IGF I)-Affi-Gel 10 to sep-
arate the high-affinity IGF I receptor from lower-affinity receptors in Triton
X-100 extracts of human placental membranes [51].

2115 Antibodies and antigens In principle, any protein can be separated
from all other proteins 1n a single step by immunoaffinity chromatography —
affimity chromatography in which the ligand 1s an antibody of the protein being
purified. Development of an immunoaffinity procedure does, of course, rely
upon prior purification of the protein by a different procedure to give sufficient
highly purified protein to serve as the immunogen. A further possible source
of difficulty 1s the tight and specific binding between antigen and antibody,
which can cause problems with elution of the antigen from the column (see
below) The power of immunoaffinity chromatography as a purification pro-
cedure has been boosted by the development of monoclonal antibody technol-
ogy, which not only allows large amounts of a particular antibody to be pre-
pared but also permits the selection of antibodies with appropriate affinity
(weaker or stronger) for the antigen, depending on the application The ad-
vantages of monoclonal over polyclonal antibodies as ligands have been dis-
cussed 1n detail by Calton [52]. Furthermore, ever increasing numbers of both
monoclonal and polyclonal antibodies are becoming available commercially
[53].

2116 Ligands which react covalently with solutes Such ligands have been
exploited 1n affinity separations far less frequently than ligands which bind
non-covalently to macromolecules This may be due to the greater difficulties
mnvolved 1n preparing the derivatized higand and coupling 1t to the affinity ma-
tnx, given that these hgands contain chemically reactive groups It also reflects
the relative rarity of covalent interactions that give rise to stable but readily
dissociable adducts The following immobilized organophosphorus compound

o]

i i
Matrix — arm — C — NH——(CH, )}, —O—T—o @—NOZ

CH3

has been used as an affinity matrix for acetylcholinesterase [10], which can
be eluted subsequently by the inclusion of N-methylpyridinium-2-aldoxime 1n
the column eluate {eqn 1) A second example of enzyme purification by co-
valent affinity chromatography involves the use of dipeptidyl argininal higands
to 1solate trypsin-like enzymes [54] These aldehyde-containing ligands form
hemiacetal adducts with the active-site serine hydroxyl groups of the enzymes
1n a manner analogous to the reaction of benzil with carboxylesterase (eqn 2)
Other examples of enzyme purification by covalent affinity chromatography
entail the use of organomercurial-agarose [55] and thiol-disulphide inter-
change [56] to 1solate papain, which contains an active-site thiol group
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Although covalent affimity chromatography has not found widespread use 1n
enzyme purification, 1t does have certain advantages over traditional affinity
chromatographic methods based on non-covalent interactions between solute
and immobilized ligand Because the enzyme 1s effectively irreversibly bound
to the matrix (1n the absence of a good nucleophile, reducing agent, etc ), 1ts
continued attachment does not depend on maintenance of the three-dimen-
sional structure of the macromolecule Furthermore, the fact that the covalent
reaction duplicates part of the catalytic mechanism of the enzyme means that
only catalytically functional enzyme molecules react In conventional affinity
chromatography there 1s always the possibility that ligands which bind non-
covalently may still interact (albeit more weakly ) with a catalytically impaired
enzyme active site

2 1 2 Chowce of matrix and coupling method

The main criteria which govern the suitability of a matrix for affimity chro-
matography are (1) 1ts mechanical and flow properties, (11) the ease of covalent
coupling of ligand to matrix and (1) the stability of the bonds hinking hgand
to matrix.

As1n any form of column chromatography, the best resolution 1s obtained 1f
the matrix particles are uniform 1n size and shape and as small as possible
The ngid silica or polymeric beads of diameter 5 or 10 ym used 1n normal-
phase high-performance liquid chromatography (HPLC) are also suitable for
derivatization with ligand and use in HPLAC The use of rigid beads to allow
operation of columns at the high pressures needed to give high flow-rates does
not give the same advantages 1n the chromatography of macromolecules as 1t
does when small molecules are being separated With small molecules, diffu-
sion 1s rapid, leading both to rapid equilibration of the solute molecules be-
tween stationary and mobile phases and to rapid broadening of elution zones
Macromolecules equilibrate and diffuse much less rapidly, demanding lower
flow-rates for optimal resolution Therefore, many affinity separations still
make use of traditional gel matrices, such as cross-hnked agarose and poly-
acrylamide On many occasions, however, this choice merely reflects greater
familiarity with the methods used for the attachment of the hgand to them
The better mechanical properties and durability of rigid matrices, the more
uniform packing obtained 1n factory-packed columns and the overall ease and
speed of use of HPLC equipment should ensure a trend towards the greater use
of rigid matrices Another important factor 1n the choice of the matrix 1s the
pore size Large pore sizes are necessary 1n affinity chromatography since either
the hgand or the species binding to 1t 1s a macromolecule — often both are
macromolecules Pore si1zes of 100—400 nm are necessary to provide unhindered
access of macromolecular solutes to macromolecular igands Finally, 1t 1s pref-
erable for the matrix beads to be stable 1n organic solvents as well as in the
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aqueous phase so that greater flexibility 1s available in the selection of condi-
tions for coupling.

Undernivatized matrix beads can be obtained commercially, activated in the
laboratory using one of a number of well documented procedures developed for
each type of matnx, and immediately reacted with the ligand. Alternatively,
matrix beads which have been activated 1n one of a number of ways are avail-
able 1n a stable form (e.g, lyophilized or as a slurry in an organic solvent)
These activated matrices will react under mild conditions with chemical groups
1n the hgand Examples of reactive groups 1n activated supports include (1)
imidocarbonate and cyanate groups formed by reaction of matrix hydroxyl
groups with cyanogen bromide, (1) epoxy groups formed by reaction of a bis-
oxirane with matrix hydroxyl or amino groups and (11) imidazolylcarbamate
groups formed by reaction of carbonyldumidazole with matrnix hydroxyl groups
These reactive groups will all react with nucleophilic groups, especially amino
and thiol groups, in the ligand under mild conditions.

A third alternative 1s to obtain a matnx into which amino or carboxyl groups
have been incorporated. These functional groups may then be reacted with
carboxyl and amino groups, respectively, in the ligand, coupling being achieved
by the presence of a carbodumide This type of derivatized matrix 1s especially
useful 1n 1nstances where the incorporation of a spacer arm between the back-
bone of the matrix and the ligand 1s necessary to decrease steric hindrance 1n
the binding of ligand to solute. Spacer arms are often used to improve the
accessibility of a small immobilized ligand to a macromolecular solute with
which 1t interacts biospecifically.

In selecting a coupling method for the preparation of an affimty matrix, aim
for (1) high stability of the linkage between ligand and matrix 1n storage and
use and (11) electrical neutrality and hydrophihicity of the linkage and the spacer
arm to limit secondary interactions.

2 2 Experimental facets of preparative affinity chromatography

2 21 Selection of equipment

It is one of the major advantages of affinity chromatography that excellent
results can be obtained with mimimal equipment. Because the interaction be-
tween the immobilized ligand and the solute(s) 1s more specific than the in-
teraction between solutes and the stationary phase in other forms of chroma-
tography, it 18 mostly possible to obtain the desired separations using relatively
small columns (bed volumes of 1-20ml) The size of the column 1s determined
by three factors: the amount of sample loaded, the fraction of the solute mol-
ecules likely to bind and the capacity of the affinity matrix. Commonly, a peri-
staltic pump 1s used to load the sample, wash the column and elute bound
solutes at a constant flow-rate In most cases, elution 1s achieved by step-wise
changes 1n the eluting solvent rather than by application of a gracdient. The
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eluent would usually be monitored by measuring its UV absorbance at 280 nm
(for proteins), 260 nm (for nucleic acids) or some other wavelength, and by
measuring the biological activity of collected fractions From these data, the
specific activity of the eluate (U/mg) and hence the purification achieved by
the chromatography step can be calculated, together with the percentage re-
covery of activity

Because of the small column size, sample loading, washing, elution and re-
equlibration can usually be achieved 1n a period of one to a few hours Thus is
probably satisfactory when affinity chromatography 1s carried out irregularly
as part of a purification procedure However, considerable savings 1in time as
well as improvements 1n reproducibility and resolution could be expected by
the use of an integrated HPLC or fast protein iquid chromatography (FPLC)
system especially 1n analytical work Many affinity chromatography columns
suitable for HPLC are available commercially, as are prepacked columns of
activated matnx (e g, activated tresyl-silica) ready for derivatization 1n situ
with the particular ligand required

In most instances, application of the sample at a relatively low flow-rate
allows sufficient time for equilibration between bound and free solute to be
achieved There are systems, however, for which equilibrium 1s attained very
slowly, especially when the 1nitial concentration of the solute to be bound 1s
very low To ensure that a high percentage of the solute 1s bound, the affinity
matrix and the solute sample may be mixed, with gentle agitation, for a period
of hours (batch adsorption) prior to pouring a column, washing and eluting in
the normal manner [51,57]

2 2 2 Depletion of secondary interactions

The essence of affimity chromatography 1s the specific interaction between
the derivatized matrix and the solute In principle, other non-covalent inter-
actions (hydrogen bonding, electrostatic bonding and hydrophobic mnterac-
tions) between any solute molecule and any part of the derivatized matrix
should be minimized Such interactions may be with (1) the matrix itself, (1)
the linkages of matrix to spacer arm and spacer arm to ligand, (1) the spacer
arm, 1if present, and (1v) the ligand. Non-specific adsorption of solutes to the
matrix can generally be overcome by capping of reactive matrix groups, such
as hydroxyl groups 1n silica beads and controlled pore glass Adsorption to
agarose, dextran and polyacrylamide gels 1s not usually a significant problem

The most likely secondary interaction 1s 1on-exchange For example, when
cyanogen bromide 1s used to activate the matrix, the ligand or spacer arm (R-
NH,) 1s attached via a protonated 1sourea linkage which 1s positively charged
at physiological pH The affinity matrix thus becomes an anion-exchanger,
1e,
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*NH,

|
matrix-O-C-NH-R,

whose capacity may equal or exceed that of commonly used anion-exchangers
such as matrices derivatized with diethylaminoethyl groups. This 1s a signifi-
cant disadvantage of the cyanogen bromide method of matrix activation Sim-
ilarly, the presence of charged groups in the spacer arm should be avoided In
many cases, the ligand 1tself 1s charged, positively or negatively, at physiolog-
ical pH, and the electrostatic interaction between ligand and solute is at least
partially responsible for the specific binding This situation arises, for exam-
ple, with affinity matrices involving AMP (see above) or benzamidine, a com-
petitive inhibitor of trypsin that has frequently been used as immobilized l1-
gand 1n the purnfication of trypsin and related enzymes [58]. The obwvious
method to hmit non-specific 10n-exchange interactions between an affinity
matrix and solutes 1s to equilibrate the column and the sample to be loaded
with buffer containing a high concentration of electrolyte (say 1 M sodmum
chloride) or to wash the column with high-1onic-strength buffer after loading
the sample but before specific elution of solute 1s attempted. Alternatively, the
problem may sometimes be averted by manipulating the pH at which the ex-
periment 1s conducted or by preceding the affinity chromatography experi-
ment by an 10n-exchange step designed to remove solutes for which the inter-
action with affinity matrix 1s non-specific ion-exchange. It should be noted
that this phenomenon 1s likely to be significant in experiments with a protein
as the immobilized ligand.

