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Preface

Forty years after the term “affinity chromatography” was introduced, this mode
of chromatography remains a key tool in the armory of separation techniques
that are available to separation and interaction scientists. Affinity chromatog-
raphy is favored because of its high selectivity, speed, and ease of use. The
rapid and selective isolation of molecules using affinity chromatography has
allowed a better understanding of biological processes, accelerated the identifi-
cation of target molecules, and spawned new process areas such as immobilized
enzyme reactors. It has had ubiquitous application in most areas of science
ranging from small molecule isolation to biopolymers such as DNA, proteins,
polysaccharides, and even whole cells. The number of applications of affinity
chromatography continues to expand at a rapid rate. For example, more than
60% of purification protocols include some sort of affinity chromatography
step, while a database search of PubMed reveals more than 36,000 publications
making use of the term “affinity chromatography,” more than 3000 of which
refer to it in their title. The US patent office reports more than 16,000 refer-
ences to the term “affinity chromatography”, while there are more than 270
references to the same term in the patent title.

The aim of this edition of Methods in Molecular Biology, Affinity
Chromatography: Methods and Protocols, Second Edition is to provide the
beginner with the practical knowledge to develop affinity separations suitable
for various applications relevant to the post-genomic era. This second edition
expands on the first edition by introducing more state-of-the-art protocols used
in affinity chromatography. This current edition also describes protocols that
demonstrate the concept of affinity chromatography being applied to meet the
modern high throughput screening demands of researchers and development
scientists, while expanding on some more traditional affinity chromatography
approaches that have become of greater interest to separation scientists. This
volume begins with an overview of affinity chromatography authored by one
of the pioneers of affinity chromatography, Professor Christopher Lowe. Part I
expands on affinity chromatography techniques that currently enjoy frequent
citation in the literature from those purifying biomolecules. These affinity
chromatography techniques include immobilized metal affinity chromatog-
raphy, immunoaffinity chromatography and dye-ligand chromatography.

vii



Viii Preface

Affinity tags for purification of proteins have become useful and common
tools in academic and industrial research laboratories for rapid protein isolation.
The sequencing of the human genome along with a multitude of prokaryotic
genomes has forced research laboratories and biotechnology companies to
find rapid and high-yielding approaches to screen for protein targets. Affinity
chromatography techniques allow for high-yielding, rapid approaches to target
identification. Part Il presents a number of protocols describing the use of
various fusion tags as well as how to cleave them, so as to allow the scien-
tists to study the native phenotype of the protein. This section also discusses
methods for selecting ligands through rational combinatorial design and phage
display for use in affinity chromatography. Part III ventures into diverse appli-
cations of affinity chromatography such as its use in catalytic reactions, DNA
purification, whole cell separations, and for the isolation of phosphorylated
proteins. Protocols are also presented on analytical applications of affinity
chromatography, such as in capillary electrophoresis and quantitative affinity
chromatography.

Affinity Chromatography: Methods and Protocols, Second Edition 1s aimed
at those interested in separation sciences, particularly in the pharmaceutical and
biological research sectors that have an interest in isolating macromolecules
rapidly, quantitatively, and with high purity.

Michael Zachariou
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Affinity Chromatography

History, Perspectives, Limitations and Prospects

Ana Cecilia A. Roque and Christopher R. Lowe

Summary

Biomolecule separation and purification has until very recently steadfastly remained
one of the more empirical aspects of modern biotechnology. Affinity chromatography,
one of several types of adsorption chromatography, is particularly suited for the efficient
isolation of biomolecules. This technique relies on the adsorbent bed material that has
biological affinity for the substance to be isolated. This review is intended to place affinity
chromatography in historical perspective and describe the current status, limitations and
future prospects for the technique in modern biotechnology.

Key Words: Affinity; chromatography; biomimetic; ligands; synthetic; proteins;
purification; design: combinatorial synthesis.

1. Introduction

Traditional techniques for biomolecule separation based on precipitation
with pH, ionic strength, temperature, salts, solvents or polymers, ion exchange
or hydrophobic chromatography are slowly being replaced by sophisticated
chromatographic protocols based on biological specificity. Affinity techniques
exploit highly specific biorecognition phenomena and are ideally suited to the
purification of biomolecules. In affinity chromatography, the specific adsorption
properties of the bed material are realized by covalently attaching the ligand
complementary to the target biomolecule onto an insoluble matrix. If a crude

From: Methods in Molecular Biology, vol. 421: Affinity Chromatography: Methods and Protocols, Second Edition
Edited by: M. Zachariou © Humana Press, Totowa, NJ
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2 Roque and Lowe

cell extract containing the biologically active target is passed through a column
of such an immobilized ligand, then all compounds displaying affinity under
the given experimental conditions will be retained by the column, whereas
compounds showing no affinity will pass through unretarded. The retained
target is then released from the complex with the immobilized ligand by
changing operational parameters such as pH, ionic strength, buffer compo-
sition or temperature. Conceptually, the technique represents chromatographic
nirvana: Exquisite selectivity combined with high yields and the unparalleled
simplicity of a ‘load, wash, elute’ philosophy. However, experience over the last
3—4 decades has shown that there is a very high penalty to pay for the implicit
specificity and simplicity of affinity chromatography, which has important
ramifications for commercial use and process development.