Signmificant hydrophobic interactions between spacer arm or hgand and sol-
utes may also occur These can be mimimized by using a hydrophilic (but un-
charged) spacer arm and by employing a buffer of low 1onic strength to dimin-
1sh hydrophobic interactions In that regard it should be noted that the
conditions required for overcoming non-specific 1on-exchange and hydropho-
bic effects are mutually exclusive Resort to biospecific elution procedures (see
below) also helps to obviate problems caused by secondary interactions

Although Scopes [38] has calculated that an association constant of at least
10® M~ 1s required to ensure effective adsorption of a solute to an immobilized
hgand, a high degree of binding to an affimity column 1s frequently encountered
with systems for which the association constants describing complex forma-
tion between solute and soluble ligand are 10°~10° M —!, the range that applies
to many complexes between enzymes and substrate analogues Part of the an-
swer to this apparent anomaly appears to be that non-specific binding between
solute and affinity matrix (e g, with the spacer arm) provides an additional
contribution to the energetics of the interaction between solute and 1mmobi-
lized ligand For affinity systems involving weak interactions, non-specific
binding may therefore be advantageous
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2 2 3 Biospecific and non-specific elution

Once the sample has been loaded and the affinity column washed to remove
unbound or non-specifically bound solutes, specific elution may be achieved
by displacement of the equulibrium position for the binding of higand to solute.
This 1s usually done by elution with a soluble compound which competes with
the immobilized hgand for binding sites on the solute or with the solute for
binding sites on the ligand In regard to two examples of affinity matrices al-
ready mentioned, trypsin-like enzymes may be eluted from a benzamidine af-
finity matrix with an eluting buffer containing benzamidine [58] and red kid-
ney bean purple phosphatase is eluted from con A-Sepharose by a buffer
containing o-methyl mannoside [43]. In the latter case, the ac-methyl man-
noside competes with N-glycans on the phosphatase for binding sites on the
ligand, con A

A further dimension 1n biospecific elution 1s demonstrated by the separation
of three dehydrogenases by affinity chromatography on AMP-Sepharose [59]
A maxture of malate, alcohol and lactate dehydrogenases was applied to the
column and, as expected, all bound Malate dehydrogenase was specifically
eluted with NADH-oxaloacetate adduct; then alcohol dehydrogenase was eluted
with a mixture of NAD™ and hydroxylamine, and finally, lactate dehydroge-
nase was eluted with NADH-pyruvate adduct In each case, the specific sub-
strate or substrate analogue 1n combination with the common substrate (NAD*
or NADH) effected elution of the one enzyme capable of ternary complex for-
mation with the particular substrate (analogue)-coenzyme pair

The purification of calmodulin by chromatography on Phenyl-Sepharose
provides another interesting example [60] This separation 1s based on the
hydrophobic 1nteraction between immobilized phenyl groups and a binding
site on calmodulin, an interaction of low specificity that barely merits desig-
nation as affinity chromatography However, the procedure uses the specific
effect of Ca?* on the binding properties of calmodulin, the Ca** complex of
which binds to the matrix After loading of the sample 1n the presence of Ca®™,
specific elution of the calmodulin 1s achieved by including ethylene glycol bis(f3-
aminoethyl ether) N,N,N’,N’-tetraacetate in the buffer to chelate the Ca**
and hence abolish the binding of calmodulin to Phenyl-Sepharose This affin-
1ty procedure has been extended to determine the effects of chemical modifi-
cation of calmodulin on the ability of Ca®* to expose the hydrophobic regions
responsible for the interaction with Phenyl-Sepharose [61]

Affinity elution of proteins from 1on-exchange columns 1s a closely related
phenomenon The principle 1s best illustrated by an example - the specific
elution of aldolase from a carboxymethyl-cellulose column at pH 7 1 by a low
concentration {0 1 mM) of fructose 1,6-bisphosphate [62,63] Each molecule
of substrate bound to the enzyme adds between three and four negative charges
at pH 7 1, and the effect 1s multiplied 4-fold since aldolase 1s a tetramer The
aldolase-substrate complex has a net negative charge under these conditions
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and 1s eluted, whereas other bound proteins would largely be unaffected by the
presence of this low concentration of fructose bisphosphate Scopes [37,63]
has outhined the factors involved 1n achieving successful biospecific elution
from 10n-exchange columns

Elution becomes a problem when there 1s very tight binding between 1m-
mobilized higand and solute As mentionedn the Introduction, the rate of com-
plex dissociation may be very slow, so that there 1s no possibility of displace-
ment of solute from immobilized ligand (e g, by competition between
immmobilized and soluble ligand) on a viable time scale Toillustrate this point,
consider the simple equilibrium

k1

A+B< AB (3)

kg

where K p=k,/k, =10 M ~! Measured values of k, for the formation of en-
zyme-substrate and enzyme—inhibitor complexes are in the range 10°-10* M !
s ! [64] The corresponding rate constant for the reaction of a macromolecule
with an immobilized ligand may be 100-fold smaller, given the difference be-
tween diffusion coefficients of small and large molecules If we take 10° M !
s~! as a reasonable estimate of k,, k, becomes 10~% s~ !, corresponding to a
half-life of about 20 h To quote an extreme example, the interaction of trypsin
with basic pancreatic trypsin inhibitor 1s characterized by a &, 0f 1 1-105 M !
s~'andak,0f66-1078s~' [65], corresponding to a half-life of about 120 days
for dissociation of the complex

When elution using a soluble ligand 1s not possible, the only method avail-
able 1s to decrease the association constant by changing the conditions This
may sometimes be achieved by a relatively small change in pH [51,57] The
most common examples of very tight binding and slow dissociation are 1n 1m-
munoaffinity chromatography, where elution 1s commonly achieved by de-
creasing the pH to 2-3, or by incorporating a denaturing agent such as urea or
guanidinium chlorde in the eluting buffer [52] Such elution conditions could
well lead to irreversible denaturation of the solute, which may or may not be a
problem depending on the purpose of the experiment As mentioned above, the
use of monoclonal antibodies, selected to bind with an intermediate association
constant, can overcome these difficulties

2 3 Biwmedical applications of affiraty chromatography

2 3 1 Punfication of proteins and nucleic acids

The purification to homogeneity of one protein species from a mixture which
may contain thousands of different proteins remains one of the more formi-
dable challenges of biomedical science Since 1ts inception 1n the work of Ler-
man [66] i the 1950s and the major improvements made by Cuatrecasas,
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Wilchek, Anfinsen and others in the late 1960s [18,19], affimity chromato-
nnnnnnnnnnnn

proteins Extensive compilations of specific affinity procedures are contained
1n earher reviews, especially ref 30, and further examples appear continually
1n biochemical journals. Protein purification and partial sequencing 1n many
cases precede gene cloning, DNA sequencing, mutagenesis and expression, with
major developments 1n these areas resulting in expanding interest in protein
purification and hence 1n affimty chromatography The need for stringent pu-
rification of proteins produced by recombinant DNA technology has also 1n-
creased the importance of affimty chromatography as a preparative 1solation
procedure In one recent example of an expression system [67], the cDNA of
the protein being studied was inserted into a plasmid vector adjacent to cDNA
for glutathione S-transferase. Expression in Escherichia coly resulted 1in the
formation of a fusion protein which was purified by affinity chromatography
on a glutathione-containing matrix The purified fusion protein was then
cleaved from the desired protein by thrombin at a cleavage site incorporated
mmto the region linking the glutathione S-transferase cDNA and the cDNA of
the protein being expressed

In the affimty chromatography of nucleic acids, two types of ligand could be
used a second nucleic acid or a protein. The classical example of an immobi-
lized nucleic acid higand 1s oligo- (dT')-cellulose for 1solating mRNA by virtue
of base pairing between poly A tails on the mRNA and the ligand [68]. Apart
from this example, little use has yet been made of ligands which contain a
specific oligonucleotide sequence expected to hybridize with only one type of
mRNA or single-stranded DNA 1n a complex mixture Similarly, little, 1if any,
use has been made of DNA- or RNA-binding proteins as igands to purify nu-
cleic acids containing sequences which bind to the proteins There 1s clearly
considerable scope for further developments in affimity chromatography of nu-
cleic acids. The reverse procedure, where an immobilized nucleic acid ligand 1s
used as an affinity matrix to separate nucleic acid binding proteins, has been
applied frequently [30,69]. For example, purified transcription factor Spl, a
protein which binds to a particular promoter sequence in DNA (the ‘GC box’),
has been obtained by affinity chromatography on a Sepharose matrix contain-
ng synthetic nucleotides with the sequence 5' -GGGGCGGGGC-3’ [70].

Potentially, affinity chromatography 1s a powerful method for separation of
different types of cells, based on the interaction between an immobilized higand
and a molecule which 1s present on the surface of only one or a few cell types
It 1s a complementary procedure to cell separation using a fluorescence-acti-
vated cell sorter, which 1s another biospecific method. However, practical prob-
lems remain, mostly associated with the difficulty of eluting bound cells from
the matrx in such a way that they remain viable [71] One promising approach
has been to link the ligand to the matrix by means of a spacer arm which can
be cleaved readily under mild conditions, an example of such an affinity system
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being matrix—arm-Hg-S- hgand After cells have been bound to the ligand, the
cell-ligand complex may be released by incorporating into the eluting medium

an excess of a thiol such as dithiothreitol [71]

2 3 2 Biospectific uses of immaobilized proteins

Immobilized proteins are frequently used 1n affinity chromatography for the
purification and analysis of other proteins, and several examples have been
described above Immobilized proteins have other biospecific uses, including:

(1) Catalysis of specific chemical reactions; examples include the use of glu-
cose 1somerase 1n the industrial-scale preparation of high-fructose corn syrup
and the use of a variety of enzymes 1n enzyme electrodes and thermistors to
allow the estimation of chinically significant metabolites [34,72].

(11) Resolution of enantiomeric mixtures by differential binding of enan-
tiomers, e g, resolution of N-benzoyl-DL-serine on silica-tmmobilized bovine
serum albumin [73].

(1) Various ELISA and RIA techniques, as well as allowing the estimation
of macromolecules, progress 1s being made 1n the use of immobilized antibodies
for the estimation of low-molecular-weight metabolites, such as specific steroids.

2 4 Buwospecific procedures in electrophoresis

2 4 1 Biospecific wentification of species

The development of blotting procedures (electro and capillary) to transfer
proteins and nucleic acids from electrophoretic supports such as agarose and
polyacrylamide to nitrocellulose or other types of film has stimulated major
recent advances 1n ospecific 1dentification of species (see ref 74 for a recent
review) Blotting onto polymeric film leads to a major improvement 1n acces-
sibtlity of the transferred macromolecules, especially to other macromolecules
used 1n 1dentification Identification of specific proteins after electrophoresis
or 1soelectric focussing (IEF) and blotting can be achieved by either (1) loca-
tion of the biological (e.g., enzymatic) activity of the native protein (provided
the protein has not been 1rreversibly denatured prior to or during the separa-
tion and blotting process) or (11) use of an antibody able to bind specifically
to the protein in either 1ts native or denatured form, or both (viz, Western
blotting).

For nucleic acids, a labelled probe with a base sequence complementary to
portion of the nucleic acid molecule being located 1s allowed to hybridize with
the nitrocellulose film onto which the nucleic acid molecules have been blotted,
after first converting the bound nucleic acids from double stranded to single
stranded 1f necessary Excess probe 1s washed away and the bound label 1s
detected, usually by autoradiography The result of the overall procedure (elec-
trophoresis, blotting and visualization) 1s termed a Northern blot (when RNA
18 1dentified) or a Southern blot (for DNA).
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Enzymatic activity 1s still frequently visualized in electrophoretic and IEF
gels without blotting. Specific staining procedures have been developed for a
large number of enzymes and other proteins [75,76], and 1t can be safely as-
sumed that direct staining of gels will continue to be widely used 1n addition
to staining of blots. Immunoelectrophoresis 1s the corresponding method which
has been used to locate antigens directly in gels after electrophoresis or IEF
[77] In this method, antigens are first separated by electrophoresis or IEF,
usually 1n an agarose gel, and the specific antibody solution 1s placed in a trough
parallel to the lane in which the sample was run. Antigen and antibody then
diffuse through the gel and form a precipitin line. This technique has severe
limitations, especially in sensitivity, and has largely been superseded by blot-
ting and visualizing the antigen 1n question by means of a radioactive or en-
zyme-linked antibody, or by a sandwich technique

With the explosion in the amount of DNA sequence data available, many
open reading frames have been found for which the gene product 1s unknown.
Biospecific procedures may be used to 1dentify the gene product, as follows:
gene sequence—protein sequence—synthetic peptides—antibodies against
peptides » Western blotting of proteins from the appropriate cell »elution of
proteins which bind to the anti-peptide antibody and confirmatory sequencing

24 2 Affinuty electrophoresis

Affinity electrophoresis 1s a form of gel electrophoresis in which the gel con-
tains a ligand for one or more of the solutes (usually proteins) [78] Mobility
depends on the charge and size of the solute molecules, as 1n normal gel elec-
trophoresis, but in addition, molecules which bind to the ligand are retarded.
The separation pattern achieved in an affinity electrophoresis experiment 1s
compared with that obtained in a control experiment (with no ligand) to locate
bands corresponding to solutes which bind to the ligand One recent example
which shows the value of the method 1s the separation of individual immuno-
globulin G (IgG) species present in rabbit polyclonal anti-dinitrophenyl an-
tibody [79]. A two-dimensional system was used, with IEF 1n the first dimen-
sion and electrophoresis 1n a polyacrylamide gel containing dinitrophenyl or
trinitrophenyl groups covalently attached to the polyacrylamide in the second
dimension Use of either affinity resin gave resolution of approximately 100
spots due to individual IgG species, whereas the analogous system without
ligand failed to produce any discreet spots This separation was made feasible
by the relatively weak binding between the antibodies and the haptens (asso-
ciation constants of 10*-10° M)

In instances where the ligand 1s too large to migrate through the gel, affinity
electrophoresis may be performed without covalent attachment of the ligand
to the matrix — a situation demonstrated in a gel electrophoretic study of mus-
cle phosphorylase on polyacrylamide impregnated with glycogen [80] Affi-
nophoresis [81] differs from both techniques so far described in that the bio-
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specific igand is not immobilized Provided that the ligand 1s relatively small
and bears net charge, 1ts interaction with a particular solute 1n a tissue extract
allows 1dentification of that solute by virtue of its changed electrophoretic be-
haviour Rocket electrophoresis [77], where the gel contains an antibody to
one of the components of the sample, 1s a variant of affinophoresis This com-
ponent migrates until 1ts concentration 1s the same as that of the antibody, at
which point precipitation occurs The pattern of precipitation resembles a
rocket, and the length of the rocket gives an indication of the concentration of
the antigen 1n the sample Like immunoelectrophoresis, rocket electrophoresis
18 largely superseded by blotting, ELISA and RIA techniques

By combining the resolving powers of gel electrophoresis and affinity chro-
matography, affinity electrophoresis must be regarded as one of the most pow-
erful separation techniques available to an experimenter — a point 1llustrated
by the above-mentioned separation of individual IgG species [79] Despite this
potential, affinity electrophoresis has not been used extensively, possibly be-
cause gel electrophoresis and affinity chromatography are both high-resolu-
tion techniques 1n their own right In that regard the fact that so much atten-
tion has been focussed on affimity chromatography undoubtedly reflects the
ease with which a biospecific procedure developed for analytical estimation of
a particular solute may be upgraded to a preparative procedure for 1solation of
that solute or, indeed, adapted to yield quantitative information on the stor-
chiometry and strength of the biospecific phenomenon

3 QUANTITATIVE CHARACTERIZATION OF BIOSPECIFIC INTERACTIONS

In the preceding section emphasis was placed on the advantageous use of
biospecificity to effect solute fractionation and estimation by chromatographic
and electrophoretic techniques We now wish to consider the adaptation of
those same procedures to characterize a biospecific interaction in terms of stoi-
chiometry and equilibrium constant — on the grounds that important features
of these interactions are their non-covalent nature and the consequent depen-
dence of their equilibrium positions upon prevailing reactant concentrations
Such quantitative characterization of the biospecific phenomenon must there-
fore precede meaningful discussion of, for example, changes 1n the degree of
receptor-site occupancy with variation in metabolic hormone concentration or
of the likely systemic drug concentration required for effective cancer chemo-
therapy The possibility that the technique used to 1solate (say) a protein or
enzyme on the basis of biospecificity may also yield quantitative information
on the biospecific interaction 1s clearly an attractive prospect worthy of pursuit

This section begins with a discussion of general aspects related to the deter-
mination of equilibrium constants by chromatographic and electrophoretic
techniques (1) the type of experimental design that 1s most rewarding from
the quantitative viewpoint, (11) interpretation of the resulting experimental
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measurements 1n terms of the energetics of the interaction being studied, and
(1) allowance for the effects of ligand multivalency - a hitherto largely ig-
nored problem despite 1ts relevance to the binding of oligomeric proteins to
larger macromolecules. The first method considered 1s gel chromatography —
an extremely versatile technique for the characterization of interactions, spe-
cific or non-specific, that sets the quantitative standards by which the bio-
specific electrophoretic and chromatographic procedures must be assessed
Then follows a discussion of current gel and electrophoretic techniques, which
clearly do not measure up very well against those standards Finally, consid-
eration 1s given to quantitative affinity chromatography, which, as in Section
2, 18 accorded most extensive treatment on the grounds that 1t provides the
best characterization of interactions that the biospecific approach has to offer.

3 1 General experimental aspects

Physiological systems abound with examples of specific macromolecular in-
teractions 1n which chemical equilibrium between the participating species is
rapidly established, the rapidity of equilibrium attainment being essential to
current concepts of metabolic regulation 1n response to an ever-changing cel-
lular environment For such systems the chromatographic or electrophoretic
behaviour clearly cannot reflect directly the composition of the initial equilib-
rium mixture because of the continual reequilibration that must necessarily
accompany the attempted separation of complex (es) from reactants by differ-
ential migration. Traditional interpretations of electrophoretic and chroma-
tographic patterns therefore need to be supplanted by analyses which take into
account this complication and which thereby render possible the quantitative
characterization of rapid chemical equilibria by these techniques [82-84] The
following considerations serve to emphasize (1) the nature of the revised anal-
yses, (1) the sismplicity of the resulting chromatographic and electrophoretic
methods for quantifying biospecific interactions and (i) their ability to pro-
vide such characterization for a whole spectrum of macromolecular interactions.

311 Zonal and frontal techniques

Most 1socratic chromatographic studies employ zonal analysis, which entails
the application of a small zone of solute to a column, and subsequent elution
with buffer As the zone migrates through the chromatographic bed it under-
goes continual dilution because of axial dispersion, with the result that the
concentration of the eluted zone 1s considerably smaller than that of the ap-
plied solution (Fig 1a). For any system in which chromatographic migration
exhibits dependence upon solute concentration such dilution 1s clearly a com-
plicating factor from the viewpoint of interpreting the resultant elution profile
This dafficulty 1s readily obviated by resort to frontal chromatography (Fig
1b), 1n which a sufficient volume of solution 1s applied to the column to ensure
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Fig 1 Gel chromatographic elution profiles for ovalbumin (1 5 mg/ml) on a Sephadex G-100
column (195 emX2 4 em) equibibrated with 0 1 I phosphate, pH 6 8 (a) Zonal elution profile
obtained by applymg 3 ml of solution (b) Advancing elution profile obtained 1n frontal gel chro-
matography of the same solution (¢) Trailing elution profile generated in the same frontal
experiment

the existence 1n the elution profile of a region where the solute composition
equals that applied Thereafter, the column may be eluted with buffer to gen-
erate a second elution profile (Fig 1c). The particular advantage of the frontal
technique is 1ts provision of two independent elution profiles (advancing and
trailing), both of which are related unequivocally to the chromatographic char-
acteristics of the equilibrium mixture applied to the column

The emphasis 1n electrophoresis on increased versatility as a preparative
procedure has led to the virtual demise of moving boundary electrophoresis
[85], the frontal technique that preceded the current spate of zonal electro-
phoretic procedures. Consequently, the disadvantages discussed in relation to
chromatography of interacting systems also apply to current electrophoretic
techniques, the use of which for characterizing interactions 1s restricted to a
particular experimental design that mimimizes the comphications due to con-
tinual reestablishment of chemical equlibrium within the migrating reactant
zone (see later)

3 12 Partition equilibrium experiments

For rapidly established equilibria the elution volume derived from a column
chromatographic experiment 1s a steady-state (time-independent) parameter,
even though 1t 1s derived from a mass migration experiment [86,87] Under
those circumstances, an alternative to column chromatography 1s therefore to
conduct a series of partition equilibrium experiments in which the concentra-
tions of solute 1n the hiquid phase are determined for mixtures with known total
concentration of solute Mixtures containing known amounts of chromato-
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graphic matrix and partitioning solute are allowed to equilibrate at the tem-
perature of interest until partition eguilibrium has been established, at which
stage a sample of the supernatant 15 obtained by filtration [23] or centrifuga-
tion [88] of each mixture at the same temperature. The weight concentration
of all forms of the partitioning solute 1n the liquid phase, é,, is then determined
by any appropriate spectrophotometric, enzymic or raciochemical means. This
quantity 1s unequivocally the liquid phase concentration for a system with a
total solute concentration, ¢, that 18 obtained by dividing the weight of solute
added by V%, the volume accessible to A 1n the absence of any interaction with
matrix sites [23,89]. Any differences between the volumes of stationary (V,)
and hquid (V,) phases in the various mixtures are taken into account by em-
ploying the corresponding partition coefficient K¥, [90] and the relationship
Vi=V,+ K} V,, where the volume of lhiquid phase may be deduced from an
experiment with a solute that neither interacts with, nor penetrates, the sta-
tionary phase.

A disadvantage of such partition experiments 1s the need for precise deter-
mination of the weight and hence volume, V,, of affinity matrix present in each
reaction mixture [23] As noted previously [26], this requirement 1s a poten-
tial source of uncertainty 1n immstances where reliance must be placed on the
reproducibility with which aliquots may be taken from a concentrated slurry
of chromatographic or cellular matrix A possible means of obviating this dif-
ficulty 1s resort to a recycling partition technique [91,92] in which the hiquid
phase of a stirred slurry of chromatographic matrix and partitioning solute 18
monitored spectrophotometrically by means of a flow-cell placed 1n the line
returning the hquid phase to the slurry Even in the event that aliquots of hqud
phase must be removed for assessment of ¢, [93], this procedure still has the
advantage that a number of partition experiments may be performed with the
same sample of matrix material by making several additions of concentrated
solute to the slurry and determining the corresponding value of ¢, after each
addition

313 Intrinsic binding constants

In studies of the interaction between two solutes 1in solution the smaller
solute has been designated as the ligand, S, and the larger reactant as acceptor,
A [94] Whereas the ligand 1s considered to be univalent 1n 1ts interaction with
A, the acceptor may possess several sites for interaction with S and 1s therefore
said to be multivalent In studies of such mixtures of acceptor and higand 1t 1s
possible to define a binding function, r [94] or ¥ [95], as the molar amount of
ligand bound to the total amount of acceptor Since both of these amounts are
contained within the same volume, 1t follows that

r=([81-[S])/[A] 4)

where [S] denotes the equilibrium concentration of free hgand in a mixture
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with total (constltuent) molar concentrations [S] and [A] of ligand and ac-
u:puu respecwv'exy For an acceptor with i f sites for interaction with ugand the
dependence of the binding function requires description in terms of f binding
constants to account for the interaction at each site However, for many sys-
tems the acceptor sites are equivalent and independent, whereupon binding

becomes described by the relationship

r=fkas[S1/(1+kas[S]) (5)
1n which k4 g 1s the intrinsic association constant [94] or site-binding constant
[98] Experimentally, the existence of such a class of homogeneous sites 18

recogmzed by plotting results 1n terms of the Scatchard [95] linear transform
of eqn. 5, namely,

r/ 8] =fkag—Tkasg (6)

Non-linearity of the suggested plot of r/[S] versus r signifies the inadequacy
of a single intrinsic binding constant to describe the system, which thus re-
quires additional association constants to encompass erther the binding of Ii-
gand to different classes of sites or the cooperativity of ligand binding to equiv-
alent but dependent sites.