2. Historical Perspective

Affinity chromatography is a particular variant of chromatography in which
the unique biological specificity and reversibility of the target analyte and ligand
interaction is utilized for the separation (7). It is possible to distinguish four
phases in the development of the technique (see Fig. 1) starting from the early

EARLY BEGINNINGS 1900 RESEARCH PHASE
CNBr activation
a-amylase on starch 1910
Sepharose™
Lipase on powdered 1920 Affinity chromatography
stearic acid Group specific/General ligands
1930 Immobilised coenzymes
Spacer arms
1940 Non-specific adsorption
Cibacron blue F3G-A/Textile dyes
Immunoaffinity 1950 De N I d desi
chromatography e Novo.ligand design
Combinatorial synthesis
Flavin-cellulose 1960 s m
Affinity tags
1970
1980 IMPACT OF PHARMACEUTICAL INDUSTRY
1990
“OMICS” REVOLUTION
2000
2010

Fig. 1. Development of affinity chromatography as a technique: (i) Early beginning;
(i1) Research phase; (iii) Impact of pharmaceutical industry and (iv) ‘Omics’ revolution.
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realization of the technique, through the research phase, the impact of the
nascent biopharmaceutical industry to the likely effect of the ‘omics’ revolution.

2.1. Early Beginnings

The concept of resolving complex macromolecules by means of biospecific
interactions with immobilized substrates has its antecedents reaching back to the
beginning of the 20th century. The German pharmacologist Emil Starkenstein
(1884-1942) in a paper published in 1910 (2) on the influence of chloride on the
enzymatic activity of liver a-amylase was generally considered to be respon-
sible for the first experimental demonstration of the biospecific adsorption of
an enzyme onto a solid substrate, in this case, starch. Not long after, Willstitter
et al. (3) appreciably enriched lipase by selective adsorption onto powdered
stearic acid. It was not until 1951, however, that Campbell and co-workers
(4) first used the affinity principle to isolate rabbit anti-bovine serum albumin
antibodies on a specific immunoadsorbent column comprising bovine serum
albumin coupled to diazotised p-aminobenzyl-cellulose. This technique, now
called immunoaffinity chromatography, became established before the devel-
opment of small-ligand selective chromatography, where Lerman (5) isolated
mushroom tyrosinase on various p-azophenol-substituted cellulose columns,
and Arsenis and McCormick (6,7) purified liver flavokinase and several other
FMN-dependent enzymes on flavin-substituted celluloses. Insoluble polymeric
materials, especially the derivatives of cellulose, also found use in the purifi-
cation of nucleotides (8), complementary strands of nucleic acids (9) and certain
species of transfer RNA (10).

2.2. Research Phase

The general notion of exploiting strong reversible associations with highly
specific substrates or inhibitors to effect enzyme purification was evident in the
literature in the mid-1960s (11), although the immense power of biospecificity
as a purification tool was not generally appreciated until 1968 when the term
‘affinity chromatography’ was coined (12). It was recognized that the key
development required for wider application of the technique was that the solid-
phase adsorbent should have a number of desirable characteristics:

... the unsubstituted matrix or gel should show minimal interactions with proteins
in general, both before and after coupling to the specific binding group. It must
form a loose, porous network that permits easy entry and exit of macromolecules
and which retains favourable flow properties during use. The chemical structure
of the supporting material must permit the convenient and extensive attachment of
the specific ligand under relatively mild conditions, and through chemical bonds
that are stable to the conditions of adsorption and elution. Finally, the inhibitor
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groups critical in the interaction must be sufficiently distant from the solid matrix
to minimise steric interference with the binding process (12).