In affinity chromatography and, indeed, many biological systems the bind-
ing phenomenon of interest 1s the interaction of a macromolecular solute (e g.,
hormone, enzyme or antibody ) with an immobilized (or particulate) receptor
Since the interaction may also be influenced by the presence of a small metab-
olite, we retain the designation of A and S for the f-valent macromolecule and
umvalent hgand, respectively, and denote matnix sites (receptor sites) by X
Such action obviates the need for a change 1n termimology on extension of a
study of (say) the interaction between lysozyme and a cell wall preparation
(1n which the lysozyme could be regarded as a ligand) to include examination
of the effect of N-acetylglucosamine on that interaction. It also allows account
to be taken of the fact that a macromolecular solute may not be univalent in
1ts interaction with matrix (receptor) sites. For example, 1t 1s reasonable to
consider the interactions of the four coenzyme-binding sites on lactate dehy-
drogenase (A) with NADH (8S) 1n terms of eqns 4 and 6 with f=4 [5], but
these expressions do not describe the binding of the same sites to Blue Se-
pharose [97-99] because of their faillure to make allowance for the interaction
of one enzyme molecule with more than one matrx site (X). By designating
the f-valent macromolecular solute as A we are not merely devising terminol-
ogy to cope with the additional reactant encountered 1n affinity chromato-
graphy, we are also drawing attention to the necessity of modifying the basic
binding expressions (eqns 4 and 6) 1n instances where the hgand (small or
large) 1s multivalent in 1ts interactions with acceptor (receptor) sites
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3 14 Ligand multwalency

Despite the inevitable multivalency of antibodies in their interactions with
specific surface antigens, results are often presented in Scatchard [95] format,
1e, 1n accordance with eqn. 6 A disadvantage of this course of action 1s that
ligand multivalency introduces curvilinearity into the Scatchard plot that s of
the same form as that for the binding of a univalent higand to non-equivalent
or negatively cooperative receptor sites [96,98,99] A general counterpart of
the Scatchard analysis that can take into account the effect of ligand multi-
valency has evolved from theoretical expressions developed 1n the context of
quantitative affinity chromatography [92,98].

For the interactions of an f-valent solute (ligand), A, with g-valent receptor
(acceptor), X, the binding function should be defined [99] as

re=([A]Y'—[A]Y)/[X] (7)

from whach 1t 1s evident that the Klotz [94] binding function {(eqn 4) 1s, in-
deed, that for a univalent ligand Provided that a single intrinsic association
constant, kay, governs all solute-acceptor mteractions, the general counter-
part of the Scatchard analysis becomes [99]

ri/ [A1Y =qkax —fRaxr/[[A]9=D/F (8)

A linear plot of r;/ [A]"/ versus r;/ [A] Y~/ 1s thus the requirement for equiv-
alence and independence of receptor sites for a ligand that 1s multivalent Those
familiar wath the traditional Scatchard analysis of binding data may at first
query the presence of a term 1n total ligand concentration within the abscissa
parameter However, on setting /=1 1n eqn 8 the term in question becomes
unity by virtue of the power (zero) to which [A] 1s raised

An obvious prerequisite for application of eqns 7 and 8 to binding data 1s
the assignment of a magnmitude to the ligand valence, f Although a degree of
reticence 1n regard to this value 1s certainly understandable, 1t must be clearly
understood that any attempt to avoid the 1ssue by resort to a conventional
Scatchard analysis merely means that the researcher has selected unity as the
most appropriate valence To emphasize this point we consider results ob-
tained 1n a partition equilibrium study of the binding of aldolase to rabbit
muscle myofibrils [88], a system for which the interactions of enzyme with
myofibrillar matrix and substrate are mutually exclusive (competitive) [100]
Fig 2a presents a plot of those results (Table 1 of ref 88) that 1s obtained by
traditional Scatchard analysis, a course of action that has, by default, assigned
avalue of unity to f Any attempted quantitative interpretation of the curvilin-
ear plot would presumably be in terms of myofibrillar sites that are different
and/or negatively cooperative 1n their interactions with enzyme On the other
hand, Fig 2b presents the corresponding analysis of the results 1n accordance
with the general counterpart of the Scatchard expression (eqn 8) and a value
of 4 for f, on the grounds that aldolase 1s a tetrameric enzyme with four equiv-
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Fig 2 Effect of hgand multivalency on the analysis of binding data (a) Conventional Scatchard
plot of partition equilibrium results (Table 1 of ref 88) for the interaction of aldolase with rabbit
muscle myofibrils (b) Replot of the same results 1n accordance with eqn 8 and a value of 4 for f,
the enzyme valence

alent and independent active sites [101]. The linearity of this plot and 1its
conformity with the mandatory abscissa intercept (1/f) of 0.25 lead to the
conclusion that an intrinsic association constant (k,x) of 410 000 M ! de-
scribes the binding of aldolase to a single class of matrix sites, a finding con-
sistent with the highly ordered and regular nature of the myofibrillar matrix
[102]

3 2 Gel chromatographic techniques

A magor breakthrough in the development of chromatography as a means of
studying biological interactions was the introduction of cross-linked dextran
gels as chromatographic media [15]. For these gels and their subsequent mo-
lecular sieve counterparts chromatographic migration reflects a partition equi-
librium that 1s (1) very rapidly established, (11) dependent on molecular size
and (in) fairly insensitive to solute concentration These three characteristics
have rendered gel chromatography an extremely versatile technique for study-
ing a whole range of macromolecular interactions.

3 21 Solute self-association

Because of the relative independence of elution volume upon concentration
for a non-interacting solute [103], concentration dependence of elution vol-
ume such as that observed in frontal gel chromatography of a-chymotrypsin
[104] on a column of Sephadex G-100 (Fig 3a) must reflect varations in the
proportions of monomeric and polymeric species with enzyme concentration
as the result of reversible self-association Specifically, in frontal chromato-
graphy of an equilibrium mixture comprising monomer and single higher poly-
mer (nM=2P) with total concentration ¢, the measured elution volume, V, 1s
a weight-average quantity given by
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Fig 3 Characterization of a-chymotrypsin dimerization (pH 39, I 0 2) by frontal gel chroma-
tography on Sephadex G-100 (a) Advancing elution profiles obtained with 0 50 mg/ml (@) and
093 mg/ml (O) enzyme solutions on a 32 cm X1 25 cm Sephadex column (b) Concentration
dependence of the weight-average elution volume (V) from a series of such experiments (data
taken from Fig 5 of ref 104 ) (c) Analysis of the results from (b) by means of eqn 9 and the law
of mass action for a monomer-dimer equilibrium

V=[emVu+ (6—cn) V] /€ (9a)

This expression enables the monomer concentration, ¢y, to be evaluated, pro-
vided that estimates of the elution volumes of monomer, Vy, and polymer, Vp,
are also available [105-107] For this purpose eqn 9a1s rearranged to the form

CM=5(V—VP)/(VM—VP) (9b)

Fig 3b presents further information on the concentration dependence of V for
a-chymotrypsin [104], and Fig 3c the direct analysis of the results in terms
of the law of mass action for a monomer-dimer equlibrium, namely,
cp=(c—cy) =K' (cm)", where K’ 1s the association constant expressed on a
weight-concentration scale (1"~! g' ") and n=2; an alternative approach 1s
to employ the same expression 1n logarithmic format [107] If required, the
resulting equilibrium constant of 2 1/g that 1s obtained from the slope may be
converted to the corresponding molar association constant, K, by means of the
expression K=[K' (My)" '}/n, where My 1s the molecular weight of
monomer
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Fig 4 Versatility of frontal exclusion chromatography for the characterization of protein self-
association (a) Demonstration of the dissociation of bovine aryl sulphatase at concentrations
appropriate to enzymic assay, adapted with permission from ref 108 (b) Self-association of con-
centrated haemoglobin detected by exclusion chromatography on CPG-10-120A, the broken line
18 the predicted concentration dependence of the weight-average partition coefficient (K,,) for a
non-interacting &, f, entity, whereas the solid line has been calculated on the basis that the o, 8,
species undergoes dimerization governed by an association constant of 157 M~! Adapted with
permassion from ref 112

Examples of self-associating systems that have been investigated by frontal
gel chromatography include the enzymes «-chymotrypsin [104,106,107],
thrombin [104] and arylsulphatase [108], the proteins haemoglobin [105]
and f-lactoglobulin [109] and the drug chlorpromazine [110,111] Further
information on the study of self-associating systems by gel chromatography 1s
contained 1n an earlier review [84], which also considers the use of exclusion
chromatography for studies of concentrated protein solutions {112-114] In
such studies a changeover to porous glass beads 1s recommended to avoid the
complications arising from osmotic shrinkage of a gel chromatographic me-
dium [115-117]

Because of the availability of molecular sieving media with widely different
porosities, frontal exclusion chromatography affords an extremely versatile
means of studying solute self-association Furthermore, the only requirement
for 1ts application 1s a means of assaying the column effluent in an appropriate
concentration range for detection of the equilibrium It may therefore be used
to quantify self-association that 1s very strong, such as the monomer-tetramer
equilibrium for arylsulphatase A (Fig 4a) — a system requiring solute detection
by enzymic assay [108] — or self-association that 1s very weak, such as that of
haemoglobin (Fig. 4b) - a system for which concentration dependence due to
thermodynamic non-ideality outweighs that due to solute self-association
[112,114]

3 2 2 Interactions between disstmilar macromolecules
In frontal gel chromatographic studies of rapidly reversible complex for-
mation between dissimilar solutes (A+B<C) the advancing and trailing elu-
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Fig 5 (a) Advancing and (b) trailing elution profiles obtaned 1n frontal gel chromatography of
a mixture of soybean trypsin mhibitor (3 5 M) and cytochrome ¢ (12 2 M) on a column (32
cm X1 5em) of Sephadex G-75 equilibrated with 0 01 I phosphate, pH 6 8 Open and sohd symbols
denote constituent concentrations of soybean trypsm mhibitor (A) and cytochrome ¢ (B), re-
spectively, and the arrows indicate elution volumes appropriate to the apphication of eqns 10 and
13 Adapted with permission from ref 121

tion profiles usually contain a reaction boundary that separates the plateau of
original composition ([A]%, [B]%) from a second plateau corresponding to one
or other of the individual reactants [118-121] For example, Fig. 5 presents
such elution profiles for the two constituents 1n a study on Sephadex G-75 of
the electrostatic interaction between soybean trypsin inhibitor (A) and cyto-
chromec (B),pH 6.8,70 01 [121] Neither pure solute boundary corresponds
to 1ts equilibrium concentration in the applied mixture; but the concentration
of cytochrome c 1n the pure solute phase (S-phase) of the trailing elution pro-
file ([B]#) may be used to determine [A]%, the equilibrium concentration of
soybean trypsin inhibitor in the applied mixture, via the expression
[82,118,119,122,123]

[A]1%=(Ve—= V') ([A]*— [B]*+[B]#)/(Vs—V4) (10)

where V' denotes the median bisector of the gradient in constituent concen-
tration of B across the o ff boundary. The magnitude of the association equi-
librium constant may then be calculated as

Kap=([A]*—[A]%)/([B]*—[A]*+ [A]%) (11)

Alternatively, provided that complex formation 1s restricted to 1 1 stoichi-
ometry, the two constituent elution volumes, viz ,

Va=(ValA]*+ Vc[C]%)/[A]* (12a)
V= (Vy[B]*+ V¢[C]*)/[B]* (12b)

may be deduced from the median bisectors of the appropriate reaction bound-
aries 1n Fig 5 and be combined with the constituent composition of the apphied
muxture to yield K via the relationship [120,121]
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[B]*={[B]*(Va—Va)— [A]*(Va—Va)}/(Va—V)) (13)

Eqn. 13 should provide the more accurate estimate of K masmuch as 1its
application requires the estimation of only two parameters (V,, Vg) in addi-
tion to the elution volumes of individual reactants (V,, V), whereas the use
of eqn 10 requires a value of [B]?, the concentration of the pure solute phase
(cytochrome c) 1n the trailing elution profile Nevertheless, it 1s eqn. 10 that
has given the biggest boost to the determination of equilibrium constants by
gel chromatography In the particular circumstance that complex and faster
reactant comigrate ( Vo=V, ) the constituent and species elution volumes of
A become identical (V,=V,), a situation which ensures the 1dentity of V, and
V' Eqn 10 then simplifies to

[A]*=[A]*—[B]*+[B]’ (14)

a condition which signifies the identity of [B]® and [B]? Thus, by employing
a gel medium that excludes the larger reactant (A) and hence C, the equilib-
rium concentration of the smaller reactant 1s given directly by the concentra-
t1on of B that separates as the pure solute phase 1n the trailing elution profile
- 1rrespective of the valences of either reactant.

An advantage of molecular-sieve chromatography for studying macromolec-
ular interactions 1s the relative ease with which this combination of elution
volumes ( V=V, < Vi) may be achieved by appropriate selection of matrix.
This simplified approach has been used, for example, to quantify the interac-
tion of a lectin, con A, with Dextran T2000 by frontal exclusion chromato-
graphy on Glyceryl-CPG-170 porous glass beads [99]. Although gel chroma-
tography thus has considerable potential for the characterization of interactions
between macromolecules, 1ts major application to date has been as a rapid
alternative to equilibrium dialysis for studies of the binding of small ligands to
macromolecules [5,124-126]

3 2 3 Studies of igand binding

In biological systems the binding of a ligand to a macromolecular acceptor
18 an extremely common event that can have pronounced effects upon the func-
tional state of the macromolecules and also upon the entire physiological sys-
tem Equilibrium dialysis 1s the classical method for investigating such inter-
actions, but, as noted above, gel chromatography also has the potential for
direct measurement of the equilibrium concentration of hgand, [S]%, provided
that acceptor (A) and all acceptor-ligand complexes[AS,] co-migrate [5,124—
126] To create the plateau of original composition, a mixture of acceptor and
ligand 1s added to the column until the emerging effluent has the composition
of the solution being applied Elution of the column with buffer then generates
a trailing elution profile such as that shown in Fig 6a for a mixture of sulpha-
methoxypyridazine and albumin [124] that had been predialyzed to establish
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Fig 6 Quantitative studies of ligand binding by frontal exclusion chromatography (a) Trailing
ligand elution profile deduced from Fig 2 and Table 1 of ref 124 for a mixture of serum albumin
(14 mM) and sulphamethoxypyridazine (20 mM) on a column (30 cm X0 5 cm) of Sephadex G-
25, [8]“ denotes the estimate of the free sulphonamide concentration obtained by equilibrium
dialysis (b) Trailing higand elution profile obtained n frontal chromatography of a mixture of
Dextran T2000 (1 mg/ml) and concanavalin A (1 24 mg/ml) on Glyceryl-CPG 170 [99]

the equilibrium concentration of the drug. Clearly, [S]# provides a direct es-
timate of [S]*. Moreover, the rapidity with which equilibrium binding results
may be acquired 1s a decided asset of the gel chromatographic technique. For
example, a period of 2 h elapsed between the commencement of sample apph-
cation and complete elution of the sulphonamide drug in Fig 6a; and an even
shorter time period (40 min) was required for the experiment reported in Fig
6b on the interaction of con A with Dextran T2000 [99]. Further curtailment
of the time factor, and also of the amount of equilibrium mixture required, can
readily be achieved by resort to smaller columns and the use of more sophis-
ticated means of effluent scanning

3 24 The Hummel and Dreyer technique

A disadvantage of the frontal gel chromatographic technique for studying
ligand binding 1s the relatively large amount of acceptor-higand mixture (at
least one column volume) required to create the plateau of original composi-
tion Consequently, greater popularity has been accorded the Hummel and
Dreyer procedure [127], which involves application of a small zone of acceptor
to a column pre-equilibrated with a known concentration of ligand, [S],. In
the resultant elution profile, shown schematically 1n Fig 7, the increase 1n
constituent concentration of higand ([S]) coincident with elution of acceptor
at V, reflects the binding of ligand, whereupon 1t follows that the amount of
ligand bound may be calculated by trapezoidal integration to find the area of
this peak Since complex formation has been achieved at the expense of the
pre-equilibrating igand concentration, the elution profile necessarily exhibits
a negative peak at Vg, the elution volume of hgand Furthermore, considera-
tions of mass conservation show that the amount of S defined by the area of
this valley must also correspond to the amount of complexed ligand The Klotz
binding function, r, may therefore be determined as the amount of higand bound
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Fig 7 Schematic representation of an elution profile obtained m hgand-binding studies by the
Hummel-Dryer procedure [127] The solid line denoctes the constituent concentration of ligand
in zonal chromatography of acceptor (A) on a column pre-equilibrated with a concentration [S],
of igand The dotted line indicates the varation of free hgand concentration within the acceptor
zone 1n situations where V,<V,s< Vs, whereas the broken hne refers to systems with
Viaa< Va< Vg [129]

divided by the total amount of acceptor applied to the column Greater econ-
omy 1n regard to the amount of acceptor (though not of ligand {124]) may
well be an advantage of this technique, but the required trapezoidal integration
places stringent demands on the accuracy with which ligand concentrations
are measured and also on the accuracy with which the volume scale of the
elution profile 1s defined As noted by Colman [128], the latter disadvantage
18 obviated 1n instances where the availability of separate assay procedures for
acceptor and ligand allows the elution profile to be defined in terms of both
constituent concentrations ([A]y, [S]yv) as a function of effluent volume V
A value of the binding function, r, 1s then obtained by substituting this pair of
concentrations for any given volume V within the acceptor zone 1n the
expression

r=([8lv-[S1,)/[Alv (15)

Since frontal gel chromatography of an acceptor-hgand mixture only pro-
vides a direct measure of the free (and hence bound) ligand concentration 1n
instances where acceptor and complexes AS, co-migrate, 1t has been argued
[96] that the 1dentity of V, and Vg must also be an inherent assumption 1in
the evaluation of binding data by the Hummel-Dreyer procedure [127] In
that regard most applications of the techmque have entailed studies of protein—
ligand interactions on gels such as Sephadex G-25 (or G-50) and Bio-Gel P-2,
the exclusion of protein and all complexes from which ensures the validity of
this implicit assumption However, 1ts validity does not extend to the inter-
pretation of Hummel-Dreyer elution profiles obtained in gel chromatographic
studies of nucleotide-metal 10n interactions on Sephadex G-10 [128], a me-
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dium for which V< V,g5< Vg [129] This difference between the elution vol-
umes of nucleotide (V,) and complex renders invalid the substitution of [S],,
the pre-equulibrating ligand concentration for [S] in egn. 15. By numerical
simulation of the Hummel-Dreyer elution profiles for the ATP-Mg?* system
on Sephadex G-10 1t has been shown [129,130] that the free hgand concentra-
tion within the acceptor zone 1s less than [S], for this combination of elution
volumes (dotted curve in Fig. 7), whereupon values of the binding function
based on eqn 15 (or on the area of the ligand peak or valley) underestimate
the true value. In similar vein, faster migration of the complex (Vg < Vi< Vg)
gives rise to a local peak 1n hgand concentration within the acceptor zone
(dashed curve in Fig. 7) and hence overestimation of r by eqn 15 [129,130]

3 3 Electrophoretic methods

As a mass migration procedure, electrophoresis shares with sedimentation
velocity and gel chromatography the ability, in principle, to yield quantitative
information on interactions between dissimilar molecules [82-84 ] and is com-
plementary in the sense that migration is a function of charge density (charge/
s1ze ratio) rather than of size and shape Unfortunately, the virtual disappear-
ance of the U-tube assembly [85] has deprived electrophoresis of its best mode
of attack on the problem of characterizing interactions — moving boundary
electrophoresis. Consideration 1s therefore restricted to the use of current zonal
electrophoresis techniques, some of which can be adapted for characterization
of a imited range of interactions However, it transpires that equilibrium con-
stants are usually obtained more readily and/or with greater accuracy by the
gel chromatographic procedures already described or by the affinity chroma-
tographic techniques that conclude this section on the quantification of bio-
specific phenomena.

3 31 Gel electrophoretic studies of igand binding

The fact that gel electrophoresis is a zonal technique severely limits 1ts adop-
tion as a method for studying rapid, reversible interactions because of the re-
straints imposed by the need to minimize chemical re-equilibration as the re-
sult of the differential migration of complex (es) and reactants. In that regard
we note that the standard gel electrophoretic method for the quantitative anal-
ys1s of specific protein—-DNA 1nteractions [131] neglects any such re-equili-
bration and that the reliability of results so obtained 1s conditional upon the
validity of the assumption that no dissociation of protein-DNA complex oc-
curs within the time frame of the gel electrophoretic experiment In studies of
higand binding the need for making this assumption can be obviated by resort
to methodology akin to the Hummel-Dreyer gel chromatographic procedure
[127], wherein the net result of electrophoresis 1s a zone of acceptor migrating
1n a region of gel with a fixed concentration of higand, [S],. In the method of



411

counter-1on electrophoresis [132], developed to quantify the binding of Ca?*
to negatively charged calcium-binding proteins, this situation was effected by
adding calcium chloride to the anodic chamber reservoir and applying the pro-
tein sample to the cathodic end of the gel Since electrophoresis of the system
eventually led to a steady state in which the Ca®* was uniformly distributed
along the gel in front of and behind the migrating zone, the same situation
could have been achieved by pre-equilibration of the gel with a concentration
[S], of hgand prior to application of the protein zone The latter techmque
has been used 1n a gel electrophoretic study of the interaction between phos-
phate and ovalbumin [133]