In this seminal paper, the general principles and potential application of
affinity chromatography were enunciated and have largely remained unchanged
until the present date. The paper contained several important contributions.
First, it generalized the technique to all potential enzyme purifications via
immobilized substrates and inhibitors and exemplified the approach by appli-
cation to staphylococcal nuclease, a-chymotrypsin and carboxypeptidase A.
Second, it introduced for the first time a new highly porous commercially
available ‘beaded’ matrix of agarose, Sepharose, which displayed virtually all
of the desirable features listed above (13) and circumvented many of the issues
associated with conventional cellulosic matrices available at that time. Agarose
is a linear polysaccharide consisting of alternating 1,3-linked B-D-galactose and
1.4-linked 3.6-anhydro-a-L-galactose units (13). Third, the report exploited the
activation of Sepharose by treatment with cyanogen bromide (CNBr) to result
in a derivative that could be readily coupled to unprotonated amino groups
of an inhibitory analogue to generate a highly stable Sepharose-inhibitor gel
with nearly ideal properties for selective column chromatography (14,15). The
use of CNBr activation chemistry was a milestone in the development of the
technique, because the complex organic chemistry required for the synthesis of
reliable immobilized ligand matrices had previously prevented this technique
from becoming generally established in biological laboratories. Fourth, the
report introduces the notion of spacer arms to alleviate steric interference and
exemplifies the concept by showing the dramatically stronger adsorption of
oa-chymotrypsin to the immobilized inhibitor D-tryptophan methyl ester when
a 6-carbon chain, g-amino caproic acid, was interposed between the Sepharose
matrix and the inhibitor. When the inhibitor was coupled directly to the matrix,
incomplete and unsatisfactory resolution of the enzyme was observed. Fifth,
the report emphasizes the importance of selective affinity for the immobilized
inhibitor by demonstrating the absence of adsorption of chemically inhibited
enzymes such as DFP-treated o-chymotrypsin or CNBr-treated nuclease to
their respective adsorbents (12). Finally, this paper emphasizes the efficacy
of relatively low-affinity inhibitors and suggests that unusually strong affinity
constants are not an essential requirement for utilization of these techniques for
the rapid single-step purification of proteins.

Affinity chromatography caught the eye of many researchers worldwide
and there followed a spate of publications purporting to purify proteins and
other biomolecules by every conceivable class of immobilized ligand. However,
troubling issues relating to the chemistry of the ligand attachment still remained.
For example, there was much debate on how adsorbents should be synthesized
(16); the ‘solid-phase assembly’ approach was more facile and advocated the
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attachment of ligands to spacer arms already present on the pre-activated affinity
matrix, whereas the ‘pre-assembly’ approach uses conventional organic chemistry
to modify the ligand with a suitably derivatized spacer arm, after which the whole
assembly is coupled to the matrix. The solid-phase assembly approach lead to
inhomogeneity problems where there were multiple sites on the target ligand or the
coupling chemistries were incomplete, whereas the pre-assembled ligand spacer
arm unit could be pre-characterized by conventional chemical techniques and
studies in solution to yield useful advance information on binding specificity and
kinetic constants. The present authors believe that acombination of both strategies
represents an effective means of developing new and well-characterized affinity
adsorbents for the purification of target proteins.

A further key development introduced in the early 1970s was that of ‘group-
specific’ (17) or ‘general ligand’ (18) adsorbents. An important advantage of
ligands with a broad bioaffinity spectrum, such as the coenzymes, lectins,
nucleic acids, metal chelates, Protein A, gelatine and heparin, is that it was
not obligatory to devise a new organic synthetic strategy for every projected
biospecific purification. However, a possible disadvantage of the group-specific
approach is that the broad specificity of the adsorption stage required a compen-
satory specific elution step to restore the overall biospecificity of the chromato-
graphic system. Nevertheless, of the thousands of enzymes that have been
assigned a specific Enzyme Commission number, approximately one-third
involve one of the four adenine coenzymes (NAD*, NADP*, CoA and ATP),
and not surprisingly, these classes of enzymes were the first to be targeted by
this approach (17-19) and subsequently extensively exploited in the purification
of oxido-reductases by affinity chromatography and in enzyme technology
(20-22).

Until this point in time, most of the studies had generated rules-of-thumb
on how to apply the technique of affinity chromatography to selected purifi-
cations. However, it became apparent on even a rudimentary examination of
the theoretical basis of the technique (23) that the implicit assumption that
the observed chromatographic adsorption of the target protein to the-immobi-
lized ligand was due exclusively to biospecific enzyme-ligand interactions was
misguided. The large discrepancies observed between what was anticipated on
the basis of the biological affinity for the immobilized ligand and what was
observed experimentally to be the case were found to be due to the largely
unsuspected interference by non-biospecific adsorption, which, in many cases,
completely eclipsed the biospecific adsorption (24-25). O’Carra and co-workers
(24-25) demonstrated that spacer arms do not always act simply as passive links
between biospecific ligands and the polymer matrix and described methods for
the control of interfering non-specific adsorption effects and for the optimization
of affinity chromatography performance by a logical and systematic appraisal