As well as differing 1n the means used to effect gel electrophoresis of acceptor
1n a fixed ligand environment, the two investigations also employed different
approaches to the problem of quantifying ligand binding By including radio-
labelled igand ( [**Ca]) 1n the calcium chloride, Ueng and Bronner [132] gen-
erated a gel electropherogram that was the exact counterpart of a Hummel-
Dreyer [127] gel chromatographic elution profile (Fig 7) Trapezoidal inte-
gration was then used to obtain the amount of higand 1n the peak of radioactiv-
1ty co-migrating with the protein zone, and hence to obtain an apparent bind-
ing function - 1n complete conformity with the gel chromatographic procedure
already described On the other hand, the binding of phosphate to ovalbumin
was quantified by the change in mobility resulting from complex formation
[133] On the basis of the Smith and Briggs [134] approximation that each
successive addition of a charged higand to the protein should give rise to a
constant incremental change 1n acceptor mobility, the constituent mobility,
Ua, 15 related to 1its mobility in the absence of ligand, v,, by the expression
[133,135]

(Da—va) /a=[Okas[S]1/(1+kas[S]) (16)

in which & 1s the incremental change in mobility expressed as a function of the
mobility of free A 1n a gel chromatographic context &, and v, may be replaced
by R;and R;, the corresponding mobilities expressed relative to that of bromo-
phenol blue [133] Although such consideration of the dependence of R, upon
[S], in terms of a rectangular hyperbola (eqn 16) provides a value of the
intrinsic binding constant, ksg, the second parameter evaluated by this means
(fd) does not yield the number of binding sites on acceptor, except by recourse
to rationalization of the maximal mobility change (vAfd) 1n terms of a model
of electrophoretic migration [136] to assess the charge difference between A
and AS,, and hence f on the basis of the charge borne by S

The major objection to both of these procedures 1s their reliance upon 1den-
tification of the ligand concentration in the acceptor-free region ([S],) as the
equilibrium concentration within the acceptor zone [130] The invalidity of
this assumption 1s evident from Fig 7, which presents the analogous zonal gel
chromatographic profile 1n situations where Va g+# V. In electrophoresis the
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mobility of the complex 1s hikely to be intermediate between those of acceptor
and ligand, and the dotted line 1n Fig. 7 1s therefore the appropriate represen-
tation of free hgand concentration within the migrating acceptor zone Failure
to take into account the diminished concentration of free S within the acceptor
zone clearly leads to underestimation of the binding function by trapezoidal
integration of the associated peak in total ligand concentration Insimilar vein,
the measured constituent mobility of the acceptor zone (U, or ;) 1s governed
by a lower concentration of ligand than [S], Cann and Fink [130] have noted
that a steady-state binding function (r,,) pertaining unequivocally to [S], may
be obtained by extrapolating the measured values to zero acceptor concentra-
tion and 1n that regard a similar extrapolation of Rf would be required to obtain
the appropriate value for substitution 1n eqn. 16. In counter-ion electropho-
resis, however, the suggested extrapolation of the measured binding constant
to zero acceptor concentration does not conclude the difficulties confronting
the experimenter, who 1s still faced with the problem of converting the conse-
quent steady-state binding constant to an equilibrium constant [130]

The logical conclusion to be drawn from this discussion 1s that gel electro-
phoresis 1s not the method of choice for studies of ligand binding because of
the difficulties created by non-identity of the mobilities of acceptor and accep-
tor-ligand complexes Although counter-ion electrophoresis has afforded a
convenient means of 1dentifying two calcium-binding proteins 1n rat mucosal
scrapings [132], 1t 1s inferior to gel chromatography for the quantitative char-
acterization of their interactions with Ca®?* Gel chromatography would not,
however, have provided any information on the ovalbumin-phosphate system
because of the extremely high phosphate concentrations (1-7 mM) required
to effect this interaction [133,135] For characterization of such weak mter-
actions 1t 18 imperative that attention be switched from determinations of bound
ligand based on differences between total and free ligand concentrations to
determinations based on the consequent changes 1n an acceptor parameter In
that regard electrophoretic mobility certainly fulfils that role if the ligand 1s
charged, but 1t transpires that for these systems electrophoresis 1s again sup-
planted by another chromatographic technique (affinity chromatography) as
the method of choice

332 Affinuty electrophoresis

The technmique of affinity electrophoresis in a polyacrylamide gel was intro-
duced by Takeo and Nakamura [80] 1n a quantitative study of the interaction
between phosphorylase and glycogen, a reactant (ligand) sufficiently large to
justify the approximation being made that the uniform concentration of gly-
cogen established within the gel during 1ts preparation prevailed throughout
electrophoresis of the phosphorylase because of inability of the polysaccharide
to magrate through the gel pores Since interaction of the enzyme with glycogen
thus resulted in the formation of complexes with zero velocity, the constituent
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Fig 8 Quantitative characterization of the interaction between muscle phosphorylase and gly-
cogen by affinity electrophoresis Closed and open symbols refer to plots of the experimental data
(Fig 1 of ref 80) in accordance with eqns 17a and 17b, respectively

mohility of the enzyme, 04, or the corresponding relative mobility parameter,
R, reflected the proportion of uncomplexed enzyme and thus decreased with
increasing glycogen concentration On the basis that the tissue extracts were
from resting muscle, the enzyme would have been predominantly phosphoryl-
ase b and hence dumeric 1n 1ts interaction with glycogen, S From the definition
of the constituent mobility of enzyme for such a system, viz, 0, =Z(v 5 [AS,])/
2[AS,], 0=1<2, 1t follows that the intrinsic binding constant, k,g, for the
interaction of glycogen with two equivalent and independent binding sites on
phosphorylase b may be evaluated via the expression

(0a/0a)?= (R//R;)*=14ks[S], (17a)

where [S], denotes the pre-equilibrating concentration of glycogen Alterna-
tively, if the viewpoint 1s adopted that formation of the complex AS, 1s pre-
cluded on steric grounds, the corresponding expression 1s

UA/lyA:Rf/Rf=1+2kAs[S]p (17b)

Results reported in the caption to Fig. 4 of ref 80 for the muscle phosphoryl-
ase-glycogen system are presented in Fig. 8, where closed and open symbols
denote the plots 1n accordance with eqns 17a and 17b, respectively On the
basis of the former an intrinsic association constant of 0 36 (+0.14) 1/g 18
obtained from the slope of the line joining the mandatory ordinate intercept
of unity to the mean of the experimental points. Uncertainty about the feas:-
bility of forming the AS, complex has no significant effect on the magnitude
of the intrinsic constant evaluated, since similar treatment of the results plot-
ted 1n accordance with eqn 17b yields a kag 0of 0.45 ( =0 18) 1/g In that regard
the association constant of 0 91/g obtained by Takeo and Nakamura [80] from
a comparable analysis 1s to be recogmzed as the stoichiometric constant
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(Kag=2k4ss), since no allowance was made for the fact that there were two
ways of forming a 1 1 complex between glycogen and phosphorylase b. The
relatively large uncertainty in the kg value deduced from either plot reflects
1ts curvilinearity, which 1s almost certainly due to the failure of eqn 17 to make
allowance for the tetrameric nature of the small amount (10-15%) of phos-
phorylase a that 1s present in resting muscle.

A more conventional form of quantitative affinity electrophoresis is to 1m-
mobilize a higand, X, that interacts with electrophoretically migrating solute,
A, so that competition between X and a small, uncharged ligand, S, may be
examined by electrophoresis on gels pre-equilibrated with S [137] Specifi-
cally, the interactions between lecting and various sugars were studied by af-
finity electrophoresis on polyacrylamide gels containing immobilized sugar
residues, a technique which again provided an experimental measurement of
the constituent mobility of A as a function of pre-equilibrating ligand concen-
tration, [S],. For these systems, which also involved the electrophoretic mi-
gration of a dimeric (divalent) solute, A, the expressions analogous to eqns.
17a and 17b are

(UAU_A)1/2=(Rf/-gf)l/2=1+kAX[X]p+kAS[S]p (18a)
va/Ua=R;/Ri= (1+kag[S],)?+ 2kax [X], (18b)

where k,x denotes the intrinsic association constant for the interaction of ac-
ceptor with immobilized igand, present at concentration [X],. Eqn. 18b is
based on the premise that the formation of AX, but not AS, is sterically pre-
cluded it 1s noted that the predicted non-linear dependence of R;/R;upon [S],
18 at variance with the original analysis [137], which was based on univalence
of the lectin 1n 1ts interactions with both S and X

Subsequent considerations of the theoretical aspects of affimity electropho-
resis [138,139] drew attention to the large number of assumptions inherent 1n
the original quantitative analysis. Assumptions of particular concern included:

(1) The need to consider that complex formation with soluble ligand has no
effect on the mobility of acceptor — a requirement that immediately restricts
the application of affinity electrophoresis to studies with uncharged ligands

{11) The requirement that the solute (A) be unmivalent — an assumption rec-
tafied by eqns 17 and 18

(111) The presumption that the chemical interactions of A with S and X
occur at a sufficiently rapid rate for equulibrium to prevail throughout electro-
phoretic migration — an entirely reasonable proposition for many reactions on
the time scale of electrophoresis

(1v) The approximation that the free concentrations of immobilized ligand,
[X], and soluble ligand, [S], are given with sufficient accuracy by the pre-
determined constituent concentrations [X], and [S], Theory developed to
take mto account some of these problems [138,139] 1s, in fact, covered in the
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treatment of quantitative affimity chromatography, an analogous technique
with far greater versatility than 1ts electrophoretic counterpart from the view-
point of potential applications to biospecific phenomena

3 4 Quantitative affinuty chromatography

Introduced [140] at a stage when the power of affinity chromatography as
a method of solute purification was well established, the quantitative adapta-
tion of the technique was originally envisaged as a means of taking additional
advantage of a chromatographic matrix developed for isolation of a solute on
the basis of 1ts biospecificity. Whereas the function of the immobilized ligand
1n preparative affinity chromatography 1s its selective interaction with a par-
ticular solute, 1ts role in quantitative affimty chromatography is to provide
competition for the hgand whose biospecificity 1t 1s mimicing, and thereby a
means of quantitatively characterizing the biospecific interaction In this con-
text affinity chromatography has been used to evaluate many equilibria mn-
volving enzyme 1nteractions with modifiers, inhibitors or substrates
[23,25,97,98,140-147], and also to study protein-drug interactions [29,148],
protein—protein interactions [149-151], hormonal interactions [1562-154] and
antibody-antigen systems [155-158]. A shift in methodology from column
chromatography to partition equilibrium studies [23,88] has led to a vast in-
crease 1n the scope of the technique, the theory of which 1s also central to
mvestigations of metabolite-dependent changes in the subcellular distribution
of enzymes [88,159-164] and also to the use of standard RIA and ELISA pro-
cedures for quantitative characterization of immunochemical interactions
[156-158]

341 Studies of igand binding

In 1ts chromatographic context quantitative affinity chromatography entails
immobilization of a biospecific reactant group, X, on a matrix (often Sephar-
ose) and measurement of the weight-average elution volume [26], V,, of the
partitioning solute (A) 1n a series of experiments in which solute migrates in
the presence of different concentrations [S] of ligand S that interacts specif-
1cally with A or X In most studies so far reported the dependence of V, upon
[S] has reflected either the interaction of immobilized reactant X with binary
AS complex [25,140] or competition between ligand and immobilized reactant
for the same A sites (e.g refs. 23, 89 and 141-148). An example of the latter
type of interaction 1s illustrated in Fig 9a, which shows the effect of methyl-
a-D-glucoside on the elution volume of con A 1n frontal chromatographic ex-
periments on Sephadex G-50, the biospecific elution in this system reflects
competition between the glycoside (S) and the anhydroglucose polymer chain
of the Sephadex (X)) for the two carbohydrate-binding sites on con A The aim
of quantitative affinity chromatography 1s to interpret these variations in V,
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Fig 9 Characterization of the interaction between methyl-ce-D-glucoside and concanavalin A by

affinity chromatography on Sephadex G-50 [165] (a) Concentration dependence of the weight-

average elution volume of concanavalin A on a column of Sephadex G-50 1n the absence (O) and

presence (@) of hgand (0 1 mM) (b) Replot of those results 1n accordance with eqn 19

1n terms of the operative equilibria, frontal chromatographic data being pre-
ferred for precise delineation of the reaction mixture to which V, refers

For a system involving competition between ligand and matrix groups for A,
the affinity chromatographic behaviour of an f-valent solute 15 most conve-
nmently expressed 1n the form [92,98]

[1-(VE/VD)Y]_ kax[X]  fhax(Va/ V) [Al{1— (V/V)'}
(VX/VA) ~ 1+kas[S] 1+Ekas[S]

where V, denotes the elution volume of solute in a frontal expermment with
total concentration [A] of solute and free (equilibrium) concentration [S] of
hgand, V%, the elution volume of A in the absence of any solute-matrix inter-
action, 1s clearly the void volume for con A on Sephadex G-50. Although [X]
refers to the effective total concentration of matrix sites, the validity of egn.
19 1s not reliant upon the assumption, inherent in the earlier electrophoretic
analyses, that this concentration approximates the free concentration of matrix
sites. At a fixed value of free ligand concentration [S], realizable by prior di-
alysis of solute against ligand [26,28], a plot of [1—
(VX/VAYI/(VE/ V)Y versus (Va/VE) [A][1— (V% /V4)"/"] from exper-
iments with different total solute concentration should thus be linear, with a
slope of fkax/(1+ kas[S]) and an ordinate intercept of kax [ X1/ (1+kas[S])

Fig 9b employs this format to analyze the results (Fig 9a) for the Sephadex-
concanavalin system in the absence (open circles) and presence (closed cir-
cles) of methylglucoside (0 1 mM) The first point to note 1s the essential
linearity of both plots, which suggests the adequacy of a single intrinsic asso-
ciation constant to describe the formation of AX, as well as of AX Secondly,
comparison of either the slopes or the ordinate intercepts of these two plots
leads to a value of 5000 M ~! for k,g, which 1s essentially the value obtained
previously by this method [165] and by equilibrrum dialysis [166] The con-
sequent values of 13 000 M ~' for k,x and 46 uM for [X] have no absolute

(19)
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significance because they are effective magnitudes of parameters defined, for
convenience, in terms of a system 1in which matrix sites are distributed uni-
formly throughout the volume accessible to solute [165]

The partition equilibrium technique [26,88 ] provides a second situation de-
void of ambiguity about the reaction mixture to which an experimental mea-
surement refers In this case the expression analogous to eqn. 191s [92,98]

1—([AJ/[ADY_ kax[X]  fhax[A1{1- ([Al/[A])]
([A/TAD) ™ 1+kas[S] 1+kas(S]

(20)

where [A] continues to define the constituent concentration of partitioning
solute 1n the hquid phase and [A], the corresponding total solute concentra-
tion, is inferred from the total amount of solute added and the volume (V%)
to which 1t has access Fig 10 summarizes, in appropriate format, the results
of a partition equilibrium study of the effect of phosphate on the interaction
of aldolase with myofibrils [88] Comparison of this plot for the phosphate-
free system (open circles) with Fig 2b reveals identity of the two, and hence
the fact that Figs 9b and 10 are plots of binding data in the generalized Scat-
chard format [99]. From the effect of phosphate concentration on either the
slopes or the ordinate intercepts of Fig. 10, a value of 400 M —! 1s obtained for
kas Whereas these results emphasize the merits of quantitative affinity chro-
matography for characterizing interactions that are too weak for study by
methods such as equilibrium dialysis or frontal gel chromatography (Section
3 2 3.), attention has also been drawn to the possible use of affinity chroma-
tography for characterizing interactions at the other end of the energy spec-
trum, viz., those that are too strong for study by conventional means [26,28,29]
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Fig 10 Characterization of the interaction between phosphate and aldolase by means of the effect
of the ligand on the binding of enzyme to rabbit muscle myofibrils [88] Experimental points refer
to partition equalibrium studies conducted 1n a phosphate-free environment (O ) and 1n the pres-
ence of 4 mM (@) and 10 mM () phosphate
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Ligand-facilitated elution of the partitioning solute could, of course, reflect
AAAAA b 2d e e Y Y S PR A
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the expression analogous to eqn 2015 [167]

1— ([AV/[ADY _ kax[X]  fhax[A1{1~ ([A]/[AD"
([A1/TADY —14+kxs[S] 1+kxs[S]

(21)

where kygs 15 the intrinsic association constant for the ligand-matrix interac-
tion and [A] (the total solute concentration in the liquid phase) 1s also 1ts free
concentration due to lack of interaction with S. From the formal 1dentity of
eqns. 20 and 21 1t follows that procedural aspects of data collection and anal-
ysis for the two competitive systems are 1dentical and that the investigator
must decide whether the second binding constant determined is kg or kxg

Ligand-retarded elution of the partitioning solute, on the other hand, sig-
nifies ternary complex formation, either through the interaction of AS with X
or of XS with A. For the former situation, as exemplified 1n affinity chroma-
tography of lactate dehydrogenase on oxamate-Sepharose [25,140], the
expression analogous to eqns. 20 and 21 1s [167]

1— ([AI/[ADY kaskr[S]IX]  fhaskr[S]1[A]{1—([A]/[A]D']}

(AI/IAD7 = 1+has[S] T+ kag[S] (22)

where kr 15 the intrinsic association constant for ternary complex formation
between AS and matrix sites, X. For these systems too, the same generalized
Scatchard analysis is thus appropriate, and the magnmtude of k,g 1s again de-
terminable via the ratio of either the slopes or the ordinate intercepts of plots
obtained with two different fixed concentrations of free higand On this occa-
sion, however, zero 1s not an acceptable value of [S] for one of those plots.

In conventional methods of studying ligand binding the evaluation of kg 1s
achieved by examining acceptor-hgand reaction mixtures im which the higand
concentration 1s varied, a situation which contrasts markedly with the above
recommendation that in quantitative affimty chromatography 1t 1s better to
fix the higand concentration and vary that of partitioning solute However, 1t
should also be pointed out that Kasai and Ishii [142] have obtained higand-
binding constants from a series of frontal affimity chromatographic experi-
ments with a fixed concentration of partitioning solute and varying ligand con-
centration. It 1s therefore umportant to enquire whether experiments of that
design might be more rewarding by virtue of the stmpler protocol To pursue
that objective we select ligand-facilitated elution due to competition between
S and X for sites on A, the system for which eqn 19 1s the quantitative
expression

There 18 no rearrangement of eqn. 19 that allows unequivocal evaluation of
kg from the variation in V, as a function of [S] However, eqn 19 may be
rearranged to the form



419

(VE) Y Rax [X]
(V)= (V)

which, for a univalent solute, simplifies [23] to

_ 1 kas[S] +1+kAX[A]
Va—V3i Vikax[X] Vikax[X]

From the plot of 1/(V,— V%) versus [S] that is suggested by eqn. 24, a value
may be obtained for ksg/ (1+Eax[A]) as the ratio of the ordinate intercept to
the slope. Only 1n the event that k,x[A] <1 does this procedure provide a
direct measure of the ligand-binding constant [23] As noted previously [26],
the problem with this approach is uncertainty about the magnitude of kax,
which may differ substantially from that of k,g even in instances where the
immobilized reactant and ligand are essentially identical entities For example,
in the phosphate-facilitated elution of aldolase from cellulose phosphate
ks =350 M ~! whereas kax =50 000 M~ [92].

Another way of looking at this approximation inherent in the Kasai and Ishii
approach [142] 1s to examine the source of the kyx [A] term in eqn 24 Itstems
from the second term on the left-hand side of eqn. 23, which originates from
the amendment of [X] to obtain the free concentration, [X], for evaluating
the equilibrium constant, k,x [92] Neglect of this term, which thus amounts
to adoption of the approximation [X ]z [X], leads to disappearance of the
kax[A] term in eqn. 24. For a multivalent solute the corresponding expression
18

—frax [AT(Va/VE) I~ D=1+ kpg[S] (23)

(24)

1 _ hasIS] 1
(V= (V7 (V) kax [X] (VA eax [X]

This approach 1s thus certainly justified in situations where [A] <« [X], since
the assumption [X]= [X] that is inherent 1n eqns 24 and 25 then becomes
an acceptable approximation, irrespective of the magnmitude of k,. This method
15 thus on par with the affinity electrophoretic methods [80,137], both of which
employed the same approximation.

(25)

3 4 2 Zonal affinity chromatography

If eqn 24 or eqn. 25 1s to be used for the analysis of data reflecting ligand-
facilitated elution of solute from an affinity matnx, very little 1s gained by
resorting to frontal chromatography, the only possible advantage of which would
be the better delineation of very large elution volumes [26] These two quan-
titative expressions may also be used to analyze the dependence of V, upon
[S] determined by zonal affinity chromatography of solute on a column pre-
equilibrated with ligand [141,143,145] In experiments of this design the ab-
sence of a clearly defined value for [A] obviously leaves the investigator with
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no option but to assume that [X]= [X]. Although use of the zonal techmque
18 strongly recommended [27,168,169], any result so obtained is conditional
upon that assumption, and accordingly confirmation of the magnitude of kg
has usually been sought by its comparison with values obtained by other meth-
ods. It 1s clearly preferable to perform the analysis under conditions such that
the validity of this assumption 1s not open to question, whereupon the validity
of the result 1s not conditional upon 1ts verification by other means. ~

An obvious way to guarantee validity of the approximation that [X ] [X]
18 to employ an affinity matrix with a very large concentration of immobilized
reactant residues. Such affimity matrices are commonly used for solute purifi-
cation, and the only factor mitigating against their use for characterizing sol-
ute-ligand interactions seems to be the assertion (e g, ref. 170) that prepa-
rative affinity columns are unsuitable for quantitative assessment of solute—
hgand binding constants. This assertion, which clearly contradicts the present
inference that a preparative affinity column should be the matrix of choice for
zonal affinity chromatographic studies, can be traced to the manner 1n which
the dependence of V, upon ligand concentration has been analyzed.

The difficulty resided in the fact that eqn 25, with f=1, was the expression
being used for evaluation of k,g as the ratio of the slope to the ordinate inter-
cept obtained in a plot of 1/(V,— V%) versus [S] Since a large value of [X]
resulted in the ordinate intercept being indistinguishable from zero, 1t was
recommended that a lower concentration of immobilized reactant be employed
to allow better delineation of the ordinate intercept. Such action certainly in-
creases the precision with which the magnitude of k,g may be determined by
the application of eqn 25 to experimental data, but 1t also increases the chances
that eqn. 25 1s not a valhid approximation of the complete expression (eqn. 23)
The solution to this dilemma is not to repeat the experiment with a lower value
of [X], but rather to rearrange eqn 25 as [28]

(Vay = (V)Y = (VE) Y kax [X] —kas{ (V) — (V)V} [S] (26)

which indicates that k,g may be evaluated as the slope of a linear plot of
(VA — (V)Y versus {(Va)VF— (V%) [S]. This prediction is verified in
Fig. 11b, which presents the suggested replot of the ‘uninterpretable’ results
[170] shown in Fig 1la for the p-aminobenzamidine-facilitated elution of
trypsin (for which f=1) from p-aminobenzamidine-Sepharose.

By rendering possible the quantitative analysis of results obtained under
conditions where the enforced assumption that [X] = [X] 1s most Likely to be
a valid approximation, eqn 26 clearly achieves the breakthrough required for
unequivocal characterization of higand binding by zonal affinity chromato-
graphy From the experimental viewpoint the zonal technique has the unde-
niable attraction of being more economical 1n terms of solute requirements. In
addition, the fact that this affimity chromatographic counterpart of the Hum-
mel-Dreyer gel chromatographic procedure [127] generates a solute zone mi-
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Fig 11 Quantitative evaluation of the mteraction between p-aminobenzarmidine and trypsm by
zonal chromatography on p-aminobenzamidine-Sepharose (a) Results in the form ongnally pre-
sented [170], (b) their reassessment [28] in terms of eqn 26 Adapted with permission from refs
170 and 28, respectively

grating 1n the presence of a defined concentration of free ligand may be used
to advantage 1n studies of interactions where solute and ligand are both ma-
cromolecular, a situation which precludes pre-establishment of [S] by dialysis.
Selection of a matrix that neither solute nor ligand can penetrate ensures sat-
isfaction of the requirement, inherent throughout quantitative affinity chro-
matography theory, that a common accessible volume (V%) apples to A and
all AS, complexes, whereupon the only concern to be addressed in the appli-
cation of eqn 25 1s validity of the assumption that [X] = [X]. The ovalbumin-
facilitated elution of con A from Sephadex G-50 has been used to 1illustrate
such use of zonal affinity chromatography for characterizing an interaction
between macromolecules [151]

Finally, the ability of zonal affinity chromatography to provide information
on the migration of solute 1n an environment with known concentration of free
ligand may also be used to advantage 1n studies of biospecific interactions with
markedly impure solute preparations, a feature demonstrated by an investi-
gation mvolving the use of oxamate-Sepharose to characterize the separate
interactions between NADH and all five lactate dehydrogenase isoenzymes
present 1n a crude tissue extract [25]

3 4 3 Subunit-exchange chromatography

The specificity of monomer-monomer 1nteractions 1n self-associating pro-
teins has led to the development of subunit-exchange chromatography as a
means of isolating and characterizing such proteins [171-173]. Briefly, the
technique entails covalent linkage of proteitn monomer to a solid matrix to
effect retardation of the protemn during chromatography under conditions where
monomeric and polymeric states coexist in self-association equilibrium From
the quantitative viewpoint this 1s an unusual example of affinity chromato-
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graphy 1n that the partitioning solute (protein) 1s also the competing ligand;
but 1t 1s a competing ligand whose concentration cannot be varied indepen-
dently of that of the partitioning solute. Theoretical expressions such as eqns.
19 and 20 do not therefore apply.

In subunit-exchange chromatography the two competing equilibria for a sol-
ute undergoing self-association to a single polymeric state are

nM=2P, K=[P]/[M]" (27a)
(n=1)M+X=2XM, _;; L=[XM,_,])/[X][M]*"! (27b)

where X continues to denote the immobilized reactant (monomer) and K and
L refer to association constants for formation of soluble and immobilized rn-
mers, respectively

Subject to the proviso that the same accessible volume, V%, applies to mo-
nomeric and polymeric states of the solute, the quantitative expression de-
scribing solute retardation may be written [174]

(- RI-((A1-[AD /™Y .,
] R | e =

[A]-[A] J

H”KL_"/("_”}[(n—l) [X1— ([A]—[A])

[A]=[M]+n[P] refers to the base-molar concentration of partitioning sol-
ute (weight concentration divided by monomeric molecular weight) 1n the hq-
wd phase, whereas [A] includes solute that has interacted with X This expres-
sion 1s 1n a form ready for direct application to results of partition equilibrium
studies such as those reported for the light-harvesting a/b protein [175] It1s
also readily adapted to the frontal chromatographic situation by incorporating
the mass conservation requirement that [A] — [A] = (V,— V%) [A]/ V%, where
V4 1s the weight-average elution volume for solute present at a concentration
[A] 1n the mobile phase; zonal data such as that reported by Swaisgood and
Chaiken [154] for neurophysin self-association therefore remain quantita-
tively uninterpretable For a predetermined value of [X], the total concentra-
tion of monomer covalently attached to the matrix, eqn. 28 signifies that the
magnitudes of both association constants are obtainable by plotting
[AI[{VX (n=1)[X]—(Vos—VX)[A]}/(Va— V%) [A]]"/»-D versus
(Va—VIIA]/{Vi(n=1)[X] = (Vo—V%)[A]}, which has a slope of
nK{L~"/"=1} and an ordinate intercept of I, ~/{(»=1),

In most quantitative applications of subunit-exchange chromatography [X ]
has been deduced from the analytical composition of the matrix [171-173,175],
but we prefer to retain this parameter as an operationally defined quantity.
Fig. 12a presents, as classical binding data in double-reciprocal format [94], a
replot [174] of results from an investigation of a-chymotrypsin dimerization
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Fig 12 Charactenzation of a-chymotrypsin dimerization {(pH 3 9, I 0 2) by subunit-exchange
chromatography on Sepharose-linked a-chymotrypsin (a) Double-reciprocal plot of the concen-
tration of enzyme bound as a function of 1ts appled concentration [173] (b) Plot of those results
m accordance with eqn 28 and the identaty ([A] —[A])= (V,—V%)[A]/V: Adapted with per-
mission from ref 174
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by subunit-exchange chromatography [173] For this system there 1s clearly
agreement between the effective concentration of covalently bound monomer,
[X], deducible from the reciprocal of the ordinate intercept, and the value of
108 mM based on the analytical composition (horizontal arrow 1n Fig. 12a).
As predicted, the consequent plot of the same results in the form suggested by
eqn 28 does yield a linear relationship (Fig. 12b), but the ordinate intercept
(1/L) is not defined wath sufficient accuracy for unequivocal determination of
the association constant for dimer formation with immobilized monomer
However, combination of the slope, 2K/L?2, with the value of 15 000 M~ de-
duced for K from sedimentation equilibrium studies under comparable conds-
tions [176,177] yields a value of 13 000 ( £2000) M ~' for L [174]. Since 1m-
mobilization of «-chymotrypsin has led to no significant effect on ability to
form dimers, the original analysis of the results on the basis of such a premise
[173] did yield a valid dimerization constant for the enzyme 1n solution

The analyses presented in Fig 12 have certainly pointed to the feasibility of
using subunit-exchange chromatography for the characterization of protein
self-association. However, that goal 1s only attained by considering the self-
association characteristics of monomer to be unaffected by 1ts covalent attach-
ment to matrix, an assumption that may or may not be justified Clearly, sub-
unit-exchange chromatography 1s not the procedure of choice for characteriz-
ing solute self-association, a phenomenon that 1s much better studied by frontal
gel chromatography (Section3.21 )

3 4 4 Solid-phase immunoassays
Although solid-phase immunoassay procedures are routinely used for deter-
mining the concentrations of antigens 1n sera, very little attention has been
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given to the possibility that essentially the same technique may also be used
to characterize the biospecific antibody-antigen interaction on which the 1m-
munoassay 1s based [156-158,178] In principle expressions such as eqn. 20
may be used for analysis of solid-phase immunoassays (RIA or ELISA) in
situations where the effect of soluble antigen (S) on the extent of interaction
between partitioning antibody (A) and immobilized antigen (X) allows ac-
curate assessment of the difference between total antibody concentration ([A])
and [A], 1ts constituent concentration i the hiqud phase [156] A problem
with that approach 1n many immunoassays is that [X] 1s so small in compar-
1son with [A] that there 1s no discernible difference between [A] and [A].
Consequently 1t 18 necessary to remove the liquid phase and then determine
the concentration of adsorbed antibody, either by radioactivity measurements
on the solid phase (RIA) or by means of an enzyme conjugated to an anti-
1diotypic antibody (ELISA). In resorting to this procedure it 1s imperative that
the washing regimen be closely examined to establish (1) that 1t 1s adequate
for the removal of all soluble antibody (A and AS, complexes) and (n) that no
discermible dissociation of matrix-bound antibody occurs during this proce-
dure [156,1567]. a

_The fact that f[A] far exceeds [X] certainly validates the substitution of
[A] for [A], and furthermore, the extremely low concentration of matrix sites
([X]) allows the introduction of an additional approximation that formation
of multiply inked antibody-matrix complexes 1s effectively excluded on steric
grounds [23,157] With this proviso, the experimentally determined ratio of
the concentrations of antibody bound to a fixed concentration [X] of matrix
sites 1n the absence and presence of a concentration [S] of antigen 1s given by
the expression[157]

(A1 [A])o_ro[X]_. . as[S]

([A]_[A])s_rs[x] 1+kaX[A]

where r, and r, denote the Klotz [94] binding function 1n the absence and
presence, respectively, of antigen. Unequivocal evaluation of the intrinsic as-
sociation constant for the antibody—antigen interaction (k,g) from the linear
dependence of r,/r, upon the concentration of competing antigen 1s clearly
conditional upon prior determination of k,x, a parameter obtainable from
measurements of antibody partitioning in the absence of antigen via the
expression [157]

ro X1/ 1A =flax [X] —fRaxr,[X] (30)

Application of this procedure to ELISA data on the interaction between
paraquat and a mouse monoclonal antibody (IgG) elicited 1n response to this
univalent antigen 1s summarized 1n Fig 13, where concentrations of bound
antibody (r[X]) are recorded in terms of absorbances reflecting catalysis by
the horseradish peroxidase conjugated to the ant1-IgG antibody Combination

(29)
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Fig 13 Determination of the mtrinsic association constant for an antibody-antigen interaction
by quantitative analysis of an ELISA for paraquat (a) Evaluation of k,x from results for the
monoclonal IgG (A) obtamed n the absence of paraquat, the results being plotted mn accordance
withegn 30 (b) Plot of results obtained with 24 nM IgG and a range of paraquat concentrations,
[8], 1n accordance with eqn 29 Adapted with permmssion from ref 157

of the antibody-matrix interaction constant derived from the slope (—2ksx)
of the Scatchard plot (Fig. 13a) for the binding of bivalent monoclonal IgG to
immobilized paraquat in the ELISA wells with the slope (kag/(1+kax[A])
derived from the dependence of r,/r, upon [S] 1n experiments with 24 nM
antibody (Fig 13b) yields an intrinsic association constant of 2.7 (+0.3)-10°
M~ for kag

A requirement of this affinity chromatography approach to the character:-
zation of an antibody—antigen interaction by solid-phase immunoassay 1s that
the antigen (S) be univalent However, essentially the same procedure also
applies to studies involving a multivalent antigen provided that the univalent
Fab fragment 1s substituted for the monoclonal antibody (IgG or IgM) [157].
At present the concept of using solid-phase immunoassays to characterize an-
tibody-antigen interactions 1s 1n its infancy, but clearly, such applications have
the potential to add an extra dimension to the utility and scope of this widely
used technigque 1 immunochemaical studies

4 SUMMARY

Biospecificity 1s due largely to the formation and dissociation of non-cova-
lent complexes between small molecules and macromolecules, or between two
macromolecules The first part of this review 1s concerned with the use of such
biospecificity in the fractionation and identification of solutes Major empha-
s1s is given to affinity chromatography, especially 1n regard to the practical
considerations inherent 1n an experimental situation and to the wide range of
specific interactions that can be utilized. The second part of the review consid-
ers the quantitative characterization of biospecific complex formation. The
merits of frontal gel chromatography, electrophoretic methods and affinity
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chromatography are discussed, and special consideration 1s given to the effects
of ligand and/or acceptor multivalency because of its relevance to many bio-
specific interactions. Finally attention 1s drawn to the feasibility of employing
gquantitative affinity chromatographic theory for the determination of associ-
ation constants for antigen—antibody systems by radioimmunoassay and en-
zyme-linked immunosorbent assay techniques.
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